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Abstract 

Among the portable electronics market, Li-ion batteries remain the preferred choice for 

many applications, due to their high specific energy. However, current battery 

technologies have flaws associated with both their chemistries, manufacturing methods 

and architecture. Battery and device architectures are regularly kept as separate entities 

during product design, and only put together in the final design, unnecessarily increasing 

device footprint, costs and weight. Herein, we explore an alternative approach to these 

limitations, by developing an integrated battery antenna system. The three main 

components of the battery: the cathode, the electrolyte and the anode are investigated 

with an aim to design an all-solid-state flexible, wearable, body conformable antenna 

battery system. 

Li2FeSiO4 is explored as a high capacity, environmentally benign cathode material. 

Utilizing in-operando XAS and ex-situ XRS to explore the origin of the materials’ 

additional capacity associated with the removal of >1Li+ per unit formula. It is found that 

oxygen contributes, reversibly, as a charge compensation mechanism to the additional 

capacity. 

A PEGDA based solid polymer electrolyte membrane (PEM) is explored as a high 

performance, high conductivity, flexible, stretchable and thermally stable alternative to 

liquid electrolytes. The PEM is found to be stable up to 4.7V vs Li/Li+ and yield a 

conductivity of 1.4x10-3Scm-1, which places it securely into the “superionic” region. . For 

the first time, this system has been applied to a full-cell configuration, yielding strong 

cycling performance throughout, with full-cell capacities reaching as high as 151mAhg-1 

at room temperature. 

PEDOT:PSS is a mixed conductive polymer, assessed as a potential anode material. The 

material was deposited using three different techniques: (I) tape casting (II) spray-

coating (III) inkjet printing. It was found that cycling performance was heavily dependent 

on the manufacturing technique employed. Inkjet printed, binder free films exhibited 

the greatest performance with capacities stable across all 50 cycles tested. 
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Finally, the PEDOT:PSS anode was incorporated into an on-body electronic device – an 

RFID antenna, utilizing the antenna architecture as a dual purpose component. The 

antenna powered by the integrated battery exhibited strong performance 

characteristics, matching those of a commercial coin cell battery. 
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1 Introduction 

1.1 Integrated Design 

Integrated Design (ID) refers to the use of product architecture to fully integrate a 

battery within a product. Most products are designed first and foremost, for their 

primary functionality, however, their form is often dictated by component dimensions 

e.g. the battery. This is largely due to current battery technologies standardised 

design, i.e. rectangular or cylindrical blocks. This can greatly affect the final products’ 

shape and size. For many static technologies, this may not be an issue. However, its 

importance grows when considering portable and/or wearable technologies. 

Wearable technology is a rapidly emerging market, with manufacturers looking to 

design body-conformable devices such as wrap-around displays, wearable heart-rate 

monitors, fitness trackers, smart watches and other wearable devices. Thus far, all 

commercialised products have been relatively bulky and blocky, not because the 

technology of the electronics demands this, but due to the design constraints imposed 

by the battery to power the electronics. These products can benefit greatly from ID; 

take the “smart watch” concept, current products are typically thicker than 1cm and 

are housed in blocky casings. However, many of the manufacturers of these watches 

have demonstrated their capability of producing low profile, curved and even flexible 

displays. The reason products have been limited to bulky housing is due to the battery 

and its inability to flex, or easily conform to 3D architectures. With ID and the use of 

the novel deposition technologies (section 1.7), battery design can be modified to 

enable wrap around, body conformable energy storage. For example, watch straps 

could become multifunctional by integrating a battery, therefore reducing the overall 

profile whilst retaining functionality. 

The concept of ID is not a new one; many research groups have investigated the use of 

novel battery technologies and electronics with the aim of developing products with 

lower profiles, reduced weight, body conformability and flexibility [1] [2] [3] [4] [5]. 

However, these products usually focus on either the electronics or the battery, often 

referencing potential applications rather than developing a truly integrated product. 
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Nonetheless, these novel battery technologies are a promising step towards truly 

integrated devices. These novel technologies often implement the use of solid-state 

electrolytes (Section 1.5.5), for their potential flexible characteristics, mechanical 

strengths and safety which is of paramount importance when designing close to skin 

wearable technologies, encouraging further research on solid polymer electrolytes.  

Figure 1.1 shows an example of a body conformable, potentially low-profile device 

designed for temperature sensing and data logging with Bluetooth wireless operation 

[3]. However, despite using flexible PCB and hydrogel substrates, their power source is 

a large bulky LiPo battery. This detracts from the devices low profile nature and 

significantly increases the weight of the product. 

Another approach to this would be to implement ID and incorporate a low profile, 

flexible battery, making use of the devices large surface area. Using a larger surface 

area for the battery allows for a reduction in profile whilst maintaining the necessary 

capacity to power the device. This is the approach investigated in this study, to design 

Figure 1.1: An example of a wearable, body conforming electronics product (adapted with permission 
from AAAS [3]) 
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a low profile fully integrated battery antenna system (IBAS), taking it a step further by 

utilising the antenna itself as a major component of the battery (current collector), 

further reducing the devices profile, weight, cost and complexity [6]. 

1.2 Aims of the Research 

The aim of this research is to investigate various pathways to creating a better battery 

and exploring manufacturing techniques with the aim of creating an integrated battery 

antenna system (IBAS). The IBAS is designed to be an on-the-skin wearable and body 

conformable device, this means it is necessary to explore chemistries that exhibit low 

toxicity, improved safety, allows for cell flexibility (body conformability), has a high 

enough capacity and voltage to power the devices electronics, also, due to the 

integrated design, must be rechargeable and reliable as the battery will not be 

removable. The thesis explores many components of a battery and ranges from 

synthesising and characterising low cost, non-toxic and environmentally friendly 

electrode materials, using a variety of in-house and national facility synchrotron 

radiation techniques (chapter 3), to exploring mixed conducting polymer electrodes 

and different approaches to manufacturing, by investigating a variety of deposition 

techniques and their implications for battery technologies (chapter 4). Battery safety 

and versatility is taken into consideration in chapter 5, where solid polymer 

electrolytes are investigated for use in an all-solid-state full-cell battery, the system 

explored exhibits high room temperature ionic conductivity, high thermal stability, 

high flexibility and stretchability. Finally, chapter 6 presents the low profile, body 

conformable IBAS and details its performance characteristics, comparing the antenna 

performance using the integrated battery with that of a traditional coin cell. 

Figure 1.2 illustrates the strengths and weaknesses of each of the materials chosen for 

this study, where a higher number signifies better performance e.g. lower toxicity, 

higher capacity, lower cost etc. Looking at the Li2FeSiO4 we see strong performance in 

terms of safety, cost, toxicity and capacity. Whilst PEDOT:PSS exhibits good 

performance regarding toxicity, safety, conductivity, flexibility and cost. Lastly the 

PEGDA PEM shows strong performance in safety, stretchability and flexibility. These 

are all essential attributes when considering materials for use in the IBAS and justifies 

their selection for this study. 
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1.3 Energy Storage – The Humble Battery 

The World we live in today has become dependent on energy. Electrical energy 

generated using multiple methods, from a host of sources – fossil fuels, nuclear, wind, 

hydroelectric and solar are among the largest providers. This energy is needed to feed 

our lifestyles. Today’s world runs because of the energy we are able to generate. 

Industrial production, electronic appliances in the work place or at home, portable 

electronic devices, electrical vehicles etc. are all tasks that are dependent on 

electricity. Many of our common energy sources produce power within limited time 

intervals, however, energy is in demand 24 hours a day, 7 days a week. It has, 

therefore, become essential to store energy for use when needed. There are several 

ways to store energy, which can be categorised as shown in Table 1.1 [7]. 

Table 1.1: Categorised Energy Storage Systems (adapted with permission [1]) 

Mechanical Thermal Electrical Chemical Electrochemical 

Pumped Hydro 
 
Compressed 
Air 
 
Flywheel 

Latent Heat 
Storage 

Capacitor 
 
Supercapacitor 
 
Superconducting 
Magnetic 

Hydrogen Fuel 
cells 
 

Secondary 
Batteries 
 
Flow Cells 

0
1
2
3
4
5
Safety

Gravimetric
Capacity

Toxicity

Cost

Conductivity

Rate
Performance

Li2FeSiO4

0
1
2
3
4
5

Cost

Capacity

Toxicity

Flexibility

Safety

Conductivity

PEDOT:PSS
0
1
2
3
4
5

Cost

Safety

Conductivity

Flexibility

Stability

Stretchabilit
y

PEGDA PEM

Figure 1.2: Radar plots showing the defining properties of Li2FeSiO4, PEDOT:PSS and PEGDA PEM selected for this study 
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Whilst many of the solutions shown are effective methods of energy storage, many 

require large areas or specific environmental scenarios e.g. pumped hydro and latent 

heat storage. Few of the aforementioned storage systems are suitable for applications 

such as portable electronics, and are therefore, more suited to grid applications. It is 

for these reasons that no other system has become as intimately integrated into our 

lives as batteries. 

Batteries have played a part in our lives for many years; there is even evidence to 

suggest that batteries were in use thousands of years ago, in the form of the Parthian 

battery [8]. Of course, these batteries were primitive, and therefore, unable to 

produce a significant amount of current or voltage. The first “modern” battery was 

invented by the Italian scientist, Alessandro Volta in 1800. He piled up layers of copper 

and zinc electrodes, separated by layers of cloth soaked in sulphuric acid, which acted 

as an electrolyte. This battery is today known as the “voltaic cell” [9]. One major 

drawback of this type of battery is that once the energy is used it cannot be recharged, 

known as a “primary” battery. 

The rechargeable, “secondary”, battery was invented in 1859, by the French scientist 

Gaston Planté. This was lead acid based, similar to lead acid systems currently used in 

a number of applications, including vehicles. There are both advantages and 

disadvantages to “primary” and “secondary” type batteries, a few of which are listed in 

Table 1.2.  

 

Table 1.2: Advantages and Disadvantages of Primary and Secondary Batteries 

 Advantages Disadvantages 

Primary Low initial cost of materials  

High capacity 

High initial voltage 

Low self-discharge rate 

More expensive long term 

High waste when disposing 

Not suitable for “high 

drain” applications 

Secondary Low cost over long periods 

Long life  

Suitable for “high drain” applications 

High initial cost  

High self-discharge rate 

May require maintenance 

  



6 
 

The importance of the “secondary” battery is huge as it made the invention of portable 

electronic devices possible. It would now be almost unthinkable to introduce a 

portable electronic device without a secondary battery powering it due to our demand 

for convenience and due to the huge long-term cost of powering these devices with 

primary batteries. 

As demand for energy storage and portability increases so does the need for better 

performing batteries. This has led to a vast number of battery types being invented. 

Figure 1.3 shows the gravimetric and volumetric energy densities of different types of 

batteries. 

Each battery technology has its advantages and disadvantages; it can be seen that the 

aforementioned lead-acid battery has the lowest gravimetric as well as volumetric 

energy density, therefore eliminating its suitability in portable electronics based on the 

required battery size. Instead lead-acid batteries are better suited to applications such 

as vehicles with combustion engines, due to their rugged dependability and 

affordability. This is where Lithium-ion batteries excel, whilst being expensive and 

more fragile than other chemistries; they have a high specific energy, leading to a 

smaller and lighter battery than other comparable technologies. 

Figure 1.3 shows Li-ion batteries as a strong option with only lithium metal 

outperforming it. However, there are numerous concerns with lithium metal batteries 

Figure 1.3: A comparison of gravimetric and volumetric energy densities of various battery technologies 
(Adapted with permission [179]) 
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due to lithium dendrite formation on the lithium metal surface during repeated 

cycling, resulting in the battery short circuiting, making it unsafe as it may lead to 

thermal runaway and, eventually, cell combustion. As dendrite formation is a slower 

process in Li-ion batteries, this technology is well positioned as the frontrunner of 

energy storage. The reason Li-ion batteries dominate this sector is, in part, due to their 

high specific energy (energy density Wh/kg), but also because of their low 

maintenance and high specific power (W/kg). 

1.4 The Li-ion Battery 

Since its first commercialisation by Sony in 1991 [10], vast amounts of research has 

taken place on improving every component of the Li-ion battery. However, the basic 

principles have remained unchanged.  Figure 1.4 shows a schematic of the workings 

within a Li-ion battery, indicating each component. 

There are three main components to a Li-ion battery: A positive electrode (cathode) 

typically formed of a lithium containing metal oxide e.g. LiCoO2 or LiFePO4, a negative 

electrode (anode) typically a porous carbon e.g. graphite, and an electrolyte (ionically 

conducting medium) which incorporates a lithium salt e.g. LiPF6 dissolved into an 

organic solvent, often carbonate based, solvents e.g. ethylene carbonate:diethyl 
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Figure 1.4: A schematic diagram of a Li-ion battery in a state of charging 
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carbonate (EC:DEC). In addition to the three main components are other essential 

components which do not actively contribute to the chemistry of the battery, e.g. 

casing to prevent leakages and protect the battery from oxygen and water 

contamination, current collectors (Al and Cu foils) to act as an electrically conducting 

medium for positive and negative electrodes and the separator, to prevent internal 

short circuits between the anode and cathode. 

A battery stores and generates electrical energy through repeated redox 

(reduction/oxidation) reactions. Oxidation is when the oxidation state of an ion is 

increased by the removal of an electron, whereas reduction is when it is decreased by 

the addition of an electron. When the battery is being charged the Li+ ions are 

extracted from the cathode through the electrolyte transport medium to the graphite 

anode, which has a layered structure for efficient Li-ion storage. During charging, 

electrons pass through the external circuit from the cathode to the anode. Resulting in 

an oxidation of the transition metal ion in the cathode e.g. Co3+ → Co4+. Now this 

energy is stored to be used when needed. During discharge, this process is reversed 

and the oxidation state of the cathode is reduced i.e. Co4+  → Co3+. These two 

processes are repeated upon cycling (charging and discharging) of the battery. 

1.5 Improving the Li-ion Battery 

Upon closer inspection of the individual components of a Li-ion battery, there are 

many paths which can be taken to improve each one of them. The paths explored in 

this study will be briefly introduced and a justification will be presented according to 

current literature. 

When considering on how to improve a technology, many things must be considered, 

including the target customer, manufacturing methods, material costs, environmental 

implications and safety. For the Li-ion battery, the target audience is very broad due to 

a range of applications. However, the main applications are portable electronics and 

electric vehicles.  

Electronics with integrated battery solutions is an enticing prospect, enabling 

manufacturers to reduce size whilst maintaining capacity, or designing products with 

less restriction on battery form-factor. This requires advanced manufacturing 
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techniques giving greater control over material placement than the conventional 

methods currently used in industry such as tape casting (doctor blade). 

The automotive industry is heavily investing in post-combustion technologies due to 

growing concern over greenhouse gasses and other environmental issues, leading to a 

push toward electric vehicles. However, whilst this is a positive change, it has led to a 

closer inspection on the environmental costs of the lithium battery industry, and so, 

more environmentally friendly and cost-effective battery materials are desirable. In 

addition to this, alternatives to the currently used, harmful materials in electrode 

processing, such as, hazardous solvent N-Methyl-2-Pyrrolidone (NMP) have been 

sought out. High voltage and high capacity materials have also been heavily researched 

in an attempt to increase vehicle power and range. 

1.6 The Cathode 

Cathodes are a vital component in a battery; they must hold many essential 

characteristics to be considered for further research and potential commercialisation. 

A diverse selection of compounds have been considered for use as the positive 

electrode in Li-ion batteries. Among these, transition metal-oxides have stood above 

most other competitors, due to their redox abilities at elevated potentials (>3V). These 

transition metal-oxides are split into three main structure groups: layered, spinel and 

olivine, with examples shown in Figure 1.5. 

Figure 1.5: Crystal structures of olivine, layered and spinel compounds (adapted with permission [180]) 
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These crystal structures possess 1D tunnels (olivine), 2D layers (layered) or 3D 

networks (spinel) where Li+ ions are inserted and extracted. These structures and 

pathways allow for high reversibility and minimal volume expansion upon cycling. 

1.6.1 LiCoO2 (LCO) 

Layered LiCoO2 (LCO) was the first commercialised cathode material used in Li-ion 

batteries. Despite its success, LCO has shortcomings. LCO has a theoretical capacity of 

248mAhg-1, but in commercial cells, the material only achieves around 140mAhg-1 due 

to limiting the operating potential window below 4.2V [11]. This is due to severe side 

reactions and lattice distortions experienced during deep cycling (Li1-xCoO2 where 

x>0.5) [12]. Cycling above this point, therefore, leads to high capacity fading of the 

material. For this reason, LCO is typically cycled to x≤0.5, this reduces its energy 

density. In addition, LCO experiences transition metal (cobalt) dissolution into the 

electrolyte, due to small amounts of HF formation, which in turn, reacts with LCO 

further increasing capacity fade [13]. 

Many methods have been employed to reduce/eliminate these lattice distortions and 

suppress Co dissolution. Thin layer, chemically resistant coatings, have been deposited 

by chemical vapour deposition (CVD), sol-gel and atomic layer deposition (ALD) to act 

as a barrier between LCO and the electrolyte [14] [15] [16]. These coatings not only 

reduce direct contact between LCO and the electrolyte, creating a more stable 

interface and reducing Co dissolution, they may also increase electron mobility and 

suppress oxygen formation. In addition, they are also designed to react with HF to 

form more stable compounds [17] [18]. Figure 1.6 shows how such coatings affect 

capacity retention. It can be seen that, upon coating, capacity retention is greatly 

increased, with the coated sample exhibiting ≈13% increased capacity retention after 

50 cycles [19]. 
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Doping is another widely used method for increasing LCO performance. Here, doping is 

used to alter LCO’s capacity and/or increase structural stability, allowing for cycling 

beyond x=0.5 without the aforementioned lattice distortion. Figure 1.7 shows the 

capacity retention of LCO doped with Ti [20]. 

 

 A marked improvement is visible, the doped material exhibits high capacity retention 

and stable cycling even with the higher cut-off voltage of 4.5V, whereas the pure LCO 

exhibits rapid capacity degradation caused by structural instability. 

Whilst many groups have shown the potential to improve LCO as a cathode material 

and harness more capacity than a typical commercial LCO cell, they cannot change the 

fact LCO has other inherent flaws. Namely, high toxicity and high costs due to the high 

levels of cobalt. 

Figure 1.6: Figure showing pristine and NaAlO2 coated LCO 
capacity retention (adapted with permission [19]) 

Figure 1.7: Figure showing pure LCO vs Ti-doped LCO capacity retention (adapted with permission [20]) 
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1.6.2 LiMn2O4 (LMO) 

As a result, alternative materials have been sought out. One candidate proposed was 

spinel LiMn2O4 (LMO). LMO immediately solves two of LCOs major flaws, the removal 

of cobalt and the introduction of manganese reduces both cost and toxicity. LMO also 

exhibits strong high rate performance, however, LMO suffers from many of the same 

issues as LCO. Manganese dissolution and structural instabilities are among the 

numerous reasons LMO exhibit high capacity fading [21]. In addition, LMO has a low 

theoretical capacity of 148mAhg-1. Similar to LCO, multiple methods have been 

employed to improve LMOs characteristics, including doping and coatings [22] [23]. 

However, its low capacity limits its potential growth. 

1.6.3 LiNi0.8Co0.15Al0.05O2  & LiNixCoyMnzO2 (NCA & NMC) 

In the search for more structurally stable cathodes which exhibit both high capacity 

and high capacity retention, it was proposed that combining cobalt with other 

transition metals would improve these characteristics. Not only can the addition of 

other transition metals improve structural stability, but also reduce cost by reducing 

the effective cobalt content (when compared to LCO). Layered compounds, such as, 

LiNi0.8Co0.15Al0.05O2 (NCA) is a strong candidate which has been commercialised due to 

high discharge capacity (≈200mAhg-1). However, it has the potential of high capacity 

fading at elevated temperatures caused by large, unstable solid electrolyte interface 

(SEI) growth [24]. Another layered compound, LiNixCoyMnzO2 (NMC) also achieves high 

capacities, and operating voltages, whilst also having much higher stability than LCO. In 

addition, by controlling the amounts of Ni, Mn, and Co, NMC can largely be tailored to 

specific applications, with compositions favouring either high power or high energy. 

However, both NCA and NMC still contain environmentally unfriendly, costly and toxic 

materials (cobalt and nickel), which, when EV production expands, may become 

unviable.  

1.6.4 LiFePO4 (LFP) 

Therefore, cathode materials with a much lower economic and environmental impact 

have been researched. Olivine LiFePO4 (LFP) is one such material. Composed of 

environmentally benign and cost effective materials, LFP also exhibits high thermal and 

electrochemical stability, and reactions produce flat voltage plateaus, LFP was readily 
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commercialised. Issues with low ionic mobility and electronic conductivity were 

remedied by nanosizing and carbon coating, improving upon its rate performance [25] 

[26]. However, low operative voltages (≈3.3V) and unremarkable capacities   

(170mAhg-1) limit its potential in high capacity applications. 

1.6.5 Li2MSiO4 (L(M)S) 

The need for higher energy density and larger capacities has led to researching 

materials which can reversibly remove and reinsert >1 Li+ per unit formula. There are 

multiple options for this. One of the most promising is a lithium containing silicate, 

following the formula: Li2MSiO4 (M=Fe, Mn, Co, Ni). These materials offer the potential 

for the removal of 2Li+ per unit formula, therefore increasing energy density. Aside 

from the cost and toxicity of Co and Ni, the silicates synthesised using Co and Ni have 

very high redox potentials, with first reaction plateaus occurring above 4V and the 

second believed to occur above 5V. These voltages are beyond current electrolytes 

stability windows, therefore, poor cycling performance is typically observed in these 

materials, meaning that they are currently only accessing the first Li+ plateau, often 

achieving a reversible Li+ extraction of <0.5 [27]. Zhang et al. observed an LCS discharge 

capacity of 144mAhg-1, however, a sharp decline in capacity was observed in further 

cycling [28]. 

Alternatively, Li2MnSiO4 has been extensively researched due to its positive 

characteristics, including large capacities at relatively high potentials. However, it 

undergoes large structural rearrangements, introducing an amorphous phase upon 

first charge, leading to rapid capacity drop-off and poor reversibility [29] [30]. 

Li2FeSiO4 has gained a lot of attention. The material composition is cheap and 

environmentally benign, meaning that it would be well suited to the ever-expanding Li-

ion battery industry. It exhibits very good structural stability (after an initial structural 

rearrangement during the first cycle [31]) and strong thermal stability, leading to a safe 

cathode material. With regards to energy density Figure 1.8 shows experimental and 

theoretical energy densities vs operating voltages. 
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It can be seen that LFS scores strongly on theoretical energy density (1300Whkg-1) and 

working potential (4V). However, LFS performed relatively poorly experimentally in 

2005. Since then, performance of LFS cathode materials have been greatly improved 

[32] [33]. Achieving reversible, greater than a 1 electron reaction per unit formula even 

at room temperature, early cycling of LFS was undertaken at elevated temperatures to 

compensate for poor ionic and electronic conductivities inherent of silicate cathodes 

[34]. The potential for high energy density is attributed to LFS’s high theoretical 

capacity of 330mAhg-1 (accounting for a full 2Li+ extraction and reinsertion) whilst early 

studies showed reversibly capacities of <165mAhg-1 indicating up to a 1Li+ removal, 

more recent studies have achieved a greater than 1Li+ reaction. Figure 1.9 shows 

multiple cycles exhibiting a greater than 165mAhg-1. This shows promise for LFS as a 

high capacity cathode material.  

