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Abstract 

 

To develop a high-energy lithium-ion battery system based on the silicon (Si) anodes, a 

comprehensive investigation has been conducted through different approaches. These include 

optimising the composite formulation of the Si electrode, developing a robust binder system 

and identifying an appropriate electrolyte system to achieve high voltage in Si full cells.  

These studies reveal that the carbon blends (a mixture of graphite, carbon black and few-layer 

graphene) is a more effective conductive system for Si electrodes, compared with the 

conventional carbon black. An optimised carbon mixture formulation has been identified and 

applied to other investigations in this project.  

By incorporating few-layer graphene (FLG) as a combined active material, the cyclability of 

Si electrodes can be largely improved. An optimised formulation for the Si-FLG composite 

electrode has been identified, and the beneficial mechanism of FLG has been comprehensively 

studied. The optimised Si-FLG formulation has been further manufactured into electrodes with 

a scale-up battery pilot line, and fabricated into the full cells with the LiNi0.6Mn0.2Co0.2O2 

(NMC622) cathode. Based on this full cell system, ethylene-carbonate (EC)-free electrolyte 

systems with different additives, have been systematically studied to improve the stability of 

the system under 4.4 V. The results indicate that, by excluding EC from the electrolyte, the 

cells could effectively avoid the large capacity loss that occurs during initial cycles due to the 

oxidation of EC. The optimal combination of electrolyte additives has been identified. The 

surface chemistries of electrodes, with different electrolytes, have been deeply analysed 

thoroughly. 

The development of binder systems based on polyacrylic acid (PAA) has also been 

investigated, including partial neutralisation, the synthesis of binary cross-linked polymers and 

the design of a novel multi-level cross-linked polymer. Different levels of improvement for the 

cyclability of Si electrodes have been achieved. The multi-level cross-linked binder has 

delivered the best performance, due to the strong ionic interaction with the Si surface.  
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Chapter 1 Introduction 

 

 

1.1    Background for Lithium-ion Batteries 

In recent years the efficiency of energy generation has been dramatically developed 

with various types and scales of the power source. As a result, the requirements for 

energy storage devices with high capacity have gradually become critical. Batteries, 

as the most common energy storage device, have naturally attracted wide attention. 

The lithium-ion (Li-ion) battery was enabled to be commercially launched since the 

invention of the LiCoO2 cathode by John B. Goodenough in 1980 [1]. In 1991, Sony 

commercialised the first Li-ion batteries, and it soon became the predominant battery 

product for portable devices due to its high energy density[1]. Nowadays, the energy 

that can be stored in a portable Li-ion battery has successfully increased to >3.0 Ah in 

the 18650 cells and is continually being improved[2], which makes it a promising 

candidate for applications that require high energy density such as electric vehicles 

and smart grid applications. 

In comparison with other secondary batteries (Figure 1-1), Li-ion batteries hold nearly 

twice the energy density of nickel-based batteries, and around four times the energy 

density of lead-acid batteries[3]. Also, Li-ion batteries have other advantages of no 

memory effect,  low self-discharge and being environmentally friendly[4]. 

During the charging process of Li-ion battery, lithium ions move from the cathode to 

the anode. As a result, anode materials are susceptible to swelling in order to store 

lithium ions, and the expansion is proportional to lithium intercalation[5]. During the 

discharging process, lithium ions will move back to the cathode from the anode, and 

typically there will be a loss of lithium ions that have been trapped into the solid 

electrolyte interphase (SEI) layer on the surface of anode material. Therefore, within 

a battery, the design and type of anode material are one of the main factors that 

determine higher degrees of reversible storage capacity for lithium ions. 
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Figure 1-1 Comparison of Different Battery Technologies[3]. 

1.2    Motivation and Challenge for the Silicon-based Anode 

Currently, most commercialised Li-ion batteries use graphite as its anode, which has 

a theoretical reversible capacity of 372 mAh/g[6], while silicon appeared on the 

research horizon in recent years due to its higher capacity (3579 mAh/g) at room 

temperature[7]. Therefore, silicon (Si) based anodes have attracted wide attention for 

it to be developed into high energy batteries to replace carbon-based anodes.  

The mechanism of electrochemical lithiation on Si electrode is illustrated as Reaction 

(1) – (3)[8]–[10]. 

During lithiation: 

𝑆𝑖(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒) + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝑥𝑆𝑖(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + (3.75 − 𝑥)𝐿𝑖+ + (3.75 − 𝑥)𝑒−   

(Reaction 1) 

Or               →  𝐿𝑖15𝑆𝑖4 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)            (under 50 mV)                                   (Reaction2) 

During delithiation: 

𝐿𝑖15𝑆𝑖4(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒) → 𝑆𝑖(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑦𝐿𝑖+ + 𝑦𝑒− + 𝐿𝑖15𝑆𝑖4(𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)        (Reaction 3) 

It can be concluded from Reaction (1)-(3) that one Si atom can alloy with maximum 

3.75 Li atoms, compared with 6 carbon atoms accommodate 1 Li atom in conventional 

graphite anode. It has been revealed by several groups that Si undergoes the phase 

change during the (de)lithiation process[7]–[12]. For the first lithiation, crystalline Si 

will be lithiated to amorphous Li-Si compound (Reaction 1) until the voltage drops to 
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below 50 mV, which is regarded as the transformation point for the deep-lithiated 

crystalline phase Li15Si4 (Reaction 2). The lithiation process before hitting 50 mV is 

considered as a two-phase region, which is demonstrated as the distinct plateau on the 

voltage profile (Figure 1-2). Whilst for the first delithiation, the crystalline phase 

Li15Si4 (if there is any) will be delithiated to an amorphous Li-Si compound firstly and 

then back to amorphous Si only (Reaction 3). Therefore, from the second cycle 

onwards, the crystalline Si should have disappeared, and the single-phase cycling is 

exhibited as the slope is seen to plateau on the voltage profile (Figure 1-2) [12]. It has 

also reported that if the Si electrode is cycled between Reaction 2 and 3 repeatedly, it 

will result in a rapid capacity fading; hence it is suggested to control the cycling 

voltage above 50 mV[12]. 

 

Figure 1-2 Voltage profile for the first two cycles of a typical Si powder electrode 

Another advantage for the high specific capacity of Si is that it is not necessary to 

make thick coatings to achieve high energy density.  It has been well recognised that 

thin electrode coatings exhibit better adhesion force between electrode and current 

collector[13]. However, for traditional electrodes with much less specific capacity, a 

thick coating is desired to enhance the energy density, which has to address the 

challenge to manufacture crack-free thick coating (> 100 µm) and maintain a stable 

electrode structure[13]–[15]. 

Despite the high specific capacity, there are some major challenges, which dominate 

the main degradation mechanisms and limit the commercialisation of Si anodes for Li-

ion batteries. Firstly, there is a massive volume expansion during the charge/discharge 
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cycle. While alloying with lithium ions, the formation of Si-Li compounds such as 

Li12Si7, Li7Si3, Li13Si4 can cause maximum 280 vol % increase[16]. It can lead to a 

pulverisation of active particles, a loss of connections between the active material and 

current collector delamination, and also a breakdown of the conductive carbon 

network (Figure 1-3a, b)[16], and thus results in a continued capacity fade in the 

battery. Secondly, when the potential of the anode material is around 0.9 V vs. Li/Li+, 

the decomposition of the LiFP6 based carbonate electrolyte (which is initiated around 

1.7~1.3 V vs. Li/Li+) at the electrode surface is thermodynamically favourable[17]. 

Some side reactions occur between the electrolyte solvent and the negative electrode, 

and as a result, a passivation film – SEI layer will be formed on the surface of the 

negative electrode. A stable SEI layer is desirable to protect the active materials on 

the electrode from further reactions with electrolyte components. However, due to 

massive volume expansion of silicon, the SEI layer is unstable. It becomes 

successively thicker during the continual breaking and reforming (Figure 1-3c)[18]. 

Furthermore, the formation of the SEI compounds results in continual loss of lithium 

ions, which causes irreversible capacity reduction. 

 

Figure 1-3 Si electrode failure mechanisms: (a) material pulverisation (b) morphology and volume change of the 

entire Si electrode (c) continuous SEI growth[17]. 
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To address these problems, many studies have been conducted using different 

approaches, which, in general, can be divided into two main categories as follows: 

a. The morphology and microstructure of the silicon anode to better adapt the 

volume expansion, such as small particle size, porous structures or nano-

structuring[17], [19].  

b. The electrode composite formulation, including the chemistry of binder, the 

ratio of different electrode materials (active materials, carbon black, binder, 

solvent), hybrid active materials (consisting of silicon and other materials). 

This aims to optimise the specific property, including extending the life cycle, 

improving conductivity or capacity[20].  

Among these approaches, attractive results have been achieved via modifying the 

morphology of the silicon (e.g. nano-structuring) so that electrodes can effectively 

accommodate Si expansion [28]-[38]. However, it is difficult and expensive to scale 

up such methodology industrially. Compared to this approach, optimising the 

electrode formulation and microstructure is more practical and innovative. This also 

constitutes a more realistic approach to be applied within an industrially-relevant 

scale, as there is no requirement for complicated manufacturing processes and 

expensive materials. Therefore, this approach embodies and drives the central themes 

of this research. 

1.3    Other Challenges for the Full Cell with the Si-based Anode 

The cell’s energy that can be stored is governed by the relation Estore= Qcell × Vcell, 

where Qcell refers to the charge capacity and the Vcell is the cell potential. This relation 

suggests that to develop a high energy battery, the electrode materials should satisfy 

not only a high capacity but also a high potential between anode and cathode 

material[21].  

Generally, to select the right material for Li-ion batteries, characteristics including 

high discharge voltage, high-energy capacity, long life cycle, high power density, 

lightweight, low self-discharge rate, and to be environmentally benign [21].  Since the 

cathode is not the main research topic here, there is no investigation in developing 

high voltage cathode materials in this study. The commercially available material 

Li(Ni1/3Mn1/3Co1/3 )O2, which is also called NMC, has been selected for the cathode 
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material to pair with Si anode since NMC can operate at a high voltage of 4.5 V with 

a capacity of around 200 mAh/g[21]. 

 

Figure 1-4 Potential vs. gravimetric capacity of Li[Ni0.4Mn0.4Co0.2]O2 positive electrode materials[22] 

For most conventional cathodes, 4.3 V is applied as the upper cut-off voltage, since 

higher than this voltage, the electrolyte oxidation on cathode becomes the main 

challenge to achieve a stable cyclability[22]. Plenty effort have been made to push up 

the upper boundary of cell operation voltage through optimising electrolyte systems; 

however improvements were slowly achieved [23]–[26]. 4.5 V for cathodes was 

considered as the most practical target cut-off voltage in literatures, since with this 

enhancement of 0.2 V, a remarkable gain of energy density could be achieved (would 

18 % energy density gain for NMC) as shown in Figure 1-4[22], [27]. 

Therefore, to achieve higher energy density in full cells, electrolyte is the most critical 

component.  The electrolyte mostly used for the current commercialised Li-ion battery 

is a mixture of alkyl carbonates including ethylene carbonate (EC), dimethyl 

carbonates (DMC), diethyl carbonates (DEC) and ethyl-methyl carbonates (EMC) 

solvating in the salt LiPF6 [28]. Generally, they exhibit acceptable stability for high 

voltage cathodes (~4 V), good ionic conductivity, a reasonable temperature window 

(between freezing and boiling points), low toxicity and acceptable safety[28]. 

However, it is still quite challenging for electrolyte to perform stably over 4.3 V in 
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full cells[29]. The upper voltage limit for the stability of electrolytes becomes the main 

constraint factor for developing high-energy Li-ion batteries. 

It has been reported in several studies that EC demonstrated poor stability towards 

high voltage, and EC free electrolyte with an appropriate “enabler” was suggested for 

NMC full cells towards high voltage operation[22], [27], [30]. Therefore, for this 

study, EC free electrolytes with varies additives were investigated, aiming to stabilise 

the SEI and improve the cyclability for Si/NMC full cells operated under high voltage.  

1.4    Research Assumptions and Objectives 

Generally, this work aims to extend the operational lifetime of Si as an anode material 

in Li-ion batteries and to do this a holistic approach is required. In order to improve 

the energy density and durability of Li-ion batteries with Si-based anodes, an advanced 

optimisation will be conducted around the electrode’s microstructure, the binder 

system, and the electrolyte for Si-based full cells cycling under higher voltages. The 

specific objectives can be summarised as the following: 

• To optimise electrode composite formulation (including hybrid electrodes with 

other materials, component ratios and conductive additives etc.) and to understand 

the improved mechanism with the optimised microstructure. 

• To develop a smart binder system which could better adapt to the expansion for Si 

electrodes as well as to understand the contribution from the corresponding 

functional groups and chemical bonding within these polymers. 

• To investigate the electrolyte additives at high voltage to improve cyclability of Si 

full cells. 

It is proposed that each objective could contribute several novelties to the knowledge 

system and provide a literature support base and guidance for industrialisation in the 

future. 

1.5    Structure of This Thesis 

Chapter 1 outlines the research background and motivation as well as indicates the 

potential knowledge contribution from this work. 

Chapter 2 reviews recent developments of Si electrodes for Li-ion batteries and to 

validate the approach and motivation for this work. Also, existing studies related to 

the research objectives have been critically reviewed to identify the research gaps and 
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seek guidance in designing electrode materials. This includes electrode composite 

structures, binders and electrolytes, to achieve the objectives of this work. 

Chapter 3 provides detailed information about the experimental methodology and 

relevant techniques used in this work. Relevant guidance from existing literature has 

also been included to provide a comprehensive experimental outline. 

Chapter 4 investigates the effect of different carbon conductive mixtures which 

provide hierarchical conductive networks to enhance the durable performance of Si. 

The formulation of the optimised carbon mixture has been identified and will be 

applied to later studies.  

Chapter 5 conducts a comprehensive study around Si-few-layer-graphene (Si-FLG) 

composite systems. An optimised formulation has been identified, with further studies 

here including electrochemical evaluation, mechanical testing, impedance and post-

mortem structure imaging. This demonstrates the holistic approaches required to 

facilitate the longer-term use of Si, and also to fundamentally understand the 

functioning of this optimised formulation. 

Chapter 6 examines several polymer systems and aims to improve the electrode’s 

binder system regarding both mechanical and electrochemical performance in Si half-

cells (vs Li/Li+). Polyacrylic acid (PAA), PAA-based binary polymers and tailored 

multi-level crosslinked polymer are all included. 

Chapter 7 systematically investigates the EC-free electrolyte with various additives 

within Si/NMC full cells under high voltage cycling profile. An optimised electrolyte 

formulation is proposed. 

Chapter 8 summarises the main findings from the experimental data in this work and 

suggestions for further research are indicated. 
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Chapter 2 Literature Review 

 

 

2.1    Development of Technology on Si Anodes 

As outlined in Section 1.1, the main obstacles for commercialising Si anodes are the 

large volume expansion and its associated problems including short cycle life and 

unstable SEI. To address these challenges, several studies have been conducted 

through different approaches, which can be divided into two main methods – 

modification of the morphology of Si electrodes and optimisation of electrode 

formulation and microstructure. 

2.1.1  Modification of Si Morphology 

Current studies on the modification of Si morphology are generally based on 

nanomaterials since nanoparticles with reduced dimensions could adapt to a higher 

rate of alloying with Li and mitigate electrode cracking. Also, since Si exhibits much 

lower diffusion coefficient (10-13 ~ 10-12 cm2 s−1) comparing with graphite (10 -8.5 ~ 

10-7.7 cm2 s−1), modifying Si morphology can be an effective approach to minimise the 

diffusion route of Li ions and thus to achieve higher rate capacity. This approach could 

be categorised into three main areas – solid nanostructures, hollow structure, and 

surface coated particles. 

 Nanostructured Si electrodes 

The development of Si anodes with nano-sized Si particles (SiNPs) has been 

investigated by several groups. Li et al.[31] studied a nano-Si (78 nm) composite 

anode with carbon black and PVdF and achieved a capacity over 1700 mAh/g for 10 

cycles, which was better than their bulk Si powder (faded to 200 mAh/g after only 5 

cycles). Kim et at[32] investigated nano Si particles with different sizes (5 nm, 10 nm 

and 20 nm), and they indicated that nano-Si with the particle size of 10 nm showed 

the relatively better result with specific capacity over 3000 mAh/g and 81 % capacity 

retention achieved over 40 cycles. However, these results are not optimistic for Si 
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electrodes since the life cycle is too short, possibly due to a large amount of SEI layer 

for nanoparticles, which would continuously consume Li-ions.   

Cui’s group conducted several studies into designing nanostructured Si electrodes 

including Si nanowire, nanotube and hollow nanostructures. They introduced a 

nanowire Si structure in 2008 (Figure 2-1)[33]. The method used to synthesise the 

electrode was the vapour-liquid-solid (VLS) process on a stainless steel substrate 

using an Au catalyst. This type of structure provided better accommodation for the 

large volume expansion of Si electrodes. Also, each Si nanowire is electrically 

connected to the current collector with a straight electronic conductive pathway for 

efficient electronic conduction, which maximised the achievable capacity. In this case, 

there was no need for the binder and conductive additives, which to a large extent 

enhanced the energy density and charge efficiency[33]. Results showed a reversible 

capacity around 3500 mAh/g for 20 cycles, which almost maintained the theoretical 

capacity for Si electrodes at room temperature. However, data for only 20 cycles is 

insufficiently convincing to indicate or predict whether this structure could achieve a 

practical long cycle life.  

In 2009, Cui’s group developed a crystalline-amorphous core-shell Si nanowire 

structure[34], which was synthesised on a stainless steel current collector (without Au 

as the catalyst) in a SiH4 Chemical Vapour Deposition (CVD) furnace. It was 

considered that amorphous Si had a better cycle performance and reacted with lithium 

at a slightly higher voltage than crystalline Si, and therefore an amorphous Si shell 

was designed to store Li-ions while the crystalline core worked as the mechanical 

support[34]. Their best result showed a capacity of around 1060 mAh/g with 85% 

capacity retained after 100 cycles and the coulombic efficiency was maintained at 

98.4%-99%. This capacity has triple the value of graphite anode, but it still needs to 

be improved as the coulombic efficiency is not good enough to maintain a long life 

cycle and be of commercial interest. 
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Figure 2-1  Schematic of Si nanowire structure[33]. 

Si nanotubes (Figure 2-2) can be regarded as hollow nanowires that have a similar 

structure to carbon nanotubes, which are prepared by CVD. Capacities of 3360 mAh/g 

at C/20 and 2500 mAh/g at C/5, were achieved with high capacity retention – around 

81% after 50 cycles[35], which were promising results for initial research, but the 

cycle life still needs to be improved to meet commercial requirements. Additionally, 

all these approaches of one-dimensional structures require the process of CVD or 

template growth, which make it challenging for large-scale manufacture and 

commercialisation.  

Two-dimensional nanostructures such as Si thin films, deposited by radio-frequency 

magnetron sputtering on copper foil[36], have also shown improved cell performance, 

but this varies as a function of the film thickness. Ohara et al.[37] indicated that thinner 

films could deliver higher discharge capacity, and their studies proved that Si thin 

films with the thickness of 50 nm had much better performance (over 3500 mAh/g for 

200 cycles under 1C) compared with 150 nm thickness (around 2200 mAh/g for 200 

cycles). This result is significant for Si as it approaches the theoretical capacity for 

increased cycle numbers even under high charge rate. However, the synthesis method 

is impractical for large-scale manufacture.  
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Actually, for all the template-growth approaches mentioned above [33]-[37], it raises 

most concern that with such thin electrodes (50 nm ~ 5 µm), it will be challenged to 

pair them with high-energy-density cathode, which is normally above a thickness of 

60 µm.  

 

Figure 2-2 Structure of Si nanotubes and comparison with carbon nanotubes[35]. 

Porous Si nanoparticles are three-dimension nano-structures that have attracted much 

attention in recent years. One popular approach is the three-dimensional microporous 

(3DM) structure, which used a chemical etching method to produce porous Si particles 

that could increase particle surface area and provide better accommodation for volume 

change[38]. Bang et al.[39] demonstrated a simplified method to produce 3DM Si 

electrodes by depositing Ag on commercial bulk Si powders via a metal-assisted 

chemical etching process to synthesise the porous particles (Figure 2-3). This kind of 

electrode showed a high reversible capacity over 2000 mAh/g for 50 cycles and the 

initial charge efficiency was improved to 94.4 %[39]. Another approach is hollow 

porous Si nanoparticles, which was reported by Chen et al.[40]. They fabricated 

hollow porous Si nanoparticles via magnesiothermic reduction of hollow porous SiO2 
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nanoparticles and followed by silver coating (Figure 2-4). A high specific capacity of 

3762 mAh/g was achieved, and 93 % of the capacity was retained after 99 cycles at a 

current density of 4000 mA/g[40]. Despite this excellent performance for this kind of 

hollow porous Si nanoparticles, the synthesis method is still too complex and costly 

to realise large-scale manufacture, and also with the increased surface area of porous 

Si, problems with a large amount of SEI layers are also associated. 

 

Figure 2-3 Schematic of 3DM bulk Si and the electrode under SEM observation[38]. 

 

Figure 2-4 Schematic of fabricating hollow porous Si nanopowders[38]. 

 Surface coating 

Surface coating is another approach for Si electrode modification, and carbon-based 

materials are the most common candidates for the coating material. Liu et al. 

developed a pomegranate-inspired hierarchical structured Si anode (Figure 2-5)[41]. 

The Si particle was coated with SiO2 and then encapsulated by a conductive carbon, 
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then when the SiO2 was removed by HF solution, the external carbon layer would 

allow enough space for Si to expand. Also, the SEI outside the carbon layer would 

remain stable and not be ruptured during cycling. Results showed 97 % capacity 

retention after 1000 cycles, with a high coulombic efficiency (99.87 %) and volumetric 

capacity (1270 mAh/cm3) (Figure 2-6). 

 

Figure 2-5 Schematic of the fabrication process for Si pomegranates[41]. 

 

Figure 2-6 Schematic and performance for Carbon encapsulated Si structure[41]. 
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Zhou et al. demonstrated a hybrid coated Si nanoparticle, which was wrapped between 

graphene and amorphous carbon layers (G-Si-C)[42]. They worked together to 

function as an efficient electrical bridge so that all Si particles were electrochemically 

active, and also the tensile properties of graphene could adapt to the expansion and 

contraction of Si. Their result of G-Si-C exhibited a high reversible capacity of 902 

mAh/g for 100 cycles at 300 mA/g, by which point the capacity of the graphene-coated 

SiNPs dropped to below 500 mAh/g, while pure SiNPs dropped to 13 mAh/g after 

only 50 cycles.  

Despite some good performance achieved, using the surface coating method to prepare 

the identified electrode remains complicated to be considered industrially relevant. 

Hence more simplified manufacturing methods still need to be investigated. On the 

other hand, this study indicates that the hybrid graphene/carbon coating could be an 

approach to improve the cyclability of Si particles. Therefore, for this project, studies 

of Si integration with graphene will be mainly focused on as drop-in technology using 

existing manufacturing methods. 

2.1.2  Optimisation of Electrode Composition 

Optimising electrode composition is another approach to enhance the performance of 

Si anodes, which includes developing a strong binder system, optimising the 

formulation of the electrode and conductive additive. Binders play an essential role 

towards enhancing the performance of Si despite their relatively small mass ratio. 

Improving the binder system serves to better deal with Si expansion and contraction. 

This will be discussed in more details in Section 2.2. 

 Optimising the formulation of Si anodes 

Current studies on the formulation of Si electrodes can be mainly divided into two 

streams. One applies a small ratio of Si active mass (less than 40%), aiming to improve 

the capacity based on conventional graphite anode and obtain good capacity retention. 

Another is to study electrode with a large ratio of Si active mass (more than 60%), 

targeting for high capacity while balancing a reasonable life cycle.  

Beattie et al. developed a geometric model to explain the excellent cyclability for 

electrodes with low Si content, suggesting that it could better accommodate the 

significant volume change during lithiation and delithiation process[43], as shown in 
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Figure 2-7. Their model predicted that to achieve a good cyclability, the largest Si 

loading is supposed to be 20 vol %, but their experiment data showed a higher Si 

content in an electrode (with 33 wt % Si 100 nm + 33 wt % CMC + 33 wt % carbon 

C65) could also cycle well with relatively high capacity (1200 mAh/g), as shown in 

Figure 2-8. This error between experimental and model data was considered to result 

from electrode porosity, which was not included in the model. However, it is difficult 

to conclude directly through these data sources to identify whether high Si content is 

practical or not. With different binders, conductive additives, or combined with other 

active materials, the best ratio for Si could be very different, and this needs to be 

demonstrated and verified experimentally. 

 

Figure 2-7 Si spheres surrounded by binder: (a) The Si spheres occupy 14 vol % of the electrode and the binder 

occupies 86 vol % of the electrode; (b) same electrode after 270% expansion of spheres.[43] 

 

Figure 2-8 Capacity vs cycle number for electrodes made with 20, 33, 34, and 80 wt % Si[43]. 

A practical approach to optimise Si electrodes is to combine with other active material 

to form a matrix, which could improve conductivity as well as better buffer the volume 
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change. Carbon materials would be ideal candidates due to their excellent 

conductivity, small volume change, lightweight and good ionic conductivity[44]. 

Yang et al. first reported a hybrid Si/carbon/graphite composite electrode, and their 

results showed that the proper ratio for Si/carbon would result in an enhanced 

cyclability, and the introduction of graphite into Si/carbon electrodes demonstrated 

further improvement, as shown in Figure 2-9[45]. Several studies have investigated 

Si-graphite composite electrodes with improved and stable cyclability achieved, but 

most of them are focussed on a small ratio of Si incorporation[46]–[49]. Farooq et al. 

investigated the effect of different ratios between Si and graphite and with different 

binders (PVdF and polyacrylic acid (PAA)) on the anode’s cyclability[47]. The Si to 

graphite ratio was varied from 0:70, 5:65, 10:60, 15:55 to 20:50 and the results are 

shown in Figure 2-10. It indicated the improvement in capacity for graphite-based 

electrodes is in proportion to the ratio of Si incorporated.  The development of high-

energy density Li-ion batteries is the primary objective of this project. Therefore a 

high content of Si (60 wt% -80 wt% mass ratio) will be considered in this study to 

ensure the high capacity of the cell. 