  

Figure 1.8: Theoretical and Practical energy densities of various cathode 
materials (adapted with permission [181]) 
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However, the operating voltage is still in the 3V region, which may make it unsuitable 

for high power applications. For the purposes of integrated electronics, high voltage 

systems are not of paramount importance, for this, LFS remains a strong candidate. It 

is for these environmental, stability and performance characteristics, that this material 

was chosen for this project. 

1.7 The Electrolyte 

The electrolyte is an essential component in a lithium ion battery; it is the ionically 

conducting medium providing Li+ transport between the anode and cathode, thereby 

completing the cell. An electrolyte must possess these attributes [35] [36]: 

1 It should exhibit high ionic conductivity to enable high rate capability and facile 

lithium insertion and removal. 

2 It should be an electronic insulator to avoid short circuits and prevent self-

discharge. 

Figure 1.9: Multiple cycles of Li2FeSiO4 cathode indicating high reversible capacity 
(adapted with permission [182]) 
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3 It should be electrochemically stable vs electrode materials in both the anodes and 

cathodes working potentials, to prevent both electrolyte degradation and 

reactions with the electrode materials. 

4 It should be inert to all other cell components, including packaging. 

5 It should exhibit good thermal stability at regular battery operation temperatures 

In addition to these essential attributes, there are other criteria which are desirable. 

Materials and production methods should be sustainable and low cost to allow for 

large-scale production. Materials should also be environmentally friendly, or at least, 

limit toxicity, recyclable and/or biodegradable. There have been many types of 

electrolytes, which can be categorised broadly into 5 categories: 1) Non-aqueous liquid 

(organic solvents) 2) Aqueous liquid 3) Ionic Liquid 4) Gel electrolytes and 5) Solid 

electrolytes. 

1.7.1 Non-aqueous Electrolytes 

Commercial Li-ion batteries use organic solvents as electrolytes, in which a lithium salt 

is dissolved. The most commonly used salt is LiPF6, typically in a 1M solution. The 

organic solvents are largely carbonate based organic solvents listed in Table 1.3. These 

solvents are used due to their low viscosities and wide-range liquid phases (low 

melting points Tm and high boiling points Tb), high flashpoints are also preferred due to 

safety concerns. It can be seen that not many of the solvents hold all desired 

attributes, so it is common to combine more than one solvent. 

Table 1.3: A table showing common carbonates and esters used in electrolytes for Li-ion batteries 
(reprinted with permission from [183]) 
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Propylene carbonate (PC) was the main solvent used in early Li-ion batteries, including 

the LCO cell first commercialised by Sony [10]. However, it was soon realised that PC 

forms unstable solid electrolyte interphase (SEI) and it co-intercalated with Li+ into the 

graphite anodes, eventually leading to exfoliation and, therefore, a reduction in 

capacity and continued electrolyte decomposition [37]. Ethylene carbonate (EC) was 

chosen as a combination solvent, due to its stable SEI forming properties. EC exhibits 

other strong electrolyte properties, readily solvation of lithium salts and high ionic 

conductivity, however, it has a high melting temperature of 36.4°C meaning it is 

unsuitable as the sole solvent in Li-ion batteries. It is, therefore, often mixed with 

other thinning solvents such as DEC, DMC and EMC. This combination of solvents 

mixed with a lithium salt such as LiPF6 yields an electrolyte with high ionic conductivity, 

a high reduction voltage ≈1.3V vs Li/Li+ allowing for early SEI formation on the graphite 

anode so it stabilises quickly [38]. 

Whilst carbonate based electrolytes remain a standard in Li-ion batteries today, they 

have many intrinsic flaws, namely: poor thermal stability, narrow electrochemical 

stability window (for high voltage applications, compared to some chemistries), 

volatile, high flammability, poor mechanical stability and have the potential to leak. For 

these reasons there is constant research into alternative electrolyte compositions. 

1.7.2 Aqueous Electrolytes 

One such alternative comes in the form of aqueous electrolytes. There are multiple 

advantages to the use of aqueous electrolytes including: low cost, low environmental 

impact, non-flammability, intrinsic cooling properties, very high ionic conductivities (up 

to 2 orders of magnitude higher than carbonate based equivalent), simplified 

processing (no humidity control is required) and low toxicity. These attributes show 

potential as a much safer alternative electrolyte to the standard carbonate based 

systems for use in integrated consumer electronics, where many applications involve 

wearable or close-to-skin technology and therefore, safety is paramount. 

Aqueous electrolytes have been considered as an alternative electrolyte since first 

proposed by Li et al. in 1994 [39]. However, owing to the narrow stability window of 

water (≈1.2V) and the potential for both O2 and H2 evolution upon cycling, its 
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applications have been, somewhat limited. However, Luo et al. showed that by 

adjusting the electrolytes pH, some control over the positioning of this window could 

be gained, as depicted in Figure 1.10 [40]. 

 This allowed some full cells to be cycled using electrodes which fit within this window. 

However, whilst the window can be shifted, it remains narrow and so, any resulting 

batteries would have relatively low potentials, typically in the 1V region [40] [41]. This 

would greatly limit their usage, in addition, the main candidate for anode materials 

were environmentally unfriendly vanadium based anodes [42]. 

However, it has been shown that the electrochemical stability window can be widened 

by the use of a “water-in-salt” electrolyte which, in turn, forms a stable SEI and 

enabling a voltage window of ≈3V [43]. This “water-in-salt” electrolyte consisted of 

highly concentrated LiTFSI salt (>20M) in water. At these concentrations the salt 

outnumbers the solvent in both weight and volume. Suo et al. found, using quantum 

chemistry calculations, that at these concentrations LiTFSI reduction at higher voltages 

than the hydrogen evolution, thus passivating and eventually supressing H2 evolution, 

Figure 1.10: Electrochemical stability windows of aqueous electrolyte and working potentials of various electrode 
materials (reprinted with permission [40]) 
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by changing its onset voltage from 2.63V down to 1.9V [43].  The access to larger 

stability window allows for a wider variety of chemistries to be used, increasing 

working voltages and enhancing energy density of aqueous Li-ion batteries. This was 

further improved by Yamada et al. [44] using a “hydrate-melt” electrolyte. Though 

these electrolytes contain very little water content, their voltage stability window was 

widened to ≈3.8V and enabled the use of lower voltage anode materials, such as, 

Li4Ti5O12 (LTO) producing cells with overall potentials around 3.1V. 

Other methods to further enhance aqueous electrolyte cells, include enabling the use 

of Li-metal and graphite anodes, which are considered unsuitable for aqueous cells. In 

both cases, Li-metal or graphite anodes have been firstly coated in a gel-polymer 

electrolyte then further coated in a LISICON ceramic electrolyte layer to protect the 

anode and prevent contact with the aqueous electrolyte [45], or coated with a 

hydrophobic SEI additive to promote a stable SEI formation prior to any contact with 

water, these methods have enabled the use of aqueous electrolytes in cells exhibiting 

potentials as high as 4V [46]. 

Whilst these are positive strides into supporting safer, more environmentally friendly 

batteries, their cycling stability and coulombic efficiencies still need great 

improvement. In addition to this, aqueous electrolytes still do not allow the use of high 

voltage cathode materials. 

1.7.3 Ionic Liquids 

Another proposed chemistry for electrolytes is that of ionic liquids (IL). Ionic liquids are 

ionic compounds (i.e. salts) with a melting temperature below 100°C. However, the 

main focus is on room temperature ionic liquids. They have become an interest in Li-

ion research due to their positive attributes: non-volatile, non-flammable, high thermal 

stability, high room-temperature ionic conductivities, high oxidation resistance (high 

voltage electrochemical windows) and no need for solvents. However, ILs often suffer 

from much higher viscosities than carbonate alternatives, therefore effectively 

reducing ionic conductivities. 

In addition, poor SEI forming properties and relatively high reduction potentials vs 

Li/Li+ (≈1.0V) of early ILs, such as those based on 1-Ethyl-3-methylimidazolium (EMI), 
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once again limited their use with graphite and metallic lithium anodes [47]. It is for this 

reason that the addition of small amounts of carbonate based additives, such as 

vinylene carbonate (VC), was explored to enable the formation of a stable SEI, 

protecting the graphite and allowing continued Li+ insertion and removal [48] [49]. It 

has also been shown that the addition of LiTFSI salt can change the stability windows 

of ILs, by passivating the graphite anodes [50]. In addition, it has been shown that 

some IL’s have enhanced stability vs Li-metal or graphite anodes and also exhibit large 

voltage stability windows >5.5V [51]. IL’s can, therefore, be used in high voltage cells 

using cathode materials such as LiNi0.5Mn1.5O4 (LNMO) exhibiting redox potentials as 

high as 4.8V [52]. However, the long-term stability of such a cell is limited, therefore 

further improvement is necessary. 

Ionic liquids are a promising step towards safer Li-ion batteries, however, due to their 

inherent downfalls, further research is necessary to improve cyclability, anode side 

electrochemical stability, and poor kinetics, which arise due to high viscosities. It has 

been proposed that ILs show promise as an electrolyte additive in standard carbonate 

based electrolytes to help improve safety and enhance upper-limit voltage windows 

[53]. 

1.7.4 Gel Electrolytes 

Thus far, due to their liquid nature, all aforementioned electrolytes suffer from one 

major issue, leakage. Batteries with leaking electrolyte will eventually kill the cell, but 

this can also lead to a host of safety issues, including environmental and flammability 

problems. To remedy this, polymer based electrolytes were proposed and have since 

gained a lot of attention and been commercialised. Polymer electrolytes were 

investigated as early as the 1970s [54]. These systems consisted of a lithium containing 

salt dissolved into a polymer matrix, these so called “salt complexes” are classified as a 

“dry polymer” electrolyte, which will be discussed further in the solid electrolyte 

(section 1.7.5). The inherent issue with dry polymer electrolytes is the very low room 

temperature ionic conductivity. This led to investigating methods to enhance ionic 

conductivities. As early as 1974 gel polymer electrolytes (GPE) have been investigated 

[55]. GPEs consist of a host polymer, swollen with liquid electrolytes, typically 

carbonate based, to form a gel. The liquid electrolyte acts as a plasticizer within the 
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polymer matrix, effectively suppressing crystallinity of the host polymer, thus 

promoting ionic conductivities. As opposed to a dry polymer electrolyte, where a 

polymer host is used for both structural support and an ionically conducting matrix, a 

GPE largely uses a polymer host for structural scaffolding alone, however, some groups 

have reported a considerable contribution of the polymer network to ionic 

conductivity values [56] [57]. 

In addition to improved mechanical stability, GPEs exhibit many of the positive traits 

associated with liquid electrolytes: high ionic conductivity, strong stability 

characteristics vs both positive and negative electrodes and wide stability windows. It 

is for these reasons that GPEs were readily commercialised, with the first commercial 

cell being produced by Bellcore in the 1990s, consisting of a poly(vinylidene fluoride)-

hexafluoropropylene (PVDF-HFP) host polymer, soaked with LiPF6 in EC:DMC liquid 

electrolyte with a SiO2 filler to enhance electrolyte uptake [58]. 

The introduction of GPEs to the commercialised market was a positive step towards 

flexible electronics design, the nature of GPEs allows for “lithium-polymer” batteries 

to be formed into a desired shape, enabling differently shaped cells to be used and 

allowing for any available space in a product design to be utilised. However, due to a 

lack of difference in the fundamental chemistry when compared to standard liquid 

electrolytes, many of the negative attributes associated with them remain: Poor 

thermal stability, no dendritic suppression, flammability and poor high voltage 

stability [53] [58]. 

However, due to the obvious strengths exhibited by GPEs they are still widely 

available in the commercial market and are still heavily researched with many groups 

researching GPEs in combination with not only carbonate based liquid electrolytes, 

but also other chemistries such as the aforementioned ionic-liquids [59] [60] [61]. 

1.7.5 Solid Electrolytes 

Another approach to Li-ion electrolytes is that of the all-solid-sate electrolyte. Solid 

state electrolytes hold many advantages over their liquid and gel counterparts. 

Namely, no chance of leaking, greatly improved thermal stability, strong stability 

window characteristics, non-combustible, less restrictive battery formation, dendritic 
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suppression and excellent mechanical properties [62] [63]. However, not all solid 

electrolytes exhibit all of these characteristics at once. Solid electrolytes come in 

multiple forms, typically categorised as: glass, ceramic and polymeric. Each has their 

advantages and disadvantages: 

1. Glass and glassy ceramic materials have no long range periodic ordering, this 

open structure is ideal when considering ionic conductivity as ions can move 

more freely due to multiple “defects” – sometimes purposefully engineered to 

create structural disorder. In addition, glass electrolytes can be absent of grain 

boundaries, which reduces internal resistance and can suppress inter-grain 

dendritic formation. However, the conductivities of many studied systems, such 

as Li2PO2N (LIPON) are still far too low to be comparable to liquid electrolytes, 

or suffer from stability issues [64, 65, 66, 67]. However, it has been shown that 

upon crystallisation of some glass electrolytes such as (Li2S)5(GeS2)(P2S5) 

conductivities can be increased due to a large drop in ion mobility activation 

energies EA [68]. 

2. Crystalline ceramic materials have been studied extensively as potential 

candidates for replacing liquid electrolytes. Ceramic electrolytes exhibit wide 

electrochemical windows (≥5.5V) and are thermally stable at temperatures in 

excess of 300°C [69, 70, 71]. 

Structures with multiple defects such as Sodium Super Ionic Conductor-type 

(NASICON) as LATP which follows the structure template: AxBy(PO4)3 where A is 

an alkali metal ion (Li, Na) and B is a multivalent metal ion (Ti, Fe) [72]. Lithium 

Super Ionic Conductor-type (LISICON), such as Li4SiO4, where doping through 

cationic substitution is used, such that Si4+ ions are substituted with Al3+ ions, 

creating larger tetrahedra and organised structure defects, allowing Li+ ions to 

sit interstitially which, in turn, promotes greater interstitial ionic movement. 

Changing from locally oscillating Li+ ions to interstitially hopping Li+ ions and 

even enabling “superionic flow”, hence, increasing ionic conductivity [73]. 

Garnet-type materials such as Li7La3Zr2O12 (LLZO) are highly stable vs lithium 

and can accommodate excess Li+ giving it potential as a solid electrolyte [74] 

and Perovskites e.g. lanthanum titanate (LLTO), show high bulk ionic 
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conductivity allowing for high lithium diffusion within the system [75]. 

However, due to very low grain boundary conductivity of LLTO its use as a solid 

electrolyte has been hindered [76]. 

In fact, grain boundaries and electrolyte:electrode contact is often an issue 

with crystalline ceramic electrolytes. If there is no ionic connection between 

the electrode material and the electrolyte then the capacity cannot be 

harnessed or if the conductivity between materials is low, then the cycle rate 

performance drops dramatically, restricting its use as an electrolyte. To 

improve the contact issues, many methods have been attempted, sintering is 

sometimes used to ensure a connected interface [77, 78]. However, this can 

affect the active materials themselves, creating new phases at the interfaces, 

changing its structure or chemical composition [79]. In addition, ceramic 

electrolytes may limit the thickness of the active material layer as the solid 

electrolyte does not percolate into the material as a liquid electrolyte would, 

thus reducing potential energy density. To try and remedy this, ceramic 

electrolyte coatings have been applied to electrode materials during synthesis 

[80] or ALD has been used for thin uniform coatings [81]. Whilst these methods 

can improve the performance of the electrolytes dramatically and increase 

both ionic conductivity and interfacial contact, they can also reduce electronic 

conductivity within the cast electrodes, thus increasing cell impedance [82]. 

Ceramic electrolytes can also be brittle, making them more suited to flat, thin 

film batteries [36]. 

Due to these issues, processing costs associated with ceramic electrolytes’ 

synthesis, deposition and high temperature post deposition treatments can be 

high. Ceramic electrolytes show great promise as an alternative to liquid 

electrolytes, however, fundamental issues need resolving to fully realise their 

potential.  

3. Solid Polymer Electrolytes (SPE) resolve many of the issues associated with 

ceramic electrolytes, whilst retaining many of their positive attributes. SPEs can 

be synthesised as free standing, flexible and stretchable films [83] [84]. They 

can exhibit broad temperature stability windows and wide electrochemical 

stability windows [85] [86]. They can be synthesised using quick, simplified and 
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cost-effective processing techniques such as solution casting and UV curing [87] 

[88]. However, SPEs have been plagued by low room temperature ionic 

conductivities. 

As previously mentioned, polymer-salt complexes were investigated in the 

1970s where Fenton et al. found that polyethylene oxide (PEO) complexed with 

a lithium salt became ionically conductive [54]. However, it was not until 1979 

that the first battery using a solid polymer electrolyte was made [89]. PEO and 

PEO-based electrolytes are still among the most actively researched SPEs today, 

owing to its high ionic conductivities (compared to other polymer host 

alternatives). However, conductivities of single polymer-salt complexes fall far 

short of the conductivities necessary to achieve a viable solid-state battery 

without further improvements. It has been suggested that the low room 

temperature conductivities stem from the rigid structure of the highly 

crystalline nature of the PEO polymer indicating that ionic conductivity takes 

place in the amorphous regions of a SPE [90] [91]. 

Since then a multitude of methods have been proposed in an effort to raise 

SPEs ionic conductivity, namely, suppressing polymer chain crystallinity via: 

cross-linking, co-polymerisation, the use of large anions and plasticisation, or a 

combination thereof [92] [93] [94] [95]. This has given rise to a range of highly 

stable, highly flexible and highly conductive, amorphous SPEs. 

It has been shown that whilst a very simple and cost-effective process, solution 

casting can lead to unwanted side reactions upon cycling, due to residual 

solvent within a cell [96]. Hence, it is often considered beneficial to be able to 

process SPEs without the use of solvents, resulting in research based on solvent 

free processing techniques, e.g. hot-pressing, melt-compounding and UV curing 

[97] [98]. Of these techniques the simplest, most cost-effective method is UV 

curing. Not only does this technique allow for large area, roll-to-roll processing, 

but also ensures good interfacial contact between electrolyte and electrode. 

SPEs show great promise as an alternative to standard liquid electrolytes. They surpass 

liquid electrolytes on many factors, the main factors being safety, processability, the 

possibility of 3D structural deposition and environmental impact. They are well suited 
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to printed electronics due to their liquid-solid transition, they are also suitable for 

wearable consumer electronics due to their potential for bio-compatibility and even 

biodegradability [99] [100]. It is a combination of these reasons that this study 

focusses on poly(ethylene glycol) diacrylate (PEGDA) as the host polymer. It holds 

many of the previously mentioned characteristics and can be synthesised into a 

plasticised, crosslinked, solvent free and UV curable solid polymer electrolyte as an 

alternative to liquid electrolytes. 

1.8 The Anode 

Another essential component in the Li-ion battery, the anode is the negative electrode 

in a Li-ion battery. Like the cathode, there is a wide variety of available materials being 

researched, but unlike the cathode, where multiple different materials have been 

successfully commercialised, the anode almost exclusively consists of graphite or other 

carbon based materials. However, as shown in Figure 1.11, there are many options 

when it comes to anode materials; the reason for minimal commercialisation of 

alternative chemistries is discussed here. 

 

As battery technologies advance, new anode materials which are tailored to more 

specific applications are required. This may not necessarily mean anodes with higher 

energy densities or larger capacities. For example, applications such as integrated 

battery-antenna systems or printed electronics often require batteries with specific 

Figure 1.11: A diagram indicating various anode chemistries and their respective 
gravimetric capacities and operating potentials (adapted with permission [186]) 
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voltages, processability options and safety characteristics, whilst batteries for electric 

vehicles (EV) need larger capacities or higher operating voltages. Research on anode 

materials has focused on three main technologies: intercalation, alloying and 

conversion anodes. Figure 1.12 shows a schematic of the typical process associated 

with each of these anode types. 

 

1.8.1 Intercalation Anodes 

Intercalation anodes are materials that allow Li+ ions into and out of their structures by 

electrochemically intercalating into a space between its layered structure. Graphite is 

the best known of all intercalation anodes. The material has a relatively high 

theoretical capacity (when compared to cathode materials) of 372mAhg-1, and 

achieves between 330-360mAhg-1 experimentally. However, graphite exhibits poor 

stability characteristics upon cycling in certain electrolytes due to a previously 

mentioned exfoliation process, which removes graphene layers from the anode, 

Figure 1.12: A schematic diagram of the reaction 
processes of the main types of anode materials 

(reprinted with permission [184]) 
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resulting in irreversible capacity fading. As mentioned in section 1.5.1, this is addressed 

by the use of electrolytes which are specifically tailored to decompose and form a 

stable SEI on the graphite surface during the initial cycle. Whilst this generates an 

irreversible capacity loss, the graphite is then stabilised for future cycling. The 

intercalation of Li+ ions is a highly reversible process allowing for long cycle life. Other 

advantages of graphite include a low reaction potential of <0.25V vs Li/Li+ and high 

intrinsic conductivities, which enables relatively high-power batteries. However, the 

low reaction potential of graphite can also be considered a disadvantage, as it can 

promote dendritic formation, therefore giving rise to safety issues and shortening 

battery life [101].  

Another well-known and commercialised group of intercalation anode materials are 

titanium oxides, namely Li4Ti5O12 (LTO). Whilst LTO has a relatively low theoretical 

capacity (175mAhg-1) it exhibits excellent safety characteristics, owing to its high 

operating voltage (≈1.55V), which ensures no dendrite formation. The operating 

voltage is above the decomposition voltages of carbonate electrolytes. It is also 

regarded as a “zero strain” material due to its very low volume expansion upon 

lithiation [102] [103] [104] [105]. In addition, LTO is composed of inexpensive materials 

with a low environmental impact. 

Due to its low capacity, high operating potential and low electronic conductivities, LTO 

has limited use in applications where high or high power is required. However, due to 

the aforementioned safety characteristics and very flat reaction plateau. Instead, it is 

very well suited to applications in integrated electronics and antenna systems, as many 

chips used in such electronics often have an activation voltage ≈1.2-1.8V and a pairing 

of LTO and LFP produces a battery with very flat voltage plateaus of 1.9V. This study 

utilises this combination of electrodes for stable cycling with the SPE. 

1.8.2 Alloying Anodes 

In alloying anode materials, lithium is inserted into the materials structure by creating 

a Li-M alloy (M= Si, Sn, Ge, Al, Sb etc.). This reversible alloying can yield a very high 

capacity (4200mAhg-1 in the case of Si [106]) which is a very attractive attribute for an 

anode material. It is for this reason, along with the drive for highly energy dense 
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batteries from the electric vehicle (EV) sector, that a lot of research on alloying anodes 

has been undertaken. 

In addition to high capacities, many alloying anodes exhibit low reaction potentials 

(≈0.4 vs Li/Li+ for Si [107]) and abundant materials with a low environmental impact (Si, 

Al). However, along with these positive attributes there are some fundamental flaws 

with alloying-type anodes. Volume expansion is the major flaw, upon lithium insertion, 

alloying anodes exhibit large volume changes (300-400% in the case of Si) [108] [109]. 

This volume change not only requires unique cell design to cope with the expansion, 

but it also leads to structural degradation of the anode material itself, breaking up the 

material (pulverisation) depicted in Figure 1.12, this eventually leads to a breakdown 

of the electronic contact in the electrode and a large irreversible capacity loss within 

the cell and thus, reduces cycle life [110]. In addition, the volume expansion inhibits 

stable SEI formation, as Si expands, any formed SEI cracks and is broken down, 

therefore initiating more SEI formation, further degrading the electrolyte [111]. 

To remedy these issues, a large variety of methods have been employed, focusing on 

areas such as graphene incorporation, composites, particle size, morphology and 

encapsulation [112] [113] [114] [115] [116]. Whilst these methods have seen vast 

improvements in cyclability and reversible capacities, alloying anodes still require 

further research and development before becoming viable for large scale 

commercialisation. Due to the large volume expansion, alloy compounds are currently 

unsuitable for integrated electronics applications. 

1.8.3 Conversion Anodes 

Conversion anodes, are anode materials which undergo a conversion reaction upon 

lithiation. Following the general formula:  

MaXb + (b.c)Li+ +(b.c)e- ↔ aM + bLicX 

Where M is a transition metal (Fe,Co,Cu etc.) and X is an anion (O,N,F,S,P) [117]. As 

indicated in this equation, upon lithiation, lithium combines with the anion whilst the 

transition metal is reduced down to its metallic state.  Theoretical capacities of 
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conversion-based anodes range from 350mAhg-1 to 1800mAhg-1, making them an 

enticing prospect for anode materials [118]. 

Another potential benefit of conversion anodes is that their operating voltages are 

highly tailorable by careful selection of materials used due to their broad reaction 

voltage windows ranging from ≈1.3V to <0.5V. In addition, environmentally friendly, 

low cost, non-toxic and abundant materials are available such iron oxides. Similarly to 

alloying anodes, conversion anodes suffer from volume expansions and effective 

pulverisation (Figure 1.12), this occurs as the transition metal is reduced to its metallic 

state, effectively reducing particle sizes to the nanometre scale, which then fail to fully 

reversibly react upon de-lithiation. This leads to a large voltage hysteresis stemming 

from poor kinetics, poor recovery of the segregated transition-metal+anion back to 

the original compound leads to capacity loss, poor coulombic efficiencies and poor 

cyclability [119]. 

Similarly to alloying anodes, many approaches have been employed to resolve these 

issues. Nano-sizing, and other morphological adjustments to reduce lithium and 

electron pathways, whilst also reducing the strains associated with the conversion 

reactions [120]. Carbon coating and graphene networks were introduced in an attempt 

to improve the conductive network, promoting faster, more reversible reactions [121] 

[122]. Encapsulation, to better cope with volume expansions and control pulverisation 

[123] [124]. These methods show promise in improving conversion anodes 

performance, but these anodes need further investigation before a larger introduction 

into the rechargeable Li-ion battery market. A Sn based composite has been 

commercialised by Sony, though cycle life was poor [125]. It should be noted that 

some of these chemistries have been commercialised as primary batteries [126]. 

1.8.4 Another Approach – Polymeric Anodes 

Thus far, the three main anode types have been introduced, their advantages and 

disadvantages discussed, and no single technology was found to hold all desirable 

attributes for the next generation of Li-ion batteries. In addition to the three 

commonly presented solutions, there is another proposed anode technology which 

shows promise: polymeric anodes. 
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These organic anode materials come in many forms and have been widely researched 

for use in various energy storage technologies [127] [128]. Organic polymers as Li-ion 

battery electrodes is an attractive concept, showing benefits from environmental 

benignity, to low-cost energy storage and many polymers are processable without the 

use of harmful solvents, instead, using aqueous solvents [129] [130]. Organic polymers 

have been explored as both anode and cathode materials due to their well-known 

redox characteristics [131] [132] [133]. 

Polymer anodes performances vary dramatically, with capacities ranging from 2mAh-1 

to capacities in excess of 1000mAhg-1 [134] [135]. Polymer electrodes show highly 

stable characteristics vs electrolytes and highly reversible reactions with good 

coulombic efficiencies [136] [137] [138]. In addition to the aforementioned benefits of 

using organic polymers as electrode materials, polymers give rise to a multitude of 

possibilities in terms of battery design, integrated electronics and wearable 

technologies. 

Polymers can exhibit strong adhesion properties, allowing the use of polymer 

electrodes without additional binder, increasing energy density. Polymers can also be 

mixed conductors, that is to say, they are both electronically and ionically conducting 

[139] [140]. This attribute is a huge benefit in electrode materials, as it reduces or 

removes the need for conductive additives (such as carbon black) which, in turn, 

further increases energy density, in fact, some conducting polymers have been used as 

an alternative to carbon black and binder combination in electrode preparation in Li-

ion batteries due to their high conductivities and electrochemical stabilities, offering 

protection to electrode materials from unstable SEI formation [138] [141] [142]. 

Aside from these attributes, conducting polymers hold potential for less restrictive cell 

design than their inorganic counterparts. Polymers are well-known for their film-

forming ability, this, in combination with their electronically conducting nature, paves 

the way towards metal-free cell design. Electrically conductive, free-standing polymer 

sheets, which may also act as active material in a Li-ion cell would remove the need for 

metallic current collectors; not only does this have uses in defence/security 

applications (energy storage devices invisible to scanning devices) but also allows for 
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an increase in energy density via the removal of heavy, bulky and inactive components 

(Cu and Al current collectors). Figure 1.13 shows a schematic diagram of a proposed, 

all-polymer, metal-free Li-ion battery. 

In this regard, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is 

a promising candidate, not only does it exhibit all of the aforementioned attributes, 

electrochemical stability, dual conductivity, water processability and environmental 

benignity. It also has the advantage of being commercially available in bulk quantities 

due to its heavy use in various electronic industries and it has the ability to form free-

standing flexible films [143] [144]. It is for these reasons that PEDOT:PSS was chosen as 

an anode material in this study.  
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Figure 1.13: A schematic diagram of a proposed metal-free all-polymer Li-ion battery 



32 
 

1.9 Additive Manufacturing 

A major part of this project is focussed on the manufacturing and engineering side of 

batteries and integrated electronics. From deposition techniques and processability, to 

battery architecture and product design. Here a brief overview of both current and 

novel techniques and applications are presented. 

1.9.1 Deposition Techniques 

There are many methods that have been employed to deposit electrode materials 

onto their respective current collectors. Methods include: tape casting (doctor blade), 

screen printing, spray coating, ink-jet printing, chemical vapour deposition (CVD), 

atomic layer deposition (ALD), pulsed laser deposition (PLD) and magnetron sputtering. 

Each technique has its advantages and disadvantages which makes them better suited 

to various applications. 

1.9.1.1  Chemical Vapour Deposition (CVD) 

Chemical vapour deposition (CVD) is a technique involving material deposition from a 

chemical reaction of one or more volatile precursors onto a substrate, with deposition 

controlled. Reactions in CVD are most commonly thermally driven, requiring elevated 

temperatures in excess of 600°C [145]. This technique provides highly uniform films 

over large areas. This technique can also be used to deposit on 3D architectures, 

allowing for use in non-uniformly shaped cell designs. However, due to the high 

temperature requirements and equipment, this technique is costly. In addition, layer 

thicknesses are relatively low, being in the nanometre range. These attributes suggest 

that CVD may not be suitable for large scale battery production, instead being more 

suited to niche products, or microbatteries [146]. In addition, CVD has been widely 

studied for protective layer deposition, or a surface modification technique, for 

example, carbon coating [147] [148] [149]. 

1.9.1.2  Atomic Layer Deposition (ALD) 

Atomic layer deposition (ALD) technique is closely related to CVD, however, ALD 

separates precursors so no gas-phase reactions take place. ALD is a self-terminating 

technique, that is to say, reactions occur between gaseous precursors and surface 

groups, once all surface groups have reacted the deposition process stops, a second 
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material can then be deposited allowing for very thin, to be deposited and stacked 

[150]. ALD allows for highly uniform, conformal films, allowing for potential use in non-

standard battery architectures. Deposited layers are also pin-hole free and chemically 

bonded to the target substrate. This makes them particularly useful for protective 

coatings, such as, artificial SEI layers [151] [152]. Similarly to CVD, ALD layer 

thicknesses are in the nanometre range, which restricts their use in large scale battery 

production. 

1.9.1.3  Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a physical vapour deposition technique, which allows 

effective deposition of material onto a substrate. A high intensity, pulsed laser is fired 

at a target (consisting of the desired deposition material). The laser vaporises the 

target material, forming a “plasma plume” containing, among other components, the 

desired deposition material. The material is then deposited onto the substrate. This 

deposition is undertaken using controlled environments, using background gas 

atmospheres at various vacuum pressures, depending on the desired film composition. 

Figure 1.14 shows a schematic of the process. 

PLD has been used to deposit a wide variety of battery materials, including anodes, 

cathodes and electrolytes, showing the potential for all-solid-state batteries deposited 

solely by PLD [153] [154] [155] [156] [157] [158]. Whilst PLD can be used for the 

Figure 1.14: A schematic of a PLD apparatus (reprinted 
with permission [187]) 
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deposition of these battery components, its use is again limited, to niche, or small-

scale cell builds due to the expensive set-up and running costs. Another limiting factor 

is that the deposition requires enclosed chambers for operation, making this process 

unsuitable for roll-to-roll processing. 

1.9.1.4  Magnetron Sputtering 

Sputtering is a process where materials (metals, polymer or ceramics) are deposited 

onto a substrate, using a high vacuum environment ejected atoms are condensed 

before deposition onto the target substrate. Magnetron sputtering further improves 

this system by the use of powerful magnets on the material source side, which traps 

electrons in magnetic fields, increasing the plasma density and confining it to near the 

target and decreasing damage caused to the deposited films. This results in uniform 

films that can be deposited much faster than a traditional sputtering process [159]. 

Figure 1.15 shows a schematic of the magnetron sputtering deposition technique. 

Figure 1.15: A schematic diagram of magnetron sputtering (reprinted with permission [158]) 
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The magnetron sputtering technique is limited when compared to ALD and CVD in 

terms of conformity, being a technique that depends on line-of-sight deposition. 

Magnetron sputtering technique is also limited in terms of deposition speeds and film 

thicknesses when compared to other techniques [160]. Magnetron sputtering has 

been used to deposit a variety of electrode materials [161] [162] [163]. However, 

similarly to the other, aforementioned physical vapour deposition techniques, 

magnetron sputtering is better suited to niche applications for thin film and 

microbatteries [164] [165] [166]. 

1.9.1.5  Tape Casting (Doctor Blade) 

Thus far, the deposition techniques mentioned, have all been used as novel, lab-scale 

battery material deposition techniques. More suited to thin-film and microbatteries, 

due to the inherent constraints of the techniques they are not well-suited to mass 

production or roll-to-roll processing. This, of course, is a necessity to keep up with the 

demand of modern technology; not only in terms of deposition speed, but also the 

volume of deposited material (the aforementioned techniques deposit films in the 

nanometre – a few micrometres scale). 

This is where the tape casting (doctor blade) technique excels. It consists of a flat 

blade, set at a specific distance from the deposition substrate, with a deposition well 

filled with the slurry. Either the blade is pulled along the substrate depositing an even 

layer of the desired thickness onto the substrate, or in large scale production, the 

substrate is pulled past a fixed blade for the same effect. The wetted substrate is then 

pulled through a furnace to dry the film, evaporating any solvents, with the finished 

substrate rolled at the end of the production line. The films produced are uniform (to a 

micrometre scale), with thicknesses ranging from one or a few hundred μm. The 

technique does not restrict the types of materials which can be deposited; if a slurry 

can be made, it can be deposited with this technique. 

Doctor blading is the most common technique used in major battery manufacturing 

due to its coating speed, adjustable deposition thicknesses and low cost of equipment. 

However, the doctor blade technique is somewhat limited in terms of cell design, due 

to the nature of the technique, material is constantly deposited in a continuous film 
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until material runs out of production is halted. This is ideal for mass production of 

standard cell designs (pouch cells or rolled cells) where long sheet electrodes are 

stacked, rolled or folded to produce regularly shaped (rectangular or cylindrical) cells. 

However, if an irregularly shaped cell is desired, or a cell for integrated electronics, 

doctor blading is unsuitable, shaped electrodes can be punched out of electrode 

sheets, producing large amounts of waste. Instead, other techniques with greater 

control may be desired. 

1.9.1.6  Screen Printing 

Screen printing is a widely used technique for printing on a variety of substrates. The 

technique uses a selective (patterned) mesh screen with ink on top and the deposition 

substrate underneath, a squeegee is then pulled across the screen, therefore 

depositing the ink onto the substrate in the pattern determined by the mask. Figure 

1.16 depicts this process. 

The technique allows for printing of all material types, with thicknesses varying from 

20-100μm, sometimes more or less. Thickness is easily controlled by changing the 

thickness of the stencil and mesh sizes [167]. An adaptation of simple screen printing 

can also make the technique suitable for roll-to-roll printing. Limitations come in the 

form of design intricacies, restrictions on printed feature widths and the potential for 

material waste. Furthermore, with increasing mesh thickness, there is a reduction in 

print resolution. Lastly, this technique can be suitable for long print runs; but adjusting 

print designs requires new screens, which can make the process more costly than 

other alternatives if new designs are frequently required. Nonetheless, screen printing 

is a promising technology for affordable, design specific, Li-ion electrode deposition 

Figure 1.16: A schematic diagram of the screen-printing process (reprinted with permission [188]) 



37 
 

with potential in integrated electronics. Many groups have investigated the technique 

for Li-ion batteries, with promising results [168] [169] [170]. 

1.9.1.7  Ink-Jet Printing 

Ink-jet Printing is a highly controllable direct writing technique, commonly used in a 

variety of manufacturing industries. ink-jet printing can be used to deposit material in 

a desired pattern with a high degree of precision, due to the ability of depositing 

minute quantities of material (pL per droplet) without the need of a mask or screen, 

instead opting for a CAD design patterning system [171]. This allows for immediate 

design changes without the additional costs and time constraints associated with 

ordering new masks or screens. There are two main types of ink-jet printing: 

continuous or drop-on-demand (depicted in Figure 1.17). 

 

Ink-jet printing is sometimes referred to as a “zero-waste” manufacturing technique 

making ink-jet printing a cost effective and highly versatile technique. However, due to 

the very low volumes deposited, ink-jet printing often requires multiple passes to 

achieve the desired volume or thickness of film, this is a time consuming process 

slowing down production causing unwanted effects, such as, increasing film resistance 

and breaking up on electronic contact within the films. There are methods which can 

Figure 1.17: A schematic diagram showing continuous and drop on demand inkjet printing processes (reprinted 
with permission [189]) 
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be employed to mitigate this, for example, multi-nozzle printing or adjusting printer 

parameters allowing a greater material flow. In addition, other ink-jet restrictions 

include limitations on particle size and potential nozzle clogging during printing. 

However, ink-jet printing allows its use to print highly intricate patterns onto a wide 

variety of rigid and flexible substrates whilst maintaining suitability for roll-to-roll 

manufacturing, making it a desirable technique for selective deposition manufacturing 

[172]. Whilst patterning is possible using ink-jet printing, the process is for use on 

planar surfaces and is not a conformable printing technique. Ink-jet printing is widely 

used in the printing of electronically conductive tracks, as well as various Li-ion 

electrode materials [173] [174]. This suggests promise for ink-jet printings’ 

implementation in integrated battery products. 

1.9.1.8  Spray Coating 

Spray Coating is a versatile technique, widely used in industries, e.g. in the automotive 

industry for paint and protective layer applications. There are many types of spray 

coating which vary in complexity, equipment, cost and materials which can be 

deposited. Among the most cost effective, spraying methods include electrostatic and 

air-fed spraying methods. These techniques are suitable for large area coverage of 

both thin and thick film deposition, which can be tuned by varying ink composition, air 

pressures or applied voltages. The basic principles of spray coating involves the 

atomization of an ink via methods such as an electrostatic process or compressed 

carrier gas, the atomized droplets make impact onto the desired substrate, depositing 

a film [175]. 

Films produced via spray coating methods are often dense (low porosity) with 

relatively high surface roughness (though these can be mitigated) due to the high 

velocity of particle deposition. This technique is heavily susceptible to surface tension 

properties due to the potentially large droplet size and volume of material deposited in 

one sweep (as opposed to Ink-Jet Printing where volumes are much lower, therefore, 

less susceptible). 

Other advantages of the spray coating technique include high flexibility afforded to ink 

formulation which allows the technique to be used to deposit a wide array of materials 
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including metals, ceramics and polymers. In addition, unlike the aforementioned 

techniques capable of depositing large scale, roll-to-roll, high volume films (doctor 

blade, screen printing and ink-jet printing) spray coating is a shape conformable 

technique, allowing coating on 3D architectures [176]. The techniques’ deposition 

resolution is very poor; however, patterning can be achieved via the use of masking 

[177]. Spray coatings’ main draw backs include high wastage (material is deposited on 

the masks not just on the desired substrates) and variations in film uniformity [175].  

Nonetheless, the use of spray coating has been widely implemented in the deposition 

of various materials [178] [179], to the extent that full cells deposited solely by spray 

coating have been achieved [180]. 

Of all the mentioned deposition techniques, only doctor blading, screen printing, ink-

jet printing and spray coating are suitable for efficient upscaling of Li-ion batteries. Due 

to equipment available, the doctor blading, ink-jet printing and spray coating 

techniques were further investigated for the deposition of polymer anode candidate 

PEDOT:PSS. 

1.10 Summary 

Based on this literature review, multiple areas were chosen for further exploration. 

Discussed in section 1.6, many issues were raised with current cathode technologies, 

ranging from environmental and monetary costs of using elements such as cobalt in 

cathodes to limited capacities exhibited by more environmentally friendly and cheaper 

alternatives such as LiMn2O4 and LiFePO4. With these considerations, Li2FeSiO4 was 

chosen for investigation in this study. Consisting of affordable, abundant and 

environmentally benign elements whilst also giving the potential for high theoretical 

capacities (330mAhg-1), placing it as a prime candidate as a future cathode material.  

Next in section 1.7 electrolytes were discussed, raising concerns with current 

technologies in terms of both safety and mechanical limitations. It was mentioned that 

electrolyte combustibility and leakage problems are improved with the use of solid-

state electrolytes. In particular, polymer electrolytes are of interest due to their 

allowance for low temperature processability and liquid-to-solid transition, potentially 

leading to a “soaking effect” giving the ability to form a good electrode-electrolyte 
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interface before curing takes place. These are some of the reasons a PEGDA based 

electrolyte has been chosen for investigation in this study. 

Anodes were discussed in section 1.8, the advantages and disadvantages of each 

technology were mentioned and an alternative technology was proposed: polymeric 

anodes. Bringing advantages such as environmental benignity and facile processability. 

In particular, mixed conducting polymers were mentioned due to their potential for 

additive free electrode films and even the potential for current collector free and less 

restrictive cell design. Of the potential candidates, PEDOT:PSS is considered in this 

study, due to its promising conductivity attributes, water processability and 

commercial availability in bulk. This is coupled with the manufacturing (deposition) 

techniques discussed in section 1.9 where two techniques are determined as 

promising alternatives to the commercially used doctor blade coating. These 

techniques are used in this study and directly compared for film forming and adhesion 

properties, as well as battery performance characteristics. 
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2 Materials, Methods and Characterisation Techniques 

2.1 Li2FeSiO4 Synthesis 

2.1.1 Solid State Synthesis 

Stoichiometric amounts of lithium carbonate (Li2CO3), silicon dioxide (SiO2) and iron(II) 

oxalate dihydrate (FeC2O4·2H2O) (All purchased from Sigma Aldrich) were weighed out, 

Super P (Alpha Aesar) or sucrose (Sigma Aldrich) was also added as a carbon source, 

corresponding to 10-14% carbon in the end product, the mixture was ball milled under 

ethanol at 400rpm for 6hours then dried, pressed into a pellet and placed in a tube 

furnace under constant argon flux. The tube furnace was heated at a rate of 2°C/min 

to 800°C, where it dwelled for 6 hours before cooling back to room temperature at a 

rate of 2°C/min. The resulting pellet was immediately transferred into an argon filled 

glovebox and ground lightly into a powder, where it remained until the point of use. 

2.1.2 Sol-Gel Synthesis 

This method was based on a sol-gel synthesis published by Brownrigg et.al. [1]. 

Stoichiometric amounts of lithium acetate dihydrate (CH3COOLi·2H2O) (Sigma Aldrich), 

Iron(II) acetate (Fe(CO2CH3)2) (STREM) and tetraethyl orthosilicate (TEOS – Si(OC2H5)4) 

(Sigma Aldrich) were mixed in ethanol with 1ml acetic acid (Sigma Aldrich). The 

suspension was placed in a Teflon lined autoclave and heated to 130°C for 12 hours. 

The resulting gel was dried at 80°C in an oven. The dried powder was mixed with 

sucrose, corresponding to a carbon content between 7-12%, and ball milled under 

acetone for 30 minutes. Once dried the powder was pressed into a pellet and placed in 

a tube furnace under constant argon or nitrogen flux. The furnace was heated to 600°C 

at a rate of 10°C/min, and held for 10 hours, then cooled to room temperature at the 

same rate. The resulting sample was immediately transferred into an argon filled 

glovebox where it remained until point of use. 

It should be noted that whilst the Brownrigg paper suggests drying the gel in a vacuum 

oven, this, in combination with synthesis under an argon/nitrogen flux and the carbon 

content appeared to reduce the iron significantly to cause metallic iron impurities. 

Hence, the amount of carbon used was reduced in an attempt to inhibit its reductive 
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effects. However, this allowed for iron oxide impurities to occur in the material. The 

synthesis was attempted multiple times using a vacuum oven or a standard oven and 

varying the carbon content until a balance was found and impurities were minimised. 

The best results were found to be using a standard oven and a carbon content 

corresponding stoichiometrically, to 10 wt.% of the Li2FeSiO4/C produced.  

2.2 Cell Preparation 

2.2.1 Electrode Preparation 

Aside from PEDOT:PSS, all electrode materials have been processed with a 

standardised preparation technique designed to give consistent and directly 

comparable results. Firstly, a 6wt% polyvinylidene fluoride (PVDF) in N-Methyl-2-

pyrrolidone (NMP) (Both purchased from Sigma Aldrich) solution is made. This 

involved heating NMP to 80°C under constant stirring and adding the appropriate 

amount of PVDF binder slowly, stirring continues until fully dissolved (circa 1 hour). If 

electrode materials have not previously been used or have been exposed to air and 

moisture they are firstly dried under vacuum at 120°C to remove any moisture. Next, 

the active material (AM) (e.g. Li2FeSiO4) and conductive additive (e.g. Super P or 

carbon black (CB)) are weighed out in a ratio of 8:1, respectively.  These powders are 

combined and wet ball-milled (Fritsch pulverisette 7) under ethanol for 1hr at 600rpm 

in zirconia vials. This ensures a homogeneous mixture where the AM and CB are well 

incorporated. This mixture is dried under vacuum for 12hrs. Once dried, the AM/CB 

mixture is weighed out into a small vial with a stir bar inserted. The PVDF/NMP 

solution is added so that the resulting suspension is AM:CB:PVDF in a ratio of 8:1:1 

respectively. This suspension is stirred for 12hrs, and cast onto its corresponding metal 

foil (aluminium for cathode, copper for anode) using a “doctor blade”. The cast wet-

electrode is then immediately under vacuum at 120°C for 12hrs, removing all NMP 

solvent. The resulting dry-electrode is cut into the desired shape and size (e.g. 
1

2
" 

diameter disks for use in CR2032 coin cells. In industry, electrodes would be 

calendared to control porosity, increase electronic conductivity and create uniform 

films. Here the cut disks are pressed using a pellet press to achieve a similar result. 

Figure 2.1 shows the process described above. 
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Figure 2.1: A schematic diagram illustrating the electrode preparation process 
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2.2.2 Electrolyte Preparation 

Unless otherwise stated, all cells in this study were made using 1M LiPF6 in ethylene 

carbonate/diethylene carbonate in a 1:1 volume ratio purchased from Sigma Aldrich 

[2]. Electrolytes were stored and used in an argon filled glovebox O2 and H2O <0.5ppm. 