 

Figure 2-9 Electrochemical performance for (left) different ratio of Si content in Si/Carbon composite electrode 

and (right) comparison between Si/Carbon and Si/Carbon/Graphite for first two cycles[45]. 



18 

 

 

 

 

Figure 2-10 Cell performance of Si-Graphite composite electrode with PVDF and PAA electrode: (a) Si 0 wt%, Gr 

70 wt%; (b) Si 5 wt%, Gr 65 wt%; (c) Si 10 wt%, Gr 60 wt%; (d) Si 15 wt%, Gr 55 wt%; (e) Si 20 wt%, Gr 50 wt%[47]. 

Recently, graphene has attracted wide attention, due to its excellent planar (X-Y) 

electronic conductivity and high surface area, and superior thermal and mechanical 

properties[50]. Also, multi-layered graphene has been proved for good flexibility due 

to the lack of rigid connections between adjacent nanosheets, which can be used as the 

"flexible confinement structure" to reduce pulverisation for electrodes[51]. All these 

characteristics of graphene make it a promising material to be incorporated into a Si 
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anode. Several pieces of research on hybrid Si/graphene-nanosheets (GNSs) 

electrodes have been conducted with promising results achieved[50], [52], [53]. 

However, most of these studies tried to synthesise Si and graphene through 

electrophoretic deposition (EPD) or CVD, which is difficult for large-scale 

production. Whilst for the Si/graphene hybrid electrodes that were demonstrated 

through merely physically blending,  the electrochemical results in the literature are 

yet to show clear improvements[52], [54], which can be identified as a research gap 

for this study. 

Other carbon materials such as carbon nanotubes and carbon nanofibers have also been 

applied as the combined active material within Si anodes[55], [56], and they all show 

different levels of improvement. Among them, carbon nanotubes demonstrated the 

best performance, in which the capacity of Si has been maintained around 1000 mAh/g 

for 100 cycles at a high charge/discharge rate of 10 C[55]. Since graphene has been 

reported for better mechanical property and electronic conductivity than carbon 

nanotubes (Table 2-1), it is supposed that the Si/graphene hybrid electrode should have 

even better cycling performance than the reported Si/nanotubes electrode. 

Table 2-1 Comparison of properties between graphene and CNTs[57] 

Properties Graphene CNTs 

Fracture strength (GPa) ~124 (Modulus: ~1100 

GPa) 

45 

Density (g cm− 3) >1 1.33 

Thermal conductivity (Wm−1 K−1 

) 

~5000 3000 

Electronic conductivity (S cm−1) 106 5000 

Charge mobility (cm2 V−1 s−1) 200,000 100,000 

Specific surface area (m2g−1) 2630 400 

In addition to carbon, other materials have also been studied to be incorporated into Si 

anodes, aiming to achieve better cycling performance. Tin (Sn) is a popular candidate, 

as Sn/SnO2 electrodes have shown a much more stable cycling performance than 

Si[58]. Ahn et al. synthesized the Sn-Si electrodes with three different ratio (Sn: Si = 

2:1; Sn: Si = 1:1; Sn: Si = 1:3), while Si-only electrodes were used as the controlled 

sample[59]. Their result indicated that the incorporation of tin could effectively delay 
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the electrode degradation but compromise the electrode capacity, whilst smaller 

amounts of Sn could help to maintain the capacity and cyclability as well as to improve 

the overall conductivity of the electrode, as shown in Figure 2-11. 

 

Figure 2-11 The cycle number dependence of the capacities of Li/Sn–Si cells fabricated with the three different 

Sn–Si nanocomposite electrodes (Sample A, Sn: Si = 2:1; Sample B, Sn: Si = 1:1; Sample C, Sn: Si = 1:3)[59]. 

Another promising candidate to combine with Si anode is Li4Ti5O12 (LTO). LTO has 

been reported with a specific capacity of 175 mAh/g if the cell discharged to 1V[60]. 

The negligible volume change, an SEI free potential (~1.55V vs Li/Li+),  ultra-fast 

charging rate and a high thermal stability, make LTO a promising electrode to meet 

high power and abuse tolerance requirements for electric vehicles[61]–[63]. Also, 

these characteristics of LTO appear to be the complementary to Si anodes concerning 

to improve the SEI stability and rate capacity. However, with the operation condition 

of Si electrodes, the hybrid Si/LTO electrodes would be charged to lower voltage to 

achieve higher capacity; hence there would likely be SEI formed on LTO as well.   

Chen et al.[64] studied the hybrid LTO/Si electrodes with different ratios and various 

current density, and the result (Figure 2-12) stated that the hybrid LTO/Si electrodes 

could get benefit from both the high capacity contributed by Si and the excellent 

cycling performance contributed by LTO. However, it compromised the energy 

density for Si-LTO hybrids compared to the pure Si electrodes and rate capacity for 

Si-LTO was not ideally improved. It indicates that without proper conductive 

additives, Si electrodes could not cope with high-rate charging incorporation of LTO. 
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Figure 2-12 The rate performance and corresponding charge-discharge curves for electrodes based on (a,b) pure-

Si, (c,d) pure-LTO, (e,f) LTO:Si = 35:35, (g,h) LTO:Si = 50:20 and (i,j) LTO:Si = 65:5[64]. 

 Conductive additives 

Si, as a semiconductor, is well known for its low electronic conductivity, which in 

theory is 6.7 x 10-4 S/cm. Therefore, conductivity-boosting additives are essential to 

enhance the overall electronic conductivity of Si-based anodes[65]. Normally carbon 

materials are used as conductive additives due to their high electronic conductivity, 

environmentally benign properties[66], and the capability of capacity contribution. 

They can be incorporated into Si-based anodes through two different methods: (1) 

coating of high conductive phase onto Si particles, which has been discussed in 

Section 2.2.1; (2) physically blending conductive additives into electrodes to form a 

conductive network around active materials[65]. The second method is a more 

accessible and cheaper approach to exploit but has a high requirement for sufficient 

mixing and dispersion techniques as nano-sized carbon materials are generally 

difficult to disperse.  
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Common carbon materials to be used as conductive additive in Li-ion batteries and 

their electrical properties have been summarised in Table 2-2. Carbon black and 

graphite are the most common conductive additives due to their low price, high 

electronic conductivity and commercial availability[66]. Both have been studied with 

Si anodes and the improvement of cycling performance has been achieved[65], [67], 

[68]. When comparing carbon black and graphite, carbon black has a higher specific 

surface area (45 m2/g for C45 and 65 m2/g for C65, compared to 17 m2/g for graphite 

SFG6) due to its spherical shape and smaller particle size, which can contribute to the 

enhancement of rate capability and resistance for fracture. It has been proven by 

Rezqita et al. that carbon black (Super C65) had better performance than conductive 

graphite within Si/mesoporous carbon electrode[65]. However, a major concern here 

is that a larger surface area is more likely to cause a high irreversible capacity loss at 

the first cycle due to a large amount of SEI formation.  

Table 2-2 Common carbon conductive additive and their electrical property[57], [69], [70] 

Properties Graphite Carbon black Graphene CNTs 

Density 

(g cm− 3) 

2.24~2.27 1.10~2.005 >1 1.33 

Electronic 

conductivity 

(S cm−1) 

2.6*104 

1.25 * 105 

~2*105 

106 5000 

Charge 

mobility (cm2 

V−1 s−1) 

15,000 - 200,000 100,000 

Specific 

surface area 

(m2g−1) 

5-27 45~250 2630 400 

 

Hierarchical carbon combinations have also been studied as conductive additives 

within Si electrodes. Lestriez et al. reported a hierarchical and resilient conductive 

network combing multiwall carbon nanotubes (MWCNTs) and vapour-grown carbon 

nanofiber (VGCFs) in  Si anodes[71]. Their findings showed that the electrode with 

this complex conductive network had better performance than the electrode with the 
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single conductive additive (Figure 2-13). Therefore, with this kind of hierarchical 

system, both long and short range of conductivity can be covered, thus to provide an 

efficient electronic transport within the composite electrode. Also, the electrode’s so-

called “wiring” structure is supposed to better tolerant the volume change due to the 

tensile benefits of a fibrous structure. 

 

Figure 2-13 Charge capacity vs cycle number for electrodes made with VGCF-MWCNT, VGCF, VGCF-CB MWCNT, 

CB. The rate is C/6.[71] 

Regarding the recommended amount of carbon conductive additive in electrode, Spahr 

et al. has conducted research into the relationship between the electronic resistivity of 

electrode and the volume fraction of carbon conductive additive. As shown in Figure 

2-14, it indicates that there is a sharp rise in electrode conductivity when the volume 

percentage of carbon conductive additive is increasing within certain range. Beyond 

this range, there is no significant increasing of the electrode conductivity. From which 

point, other factors like surface area, dispersion difficulty with active material, 

absorption effect of binder, and electrode mechanical property should be taken into 

consideration. 
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Figure 2-14 The effect of a conductive additive at various carbon concentrations on the electronic resistivity of 

an electrode. [70]  

2.2    Development on Binder Systems to Enhance the Cyclability of Si 

Electrodes 

The binder is an essential component in electrode materials, despite it only occupy 2-

5% of the mass in a typical commercialised electrode of Li-ion batteries[72]. It helps 

to maintain electrical contact between active materials and the current collector, 

facilitating the connection between active materials and conductive additives in X, Y 

and Z direction. In other words, it maintains the adhesion and cohesion of the electrode 

coating. Otherwise, the onset of capacity fade would occur once the contact with the 

current collector or the connection with the conductive additive breaks down. 

Therefore, to a large extent, the binder can indeed affect the life cycle of cells by 

improving the composite stability. This is especially critical for Si electrodes, given 

the severe problems of large volume change during the alloying/de-alloying reaction 

that would result in the pulverisation of the electrode and thus the gradual failure of 

the cell.  

Typically, a suitable binder suitable for Si-based anode should include following 

characteristics[20]: 

i. To build effective connections between Si particles as well as with conductive 

additives, and maintain good adhesion to current collectors during cycling. It 

requires a good flexibility and adhesion force to adapt to the volume expansion. 
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This condition could be better achieved if the chemical bond between polymer 

chain and the surface of Si is a covalent bond or stronger chemical interactions. 

ii. To form a Li-ion conductive conformal layer at the surface of Si particles, 

which could work as an artificial SEI (e.g. binders which contain a higher 

concentration of –COOH can better exchange H+ with Li+ to promote Li+ 

hopping, thus result in a more stable conformal layer). 

iii. To help maintain the electronic conductivity. 

iv. To keep good electrochemical stability over a wide potential range and 

insoluble into electrolyte solution[73]. 

This section will review some common binders that could be considered for Si-based 

electrodes and possibilities for further improvement on the binder system will be 

discussed. 

2.2.1  Polyvinylidene Fluoride 

Polyvinylidene fluoride (PVdF), whose functional group is –(CH2-CF2)n-, has been 

the conventional binder widely used in Li-ion cells for either anode or cathode because 

it has excellent electrochemical stability and possesses a high binding strength 

between the active material and the current collector. Additionally, the amorphous 

region in PVdF is a good matrix for Li-ions to pass through, which could effectively 

ensure excellent conductivity and enhances the overall cell performance[73]. 

However, for Si materials, PVdF binder does not chemically interact with the active 

material, because the contact between PVdF and Si particles is achieved by weak Van 

der Waals forces (between its fluorine atoms and hydrogen atoms on Si-OH), which 

would result in losing contact upon volume expansion[74]. Even for electrodes with a 

small amount of Si, those electrodes incorporating PVdF demonstrate worse cycling 

performance than the ones with PAA binder, and the difference becomes more 

significant with increasing the ratio of Si[47]. 

In recent years, some studies have been conducted on improving the elasticity of the 

PVdF binder for Si anodes. Li et al. [75] reported that with heat-treatment at 300oC, 

the performance of the PVdF binder could be effectively improved for Si electrodes. 

In his report, a capacity of 600 mAh/g could be retained after 50 cycles, and according 

to SEM observation and adhesion test, the carbon black was better distributed on the 

surface of Si particles[75]. However, this kind of result is still not ideal for Si 
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electrodes as the capacity of 600 mAh/g is too low for Si and 50 cycles is too short to 

indicate a good capacity retention, but to some extent, it suggested that the heat 

treatment could be an effective method to enhance the performance of binder.  

Additionally, as a non-aqueous binder, PVdF has a requirement to be solved in N-

Methyl-2-pyrrolidone (NMP), which is a toxic and expensive organic solvent. Hence 

more researchers and industries have turned to more environmentally friendly and 

aqueous-based binders such as CMC or PAA for the replacement of PVdF. 

2.2.2  Polyacrylic Acid 

Polyacrylic acid (PAA), similar to other members of the polyvinyl acids family, is a 

type of aqueous based polymer. PAA possesses a high concentration of functional 

groups (especially carboxyl groups) which can effectively control the space with other 

monomers via copolymerization[76].  

Magasinski et al.[76] firstly studied the performance of PAA for SiNPs and compared 

with PVdF and CMC. Their result showed that a high capacity (3300~3700 mAh/g) 

was achieved for both PAA and CMC, while PVdF showed much lower capacity 

(~2000 mAh/g). Also, PAA demonstrated  94 % capacity retention after 20 cycles, 

whereby CMC and PVdF only achieved 42 % and 13 % capacity retention, 

respectively[76]. Additionally, with VC electrolyte additives, the cells with PAA 

binder could still achieve 2400 mAh/g after 100 cycles, even at a high charge rate 

(C/2) and 100% Depth of Discharge[76]. This result showed the best performance for 

Si anodes with PAA binder despite only 40 wt% active Si.  

Farooq et al.[47] studied the performance of Si/graphite electrodes with PAA binder 

at different ratios (ranging from 0% to 20%) and made comparisons with a control 

electrode containing PVdF. The result revealed that a composite electrode fabricated 

with PAA binder using a maximum content of Si powder (20 wt%) showed high 

specific capacity around 1000 mAh/g with 94% capacity retention after 20 cycles. 

With PVdF the capacity was only around 447 mAh/g, and the capacity retention was 

only 66 %, as shown in Figure 2-10. This study indicated that with higher Si active 

ratio, the electrode with PAA binder demonstrated much better performance than that 

with PVdF, which proved that PAA is a better option for Si-based anodes. 
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Their studies are all based on un-neutralised PAA with a low pH, while partially 

neutralised PAA may produce an even better result in Si anode since the un-neutralised 

PAA would suppress the electrolytic dissociation. In this case, the carboxyl groups in 

PAA are prone to aggregate through their hydrogen bonds (Fig 2-15). Once the 

neutralised hydrolysis of the alkali salts PAA-Na is induced in aqueous solutions, the 

polyacrylate chain will be stretched due to the electrostatic repulsion between 

neighbouring dissociated carboxyl groups (Fig 2-15)61. Also, the neutralised PAA 

exhibits a higher viscosity because the stretched polyacrylate chain increases the 

flowage resistance of the solution61. 

 

Figure 2-15 Schematic illustration of polymer chain conformation of (a) PAAH and (b) sodium polyacrylate 

dissolved in water[77]. 

Han et al. studied the effect of neutralisation degree of PAA on the performance of 

Si/graphite composite electrodes[78]. Their result showed that 80% of the neutralised 

PAA had the best electrochemical performance with the Si-graphite electrodes 

compared with 60% neutralised, full neutralised and un-neutralized PAA. They also 

indicated that the slurry with a partially neutralised polyacrylate has a unique 

rheological property, which could assist to form a moderate porous structure during 

the drying process[78]. 

With the premier cyclability with Si electrodes and various reports in the literature, 

PAA based binders are a good starting point for conducting further systematic studies 

of the effects of binder properties on the performance of Si anodes.  
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2.2.3  Bio-derived Polymers 

Bio-derived polymers are materials that are extracted from renewable resources, so 

most of them are aqueous and environmentally benign. Recently, more and more 

attention is paid to bio-derived polymers to be used as the binder for Li-ion due to their 

abundant availability and ease for further functionised[79]. The requirement for bio-

polymers that to be applied as the binder in Li-ion batteries, especially for Si-based 

electrodes, is the involvement of plenty carboxyl groups so that they can form an 

effective covalent bond with the –OH group on the surface of Si particles[80]. The 

most typical bio-polymers that have been investigated for Li-ion batteries include 

carboxymethyl cellulose[81], [82], chitosan[83], and alginate-based systems[80], 

[84], [85]. 

 Carboxymethyl cellulose  

Carboxymethyl cellulose (CMC), whose molecular structure is shown in Figure 2-16, 

is a linear polymeric derivative of cellulose with varying levels of carboxymethyl 

substitution. The carboxymethyl groups are combined with carboxylate anionic 

functional groups, which are responsible for the aqueous solubility of CMC[81].  

 

Figure 2-16 The molecular structure of CMC[72]. 

CMC was firstly reported by Lee et al.[86] to be used as a binder for graphite and 

showed improved cycling performance with Si with more than 90% of the initial 

capacity retained after 200 cycles, due to the enhanced adhesion strength within 

electrodes. Following this, Liu et al. demonstrated that if CMC is combined with 

elastomeric styrene butadiene rubber (SBR) (1:1) it can be used as the binder for C/Si 

anode. This is because CMC is a brittle polymer and SBR could contribute tensile 

strength[87]. Significant improvement was observed in electrode cycling 

performance, which achieved a capacity of 1000 mAh/g and cycled stably for 50 
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cycles. Furthermore, Buqa[82] made the comparison between the combined binder 

SBR/Na-CMC (1:1) and PVdF and declared that nano-Si electrodes containing 1 % 

SBR and 1 % Na-CMC had the same cycle stability with the identical electrodes that 

included 10% PVdF binders. It means that SBR/Na-CMC is 10 times more efficient 

than PVdF. However, while comparing the behaviour between the combined binder 

of SBR/Na-CMC and pure Na-CMC binder on the performance of Si/C electrodes, the 

pure Na-CMC, which was more brittle, exhibited better capacity retention[88]. The 

reason could be SBR is too electronically resistive, which would compromise the cell 

conductivity, hence the ratio of CMC to SBR should be further investigated in Si 

electrodes.  

 Chitosan 

Chitosan is one of the most abundant naturally abundant polymers, which is the de-

acetylated extract from of chitin[89]. This is a polysaccharide composed mainly of β-

(1,4)-linked 2-deoxy-2-amino-d-glucopyranose units[90], which molecular structure 

is shown in Figure 2-17.  

 

Figure 2-17 Molecular structure of chitosan[89]. 

Chitosan-based aqueous polymers possess proper viscosity and can be considered as 

an effective binder. Chai et al. conducted a comparison study between chitosan and 

PVdF, to investigate their behaviours on the graphite anode[90]. The result showed 

that with chitosan-based binders, the initial loss, rate capability and cycling behaviour 

were considerably improved compared with PVdF. Yue et al. first applied 

carboxymethyl chitosan as a binder for Si-based electrodes. The results showed that 

the Si/C-chitosan anode (Si : carbon black : C-chitosan = 62:30:8 in weight ratio) 

exhibited a high first discharge capacity (4270 mAh/g) with a first coulombic 

efficiency of 89%, maintaining a capacity of 950 mAh/g at the current density of 500 

mA/g over 50 cycles[83]. Tang et al.[91] studied chitosan oligosaccharides, which are 
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the hydrolysed product of chitosan (poly-beta-(1,4)-2-amino-2-deoxy-

glucopyranose), to use as the alternative binder to PVdF for Li2ZnTi3O8 electrodes. 

The result demonstrated improved performance in terms of the initial coulombic 

efficiency, cycling behaviour, rate capability and long life cycle. 

 Alginate 

Alginate, whose molecular structure is shown in Figure 2-18, is a linear polysaccharide 

which is synthesised by brown seaweed and by soil bacteria. Sodium alginate is the 

most commonly used alginate form in the industry since it is the first by-product of 

algal purification[79]. Recently, alginate has come into view to be used as an aqueous 

binder for Li-ion batteries as it possesses properties including high viscosity and good 

electrochemical stability[92]. 

 

Figure 2-18 Molecular structure of alginate[92]. 

Kovalenko et al. first reported the electrodes containing SiNPs and alginate that 

extracted from brown algae[80]. Their result illustrated a stable reversible capacity 

around 1700-2000 mAh/g for 100 cycles, which was better than the Si electrodes with 

PVdF and CMC binders. With a similar microstructure of the alginate to CMC’s, the 

considerable difference in their performance within Si electrodes could be explained 

by the small structural differences in their polymer chains. In alginate, carboxylic 

groups are naturally presented and evenly distributed in the polymer chain, whereas in 

CMC they are synthetically induced, and their distribution is random (where some 

monomeric units may have more than one carboxylic group and the others have none.) 

The higher concentration and a more uniform distribution of the carboxylic groups 

along the chain in alginate could be responsible for the better transport of Li ions 

within Si particles. Also, more uniform coverage, and more efficient assistance in the 

formation of a stable SEI layer on the Si surface[80]. 
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2.2.4  Binary Crosslinked Polymers  

Cross-linking of polymers are generated by linking the polymer chains in three 

dimensions, which can produce a strongly interconnected network[93]. Due to their 

superior mechanical properties, crosslinked polymers are very promising to be 

incorporated into Si-based electrodes as a multifunctional binder to enhance the 

interaction with Si and other components. Since PAA has proven to be able to maintain 

a relatively stable cyclability for Si electrodes, due to its abundant carboxyl groups, 

existing studies of crosslinked polymers in Si anodes are mostly focused on interacting 

PAA with another polymer. Those with rich hydroxyl groups such as polyvinyl 

alcohol (PVA)[94], CMC[93], dopamine hydrochloride[95] and ring-slide 

polyrotaxane[96] have been studied. 

 PAA-PVA 

It will be of major benefit for Si anodes to take advantage of both good adhesion from 

PAA and good flexibility from PVA. It is known that PAA is rich in carboxyl groups, 

while PVA contains hydroxyl group[97], hence the esterification reaction can take 

place between them. In the meantime, the carboxyl group from PAA can also react 

with the hydroxyl groups from native SiO2 on the surface of Si. This will result in 

strong covalent bonds between Si particles and the polymer network (Figure 2-

19)[94].  

 

Figure 2-19 The illustrative interaction between PAA-PVA and Si particles[94]. 
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Song et al. first investigated the effect of the binary crosslinked polymer PAA-PVA 

in Si-based anodes which included 60 wt% Si nanoparticles, 20 wt% carbon black and 

20 wt% PAA-PVA (the weight ratio of PAA to PVA is 9:1) [94]. Their results showed 

that cells with PAA-PVA achieved a high specific capacity (2283 mAh/g) maintained 

after 100 cycles, much improved compared to CMC in their experiments. However, 

their ratio of PAA to PVA can be optimised as the ratio of PVA was too small. The 

result for PAA-PVA was also similar to that achieved by pure PAA in other 

literature[76], so the advantage of the crosslinked binder has not been completely 

demonstrated nor elucidated to date. 

Additionally, the interaction strength between PAA and PVA can be further improved. 

Kumeta et al. investigated the cross-link conditions in  PAA-PVA systems, including 

the time and temperature for heat-treatment as well as the partial neutralisation 

effect[98]. They specifically suggested that partially neutralisation of PAA (5-10%) 

could facilitate the formation of a stronger interconnection between different 

functional groups.  

 PAA-CMC 

Similar to PVA, CMC also contains plenty of free hydroxyl groups. Therefore the 

covalent ester bond could also be formed while crosslinking PAA with CMC. Koo et 

al. first reported the crosslinked binder PAA-CMC and applied it to Si electrodes[93]. 

They effectively built the interpenetrating interaction through a condensation reaction 

between PAA and CMC at 150°C under vacuum (Figure 2-20a and b). Also, a covalent 

ester bond is also formed between the free carboxylic groups of PAA and the hydroxyl 

groups of the SiO2 layer on the Si surface (Figure 2-20 c)[93]. Their results (Figure 2-

21) indicated an obvious improvement of cycling performance for the cells with PAA-

CMC binder when compared to those involving only PAA, CMC or PVdF. The 

capacity was maintained at above 2200 mAh/g after 100 cycles, and a high coulombic 

efficiency of over 99.5% was achieved.   
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Figure 2-20 The illustrative interaction between PAA-PVA and Si particles[93].  
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Figure 2-21 a) Initial charge–discharge profiles of Si composite electrodes between 0.005 and 2.0 V versus Li/Li+. 

b) Specific capacity vs cycle number for the Si composite electrodes at a current density of 300 mA/g . c) Lithium 

extraction capacity of Si anodes with c-PAA-CMC for various high current densities at room temperature and 

60°C. d) Specific capacity retention (green circle) of Si composite anodes with c-PAA-CMC binder (electrode 

density=0.4 g cm-3) vs cycle number at a current density of 1500 mA/g (corresponding to 0.5C).[93] 

 PAA- dopamine hydrochloride 

Inspired by mussels, Ryou et al. introduced a new binder system that conjugated PAA 

with the catechol groups (PAA-C) from dopamine hydrochloride, which interacted 

through the covalent bond between carboxylic from PAA and hydroxyl group from 

the catechol moieties (Figure 2-22)[95]. In this conjugated binder system, PAA served 

as the backbone while catechol moieties from dopamine worked as the “tentacles”, 

with strong wetness-resistant adhesion. They also synthesised alginate with dopamine 

(alginate-C) in the same way. Their results demonstrated that SiNPs electrodes with 

both PAA-C and alginate-C binders achieved higher reversible capacity and better 

cyclability compared with those with pure PAA and pure alginate, respectively. The 

improvement was more significant for SiNPs electrodes with the alginate-based 

binder.  
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Figure 2-22 Schematic of catechol conjugated polymer binders and Si anode structure 

 PAA- polyrotaxane 

Choi et al. incorporated 5 wt% ring-slide polyrotaxane (PR) with PAA and applied it 

to Si micro-powder electrodes (SiMPs), connecting parts of PR rings with PAA chains 

through covalent bonds[96]. Compared with pure PAA binder, PAA-PR exhibited 

extraordinary elasticity in the network due to the ring sliding motion of polyrotaxane. 