2.2.3 Separator Preparation 

Two separators were used in this study. Firstly, was a tri-layer 

polypropylene/polyethylene/polypropylene (PP/PE/PP) Celgard separator purchased 

from MTI [3]. This separator was used for all coin cells in this study. The separator film 

is punched into disks 
5

8
" in diameter so that it is larger than the electrode disks and 

covers the entire inner diameter of the CR2032 coin cells. The disks are briefly rinsed 

with ethanol to remove any debris and then dried thoroughly under vacuum. Once 

dried, separators are placed in a vial and stored in an argon filled glovebox until used. 

Secondly a single layer PE Solupor separator was used [4]. This separator was used for 

all pouch cells in this study. The separator film was cut into 8x4cm strips and folded in 

half to form a double layer square of 4cm. 

2.2.4 Coin Cell Assembly 

The main cell type used in this study was in the form of CR2032 coin cells from MTI [5]. 

All cell components are dried at 80° under vacuum before storing in an Argon filled 

glovebox. Electrodes are prepared as described above before cell assembly. Figure 2.2 

below shows a schematic diagram of a half-cell stack before crimping.  

Top Cap 

Wave Spring 

Stainless Steel Spacer 

Coated Electrode 

Separator 

Lithium Foil 

Bottom Cap with Gasket 

Figure 2.2: Schematic diagram of a CR2032 coin half-cell stack 
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2.2.5 Pouch Cell Assembly 

Pouch cells were used when coin cells were not appropriate for the experiment e.g. 

XAS measurements. Due to the coin cells casing and internal components being made 

out of stainless steel, they were not suitable for XAS measurements as the beam would 

not penetrate the cell. In addition to this, the XAS study looks at the Fe K-edge with 

which the stainless steel could interfere with. Pouch cells were assembled using 

laminated aluminium pouch material [6], copper and aluminium tabs for anode and 

cathode respectively [7] and Solupor separator [4]. Hot-melt tape glue was used to seal 

the side with the tabs to ensure a hermetic seal [8]. Figure 2.3 shows images of the 

individual components and various stages, leading up to the finished product. 

Figure 2.3: Images of the individual components and at various stages of the 
pouch cell assembly 
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Figure 2.3 shows pouch cells both with and without cut out windows. The type of 

pouch cell was tailored to its specific experiment and application, various window 

materials have been used, in this study either no window or aluminium/copper 

windows were used. For standard Fe K-edge XAS measurements the windows are 

unnecessary, however when using techniques such as small angle X-ray scattering 

(SAXS) or X-ray Raman scattering (XRS) where any additional scattering caused by 

additional layers and/or polymer coatings of the pouch cells may interfere, windows 

are cut from the pouch and the current collector tabs are heat sealed onto the pouch 

itself so as to fully seal the pouch. In a standard pouch cell, electrodes and lithium 

metal disks are inserted into the pouch cell in an argon filled glovebox, electrolyte 

added and all sides are heat sealed under vacuum in an argon filled glovebox. 

2.3 Materials Characterisation 

2.3.1 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a powerful tool widely used for the structural characterisation 

of crystalline solids. X-rays of a fixed wavelength are generated by bombarding a target 

material (e.g. copper) with electrons. This excites the core electrons of the target 

material, creating an electron hole. This is an excited state, which leads to a transition 

of a higher level electron to “fall down” into the electron hole. In this process, the 

excited element finds a lower energy state resulting in the emission of a photon. The 

energy of these photons correspond to X-rays of the desired wavelength (λ). For 

crystalline materials, the crystal lattice has interatomic distances (d) similar to the 

wavelength of the supplied X-rays (λ), resulting in an interaction between the material 

and the incident beam. The nature of these interactions can be expressed by Bragg’s 

law: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃                                                          (2-1) 

Describing the relationship between the order of reflection (n), the wavelength of 

incident X-rays (λ), the interplanar spacing (d) and the angle of incidence (θ). To better 

understand this relationship Figure 2.4 shows a representation of a crystal lattice with 

interplanar spacing dhkl (h,k,l being Miller indices of crystal planes (h,k,l)) with incident 

beams being scattered by adjacent planes. When then path difference between these two 
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beams (2dhklsinθ) is equal to an integer (n) of the X-rays’ wavelength (λ) they will 

constructively interfere. When the beams are diffracted at different angles to the Bragg 

angle then destructive interference is observed. 

The diffractometer used in this study was the Rigaku MiniFlex using Cu-kα radiation 

[6]. This diffractometer fires X-rays at the desired sample at a range of angles, the 

diffracted beam then hits the detector and the intensity is measured over the range of 

angles 2θ. These intensities are plotted versus 2θ and an XRD pattern is formed. In this 

study powder X-ray diffraction is used. This means that the materials lattice planes are 

randomly arranged, ensuring that some of the material is always orientated at the Bragg 

angle. 

As will be demonstrated later in this thesis, XRD is not only used for structural analysis 

of crystalline materials, but it can also be a useful tool in determining whether a material 

is amorphous or not. In this case, a distinct lack of Bragg peaks – due to the lack of long 

range periodic order – would indicate an amorphous sample. Instead, the XRD pattern 

often exhibits a broad “hump”. 

2.3.2 XRD Sample Preparation 

Samples were ground into a fine powder using an agate pestle and mortar, ensuring no 

large grains and/or agglomerations. All samples were placed onto a zero background 

holder using some grease. Samples were scanned using the RIGAKU MiniFlex with a 

step size of 0.02°. 

Figure 2.4: A schematic demonstrating the principles of XRD  (reproduced with 
permission [20]) 
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2.3.3 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a widely used analytical technique for the 

purpose of obtaining high resolution, high magnification images of a material; yielding 

information on morphology and topography. Many systems combine SEM with Energy 

Dispersive X-rays (EDX), which are generated during use and give information about 

the samples elemental composition [7]. 

SEM utilises a high energy electron beam, generated by heating a filament e.g. 

Tungsten. These electrons are focused and targeted at the sample by using powerful 

magnetic lenses. SEM is normally carried out under high vacuum to avoid unwanted 

electron interactions with gaseous molecules, which may cause image distortions. 

However, under some circumstances gas is introduced into the sample chamber for 

the purpose of charge or thermodynamic stabilisation of samples, this is known as 

Variable Pressure SEM (VP-SEM). This has not been applied in this project. 

Once the generated electron beam (known as the Primary Beam) hits the sample, 

there are multiple events which may occur. The main occurrences and zones in which 

they stem from are depicted in Figure 2.5. This study utilised the Hitachi S-3400N SEM. 

Primary 
Electron 

Beam

Auger electrons 

Secondary electrons Backscattered electrons 

Characteristic X-rays 

Figure 2.5: Schematic diagram of the reaction processes which occur in 
SEM 
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2.3.3.1  Auger Electrons 

When an inner shell electron is removed, creating a vacancy, an electron from a higher 

shell “drops down” to fill this vacancy. This process releases excess energy associated 

with this “drop”, this energy may, in turn, eject a second higher shell electron, known 

as an “auger electron”. This is a surface sensitive process, with typical penetration 

depths of <5nm. Auger electron spectroscopy is used for surface composition and 

impurity information. The process is the same as auger electrons released in X-ray 

absorption spectroscopy (Figure 2.6 C), however, the inner shell electrons are released 

via an electron beam rather than an X-ray beam. 

2.3.3.2  Secondary Electrons 

Secondary electrons (SE) are the most commonly used event in SEM. Secondary 

electrons are generated when a K-shell electron is ejected from the target sample by 

either a primary electron or another secondary electron. Secondary electrons are low 

energy, so observed secondary electrons originate form near the surface of the 

material, secondary electrons from deeper within the material are released but are 

absorbed by the sample. Secondary electrons yield high resolution images and 

topographical information of a sample. 

2.3.3.3  Backscattered Electrons 

Backscattered electrons (BSE) are primary electrons which have interacted elastically 

with the samples atoms, in such a manner, that they have been reflected back 

(backscattered) out of the sample and into the detector. Aside from topographical 

information, BSE also give atomic density and phase information; as the materials 

atomic number increases, so does the amount of backscattered electrons, this can be 

useful in determining material separations, as materials with higher atomic numbers 

will appear brighter than lower atomic numbers due to the amount of backscattered 

electrons. Though it should be noted, when using BSE mode, resolution is reduced 

compared to SE mode. 

2.3.3.4  Energy Dispersive X-rays 

Energy Dispersive X-ray spectroscopy (EDX) is a powerful tool, allowing elemental 

information to be retrieved from a sample. When the primary beam electrons dislodge 
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electrons from the inner shells of the sample (K-shell), electrons from the outer shells 

replace it releasing energy in the form of X-rays. These X-rays have an element specific 

energy characteristic, allow for the determination of which element it originated from. 

This, in combination with SEM imaging allows for location specific elemental mapping, 

giving information on material composition and impurities. 

2.3.4 ThermoGravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is an analysis technique used to monitor changes in 

a samples weight as a function of temperature. Increasing or decreasing temperature 

of a sample in a controlled atmosphere can induce physical or chemical changes within 

a sample. Atmospheres are controlled by using a purge gas; these can be inert or 

reactive gasses depending on the desired reactions, or intended applications for the 

observed material. TGA can be used to determine a materials thermal stability, which 

can be affected by reactions such as: solvent evaporation, material oxidation, thermal 

decomposition, sublimation and absorption. In addition to thermal stabilities, TGA can 

be used to determine carbon content and, in some cases, impurity content depending 

on decomposition temperatures. This study used the NETZSCH STA-409 TGA. 

2.3.5 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is another thermal analysis technique, 

sometimes run in unison with TGA, or run as an individual technique. Similarly to TGA a 

samples physical and chemical changes are plotted as a function of temperature, 

however, instead of weight changes, DSC observes thermal flows associated with 

material reactions and transitions. A small amount of sample is heated in unison with a 

reference sample (often an empty crucible), in a controlled atmosphere, the required 

energy to retain thermal equilibrium between the sample and reference is measured. 

This allows for the observation and separation of endothermic and exothermic 

reactions within the material, that is to say, if a transition occurs within the material 

that requires the absorption or release of thermal energy this can be tracked using 

DSC. Types of reactions which are normally observed include: Glass transition (Tg), 

crystallisation temperature (Tc), melting temperature (Tm) and oxidation temperatures, 

as well as the reversibility of these reactions. These transitions appear as exothermic 

or endothermic peaks as a function of temperature. DSC is useful when selecting 
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materials for specific applications to ensure the material is in the correct phase during 

use. 

2.4 X-ray Absorption Spectroscopy 

X-ray Absorption Spectroscopy (XAS) is a powerful analytical technique which utilises 

synchrotron radiation capable of providing element specific electronic and structural 

properties. 

2.4.1 The Basic Principles of XAS 

In XAS, the sample of interest is bombarded with a highly intense beam of X-rays with 

a specific energy, normally between 500eV and 500KeV. This usually requires a 

synchrotron. When these X-rays enter a sample, one of three events will occur: 1) the 

X-ray may pass through the sample, unchanged; 2) the X-ray may interact with an 

atom, without enough energy to cause an excitation, but scatter (this process may be 

elastic or inelastic) or 3) the X-ray may become absorbed by an atoms (core) electrons, 

therefore, promoting the atom to an excited state. This absorption is expressed 

according to the Beer-Lambert Law: 

𝐼 = 𝐼0𝑒−𝜇𝑡                                                            (2-2) 

Where I0 is the intensity of the incident beam, I is the intensity of the transmitted 

beam, t is the sample thickness and the μ is the absorption coefficient, which gives the 

probability that X-rays will be absorbed. 

This excitation, in turn, can lead to the ejection of the targeted atoms’ core electrons. 

For this to happen, the binding energy of the core electron must be lower than that of 

the incident X-ray. Any excess energy from the X-ray is transferred to the ejected 

photoelectron. This process leaves behind an electron hole in the core energy level, 

which is then filled by electrons from higher energy levels, leading to one of multiple 

events, depicted in Figure 2.6. 
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There are two main events which lead to the decay of an atoms excited state. The first 

is that of X-ray fluorescence, where an electron from a higher orbital “falls” to fill the 

“core hole”, this process leads to the ejection of an X-ray (Kα or Kβ) of a defined energy, 

characteristic of the atom it was ejected from, known as the fluorescence energies. 

The second mechanism is that of the auger effect, whereby an electron from a higher 

shell “falls” to fill the “core hole” and a second electron is ejected into the continuum, 

this second electron is known as an auger electron.  

2.4.2 X-ray Absorption Spectroscopy Measurements 

XAS measurements are taken across a range of energies before and after the target 

materials absorption edges. Figure 2.7 shows a typical data plot received from an XAS 

measurement. Several distinct features can be observed: The background, pre-edge 

and main edge features, also highlighted are the XANES and EXAFS regions. 

2.4.2.1  The Background 

The gradual slope towards lower absorption as energy increases is a feature related to 

the properties of photon-matter interaction whereby the probability of an interaction 

decreases as a function of energy. This background is compensated for upon data 

fitting and analysis. 

K 
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Photo-electron 

Kβ 
Kα 
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A) C) B) 

Figure 2.6: Schematic representation of A) X-ray Absorption B) Fluorescence Emission C) Auger Emission 
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2.4.2.2  X-Ray Absorption Near-Edge Structure 

X-ray absorption near-edge structure (XANES) is a region from around 20eV before and 

50eV after the main absorption edge energy E0. The main edge is the most prominent 

feature, where the incident X-rays have sufficient energy to excite the electrons from 

the targeted orbital. Evidenced by a sharp rise in absorption, the edge position is 

assigned the distinct energy E0. The pre-edge feature highlighted in Figure 2.8 is a 

feature often associated with absorption from a localised electronic states and can be 

used to determine local coordination symmetry. XANES data yields information about 

the oxidation state and coordination chemistry. An increase in edge energy is 

characteristic of an oxidation process whilst a shift towards lower energies suggests a 

reduction of the target element. This is due to a higher energy requirement to excite 

electrons from the core shell, which are more tightly bound (higher oxidation state), 

the same can be said of atoms with increasing atomic numbers. 

2.4.2.3  Extended X-Ray Absorption Fine Structure 

The extended X-ray absorption fine structure (EXAFS) is a region from around 50eV to 

a few keV above E0 and is characterised by the oscillating spectrum post-edge. These 

oscillations are caused by constructive and destructive interference created by the 

ejected photoelectron scattering caused by the atoms nearest neighbours. 

Constructive interference results in the absorbing atom to hold a higher electron 

density, whilst the opposite can be said of destructive interference, these constructive 

and destructive events create peaks and troughs respectively in the EXAFS regions. 

Therefore, EXAFS yields information such as coordination numbers and bond 

distances, as well as elemental information of nearest neighbours. 
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2.4.3 X-Ray Absorption Spectroscopy Experiments 

There are two main methods for conducting an XAS experiments, that is: Transmission 

mode and fluorescence mode. In transmission mode the X-ray beam intensity is 

measured after passing through the sample with the energy dependency of the 

absorption coefficient is calculated according to the relationship: 

𝜇(𝐸) = −𝑙𝑛
𝐼0

𝐼
                                                              (2-3)  

Fluorescence mode, instead, relies on a secondary emission event such as the 

aforementioned fluorescence emission. With the energy dependence of the 

absorption coefficient instead, following the relationship: 

𝜇(𝐸) ∝
𝐼𝑓

𝐼0
                                                                   (2-4) 

 Where If is the intensity of a fluorescent emission line or electron emission. [8] [9] 
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Background 

Figure 2.7: Annotated example XAS spectrum 
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2.4.4 The Beamline 

As previously mentioned, XAS experiments most commonly require a synchrotron 

radiation facility. This study utilised two different facilities: European Synchrotron 

Radiation Facility (ESRF) and DIAMOND Light Source (DLS). All In-operando 

measurements were conducted at the ESRF on the BM26A beamline [10]. Figure 2.8 

shows a schematic of the beamline. 

The beam is collimated via the use of a Si or Si/Pt mirrors, the beam then passes 

through a double crystal monochromator which is used to filter the incoming beams 

energy band and narrow the X-rays to the desired wavelength. However, 

monochromators do not select a singular wavelength but also produce harmonics of 

said wavelength, which can cause spikes or “glitches” during data acquisition. 

Therefore, a focusing mirror is used for harmonic rejection and further focusing of the 

beam towards the sample. Along the way, the beam passes through a series of slits 

designed to control beam dimensions and angular spread, the final slit is user 

controlled to adjust final beam-size. Also indicated is the sample position and the 

Fluorescence and transmission detectors If and I respectively [8] [10]. All XAS data 

processing, including fitting and normalisation, was conducted via the use of Athena, 

under the IFEFFIT package [11]. 
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Figure 2.8: Schematic Diagram of BM26A beamline optics 
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2.5  X-Ray Raman Scattering Spectroscopy 

X-ray Raman scattering (XRS) is a non-resonant inelastic X-ray scattering (IXS) by core 

electron excitations. Whilst XAS techniques are invaluable for material 

characterisation, XAS does have limitations. XAS uses X-rays of a broad range of 

energies, split into two classes: Hard X-rays (>5keV) and Soft X-rays (<5keV). 

Absorption edges which sit in the hard X-ray region can be easily observed using XAS 

with little impact from the sample environment. However, when energies sit in the soft 

X-ray region sample environment must be carefully considered. As the X-rays have low 

energy they can be affected by atmospheric absorption, cell absorption of scattering 

effects. This means, when using soft X-rays in XAS it is often a requirement to conduct 

experiments in a controlled atmosphere e.g. under helium or high vacuum.  In 

addition, due to the samples internal absorption/scattering characteristics, soft X-ray 

techniques are often surface probing techniques and not capable of showing a 

materials bulk characteristics. XRS holds advantages over soft XAS in this respect; this 

is due to the use of hard X-rays for probing the material. Figure 2.9 shows a schematic 

comparing the XAS and XRS techniques probing the O K-edge (540eV) [12].  

It can be seen that, as previously described XAS utilises an incident beam of energy 

𝐸𝑖  ≈ 540𝑒𝑉 (target edge energy) whilst in XRS, the inelastically scattered photons are 

analysed at a fixed energy (10keV) and the incident beam energy is tuned to: E𝑖  =

 E𝑎  +  540eV. 

It should also be noted that, unlike XAS, XRS is not limited dipolar excitations and thus, 

can be used to probe dipole forbidden transitions. Figure 2.10 illustrates the principle 

Figure 2.9: A schematic of the XAS and XRS process whilst probing the O K-edge (reprinted with permission [12]) 
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of IXS with respect to X-ray energy and momentum. A photon of energy ω1 interacts 

with an electron within the sample, this leads to an inelastic scattering of the photon, 

reducing the energy to ω2. Upon this interaction, some of the photons energy ω (𝜔 =

𝜔1 − 𝜔2) and momentum q (𝑞 = 𝑘1 − 𝑘2) is imparted on the sample.  

 The measured quantity in IXS experiments is the double differential scattering cross 

section, expressed as: 

𝑑2𝜎

𝑑𝛺𝑑𝜔
= (

𝑑𝜎

𝑑𝛺
)

𝑇ℎ
𝑆(𝒒, 𝜔)                                              (2-5) 

Where (
𝑑𝜎

𝑑𝛺
)

𝑇ℎ
is the Thomson scattering cross-section and  𝑆(𝒒, 𝜔) is the dynamic 

structure factor expressed: 

𝑆(𝒒, 𝜔) = ∑ |⟨𝑓|𝑒𝑖𝒒·𝒓|𝑖⟩|
2

𝛿(𝐸𝑖 − 𝐸𝑓 + 𝜔)𝑓                             (2-6) 

Where |𝑖⟩ expressing the systems initial state and ⟨𝑓| is the final state. When 

momentum transfer q is low, the spectrum is dominated by dipole excitations (e.g. 

1𝑠 → 𝑝 transitions), providing information equivalent to XAS, albeit with bulk 

sensitivity. However, in high q regions, the aforementioned dipole-forbidden 

excitations dominate (e.g. 1𝑠 → 𝑑 transitions) providing XRS with the ability to give 

information on partially unoccupied density of states. [12] [13] [14] [15] [16] The 

beamline used in this study was ID20 at the ESRF [17].  

Figure 2.10: Schematic representation of an IXS experiment (reprinted with permission [15]) 
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2.6 Electrochemical Measurements 

2.6.1 Electrochemical Impedance Spectroscopy (EIS) 

Impedance spectroscopy is a widely used tool for measuring a samples conductivity. 

This can include a combination of electronic and ionic conductivity, however, for the 

purpose of this study, only ionic conductivity is discussed. The material of interest is 

sandwiched between two electrodes (in a 2 electrode system), these electrodes are 

electrically conductive and can be ionically blocking, partially blocking or non-blocking 

to ions. This study makes use of ionically blocking stainless steel electrodes to remove 

ionically conducting effects stemming from electrode reactions. In impedance 

spectroscopy, the sample is subjected to a sinusoidal wave of a set frequency and the 

potential and current responses are collected. These responses can have phase 

differences depending on the nature of the material. The conventional method of 

representing impedance (complex resistance) is as a Nyquist plot (Figure 2.11) with 

two major impedance (Z) components: the in-phase (real) Z’ and the out-of-phase 

(imaginary) Z’’ components. These components are plotted to their limits 𝜔 → ∞ and 

𝜔 → 0 where 𝑍′′ → 0. At these limits, real resistances can be taken, therefore allowing 

conductivities to be calculated. 

All EIS measurements were undertaken using a Biologic VMP3 potentiostat [18]. 

𝜔 → 0 

Figure 2.11: A representation of a typical Nyquist plot 
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2.6.2 Cyclic Voltammetry (CV) 

Cyclic Voltammetry (CV) is a powerful technique which can be used in a multitude of 

ways. Here, CV has been used to gain a better understanding of redox potentials in 

electrode materials vs Li+. The technique involves submitting a half cell to a linear 

potential sweep between the desired voltages (typically the cycling voltages) starting 

at open circuit voltage (OCV). The current applied to achieve these potentials is 

mapped vs the voltage and thus a CV curve is formed. When little interaction is 

occurring, only low currents are necessary to achieve these voltages, however, as soon 

a redox potential is reached the current required to pass this voltage increases, 

therefore creating a peak in the CV curve. An example is shown in Figure 2.12, with the 

Galvanostatic cycling curve alongside, indicated are the CV anodic and cathodic peaks 

which correspond to the indicated cycling plateaus. 

 

CV curves can also yield other information and give insight to an electrodes’ reactions, 

diffusion pathways and conductivity. For example, varying the sweep rate can yield 

information on the materials kinetics, as peak shifts may be observed in materials with 

poor conductivity and slow reaction times. Sharp peaks on a CV curve are indicative of 

a large, flat plateau associated with a redox reaction, as observed in Figure 2.12. Broad 

peaks on CV curves are more difficult to interpret. They can indicate that the 

galvanostatic cycling will show a sloped ‘plateau’, therefore, the reactions are taking 

place over a broader potential, they may also indicate slow kinetics, such as, diffusion 

A) B) 

Figure 2.12: A) A CV curve of LiFePO4 and B) its corresponding galvanostatic cycling curve (reprinted with 
permission [21]) 
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or conductivity within the cell. This can be further investigated by varying the scan 

speed or by combining with other characterisation techniques and/or simulations. All 

CV measurements in this study were undertaken using a Biologic VMP3 potentiostat 

[18]. 

2.6.3 Galvanostatic Cycling (Charge and Discharge Curves) 

Galvanostatic cycling is the most common method for determining a materials specific 

capacity, coulombic efficiency, cycle lifetime and performance, often compared to 

literature or other materials cycled at various C-rates concerning battery research. 

Specific capacity is how much energy a battery holds by weight, this is expressed in 

mAhg-1 and is often compared to the materials theoretical capacity as an indication of 

battery performance.  

Coulombic efficiency is the percentage of capacity achieved in discharge (useable 

energy from the battery) compared to the capacity upon charging (amount of energy 

imparted unto the battery during charge). Coulombic efficiency is affected by various 

factors, such as, parasitic reactions, the formation of SEI, electrolyte decomposition, 

cycling C-rates and temperature. To calculate efficiency, equation 2-7 is used. 

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑚𝐴ℎ𝑔−1)

𝐶ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑚𝐴ℎ𝑔−1)
× 100              (2-7) 

C-rate refers to the rate at which the material is cycled. A C-rate of 1C indicates that 

the material is charged in 1 hour and discharged in 1 hour, a rate of 0.5C and 2C would 

indicate a charge or discharge in 2 hours or 0.5 hours respectively. This is a common 

way of referring to cycling speed as it allows for direct comparisons of different 

materials, material loadings or battery sizes independent of theoretical capacities. 

Two systems were used for Galvanostatic cycling, all in-house cycling was conducted 

using the Biologic VMP3 potentiostat [18], whilst any cycling during in-operando 

beamline experiments used a Maccor system potentiostat [19]. 
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3 Positive Electrode – Li2FeSiO4 

 

Commercially available lithium ion batteries use cathode materials, such as, LiFePO4 

(LFP) and LiCoO2 (LCO) demonstrate theoretical capacities of 170 and 274mAhg-1, 

respectively. Experimentally they both achieve around 150mAhg-1 [1]. Both materials 

demonstrate good lifetime performance/expectations, which is encouraging in most 

commercial applications. Despite the success of lithium-ion batteries in portable 

electronics, the constant advancements in electronic hardware means more power is 

required to support the higher energy demand. This, in turn, leads rise to a need for 

high power lithium-ion batteries. In principle, three techniques could be used to 

increase battery power: 1) Increase the amount of active electrode material 2) 

Introduce higher working voltage window 3) Increase the specific capacity of the 

electrode materials. The limiting component regarding specific capacity in lithium-ion 

batteries is the cathode (graphite anodes have a theoretical capacity of 372mAhg-1 and 

an experimental capacity of 330mAhg-1). It has, therefore, been proposed that 

materials which have the ability to extract more than one Li per unit formula should be 

researched, thus increasing both capacity and voltage window. One of the proposed 

candidates is Li2FeSiO4, an orthosilicate with the general formula: Li2MSiO4 (M = Fe, 

Mn, Co). Li2FeSiO4 demonstrates a high theoretical capacity of 330mAhg-1 accounting 

for a two-ion exchange [2]. Because of its ability to extract two Li-ions, Li2FeSiO4 is also 

a candidate for a high voltage cathode. The second Fe-ion oxidation is expected at 4.6V 

[3] [4]. The two-stage reaction equation for Li2FeSiO4 is as follows: 

𝐿𝑖2𝐹𝑒(𝐼𝐼)𝑆𝑖𝑂4       
±𝐿𝑖+

↔         𝐿𝑖2𝐹𝑒(𝐼𝐼𝐼)𝑆𝑖𝑂4       
±𝐿𝑖+

↔         𝐿𝑖2𝐹𝑒(𝐼𝑉)𝑆𝑖𝑂4              (3-1) 

Room temperature cycling shows a complete, single Li-ion removal from the structure 

is possible. However, some sources have published papers stating that they have 

achieved the removal of more than one Li-ion. [5] 

This single Li-ion removal, associated with the Fe2+ to Fe3+ redox reaction, which 

accounts for a specific capacity of 165mAhg-1. The additional capacity associated with a 
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>1Li+ removal has been proposed to originate from the iron redox couple Fe3+/Fe4+. 

However, this is a strongly debated topic, it has been reported in the literature that 

Fe4+ has been observed [5]. Whilst other groups, instead, propose the additional 

capacity could be associated with an oxygen redox reaction or electron redistribution 

rather than a second Fe redox couple. 

Aside from the high theoretical capacity of Li2FeSiO4 the material also has the 

advantage of being composed of elements which are environmentally benign and 

some of the most abundant on earth: iron, silicon and oxygen [6]. The material is, 

therefore, sustainable for long term use including recycling and can be manufactured 

cheaply if scale-up processes should be required. 

There are also negative properties associated with Li2FeSiO4, including very low 

intrinsic electronic conductivity [7] [8]. This is often found in silicate electrodes and is 

attributed to their large band gaps (>1.3eV) [9].This has led other groups studying this 

material to improve electronic conductivity via carbon coating, synthesising carbon 

composites and mixing with larger amounts of additional carbon additives [10] [11] 

[12]. 

Li2FeSiO4 also exhibits poor ionic conductivity (diffusion rates) [13]. One solution to this 

restriction is to synthesise Li2FeSiO4 as nano-particles. The principle here is, by 

reducing particle size, lithium-ion diffusion pathways are shortened, increasing ion 

mobility throughout the electrode [14] [15]. Particle size reduction is widely used and 

has been shown, computationally, using first principle DFT calculations, to increase 

Li2FeSiO4 diffusion coefficients by up to 14 orders of magnitude [16].  

Phase pure Li2FeSiO4 was first synthesised and researched as a cathode material by 

Nytén et al., [17] where it was found that a structural rearrangement occurs during the 

first cycle resulting in a shift of the first charging plateau from 3.1V in the first cycle to 

2.8V in subsequent cycles. Figure 3.1 shows the local structure of Li2FeSiO4 and how 

this changes during the first cycle and through subsequent cycles. It has been found 

that different synthesis methods and variations on reaction temperatures can have an 

effect on the initial polymorph synthesised. Three different, as synthesised 

polymorphs, have been previously reported with different space groups, monoclinic γ𝑠 
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with space group P21/n, orthorhombic γ𝐼𝐼 with space group Pmnb and orthorhombic  

β𝐼𝐼 with space group Pmn21 [18]. Graphic representations of their structures are 

shown in Figure 3.1. Synthesis methods include solid state, hydrothermal, molten 

carbonate and sol-gel [19] [20] [21]. 

This study uses Li2FeSiO4 with a P21/n space group, however, it should be noted that 

during the first delithiation, a phase transition occurs which changes the materials 

polymorph and space group from γ𝑠 P21/n to inverse β𝐼𝐼  Pmn21, this transition is 

irreversible upon further cycling. In successive lithiations and delithiations the 

structure alternates between orthorhombic inverse β𝐼𝐼 and β𝐼𝐼 as depicted in Figure 

3.2. 

Figure 3.2: Diagrams of Li2FeSiO4 pristine and cycled structures (reprinted with permission [41]) 
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Figure 3.1: Diagrams of Li2FeSiO4 polymorphs (reprinted with permission [41]) 
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Also mentioned is the materials reactivity to air, suggesting for optimal performance 

exposure to air must be limited. It should also be noted that Nytén et al. cycled the 

material between 2.0 and 3.7V, a much smaller voltage window than the accepted 

range today of 1.5 - 4.8V the smaller cycling window limits the lithium extraction to a 

maximum of one Li+ per unit formula. Here no carbon coating or nanosizing of the 

material was employed. Instead, the issue of poor electronic and ionic conductivities 

was resolved by cycling Li2FeSiO4 at an elevated temperature of 60°C. This increase in 

conductivity allows for more accurate CV curves and improved cycling performance. 

However, the need for elevated temperature cycling would limit the materials use in a 

commercial battery without further improvements. 

3.1 Synthesis and Characterisation 

3.1.1 Solid State 

Li2FeSiO4 was initially synthesised via a solid-state method following Masese et al. [22].  

Stoichiometric amounts of Li2CO3, SiO2 and FeC2O4·2H2O were added in a molar ratio of 

(1:1:1) with the addition of 10wt% carbon black. The mixture was ball milled under 

ethanol at 400rpm for 6hours then dried, pressed into a pellet and placed in a tube 

furnace under constant argon flux. The tube furnace was heated at a rate of 2°C/min 

to 800°C, where it dwelled for 6 hours before cooling back to room temperature at a 

rate of 2°C/min. Owing to the materials air sensitivity the obtained material was 

immediately transferred into an argon glovebox for storage and further 

characterisation. However, upon characterisation of the material using XRD all samples 

were found to contain various impurities, including lithium silicates and iron oxides. 

These impurities would affect the electrochemical behaviour during cycling, but more 

importantly, they would greatly affect the proposed XAS experiment. XAS experiments 

require high purity materials as any impurities will distort both the XANES and EXAFS 

spectra. It was, therefore, decided to synthesise Li2FeSiO4 via a different method in 

order to reduce/remove these impurities. The method chosen was a two-step sol-gel 

method based on Brownrigg et al. [23]. 
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3.1.1.1  XRD 

The XRD spectrum for Li2FeSiO4 synthesised via the Solid-state method (Figure 3.3) 

indicates a crystalline sample, with sharp peaks corresponding to the disordered 

structure of the P21/n space group. In addition to the Li2FeSiO4 compound, two 

common impurities associated with this synthesis, namely Fe3O4 and Li2SiO3, are also 

identified. Due to the impurities identified in this sample, the sample is not suitable for 

XAS experiments. Even after repeating the synthesis several times with minor 

adjustments to the procedure impurities were still present. It was, therefore, decided 

to go down a different synthesis route, namely, sol-gel synthesis. 

3.1.2 Sol-Gel 

Stoichiometric amounts of Fe(II)acetate, TEOS, Li(Ac)·2H2O and a small amount of 

acetic acid were added to a Teflon lined autoclave with Ethanol and heated at a 

temperature of 130°C for 12 hours, the autoclave was opened to reveal a sol-gel, 

which was dried in an oven at 80°C until a dry powder was formed. The powder was 

mixed with sucrose so that the resulting carbon weight is 10%. This mixture was ball 

milled thoroughly in acetone at 600rpm for 1 hour before being dried under vacuum. 

The resulting mixture was pressed into a pellet and calcined at 600°C for 10 hours 
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Figure 3.3: XRD of Li2FeSiO4 synthesised via solid state reaction with corresponding peak lists A) Li2FeSiO4 B) 
Fe3O4 C) Li2SiO3 
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under a constant argon flux. The resulting material was transferred into an argon filled 

glovebox for storage and further characterisation. 

3.1.2.1   Sol-Gel XRD 

To ensure the sol-gel method produced a close to phase pure material, the amount of 

sucrose as well as the environmental parameters needed to be optimised. This was 

achieved by a “trial-and-error” approach, based on a recipe published by Brownrigg et 

al. [23]. In this project, the amount of sucrose, annealing temperatures and times as 

well as oxidising versus reducing environment during various drying stages have been 

varied. From the XRD (Figure 3.4) it is seen that by following Brownriggs recipe, high 

amounts of metallic Fe was produced. Following the same recipe but drying under air 

instead of vacuum resulted in Fe3O4 impurities (Figure 3.5).  

Once a balance was found, a close to phase pure Li2FeSiO4 was synthesised, XRD is 

shown in Figure 3.6. Whilst there are still impurities, these have been associated with 

Li2SiO3, an electrochemically inactive material, whilst the sample from Figure 3.5 

exhibits more Fe3O4 which is electrochemically active and will affect cycling 

performance. 
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Synthesis was highly reproducible and materials synthesised following this procedure 

were used in all XAS measurements and cycling profiles. The resulting material exhibits 

a space-group P21/n, characterised by edge sharing LiO4 and FeO4 tetrahedra, where 

half of the LiO4 tetrahedra are pointing in opposite directions. It should be noted that 

small levels of impurities were still present as indicated in Figure 3.6. 
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3.1.3 SEM 

SEM has been used to determine the morphology and gain information on particle size 

(Figure 3.8). However, SEM is difficult to perform on this material, due to the materials 

inherently low conductivity, which leads to overcharging. This leads to blurry images at 

high magnifications, making it difficult to determine detailed features, including 

morphology. Figure 3.7 shows SEM images of Li2FeSiO4 at low magnification (scale bar 

100μm). Indicating some agglomerating of particles (highlighted in orange). 

Increasing the magnification, the images are losing resolution, despite this, Figure 3.8 

indicates that there is no regular particle morphology. Instead, irregularly shaped 

particles are observed, which might suggest that they are agglomerations of smaller 

particles. However, due to the poor resolution this cannot be fully confirmed. 

  

100μm 

Figure 3.7: Low magnification SEM image of Li2FeSiO4 
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Despite the relatively poor resolution, it is evident from that the individual particle size 

is sub-micrometre (Figure 3.7). This corresponds well with the sol-gel XRD patterns 

(Figure 3.6), where a broadening of the peaks is observed when compared to the XRD 

pattern developed for the solid-state synthesised material, which instead, shows sharp 

peaks (Figure 3.3). This phenomenon is regularly observed in XRD patterns of nano-

materials.  

1μm 

1μm 

Figure 3.8: High magnification SEM images of Li2FeSiO4 
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3.2 Cycling 

As previously mentioned Li2FeSiO4 has a theoretical capacity of 330mAhg-1, 

corresponding to a complete removal and insertion of two Li+ ions [24]. However, 

experimentally this is difficult to achieve [25]. Figure 3.9 shows a cycling profile of 

Li2FeSiO4 with a 1Li+ reaction. This cycling profile is from Li2FeSiO4 synthesised using 

the solid-state method described in section 3.1.1. 

The redox potential shift after the first cycle indicates that a structural rearrangement 

has taken place. Representing a phase transformation from the monoclinic P21/n to 

the more stable orthorhombic Pmn21 structure [26]. To improve the performance of 

Li2FeSiO4 as a cathode material, a greater than 1Li+ redox reaction should be achieved. 

It is, therefore a necessity to improve the materials ionic as well as electronic 

conductivity. As already discussed, this was achieved by carbon coating, whilst ionic 

conductivity has been improved by particle size reduction, using the sol-gel technique. 

This combination leads to a better performing material and higher capacities than 

when using the material derived from the solid-state synthesis method, as shown in 

Figure 3.10. A greater than 1Li+ redox reaction has been achieved. It should also be 

mentioned this was achieved with room temperature cycling and not elevated 

temperature cycling, which will be discussed later in this chapter. 

Figure 3.9: Galvanostatic cycling of Li2FeSiO4 showing a 1Li+ extraction and insertion 
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Figure 3.10 indicates that the capacity corresponding to a greater than 1Li+ 

removal/insertion is a reversible process across multiple cycles and not an additional 

capacity attributed to SEI formation or irreversible reactions, such as, the structural 

rearrangement of the material during the first cycle. As previously mentioned, the 

additional capacity, referring to the removal of >1Li+ per unit formula has been 

proposed to be attributed to the formation of a small amount of Fe4+ ions [5]. 

Brownrigg et al. [23] found no evidence of Fe4+ being formed, using in-situ XAS 

analysis. Instead, the latter study proposed that the additional capacity was linked to 

considerable electrolyte degradation, supported by the cycling curves and 

considerable gas formation in the pouch cells during cycling [27]. As capacities greater 

than 1Li+ have been achieved using this material, it was deemed suitable for the 

following XAS experiments investigating the potential Fe4+/oxygen edge debate.  
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Figure 3.10: Room temperature cycling performance of Li2FeSiO4 synthesised via a sol-gel method showing a 
greater than 1Li+ removal 
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3.3 X-ray Absorption Spectroscopy (XAS) 

As described in Chapter 2 X-ray Absorption Spectroscopy (XAS) measurements include 

an array of useful techniques that allows users to obtain information, including both, 

electronic as well as geometric structure e.g. oxidation states, bond distances and 

coordination numbers. Whilst structural information is useful in confirming how 

materials behave whilst cycling, for example, the structural rearrangements and 

changes in Fe-O bond distances during the initial cycles of Li2FeSiO4, this has been 

extensively researched by other groups. The focus of this study is to determine the 

redox reactions taking place which lead to the additional capacity observed in Li2FeSiO4 

materials when cycled beyond the removal of 1Li+. There are three hypotheses 

proposed in the literature: i) access to the Fe3+/Fe4+ redox pair [5], ii) an oxygen redox 

reaction occurring [28] and iii) electrolyte degradation [23]. The conclusion of the 

Brownrigg et. al. study named the latter as the most probable hypotheses, owing to no 

visible Fe4+ observed in the XANES spectra and the shape of the electrochemical cycling 

curves, showing a noisy but steady increase in voltage after 4.2V. No such “noisy” 

cycling data was observed with the samples used in this study. However, in an early 

XANES experiment investigating Fe4+ it was observed that some samples were in a pre-

oxidised state, that is to say, they were nearing the Fe3+ oxidation state before being 

cycled (pristine), shown in Figure 3.11. 
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Figure 3.11: XANES data showing pre-cycling oxidation of Li2FeSiO4 
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Upon further investigation and research, it was found that a potential spontaneous 

reaction was occurring. According to Arthur et al. [28] LiPF6 salt spontaneously reacts 

with Li2FeSiO4. However, not all LiPF6 containing samples appeared to be pre-oxidised. 

As accurate oxidation state readings are essential when determining the mechanisms 

behind the additional capacity of Li2FeSiO4, this reaction was investigated further. 

3.3.1 Electrolyte Effect 

To allow further investigation of the possibility to achieve Fe4+ in Li2FeSiO4, the source 

of this spontaneous reaction should be determined to avoid unwanted reactions in 

future experiments. Hence, an electrolyte study was proposed whereby a variety of 

electrolytes commonly used in the literature were investigated to better understand 

the conditions necessary for the reaction to occur. This investigation was conducted 

using XANES measurements in pouch cells. 

Two causes of the pre-cycling oxidation of the Fe2+ to Fe3+ ions were proposed. Firstly, 

it was proposed that the LiPF6 salt or electrolyte react with the electrode material. 

Secondly, that a potential is formed over the electrode between the Li-metal and 

Li2FeSiO4 resulting in a cell self-charging effect. To investigate the electrolyte effect, 

pouch cells were assembled containing three different salts, namely lithium 

hexafluorophosphate (LiPF6), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 

lithium bis(oxolato)borate (LiBOB). Two combinations of solvents (EC/DEC or EC/DMC 

in a 1:1 ratio) were used together with each of the salts. Two additional cells were 

made containing the LiPF6 salt in both solvent combinations along with Li2FeSiO4 with 

no Li-metal present. This was to determine if a potential across the material was 

required. Table 3.1 shows all cells assembled, including a “pristine” sample. 

Cell Number Name Salt Solvents vs Li metal 

1 Pristine None None No 

2 LiPF6 DEC LiPF6 EC/DEC Yes 

3 LiPF6 DMC LiPF6 EC/DMC Yes 

4 LiPF6 DEC no Li LiPF6 EC/DEC No 

5 LiPF6 DMC no Li LiPF6 EC/DMC No 

6 LiTFSI DEC LiTFSI EC/DEC Yes 

7 LiTFSI DMC LiTFSI EC/DMC Yes 

8 LiBOB DEC LiBOB EC/DEC Yes 

9 LiBOB DMC LiBOB EC/DMC Yes 
Table 3.1: Cells assembled for the study of the Electrolyte Effect using XANES 
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All samples were scanned, but no changes in oxidation state were observed in any of 

the samples as shown in Figure 3.12 a). It should be noted that these were freshly 

prepared samples and so, to eliminate the possibility of a time dependant reaction, a 

follow-up experiment was conducted using the same samples after storage under 

argon for 14 days, the results of which are shown in Figure 3.12 b).  

Fe3+ Fe2+ 

Figure 3.12: XANES data of the Electrolyte Effect study a) freshly prepared samples b) the same samples after 14 
days storage under an argon atmosphere 
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Figure 3.12 b) indicates a clear shift in the Fe K-edge towards Fe3+ oxidation state in the 

sample based on LiPF6 in EC/DMC electrolyte mounted as a half cell i.e. containing Li-

metal anode.  

This sample also shows a change in the pre-edge region (inset Figure 3.12). This change 

from a double peak to a well-defined singular peak is another indication of a change 

from Fe2+ to Fe3+ located in a tetrahedral environment according to Brownrigg et al. 

[23]. It should be noted that all samples were stored and transported identically. This 

study shows that whilst LiPF6 does spontaneously react with Li2FeSiO4, as reported by 

Arthur et al. [28], it does so only under specific conditions. Namely, the reaction is 

solvent dependant (EC/DMC) and requires an OCV to be initiated (Li-metal must be 

present).  

Following the results of this investigation it was decided that all further Li2FeSiO4 cells 

made would use the LiPF6 in EC/DEC electrolyte as opposed to EC/DMC. Furthermore, 

all cells would be assembled as close to the experiment date as possible to further 

reduce the chance of a reaction taking place. 

3.4 The Elusive Fe4+: In-Operando XANES 

There is strong debate as to the origin of the additional capacity found in Li2FeSiO4. In 

particular, whether the additional capacity if associated with a further oxidation of iron 

from Fe3+ to Fe4+ or whether it can be attributed to another reaction or 

rearrangement, such as, a change in the oxygen oxidation state. 

Both sides of the debate have supporting evidence to argue their point. Dongping et al. 

[5] and Kamon-in et al. [29] used in-situ XANES as evidence of Fe oxidation beyond Fe3+ 

along with other groups reporting a similar Fe3+/Fe4+ reaction via Mӧssbauer 

spectroscopy [30] [31] [14] However, it should be noted that the Fe4+ spectrum 

overlaps closely that of the Fe2+ and Fe3+ in Mӧssbauer measurements, as reported by 

Liivat et al. [32], where it was determined not possible to determine a definite 

presence of Fe4+. Furthermore, DFT calculations imply that an iron oxidation to Fe4+ 

within the Li2FeSiO4 structure would lead to major structural distortions attributed to 

the strong electrostatic repulsions between the highly oxidised Fe and Si cations, thus, 
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preventing a long-term reversible reaction of greater than 1Li+ if attributing the 

additional capacity to Fe3+/Fe4+ redox couple. [33] 

The contribution of oxygen in the reaction is supported not only by DFT calculations 

[34] where it is suggested a delithiation of >1Li+ leads to a reorganization of the oxygen 

bonding, but also ex-situ XAS measurements on the O K-edge where a distinct change 

in the pre-edge is reported by Masese et. al. which proposes an oxygen contribution to 

a charge compensation mechanism [35]. However, due to the nature of the XAS 

technique used and the low energy of the oxygen K-edge this technique only gives 

surface and very shallow penetration of the electrode surface. This study utilises a 

different technique explained in Chapter 2 where a true representation of the bulk is 

observed. 

3.4.1 Fe K-edge XANES 

It has been shown that the material synthesised and used in this study is capable of a 

greater than 1 removal and reinsertion of lithium upon cycling between 1.5V and 4.8V. 

It is, therefore, imperative that we investigate the Fe oxidation state during this 

cycling. An in-operando technique is used, this allows for uninterrupted cycling and 

constant data acquisition. The pouch cells were prepared as described in Chapter 2. 

 Figure 3.13 A) shows the XANES data of the first charge cycle, indicating a clear 

progression in the Fe K-edge position from Fe2+ to Fe3+. It should be noted that there is 

no indication of Fe-oxidation state progressing further than Fe3+, as evidenced by the 

reference Fe2O3 reference samples also plotted. This is despite an initial charging 

capacity of greater than 300mAhg-1 as demonstrated by the electrochemical cycling 

profiles of this sample (Figure 3.14), corresponding to greater than 1Li+ removal. It can 

also be seen that the aforementioned change in the pre-edge feature attributed to the 

formation of Fe3+ ions in a tetrahedral site is also seen in Figure 3.13 A) with a 

magnified image of this area shown in Figure 3.13 B).  