It dissipated the stress during the volume expansion of Si, similar to the mechanism of 

a series of moving pulleys lifting an object (Figure 2-23). This could help to retain the 

homogenous and integration of the whole structure during cycling. Their results were 

in high agreement with the hypothesis that Si-PAA/PR electrodes showed a high 

reversible capacity of 2.43 mAh/cm2 (Si loading: 1.07 mg/cm2) over 150 cycles while 

Si-PAA achieved less capacity and started to fail after around 50 cycles. Moreover, 

proved by post-mortem cross-section SEM images, the Si-PAA/PR electrodes 

demonstrated less particle disintegration which resulted in a less amount of SEI layers. 
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Figure 2-23 Illustration of schematic for PAA-PR for SiMPs electrodes[96] 

2.2.5    Conductive Polymers 

As most polymers are not electronicly conductive and whilst they usually account for 

10-20 wt% in Si-based electrodes, using conductive polymers is considered to be an 

effective approach to enhance conductivity, as well as maintain good adhesion in the 

network. Liu et al. reported a novel polyfluorene based polymer poly (9,9-

dioctylfluorene-co-Suorenone-co- methylbenzoic acid)[99]. They introduced 

carbonyl functional groups (C=O) for tailoring the lowest unoccupied molecular 

orbital (LUMO) electronic states, which resulted in improved conductivity. They also 

used methylbenzoic ester -PhCOOCH3 to provide strong covalent bonds to enhance 

the polymer adhesion. The schematic of the structure of this polymer is shown in 

Figure 2-24. This new conductive binder was applied to SiNPs electrodes and achieved 

2100 mAh/g for 650 cycles, which was the best performance for Si electrodes without 
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the conductive additive. However, the toxic nature of the binder is still the main 

drawback here[72]. 

 

Figure 2-24 Schematic of PF-type conductive polymers (a) Traditional approaches use acetylene black as the 

conductive additive and PVDF binder. (b) Conductive polymer with dual functionality (c) The molecular structure 

of the PF-type conductive polymers[99]. 

Inspired by this study, Wu et al. further developed a porous conductive polymer 

hydrogel with multiple functions, including a continuous electrical conductive 

polyaniline network, strong chemical bonding with the Si particle surface (via both 

the cross-linked hydrogen bond with phytic acid and the electrostatic interaction with 

the charged polymer), and porous structure for volume expansion[100]. Polyaniline 

(PANI) is a well-known conductive polymer, and its application to Li-ion batteries has 

been studied since 1987[101]. However, the typically used p-type PANI is not phase-

stable below 1 V (Li/Li+), and this causes loss of conductivity in Si anodes, whose 

working potential ranges from 0.01V – 1V (Li/Li+)[102]. To address this challenge, 

Wu’s group developed an n-type PANI polymer, which could be cathodically doped 

for high electronic conductivity under the reducing environment for anodes[103]. 

Their approach was to utilise phosphoric acid groups from phytic acid and react with 

the nitrogen group from PANI, to form of a 3D interconnected network surrounding 

Si nanoparticles. When Si nanoparticles were mixed into the solution during 
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polymerisation, the phosphoric acid groups from the phytic acid form a strong 

hydrogen bond with the SiO2 on Si particle surface (Figure 2-25)[100]. The SiNP-

PANI hydrogel electrodes demonstrated a stable reversible specific capacity of 1600 

mAh/g for 1000 deep cycles using a current density of 1 A/g-1, and the coulombic 

efficiency from 2nd to 5000 cycles was stable at around 99.8%, even better than the Si 

nanowire they reported previously[33], [34]. 

 

Figure 2-25 Schematic illustration of 3D porous SiNPs/conductive polymer hydrogel composite electrodes[100]. 

2.2.6    Self-healing Polymers (Multi-level Cross-linked Polymers) 

Bao’s group first introduced self-healing polymers (SHPs) and applied them to SiMPs 

electrodes in Li-ion batteries[104]. Whilst undergoing a mechanical disruption of the 

structure, this kind of polymer could be spontaneously self-healed through the 

dynamic re-association of hydrogen bonds at room temperature. The chemical 

structure of this SHPs is illustrated in Figure 2-26. In order to improve the conductivity 

of the polymer, they also included some carbon black during synthesis. Their 

electrochemical cycling result showed that the SiMPs electrodes with SHPs 

demonstrated remarkable improvement in cyclability compared with those containing 

alginate, CMC and PVdF binder (Figure 2-27a). Moreover, due to the involvement of 

carbon black, the conductivity for SiMPs/SHPs electrodes was improved, and this 

resulted in achieving a high rate capacity (around 1700 mAh/g at the current density 

of 2 A/g) (Figure 2-27b).  
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Figure 2-26 Illustration of chemical structure for SHPs 

 

 

Figure 2-27 Electrochemical properties of SiMPs with SHPs a)Capacity retention of SiMP electrodes with different 
polymer additives b) rate capacity profile.[104] 

Kwon et al. systematically investigated a series of polymeric binders incorporating 

Meldrum’s acid with distinctive properties (Figure 2-28)[105]. They fabricated the 
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self-healing binder through hydrolysing K 100 in the presence of LiOH. The ratio was 

varied for different monomeric units to verify different polymer parameters including 

covalent crosslinks, stiffness and flexibility for improving the performance of Si 

electrodes. Their results indicated that Si electrodes with self-healing polymers 

exhibited the best cyclability among all cells, maintaining nearly 1800 mAh/g for 500 

cycles. Whilst for the others, the polymer with the strongest cross-linked covalent 

bonds with the Si surface achieved higher reversible capacity achieved and longer 

cycle life. It suggests that a strong covalent bond was the most critical factor to be 

considered when designing the optimal binder for Si electrodes. 

 

Figure 2-28 Structure of polymers and interaction with Si surface[105] 

Zhong et al. fabricated a PAA-based self-healing hydrogel through building a dynamic 

coordination bond between graphene oxide and PAA matrix with Fe3+ ions as the 

cross-linker[106]. It was hypothesised that an ionic cross-linking would be formed 



42 

 

among PAA chains, as well as with the oxygen functional groups on graphene oxide 

(Figure 2-29). With only 0.5 wt% GO and 0.5 mol % Fe3+, the mechanical property of 

PAA was significantly improved. GO nanosheet was used as a stress transfer centre to 

dissipate energy from PAA chains. Additionally, the ionic interaction along the PAA 

chains would break and recombine simultaneously to maintain the polymer structure. 

This robust and self-healing binder has not been applied to energy storage studies, so 

it could be a novel study to apply this self-healing polymer for Si electrodes. 

 

Figure 2-29 Illustration of PAA-Fe3+-GO polymer and its tensile property[106]. 

2.3    Challenges for Si Full Cells 

It is efficient and convenient to investigate and compare the electrochemical behaviour 

of novel materials in Si half-cells with Li foil as the counter electrode. However, Si 

half-cells (vs Li/Li+) cannot provide enough convincing information towards the 

practical application, especially regarding long-term cycling performance. In half-

cells, Li-ions are unlimited from the Li foil counter electrode, whilst they are finite 

from the cathode and electrolyte in full cells. It will exhaust the Li-ions more readily 

and is the main reason for the degradation in performance of the full cell. Additionally, 

the capacity fading of the lithium foil electrode could also affect the cycling 

performance, which could not be excluded from half-cells. Therefore, studies on Si 

full cells are necessary and more relevant for the further industrial application. 
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Moreover, besides the cyclability and storage capacity of Li-ions in anode, there are 

much more factors to be considered to achieve a long cycle life in full cells such as 

capacity balance between anode and cathode, the stability of cathode structure, a stable 

operational voltage window for both anode and cathode, and corresponding choice of 

stable electrolyte under this voltage window. 

2.3.1    Cathodes for High Energy Batteries 

The cathode, as the positive electrode, is defined as the oxidising electrode that accepts 

electrons from the external circuit and is reduced during the electrochemical reaction.   

Generally, when selecting the right material for cathodes, characteristics including 

high discharge voltage, high-energy capacity, long life cycle, high power density, 

lightweight, low self-discharge rate, and environmentally benignity should be 

considered. Current research on high voltage cathode is mainly focussed on three types 

materials[21]: 

 Layered oxides; 

 Oxides with a spinel structure; 

 Poly-anion oxides with the olivine and olivine-related structures. 

The layered oxides generally have a formula of LiMO2, where M stands for the 

transition metals, and most are structured in anionic stacking layers, as shown in 

Figure 2-30. This type of structure provides a 2D pathway for Li-ion diffusion (in X-

axis direction and Z-axis direction). Typical layered oxide cathode material includes 

LiCoO2, LiNiO2 and LiMnO2[21]. Amongst them, LiCoO2 was the first 

commercialised cathode applied in Li-ion batteries, which showed an operated voltage 

3.7 V vs Li/Li+ and an excellent specific charge capacity (about  150 mAh/g)[107]. 

However, the high cost due to expensive Co and the associated toxicity with high 

exposure levels, are the main disadvantages which have made it unsustainable 

commercially. LiNiO2 has a higher energy density and better availability, but it is less 

stable due to its less ordered structure[108]. LiMnO2 is an attractive material currently, 

as Mn is cheap and more environmentally benign than Co and Ni, and also shows a 

smooth voltage profile despite it suffers from the problem of unstable phase 

transformation[21]. While extracting Li ions from layered LiMnO2, some manganese 

ions will penetrate the interlayer lattice space, which can result in the formation of 

crystal areas with a spinel structure, thus compromising the cycle life and reduce the 
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working potential (the observing work potential for LiMnO2 is lower than 4.1 V). To 

solve this problem, investigations into doping of different elements such as Co, Ni, Cr 

etc. have been conducted, and it is reported that Li(Ni1/3Mn1/3Co1/3 )O2, which is also 

known as NMC, could operate at a high voltages of up to 4.5 V with a capacity of 

above 200 mAh/g[21]. NMC has been commercialised and included into most electric 

vehicles (EVs) including Chevy Volt and BMW i3. 

Lithium-nickel-cobalt-aluminium oxide (NCA), is a further development of lithium 

nickel oxide with adding aluminium to improve the chemical stability. Similar to 

NMC, NCA has a high reversible capacity (∼200 mAh g−1) and long storage calendar 

life compared to conventional Co-based oxide cathodes. Despite this, it was reported 

that capacity fade might be severe at elevated temperatures (40–70°C) due to solid 

electrolyte interface (SEI) growth and micro-crack growth at grain boundaries[109], 

[110]. NCA has also been widely used commercially, and a successful example are 

the Panasonic battery pack that has been applied in Tesla EVs. 

 

Figure 2-30 Illustration of schematic for layered oxide structure[111]. 

Spinel oxides generally have a formula of LiM2O4, and contain octahedrally 

coordinated M-cations and Li-cations in a cubic-closed-packed lattice, as shown in 

Figure 2-31[21]. This type of structure represents a more stable framework to allow 

Li-ions to reversibly move between the tetrahedral sites. It provides 3D pathways for 

Li-ion diffusion through the spinel framework and this makes spinel oxide materials 

possess a good Li-ion conductivity. The disadvantage is that generally they have lower 

charge capacity as there are fewer spaces for Li-ions with this structure[21]. Due to 

the good stability of spinel oxides, it is easy to blend different transition metal based 

on this structure to enhance the performance and reduce the cost. Some existing high 
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voltage cathode materials based on spinel-structured oxides have been summarized in 

Table 2-3. 

 

Figure 2-31 LiMn2O4 spinel structure representation; LiMn2O4 shown being composed of dark grey MnO6 

octahedral and Li-ions (light grey balls) occupying interconnected tetrahedral positions[21]. 

Table 2-3 Structural data for high-voltage lithium cathode materials based on spinel-structure oxides[107] 

Composition 

Mid-discharge 

voltage at the 

plateau over 4.5 

V/V 

Redox couple to operate at 

the plateau over 4.5 V 

Potential 

range/V 

Li2CrMn3O8 4.8 Cr3+/4+ 3.4–5.4 

LiCrMnO4 4.8 Cr3+/4+ 3.4–5.4 

Li2FeMn3O8 4.9 Fe3+/4+ 3.0–5.3 

Li2CoMn3O8 5.1 Co3+/4+ 3.0–5.3 

LiCoMnO4 5 Co3+/4+ 3.0–5.3 

LiNiVO4 4.8 Ni2+/3+/4+c 3.0–4.9 

Li2NiMn3O8 4.7 Ni2+/4+ 3.0–4.9 

Li2.02Cu0.64Mn3.34O8 4.9 Cu2+/3+ 3.3–5.1 

 

Poly-anion compound materials have also attracted wide attention in recent years due 

to their premier cyclability, safety, environmental compatibility and potentially low 

cost[21]. Typically, these materials have an open 3D framework, as shown in Figure 

2-32, which are suitable for Li-ion diffusion. A typical example of this structure is 

LiFePO4 (LFP), which has an average discharge voltage of 2.98 V for the LiFeO2 

cathode, whereas the discharge voltage is 3.5 V for LiFePO4 cathodes[21]. The similar 
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structure is demonstrated by the lithium-metal-oxide with cobalt-based redox couple: 

where the discharge voltage is ∼ 4.1 V for a LiCoO2 cathode but is 4.8 V for a LiCoPO4 

cathode[21]. Calculations indicate that Ni-based poly-anion materials such as 

LiNiSO4F, LiNiPO4, and LiNiO(SO4) may have the highest voltage (above 5 V)[112], 

but the experimental results are still ambiguous, and the electrochemical activities of 

nickel have not been confirmed. Above all, the notable shortcoming for poly-anion 

materials is the low electronic and ionic conductivity[113], which limits the rate-

capacity and the cyclability under the high current density of the material. 

 

Figure 2-32 LiFePO4 (olivine structure) representation; the oxide shown being comprised of dark grey FeO6 

octahedral and light grey PO4 tetrahedral Li-ions are shown as light grey balls occupying octahedral[21]. 

The properties of different cathode materials that are commonly used in current EVs 

are summarised and compared in Figure 2-33. Cathode materials that are involved in 

existing Si full-cell studies are mostly found from these five materials, including 

NMC[114], NCA[56], [115] and LFP[116], [117]. However, the maximum cut-off 

voltages for these studies are mostly below 4.2 V since, when cycling to high voltages 

(> 4.2 V), the cycle efficiency will drop and the higher the voltage, the faster the 

capacity fade[115]. Huang et al. applied Li-rich cathode - graphene and carbon nano-

tubes with modified NMC (GNL-modified LMNCO) for Si/graphite electrodes and 

cycled up to 4.65 V[118]. A significant enhancement has been notified in terms of the 

specific capacity of the full cell (around 250 mAh/g). However, cycling data for 20 

cycles is not yet compelling enough to address the improvement. The challenge for Si 

full cells cycling under high voltage (> 4.2 V) could be due to the limitation of the 

voltage window of the electrolyte. 
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Figure 2-33 Tradeoffs among the five pricipal Li-ion battery technologies[119] 

2.3.2    Electrolyte Additive for Si Full cells under High Voltage 

The electrolyte is also an essential component in Li-ion batteries, which face 

challenges including wide electrochemical window, a wide range of operation 

temperature, safety properties, good ionic conductivity and ability to form efficient 

passivation layers[28]. With these criteria in mind, the electrolyte that is mostly used 

for current commercialized Li-ion batteries is a mixture of alkyl carbonates including 

ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC) and 

ethyl methyl carbonate (EMC) for dissolving  the salt LiPF6, which demonstrates 

acceptable stability under voltages of around 4 V[28].  

It has been addressed above that a stable SEI layer is a crucial factor that determines 

the cyclability of Si electrodes, and also affects the kinetics of Li-ion transport and 

interfacial stability. The SEI is the product of the electrochemical reduction of the 

organic solvents and salts and is strongly dependent on the components and properties 

of the electrolyte. 

In most alkyl carbonate electrolytes, PF6
− anions in solvent undergo an equilibrium as 

following[120]: 

LiPF6 (sol.) ↔ LiF (s) + PF5 (sol.). 
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The PF5 is likely to attract any moisture that is present in the electrolyte solution, and 

P-F bonds will be hydrolysed as presented in the following reaction[121]: 

LiPF6(sol.) + H2O → POF3(sol.) + LiF(s) + 2HF(sol.) 

PF5 (sol.) + H2O → POF3 (sol.) + 2HF (sol.) 

The resulting HF will start the following reaction that induces cracks in the Si-Si 

network. This will also result in a consumption of Si-based active material as the Si in 

SiF6 becomes inactive, thus constituting a constant capacity fading[120]. 

Si + 4HF + 2F− + 2H+ → SiF6
2− + 2H+ + H2 (g) 

To address these problems, electrolyte additives are applied to improve chemical 

stability. Currently, there are various electrolyte additives commercially available and 

according to diverse functions and can be categorised into 6 types. These are (1) SEI 

improver; (2) cathode protection agent (protect cathode from dissolution and 

overcharge); (3) LiPF6 salt stabilizer (to enhance thermal stability of LiPF6); (4) safety 

protection agent (low flammability and overcharge protection); (5) Li deposition 

improver (improve cycle efficiency of metallic Li); and (6) other agents such as 

solvation improver, Al corrosion inhibitor, and wetting agent[122]. For Si-based 

anodes, due to its unstable SEI caused by volume change, electrolyte additives with a 

function of improving SEI are favoured. Additives such as fluoroethylene carbonate 

(FEC)[123], succinic anhydride[124], vinylene carbonate (VC)[125] to LiPF6 

electrolyte have been reported to help generate smoother and more stable components 

in SEI layer and this in turn improve coulombic efficiency. Dalavi et al. conducted a 

comparison study between all these reported additive for Si thin film electrodes 

(Figure 2-34)[126], which indicated VC could best facilitate capacity retention when 

compared with other additives.  



49 

 

 

Figure 2-34 Discharge capacity (mAh/g) vs cycle number of Si half cells (vs Li/Li+) with and without additives. 

For common layered cathodes mostly used in commercial batteries, the usable 

potential range is limited due to electrolyte oxidation and polarisation growth under 

high voltage[23], [24], [127]. For most commercially available NMC cathodes, the 

cut-off potential vs Li/Li+ is generally set as 4.28 V to best maintain the cycle life 

despite having  structural stability up to 4.78 V vs Li/Li+ [10], [25], [127]. In order to 

operate Li-ion batteries under high voltage, strategies including the application of 

novel solvent blends, electrolyte additives and coatings have been investigated. New 

solvent blends that involve fluorinated compounds[128]–[131], nitriles or 

dinitriles[132], [133] and sulfones[134], [135] have been reported for their high 

oxidation potential (> 5 V vs Li/Li+), which is much higher than alkyl carbonates 

electrolyte[136]. However, these new blends have also been critiqued for their poor 

wettability, high viscosity, gas production, high impedance and safety concerns[128], 

[135], [137]. 

EC-free electrolytes for high voltage Li-ion batteries were first introduced by Dahn’s 

group, which has proven that removing EC from the electrolyte and adding small 

amounts of additives could result in better performance than those cells including 

EC[22]. Their result also showed that with a proper additive as the “enabler”, NMC/ 

graphite cells with EC free electrolyte could demonstrate excellent cyclability up to 
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4.4 V. Further to this study, the effect of different additives with various ratio in EC 

free electrolyte in high voltage NMC/graphite full cells has been investigated by the 

same group[27]. They compared additives including VC, methylene-ethylene 

carbonate (MEC), FEC and difluoro ethylene carbonate (DiFEC), and addressed the 

importance of the proper ratio for these additives to be involved. It indicates that if the 

“enabler” was insufficient, the cells could result in the gas generation and rapid 

capacity fading. On the other hand, excess "enabler" would result in large impedance 

and gas generation, but this did not include FEC (Figure 2-35). In their study, 

NMC/graphite cells with 3% FEC or 5% FEC in the electrolyte of 1 M LiPF6 in EMC 

demonstrated the best cycling performance.  

 

Figure 2-35  Radar plots summarizing the effects of selected enablers (1%, 3% and 5%) on NMC442/graphite in 
“EC-free” electrolyte system (a) VC (b) MEC (c) FEC (d) DiFEC[27] 

Prop-1-ene-1, 3-sultone (PES) has also been reported as a novel additive to improve 

the stability of SEI on the anodes in Li-ion batteries, and it helped maintain the 

cyclability even under high voltage[134], [138], [139]. Xia et al. conducted a 
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comparison study to compare the performance of PES, VC and the combination in the 

EC-free electrolyte for graphite/NMC pouch cells under high voltage -the result is 

concluded in the radar plots in Figure 2-36[140]. They concluded that PES is a 

beneficial additive to maintain a reasonable cyclability under high voltage and high 

temperature and it can be considered as a replacement to VC for the industrial 

electrolyte.  

 

Figure 2-36 Radar plots summarizing the comparison result between different electrolyte additives (a) 2% VC, 1% 
PES, 2% P ES, 2% VC + 1% PES and 2% VC + 2% PES; (b) 2% VC and 2% PES.[140] 

However, existing studies of EC free electrolyte are mostly focussed on graphite/NMC 

systems while there are few investigations for EC-free electrolyte system in Si full 

cells. Hence it is novel to systematically investigate the EC-free electrolyte system and 

appropriate additives for Si-based full cells under high voltage. 

2.4    Overview of Literature 

Si anodes show great potential to be industrialised into the next generation of Li-ion 

batteries, and much effort has been given to improve the electrochemical performance 

of Si-based anodes. Despite promising results achieved by several groups through 

modification of Si morphology, all of them used complicated chemical deposition 

methods1-13, which is not ideal for large-scale industrialisation. Therefore, optimising 

the electrode composition is considered more realistic from a "drop-in" perspective, 

which supports the research approach of this study. 

With this approach, studies from literature have given a lot of information on current 

progress in optimising Si electrode composite14-33, which are used as the guidelines 
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for designing experimental parameters. Regarding optimising electrode composite, 

factors including the mass ratio of Si, choice of conductive additive, binder systems, 

and incorporation of other active materials are considered. The mass ratio of Si 

represents a comprehensive balance between the energy density and the life cycle. 

Since the research objective for this project is to develop high-energy Li-ion batteries, 

relatively high content of Si (60 % - 80 %) will be applied into the anode formulation 

to address this. Also, considering that Si needs more space to accommodate its 

expansion as well as to necessarily maintain its electronic contact during the volume 

change process, a sufficient amount of binder and conductive additives should be used. 

Graphene can be considered as an ideal co-active material to be incorporated into Si 

because it can contribute additional Li storage capacity as well as supplying good 

flexibility and conductivity15-28. 

For the choice of conductive additive, carbon materials are the most common 

candidates34-38. Among the diverse array of carbon materials, graphene may have the 

best overall conductivity, even better than carbon nanotubes26. A hierarchy of 

conductive combinations is considered here to be an optimal choice to provide the 

conductive network with the short and long-range order within the electrodes  

Regarding the application of binder, the literature has shown that the binder plays an 

essential role in increasing the durable performance of Si anodes39-73. Among the 

common polymer binders, PAA has exhibited superior performance to maintain the 

cyclability of Si electrodes, as has been documented well in literature, with good 

baseline performance17, 43, 44, 61. There are several studies on binary polymer binders, 

and it has been shown in these studies that binary polymers could have better 

performance with Si anodes compared with single binder systems. It can be considered 

a good approach to combine a polymer with good adhesion (rich in carboxyl groups 

for example) with a polymer with excellent tensile properties, given the expansion 

stresses emanating from Si. Also, existing binary polymer systems as PAA-PVA can 

be further optimised concerning polymer ratio and crosslinking conditions, which are 

addressed in this study. Conductive polymer binders have demonstrated substantial 

enhancement of cycling performance in several studies39, 67-71, but issues including 

toxicity, unstable voltage and complicated synthesis process are yet to be improved. 

Self-healing polymers have been recommended for its superior performance in terms 

of enhancing the cyclability for Si anodes even under the full capacity condition 
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despite their complex fabrication process72-73. It can be concluded that the most 

essential factor for self-healing polymer is to possess multi-level crosslinks including 

dynamic ionic interactions within the polymer chain. Inspired by the super tough self-

healing hydrogel GO-Fe3+-PAA that introduced by Zhong et al. with relatively simple 

synthesis process74, similar polymer graphene-Fe2+-PAA could be considered as an 

effective self-healing binder for  Si electrodes. The reason to use graphene instead of 

GO is graphene possesses good conductivity and flexibility, which are favoured for Si 

electrodes. The functional group on the reduced product of graphene can form ionic 

interaction with Fe2+ as well as covalent bond with PAA, following the same 

mechanism as stated in Zhong et al.’s study. Considering that the ionic interaction 

with Fe3+ will be strong such that it will be easily gelled and difficult to disperse in the 

slurry, Fe2+ will be chosen as the ionic cross-linker for this novel self-healing polymer. 

Since this study is mainly focussed on the anode, there is not the scope to include the 

considerable investigation into the cathode. Among the common cathode candidates 

from literatures75-88, NMC will be chosen as the cathode chemistry to pair with Si 

anodes to manufacture full cells in later-stage investigations. This is due to its 

relatively high voltage (4.5 V) and reasonable capacity (200 mAh/g)83, 88.  

Electrolytes are essential components that limit the upper cut-off voltage for full cells, 

so a comprehensive study will also be conducted on an electrolyte with varies additives 

for Si full cells under high voltage. Much research efforts have been carried out into 

the electrolyte with novel solvent blends that are stable up to 5 V during cycling and 

storage101-108. However, disadvantages including poor wettability, high viscosity, gas 

production, high impedance and safety concerns prevent them from being 

industrialised in short-term perspective[128], [135], [137]. Dahn’s group first 

introduced EC free electrolyte to be applied in high-voltage graphite/NMC full cells 

with merely removing EC from the electrolyte and involving appropriate additives that 

can function as “enablers”. These result in significant improvement of the cell's 

performance in terms of cyclability, impedance, stability for storage and gas 

generation112, 113. Therefore, EC free electrolyte is applied to Si full cells for use 

towards higher voltages is another objective of this study and could be another point 

of knowledge contribution since most existing studies were conducted on graphite-

based electrodes. Regarding the choice of additives in EC free electrolyte, FEC, VC 

and PES will be considered since FEC and VC have been reported in various studies 
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as to how they could effectively stabilise the SEI of Si93, 95, 96. Additionally, they are 

shown to achieve good performance in EC free electrolyte under high voltage112, 113. 