A closer look at the Fe K-edge XANES during the first charge Figure 3.13 C) shows that 

no discernible increase in Energy is observed after the first couple of scans during the 

4.8V hold. The overlapping scans suggest no further increase in Fe oxidation state is 

achieved during further cycling. 
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Figure 3.13: XANES data showing: A) a clear progressive change in oxidation state from Fe2+ to Fe3+ during the first 
charge B) A zoomed in image of the pre-edge feature showing the same progressive change from Fe2+ to Fe3+ C) a 

zoomed in image of the main Fe K-edge indicating no further progression beyond Fe3+ is achieved 
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It should be noted here, that the purpose of this XAS experiment was to search for 

evidence supporting the existence of Fe4+ within the sample upon charging. The 

charging was, therefore, carried out at the slow rate of 
𝐶

6
 (corresponding to 1Li+ 

removal) and then further held to ensure that at least 1Li+ was extracted, but also to 

allow for the greatest possibility of observing Fe4+ if this is a short lived (unstable) 

state. The discharge was deemed less important for the purpose of this experiment, 

and so was cycled at a higher rate, hence the low discharging capacity shown in Figure 

3.14 

The faster discharge rate also impacts the reversibility of the Fe2+↔Fe3+ redox reaction. 

Figure 3.15 A) shows a trend of decreasing Fe oxidation state towards Fe2+, however, 

this is only achieved in part. This is further supported in Figure 3.15 B) where a partial 

reversal of the pre-edge feature can be seen. 

 

 

 

 

 

Figure 3.14: Galvanostatic cycling profile for Li2FeSiO4 
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Figure 3.15: XAS data showing a partially reversed Fe oxidation state going from Fe3+ to Fe2+ upon first discharge 
A) main edge B) magnified pre-edge 
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3.4.2 Oxygen K-Edge Contribution 

So far it has been shown that the samples synthesised in this study are phase pure, 

their cycling performance goes beyond a 1Li+ redox reaction, and that upon cycling no 

evidence supporting the existence of Fe4+ in this material has been found using XAS 

techniques. As previously mentioned, it has been proposed that additional capacity 

can be attributed to a reaction in the oxygen edge, which has been supported by XAS 

measurements using a soft x-ray surface probing technique. Whilst this is promising, it 

could also be argued that it does not give a true representation of the bulk material, 

and thus, we employ a different technique to Masese et al. [35] and Lu et al. [36]. The 

technique, described in Chapter 2, is a Raman based technique whereby the spectrum 

is collected via an energy loss. Simply put, the beam enters at a much higher elastic 

energy and the loss in energy from hitting the sample is measured to create a 

spectrum (as opposed to hitting the sample at the O K-edge energy of 536eV where 

sample penetration is very low) this allows a true representation of the bulk material. 

Not only does this technique allow the observation of the oxygen K-edge but also 

other surrounding low energy edges including the Li K-edge and Fe L-edge. Here the Li 

K-edge was used to simply help ensure we were viewing our sample and not 

surrounding polymer pouches or glues. Whilst the Fe L-edges were used to follow 

changes in the Fe d-states. 

Figure 3.16 shows A) C) the beamline setup and B) sample pouches. Due to the nature 

of this technique all measurements were taken ex-situ, as one measurement takes 

around 10 hours. The materials aforementioned air sensitivity was considered when 

designing sample holders for the measurements. Laminate aluminium pouches were 

assembled with windows cut out and pure aluminium foil windows were inserted 

where the sample was to be placed. This reduces oxygen interference from the 

pouches’ polymer laminates. Laminates were vacuum sealed under a dry argon 

atmosphere (Argon glovebox) to reduce oxygen contamination of the active material. 
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Once samples have been placed in the holder x and y position scans are used to 

determine the best position for the main data collection scans. These scans show us a 

“slice” of what we are hitting and thus, we can determine what the final beam position 

will be. Figure 3.17 below shows an example “slice” image of the y plane scan. 

 

 

 

 

Figure 3.16: A) an image showing the beamline setup and position of moveable 
sensors B) An example of a sample pouch with aluminium windows C) A close up of 

sample holder and sensor position, as well as beam position 

A) B) 

C) 



109 
 

From the scan in Figure 3.17 the holder, pouch, and sample can be clearly defined. The 

bright red strip is the sample, therefore, a beam position roughly central to this is 

chosen, and the procedure is then repeated for the x plane. 

For this sample, it was found that a vertical orientation of the sample did not yield a 

high enough energy loss to properly observe detailed oxygen edge peaks. This may be 

down to the thin profile of the cast electrodes or the small quantity of sample 

deposited on the current collector. It was, therefore, decided to angle the samples so 

as to hit more of the bulk material as the beam passes. In addition to this, the sensors 

were spread out to gain a better representation of the exiting beam, including more 

sensors observing the low-q region. As depicted by Figure 2.10 in Chapter 2, low-q 

indicates the region where there is a low transfer of momentum imparted by the 

incident beam and, therefore, is evidenced by low scattering angles. To observe the 

low-q region, more detectors are placed rear-facing in respect to the direction of the 

incident beam (Figure 3.16 A) and C)). 

  

Figure 3.17: An image of a y-plane scan of the sample pouch and holder 

Sample Holder 

Aluminium Windows 

Sample 
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Figure 3.18 shows a representation of the state of charge each sample was cycled to 

when the sample was removed, washed and placed into the sample pouches. It is 

shown that cycling limits are equal to >1Li+ removal and reinsertion, ensuring the 

potential of an oxygen contribution. 

These points were chosen as it not only gives the extremes (pristine and fully 

charged/discharged) but also intermediate steps in an effort to determine if/or the 

oxygen edge is actively contributing to the reaction.  

To ensure all features are observed during sample analysis Figure 3.19 shows an 

example of a full range scan separating the low-q and high-q detectors, as sometimes 

features present are masked in high-q or low-q regions. The energy range indicated in 

Figure 3.19 is the effective energy range, not the energy of the incident beam, which 

was in the region of 10keV, as described in Chapter 2. 

 

 

 

Figure 3.18: A graphical representation of Li2FeSiO4 samples’ state of charge used for this experiment, 
dashed line denotes 1Li+ removal 
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It can be seen from this scan that both lithium and iron are present; indicating the 

incident beam is targeting the sample. From the Li K-edge a larger and more clearly 

defined peak is reported in the high-q region compared to that of the low-q, whilst the 

Fe L-edge as well as the O K-edge show more defined peaks in the low-q region. 

 

 

 

 

 

 

 

Figure 3.19: An example of the full-range XRS scan, with indicated Li, O and Fe edges 
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Firstly, we take a look at Fe L3-edges. The observation of L-edges directly probes the 

spin-state and chemical bonding by monitoring the 2p3/2 → 3d transitions. Figure 3.20 

follows this evolution during charge A) and discharge B). It is evident that the transition 

consists of two peaks, observed between 708 and 710eV. These two peaks are an 

observation of the 2d → 3d L-edge transition and, as indicated in Figure 3.20, 

correspond directly to the redox couple Fe2+ → Fe3+.  The continued increase in the 

transition towards Fe3+ post charge (holding at 4.8V (sample E)) compared to the fully 

charged (sample D) can be attributed to Li2FeSiO4’s aforementioned slow kinetics, and 

potentially, some relaxation due to these samples being ex-situ. 

The Fe L-edge’s double peak feature can be directly compared to the Fe K-edge XANES 

pre-edge double peak feature in Figures 3.13 B) and 3.15 B) where the trends match 

closely. When looking at the discharge spectra, it can be seen that there is only a 

partial reversal of the Fe3+ → Fe2+ This can be attributed to two factors, firstly, the 

incomplete discharge, indicated by sample G in Figure 3.18 and secondly, the known 

structural rearrangement occurring during the first charge of Li2FeSiO4. 
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Figure 3.20: Fe L-edge XRS scans through Li2FeSiO4 first charge (A) and discharge (B) 

A) 

B) 
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Next, we take a look at the O K-edge spectra. Here, two main features are investigated. 

Firstly, the pre-edge feature at 531eV which corresponds to the O1s → Fe3d and O2p 

orbital. Secondly, the broad main peak centred around 539eV, corresponding to O1s 

electron excitation above the Fermi level and hybridisation of O2p and Fe 42p orbitals 

according to Yoon et el. [37]. 

Figure 3.21 shows a steadily increasing pre-edge peak intensity upon charging of the 

material.  This change in pre-edge upon Li+ deintercalation reveals information about 

hole state distribution and the oxygen atoms’ effective charge [37]. The increase in 

pre-edge intensity only partially agrees with Lu et el. [36], who observed an abrupt 

change in O K-edge pre-edge feature once the state of charge corresponded to a 

removal of >1Li+ per formula unit, at this point they report a large increase in pre-edge 

peak intensity, prior to this, no change in the O K-edge was observed. 

When looking at the oxygen main edge, no significant peak shift is observed. This 

indicates that the oxygen oxidation state remains unchanged during cycling, i.e. no 

direct oxygen redox reaction is taking place. 

 

Figure 3.21: Oxygen edge XRS spectrum of Li2FeSiO4 during first charge 
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However, other changes in the main edge are observed. Namely, the main peak 

intensity increases and the broad twin-peak feature changes to a broad more singular 

feature. These changes are attributed to a change in the oxygen orbitals during Li+ 

removal. 

Upon discharge, a partial reversal of pre-edge peak intensity is observed shown in 

Figure 3.22. A reversal is expected due to the reinsertion of Li+. The reasoning behind 

the observation of only a partial reversal (when comparing sample G to pristine sample 

A) can be attributed to an incomplete discharge (Figure 3.18) suggesting not all Li+ has 

been reinserted. Another potential contributing factor is the structural rearrangement 

known to take place during the first cycle.   

This suggests – contrary to a previous publication [35] – that oxygen not only 

contributes the capacity of Li2FeSiO4 but does so throughout its cycling and not only 

after more than 1Li+ has been removed per molecular unit as suggested by Masese et 

al. These graphs also indicate that the process is largely reversible, something not 

shown in Masese’s paper. In addition to the oxygen edge suggesting a continual 

Figure 3.22: Oxygen edge XRS spectrum of Li2FeSiO4 during first discharge 
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contribution upon cycling the Fe L-edge also suggests a continual contribution of iron 

throughout cycling and not only until the point x=1 in Li2-xFeSiO4. These findings are 

not only interesting and important in the field of understanding high capacity cathode 

materials but are also novel. 

As a part of this work, FDMNES calculations have also been carried out to simulate the 

materials electronic configuration. A good likeness was achieved, further suggesting a 

gradual emptying and re-filling of 3d orbitals upon cycling [38]. 

Whilst the findings of this O K-edge XRS study do not definitively prove that oxygen is 

the source of additional capacity in Li2FeSiO4, it does suggest bulk material oxygen 

activity throughout cycling and a strong contribution as part of a charge compensation 

mechanism, preserving electronic and structural stability of Li2FeSiO4 during a >1Li+ 

removal. In addition, this study, in combination with the in-operando Fe K-edge XANES 

and other works by various groups strongly suggest that Fe4+ is not the source of the 

additional capacity in Li2FeSiO4. Other potential sources of additional capacity which 

need to be further investigated include surface reactions as reported by Dominko et al. 

[39] and electrolyte degradation as reported by Brownrigg et al. [23]. 
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3.5 Elevated Temperature Cycling 

It was previously mentioned in this chapter that Li2FeSiO4 suffers from a low ionic 

conductivity. This can dramatically hinder the performance of Li2FeSiO4 as a cathode 

material. Despite using material with controlled nanoparticle size distribution in 

combination with carbon additives, the material still shows significantly lower ionic 

conductivity than other cathode materials, such as LiCoO2. Higher conductivity – in 

general – allows us to utilize a higher percentage of the materials theoretical capacity 

and cycle the material at a higher C-rate. 

All the materials cycled in previous sections used cycle rates of 
𝐶

6
 or slower, allowing for 

the removal/insertion of >1Li+ per unit formula. However, as C-rates increase the 

achievable capacity drops and polarisation increases, as shown in 3.23. 
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Another method regularly employed to improve ionic conductivity and thus, 

performance, is cycling at elevated temperatures. High temperatures pose a risk when 

cycling Li-ion batteries as the electrolytes are combustible. As a consequence, all 

elevated temperature cycling was undertaken using a moderate temperature of 55°C 

to limit electrolyte deterioration. The electrolyte used was standard 1M LiPF6 in 

EC/DEC 1:1.  

Figure 3.24 shows cycling curves at room temperature, the cell was then heated up in-

operando partway through cycle 3. This is clearly visible by a sudden increase in 

voltage. This can be attributed to improved kinetics associated with elevated 

temperatures. It is well known that elevated temperatures increase ionic conductivity 

and, therefore, reduce internal resistivity in a material which, in turn, leads to a 

reduction in polarization, also observed in Figure 3.24. 

In addition to this, a marked increase in both charge and discharge capacities are 

observed. With discharge capacities increasing from around 125mAhg-1 in the first 

cycle to an increased capacity of up to 250mAhg-1 observed in cycle 8. It is clear that 

elevated temperature cycling improves the short-term battery performance 

dramatically, allowing for faster cycling and increased capacities. However, as 
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previously mentioned, the electrolyte will deteriorate over time if the system is 

exposed to these temperatures long-term. There is a potential to resolve this issue 

with the use of a temperature stable, solid polymer electrolyte, further discussed in 

Chapter 5. It should be noted that whilst additional capacities are observed due to 

enhanced kinetic properties, to keep the system at these temperatures requires 

additional energy, potentially negating the benefits in increased performance. This 

severely reduces the potential applications for a system like this. 

3.6  Conclusion 

In this chapter Li2FeSiO4 was investigated as a high capacity, affordable, 

environmentally benign cathode material. It has been shown that phase pure Li2FeSiO4 

was synthesised via a sol-gel process. Electrochemical cycling of the phase pure 

material, yielded a capacity corresponding to a Li+ removal of greater than 1 per unit 

formula when cycled between 1.5V and 4.8V. The origin of the increased capacity has 

been studied in detail using both XAS and XRS techniques. It has been proposed in 

literature that the additional capacity is associated with an Fe3+/Fe4+ redox couple [5] 

or related to an oxygen charge compensation mechanism [28]. 

Further to this, an “electrolyte effect” XANES study was conducted to ensure no 

unwanted, spontaneous reactions occurred during the investigation into a possible 

Fe3+/Fe4+ redox couple. This was undertaken when an early study and a report in 

literature suggested that, under certain conditions, Li2FeSiO4 reacted with the 

electrolyte, resulting in a pre-cycling oxidation from Fe2+ to Fe3+. The study indicated 

that Li2FeSiO4 reacted with LiPF6 salt, when in combination with EC/DMC solvents and 

was placed in a call format vs Li-metal. It was also found that the reaction was 

somewhat time dependant, with no reaction occurring in the freshly prepared cells, 

however, with a reaction occurring in the cell stored for 14 days. As a result, all cells 

were prepared using 1M LiPF6 in EC/DEC. 

The in-operando XANES study conducted on this material showed a clear Fe K-edge 

progression, as expected, from Fe2+ to Fe3+. Upon continued cycling, no further 

increase or shift in Fe K-edge oxidation state was observed. This strongly suggests that 

the presence of Fe4+ is not observed under current cycling conditions in Li2FeSiO4, 
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therefore, the additional capacity associated with a >1Li+ removal ought to be 

attributed to some other reaction. 

This claim is further supported by the ex-situ XRS study conducted to observe the O K-

edge. This study yielded important information on the charge compensation 

contribution of oxygen in the cycling of Li2FeSiO4. It indicates that oxygen reversibly 

contributes throughout the materials cycling, not only after 1Li+ is removed, this 

contradicts a study conducted by Masese et al.  [35] using soft XAS probing, which, 

unlike the XRS technique employed in this study, is limited to surface observations. 

In addition to the XAS studies conducted, a short study on the cycling of Li2FeSiO4 at 

elevated temperatures was conducted to observe and improve the materials kinetic 

properties. It was found that an elevated temperature leads to higher kinetics resulting 

in higher capacities and lower polarisation when compared to room temperature 

cycling. This suggests that the material needs further enhancement to improve its 

internal kinetics or that the material may be better suited to environments where 

elevated temperature cycling is preferable. However, as stated, this would require an 

intensive study on electrolyte materials. 

Whilst this study does not conclusively determine the origin of the reaction occurring 

beyond 1Li+ removal, it does contribute to the wealth of knowledge on this extensively 

researched subject and Li2FeSiO4 remains well-placed as a promising high capacity and 

environmentally benign cathode material. 
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4 Negative Electrode - PEDOT:PSS 

4.1 Introduction 

Poly(3,4-ehylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is a co-polymer 

with many useful properties, including being environmentally friendly, easily 

processable and readily available. Resulting in PEDOT:PSS being used in a vast array of 

industrial applications, among which include Organic Light Emitting Diodes (OLEDs), 

Photovoltaic (PV) cells and anti-static coatings [1] [2] [3]. It is also used as a mixed 

conductor i.e. the material is both electronically and ionically conductive. These 

properties make PEDOT:PSS a suitable candidate for the next generation of lithium-ion 

battery materials. Current battery electrodes consist of an active material combined 

with an electronically conducting additive (e.g. carbon black) and a binder (e.g. PVDF) 

coated onto a metallic current collector (copper and aluminium foils). The current 

setup means that whilst the active material may have a high theoretical capacity and 

stable redox reaction potentials the overall energy density of the battery is greatly 

reduced due to the required additives and assembly components. Reducing or 

removing these components is a vital step towards improving Li-ion battery energy 

density. PEDOT:PSS, with its intrinsic electronic conductivity removes the need for the 

carbon black conducting additive. In addition to this, PEDOT:PSS is a self-binding 

polymer that, if deposited correctly, has no need for additional binder, meaning 100% 

of the deposited electrode is active material. Finally, PEDOT:PSS can be made into self-

standing flexible films [4]. This would theoretically give rise to the possibility of 

removing the current collector from the battery (as described in Section 1.6.4), a bulky, 

heavy and inactive material, which does not contribute to the capacity of the 

electrochemical cell. 
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Figure 4.1 shows the chemical structure of PEDOT:PSS. Its electronic conductivity 

stems from the PEDOT polymer, which is a conjugated polymer. The ionic conductivity 

stems from the SO3
– groups associated with PSS and their ability to attract Li+ ions. In 

addition to this, research has shown PEDOT:PSS to be both chemically stable [5] and 

biocompatible [6] . The latter property is essential for potential usage in bio-integrated 

electronic devices, where this material may be used as an electrode (see Chapter 6). 

The material is also soluble in aqueous solutions and its ability to form a suspension in 

water, allows for more environmentally friendly electrode manufacturing methods to 

be used. As discussed in Chapter 2, electrode slurries are regularly made using NMP as 

the solvent, a substance not only harmful to the environment but also costly to 

evaporate from the slurry because of its high boiling point. It is also expensive to 

recover the solvent during the manufacturing process. Using water as the main solvent 

removes these issues. 

This chapter will focus on PEDOT:PSS electrodes manufactured using water as the 

solvent, but will also look at various deposition techniques and their feasibility for use 

in large scale production. Finally, the electrochemical performance will be compared 

using various deposition techniques and their reaction mechanisms discussed. 

Figure 4.1: Chemical structure of PEDOT:PSS [7] 
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4.2 Deposition Methods 

4.2.1 Tape Casting (Doctor Blade) 

Firstly, PEDOT:PSS was deposited using the same approach as mentioned in chapter 2. 

The main difference when coating PEDOT:PSS is the use of aqueous solutions as the 

solvent as opposed to NMP, which means that PVDF is no longer a viable option as the 

binder, as PVDF is insoluble in water. Initially binderless slurries were cast, however, 

the resulting electrodes were brittle and flaky, resulting in poor cycling behaviour. This 

latter issue could be remedied by reducing the thickness of the deposited films, but in 

this study the thickness had to be reduced to the degree where the amount of 

deposited material was too low to sufficiently coat or wet the entire current collector. 

To improve the prepared coating a water-soluble binder: sodium 

carboxymethylcellulose (CMC) was added to aid with structural integrity and adhesion.  

As previously stated, PEDOT:PSS is electronically conductive, and so, no additional 

carbon conductive additive was added, therefore, no ball-milling step was required. As 

the PEDOT:PSS came as a ready-made suspension in aqueous solution (1.3 wt.%) the 

resulting slurry demonstrated poor viscosity reducing its potential to be directly cast 

using the Doctor Blade method. Instead, CMC was added to the as bought PEDOT:PSS 

suspension and dissolved fully before being heated and stirred via a magnetic stirrer 

for 2-3 hours. The latter steps were introduced to ensure a uniform suspension and to 

evaporate around 50% of the solvent, increasing viscosity. The resulting slurry was cast 

the same way as the NMP-based slurries, and the dried at 40°C under vacuum for 12 

hours followed by a 70°C drying under vacuum. Figure 4.2 shows the wet slurry after 

casting and after drying. 
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There are many advantages with using the tape casting technique. When the slurry 

composition is formulated for this technique (viscosity, solvent compositions, binders) 

then the Doctor Blade technique can be used to create electrode castings of a 

homogenous appearance, and uniform thickness. The technique allows for roll-to-roll 

large area coverage with minimal material waste. The process is used as a “single pass” 

technique i.e. repeated layering is not necessary. Due to this single layer application 

process, there is a lower chance of a breakdown in the network controlling the 

conductive pathways in-between the cast layers and, therefore, minimising the chance 

of unnecessary electrode impedance created by adding more interfaces. Adhesion of 

electrodes are good even with thick electrodes due to the uniform slow-moving 

deposition of the slurry, allowing the binders to adhere to the foil and its neighbouring 

particles. Thicknesses of several hundred micrometres can be quickly achieved using 

this technique. 

The Doctor Blade (tape casting) technique is limited in some respects. If thin layers are 

desired, Doctor Blades may not be an option, minimum electrode thickness is >1μm. In 

addition to this, if a specific shape of electrode is required then other techniques will 

be preferable, Doctor Blading is used for straight full coverage coatings no controllable 

patterning is used.  

B) 

A) 

Figure 4.2: PEDOT:PSS doctor blade coating A) wet B) after drying 
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4.2.2 Spray-Coating 

Spray-coating is a widely used coating technique in many fields from the automotive 

industry to art. It has also been previously used for Li-ion battery electrode deposition. 

[7] [8]  Further, it is known to be used in photovoltaic (PV) cell research, spraying the 

layered components – of which PEDOT:PSS is among them [9] [10]. As a result, the 

spray coating technique may be used in the fabrication of polymeric lithium-ion 

electrodes. The reason the technique is attractive as a deposition method is that, like 

“Doctor Blading”, it can be used to cover large areas including roll-to-roll processes. 

Unlike “Doctor Blading”, spray coating can also be used to cover non-uniformly shaped 

surfaces and masks can be used to ensure selective coating areas. The spray coating 

technique can be tuned so that the desired deposition thickness is achieved. Multiple 

passes are often undertaken to increase thickness and improve homogeneity of the 

film. Lower viscosity slurries compared to “Doctor Blade” can often lead to surface 

tension issues resulting in non-uniform coatings, meaning that multiple passes are 

required to achieve a uniform film. 

The PEDOT:PSS adhesion to the copper current collector using this method was 

sufficient enough that no additional binder was needed. However, it should be noted 

that if the coating became too thick (>20μm), the surface was prone to flaking and 

delamination. The PEDOT:PSS suspension was used as bought (1.3 wt.% in H2O) and 

sprayed using a standard compressed gas air brush. Figure 4.3 B shows the fully coated 

A) B) 

Figure 4.3: Spay-coated PEDOT:PSS on copper foil after A) one coat and B) final coat 
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copper foil with some visible minor pitting or flaking of the coatings. In addition, due to 

the low viscosity of the slurry and the aqueous solution used, surface wetting issues 

were found, resulting in non-uniform coatings (Figure 4.3 A) due to the high surface 

tension of the solution. The issue was remedied by multi-layer coatings. Multiple 

coatings (3-4 coatings) were required to achieve the desired sample loading, with 

ambient drying conditions after each coat, followed by a 70°C drying process under 

vacuum. 