PES was introduced recently for its contribution to forming stable SEI and suggested 

to be the replacement for VC108, 114-116. 

In conclusion, with sufficient knowledge support from the literature, the hypothesis to 

develop the high-energy Li-ion batteries can be summarised as follows: 

 It is an industrial-favoured approach to improve the Si performance through 

optimising the electrode composite other than modifying the structure of the active 

material, and high-content Si electrodes (60 wt% ~ 80 wt% active mass) will be 

focused in this study to obtain the high capacity. Graphene can be incorporated as 

the co-active material with considerations around the binder type and content for 

increased surface area scenarios.  

 Carbon combinations to supply hierarchies of conductive networks and thus result 

in better rate capacity for Si electrodes than common single conductive additives. 

 Regarding the binder system for Si electrodes, PAA has proven superior for its 

performance in Si electrodes among other single binder systems. For this reason, it 

can be used as the baseline for further improvements. Interpenetrating polymer 

networks that combined a polymer with strong adhesion and one with the premier 

tensile property are reported to achieve better performance than single binder 

system in Si electrodes. Further improvement may be accomplished by optimising 

polymer ratios and crosslink conditions. Also, the multi-level crosslinked polymer 

PAA-Fe2+-FLG is proposed to be a novel robust binder that could better tolerate 

the volume expansion and maintain the cyclability within Si electrodes. 

 To achieve high energy full cells based on Si/NMC, the choice of electrolyte is 

essential. EC-free electrolyte with beneficial additives will be aimed at extending 

the cycle life under high voltages. This performance improvement with Si is still 

yet to be proved and will constitute an important part of this project. Therefore, it 

is hypothesised that removing EC from existing EC/EMC based electrolyte could 

result in improved cyclability for Si full cells under high voltage. A comprehensive 

study will be conducted to identify the optimised additive among the candidates of 

FEC, VC, PES and the combination. 

Therefore, the structure of this project can be categorised into four main parts: 
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1. Formulation-based matrix study for Si electrodes and incorporation/ 

hybridisations of FLG. 

2. Study of carbon mixture as a hierarchy of conductive additives for Si-based 

electrodes.  

3. A comprehensive study of the optimisation of PAA-based binder chemistries for 

Si-based electrodes. 

4. Investigation of EC free electrolyte to be used in Si/NMC full cells under high 

voltage (4.4 V). 
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Chapter 3 Research Methodology 

 

 

3.1    Si Anode Formulation 

3.1.1     Carbon Conductive Mixture 

Carbon black (SUPER C65, C-NERGY), graphite (SFG6, TIMREX), Few-layer 

Graphene (FLG) (xGnP-M5, XG Sciences) and multi-wall carbon nanotubes 

(MWCNTs) (SMW=200, Aldrich) were weighed according to the formulation listed 

in Table 3-1. Deionized water was added to make a solution targeted at 11 wt% solid 

mass and 1 g Na-PAA solution (12.5% concentration) was added to increase the 

viscosity and adhesive property of the mixture. However, for carbon mixture 3, due to 

the large surface area of particles, additional deionised water has to be added to get 

the MWCNTs dissolved, and this resulted in a solid mass of 8%. The mixture was 

medium-sheer processed using an overhead high-speed homo-disperser (Model 2.5, 

PRIMIX) at 1000 rpm for 30 mins. The resulting slurry was further processed using 

an ultrasonic probe (UP400S, SciMED) for 15 mins using an amplitude of 60 % and 

a frequency of 24 Hz, followed by further dispersion using a high-speed homo-

disperser for 30 mins at 1000 rpm. Following dispersion, a small aliquot of the 

resulting mixture was cast onto copper foil and dried for SEM imaging. 

Table 3-1 Carbon mix formulation 

 Carbon black Graphite FLG MWCNTs 

Carbon 

mixture 1 

50 wt% 50 wt%   

Carbon 

mixture 2 

25 wt% 25 wt% 50 wt%  

Carbon 

mixture 3 

25 wt% 25 wt%  50 wt% 
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3.1.2     Binder Formulation 

 PAA solution 

PAA powder (MW = 450 K, purity ≥ 99.5%, Sigma-Aldrich) was purchased from 

Sigma Aldrich. 13g PAA powder was dissolved in 87 g of deionised water using a 

Planetary Centrifugal Mixer (ARE310, Thinky) operated at 1000 rpm for 20 mins, 

followed by a degassing procedure at 400 rpm for 10mins. The solution was left to 

stand in a parafilm-sealed vessel for 24 hours before use. 

 Partially neutralise PAA solution 

The resulting PAA solution was neutralised with sodium hydroxide (NaOH) to 

achieve the target neutralisation degree of 70 mol%. The NaOH pellets (BioXtra 99 

% purity, Sigma-Aldrich) were dissolved into deionised water to make the NaOH 

solution with 50% concentration. The resulting NaOH solution was added to the PAA 

solution formulated above. The solution was stirred with a spatula for 5 mins and left 

overnight for reaction completion.  

 Preparation of PAA/PVA and pnPAA/PVA blends 

Considering the crosslink reaction between PAA and PVA is favoured in acidic 

conditions[98], a low neutralisation degree of PAA is chosen for this study. To make 

a partially neutralised PAA solution (pnPAA), 0.35 g sodium hydroxide pellets 

(NaOH, Sigma-Aldrich) were dissolved in deionised water and then added to 60 g 

PAA solution with stirring for 10 mins. This resulted in a PAA solution with a 

neutralisation degree of 8 mol% and was allowed to de-gas for 24 hours before 

blending it with a PVA solution.  

PVA aqueous solution with a concentration of 13 wt% was prepared by dissolving 

PVA powder (Mw ~98K, Sigma Aldrich) into the pre-heated de-ionised water at 80°C. 

To identify the optimised ratio between PAA and PVA, the prepared PVA solution 

was mixed with un-neutralised PAA solution to make blend solutions with designed 

PAA/PVA mass ratio from 100% to 0% at ambient temperature. The resulting solution 

was mixed at 200 rpm for one hour using an overhead impeller disperser (IW15, IKA) 

with a PTFE-coated propeller blade. The resulting solution was left to stand for 24 

hours to exclude any gas bubbles generated. To make the pnPAA/PVA blend solution, 
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the same procedure was followed by replacing PAA with pnPAA, and only the 

optimised ratio between PAA and PVA was applied. 

 Preparation of Na-PAA/SBR blends 

NaPAA solution was prepared through the method described previously. Both 

NaPAA/SBR (2/1) and NaPAA/SBR (5/1) were prepared to identify the optimum 

weight ratio between NaPAA and SBR. To synthesise NaPAA/SBR blends for the 

purpose of polymer characterisation, SBR solution (Styrene-Butadiene Rubber, MTI) 

was added into PAA solution according to different weight ratio and mixed at 200 rpm 

for 5 mins using an overhead impeller disperser (IW15, IKA) with a PTFE-coated 

propeller blade. The resulting solution was left to stand for 24 hours to exclude any 

gas bubbles. For applying into Si-NaPAA/SBR slurry, NaPAA/SBR was blended 

during the electrode mixing process, which will be described in section 3.1.3. 

 Synthesis of dually cross-linked PAA-Fe2+-FLG polymer 

0.1 g FLG powder (xGnP-M5, XG Sciences) was dissolved into 100 g deionised water 

and followed by an ultra-sonication process (UP400S, SciMED) for 3 mins at 60% 

amplitude. 0.7 g FeSO4·7H2O was added, and the resulting solution was placed under 

a high-speed homo disperser (Model 2.5, PRIMIX) at a speed of 400 rpm. 25 g PAA 

powder (MW = 450 K, purity ≥ 99.5%, Sigma-Aldrich) was gradually added to the 

mixing solution at the same speed for an additional 30 mins to ensure powder 

dissolution.  The final blend was placed overnight to allow for self-polymerisation and 

degassing to complete. 

To systematically study the dually cross-link effect, PAA-FLG and Fe2+-PAA have 

also been synthesised to compare the mechanical and electrochemical properties. The 

processes mostly follow the steps demonstrated above, with the exception of adding 

FeSO4·7H2O to make PAA-FLG and excluding FLG for making the Fe2+-PAA 

solution. 

3.1.3     Slurry Mixing and Electrode Manufacture 

 Manufacturing Si electrodes with different carbon conductive mixtures 

The electrode formulation for the study with different conductive carbon mixtures 

included 70 wt% Si powder (d=3.1 µm, purity 99.7 %, Elkem), 16 wt% selected 
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carbon conductive additive and 14 wt% Na-PAA (prepared through the method 

described above.) Carbon mixtures with formulation 1, 2, 3 are listed in Table 3-1 and 

were manufactured and applied as the carbon conductive additives respectively. 

Carbon black (SUPER C65, C-NERGY) was also used as the control conductive 

additive to compare with the performance of the other carbon combinations. 

The slurry was initially mixed using an overhead high-speed homo-disperser (Model 

2.5, PRIMIX) at 1000 rpm for 30 mins. Following this the slurry was ultrasonically 

processed (UP400S, SciMED) for 7 mins at 60 % amplitude, followed by manual 

stirring with a spatula and subsequent ultra-sonication for a further 7 mins. The binder 

was added into the slurry and mixed using a high-speed homo-disperser at 1000 rpm 

for 30 mins. Finally, the mixed slurry was transferred to a Filmix (high shear 

processor, Model 40-40, PRIMIX) to ensure a homogeneous distribution of the 

nanosize particles and to prevent secondary agglomeration. The solution was 

processed at a speed of 10 m/s for 30 s, then 25 m/s for another 30 s.  

The resulting slurry was coated onto the copper foil (10 μm, Oak Mitsui, 

electrodeposited) using a draw-down coater (RK Instruments Ltd) with a micro-meter-

controlled spreading blade (K control coater Model 101, RK Print), and a blade gap 

of 80 μm. Slurry made for all studies in this thesis was coated on the same day or the 

next day by the latest to avoid any uncertain side reactions in aqueous solution. 

The coated copper foil was dried on a hot plate set to 50 °C to evaporate the solvent 

for 10 mins. The coated sheet was placed in a vacuum chamber set to 50 oC for 12 

hours under dynamic vacuum to ensure minimising of any water prior to cell 

construction. All electrodes in this study were made into half cells or full cells within 

a week to minimise the risk of being oxidised under high temperature, considering 

they could be contacted with oxygen during open the door of the vacuum oven by 

other people. 

 Manufacturing Si-FLG electrodes  

To investigate the effect of the FLG to the cyclability of Si anodes, a matrix 

formulation study was conducted with four different formulations to vary the ratio 

between the Si and FLG (Table 3-2).  
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Table 3-2 Si/graphene formulation matrix 

Formulation 
Mass ratio % 

Si Few-layered Graphene Na-PAA Carbon mix 

A 76 0 12 12 

B 70 8 12 10 

C 65 12 14 9 

D 60 16 14 10 

 

The electrode materials included active material powder, a mixture of carbons and 

deionised water, with mass proportions according to their designated formulation. The 

slurry mixing process was the same process as outlined in the method to prepare Si 

slurries with different conductive carbon mixture as stated above. 

To investigate the electrochemical performance of Si-FLG electrodes, electrodes 

based only on either Si or FLG were manufactured under the same process based on 

formulations in Table 3-3. 

Table 3-3 Formulation for further comparison study 

Electrode 

Mass ratio % 

Si Few-layered Graphene Na-PAA 
Carbon mix 

2 

Si/FLG hybrid 60 16 14 10 

Si only 76 - 14 10 

FLG only - 76 14 10 

 

The mass of electrode and pure copper foil were measured by a precision semi-

microbalance (Satorius, SE2, d=0.01 mg). The thickness of coating and copper foil 

were measured by digital thickness gauge (Kafer, d=0.001 mm). In most study of this 

thesis, the thickness for Si-based electrode is between 40 µm ~ 50 µm.The area of the 

electrode is known as 1.72 cm2, in which case the electrode density ρ can be calculated 

by Equation 1. 
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                                     𝜌 =
𝑚𝑎𝑠𝑠𝑐𝑜𝑎𝑡𝑖𝑛𝑔−𝑚𝑎𝑠𝑠𝑐𝑜𝑝𝑝𝑒𝑟 𝑓𝑜𝑖𝑙

1.72×(𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑐𝑜𝑎𝑡𝑖𝑛𝑔−𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑐𝑜𝑝𝑝𝑒𝑟 𝑓𝑜𝑖𝑙)
          (Equation 1) 

 Differential capacity analysis (dQ/dV) 

dQ/dV peaks are associated with the structural phase change of anode and cathode 

materials through alternating amounts of lithium ions within their lattices[141]. The 

data is collected during the cycling process under the C rate of C/5 and recalculated in 

software based on the difference value of capacity and potential within a specific 

voltage step, which is 3 mV for this project. 

 Si-FLG large scale coating  

Si-FLG slurry was manufactured through the process as described above. Slurry 

viscosity was measured first through a viscometer (RheolabQC-18318, Anton Paar) in 

combination with a B-CC27 measuring cylinder to verify the feasibility for large 

coating. The viscosity at the shear rate of 10/s was taken into consideration since that 

is the shear rate for the reel-to-reel coater of the large coating line. Solid content and 

gram per square meter (GSM) of the coating were calculated to get the control 

parameter for coating thickness. The solid content was calculated through Equation 2. 

𝑆𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝑀𝑑𝑟𝑦 𝑐𝑜𝑎𝑡𝑖𝑛𝑔−𝑀𝐶𝑢 𝑓𝑜𝑖𝑙

𝑀𝑤𝑒𝑡 𝑐𝑜𝑎𝑡𝑖𝑛𝑔−𝑀𝐶𝑢 𝑓𝑜𝑖𝑙
× 100%                                                     (Equation 2) 

The target capacity for Si-FLG electrodes was selected as 2.8 mAh due to the capacity 

of available NMC (NMC622, Argonne), and the theoretical capacity applied on Si-

FLG electrodes was 1200 mAh/g. The active ratio for Si-FLG electrodes was chosen 

to be 60 wt%. The target GSM for wet coating is calculated according to Equation 3. 

𝐺𝑆𝑀 =
2 𝑚𝐴ℎ/𝑐𝑚2

1200𝑚𝐴ℎ
𝑔⁄ ×60%×𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡%×10−4

                                                  (Equation 3) 

The coating was applied using a pilot-scale battery coating line (MEGTECH 

LabCoater, B&W) with a reel-to-reel setup approach. The line speed was set at 0.5 

m/s, and the comma bar was adjusted from 80 µm to 15 µm to monitor the actual 

GSM. The temperature of all three thermal chambers of the coating line was set to be 

50°C, and the airspeed was set at 5 m/s. 

 Manufacturing Si electrodes with cross-linked and self-healing polymer 

binders 
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The electrode formulation was 70 wt% Si powder (d50=3.1 µm, purity 99.7 %, Elkem), 

16 wt% carbon mixture and 14 wt% selected binder. The slurry was initially mixed 

without binder using an overhead high-speed homo-disperser (Model 2.5, PRIMIX) at 

1000 rpm for 30 mins. Following this the slurry was ultrasonically processed 

(UP400S, SciMED) for 7 mins at 60 % amplitude, followed by manual stirring with a 

spatula and subsequent ultra-sonication for a further 7 mins. The binder was added 

into the slurry and mixed using an overhead stirrer (IW15, IKA) at a speed of 200 rpm 

for 1 hour. 

For Si and PAA/SBR electrodes, most mixing procedures were same as illustrated 

above before adding the binder. PAA was added firstly into the slurry and mixed using 

a high-speed homo-disperser at 1000 rpm for 30 mins, followed by Filmix dispersion 

(high shear processor, Model 40-40, PRIMIX) at a speed of 10 m/s for 30 s, then 25 

m/s for another 30 s. Finally, SBR solution (Styrene-Butadiene Rubber, MTI) was 

added into the slurry and mixed at 400 rpm for 5 mins. This is to better protect the 

polymer elastic from SBR. 

The resulting slurry was coated onto the copper foil (15 μm, Oak Mitsui) using a draw-

down coater (RK Instruments Ltd) with a micrometer-controlled spreading blade (K 

control coater Model 101, RK Print) with a blade gap of 80 μm. The coated copper 

foil was dried on a hot plate set to 50 °C to evaporate the solvent for 10 mins.  

For Si with PAA/PVA or PVA/biopolymer electrodes, an additional heat-treatment 

process was applied at this stage to form the cross-link between Si particles and binder. 

The dried coatings were placed in a vacuum oven set to 150˚C for 20 mins under a 

compression of 20 N with a brick on top of a stainless steel plate to facilitate the 

formation of the cross-linking between polymer chains and the surface of Si.  

All the dried coatings were transferred to the vacuum oven set to 50˚C in a dry room 

for an overnight period before coin cell assembly. 

3.2    Polymer Characterisation  

The polymer blend free-standing films were prepared by solution-casting onto a petri 

dish and dried at room temperature until constant weights were achieved.  
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3.2.1   Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) was conducted using an FTIR 

Spectrometer (TENSOR 27, Bruker) to identify the functional groups present between 

different polymer films. The resolution setting was 4 cm-1 with 20 scans from the 

wavenumber range of 4500 to 500 cm-1. 

3.2.2   Tensile Test Characterisation 

The polymer films with the thickness of 0.13-0.2 mm were cut into tensile specimens 

according to ASTM D638, with the gauge width of 4 mm and the gauge length of 26 

mm. The tensile testing was conducted using a universal tensile machine (AGS-X 

Series, Shimadzu) with a load of 500 N, and a tensile rate of 2 mm/min. 

3.2.3   Polymer Swelling Test 

Polymer films were firstly dried in a vacuum oven under 60˚C overnight, and then 

soaked into the electrolyte, which was used in half-cells, and placed in an oven with a 

constant temperature of 25˚C. The weight of each polymer film was measured hourly 

immediately after removing any electrolyte solution on the polymer surface. Three 

samples for each type of polymer were made to get the average value for comparison 

purposes. 

3.3    Electrode Characterisation 

3.3.1   Scanning Electron Microscope (SEM) and Cross-section Imaging 

SEM analysis was performed using a Carl Zeiss Sigma Field Emission Scanning 

Electron Microscope (FE-SEM) to generate the SEM images of electrodes and cross 

sections applying an accelerated voltage of 5 kV and in-lens detection. The working 

distance was around 2.5 mm.   

Energy Dispersive X-ray Spectroscopy (EDX) analysis was conducted using the same 

FE-SEM with an accelerated voltage of 15 kV and an in-lens detector. The working 

distance was adjusted to 8.5 mm for the EDX scanning. 

Cross-sections were obtained using an ion-milling system (IM4000 Plus, HITACHI) 

at an accelerating voltage of 4 kV for 3 hours. 
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3.3.2   Electrode Nano-indentation Test 

Indention testing is conducted on a nano-indenter (NanoTest Extreme, Micro 

Materials Ltd) with a Berkovich indenter with a diameter of 25 µm. 20 indentations 

were applied to each electrode to establish and minimise the error of measurement. 

The test procedure is: 

1. Apply the load to the electrode to 15 mN. 

2. Hold for 300 s to ensure the creep exponent has been removed during 

unloading. 

3. Remove the load and thermal drift correction for 60 s. 

3.3.3   Electrode Adhesion Test 

The adhesion strength of electrodes was tested using the Tensile and Compression 

Test system (AGS-X Series, Shimadzu) with the sensor of 1 kN. A 3D printed 

counterpart (d=10 cm) was used as the sample holder in parallel with the compression 

plate. The electrode (1.72 cm2) was fixed between these planes with double-sided 

polyacrylate tape on a polypropylene substrate (Tesafix 5696, Tesa). Initially, a 

compression velocity was applied to the system of 0.75 mm/min until the compressing 

force reaching 20 N; subsequently, the system was held for 10 seconds before a pull-

up velocity of 100 mm/min was applied. 

As indicated in a previous adhesion study[142], three different failure mechanisms 

may appear as a result:  

a) adhesion failure between coating and copper foil, which means the internal adhesion 

strength amongst electrode components is larger than the adhesive force between 

electrode coating and current collector;   

b) cohesion failure inside the coating, which indicates the internal adhesion force of 

the electrode is smaller than the adhesive force from the tape;  

c) failure of adhesive, which is an invalid result if the compression force is too big that 

the adhesive from the double-sided tape has penetrated down through the electrode 

and current collector. 



65 

 

For all electrodes that undertaken the adhesion test in this study were result in cohesion 

failure as shown in Figure 3-1. 

 

Figure 3-1 Illustration of adhesion force test of an electrode 

3.4    Electrolyte Mixing and Characterisation 

3.4.1   Electrolyte Mixing 

Different electrolyte formulations based on LiPF6 salt and EMC solvent were selected 

(shown in Table 3-4) to investigate the effect of EC free electrolyte with various 

additives for Si-FLG full cells under high voltage of 4.4 V. LiPF6 (battery grade, 

Sigma-Aldrich) was weighed according to the formulation in Table 3-4 and added into 

10 ml EMC (98% purity, Sigma-Aldrich). FEC (99% purity, Sigma-Aldrich), VC 

(97% purity, Sigma-Aldrich), PES (95% purity, Sigma-Aldrich) were weighed 

according to the mass ratio to LiPF6 and added into the corresponding electrolyte 

solution based on the formulation in Table 3-4. The resulting solution was placed on 

a magnetic stirrer and mixed under 500 rpm overnight. The weighing and mixing 

processes were performed in an Argon-filled glovebox (O2 and H2O less than 10 ppm). 

Commercially available electrolytes (as shown in Table 3-5) were used as the control 

electrolytes to compare the effect of EC. 

 

 

 

Move towards (v=0.75mm/min) until press 
force= 20N 

Pull up (v=100mm/min) 

Hold for 10s 
Cohesion 
failure 



66 

 

Table 3-4 Selected electrolyte formulation for EC free electrolyte study 

Electrolyte 

Formula 

LiPF6 Salt 

mol/L 

EMC 

solvent 

ml 

FEC 

wt% 

VC 

wt% 

PES 

wt% 

Baseline 1 10    

H01 1.2 10 15 3  

H02 1.2 10 15   

H03 1.2 10 15  2 

H04 1 10   2 

H05 1 10  3  

 

Table 3-5 Formulation for commercial electrolyte RD265 and RD165 

Electrolyte Formula 

LiPF6 Salt 

mol/L 

Solvent 

 

FEC 

wt% 

VC 

wt% 

RD265 (PuriEL, 

Soulbrain) 

1.2 EC:EMC (1:3) 12 3 

RD165 (PuriEL, 

Soulbrain) 

1 EC:EMC (1:1)   

 

3.4.2   Water Content Measurement 

The water content measurement was conducted using a moisture measurement 

equipment (Karl Fisher CA-200, MITSUBISHI Chemical Analytech Co. Ltd.). 

AQUAMICRON® anode solution (AKX, Mitsubishi Chemical Co. Ltd) and cathode 

solution (CXU, Mitsubishi Chemical Co. Ltd) were applied for the measurement. 1 ml 

check solution (AQUAMICRON Check Solution P, Mitsubishi Chemical Co. Ltd) 

was injected into the Karl Fisher apparatus to test the moisture in the standard solution. 

When the measurement is between 3900 – 4100 µg, the test result can be considered 

reliable. Followed that, 1 ml tested electrolyte would be injected for analysis. For each 

electrolyte, two measurements were taken to get a more precise result. 
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3.5    Cell Build 

For each characterisation on one material in this project, three coin cells were made to 

get a reliable electrochemical performance. If any of them performed with a clear 

difference, a fourth cell was constructed and characterised until consistent and 

comparable results were acquired. 

3.5.1   Half-cell Assembly 

The electrodes were assembled into Hohsen CR2032 coin cells in a dry room with a 

dewpoint of -45 °C to reduce the water content from the electrodes and cell 

components. Lithium foil (D=15.6 mm, PI-KEM) was used as the counter electrode 

with a trilayer membrane (PP-PE-PP, Celgard) as the separator.  The default 

electrolyte for investigating Si electrode formulations and varies binders is 1.2 mol 

LiPF6 dissolved in the solvents EC/EMC (1/3), 15 % FEC, and 3 % VC (PuriEL, 

Soulbrain). Whilst for electrolyte additive studies for high-voltage full cells, the 

modified electrolytes with different additives were applied. 

3.5.2   Full-cell Assembly 

 Si-FLG half-cell test for lithiation potential at cut-off capacity 

Si-FLG half-cells (vs. Li/Li+) were cycled in a constant current mode as demonstrated 

in Section 3.6.1 with the capacity limitation of 1200 mAh/g. The lithiation potential 

of Si-FLG half-cells at cut-off capacity was monitored through the voltage-capacity 

profile as shown in Figure 3-2, and it can be concluded that the lithiation potential for 

Si-FLG electrodes at the State-of-Charge of 1200 mAh/g is about 0.1 V. 
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Figure 3-2 Lithiation potential test (vs. Li/Li+) for Si-FLG electrodes at cut-off capacity 

 NMC half-cell capacity test 

NMC coating (NMC622, Argonne) was purchased from Argon Laboratory and made 

into half-cells (vs. Li/Li+) according to the method described above. The target cut-off 

voltage for the full cell is 4.4 V, and the lithiation potential of Si-FLG electrodes at 

the cut-off capacity is 0.1 V, therefore under this condition, NMC electrodes will be 

cut off at 4.5 V in the full cell. The actual capacity of NMC half-cells within the 

voltage range of 2.75 V - 4.5 V was tested with the same constant current density as 

the Si-FLG anode (240 mA/g). The actual capacity was also demonstrated through the 

voltage-capacity profile as shown in Figure 3-3. 
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Figure 3-3 Capacity test at the cut-off voltage (vs. Li/Li+) for NMC electrodes 

 Full cells assembling 

The electrode capacity (anode vs. cathode) was balanced through matching NMC 

cathode with Si anode according to the same electrode capacity. The capacity for NMC 

was obtained through Figure 3-3, while the capacity for Si anode was paired based on 

a theoretical capacity of 1200 mAh/g.  

Full cells were assembled in a dry room through the method described in Section 3.5.1, 

placing an NMC electrode at the bottom as the cathode and a Si-FLG electrode on top 

as the anode. A trilayer membrane (PP-PE-PP, Celgard) was used as the separator in 

between. Electrolytes with different additives listed in Table 3-4 and Table 3-5 were 

applied to investigate the benefit of electrolyte additives in full-cells cycling under 

high voltage. 

3.6    Electrochemical Evaluation 

3.6.1   Constant Current (CC) Cycling Test 

Si half-cells (vs. Li/Li+) were cycled at constant current mode between 10 mV and 1 

V on a Maccor Series 4000 system with an initial C-rate at C/20 for the formation 

cycle, followed by repeated cycling at the C-rate at C/5. For Si electrodes with 

different cross-link binders, cells were cycled under a capacity limitation of 2000 

mAh/g (400 mA/g). For the study of Si-FLG hybrid electrodes study, cells were cycled 
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under a capacity limitation of 1800 mAh/g, which corresponds to the current density 

of 360 mA/g. 

The Si-FLG/NMC full cells were tested (BCS-805, BioLogic) and cycled between 2.5 

V and 4.4 V with a formation cycle at C-rate of C/20, followed by constant C-rate 

cycling at C/5, corresponding to the current density of 60 mA/g and 240 mA/g, 

respectively. 

3.6.2   C-rate Test Study for Si Electrodes with Different Conductive Carbon 

Combinations  

Si half-cells (vs. Li/Li+) including different carbon conductive mixture were cycled 

(BCS-805, BioLogic) between 10 mV and 1 V with a capacity limitation of 1200 

mAh/g. The C-rate of C/20 was applied for a formation cycle, followed by cycling at 

different C-rates in the order of C/10, C/5, C/2, C and C/10. 10 cycle repeats were 

performed for each C-rate. 

3.6.3   Electrode ImpedanceTtest 

 Potentio Electrochemical Impedance Spectroscopy (PEIS) study 

 To demonstrate improvements in conductivity by the incorporation of FLG, SPEIS 

test and PEIS test were carried out using a potentiostat cycler (VMP3, Bio-Logic). 

The PEIS test was used to measure the impedance change as a function of cycle 

number. The test was conducted with a voltage amplitude of 10 mV, measured 

between frequencies of 500 kHz and 100 mHz at 50 % SoC of each cell. The first 

measurement was taken after the formation cycle with an additional 10 mins relaxation 

time and repeated with every 10 cycles. 

Typically, the Nyquist plot of electrodes in a Li-ion battery contains two semi-circles 

and a diagonal line with a slope of ~45˚ to follow. It has been widely agreed that the 

intersection point of the X-axis refers to the series resistance, which includes 

electrolyte resistance, electronic resistance of the electrode as well as the contact 

resistance between the electrode and current collector[143], [144]. The first semi-

circle represents the resistance when Li-ions are diffusing through the SEI layer, and 

the second refers to the charge transfer at the interface between the electrolyte and the 

active material. However, previous impedance studies on Si-based electrodes[145], 

[146] have suggested that interphase electronic contact resistance between the active 
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material and the current collector (which normally reacted at medium-high frequency 

range) should also be taken into consideration. The straight-line tail followed is 

referred to as Warburg impedance, which includes the diffusion impedance of Li ions 

within active material. Based on the EIS spectra of the electrodes in this study and the 

previous literature, the fitting equivalent circuit is shown in Figure 3-4. It consists of 

a resistor representing series resistance and is followed by a series of three resistors in 

parallel with a constant phase elements and a Warburg diffusion element at the end. 

They respectively account for the SEI resistance, interphase electronic contact 

resistance and charge transfer resistance.   

 

Figure 3-4 The equivalent circuit for fitting the impedance spectra  

 Staircase Potentio Electrochemical Impedance Spectroscopy (SPEIS) Study  

The SPEIS test in this study measured impedance at different voltage steps within one 

cycle. Half-cells (vs. Li/Li+)  with Si-FLG, Si only and FLG only electrodes were 

charged and discharged using the same constant current mode and measured for every 

10 cycles. SPEIS was conducted with a staircase potential swept from 1 V to 0.1 V 

with 20 steps (10 mins rest after reaching each voltage step) during lithiation, followed 

by another SPEIS measurement repeated from 0.1 V to 1 V during delithiation. The 

voltage profile is shown in Figure 3-5. 
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Type of Weighting: Calc-Modulus

Series 
Resistance SEI 

Interphase 
electronic contact 

Charge transfer 
Diffusion + 
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Figure 3-5 Continuous voltage profile for SPEIS test 

3.6.4   Oxidative Stability Test for Electrolytes 

The traditional method to test the oxidative stability of electrolytes was mostly 

conducted on inactive cathode materials such as Pt, stainless steel or glassy carbon. 

However, it was revealed that inactive cathode materials significantly affect the anodic 

decomposition limit of the electrolyte. Alternatively, galvanostatic cycling tests at 

very slow C-rate (less than C/100) on NMC half-cells (vs. Li/Li+) were proven to be a 

more effective approach to verify the oxidative limitation for electrolytes[147].  

Therefore, in this study, the oxidative limit for each electrolyte was investigated 

through NMC vs Li half-cells which were built through the method in Section 3.5.1. 

The half cells were cycled  (BCS-805, BioLogic) and charged between 3 V to 5.5 V 

at a very slow C rate of C/110 to ensure the detection of reliable oxidation limits[147].  

3.7    Post-mortem Characterisation 

3.7.1   SEM Image for Cycled Electrodes 

The cycled cells were dissembled in a dry room and rinsed with dimethyl carbonate 

(DMC), and followed the same procedure as stated above to obtain the SEM or cross-

section SEM images. 
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3.7.2   X-ray Photoelectron Spectroscopy (XPS) Study  

Surface compositional and chemical state analysis was carried out using x-ray 

photoelectron spectroscopy (XPS) measurements conducted on a Kratos Axis Ultra 

DLD spectrometer at the University of Warwick Photoemission Facility. Both pristine 

and cycled electrodes (anodes and cathodes) were investigated. For pristine electrodes, 

samples were mounted onto a copper bar with electrically conductive carbon tapes and 

transferred to the XPS facility under ambient atmosphere. The cycled electrodes were 

dissembled in an argon-filled glove box and rinsed with DMC. Afterwards, the 

samples were mounted on to copper stubs using electrically conductive carbon tapes 

and loaded into the instrument via an inert transfer unit under an argon atmosphere.  

XPS measurements were performed in the main analysis chamber, with the sample 

being illuminated using a monochromated Al Kα x-ray source. The measurements 

were conducted at room temperature and a take-off angle of 90° with respect to the 

surface parallel. The core level spectra were recorded using a pass energy of 20 eV 

(resolution approx. 0.4 eV), from an analysis area of 300 microns x 700 microns. The 

spectrometer work function and binding energy scale of the spectrometer were 

calibrated using the Fermi edge and 3d5/2 peak recorded from a polycrystalline Ag 

sample prior to the commencement of the experiments. The data were analysed in the 

CasaXPS package, using Shirley backgrounds and mixed Gaussian-Lorentzian 

(Voigt) lineshapes. For compositional analysis, the analyser transmission function has 

been determined using clean metallic foils to determine the detection efficiency across 

the full binding energy range. The samples were found to charge slightly under the x-

ray beam and to overcome this the samples were flooded with a beam of low energy 

electrons during the experiment. In turn necessitated charge referencing of the binding 

energy scale, with the C-C/C-H component of the C 1s region at 284.8 eV used as the 

reference energy. 

In order to study the underlying transition metals on the cathode samples, the surfaces 

were sputtered using a monatomic argon ion beam with a beam energy of 4 keV. A 

4x4 mm area of the surface was sputtered to ensure that subsequent XPS data were 

acquired from within the crater. 
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Chapter 4 Incorporation of Combined Carbon 

Hierarchies as the Conductive 

Network to be Applied in Si 

Electrodes 

 

 

4.1   Introduction 

As introduced in Chapter 2, conductive additive is one of the essential electrode 

component for Si electrodes, especially for charge/discharge process under high 

current density. This chapter investigates the performance for using different carbon 

materials combinations including carbon black (CB), graphite, few-layered graphene 

(FLG) and multi-wall carbon nanotubes (MWCNTs) as hierarchical conductive 

network to be incorporated into Si electrodes. Different carbon Carbon Blends 

formulations are listed in Table 3-1 of Chapter 3. Carbon black is used as the control 

conductive additive to compare with the hybrid conductive systems. Considering that 

the primary influence of the conductive additive for Si electrodes is to improve the 

discharge rate over cycling, the rate capacity (delithiation capacity for half-cells (vs 

Li/Li+) cycling under different C-rate) and the long-term cyclability test under the C 

rate of C/3 were conducted and compared between different Carbon Blends 

formulations. 

4.2     SEM Images 

The structural hierarchy of different carbon materials could be clearly observed in the 

SEM images shown in Figure 4-1. For Carbon Blends 1 (Figure 4-1 (a)), it shows that 

carbon black particles are evenly distributed around large graphite chunks. While 

incorporating Carbon Blends 1 into Si electrodes (Figure 4-1 (b)), there can be an 

agglomeration of carbon black due to its substantial surface area and the surface 

adsorption effect, which could leave some Si particles uncovered with conductive 
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materials, thus reducing the transport rate of Li-ions in the electrode. Comparing to 

Carbon Blends 1, with additional FLG included, there are more connections between 

carbon black clusters in Carbon Blends 2, where FLG is working as the "bridge" to 

form extra electronic connections in this structure as well as the "separator" to break 

large carbon agglomerations. With these benefits, it can be noticed that in Si anodes 

with Carbon Blends 2, there are much fewer and smaller carbon black clusters, which 

indicate that there are more homogenously distributed regions around Si particles.  

Moreover, with Carbon Blends 2, carbon black provides short-range conductivity with 

graphite while FLG could provide long-range conductivity for Si particles due to its 

thin 2D structure and high aspect ratio. For Carbon Blends 3, it can be noticed that on 

top of graphite, MWCNTs appear like the fibres that connect single carbon particles 

within the network as well as build additional pathways between carbon black and 

graphite, which is supposed to make the electronic contact in this structure more stable. 

With Carbon Blends 3, both carbon black particles and MWCNTs are evenly dispersed 

around Si particles. Also, similar to the FLG in Carbon Blends 2, MWCNTs are 

working as the tiny "electronic cables" between Si and other composite materials, 

which can be regarded as the efficient electronic pathway within the electrode 

structure. 
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Figure 4-1 SEM image for dried Carbon Blends paste with different formulation (left) and pristine Si electrodes 
with different Carbon Blends (right). 

4.3     Rate Capacity Test under Different C-rate 

It can be observed from Figure 4-2 that under a C-rate of C/10 (120 mA/g) and C/5 

(240 mA/g), all the Si half-cells (vs Li/Li+) could maintain a stable delithiation 

capacity around 1200 mAh/g. When the C-rate increases to C/2 (600 mA/g), the 

capacity of Si electrodes with only CB dropped dramatically, continually decreasing 

from 1199 mAh/g to 626 mAh/g during 10 cycles. There is also significant capacity 

drop for Si-Carbon Blends 1 electrodes, which include CB and graphite, but the 

dropped capacity is maintained around 1010 mAh/g over 10 cycles. While for Si-

Carbon Blends 2 and Si- Carbon Blends 3, there is no visible capacity change, 

maintaining stable around 1199 mAh/g. For a higher C rate at 1C (1200 mA/g), Si 

electrodes with both CB only and Carbon Blends 1 demonstrate a rapid and continuous 
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decrease over 10 cycles. The capacity of Si electrodes with Carbon Blends 2 also drops 

to the level of 1000 mAh/g but maintains relatively stable performance until the last 

three cycles. Whilst for Si electrodes with Carbon Blends 3, the capacity maintains the 

same stability at the higher C rate despite a small capacity decrease (to 1160 mAh/g) 

for the last three cycles. It also can be noticed that when the C rate gradually reduced 

to the previous low levels, the capacity can be restored for all Si electrodes, suggesting 

the capacity fading under high C rate within 10 cycles is mostly due to Si not 

sufficiently alloy with Li-ions under such fast charging rate other than electrode 

pulverisation. From these results, it can be concluded that with Carbon Blends 3, Si 

electrodes could best maintain the cyclability even under high current density up to 

1200 mA/g. This is possibly due to the benefit from MWCNTs that worked as a more 

efficient electronic pathway between Si particles and other composite materials. While 

for Si electrodes with Carbon Blends 2, this also shows much better rate performance 

than for Si electrodes with just CB/graphite, which proves that with a conductive 

hierarchy network incorporated with CB/graphite/FLG, the electronic conductive 

efficiency has also been improved despite the cyclability under 1C which is not as 

good as those incorporating MWCNTs. 

 

Figure 4-2 Rate capacity test for Si half-cells (vs Li/Li+) with different Carbon Blends. 
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4.4     Long-term Cycling Test under High C-rate 

A C rate of C/2 appears quite challenging for Si-Carbon Blends 1 and Si-CB during 

rate testing, and so a slightly lower C rate at C/3 (400 mA/g) was applied for the long-

term cyclability test. The results in Figure 4-3 show that under this higher C rate, Si-

CB reversible electrochemical performance starts to drop from 36 cycles compared to 

Si-Carbon Blends 1 resulting in relatively longer cycle life, reducing after 93 cycles. 

Si-Carbon Blends 2 demonstrates much better cyclability compared with C-mix 1, 

maintaining stable performance at 1199 mAh/g for 152 cycles. It proves that with 

additional FLG incorporated into the conductive mixture, the cyclability for Si 

electrodes could be largely improved. Whilst Si-Carbon Blends 3 still displays the best 

cyclability among these four different types of electrodes, remaining at a delithiation 

capacity of 1196 mAh/g for over 170 cycles.  

These results suggest that Carbon Blends 3 provides the most stable conductive 

network for Si electrodes that delivers the longest cycle life amongst the four electrode 

formulations, indicating that MWCNTs could not only improve the efficiency for Li-

ion transfer within the electrode but also provide a more homogeneous 

lithiation/delithiation process. It also proves that the hierarchical carbon conductive 

system could largely improve the cyclability of Si electrodes compared with a single 

conductive additive. Here, more hierarchy exists within the network thus better 

performance under higher current densities can be achieved. 

 

Figure 4-3 Long-term cycling performance for Si half-cells (vs Li/Li+) with different Carbon Blends under the C-rate 
of C/3 
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4.5     Viscosity Considerations to Verify the Feasibility for Scale-up 

Coating 

As industry-relevant electrode formats as produced on a battery scale-up pilot line are 

applied for a later study, additional viscosity measurements have been carried out to 

verify whether Si formulations with these C combinations are applicable for the large 

scale coating equipment. For such a coating facility, the shear stress at rate of 10 /s is 

the critical value that should be taken into account. This is the roll speed rate for the 

reel-to-reel slurry coater on the electrode coating line and shear stresses above 15 Pa 

(symbolled as star in Figure 4-4) is recommended from the supplier of the coating line 

as applicable for large-scale coating. It can be observed from Figure 4-4 that Si-Carbon 

Blends 2 is well above this value whereas Si-Carbon Blends 1 is just over 15 Pa at the 

shear rate of 10 /s. This could be attributable to the FLG included into Carbon Blends 

2, more solution was consumed to be solved particles with the increased surface area. 

For Si-Carbon Blends 3, the shear stress at 10 /s is only 11.4 Pa, which is below the 

recommended value for coating. This possibly also results from the large amount of 

additional water used to disperse the MWCNTs, plus when the binder solution is 

added, the slurry will be further diluted and this in turn results a low viscosity. 

 

Figure 4-4 Viscosity measurements for Si slurry with different Carbon Blends (the yellow star refers to lowest 
viscosity limit for the slurry to be coated on the large coater). 
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4.6     Chapter Conclusion 

This chapter compared the rate capacity and the long-term cyclability of Si electrodes 

with a variety of differing carbon combinations. It can be concluded that a multi-scale 

carbon mixture with a hierarchy structure could provide much efficient and stable 

conductive network for Si electrodes compared with single morphology conductive 

additives. The greater the hierarchy of conductivity, the better the rate capacity and 

cyclability that can be achieved. Among the Carbon Blends formulations that were 

investigated in this chapter, the Carbon Blends 3 that contains CB/graphite/MWNCTs 

demonstrate the best rate capability (1160 mAh/g under C-rate of 1C) and long-term 

cyclability under higher C rates (over 180 cycles stable at 1200 mAh/g). However, the 

viscosity results indicate that Si-Carbon Blends 3 synthesised with the default method 

used in this project is not applicable to a larger scale-coating facility for further study. 

To better apply Carbon Blends 3 into Si electrodes, a systematic study to optimise the 

manufacturing process parameters should be further carried out, but this is beyond the 

scope of this project. Therefore, Carbon Blends 2 that includes CB/graphite/FLG will 

be mainly applied for the following studies since it also indicated a much improved 

performance in terms of rate capacity and cycling stability compared with Carbon 

Blends 1 and single CB systems.  
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Chapter 5  Comprehensive Investigation into Si-

FLG Hybrid Electrode Systems 

 

 

5.1     Introduction 

This chapter conducts in-depth research on interconnecting few-layer graphene (FLG) 

with Si, which is supposed to be a practical solution to enhance the cycling stability 

through the formation of a conductive, hierarchical and mechanically more robust 

microstructure[148]. The results demonstrate that the incorporation of FLG results in 

significant performance improvement in terms of cyclability, electrode resistance and 

diffusion properties. The Warburg diffusion impedance during Si phase changes, as 

well as the variation against cycle number, is elucidated through Staircase Potentio 

Electrochemical Impedance Spectroscopy (SPEIS): a more comprehensive and 

straightforward approach than the previous state-of-charge (SoC) based diffusion 

studies. Additionally, further characterisation of failure mechanism including tensile 

property test, post-mortem SEM imaging on cross-sections is conducted to give more 

evidence for the benefit of electrode structure change with the incorporation of FLG 

into Si electrodes.  

5.2     Si-FLG formulation matrix study 

The half-cell (vs Li/Li+) cyclability of the Si-FLG electrodes using different 

formulations is shown in Figure 5-1. It can be observed from Figure 5-1 (a) that 

initially all half-cells are demonstrating a dramatic increasing. This can be explained 

by that with a fixed lithiation capacity, the delithiation capacity at first few cycles can 

be quite low due to the consumption of Li-ions to form the SEI. With the SEI layer 

becoming gradually stable, all half-cells are cycled stably at 1800 mAh/g specific 

lithiation capacity (based on the active mass of Si), but they fade dramatically at a 

certain point of cycling, which is generally referred to as the "roll-over" effect[149]. 

It can be caused by either electrode deterioration or the continued growth of the SEI 

layer on the surface of Si becoming thick enough to resist Li-ion penetration[150]. 
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Figure 5-1 (b) shows that the cyclic coulombic efficiency profile, which increases after 

formation of the initial SEI layer and subsequently decreases due to the side reactions 

with electrolyte, continuously forming products such as lithium fluoride and lithium 

carbonate[151]. Amongst the matrix Formulation D, which contains the highest 

proportion of FLG (60 % Si: 16 % FLG: 14 % sodium-polyacrylic acid (Na-PAA): 10 

% carbon mix), delivered the best performance in terms of cycle life and coulombic 

efficiency, with 80 % capacity retention after 230 cycles. It indicates that by 

incorporating FLG, the “roll-over” effect is significantly delayed, possibly due to the 

enhanced tensile properties from the FLG, which reduces the rate of the pulverisation 

of the electrode microstructure. 

However, according to Figure 5-1 (c), it is obvious that with reducing mass ratio of Si 

in electrode, the specific capacity based on electrode mass is decreasing, indicating 

that Si still dominates the capacity contribution within the electrode. Additionally, in 

the plot of the specific capacity based on the mass of whole coin cell (Figure 5-1 d), it 

is found that the specific capacity becomes lower than 1 mAh/g. This result gives the 

fact that in the cell prototype of coin cell, the active mass for energy contribution only 

account for less than 0.05 wt% in the whole weight of the cell. To meet further 

requirement of industrialisation, a high content of active material in the cell is desired 

to increase the overall energy density. To address this issue, a thick coating and the 

pouch cell prototype may be favoured, but it requires further engineering study which 

is beyond the scope of this thesis. 
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Figure 5-1 a) Half-cell (vs Li/Li+) delithiation capacity based on the mass of Si, b) columbic delithiation efficiency 
under capacity limitation of 1800 mAh/g, c) half-cell (vs Li/Li+) delithiation capacity based on the mass of 
electrode, and d) half-cell (vs Li/Li+) delithiation capacity based on the mass of cell  for Si-FLG formulation matrix 
(Formula A- 76 % Si: 0% FLG: 12 % Na-PAA: 12 % Carbon. Formula B – 70 % Si: 8 %FLG: 12 % Na-PAA: 10 % Carbon. 
Formula C – 65 % Si: 12 % FLG: 14 % Na-PAA: 9 % Carbon. Formula D – 60 % Si: 16 % FLG: 14 % Na-PAA: 10 % 
Carbon). 

5.3     A further Comparison study between Si-FLG electrode and Si only 

electrodes 

5.3.1    Mechanism of structural benefit and SEM image characterisation 

Figure 5-2 shows the microstructure change for Si and Si-FLG composite electrode 

(Formula D, as specified in Table 3-2). Figure 5-2 (a) shows the mechanism of how 

FLG helps to mitigate the Si particles electrochemically alloying together through 

their SEI species. Figure 5-2 (b) shows that the particles in the Si-FLG electrodes 

(Formula D, as specified in Table 3-2) are evenly distributed, and have formed a 

hierarchical network between the Si, FLG and carbon black. Within this network, we 

suggest that FLG augments long-range planar conductivity while carbon black 

provides short-range conductive pathways between the graphene layers and Si 

particles.  
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Figure 5-2 a) Schematic of FLG preventing Si electrochemically “fused” together; b) SEM image for Si-FLG 
electrode (60 % Si: 16 %FLG: 14 % Na-PAA: 10 % Carbon mix); c) Cross-section image and EDS mapping for Si-FLG 
composite electrode; d) Cross-section image and EDS mapping for Si only electrode; e) Cross-section image for 
Si-FLG electrode after 100 cycles and f) Cross-section image for Si only electrode after 100 cycles. 
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density becomes ~0.42 g/cm3, which indicates a higher porosity in comparison with 

the Si-only electrodes, which have a density of ~0.75 g/cm3. It can be observed from 

Figure 5-2 (e)-(f) that, in the Si-only electrode, Si particles are mostly agglomerated 

within larger Si masses with non-distinct boundaries. While for Si-FLG electrodes, Si 

particles remain separated by FLG sheets with particle size ranges consistent with the 

volume variations. The implication of this is that when Si particles become merged in 

this way then Li diffusion pathways are effectively increased in such regions, and 

particles deep within the fused areas may contain electrically isolated Li[152].  

The structural benefit with the incorporation of FLG in Si electrodes can also be 

proved through the nano-indentation test. Hardness and modulus are calculated using 

data taken from the slope of the tangent to the unloading curve in Figure 5-3, and the 

value is summarised in Table 5-1. It can be observed from Figure 5-3 that during the 

nanoindentation test, the FLG electrode can be indented deepest, suggesting it is the 

softest electrode among these three. Si electrode demonstrates the smallest contact 

depth, indicating the electrode is quite rigid; while Si-FLG exhibits less hardness with 

larger contact depth. It can also be proved through the hardness value in Table 5-1. 

Whilst comparing the reduced modulus for these electrodes (Table 5-1), the modulus 

was significantly reduced through incorporating FLG into Si electrode, which refers 

to the enhancement of electrode flexibility. 

 

Figure 5-3 Tensile curves from the nanoindentation test 
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Table 5-1 Maximum contact depth, hardness and Young's modulus achieved from the nanoindentation test 

Sample Maximum Depth (um) Hardness (GPa) 
Reduced Young’s 

Modulus (GPa) 

Si 6.22±0.33 0.016±0.002 2.38±0.19 

Si-FLG 7.75±0.84 0.010±0.002 1.42 ±0.27 

FLG 12.37 ± 0.93 0.004±0.001 1.06±0.11 

 

5.3.2    Capacity contribution from FLG 

To investigate the capacity that FLG can contribute within this voltage range, Si-FLG 

(Formula D) was compared with Si only (76% active mass) and FLG only (76% active 

mass) under the same current density and without capacity limitation. The comparison 

of the first cycle voltage profile for electrodes based only on Si only, Si-FLG and FLG 

only are shown in Figure 5-4. It indicates that with the same current density of 90 

mA/g and 5 mV cut-off voltage, the FLG only electrodes (76 % active mass) deliver 

a maximum contribution of around 330 mAh/g for the first cycle, with a substantial 

initial capacity loss of about 180 mAh/g. The capacity achieved by the FLG-only 

electrodes is much lower than the result in a previous study[148], and this could be 

due to the current density (90 mA/g) being significantly increased during the first 

cycle. The large initial capacity loss is attributable to the surface area of FLG, resulting 

in large quantities of lithium ions becoming irreversibly consumed in the SEI layer. 

For the following cycles at C rate of C/5 (360 mA/g), the delithiation capacity of FLG-

only electrode can be only maintained below 50 mAh/g. It indicates that with such 

high current density in Si-FLG electrode, the capacity contribution from FLG can be 

neglectable, which agrees with previous result in Figure 5-1 (c). 



87 

 

 

Figure 5-4 a) First cycle voltage profile for half-cells (vs Li/Li+)of Si-FLG with Formula D, Si only and FLG only 
electrodes cycled between 1 V-5 mV without capacity limitation; b) long-term cyclability of FLG only electrode. 