4.2.3 Inkjet Printing 

Inkjet printing has been chosen as a finely tuneable deposition method. Capable of 

printing specific designs accurately on the micrometre scale, allowing not only large 

area coating as the previously mentioned coating methods but also allowing intricate 

electrode designs, which can be useful in bespoke and/or integrated batteries. Again, 

this method used the PEDOT:PSS suspension as bought (1.3 wt.% in H2O) with no 

additional binder and was printed directly onto the copper foil using a standard inkjet 

printer (HP Deskjet 2130) shown in Figure 4.4 A. No additional binder was used due to 

the exceptional adherence to the copper without binder, the likely reasoning for this is 

that like the spray coating method, and unlike the “Doctor Blading” method, the 

PEDOT:PSS is deposited in a layer-by-layer fashion. 

Approximately 30 layers were deposited with a 1-minute heat curing time at 70°C in-

between each layer, Followed by a final drying at 70°C under vacuum. The adherence 

seems even better than that of the spray coating, likely due to a more uniform 

B) A) 

Figure 4.4: A) Inkjet printer used to deposit PEDOT:PSS onto copper foil B) coated copper foil 
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deposition spread, and smaller quantities being deposited at a time, creating a uniform 

coating with a smooth, flat surface. Shown in Figure 4.4 B is the finished dried coating 

after long term storage and being handled multiple times. Further suggesting strong 

adherence of the ink to the substrate. 

4.3 Results 

PEDOT:PSS samples, deposited using each of the previously mentioned techniques was 

then characterised. SEM was used to examine film forming properties and uniformity. 

TGA and XRD were used to obtain the materials thermal stability characteristics, 

including the nature of the polymer after drying and ensure it is unaffected by the 

drying procedures used in this study. 

4.3.1 Thermal Stability 

Independent of the deposition technique a drying process was required. This means 

that the polymer films need to be thermally stable, at least above 70°C. In view of this 

a thermal stability study was undertaken using TGA and XRD before and after drying. It 

is commonly accepted that a materials thermal stability window can be determined by 

the point at which 5% mass loss occurs. To measure this, thermal gravimetric analysis 

(TGA) was employed to determine the stability of PEDOT:PSS. 

 
Figure 4.5: TGA of dried, pure PEDOT:PSS with an indicator showing 5% mass loss 
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Figure 4.5 shows a 5% mass decrease occurs at around 120°C. Normal cycling 

conditions are at room temperature and drying conditions are up to 70°C. PEDOT:PSS’ 

stability up to 120°C not only ensures no thermal degradation of the PEDOT:PSS under 

normal cycling conditions, but also allows for elevated temperature cycling and 

therefore increases PEDOT:PSS’ potential applications. 

To further ensure PEDOT:PSS was not affected by the drying procedure used in the 

coating processes, X-ray diffraction (XRD) of the sample was collected. The as received 

PEDOT:PSS was dried at 70°C under vacuum and ground into a powder. The XRD 

spectra of PEDOT:PSS (Figure 4.6) demonstrates no sharp peaks, instead a spectrum of 

very broad peaks are observed. This can be easily attributed to the amorphous or 

semi-crystalline nature of the PEDOT:PSS polymer, indicating that no long range, 

periodic atomic arrangement is present. The identifiable broad peak at 17.5° is 

associated with the amorphous halo of PSS, whilst the peak found at 25° is attributed 

to the π-π stacking (d 010) of the PEDOT thiophene ring. This data fits well with 

literature [11] [12] [13].  
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Figure 4.6: XRD of pure PEDOT:PSS 
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4.3.2 Chemical and Mechanical Properties of the Films 

4.3.2.1 Doctor Blade 

Scanning electron microscopy (SEM) was used to inspect the film forming properties 

and to estimate the adhesion of the active material to the copper substrate. Upon 

inspection of the SEM images, the PEDOT:PSS film deposited using the tape casting 

method (Figure 4.7 A) It can be seen that whilst the PEDOT:PSS adheres well to the 

copper foil it also cracks after handling. This is a phenomenon known as “mud-

cracking”. Mud-cracking occurs under multiple conditions, most commonly during the 

drying process after film deposition. As solvent is removed the film may contract, 

creating tension within the film (known as capillary pressure), as the film continues to 

dry cracks are formed [14]. There is a film thickness, known as the critical thickness, 

where films thinner than this will exhibit no cracking. The most likely reason for the 

cracking observed in Figure 4.7 A is due to the thickness of the film (around 5μm) – 

when used in other applications, such as, photovoltaic cells the thickness is 

significantly less (typically <100nm) [15] [16]. From the elemental mapping of sulphur 

and copper it can be seen that whilst sulphur is uniformly distributed throughout the 

coating (Figure 4.7 B) the copper is most evident in-between the cracks of the film, 

indicating that the cracking is not just a surface effect but travels the full depth of the 

PEDOT:PSS coating to reveal the copper foil underneath (Figure 4.7 C). 
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When increasing the magnification (Figure 4.8 A) it can also be seen that there are 

bright “spots” in the coating. From elemental mapping (Figure 4.8 B and C) of sulphur 

showing darker voids and copper mapping showing brighter spots (marked by orange 

circles), It can be seen that copper particles are raised in small clusters during the 

coating process, i.e. when the doctor blade glides along the foil it pulls at the foil whilst 

depositing, creating a rough surface, with copper particles remaining in the dried film. 

Another explanation is that copper diffusion may occur due to the PEDOT:PSS’ acidic 

nature, other deposition methods will be observed for evidence of this. It is possible 

that added surface roughness may help with adherence to the copper foil.  

 

Figure 4.7: SEM image of A) doctor bladed PEDOT:PSS/CMC coating B) EDX sulfur mapping C) EDX copper 
mapping 

A) 

B) C) 
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Figure 4.8: Magnified SEM image of A) Doctor Bladed PEDOT:PSS B) EDX mapping of Sulphur C) EDX 
mapping of Copper 

A) 

C) B) 
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4.3.2.2 Spray-Coating 

Investigating the SEM images of the spray-coated PEDOT:PSS films (Figure 4.9 A), 

distinct topological differences in the morphology of the coatings are immediately 

visible, similar “mud-cracking” is observed, as seen in the “Doctor Blade” coatings 

(Figures 4.7 A and 4.8 A). However, the evidence of the copper clusters are significantly 

less obvious, nonetheless, elemental mapping does indicate the presence of copper 

spread across the film surface (Figure 4.9 B), though it appears more evenly distributed 

when compared to the doctor bladed sample. This suggests that the cause of the 

copper clustering is, in fact, due to the acidic nature of the PEDOT:PSS, a similar 

phenomenon of indium diffusion is observed in PEDOT:PSS coated ITO [17]. No 

aggressive dragging of material across the surface occurs during the spray-coating 

deposition technique, this may be the reason there is no obvious clustering as seen in 

the Figure 4.7 A and 4.8 A. 

B) 

A) 

Figure 4.9: SEM image of A) spray coated PEDOT:PSS B) EDX copper 
mapping 
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However, the overall surface appearance is much rougher and “bumpy” than the 

“Doctor Blade” coatings. Comparing the magnified images (Figures 4.8 A and 4.10) the 

“Doctor Blade” coatings were smooth in appearance, apart from the copper clusters, 

whilst the whole surface of the spray-coated film is rough. This “roughening” is most 

likely due to the nature of spray coating, where droplets of the material is deposited, 

surface tension and other parameters cause agglomerations when dried and by 

depositing further layers, a film with a peak/trough topology is formed. This is 

evidenced in Figure 4.3 where it can be seen that the PEDOT:PSS agglomerates in 

patches when drying. 

The roughness of the surface can both help and hinder battery performance. On one 

hand, it increases surface area and, therefore, increases contact with electrolyte – 

improving ionic contact. On the other hand, as previously mentioned, the rough 

surface may lead to flaking of the coating resulting in delamination, resulting in loose 

Figure 4.10: SEM images of spray-coated PEDOT:PSS at varying magnifications 
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material which can no longer contribute to the battery capacity, or worse, potentially 

lead to short circuiting. 

4.3.2.3 Inkjet Printing 

The SEM image of the inkjet printed PEDOT:PSS films (Figure 4.11), again shows a 

different morphology to both the “Doctor Blade and spray-coated samples. It should 

be noted that this sample was the most handled and longest stored sample of the 

three (around 8 - 10 months between coating and SEM images being taken) and so 

cracking of the film would be expected. It should also be noted that whilst there 

appears to be a larger number of cracks, they are finer in diameter (<1μm) than with 

the other two deposition techniques (2-5μm). However, other than the cracking – also 

seen in the other deposition methods – the film has a smooth surface with little 

evidence of “bumping” or copper clustering. 

Similarly to the spray coating technique, there appears to be an even distribution of 

copper across the film suggesting copper diffusion has occurred. The presence of 

copper without large clusters can be attributed to the non-invasive deposition 

Figure 4.11: SEM image of inkjet printed PEDOT:PSS film 
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technique, where no scraping or pulling of the material is involved. Despite the inkjet 

printer producing droplets, (an attribute discussed as a negative point of the spray-

coating technique) the coating appears to be even throughout the films. This has been 

attributed to the inkjet printing techniques’ smaller droplet size (inkjet printing droplet 

sizes are typically between 15-150μm [18]) and more uniform spacing between 

droplets when compared to the spray-coating technique.  In addition, the amount of 

material deposited per layer is significantly less than the spray-coating technique, so 

whilst there may still be a peak/trough topology the appearance is far less 

pronounced. 

Figure 4.12: SEM images of inkjet printed PEDOT:PSS film, at varying 
magnifications 
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Instead, magnified SEM images of the ink-jet printed films shown in Figure 4.11, 

illustrate that the surface is smooth, even at high magnification. This deposition 

technique, with its smooth surface appears to give the coating good adhesion, as even 

when crumpled, the coating adheres to the copper foil without flaking or 

delamination. This may be due to the large amount of layering involved with this 

technique. To achieve a coating with this thickness (≈4μm) PEDOT:PSS was deposited 

layer-by-layer with a drying stage in between each coating. A total of 30 layers were 

deposited. Thin, even layers deposited on top of each other, appears to give strength 

to the structure similar to bricks in a wall. 

4.3.3 Electrochemical Properties of the Films 

4.3.3.1 Deposition Dependent Galvanostatic Battery Cycling 

To determine if PEDOT:PSS has potential as an anode material in Li-ion batteries, 

PEDOT:PSS has been cycled vs lithium metal discs in half cells. All cells were cycled 

between 0.05 – 3V at a rate of 100mAg-1 to ensure consistency throughout the results. 

All cells used Celgard polymer separator and a standard 1M LiPF6 in EC/DEC 

electrolyte. As pure PEDOT:PSS has not been previously researched as a viable 

candidate for an anode material in the literature, there is little in terms of cycling 

statistics. However, one report using PEDOT:PSS as a conductive additive in Silicon 

anode based Li-ion batteries shows an initial discharge capacity of around 60mAhg-1 

[19]. It also proposes a Li trapping mechanism, which further reduces the capacity by 

around 50mAhg-1 after the first cycle, with successive cycles the material achieves just 

10mAhg-1. Reports of cycling similar materials (conductive polymers) suggest capacities 

for conjugated polymers to be around 70 – 150mAhg-1 [20] [21]. 
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4.3.3.1.1 Manufacturing Dependent Electrochemical Performance 

0

20

40

60

80

100

0

50

100

150

200

250

0 10 20 30 40 50

D
is

ch
ar

ge
 c

ap
ac

it
y 

m
A

h
g-1

Cycle number

0

20

40

60

80

100

120

0

50

100

150

200

250

300

0 10 20 30 40 50

D
is

ch
ar

ge
 c

ap
ac

it
y 

m
A

h
g-1

Cycle Number

0

20

40

60

80

100

120

0

100

200

300

400

500

600

700

800

900

1000

0 10 20 30 40 50

D
is

ch
ar

ge
 C

ap
ac

it
y 

m
A

h
g-1

Cycle Number

A) 

B) 

C) 

Figure 4.13: Discharge Capacities and Coulombic Efficiencies across 50 cycles of A) Doctore Blade B) 
spray-coted C) Inkjet Printed PEDOT:PSS films cycled between 3.1V and 0.01V 

Efficiency 

Efficiency 

Efficiency 



144 
 

 

Figure 4.13 A) B) and C) show discharge capacities of each different deposition method 

and their respective coulombic efficiency. From the graphs it can be seen that, 

depending on the deposition technique used, significantly different cycling 

performances are observed for the PEDOT:PSS cells. Electrochemical performances of 

each technique are discussed and then compared. 

4.3.3.1.2 Doctor Blade 

Using the Doctor Blade technique, a PEDOT:PSS consisting of a film with a thickness of 

around 5μm was cast, the film experienced mud-cracking (as shown in the SEM images 

(Figure 4.7)), however, strong adhesion to the current collector was observed with the 

addition of a small amount of CMC binder. In addition, stable discharge capacities, 

sitting around the 100mAhg-1 are observed across 50 cycles (Figure 4.13 A). Also 

shown, is the high coulombic efficiency performance, with efficiency in the 98-100% 

region. Additionally, it can be seen that there is an initial drop in capacity after the first 

cycle which is being attributed to lithium trapping, discussed further in Section 4.3.4. 

4.3.3.1.3 Spray-Coating 
The spray-coated film, instead, shows a more complex behaviour compared to the 

doctor blade coated sample (Figure 4.13 B). The film was coated using multiple passes 

of the spray coater to achieve a thickness similar to the doctor blade sample. Again, 

mud-cracking was observed, however, as previously mentioned, this technique used 

no additional binder, therefore the film is prone to flaking. It is immediately noticeable 

that the cycling behaviour is more “erratic” and show a clear trend of increasing 

capacity during repeated discharges. Starting from around 100mAhg-1 and steadily 

increasing towards 180mAhg-1 as the cycle number increases. In addition, the 

efficiency is not only erratic but also consistently above 100% indicating more lithium 

is being inserted than is being removed, suggesting that either side reactions are taking 

place or a continued trend of lithium trapping occurs even after the initial cycle. This 

needs further investigation, but was out of the scope of this project, which focused on 

battery performance based on the processing of different coating techniques. 
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4.3.3.1.4 Inkjet Printing 

Finally, the discharge capacities of the first 50 cycles of PEDOT:PSS deposited via inkjet 

printing were analysed. From Figure 4.13 C it is obvious that the capacities of both the 

initial cycle and the following cycles are significantly higher than those of the doctor 

bladed and the spray-coated electrodes. Of course, the spray-coated discharge 

capacity was steadily increasing and nearing these values; however, the capacity of the 

inkjet printed electrode demonstrated improved stability, similar to the doctor blade 

coated electrodes but with almost double the capacity. It can also be seen from the 

efficiency that values, whilst not quite as consistent as the doctor bladed, still sit in the 

97-100% range. The initial cycle indicates a much larger amount of lithium trapping 

than the other methods with a value of around 700mAhg-1 (≈350% of reversible 

capacity) being trapped, compared to around 100-150mAhg-1 (100-150% of reversible 

capacity) of the other two techniques. 

4.3.3.1.5 Comparison of Electrochemical behaviours 

When comparing the cycling between the three coating methods it can be seen that 

with regards to capacity, the doctor blade method has the lowest performance giving a 

capacity of around 100mAhg-1 which, when taking the 15% binder into consideration 

gives a capacity of just 87mAhg-1, the next lowest performing method would be the 

spray-coating method, which is deposited without binder and, therefore, gave a total 

capacity range between 100-180mAhg-1. However, the capacity values are erratic and 

steadily increasing with efficiencies well above 100%. This can cause issues with long-

term cycling due to side reactions and/or lithium trapping. Finally, the preferred 

deposition, resulting in the highest discharge capacities along with stable coulombic 

efficiency values, is the inkjet printed electrode without binder, exhibiting capacities of 

around 200mAhg-1 and efficiencies in the order of 97-100%. 

It should be noted that, whilst spray coated films may have exhibited improved 

performance characteristics with the addition of a binder, the aim of this project was 

to develop a binder-free coating technique as an alternative to the doctor blade 

technique. Not only did the inkjet printed film exhibit the highest electrochemical 

performance characteristics, it also exhibited strong adhesion characteristics, with no 

evidence of delamination despite heavy handling and long-term storage, it is proposed 



146 
 

that this is due to the coating being deposited in a controlled layer-by-layer fashion 

resulting in a stable particle network with high area of contact without the need for a 

binder. 

In addition to this, we propose a potential mechanism for the first cycle irreversible 

capacity loss or “lithium trapping” as well as an explanation of the different 

performance characteristics of the various deposition techniques. One potential 

mechanism responsible for lithium trapping is an ion exchange between the protons H+ 

found in the PSS chains and lithium ions Li+, this can lead to hydrogen evolution. A 

similar ion exchange has been intentionally produced when using PSS containing 

polymers in separators for Li-S batteries [22] where it was used to hinder poly-sulphide 

movement through the functionalised separator, also observed was a reduction in Li+ 

ion mobility though the separator. 

4.3.4 Chemical Reaction Mechanism and “Lithium Trapping” 

4.3.4.1 Cyclic Voltammetry (CV) 

In addition to a comparison between deposition techniques’ performance, 

electrochemical techniques were used to gain a better understanding of the 

electrochemical reactions taking place upon cycling PEDOT:PSS. Cyclic voltammetry 

(CV) was used to explore the potentials at which the reactions occur during cycling as 

well as the nature of those reactions. The “Doctor Blade” coated samples were placed 

into coin cells vs lithium metal, using LiPF6 EC/DEC electrolyte. The scan rate used was 

0.05mVs-1 across the same potential window used during galvanostatic battery cycling 

i.e. 0.05 – 3.0V. Figure 4.14 shows two distinct voltage peaks where the redox 

reactions take place – 0.75V and 1.6V on discharge and 1.2V and 2.55V on charge. It 

can also be seen from the profile that the peaks, whilst clear, are also small and broad 

– indicating either small plateaus or plateaus which are not well defined in the 

galvanostatic cycling, which would result in a sloped battery cycling curve rather than a 

flat plateau. This is further discussed further in section 4.3.4.2. 
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Following the CV curves’ two reaction pairs, the proposed mechanism occurring is as 

follows: During discharge, the initial peak (1.6V) corresponds to the insertion of 

electrons into PEDOT+, reducing it to PEDOT0, to maintain charge balance, Li+ ions are 

inserted to the PSS- as described by reaction equation (4-1). This reaction has 

previously been proposed in the literature [23] showing the reversible nature of 

inserting and removing Li+ ions from the PEDOT:PSS polymer. 

[𝑃𝐸𝐷𝑂𝑇+][𝑃𝑆𝑆−] + 𝐿𝑖+ + 𝑒− ↔ [𝑃𝐸𝐷𝑂𝑇0][𝐿𝑖+𝑃𝑆𝑆−]                       (4-1) 

The second peak (0.75V), instead, is being proposed as an additional Li+ insertion into 

the now [𝐿𝑖+𝑃𝑆𝑆−], and additionally an electron for charge balancing, thus creating a 

radical, as shown in Figure 4.15. Upon charging these reactions are reversed. 
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Figure 4.15: Schematic diagram of the proposed second lithium 
insertion mechanism into PSS 
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4.3.4.2 Galvanostatic Cycling Curves 

A PEDOT:PSS cycling curve is shown in Figure 4.16 and upon closer inspection, it can be 

seen to correspond to the reactions identified in the CV curve (Figure 4.13). The 

plateaus corresponding to these CV peaks have been indicated on the graph. However, 

from the sloped nature of the cycling curve it is proposed that reactions are taking 

place throughout the voltage range and not simply at the redox voltages established 

from the CV curve. Again, this corresponds well to the CV curves’ broad peaks. The 

location and sloped nature of these plateaus occur at the same locations, independent 

of the deposition method used 
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Figure 4.17 shows the cycling behaviour of PEDOT:PSS over multiple cycles, indicating a 

stable discharge capacity over 50 cycles. The large discharge capacity exhibited on the 

initial discharge (insertion of Li+), is observed on every PEDOT:PSS cell regardless of 

coating method. This high initial capacity and subsequent loss of capacity on the 

second cycle could be attributed to several factors. A large drop in the initial capacity is 

often due to Surface Electrolyte Interface (SEI) formation. When the growth of thick 

SEI layers are observed, it appears in the initial cycling. As once a stable interface has 

formed it blocks the access of electrolyte to the active material putting a halt on 

further growth, however, no SEI layer was observed in the SEM images discussed in 

section 4.3.5, in addition to this, PEDOT:PSS is known to be stable verses standard 

electrolytes as it is often used as a protective layer on active materials to reduce side 

reactions and also to suppress SEI growth [24]. 

Another potential reason would be electrolyte degradation, however this would be 

seen to continue through further cycling, not only the initial cycle, it would also be 

expected to exhibit a ‘noisy’ cycling curve where this reaction is taking place, which is 

not the case here. Another possible reason is lithium trapping, proposed by Higgins et. 
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al. [19] where Li+ ions are inserted into a material and the process is not fully reversible 

so that there are Li+ ions trapped in the material and can no longer be utilised in the 

cycling of the material. This has also been observed in other studies of PEDOT:PSS 

cycling by Higgins et al. [19] where a capacity loss of 50mAhg-1 after the initial cycle 

was observed, this corresponded to a capacity loss of 83% in the successive cycles, not 

dissimilar to the capacity drop observed in the Inkjet printed sample from this study.  

The irreversible ionic reaction in PEDOT:PSS is also supported by Plieth et al. [25]  and 

Huang et al. [26]. Figure 4.18 shows the CV curves of the first cycle (where “lithium 

trapping” is proposed) and the subsequent cycle (where stable cycling is observed). 

Upon closer inspection of the CV curves, it is evident that the current density is 

significantly larger in the first cycle when compared to the subsequent cycle (it should 

be noted that all successive cycles exhibit CV curves with current density matching 

each other). This corresponds well to the galvanostatic cycling curves and the 

proposed “lithium trapping” mechanism, whereby an ion exchange is occurring 

between H+ and Li+ in the [SO3
-
 H+] groups. This ejection of H+ paired with the charge 

balancing electrons leads to the formation of H2 during the initial discharge, this 
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process is irreversible under regular cycling conditions, hence the association with 

“lithium trapping”. 

 To further support the lithium trapping theory, Quantum Mechanical modelling 

indicates strong phase separation between PEDOT and PSS [27]. The model indicates 

highly concentrated regions of closely packed PSS- with open channels sitting amongst 

them supporting the potential for high ion mobility. The model also suggests that, as 

multiple PSS sit next to each other, Li+ ions are likely to “hop” between PSS sites rather 

than travel towards the Li-metal, hence becoming trapped. This phase separation 

phenomenon in PEDOT:PSS has been previously observed and reported in literature 

[28]. 

4.3.4.3 FTIR 

In addition to reports of “lithium trapping” and the Quantum mechanical modelling 

suggesting Li+ prefers to remain in the PSS- network, FTIR is used to give further insight 

into this mechanism. An FTIR spectrum of pure and lithiated PEDOT:PSS is shown in 

Figure 4.19 along with a representation of the PSS monomer indicating the preferred 

Li+ site in Figure 4.20. 