5.3.3    Differential capacity analysis 

The differential capacity (dQ/dV) plots of Si only and Si-FLG half-cells for different 

cycle numbers are shown in Figure 5-5. The peaks during the (de)lithiation process 

correspond to different phase equilibria of LixSi. It can be observed from Figure 5-5 

that Si-only and Si-FLG electrodes have similar dQ/dV quasi-plateaus, outlined in 

Table 5-4[12], [148], [153], but the plateaus for Si-FLG electrodes are broader 

compared to Si-only electrodes. It relates to the quasi-plateaus for Si and FLG 

components within the electrode overlapping with each other. It can further be seen 

that for the Si only electrodes, there are apparent reductions in lithiation plateaus and 

voltage shift around 0.25 V during lithiation and around 0.5 V during delithiation after 

50 cycles. It is observed that at this point plateaus become single plateaus for both 

lithiation and delithiation process. This is possibly related to the resistance on the 

surface of the electrodes is increased due to the thicker SEI layer, resulting in an 

increase in overpotential, which delays the lithiation process. In this case, with the 5 

mV cut-off voltage limitation, Si electrodes cannot be further lithiated to a-

Li3.5Si[154]. For the Si-FLG electrodes, there are no noticeable plateau reductions or 

peak shifting. It supports the observation that Si-FLG composite electrodes show a 

longer cycle life and reduced voltage hysteresis due to lower resistance, compared 

with electrodes based only on Si as the active material.   
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Table 5-4 Corresponding phase change at voltage peaks[12], [148], [153] 

Process Peak voltage 
Phase change (after 2nd 

cycle) 

Lithiation 

0.25 V a-Si → a-Li2.0Si 

0.1 V a-Li2.0Si → a-Li3.5Si 

≤50 mV a-Li3.5Si → c-Li15Si4 

Delithiation 

0.25 V a-Li3.5Si → a-Li2.0Si 

0.5 V a-Li2.0Si → a-Si 

0.45 V c-Li15Si4 → a-Li1.1Si 

 

Figure 5-5 dQ/dV plot for cycle 2-60 of (a) Si only electrodes (b) Si-FLG electrodes 

5.3.4    Potentio Electrochemical Impedance Spectroscopy (PEIS) study  

Figure 5-6 (a)-(c) shows the impedance spectra for the Si-FLG half-cells for different 

cycle numbers, and Figure 5-6 (d)-(f) compares the fitting results over numbers of 

cycles between Si only and Si-FLG half-cells based on the equivalent circuit (Figure 

3-4). It can be seen that for Si-FLG half-cells from the 1st to 20th cycle, there is a small 

semicircle related to SEI-derived resistance, but a clear decrease for the second semi-

circle that relates to charge transfer resistance. This is in agreement with previous 
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studies[145] and has been explained by the volume expansion of Si, causing the 

electrode to be pressurised by the spring inside the coin cell. It results in a better 

electrical contact between the active material/binder system and the current collector, 

leading a decrease of interphase electric contact resistance. From the 20th to 50th cycle, 

it is observed that the series resistance starts to increase, indicating that the ionic 

conductivity of the electrolyte or electronic conductivity through electrodes or current 

collector becomes reduced. In the meantime, the SEI-related semicircle increases 

gradually, which is caused by the growing SEI layer. The increasing SEI is consistent 

with the growing series resistance because the thicker SEI arises the microstructural 

changes in the electrode and gradually blocks the electrolyte channels. It is feasible 

that the electrochemical fusion of Si particles through SEI species or decomposition 

of the electrolyte is likely phenomena here, suggesting the increase in tortuosity for Li 

movement and longer diffusion pathways [152]. The interphase contact and charge 

transfer resistance remain stable, but after the 50th cycle, the SEI resistance grows 

dramatically, which indicates an inhibited transport of lithium ions through this layer.  

Comparing the composite Si-FLG with the Si-only electrodes, Figure 5-6 (d) shows 

that generally, the Si electrodes show a higher series resistance than Si-FLG, which 

grows more dramatically during subsequent cycling. This is because, without the FLG, 

Si particles are more likely to be developed into an electrochemically welded state 

during cycling, as outlined previously. Thus it becomes more difficult for Li ions to 

access the surface of Si particles[152]. As the FLG facilitates and maintains Si particle 

separation in electrodes, the electrolyte channels remain unobstructed. Additionally, 

since the series resistance is defined by the internal electronic resistance of the 

electrode, a lower series resistance here indicates enhanced electronic pathways inside 

the electrode. From Figure 5-6 (e) initially, the Si-FLG electrodes display a more 

massive SEI resistance than the Si electrodes due to a larger surface area. After 50 

cycles, the SEI resistance increases significantly for both electrodes, caused by 

continual electrolyte decomposition. The relatively slower growth of SEI resistance in 

Si-FLG may reflect on there being proportionally less Si in Si-FLG electrodes. The 

SEI layer of FLG is quite stable during (de)lithiation, which improves the general 

performance stability of the electrode. Figure 5-6 (f) shows the trend for interphase 

electronic contact and charge transfer for both electrodes (with similar performance), 

as explained previously. 
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Figure 5-6 Nyquist plots of Si-FLG half cells (vs Li/Li+) at 50 % SoC during charge process from (a) cycle 1 to cycle 
20; (b) cycle 20 to cycle50; (c) cycle 50 to cycle 70; impedance fitting result comparison of (d) series resistance (e) 
SEI resistance (f) interphase contact and charge transfer resistance 

5.3.5    Staircase Potentio Electrochemical Impedance Study (SPEIS) 

To further investigate the diffusion resistance, SPEIS study has been conducted, which 

focuses on the impedance variation as a function of a voltage and, by splitting the 

frequency range, makes it more straightforward to investigate the low-frequency 

impedance (including the diffusion related Warburg impedance.) Figure 5-7 (a) and 

(b) show the SPEIS result for the Si-FLG electrodes (Formula D) following the 

formation cycle for lithiation (Figure 5-7 (a)) and for delithiation (Figure 5-7 (b)). In 

each graph, there are selected frequency ranges from 1 Hz to 500 kHz. As marked in 

Figure 5-7 (a)-(c), high-frequency impedance responses (at 10 kHz to 500 kHz) are 

attributable to the SEI resistance and the series resistance (highlighted green areas in 

Figure 5b). Impedance responses between 10 Hz and 10 kHz (orange area) represent 

the interphase electronic contact and the charge transfer resistance. Impedance 

responses with frequencies less than 10 Hz (blue area) are termed as Warburg 

impedance, which is mainly determined by diffusion coefficient, is also termed as 

Warburg diffusion impedance in this study[155].  
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Figure 5-7 (a) shows that during the lithiation process,  the impedance values under 

the high AC frequency range (series and SEI resistance) remain stable throughout the 

voltage range, which is in agreement with previous findings[156], [157]. This is 

because the conductivity of the electrolyte does not change significantly and there is 

no pronounced decomposition of the electrolyte.  Whilst the interphase contact and 

charge transfer resistance is reasonably stable - starting from 1 V and reaching 0.25 V 

- it increases at voltages below 0.25 V.  This relates to the Si phase change from a-Si 

to a-Li2Si and affects the exchange current density, which is a materials-dependent 

parameter that determines the charge transfer resistance. For the Warburg impedance, 

there is an initial increase followed by a sizeable decline becoming stable at around 

0.25 V. The initial increase is because possibly after the first cycle, the relaxation time 

(10 minutes) is insufficient to ensure that all the Li+ has left the Si electrode. The 

remaining Li+ provides additional resistance for the subsequent lithiation process. The 

diminished diffusion resistance may be explained by the Si phase change during the 

(de)lithiation process. Initially, Si particles mostly exist as “cage-like” crystalline 

structures, which largely constrain the movement of Li atoms. As the c-Si is lithiated 

to a-Li2Si, more and more Si-Si bonds are broken, which release the constrained Li 

atoms, thus reducing the resistance of Li diffusion. This process has been investigated 

and clarified by Key et al. in an NMR study[12] and other SoC-based diffusion studies 

on Si, concluding similar results[158]. Additional evidence is the “stopping point” for 

Warburg diffusion impedance decreases, occurring at around 0.25 V, and coincident 

with the first lithiation plateau in the dQ/dV plot, representing the phase change 

equilibria.  

For the delithiation process, the trends in the impedance data are similar in reverse to 

those in the lithiation process, and the "starting point" of the impedance increase 

(around 0.6 V) relating to the plateau of delithiation in the dQ/dV plot. It refers to the 

growth of Si clusters. Additionally, the Warburg diffusion impedance after 0.6 V is 

lower during the delithiation process as compared with lithiation. It is because by 

following the Si lithiation to an amorphous phase from crystalline during the first 

cycle, Si will be only delithiated to an amorphous phase in the subsequent cycles 

(never reverting to crystalline[12]). These results indicate that the impedance variation 

is highly phase-change correlated. 
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Figure 5-7 SPEIS result of Si-FLG after the first cycle for (a) lithiation process and (b) delithiation process; Warburg 
diffusion impedance at 1 Hz for Si-FLG (c) during lithiation and (d) delithiation process, and for Si (e) during 
lithiation and (f) delithiation process. 

Additionally, it can be concluded from Figure 5-7 (a) - (b) that it is preferable to take 

the cyclic PEIS measurement above 0.25 V during the lithiation process because the 

impedance value under medium and high frequencies is quite stable with a large 

enough window to account for the voltage shift during cycling. We mainly use PEIS 
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studies to compare the cyclic series resistance and charge transfer resistance to better 

understand the degradation mechanism - which occurs in the medium and high range 

frequency. A stable impedance value within this frequency range is thus essential 

(despite voltage variability), but previous impedance studies on Si have rarely 

addressed this issue.   

Figure 5-7 (c)-(f) compares the SPEIS result under 1 Hz (the blue area which 

represents the Warburg diffusion impedance), from Cycle 1 to Cycle 60 for both the 

Si-FLG and Si only electrodes. It is clear that both electrodes have a similar impedance 

variation trend against the voltage, but the peak of Warburg diffusion impedance for 

Si-FLG electrodes is smaller than that of Si-only electrodes after 20 cycles. Due to the 

poorer cycling performance and more significant voltage hysteresis for the Si only 

electrodes, it is more likely to drop further below 50 mV to reach a capacity of 1800 

mAh/g. In this case, more metastable c-Li15Si4 will be formed in the Si-only electrodes 

(compared with Si-FLG), which is more resistant to delithiation back to a-Li1.1Si due 

to more tough Si-Si bonds[12]. As the pulverisation of the electrode progresses, it is 

possible that some Si clusters become isolated from subsequent lithiation processes, 

thus further contributing to the capacity loss.   

From cycle 1 to 10, the peak diffusion resistance for both electrodes becomes primarily 

decreased. According to the voltage profile in Figure 3-5, the lithiation in the first 

cycle has been cut off at around 0.1 V, by which point there could be some crystalline 

Si remaining within the electrode. Therefore, for the first SPEIS measurement after 

cycle 1, the remaining crystalline Si clusters are involved in the lithiation process, 

which shows relatively high Warburg diffusion impedance. After an additional 10 CC 

cycles, for the second SPEIS measurement, the Si clusters are mostly lithiated to 

amorphous phases, which are less resistant to diffusion. It can explain why there is 

more diffusion resistance in the 1st cycle than in subsequent cycles. 

5.4    Chapter Conclusion 

This chapter comprehensively investigated the performance of Si-FLG composite 

electrodes, manufactured by an industrially relevant methodology.  Electrochemical 

evaluation and phase-related impedance spectroscopy were the main investigative 

tools. The reversible electrochemical performance has demonstrated that by 

incorporating FLG into a high mass % content of Si, the cyclability is largely improved 

(the best cyclability can be maintained at 1800 mAh/g for 220 cycles with 
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incorporation 16 wt% FLG). Also, it was shown that FLG could contribute a capacity 

of around 300 mAh/g under the high limited capacity condition (1800 mAh/g). We 

recommend that the ratio of FLG to Si needs to be limited due to the significantly large 

first cycle loss relating to the large surface area of the FLG.   

With PEIS and SPEIS, it was shown that FLG helps Si to maintain an overall lower 

series resistance during cycling. It could also confer performance benefits through 

some prevention of the Si particles from agglomerating though electrochemical fusion 

– but this phenomenon warrants further systematic investigation. Additionally, the 

improved cyclability of Si-FLG keeps the internal Warburg diffusion impedance at a 

relatively stable level. Combining the dQ/dV analysis with SPEIS, this study has 

addressed that the Warburg diffusion impedance in Si is highly phase dependent. On 

the other hand, it indicates that SPEIS could be a more straightforward method to study 

the change of Warburg diffusion impedance with different voltage as well as to 

investigate the Warburg diffusion impedance as a function of cycle number. Finally, 

the SPEIS results suggest that for the Si-based electrodes, a voltage range with a stable 

impedance is essential and so it is more reliable to take the PEIS measurement above 

0.25 V during the charging process. 
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Chapter 6 Develop a Robust Polymer Binder 

Systems for Si Electrodes 

 

 

6.1    Introduction 

This chapter investigates several novel binder systems for Si electrodes, aiming to 

improve the binder property especially in terms of tensile strength and adhesion force 

so that it can better tolerate the large volume expansion of Si. As indicated in Chapter 

2, for single binder systems, PAA demonstrates much better performance than other 

common polymers such as CMC and PVdF. Therefore Si electrodes with PAA is used 

as the baseline for further improvement. Approaches applied in this chapter include 

optimising single binder system through partially neutralising PAA, improving the 

tensile property of PAA by synthesising PAA-based binary polymer system (e.g. 

PAA/PVA, PAA/SBR) and fabricating PAA-based self-healing polymer through 

designing multi-level crosslinked polymer network (FLG-Fe2+-PAA). For each 

polymer system, comprehensive studies have been conducted to verify both 

mechanical property and electrochemical behaviours. 

6.2    Partial Neutralisation Effect of PAA 

6.2.1   FTIR Measurement of Polymer Films 

It can be observed from Figure 6-1 that the absorbance signal of C=O region (around 

1700 cm-1) is reduced after partial neutralisation, and the same as the C-OH band 

(between 1170 to 1240 cm-1), indicating the reduction of the carboxyl groups. In the 

meantime, the absorbance peak attributed to the sodium carboxylate (at 1550 cm-1) is 

formed from the ionic interaction of the residual group during neutralization[98]. 

Moreover, the absorbance of OH stretching band is a broad peak from 3240 to 3380 

cm-1 for NaPAA, while for un-neutralised PAA, it is a variable double peak between 

3000 and 3460 cm-1 and overlapped with the CH stretching band at 2920 cm-1. 

Typically, the breadth of the O-H peak indicates the distribution of alcohol group in 
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carboxyl within PAA[159]. The shift of the O-H absorbance peak to a higher 

wavenumber level suggests that with neutralising PAA the polymer chain has been 

stretched rather than aggregated together, and in this case, more free carboxyl groups 

have been exposed to be able to form the covalent bond with the surface of Si particles. 

The deformation of inter-chain hydrogen bonds in NaPAA, stretching at 800 cm-1, can 

be another evidence of stretching of polymer chains[160]. These results agreed with 

the statement in the previous study that with partially neutralising, the polymer chain 

within PAA will be extended and stretched, which will present more active carboxyl 

group[77]. 

 

Figure 6-1 FT-IR analysis results for NaPAA and un-neutralized PAA  

6.2.2   Swelling Test of Polymer Binders 

Figure 6-2 compares the weight gain ratio between NaPAA and un-neutralized PAA 

during the swelling test, which indicates the electrolyte uptake. It shows that the final 

electrolyte uptake for NaPAA is about 5%, while the ratio for un-neutralised PAA is 

only accounting for 3.5%. The improved swelling ability of NaPAA could also be a 

result from extended polymer chain morphologies with increased free carboxyl 

groups. This higher electrolyte uptake in NaPAA implies a better transportation 

efficiency for Li+, which is beneficial for achieving high capacity and power 

performance[161]. 
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Figure 6-2 Swelling test result for NaPAA and un-neutralized PAA  

6.2.3   Tensile Test Result Characterisation 

The stress-strain curve from polymer tensile test can be an effective method to evaluate 

and compare the tensile property of polymer films. The result (Figure 6-3) shows that 

NaPAA expresses more substantial tensile strength (62 MPa) and a larger elastic 

region, which refers to a better modulus of resilience. Moreover, NaPAA displays a 

significant extension prior to the breakpoint, which provides a large strain range for 

plastic deformation. On the contrary, un-neutralized PAA shows much lower local 

tensile strength and the absence of plastic region make it more "fragile" than NaPAA. 

This indicates that after introducing Na+, the stretched polymer chains can align 

together and provide stronger tensile strength. These results also suggest that NaPAA 

could be more tolerant, regarding elastic and plastic deformation, during the 

significant volume change of the Si electrodes.  

 

Figure 6-3 Tensile test result to compare NaPAA and unneutralised PAA. 
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6.2.4   Electrode Adhesion Test 

The adhesion test results show that with applying a pull-up velocity of 100 mm/min 

after 10 s dwelling time, all electrodes are demonstrated cohesion failure in the 

coating. The positive part is considered as the recovering force from the compression, 

and the negative part is regarded as the internal adhesion force of the electrode. From 

Figure 6-4, it is clear that for the same size electrode, the maximum adhesion force for 

the electrode with NaPAA is 71 N, which is more than twice of the maximum adhesion 

force for the one with un-neutralised PAA (31 N). It means NaPAA could be more 

effective to suppress the pulverisation of the electrode and help to maintain the 

electronic network between active materials and conductive carbons. 

 

Figure 6-4 Adhesion test results for Si electrodes with NaPAA (black) and un-neutralized PAA (red) 

6.2.5   Electrochemical Performance of Electrodes 

Cycling performance of half-cells (vs Li/Li+) (Figure 6-5) indicates that the Si 

electrodes with partially neutralised PAA can achieve much better cycle life, which 

keeps stable for over 100 cycles, while for the Si electrodes with un-neutralised PAA, 

it starts to fade from 40 cycles. This is because possibly the Si electrodes with un-

neutralised PAA loses electronic contact between active materials and conductive 

network due to the polymer deformation during Si volume exchange as discussed in 

previous tensile property results. Additionally, as a result of poorer adhesion strength 

of un-neutralised PAA, the Si electrodes are more likely to suffer from pulverisation 

and worse cyclability. Moreover, the better electrolyte uptake of NaPAA also 
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contributes to the better cyclability through facilitating the Li ions transporting within 

the electrode. 

 

Figure 6-5 Cycling performance of half-cells (vs. Li/Li+) for Si electrodes with un-neutralized PAA and partially 
neutralised PAA. 

6.3    Investigation on PAA/PVA Blends as the Binder System for Si 

Electrodes 

6.3.1   Optimising Weight Ratio between PAA/PVA 

The tensile testing results for PAA/PVA blends with different PAA/PVA weight ratios 

are shown in Figure 6-6. The ratio 60/40 for PAA/PVA shows the highest tensile 

strength and Young Modulus, with optimal flexibility, which will be further studied 

as a binder material. 
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Figure 6-6 Comparison of tensile stress-strain curves for PAA/PVA with different ratios. 

 

6.3.2   Optimising Heat-treatment Conditions 

The PAA/PVA (60/40) blend was further heat-crosslinked at 150 ˚C and 200 ˚C, 

respectively, to optimise the heat-treatment condition. It was observed in Figure 6-7 

that the PAA/PVA film did not show noticeable colour change after compress-

moulded at 150˚C for 30 mins, but it turned from transparent to a brown colour after 

being heated to 200˚C, indicating polymer degradation. Similar results were observed 

for pnPAA/PVA films, which showed a lighter brown discolouration than the heated 

PAA/PVA. The polymer degradation is characterised by FTIR. As shown in Figure 6-

8, after heating to 200 ˚C, the peak intensity for –CH stretching at 2920 cm-1 was 

reduced while the peak intensity for diene bonds (around 1700 cm-1) became stronger 

compared to that heat to 150˚C. It indicates that there are polymer chain scission and 

the formation of smaller molecules with carbon-carbon double bonds. Therefore, to 

exclude the polymer degradation effect, 150 ˚C was chosen as the heat-treatment 

condition for Si electrodes in this study. 
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Figure 6-7 Polymer film comparison with different heat treatments 

 

Figure 6-8 FTIR for a) PAA/PVA and b) pnPAA/PVA after different conditions of heat-treatment 
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6.3.3   Cross-section SEM Imaging 

It can be observed from Figure 6-9 that particles are evenly distributed with reasonable 

porosity for all three pristine electrodes with different binders. After 70 cycles with 

the capacity limitation of 2000 mAh/g, all three electrodes demonstrate less porosity 

compared with the pristine ones. This is because during cycling, Si particles are likely 

to be electrochemically "welded" together, facilitated through the interaction of SEI 

species (e.g. LixSiOy and insoluble polymers)[152], [162]. For Si-PAA electrodes, 

there is also apparent electrode pulverisation and separation from the current collector, 

which indicates that it is a challenge for pure PAA to maintain the electronic contact 

between the electrode and current collector over long cycling under such high current 

density. Whilst for Si-PAA/PVA and Si-pnPAA/PVA, there is no such obvious 

pulverisation observed. Also, the cycled Si-pnPAA/PVA maintains a high degree of 

porosity after 70 cycles compared with the cycled Si-PAA/PVA. It could support that 

pnPAA/PVA is a stronger binder which could reduce the rate of the pulverisation of 

the electrode microstructure as well as the generation of new SEI layers, thus to 

mitigate the Si fusion through growing SEI species. 

 

Figure 6-9 SEM image for cross-section of a) pristine and cycled Si-PAA; b) pristine and cycled Si-PAA/PVA (60/40); 
c) pristine and cycled Si-pnPAA/PVA (60/40). 

6.3.4   Tensile Test Characterisation 

Stress-strain curves of the polymer films were plotted, and the results are shown in 

Figure 6-10. The PAA/PVA films show higher tensile strength (100 MPa) than PAA 
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(45 MPa), and a significant extension before the breakpoint, which provides a larger 

strain range for plastic deformation. Conversely, PAA shows typical brittle fracture 

without plastic deformation. The pnPAA/PVA film demonstrates higher stiffness with 

maximum tensile stress over 120 MPa and a much larger elongation than both 

PAA/PVA and pure PAA. These results suggest that the tensile properties of PAA can 

be largely improved through the blending and cross-linking with PVA, and a partially 

neutralised PAA can generate even higher tensile properties. This is a result of partial 

neutralisation of PAA in the blends,  which has been proven to be able to improve the 

crosslinking degree between PAA and PVA[98]. 

 

Figure 6-10 Stress-strain curves of PAA, PAA/PVA blends. 

6.3.6   FTIR Measurement 

Figure 6-11 shows that the absorbance of O-H stretching band in PAA is a variable 

double peak between 3000 and 3460 cm-1 and overlaps with the CH stretching band at 

2920 cm-1 [159]. After it has been crossed linked with PVA, the O-H band (hydroxyl 

group) is decreased and is shifted to a higher region. Moreover, the C=O stretching 

band, which is attributed to the ketone group generated by the oxidative degradation 

of the hydroxyl group[98], is significantly reduced. It indicates the formation of –

COO- caused by the esterification reaction of PAA and PVA[94], [163]. 

For pnPAA/PVA, the absorbance signal of C=O region (around 1700 cm-1) is reduced 
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(between 1170 to 1240 cm-1), indicating the consuming of the carboxyl group. The 

absorbance peak attributed to the sodium carboxylate (at 1550 cm-1) is formed through 

esterification reaction. Also, the stretching band at 800 cm-1 associated with an out-of-

plane OH···O deformation decreased to a lower level, which is similar to previous 

FTIR analysis for NaPAA.  

 

Figure 6-11 FT-IR analysis results for PAA, PAA/PVA (60/40) and pnPAA/PVA (60/40) 

6.3.7   Nanoindentation Test 

The nanoindentation test results for Si electrodes with different binders are shown in 

Figure 6-12. Elastic recovery parameter (ERP) and modulus are calculated using data 

taken from the slope of the tangent to the unloading curve in Figure 6-12a. Figure 6-

12b compares the maximum contact depth (the total depth that the indenter penetrates 

into the electrode) during the nanoindentation test among three electrodes with 

different polymers, and the plastic depth (the indentation depth that the electrode 

undergoes plastic deformation) for each electrode material has been calculated. It can 

be observed that the electrode with PAA demonstrates the smallest contact depth 

where 96% is plastic contact, indicating the electrode is quite rigid. The electrode with 

PAA/PVA shows better flexibility with more contact depth and less plastic depth. This 

parameter has been improved in the electrode incorporating pnPAA/PVA. Whilst 
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comparing the reduced modulus for these electrodes (Figure 6-12c), the modulus was 

significantly reduced through the crosslinking of PAA with PVA, and it was further 

reduced for the electrode with pnPAA/PVA as the binder. The ERP in Figure 6-12d 

demonstrates an opposite trend but draws the same conclusion that the incorporation 

of cross-linked polymer PAA/PVA improved the performance of the Si electrode due 

to its elastic recovery and the partially neutralising PAA of 8% further improved the 

properties. It is supposed that with the enhanced elastic recovery property, the 

pnPAA/PVA could best tolerate the massive volume change within the Si electrode 

upon lithiation, and thus to maintain the electrically conductive network and keep a 

tight contact between particles within Si electrode during cycling. 

 

Figure 6-12 Comparison plots for Si-PAA, Si-PAA/PVA and Si-pnPAA/PVA measuring a) Nanoindentation loading 
vs depth curve for different Si electrodes; b) the ratio of plastic depth among the maximum extent; c) reduced 
modulus for different Si electrodes; d) elastic recovery parameter comparison for Si electrodes. 
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6.3.8   Electrode Adhesion Test 

From Figure 6-13, it is clear that the maximum adhesion force for the electrodes with 

PAA is 31 N, and there is not much improvement when compared with the electrodes 

of Si-PAA/PVA. It indicates that crosslinking with PVA could not improve the 

adhesion of electrode, which is reasonable since PVA itself does not exhibit good 

adhesion. However, Figure 6-13 also shows that with pnPAA/PVA, the Si electrodes 

demonstrates a much higher adhesion force (76 N). This could be due to the benefit of 

partial neutralisation with NaOH for PAA. As explained near the beginning of this 

study, following the incorporation of Na+, there were more extended polymer chains 

in PAA with free carboxyl groups, in which case more strong covalent bonds would 

be formed with the hydroxyl groups present on the surface of Si, and thus result in 

enhanced adhesion force within the electrode. Therefore, Si electrodes with partially 

neutralised PAA/PVA could effectively suppress the macro degradation of the 

composite electrode, and as a result, help to maintain the electronic network between 

active materials and conductive carbon additives. 

 

Figure 6-13 Adhesion test result for Si electrodes with PAA, PAA/PVA (60/40) and pnPAA/PVA (60/40) 
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6.3.9   Electrochemical Performance and Impedance Analysis 

The electrochemical cycling performance within half-cells (vs. Li/Li+) indicates that 

the Si electrodes containing PAA binder start to rapidly decline after only 38 cycles 

when the capacity is limited to 1200 mAh/g (Figure 6-14 (a)) and only reaches 25 

cycles when capacity is capped at 2000 mAh/g (Figure 6-14(b)). It shows that PAA is 

not robust enough to sustain the Si volume change, and thus fails to maintain the 

conductive network and microstructure within the Si electrodes. In contrast, Si-

PAA/PVA electrodes are more stable after 100 cycles, indicating that the crosslinked 

PAA/PVA binder could better withstand the massive volume expansion of Si during 

lithiation due to the improved tensile properties from the PVA fraction. Si electrodes 

with pnPAA/PVA demonstrate the best cyclability under both cycling conditions 

(1200 mAh/g and 2000 mAh/g) among these three types of electrodes, which is 

consistent with its superior tensile and adhesion properties. 

From the impedance spectroscopy measurement, the Si electrodes containing the PAA 

binder show slightly lower series resistance at the beginning, followed by a dramatic 

increase after 20 cycles; while Si electrodes with PAA/PVA binder and pnPAA/PVA 

binder exhibit a moderate increase in series resistance (Figure 6-14 (c)). The dramatic 

growth of series resistance within Si-PAA may be caused by the electrode 

pulverisation and delamination from the current collector as observed in the SEM 

images (Figure 6-9 (a)). The SEI resistance for the three types of electrodes is within 

in similar range for the first 30 cycles. After this, the SEI resistance for Si-PAA grows 

significantly, with a moderate increase for Si-PAA/PVA from 40 cycles and a slight 

increase for Si-pnPAA/PVA from 50 cycles (Figure 6-14 (d)). It indicates that the SEI 

layer of Si-PAA is the most unstable compared with that of the other two electrodes 

which makes it increasingly difficult for Li-ions to traverse. Also, the higher SEI 

resistance of Si-PAA/PVA compared with Si-pnPAA/PVA is possibly due to more 

internal particle cracking for Si-PAA/PVA, which lead to more surface area and 

subsequent SEI growth (and higher degrees of agglomeration with other particles). 

This is supported by SEM observations. For the charge transfer resistance, all three 

types of electrodes undergo a similar trend for the first 30 cycles (Figure 6-14 (e)). 

The substantial impedance decrease at the beginning is possibly due to the improved 

contact at the interphase caused by additional pressure from the spring within coin 

cells during Si volume expansion[145]. After 30 cycles, the charge transfer resistance 
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of Si-PAA is largely increased, while for the other two electrodes it remains stable 

(Figure 6-14 (e)). It could be explained by our previous study which states that it is 

more likely for Si to form c-Li15Si4 with poor cyclability at the same cut-off voltage, 

and the presence of c-Li15Si4 demonstrates much higher charger transfer and Warburg 

diffusion impedance compared with a-Li2Si, which typically exists in electrodes under 

stable cycling conditions[164]. Therefore, when the performance Si-PAA electrodes 

starts to decline from 30 cycles onwards, it undergoes a pronounced phase 

transformation to c-Li15Si4 during deep lithiation, which leads to the dramatic growth of 

charge transfer resistance. 

 

Figure 6-14 Cycling performance for Si half-cells (vs. Li/Li+)  with different binders with the capacity limit of a) 
1200 mAh/g and b) 2000 mAh/g, and impedance fitting for c) series resistance, d) SEI resistance, and e) charge 
transfer resistance. 
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6.4    Investigation on Binary Polymer PAA/SBR as the Binder System for 

Si Electrodes 

6.4.1   Polymer Tensile Test 

The tensile test result of polymer films is plotted as the stress-strain curve as shown in 

Figure 6-15. It indicates that by adding SBR, both binary NaPAA/SBR system 

demonstrate an enhancement in tensile strength compared with NaPAA (maximum 64 

MPa). For NaPAA/SBR (2/1) films, besides the significant improvement of the 

stiffness (maximum 96 MPa), there is also an obvious extension prior to the 

breakpoint. Whilst for NaPAA/SBR (5/1) films, the elongation is not significant 

despite there is an improvement in maximum tensile strength, which is 82 MPa. These 

results indicate that the stiffness and elongation of PAA can be improved through 

incorporation with SBR, and the degree of improvement on the tensile property is in 

proportional to the ratio of SBR added. 

 

Figure 6-15 Polymer tensile property comparison for NaPAA, NaPAA/SBR (2/1) and NaPAA/SBR (5/1) 
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that even with the improved tensile property, the NaPAA/SBR binary binder could not 

improve the cycling performance of Si electrodes and show worse cyclability than the 

Si electrodes with NaPAA. It is a similar conclusion for Si electrodes with 

NaCMC/SBR and NaCMC that reported in the literature, suggesting that Si electrodes 

with NaCMC/SBR show worse cyclability than that with NaCMC, which might result 

from high resistance of SBR[88]. Therefore, the electrochemical impedance 

spectroscopy analysis will be followed to investigate the resistance change in the Si 

electrodes with NaPAA/SBR system. 

 

Figure 6-16 Half-cell (vs. Li/Li+) cycling performance comparison between Si-NaPAA, Si-NaPAA/SBR (2/1) and Si-
NaPAA/SBR (5/1) 
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makes it more difficult for Li-ion transfer within the electrode. The scenario becomes 

worse during cycling since Si can be electrochemically welded together through its 

SEI and narrow the channels for Li-ions transportation. In the meantime, with such a 

high-resistive binder, the pathway for Li-ions can be even more resistant. From 50 

cycles, the SEI resistance of Si electrodes with NaPAA/SBR (2/1) start to significant 

growing possibly due to the pulverisation of part of Si particles within the electrode, 

while for Si electrodes with NaPAA, the SEI resistance maintain relatively stable. 

While for charge transfer resistance, the dramatic increase for Si-NaPAA/SBR occurs 

after 60 cycles, which is associated with Si phase change that generally happened 

during cell fading process as explained in Section 6.3.8. Therefore, it can be concluded 

here the failure mechanism for Si-NaPAA/SBR half cells can be attributed to the high 

electrode resistance, which is likely blocking the Li-ion pathways and isolating Si 

particles in the electrode. This in turn accelerate the electrode fading process.   

 

Figure 6-17 Impedance fitting result for different cycles comparing between Si-NaPAA and Si-NaPAA/SBR (2/1) 
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carboxyl groups for all other three polymers, which indicates the part of carboxyl 

groups from PAA have been consumed in these polymers. Correspondingly, there is a 

different level of esterification for Fe2+-PAA and FLG-Fe2+-PAA, which proves the 

formation of the ionic interaction between Fe2+ and the carboxyl group in PAA. 

Additionally, the consuming of the carboxyl group is more dramatic for FLG-Fe2+-

PAA, but there are fewer ester groups generated. It could be likely because the 

carboxyl group on FLG has also been consumed by the ionic interaction with Fe2+ in 

the same way between Fe2+ and PAA. However, there is no indication of an ester group 

generated in FLG-PAA, which suggests that FLG is possibly only formed the 

hydrogen bond with PAA through their carboxyl groups other than esterification. 

Therefore, the cross-linked mechanism can be concluded as shown in Figure 6-19 that 

there are three different chemical interaction – the dynamic ionic interaction between 

Fe2+ and the carboxyl groups on PAA, the dynamic ionic interaction between Fe2+ and 

the carboxyl groups on FLG and the hydrogen bond between PAA and FLG. 

Additionally, within the layers of FLG, there is also a strong π-π interaction between 

two conjugated carbon nets.  

 

Figure 6-18 FTIR investigation on polymer films of PAA, FLG-PAA, Fe2+-PAA, and FLG-Fe2+-PAA 
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Figure 6-19 Illustration of crosslinking mechanism within FLG-Fe2+-PAA polymer 
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Figure 6-20 Polymer tensile test results for PAA, FLG-PAA, Fe2+-PAA and FLG-Fe2+-PAA 
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Figure 6-21 Comparison of half-cell (vs. Li/Li+) cycling performance for Si electrodes with different polymers 
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1 wt% of Fe2+ and FLG into PAA binder, the flexibility of Si electrodes has been much 

improved. A similar improvement is also achieved in Si-NaPAA electrodes, which 

contains similar ionic interaction with Na+ and carboxyl group of PAA. It suggests 

that with ionic interaction, the overall flexibility of electrode can be improved, which 

is favoured for large volume change in Si electrodes. This is also in agreement with 

the previous polymer tensile test results. 

 

Figure 6-22 Nano-indentation test result for Si-PAA, Si-PAA-Fe2+-FLG and Si-NaPAA 
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6.5.5   Adhesion Test  

In Section 6.2.4, the adhesion strength between Si-PAA and Si-NaPAA has been 

compared and discussed. In Figure 6-23, it is shown that the adhesion strength of Si 

electrodes with binder FLG-Fe2+-PAA is as twice as Si-PAA electrodes, which is at 

the similar level of Si-NaPAA. This improvement could also be attributed to the ionic 

interaction within polymer chains, which possess a high binding strength that requires 

more energy to break it. 

 

Figure 6-23 Adhesion test result for Si-PAA, Si-NaPAA and Si-FLG-Fe2+-PAA 
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demonstrate similar mechanical performance in terms of tensile property and adhesion 

force. This dramatic cycling performance between Si-NaPAA and Si- FLG-Fe2+-PAA 

is possibly attributed to the structural stability of polymers. For FLG-Fe2+-PAA, with 

multi-level crosslinked through different types of functional group binding, the 

structure of the polymer is much more stable than NaPAA, which has only one kind 

of ionic interaction existed and is randomly distributed.  

 

Figure 6-24 Cycling performance of half-cells (vs. Li/Li+) with Si-FLG-Fe-PAA, Si-PAA and Si-NaPAA without capacity 
limitation 
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neutralised PAA with 8 mol % NaOH before crosslinking it with PVA. This in turn 

also proved that partially neutralisation of PAA could improve the effect of 

crosslinking between PAA and PVA. However, the esterification reaction during 

crosslinking is favoured for the acid environment; hence it could not be neutralised to 

70 mol% as NaPAA. For NaPAA/SBR system, two different ratios (2/1 and 5/1) have 

been studied. Despite the significant improvement in the tensile property of 

NaPAA/SBR (both 2/1 and 5/1), the half-cell cycling performance for Si-NaPAA/SBR 

system is not as good as Si-NaPAA. The failure mechanism of Si-NaPAA/SBR (2/1) 

have been investigated through electrochemical impedance spectroscopy analysis, and 

the result indicates that the high resistance of SBR is the main obstacle for Li-ions 

alloying with Si particles during cycling. This finding is in agreement with 

NaCMC/SBR in literature. The last section has conducted comprehensive studies for 

the multi-level crosslinked polymer network FLG-Fe2+-PAA, which indicates a 

significant enhancement in cyclability of Si half-cells (maintained above 1000 mAh/g 

for 200 cycles) compared with Si-PAA and Si-NaPAA. It has been proven that FLG-

Fe2+-PAA polymer have identical ionic interaction as PAA, and they also possess 

similar mechanical properties in terms of flexibility and adhesion strength. Therefore, 

the dramatic improvement of Si- FLG-Fe2+-PAA electrodes can be attributed to the 

multi-level cross-link structure within the polymer network, which helps to maintain 

the ionic interaction over cycles. 

To conclude, in order to improve the performance of PAA based binder in Si 

electrodes, it is imperative to build and strengthen the ionic interaction within polymer 

networks can be the most effective approach, which has been proven through partial 

neutralisation of PAA and multi-level crosslinked binder FLG-Fe2+-PAA. Compared 

with flexibility, high stiffness and adhesion force are considered as more important 

factors when designing binders for Si electrodes, since polymers with improved 

stiffness and adhesion strength generally demonstrate better cycling performance in Si 

electrodes in this chapter. Additionally, the resistance of polymer should also be 

concerned as the high-resistive polymer as SBR is not recommended to be 

incorporated for Si electrodes unless further approaches for optimising electronic 

conductivity are also involved.    
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Chapter 7 Systematic Investigation of Electrolyte 

Additives for EC Free Electrolytes to 

be Applied in Si-FLG/NMC Full Cells 

Cycling under High Voltage 

 

 

7.1    Introduction 

It has been addressed in Chapter 2 that to improve the cyclability of Si full cells under 

high voltage, an appropriate electrolyte system that can maintain a stable interface 

between electrodes and electrolyte is essential. Various electrolyte additives including 

FEC, VC, PES and different combinations are investigated as the “enabler” to help 

develop an effective SEI for Si-FLG electrodes and to maintain the stability of 

electrolytes under high voltage. Comprehensive electrochemical performance 

including differential capacity analysis, constant current cycling, oxidative limitation 

analysis and electrochemical impedance spectroscopy have been compared. A post-

mortem surface chemistry analysis for both anodes and cathodes has also been 

conducted to further understand the degradation mechanism of cells with different 

electrolytes cycled under high voltage. 

7.2    Moisture Measurement for Electrolytes 

According to Table 7-1, it can be noted that the water content involved in the check 

solution for verifying baseline is about 3990 ppm, which is within the reasonable range 

as marked by the supplier (3800-4200 ppm); this indicates that the results listed in this 

table are reliable. It can be concluded from Table 7-1 that the water content of all 

electrolytes investigated in this study is below 10 ppm. RD265 (EC/EMC+FEC+VC) 

contains the highest moisture concentration, which is 9.5 ppm. Also, it can be indicated 

from Table 7-1 that the electrolytes with more components generally shows higher 

water content, which is possible because water is more likely to be involved during 

the process of adding additives and mixing, and additives can also be the source of 

water. 
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Table 7-1 Moisture measurements in different electrolytes 

Electrolyte solution Water content (ppm) 

Check solution P 3989.95 ± 23.95 

H0B01 (EMC  only) 3.82 ± 0.2 

H01 (EMC+FEC+VC) 8.2 ± 1.6 

H02 (EMC+FEC) 4.2 ± 0.6 

H03 (EMC+FEC+PES) 4.95 ± 0.95 

H04 (EMC+PES) 4.35 ± 0.25 

H05 (EMC+VC) 3.75 ± 0.55 

RD265 (EC/EMC+FEC+VC) 9.5 ± 1.3 

RD165 (EC/EMC) 4.65 ± 1.25 

 

7.3    Oxidative Limitation Analysis of Electrolyte Based on NMC Half-cells 

In Figure 7-1, with a galvanostatic measurement under a slow C rate of C/110 upon 5 

V, the potential difference will be increased. By the point the potential difference 

exceeds the potential limit of the electrolyte, the additional current is consumed by 

electrolyte side reactions that cause an ongoing surface layer formation and 

decomposition or polymerisation instead of Li extraction or the formation of the stable 

SEI[147]. Figure 7-1 shows that all electrolytes investigated in this study demonstrate 

a high oxidative limitation up to 4.9 V except H04 (EMC/PES), which shows a slightly 

lower oxidative limitation at about 4.8 V.  It has been explained in Chapter 3 that while 

the Si/NMC full cells charged to 4.4 V, the voltage for NMC would be 4.5 V since 

there was 0.1 V lithiation potential sourced from Si anodes at this SoC. It can be 

observed in Figure 7-1 that all electrolytes have validated an oxidative stability at 4.5 

V. This suggests that oxidative degradation should not occur in the electrolyte during 

the lithiation due to the high voltage in this study.  It can also be noticed that for all 

NMC cells with EC free electrolytes there are visible bumps appear at the early 

lithiation stage (at around 25 h). It might result from the slower process of SEI 

formation compared to EC-containing electrolytes, but the detailed mechanism behind 

this peak requires a further systematic study on EC-free electrolytes at the low C-rate. 
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Figure 7-1 Oxidative limitation for NMC half-cells with different electrolytes charging towards 5 V under C rate of 
C/110. 

7.4    Differential Capacity Analysis for the First Lithiation 

Figure 7-2 compares the dQ/dV curves of the first lithiation for Si-FLG /NMC full 

cells with all electrolytes investigated in this study. It can be observed that the 

reduction of electrolyte components occurs before 2.7 V (vs. NMC), after which, the 

electrodes will undergo the first lithium-Si alloy reaction with lithiation peak located 

at 3.2 V (equivalent to 0.2 V in Si half cells); this agrees with most Si systems in 

literatures[114], [117], [123], [157], [165]. According to Figure 7-1 (a), it can be 

noticed that for Si-FLG /NMC full cell with just EMC solvent, there is only a single 

reduction peak at 1.73 V. While for the cells with EC/EMC electrolyte, the single peak 

has been split into a double peak with higher reduction voltage of 1.98 V and 2.17 V, 

respectively. Typically, the reduction order for electrolyte components on the surface 

of the Si anode is recognised as LiPF6 salts > electrolyte additives > EC > solvent[166]. 

Therefore, it is likely that for Si-FLG /NMC full cell with RD165, the SEI formation 

undergoes different mechanism. In this system, the first peak (1.9 V) refers to the 

reduction of EC and the second one (2.17 V) refers to the decomposition of EMC; 

however, there is no information that EC improves the stability of EMC due to the 

high intensity of EMC reduction. The cell with RD265 shows that there is also a 

double peak but the first reduction peak becomes broader and there is a slight shift to 
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the left. This is because the reduction peak of EC is overlapped with that of FEC and 

VC, which decomposed in prior to EC. Additionally, the second peak which refers to 

the reduction of EMC has been much suppressed, indicating that a more stable SEI 

has been formed. To better identify the reduction peak for different additives in each 

electrolyte system, the dQ/dV spectra of the first lithiation process for Si-FLG /NMC 

full cell with different EC free electrolytes, is plotted in Figure 7-2 (b). Based on this, 

the reduction peaks for individual additives are summarised in Table 7-2. This table 

suggests that in EC free electrolytes, most additives applied in this study could 

effectively suppress the reduction from electrolyte solvent, which will, in turn, form a 

more stable SEI layer on Si electrodes. Among all EC free electrolytes, it can be 

observed that VC could best suppress the solvent reduction, by displaying the smallest 

reduction peak from EMC and at the highest voltage, compared with others. Whilst 

for the additive combination of FEC and PES, it seems that the reduction peak from 

EMC becomes stronger than the electrolytes with the single additive of FEC or PES. 

It can be a signal that with this combination, there is little improvement in forming the 

passivated film onto the surface of the Si anode. 

 

Figure 7-2 dQ/dV plots for the first lithiation of Si/NMC full cells with a) control electrolytes (RD165, RD 265 and 
H0B01) and b) EC free electrolytes with different additives 
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Table 7-2 Summary of reduction peaks for different additives in EC free electrolytes 

Electrolyte 
Reduction peak 

for VC (V) 

Reduction peak 

for FEC (V) 

Reduction peak 

for PES (V) 

Reduction peak 

for EMC (V) 

H0B01 - - - 1.73 

H01 1.9 - 2.18 

H02 - 1.79 - 2.26 

H03 - 1.87 2.16 

H04 - - 1.83 2.25 

H05 1.78 - - 2.44 

 

7.5    Constant Current Cycling Performance for Si-FLG/NMC Full Cells 

with Different Electrolytes 

The constant current cycling performance for Si-FLG/NMC full cells with different 

electrolytes is shown in Figure 7-3. According to Figure 7-3 (a), it can be observed 

that for cells with EC involved electrolytes (RD265 and RD165), a “step-like” 

degradation occurs at the early stage cycling. To be more specific, for the cell with 

RD165, the discharge capacity gradually decreases from the beginning until there is a 

dramatic capacity drop from 40 cycles, but the drop stops after another 10 cycles, by 

which point the degradation returns to a gentle decrease and maintains relatively stable 

until it starts to fail after 100 cycles. Similarly to the cell with RD265, it is cycled 

stable with a capacity of 155 mAh/g, followed by the significant degradation that 

occurs from 20 cycles and lasts for another 15 cycles. Aside from the cell with RD165, 

the one with RD265 demonstrates a longer and more stable cycling performance. 

Whilst for the cell with only the EMC electrolyte, there is no "step-degradation" during 

cycling. It starts to gradually fade from the beginning until the "roll-over" effect 

appears from 65 cycles, which then indicates a severe pulverisation of the Si electrode 

and the failure of a cell. These results designate that with cycling upon to 4.4 V, EC 

contained electrodes suffer from the EC oxidation at the surface of the cathode during 

the early-stage cycling, which causes a significant capacity degradation. This finding 

is in alignment with previous reports for applying EC free electrolytes in other 

electrode systems cycling above 4.4 V[22], [27]. This is possible that upon the end of 
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EC oxidation, by which point EC has been consumed, the cells will demonstrate a 

relatively stable cycling profile until they start to fail.  

Figure 7-3 (b) compares the cycling performance of Si-FLG/NMC full cells with 

different EC free electrolytes. It shows that without any additives, the cell with only 

EMC demonstrates the shortest cycle life. However, with only an extra 2 wt% PES 

additive, there is still no improvement in terms of cyclability.  For the cells with the 

electrolyte of EMC/FEC, a relatively longer cycle life has been achieved, and the "roll-

over" effect of the cell upon fading is less obvious compared with the cell containing 

only the EMC electrolyte. This indicates that FEC could help to improve the cycling 

stability of the electrode, which is possible because, by providing extra fluoride from 

FEC, more LiF could be formed to stabilise the SEI layer of Si as well as to enhance 

the stability of SEI under high voltage[27], [123], [126], [157]. Again, most notably, 

with additional PES to the EMC/FEC electrolyte system, there is still no obvious 

improvement for cycling performance. On the contrary, PES involved cells indicate 

the largest first initial loss compared to all other cells. It could be due to a large amount 

of EMC reduction in addition to the PES reduction as observed in previous dQ/dV 

results as shown in Figure 7-2 (b). This result indicates that PES is not suitable for EC 

free electrolyte systems in Si-FLG/NMC full cells despite the fact that it has been 

reported for its superior performance in other EC-containing electrolyte systems even 

under high voltage and high temperature[22], [138], [139]. For single additive in EC 

free electrolytes, VC demonstrates the best performance especially in terms of high 

capacity achievement and small initial capacity loss. It could also be explained by 

previous dQ/dV results that VC could best suppress the EMC reduction and form a 

relatively stable SEI in the meantime. Among all electrolyte systems, the combination 

of EMC with FEC and VC displays the longest cycle life, possibly because it combines 

the benefits of SEI improvement from FEC and the capacity retention from VC. This 

is also an improvement based on the RD265 electrolyte system, although the cell with 

RD265 shows a similar performance after the "step-effect", but without EC, it avoids 

the significant capacity loss at the early stage of cycling.  



125 

 

 

Figure 7-3 Constant current cycling profile under the C rate of C/5 between 2.5 V – 4.4 V for Si-FLG/NMC full cells 
with a) three control electrolytes and b) EC free electrolytes with different additives. 

7.6    Electrochemical Impedance Analysis 

Figure 7-4 (a) outlines an example of the variation trend of the Nyquist plots that 

obtained from potentio electrochemical impedance spectroscopy (PEIS) measurement 

for Si-FLG/NMC full cell with H01 electrolyte. It displays the negative movement of 

all spectra, indicating the decrease of series resistance. Also, the size of the first semi-

circle in spectra refers to the SEI resistance, which remains stable during the cycling 

despite there is a significant decrease at the beginning. Moreover, the size of the 

second semi-circle represents the charge transfer resistance, which also demonstrates 

a slight decrease for these 100 cycles. These trends are in alignment with the fitting 

results shown in Figure 7-4 (b)-(d), indicating that the fitting results are reliable for 

further analysis and comparison. 

From Figure 7-4(b), it can be noticed that the cell with only the EMC electrolyte has 

the highest series resistance, while the cell with RD265, which involves both EC and 

additives, has the lowest series resistance. This is because lithium ions are known to 

be preferentially solvated by EC molecules due to the higher binding energy of 

Li+...O=C(R) in EC than that of EMC[26], [167]. Therefore, with EC involved, a 

higher dissociation degree of LiPF6 can be achieved, and it will be easier for lithium 

ions to move across the electrolyte, thereby resulting in a lower series resistance[168]. 

It can be observed that with different additives, the series resistance of EC free 

electrolytes can be reduced to different levels; all of them demonstrate a significant 

decrease for the first 10 cycles. This decrease is possibly attributed to the low 
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dissociation constant of LiPF6, which is more likely to appear in ionic pairs or clusters 

of LiPF6 in the electrolyte[167]. During the process of associating with additives and 

forming a passivated film on the anode, the dissociation level of LiPF6 becomes 

higher, which in turn, reduces the viscosity for lithium ions going through the 

electrolyte. Regarding reducing series resistance for EC free electrolytes under high 

voltage, the FEC shows the best performance with the lowest series resistance among 

all EC free electrolytes while VC presents the highest series resistance for EC free 

electrolytes with additives. The dramatic increase for series resistance of cells with 

H0B01, RD165 and H04 after 70 cycles can be attributed to the cell fading, which is 

in agreement with the cycling performance as shown in Figure 7-3. 

It can be noted from Figure 7-4 (c) that initially, cells with EMC only, EMC/PES and 

VC contained EC free electrolytes displayed much higher SEI resistance compared 

with other cells. Moreover, for cells with EMC only and EMC/PES electrolytes, it 

takes about 40 cycles to bring the high SEI resistance to a lower and stable level as 

other cells. These results indicate that the SEI layers formed with EMC only and 

EMC/PES electrolyte demonstrate the highest resistance and the most instability 

among those with other electrolytes. It can also be concluded that the SEI layers 

formed with VC-based electrolytes (H01 and H05) generally present a higher 

resistance compared with those with FEC-based electrolytes (H02 and H03) for the 

first 20 cycles. This is in agreement with findings in existing studies that during the 

SEI forming process, the SEI layers formed with FEC are normally denser and less 

resistive compared to those formed with VC-based electrolytes[169]. Additionally, it 

can be noticed that all cells with the FEC additive demonstrate a more stable resistance 

in SEI compared to others, which proves that FEC could help to form a low resistive 

and stable SEI layer on the anode surface.  

Regarding charge transfer resistance, it can be observed from Figure 7-4 (d) that for 

cells with EC-containing electrolytes, there is a noticeable increase in charge transfer 

resistance during the entire cycling process; this is in agreement with EC-involved Si 

full cell systems[117]. However, for cells with EC-free electrolytes, the charge transfer 

resistance demonstrates a different level of decrease at the beginning and remains 

stable until the fading point of the cell, which is quite similar to the trend of charge 

transfer resistance in Si-based half-cells reported in the previous chapter (as shown in 

Figure 5-6 and Figure 6-13). This indicates that for the cells with EC involved, the by-
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products of EC oxidation on the surface of the NMC cathode could accumulate over 

cycling, which dominates the increase of charge transfer resistance. Whit the 

exception of EC from the electrolyte, the trend of charge transfer is most likely 

dominated by the phase change of the Si surface during the cell fading as explained in 

Chapter 5. Also, it can be noticed that the general charge transfer resistance is higher 

for cells with EMC only, EMC/PES and EMC/VC electrolytes compared to those 

involving FEC, possibly due to the higher resistance of the decomposition products 

from PES or VC. This is also in alignment with reported impedance results in 

literatures[27], [117], [140]. 

 

Figure 7-4 a) Electrochemical impedance spectroscopy example for Si-FLG/NMC full cell with H01 electrolyte and 
the fitting result for b) series resistance (inset: zoom-in of the data set), c) SEI resistance, and d) charge transfer 
resistance of Si-FLG/NMC full cells with different electrolytes. 

7.7    Post-mortem Surface Chemistry Analysis 

According to charge transfer results in the last section, the interface charge transfer 

resistance for all cells with EC free electrolytes are in alignment with Si-based half-
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cells, indicating that the Si electrode dominates the charge transfer resistance, which 

is one of the main fading mechanisms. Therefore, post-mortem XPS analysis has been 

conducted to investigate the surface chemistry on a pristine Si electrode and the ones 

with a different electrolytes after 100 cycles. Figure 7-5 summarises the result of a 

high-resolution survey on Si 2p. It can be observed that for pristine Si electrode, the 

main components on pristine Si electrode are mainly Si and Si dioxide layer. For most 

cycled electrodes, the peak for both SiO2 (~104 eV) and Si (~ 99 eV) disappeared 

except there is still a reduced peak for Si detected on the electrode with RD165 

(EC/EMC), possibly because most Si electrodes were covered by a thick SEI layer 

after 100 cycles and the weak peak for Si would be likely overlapped with the Li-Si 

peak. While for Si electrodes with EC/EMC electrolyte, it is likely under the 

circumstance that by the point of taking XPS measurement, there was electrode 

cracking on the surface of this Si electrode, which broke the SEI layer covered on Si 

particles. It has been reported that with EC-based electrolytes without any additives, 

Si electrode cracking is more likely to occur in the perpendicular direction with the 

electrode surface and rapidly grow deep into electrode[150].  

Regarding the components of the SEI layer on Si electrodes, it can be noticed that all 

electrodes display a peak at about 101 eV and 102 eV, representing SiOx. This is a 

suboxide state of Si and usually exists in the interface between SiO2 and Si[170]. The 

presence of SiOx in SEI layer of Si electrodes has been proven in the literature despite 

sometimes being difficult to identify when it is overlapped with the peak referred to 

LixSiOy due to peak shifting with different distribution among Si+, Si2+, and Si3+ 

oxidation states[125], [171].  

LixSiOy is one of the common species of SEI layer that reported in Si electrodes[162], 

[171][172], which is corresponding to the peak around 100 eV. It has been reported 

that LixSiOy commonly existed in the inner layer of SEI and with FEC-based 

electrolytes, the formation of LixSiOy can be suppressed due to FEC promotes the 

formation of LiF[162], which agrees with the XPS spectra for Si electrodes with 

RD265, H01 and H02 in Figure 7-5. Also, it has been mentioned in chapter 5 and 

Chapter 6 that Si particles are likely to be electrochemically fused together through 

the SEI species LixSiOy. Therefore, the intensity of LixSiOy can also represent the 

fusion severity within the electrode thus determines the cyclability of the cell. 

Additionally, there is another SEI component that could be observed in Figure 7-5, 
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which is the ester polymer (located at 103 eV) that esterified between Si-OH and 

organics that contained carboxyl groups. It is believed that this polymer component is 

relatively stable hence it could help to maintain the stability of SEI layer[162]. It can 

also be noticed that for Si electrodes with EMC/VC there is not Si-ester bond appears 

in the Si 2p spectra, which possibly because the polymer component formed with this 

electrolyte system is not likely to be esterified with Si-OH. 

 

Figure 7-5 High-resolution XPS spectra for the element of Si 2p on Si-FLG electrode: pristine and after 100 cycles 
in different electrolytes.  

Figure 7-6 displays the XPS spectra for the high-resolution survey of F 1s on Si 

electrodes, which primarily represents the fluorine-contained SEI species. It can be 

observed that there are two main fluorine-based SEI components for all electrodes, 

namely LiF (located at 685 eV) and LiXPOYFZ (located at 687 eV). It has been reported 

in several studies that LiXPOYFZ is the decomposition product from LiPF6, which is 

less stable than LiF[114], [169]. Therefore, cells with more stable LiF other than 

LiXPOYFZ are favoured for improving the stability of SEI. In Figure 7-6, it only 

compares spectra of the cells with RD265 and RD165; it can be noted that the cell 
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with RD165 (EC/EMC) contains much less LiF and a higher amount of LiXPOYFZ due 

to the lack of additives and several other SEI components such as LiPxFy and 

fluorocarbon. This possibly comes from the oxidation of EC under high voltage. 

Interestingly, if we compare Si with RD165 and H0B01, it can be revealed that by 

simply removing EC from the electrolyte, more LiF could be formed and the formation 

of LiXPOYFZ will be suppressed, suggesting that under high voltage without the 

presence of additives, EC will suppress the formation of LiF and generate more 

organic decomposition products. It can also be noticed that for the VC-containing 

electrolyte, there are fluorocarbons (referred to peak at 688 eV) that decomposed from 

LiPF6 presenting in SEI layer, which has been rarely explained in the literature. 

However, it appears that with these additional fluorocarbons there is no negative 

impact on the electrochemical stability for the cells with H01 electrolyte compared 

with those excluding fluorocarbons according to the result in Section 7.5 and Section 

7.6.  

 

Figure 7-6 High-resolution XPS spectra for the element of F 1s on Si-FLG electrode: pristine and after 100 cycles 
in different electrolytes.  
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Figure 7-7 High-resolution XPS spectra for the element of O (1s) on Si-FLG electrodes: pristine and after 100 cycles 
in different electrolytes. 

As shown in Figure 7-7, the O 1s spectra displays that there are three main peaks 

detected on the surface of the Si electrode, located at 531.7 eV, 532.8 eV and 534.4 

eV, respectively. O 1s at 531.7 eV can be represented for the C=O group derived from 

polymer binder as well as from the decomposition products of the electrolyte. The 

peak at 532.8 eV is the signal overlapped by Si suboxide and C-O group from polymer 

binder. The O 1s signal at 534.5 eV typically refers to the polycarbonate that comes 

from other derivation products of either polymer binder or electrolyte components. 

Generally, it is the weakest signal that can be detected among these three peaks on the 

Si electrode. However, it can be observed that for the Si electrode cycled with RD265 

there is an intensive peak for polycarbonate with a slight shift to a higher energy level 

(534.8 eV). This phenomenon has also been revealed in several studies, which 

suggests that this peak could be attributed to the formation of radical poly(VC) in the 

presence of a VC additive, the reaction is described in Mechanism below[173]–[175]. 

Interestingly, this intensive peak is not apparent on the Si electrode with H01 

(EMC+FEC+VC) and H05 (EMC+VC) with the difference being excluding EC from 
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the electrolyte. This indicates that the presence of EC could largely assist the formation 

of radical poly(VC), which is reasonable since it consists of repetition units of EC. 

The presence of the radical poly(VC) in SEI is considered to contribute a stable SEI 

layer, and this is one of the advantages of incorporating VC into the electrolyte. 

Therefore, after excluding EC from the electrolyte, this benefit from VC has been 

minimised. 

                                   

To further investigate the effect of electrolyte decomposition on the surface of the 

cathode, O 1s spectra on NMC electrodes taken from Si-FLG/NMC full cells has also 

been analysed. It can be observed from Figure 7-8 that, for pristine NMC electrode, 

the peak at 529.5 eV represents the O from the metal oxide of NMC, while the other 

two peaks on the side refer to C=O (531 eV) and C-O bond (532 eV ~ 533.5 eV) that 

from Li2CO3. It can be noted in all cycled electrodes that the O signal from NMC is 

primarily reduced, while either one or both of C-O and C=O peaks demonstrate a 

significant growth after cycling, indicating the formation of organic products that 

decomposed from the electrolyte. There are also polycarbonates (534 eV) existing on 

the surface of NMC due to the electrolyte decomposition. Constantly, with findings 

from the anode, the presence of radical poly(VC) can also be detected only on the 

surface of NMC with RD265, which proves that the decomposition of VC occurs on 

both sides of the anode and cathode with EC involved. Additionally, there is a small 

peak at 528.5 eV, which represents Li2O, detected on some NMC electrodes and it is 

more evident in the cells with RD165 (EC/EMC), H02 (EMC+FEC) and H04 

(EMC+PES). Li2O is considered as an unstable SEI component since it is generally 

located at the outermost surface of SEI and can easily react with POF3 for further 

oxidation[175], [176]. It can be noted that for cells with VC-involved electrolytes, the 

intensity of Li2O can be dramatically decreased or even eliminated, thereby indicating 

that VC could effectively suppress the formation of Li2O. While comparing the cells 

with RD165 and H0B01, it can be concluded that by simply removing EC from the 

electrolyte, the amount of Li2O can be significantly reduced since Li2O has been 

reported as the predominated product that decomposed from EC; this situation can be 
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worsened under high voltage due to the instability of EC[177]. This could also explain 

the improvement of the stability for the cells with H01 (EMC+FEC+VC), compared 

to those containing RD265 (EC/EMC+FEC+VC). It has been suggested in the 

literature that PES has the better effect in eliminating Li2O compared to VC[175]; 

however, for the EMC/PES system in this study, there is still a noticeable amount of 

Li2O detected on NMC, indicating the benefit of PES could not be achieved alone 

without EC under high voltage. 

 

Figure 7-8 High-resolution XPS spectra for the element of O (1s) on NMC electrodes: pristine and after 100 cycles 
in different electrolytes.  
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necessary to enable the formation of the passivated film on electrodes. The results 

show that EC free electrolyte (H01) with a combination of FEC and VC demonstrates 

the best performance in terms of improving the cyclability of Si-FLG/NMC full cells 

with 68.75 % capacity retention after 150 cycles. Removing EC from electrolytes 

could result in higher impedance for the electrode during lithiation since EC could 

help to dissociate LiPF6 and improve the rheology property of the electrolyte. With 

FEC incorporated, cells with the EC free electrolytes could achieve a reasonably low 

and stable impedance over cycling.  

The SEI components formed on the electrode surface with different electrolyte 

additives have also been investigated through XPS spectra. It revealed that after 100 

cycles between 2.5 V – 4.4 V, the main species found in SEI on all Si electrodes are 

Li2CO3, SiOx, LixSiOy, LiXPOYFZ, LiF and polymer components. LixSiOy can also be 

detected on most electrodes, but since it usually exists in the inner layer of SEI, it does 

not appear on the electrode with H01 electrolyte, possibly due to a thick and stable 

SEI layer being formed. Among these SEI components, LiF and ester polymers have 

been recommended as the most favoured species concerning stabilising SEI layer, 

while the unstable species such as LixSiOy and LiXPOYFZ are suggested to be 

suppressed with appropriate additives. It has been proven in this study that FEC could 

suppress the formation of LixSiOy to some extent, and removing EC from electrolytes 

could suppress the formation of LiXPOYFZ. There is another unstable SEI species - 

Li2O detected on some NMC electrodes. It has been proven in this study that removing 

EC from the electrolyte could reduce or incorporate VC as an electrolyte additive, 

which could suppress the formation of Li2O, thus, achieve a more stable electrolyte 

interface on the cathode side. The only drawback for excluding EC is it could minimise 

the formation of a stable polymer – radical poly(VC) in the VC-involved electrolytes, 

which reduces the stability contributed from VC. Therefore, a EC free electrolyte with 

a combination of FEC and VC additives has been recommended, since FEC could also 

generate a reasonable amount of polymer species on SEI, which compensates for the 

lack of a radical poly(VC). This finding is in alignment with the improved 

electrochemical performance for cells with the electrolyte of EMC/FEC/VC.   
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Chapter 8 Conclusion and Suggestion for 

Future Work 

 

 

8.1    Summary of Main Findings 

This primary objective of this thesis is to develop the high-energy Li-ion battery based 

on Si anode and to improve the cycling performance with addressing a holistic 

approach that is required to accommodate the dynamic challenges presented by Si 

undergoing alloying with Li-ions to high storage capacities. This includes problematic 

volume expansion and a continued loss of Li-ions due to the formation and reformation 

of SEI layers. To achieve this target, several approaches have been taken including 

optimising the composite formulation of Si electrodes, developing a robust binder 

system and investigating a suitable electrolyte for Si full cells that can be stable for 

cycling under high voltages. Comprehensive studies have been conducted for each 

approach, which is outlined in more details in different chapters. The main findings of 

each chapter are summarised as follows. 

Chapter 4 and 5 focussed on approaches to develop the optimised composite 

formulation of the Si electrodes. Chapter 4 investigated three different carbon mixtures 

and compared them with the standard additive carbon black, which has been the 

conventional conductive additive used in Li-ion batteries. The results suggested the all 

cells with carbon mixture showed better performance in terms of rate capacity and the 

longest cyclability under high C rate compared to those containing only carbon black 

as the conductive additive. It validates the hypothesis that combining different carbon 

morphologies allows for maximising both long and short rage conductive networks 

and structurally stabilises the composite through maximising the physicochemical 

interactions. Among these carbon mixtures, the one that includes carbon black, 

graphite and MWCNTs demonstrated the best performance. However, the low 

viscosity of slurry resulted from the manufacturing process prevented it from being 

further applied into Si systems in this thesis considering there is a need for a large-
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scale coating with this slurry at the later stage. In the end, the carbon mixture 

containing carbon black, graphite and FLG was considered for further investigation in 

Si electrodes in this study due to its much-improved cycling performance under high 

C-rate and its reasonable viscosity of slurry for large-coating on battery pilot line.  

Based on the choice of carbon conductive from Chapter 4, Chapter 5 further optimised 

the Si composite electrode with incorporating FLG as the combined active material. 

A formulation matrix was conducted to identify the optimized Si-FLG ratio, and as a 

result, the formulation of 60 wt% Si, 16 wt% FLG, 14 wt% NaPAA and 10 wt% carbon 

mix was recommended due to its longest cyclability (with 80 % capacity retained after 

230 cycles) even under high current density 360 mA/g. Based on this optimized 

formulation, further characterisation including nano-indentation test, SEM and EDX 

imaging for cross-section, CC cycling, differential capacity analysis, and different 

impedance spectroscopy techniques have been conducted to comprehensively 

understand the contribution from FLG in terms of mechanical and electrochemical 

behaviours in the Si-FLG electrode as well as to analyse the failure mechanism 

according to Si phase change. It was concluded that regarding structure optimisation, 

FLG could improve the tensile property of the electrode and this in turn better tolerate 

the significant volume change of Si. Also, with incorporation of FLG, the 

electrochemical fusion in Si electrodes through its SEI components can be prevented 

to some extent, thus maintaining the stability of the electrode structure. In terms of 

electrochemical performance, FLG could contribute a capacity of 300 mAh/g in this 

system. Moreover, due to the superior electronic conductivity, FLG could help to 

maintain the overall series resistance of the electrode at a lower impedance level. 

Additionally, Si-FLG electrode demonstrated a much improved electrochemical 

stability, which postpones the increase of overpotential as well as the phase change to 

high-resistive crystalline Si phase. Regarding knowledge contribution, this study also 

introduced SPEIS as a more straightforward characterisation method for Warburg 

diffusion impedance, which could easily compare the variation trend of Warburg 

diffusion impedance with different SoC and cycle numbers simultaneously. With this 

method, it also contributes a novelty to the knowledge system that the Warburg 

diffusion impedance in the Si electrodes is highly phase-dependant.   

Chapter 6 investigated different polymer binder system for Si electrodes, starting with 

optimising a single polymer system based on PAA. It has been found that with partially 
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neutralized PAA with 70 mol% NaOH, NaPAA demonstrated much-improved cycling 

performance while involved into Si electrodes (maintaining stable at 1200 mAh/g for 

over 100 cycles while comparing only 40 cycles for PAA), due to its enhanced 

mechanical property in terms of adhesion force and tensile strength. The mechanism 

behind this improved property could be attributed to with introducing Na+, the polymer 

chain within PAA will be extended and stretched, which will present more active 

carboxyl group to form a strong covalent bond (ester type) with the surface of Si.  

Based on the findings with NaPAA, different binary binder systems were further 

investigated including PAA/PVA system and NaPAA/SBR systems. Due to the 

limitation condition of crosslinking between PAA and PVA, which is favoured for the 

acid condition, PAA was only partially neutralised with 8 mol % NaOH in this study.  

The complete performance of both PAA/PVA and pnPAA/PVA were investigated. It 

revealed that the optimised ration between PAA/PVA should be 60/40 and the heat-

treatment condition should be 150°C for 30 mins. Improved cyclability was achieved 

for Si-PAA/PVA (60/40) compared to Si-PAA system due to enhanced tensile 

property contributed from PVA, and further improvement of cyclability was indicated 

for Si-pnPAA/PVA (60/40) due to the stronger adhesion force with partial 

neutralisation. For NaPAA/SBR system, two different ratio – 2/1 and 5/1 between 

NaPAA and SBR were investigated. As a result, NaPAA/SBR (2/1) delivered a 

slightly longer cycle life than NaPAA/SBR (5/1), but both of them were not as good 

cyclability as the Si electrodes with NaPAA although they presented much improved 

tensile property. The failure mechanism could be attributed to the high resistance that 

induced by SBR, which was proved in the impedance analysis result.  

However, both binary systems did not show much improvement in electrochemical 

cyclability compared to NaPAA; hence a more comprehensive designed binder based 

on PAA with multi-level crosslinking within the polymer structure was introduced - 

PAA-Fe2+-FLG. This novel polymer demonstrated significant improvement in terms 

of tensile strength and adhesion force (similar adhesion force with NaPAA), thus 

resulted in a dramatic enhancement in half-cell cyclability of Si electrodes compared 

to Si-NaPAA electrodes, which maintained 1000 mAh/g after 200 cycles even cycled 

under the full capacity of Si (3579 mAh/g). The additional knowledge contribution 

from this chapter also addressed that to improve the performance of PAA based 

binders in Si electrodes, building and strengthening the ionic interaction within 
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polymer networks can be the most effective approach. Also, among flexibility, high 

stiffness and adhesion force, the latter two factors are considered as more important 

factors when designing binders for Si electrodes, since polymers with improved 

stiffness and adhesion strength generally demonstrate better cycling performance in Si 

electrodes. 

Chapter 7 investigated EC free electrolytes with different additives to be applied into 

Si-FLG/NMC full cells cycling upon to 4.4 V and compared with the performance of 

standard EC involved electrolytes. The results proved that EC-involved electrolytes 

could suffer from problems associated with EC oxidation under high voltage. 

Improvement in cycle life can be achieved with a combination of FEC and VC 

additives; however, there was still a dramatic capacity loss for first 50 cycles. 

Therefore, EC free electrolytes were recommended for Si-FLG/NMC full cells cycled 

under high voltage with appropriate additives included. To identify the optimised 

additives, comprehensive studies including water content measurement, oxidative 

limitation test, differential capacity analysis, CC cycling, impedance analysis and 

surface chemistry analysis were conducted. The result suggested that Si-FLG/NMC 

full cells with the electrolyte containing EMC/FEC/VC demonstrated the best 

performance in terms of cyclability, and also a relatively low and stable overall 

impedance was achieved. There was no apparent improvement contributed from PES 

in terms of cell cyclability, indicating that PES may not behave well in EC free 

electrolytes or that further modification in PES-based electrolyte systems was 

necessary. Additionally, there proved to be several advantages with removing EC from 

electrolytes to be cycled under high voltage, including suppressing the formation of 

unstable SEI species such as LiXPOYFZ on the surface of the anode and Li2O on the 

surface of the cathode. Also, FEC and VC have been proven to form a large amount 

of stable polymer esters that could maintain the stability of SEI. In the meantime, FEC 

could suppress the formation of LixSiOy on Si and VC could suppress the formation 

of Li2O on the surface of NMC, which were also considered to improve the stability 

of SEI. The only drawback for excluding EC was that it could minimise the amount 

of the stable polymer - radical poly(VC) that decomposed from VC; however, by 

combining with FEC, this disadvantage could be compensated.  
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8.2    Limitation of This Work 

Practical approaches for improvement were considered that would add scientific 

knowledge and also be industrially relevant. For each chapter in this study, the baseline 

materials chosen for optimisation was based on the good reviews in literature as well 

as meeting the requirement for easy large-scale manufacture. The materials and the 

approaches that were concerned as not suitable for battery scale-up pilot line were not 

considered such as the chemical modification on the material structure and 

synthesising functional nano-composite materials. However, there can still be a 

dramatic improvement in cyclability for Si electrodes through those approaches but 

how to get them industrialised would represent another research direction. 

Owing to time constraints during the acquisition of electrochemical cycling data (upto 

3 months at times) it was not always possible to carry forward new optimised systems 

into subsequent chapter territories for comparative purposes. For example, it remains 

inconclusive whether the optimised binder (PAA-Fe2+-FLG) can further improve the 

cyclability for Si-FLG/NMC full cells with EMC/FEC/VC. Also, only NMC-622 was 

chosen as the cathode material as it is considered a relevant material and easily 

obtainable to study (unlike availability of higher Ni-materials such as NMC-811). 

Hence the performance for EC free electrolyte for full cells of Si-FLG with other types 

of NMC chemistries or other high voltage materials such as NCA were not possible to 

include within the scope of this study. 

All of the electrochemical characterisations in this study were conducted in coin cells, 

hence whether the optimised materials can achieve similar performance in large cell 

format is yet to be demonstrated but constitutes an interesting possibility for future 

technology development and transfer. There could be other processing factors to 

consider at large-scale fabrication also; problems that only emerge whilst 

manufacturing the battery at pouch cell level. These can include new requirements for 

the slurry to achieve large area double-sided coating, polymer synthesis at large scale, 

gas generation problems for electrolytes during formation and relevant other safety 

issues. 
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8.3    Suggestion for Research in the Future 

Based on the findings in each chapter and the limitation of this work, further 

investigation on improving Li-ion battery based on Si electrodes can be summarised 

as follows. 

It has been proven in Chapter 4 that the carbon mixture containing carbon black, 

graphite and MWCNTs demonstrated a much-improved performance in terms of rate 

capacity and cyclability under high C-rate. However, the manufacturing method for 

adding MWCNTs into Si slurry needs to be optimised to achieve a higher viscosity 

for large-scale coating. The research point is how to control the water content while 

assure to get MWCNTs well dispersed in the meantime. Once this problem is solved, 

the carbon mixture with MWCNTs is promising to help Li-ion batteries incorporating 

Si electrodes realise fast charging.  

For the Si-FLG electrode that has been optimised in Chapter 5, the binder system and 

optimised carbon conductive characterised in the future can be incorporated to verify 

the improvement in this optimised formulation. Concerning the relationship between 

Warburg diffusion impedance and Si phase change, further operando NMR 

characterisation can be involved to obtain the accurate phase change of Si at different 

SoC in this system. This can better establish the knowledge system as in Chapter 5, 

the phase change of Si at different voltage was referred to literature where NMR 

conducted on other Si systems, which might have errors with the Si-FLG system in 

this study. 

Regarding the polymer binder investigated for high-content Si electrodes, more binary 

cross-linking binder systems should be explored that replace PAA with a polymer that 

could form a stronger covalent bond with the Si particles. Also, with the knowledge 

finding summarised in Chapter 6, more multi-level cross-linked polymers can be 

tailor-designed and characterised in Si electrodes. Additionally, the ability of the 

optimised polymer to be manufactured in a large volume should be considered. 

To further improve the energy density and cyclability within Si full cells based on the 

findings in Chapter 7, a comprehensive study on high-voltage cathodes in pairing with 

Si anodes needs to be conducted. To reduce the initial loss, methods including pre-

lithiated treatment on Si anode, amorphising Si particles and alloying with other 

materials that could help with buffering expansion issues could be investigated. 
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Regarding the choice of electrolyte to be applied under high voltage, the EC free 

electrolyte are considered to be a good start since cyclability improvement for Si-

FLG/NMC full cell has been proven in this study, but more candidates and 

combination of additives can be further investigated. To better understand whether 

PES is suitable for EC free electrolyte systems under high voltage in Si-FLG/NMC 

full cells, modifications on PES or incorporation with other additive candidates can be 

considered. 

With the optimised materials identified for Si full cells, manufacture and 

characterisation at the pouch cell level are suggested to be conducted, since it will 

address new challenges for the manufacturing process, electrode and electrolyte 

behaviours, and safety issues. 
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