From the FTIR, a peak at 705cm-1 in the pristine PEDOT:PSS corresponds to an S-OH 

stretch, in the lithiated spectrum. This peak seems to split into two separate peaks at 

719 and 669cm-1. As Li+ interacts with the PSS- monomer an interaction occurs with the 

S-O bond, the additional mass associated with the introduction of Li+ ions results in a 

frequency downshift – corresponding to the 669cm-1 peak – where the Li+ stabilises the 

single bond. Whilst the 719cm-1 corresponds to the sulphate bonds not interacting 

with the Li+ due to localised S-O double bonds, instead indicates the weaker long bond 

between PSS and PEDOT. 
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Upon closer inspection of these peaks (Figure 4.19 inset) it can be seen that the 

705cm-1 peak in the pristine material is a broad peak which seems to also incorporate 

the peak at the 719cm-1 location. The bonding proposed is as follows: 

1. Pristine:  

705cm-1 PSS-—H+ short bonds – dominating 

719cm-1 PSS---------PEDOT+ weaker long bonds 

2. Lithiated: 

719cm-1 PSS---------PEDOT+ weaker long bonds 

669cm-1 PSS-—Li+ short bonds replacing H+ 

 It was suggested that the 669cm-1 may correspond to water, however, (no peaks were 

observed at 3000cm-1 and above corresponding to O-H stretching [27]) and no sharp 

peaks between 1600 and 1680cm-1 corresponding to H2O bending was observed, 

therefore, it is deemed an unlikely cause for the splitting of the peak in pure 

PEDOT:PSS. 

Figure 4.19: FTIR spectrum of pure and lithiated PEDOT:PSS (reprinted with permission [27]) 

  

Equal weighting 
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The model in Figure 4.18 indicates preferred Li+ bonding to the single bonded oxygen 

in the SO3
- groups. This matches the location of H+ within the SO3

- groups and 

corresponds well to literature [23].  

Preferred Li+ site 

Figure 4.20: Model of PSS monomer indicating 
preferred Li+ site 
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4.3.4.4 Proposed Mechanism – Deposition Dependent Reactions 

As for the reason behind varying performance depending on deposition technique, it is 

proposed that the first reaction (stated in section 4.5.1) where electrons are inserted 

into PEDOT and Li+ are inserted into vacant PSS- sites, takes place consistently, due to 

the uninhibited electron network provided by the conducting polymer itself, meaning 

that electrons can always fill the available holes provided by PEDOT. This is supported 

by the fact the first plateau is a very similar size independent of deposition technique 

(Figure 4.21). However, the second reaction stated, where additional electrons are 

inserted into PSS to form a radical and additional Li+ are attracted to these sites, are 

more difficult and have a greater reliance on both conductive network and electrolyte 

access to PSS sites. Hence this reaction step is limited by Li+ ion access network, i.e. 

this reaction is controlled by the amount of contact area the film has with the ion-

donating electrolyte and the electronic conductive network provided by the PEDOT. 

This is supported by the large difference in the second plateau size dependent on 

deposition technique (Figure 4.21) 

 

Figure 4.21: Galvanostatic cycling profiles of Inkjet Printed, Spray Coated and Doctor Blade cast PEDOT:PSS, 
indicating first and second reaction plateaus 
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Figure 4.22 A, B, C and D show the basic principle of the mechanism behind the 

proposed explanation. With the doctor bladed sample (Figure 4.22 A), a single pass 

deposition technique resulted in a thick film with ionic contact only at the surface of 

the film. It is known that upon ion insertion and removal into PEDOT:PSS, swelling and 

contraction is observed, however, due to the additional CMC binder used, the film 

stays intact. This leads to stable cycling performance but limited capacities. 

Looking at the spray coated sample (Figure 4.22 B), a similar principle is observed, the 

area of PEDOT:PSS in contact with electrolyte is restricted to the surface. However, 

upon repeated insertion/removal of lithium ions, resulting in repeated swelling and 

contracting, it is proposed that the aforementioned flaking in the film occurs, with no 

binder to hold the flakes in place, they can move, revealing additional layers of 

PEDOT:PSS underneath the surface (Figure 4.22 C), this process is repeated, hence the 

rising capacities shown in Figure 4.13 B. In addition, this would explain the “erratic” 

cycling behaviour, as a constant change in available Li+ sites in every cycle dependant 

on how the film has swelled/contracted in the previous cycle, this may also give rise to 

additional H2 formation as new layers of accessible [PSS-H+] sites are revealed, this 

matches the coulombic efficiency values exhibited by the spray coated material. 

When looking at the Inkjet printed sample (Figure 4.22 C), it is shown that the multi-

layered, droplet-type structure allows for deeper electrolyte penetration giving higher 

amounts of surface contact between PEDOT:PSS and electrolyte, allowing a larger 

amount of the Li+ sites to be utilised. In addition, the brickwork-like structure allows 

for swelling and contracting without the flaking as observed in the spray-coated film. 

Together, these attributes result in higher capacities and matched with good 

coulombic efficiency values. 
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4.3.5 Post Mortem SEM 

To further determine whether the first cycle capacity loss is due to SEI formation, as 

well as to determine the impact cycling has on the structural integrity of the 

PEDOT:PSS coating, post-cycling SEM images have been taken. Half cells assembled as 

coin cells were cycled to various stages: pristine, 1st discharge, 20 cycles and 100+ 

cycles. They were then returned to a glovebox and decrimped, the electrodes were 

removed and SEM images collected. Figure 4.23 shows the different electrodes, 

pristine and after various amounts of cycles. It can be seen that whilst there have been 

extensive cycling differences between samples; there is no noticeable difference 

between the SEM images of the different electrodes. This indicates not only good 

structural integrity of the films, but also good cycling and chemical stability. These 

A) Doctor Blade 
Accessible Li+ sites 

B) Spray-Coated 

C) Spray-Coated – post cycling 

Exposed PEDOTPSS 

D) Inkjet Printed 

Figure 4.22: Schematic diagram of the proposed mechanism for performance variations in A) Doctor Blade B) 
Spray Coated C) Spray Coated post-cycling D) Inkjet Printed PEDOT:PSS films 
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results support the proposal that the first cycle capacity loss is not due to thick SEI 

formation, though thin SEI formation cannot be ruled out completely, however, a more 

probable explanation is, in fact, a result of the aforementioned Li+ trapping. Another 

possible explanation for the high capacity exhibited in the first cycle is polymeric 

rearrangement, that is to say, PEDOT:PSS has rearranged itself creating the effect of 

additional capacity, the rearranged PEDOT:PSS then becomes stable and no further 

additional capacity is observed. 
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Figure 4.23: SEM images of post-mortem PEDOT:PSS cells A) B) pristine C) D) after 1st discharge E) F) after 20 
cycles G) H) after 100+ cycles 

A) B) 

C) D) 

E) F) 

G) H) 
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4.4 Conclusion 

 

PEDOT:PSS was investigated as a potential candidate for an anode material in lithium-

ion batteries. The intention was to create a binder-free electrode film with strong 

adhesion properties and electrochemical performance. Two deposition techniques 

were proposed and compared to a standard Doctor Blade deposition technique 

commonly used in Li-ion battery manufacturing. Techniques used in this study were 

doctor blade coating, spray coating and inkjet printing. All techniques used an 

environmentally friendly solvent (water), and no additional additives (conducting 

carbon or binder) were used other than CMC binder in the doctor bladed sample. 

SEM was conducted to observe film-forming and adhesion properties, along with 

elemental mapping to observe elemental distribution. It was found that copper 

diffusion was occurring in all samples, likely due to the acidic nature of PEDOT:PSS. CV 

was conducted to determine at which voltages redox reactions were taking place to 

give a better insight into the mechanics behind cycling PEDOT:PSS. 

It was found that electrochemical performance was heavily influenced by the 

deposition technique used, not only in capacities, but also coulombic efficiencies. With 

“erratic” performance being shown in spray coated films, which also exhibited flaking 

due to the uneven deposition and lack of binder. In contrast, inkjet printed films 

demonstrated strong adhesion to the current collector along with strong 

electrochemical performance and coulombic efficiency values. 

Whilst PEDOT:PSS films exhibit lower capacities than conventional anode materials 

such as graphite (theoretical capacity 372mAhg-1 and experimentally ≈330mAhg-1 [29]) 

their capacities remain stable around 200mAhg-1. In addition, the material may be of 

further convenience when applying the material to flexible battery systems due to the 

polymers inherent flexibility.  

A mechanism has been proposed, to explain the lithium trapping observed by others in 

the literature but not explained. It is proposed that an irreversible/not easily reversible 

ion exchange mechanism occurs during the first cycle. Where protons are replaced by 
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Li+ ions and H2 is formed. In addition, an explanation of the varying performance due 

to deposition technique has been proposed. 

Overall, PEDOT:PSS was successfully deposited using inkjet printing as a binder-free 

film with strong adhesion properties, it exhibited strong electrochemical performance 

and simple processability without the use of harsh solvents. Placing it well as a 

candidate for further investigation in polymer electrode Li-ion batteries. 

Further investigations should include a deeper exploration into the reaction 

mechanisms proposed, including simulation work and utilising techniques such as 

NMR, XAS and XPS to gain a better understanding of the interactions with PEDOT:PSS 

upon cycling. 
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5 Solid State Electrolyte – PEGDA PEM 

5.1 Introduction 

Lithium ion batteries are one of the most dominant battery technologies for use in 

modern electronics. This is due to their suitability in “high drain” applications, ability to 

recharge multiple times with very good efficiency and their high energy density. Their 

use spans from small consumer electronics, such as mobile phones, to electric vehicles 

and grid applications. Frost and Sullivan have reported a dramatic increase in electric 

vehicle demand over the next few years, from $381.9 million in 2013 to an estimated 

$7.6 billion by 2020. [1] 

One of the key research areas in Li-ion battery technology is their safety, due to their 

potential to combust. Needless to say, the expected growth in a single sector of an 

even larger market has fuelled the need for research in this area. The research finds 

limitations in the current technology and attempts to improve upon it. One of these 

major limitations is the liquid electrolyte. Liquid electrolytes are currently used due to 

the convenience of their high ionic conductivity (approx. ≈ 10-2Scm-1) [2, 3]. However, 

these electrolytes are highly flammable and are prone to leaking from their battery 

casings, potentially causing battery fires and explosions. When their intended use is in 

consumer electronics and electric vehicles this is a major hazard. With Electric Vehicles 

in particular, where road collisions are inevitable and, therefore, a real possibility of 

damaging the batteries. Liquid electrolytes are also reliant on a separator, and 

ensuring that dendrites formed are not able to grow through/punch holes into this 

separator, therefore causing a short circuit.  

5.2 Why Solid State 

Safety issues are among the major reasons researchers are actively looking towards 

solid state batteries. This means removing the liquid electrolyte and polymer separator 

used in traditional Li-ion batteries, replacing it with a solid-state electrolyte. This 

immediately removes one of conventional Li-ion batteries’ problems – cell leakage 

whilst also reducing the chances of fires and explosions by using heat and flame-

resistant materials as the solid-state electrolyte. There are many candidates that have 
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been investigated in literature, stemming from three main categories: glass, ceramic 

and polymeric. These have been discussed in Chapter 1, however, the chosen system 

for this study is a polymer electrolyte. 

5.3 What is a Polymer Electrolyte 

Polymer electrolytes (PE) can be categorised by 3 main types: 1) Ionic Liquid PE 2) Gel 

PE and 3) Solid PE. Each type has its advantages and disadvantages briefly explained 

here. 

1) Ionic Liquid based PEs incorporate ionic liquids (room temperature molten 

salts) into a polymer network. The role of the ionic liquid is to act as plasticiser 

– reducing the polymer hosts’ crystallinity – and provide free charge carriers 

increasing ionic conductivity. Ionic liquids require no additional solvent to assist 

with ion dissociation. 

2) Gel polymer electrolytes (GPEs) are a type of intermediate between liquid 

electrolyte and full solid electrolyte. The idea is that a liquid electrolyte is 

incorporated with a polymer host matrix to give structural support to the 

electrolyte. GPEs have high ionic conductivities, good interfacial contact 

between electrolyte and electrode, however, separators are still necessary 

when using GPEs. 

3) Solid polymer electrolytes (SPEs) are solvent free (the polymer matrix acts as 

solvent to the lithium salts) fully solid electrolytes where the polymer host 

contributes not only to the structural integrity of the electrolyte but also to the 

ionic conductivity and ion dissociation within its matrix. Due to their solid 

nature, additional separators are not necessary when using SPEs. 

When referring to polymer electrolytes it is, henceforth, referring to solid polymer 

electrolytes unless expressly stated. 

5.4 Polymer Electrolytes and Ionic Conductivity 

Solid polymer electrolytes have been extensively researched in recent years, though 

the concept dates back over 40 years to the 1970’s [4]. Polymer-salt complexes – as 

they were then referred, were vastly researched in many disciplines including the 

electrochemical community by forerunners in the field, such as Michel Armand [5] for 

use in energy storage. Early systems proposed involved a binary system of a lithium 

salt e.g. LiPF6 and a polymer host, often, poly(ethylene oxide) (PEO). These systems, 

whilst paving the way for decades of promising research, are internally flawed. Ionic 

conductivities at room temperature is in the region of 10-6 Scm-1 far lower than the 
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accepted “superionic” range of ≥10-3 Scm-1 and further still from liquid electrolytes 

which sit in the 10-2 Scm-1 range. To increase Li-ion diffusion it was found that by 

heating the PEO and other polymer-based electrolytes, ionic conductivities are 

significantly increased, approaching and exceeding the superionic threshold. This was a 

breakthrough that allowing the continuation of research into polymer electrolytes, but 

for polymers to be used in a commercial setting the room temperature conductivity 

issues would need to be solved. This requires knowledge of what is limiting ionic 

conductivity within a polymer electrolyte system i.e. an understanding of the lithium 

ion transport mechanisms is crucial before formulating a successful electrolyte 

candidate. 

5.5 Lithium ion Transport Mechanism in Solid Polymer Electrolytes 

When looking at ionic conductivity in solid electrolytes there are a wide variety of 

transport mechanisms that ought to be considered i.e. transport mechanisms in 

crystalline solids are different from amorphous systems. Ion mobility in crystalline 

structures usually occurs due to defects within their structure. These defects are often 

intentional to promote ion movement, they allow mechanisms, such as, vacancy 

transport and interstitial movement.  Vacancy transport is where an ion in a crystalline 

lattice can “jump” or “hop” from its current site into an ionic vacancy, also referred to 

as a “hole”, one example of a defect in the lattice network (depicted in Figure 5.1 A). 

When an ion hops from its current site into a vacant site, another vacancy is created in 

its original site, allowing continued vacancy transport. When this process is repeated it 

contributes to ionic conductivity due to a net movement of charge. Interstitial 

movement is where ions move from irregular sites (not part of the normal crystalline 

structure) to either another irregular site (direct interstitial) or pushes out another ion 

from a regular site and takes its place, with the removed ion continuing the interstitial 

migration (indirect interstitial) (depicted in Figure 5.1 B and C respectively). These 

migration methods suggest that for high conductivity a system must have a large 

defect:charge-carrier ratio so as to allow free movement of ions. 

It should be noted that the vacancy transport mechanism often requires elevated 

temperatures to be observed due to the higher activation energies required when 
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compared to the interstitial mechanism. A common place to observe vacancy transport 

is in Solid Oxide Fuel Cells (SOFCs) [6] [7]. 

 

In amorphous systems, defects are less common and more irregular in position, due to 

the lack of a long range, regular, lattice structure. Hence an additional ionic transport 

mechanism in the form of ion migration occurs, this is where a charge carrier with 

enough energy to overcome its binding energy takes the place of another ion, which in 

turn, continues the process, resulting in a net conductivity [8]. Polymer electrolytes 

can have attributes of both crystalline and amorphous mechanisms. Molecular 

dynamics simulations have suggested that ionic conductivity in solid polymer 

electrolytes occurs, with varying contributions, via three main methods: 1) Li+ motion 

along polymer chains 2) Li+ motion together with polymer chain movement and 3) Li+ 

hopping between neighbouring polymer chains. [9] When discussing ionic conductivity 

in solid polymer electrolytes, ion hopping is often referred to as the dominant 

mechanism, often overlooking the other mechanisms involved. However, systems 

designed to increase ionic conductivity into the accepted superionic regions take the 

other methods into consideration when choosing the polymer host for the electrolyte, 

for example, choosing polymers with low glass transition temperatures Tg. The glass 

transition temperature is the temperature at which the molecules transform from a 

disordered but still relatively ridged and brittle structure with very low mobility to a 

more supple and mobile structure as temperatures increase above Tg. This allows for 

segmental motion and thus, an increased ionic conductivity linked to polymer chain 

motion. [10] 

A) C) B) 

Figure 5.1: A diagram depicting the most common ion transport mechanisms found in crystalline materials 
(reprinted with permission [6]) 
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In addition to the aforementioned ionic conduction mechanisms and discussions on 

glass transition temperatures, it has been well understood that ionic conductivity 

largely occurs in the amorphous regions of solid polymer electrolytes [11]. This 

suggests than an amorphous solid polymer electrolyte (SPE) is preferable to a SPE with 

crystalline or semi-crystalline phase. Amorphous regions in a polymer electrolyte can 

be created in many ways, including the addition of nanoparticles, nanowires, block 

polymers and other fillers. These “fillers” act to disrupt the repeating chain structure of 

crystalline polymer networks creating or enhancing the size of amorphous regions and, 

thus, facilitating charge carrier mobility [12]. 

Sometimes, fillers are used in such quantities that they can be considered as 

polymer/ceramic composites or polymer blends [13]. In such composites, fillers are 

used not only to enhance ionic conductivity by disrupting the polymer network, but to 

also promote Li-salt dissociations, increasing charge carrier mobility. Additionally, 

fillers can create pathways through the host polymer by which Li+ ions can travel. 

Fillers in larger quantities can also be used to enhance solid electrolytes thermal 

stability and mechanical properties [14]. 

Another commonly used method to enhance solid polymer electrolytes properties is 

the addition of plasticizers. Plasticizers often come in the form of non-volatile solvents 

or low molecular weight polymers. ethylene carbonate (EC), propylene carbonate (PC) 

PEG-200, dibutylphthalate (DBP) and polyethyleneglycol dimethylether (PEGDME) 

have all been used as plasticizers in solid polymer electrolytes [15] [16]. Their role 

varies from creating amorphous regions in the polymer matrix and promoting ion pair 

dissociation to reducing glass transition temperatures and, therefore, increasing 

segmental motion within the polymer matrix which, again, promotes ionic 

conductivity, or a combination of all aspects. 

The addition of plasticizers into a polymer electrolyte is one of the simplest, yet 

effective methods of increasing ionic conductivity. Whilst the addition of small 

molecule plasticizers comes with many advantages, their addition can also reduce 

performance in terms of mechanical properties, so a balance must be found in order to 

maintain the electrolytes stability. Among the vast array of plasticizers used in solid 
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polymer electrolyte research, succinonitrile (SCN) has been found to not only 

successfully promote ionic conductivity, but many cases, to do so whilst also 

maintaining mechanical properties, [17] [18] improving thermal stability and improving 

interfacial contact between electrolyte/electrode. These properties are owed to SCNs 

high melting point of 60°C which allows SCN to be used safely as a plasticizer without 

the detrimental effects of liquid plasticizers. SCN is the plasticizer used in the solid 

polymer electrolyte in this study. 

5.6 Selecting a Host Polymer 

As previously mentioned, poly(ethylene oxide) (PEO) is the most commonly used host 

polymer in solid polymer electrolyte research. This is due to PEOs’ low glass transition 

temperature Tg, high stability vs lithium metal, a strong ability to dissolve lithium salts 

and a flexible macromolecular backbone, enabling ionic transport. [19] [20] However, 

PEOs high crystallinity prevents ion migration and thus, leads to low ionic conductivity 

and low Li+ transference numbers at room temperature, thus, lowering the rate 

capabilities of batteries made using a PEO electrolyte [21]. Synthesising SPE using a 

PEO backbone, with high room temperature conductivity, requires the addition of a 

large amount of lithium salt which often sacrifices mechanical stability, creating brittle 

electrolyte layers, therefore limiting its potential applications [22]. Plasticisers have 

also been used in an attempt to both increase ionic conductivity and reduce the brittle 

nature of binary PEO polymer-salt electrolytes.  

Multiple studies have incorporated SCN plasticiser into PEO/Li-salt polymer electrolyte 

membranes (PEMs) and have shown promising increases in ionic conductivity values 

[23] [24] [25]. However, these PEMs often suffer from weak mechanical properties, 

such as poor elasticity and waxy characteristics [26] [23]. This is attributed to the fact 

PEO is a linear polymer, to improve ionic conductivity values, large amounts of SCN are 

often required and thus, can have detrimental effects [27] [28]. To overcome this, 

many groups have looked at alternative host polymers, including PEO or derivatives 

such as C-PEGDE, PEGDMA, PEEC and PEGDA [29] [30] [31] [32]. 

This study takes a look at poly(ethylene glycol) diacrylate (PEGDA) as the host polymer 

due to its well documented characteristics. Properties utilised in this project include: 
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An ability to cross-link via UV photopolymerization, an ability to dissociate lithium ions 

from its salt and, due to its cross-linking ability, enhanced mechanical properties over 

standard PEO-based and other PEMs [28] [32] [33] [34]. It holds all the positive 

characteristics of polymer electrolytes and is, therefore, the most easily processable 

out of the aforementioned solid electrolyte categories as it does not require high 

temperature deposition or sintering. It has been shown that, like PEO, binary polymer-

salt electrolytes exhibit low room temperature ionic conductivity, [35] so SCN was 

chosen as plasticiser to assist with ionic conductivity and lithium ion dissociation [36].  

5.7 Aims 

The aim of this chapter is to explore a PEGDA based ternary system as a solid-state 

electrolyte. Using known characterisation techniques to understand the electrolytes 

conductive, mechanical and thermal properties, whilst also testing the electrolyte 

electrochemically to gain an understanding of its stability and performance. 

Galvanostatic cycling of both half-cells and full cells is used to explore the electrolytes 

suitability to real-world systems, with the potential for integration into wearable 

electronics and other devices. 

5.8 Synthesis 

The materials used in the synthesis of the solid polymer electrolyte are as follows. 

Polyethylene glycol diacrylate molecular weight 8000 (PEGDA8000) was purchased 

from Alfa Aesar, Bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) ≥99%, 

Succinonitrile 99% (SCN) and Phenylbis(2,4,6 – trimethylbenzoyl)phosphine oxide 97% 

(photoinitiator) were purchased from Sigma Aldrich. The LiTFSI salt was dried under 

vacuum at 120°C overnight before being transferred to an argon filled glovebox. The 

other chemicals were used as purchased. 

The synthesis route used in this study has been widely used in UV-curable solid 

polymer electrolyte research. [37] [38] [39] [40] All PEM synthesis took place inside an 

argon filled glovebox. For this study, solid PEGDA8000, LiTFSI and SCN with a ratio of 

25/30/45 wt.%, were mixed together to form a liquid, this was then stirred vigorously 

until all constituents were fully dissolved. The photoinitiator was added at a ratio of 1-

2% with respect to the weight of PEGDA8000, stirring continued until fully dissolved. 
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The resulting clear gel-like liquid was then deposited on the desired substrate (glass for 

free standing membranes or directly onto electrodes for cell assembly) once deposited 

as desired, the liquid was then cured using UV light until solid. The resulting 

membranes are clear with a soft rubber-like texture. Figure 5.2 shows a schematic of 

the process. 

  

Stirred thoroughly 
until well 

incorporated 

SCN 

PEGDA 

LiTFSI Photoinitiator 

Stir until fully 
dissolved 

Cast onto 
Electrode/free 

standing 

UV Curing 

Freestanding 
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Figure 5.2: Schematic diagram of the PEGDA PEM synthesis process 
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5.9 Characterisation 

5.9.1 XRD 

Figure 5.3 shows the XRD spectra for the individual components of the PEM. It can be 

seen that all constituent components of the PEM have at least one distinctive peak, 

indicating crystallinity. The SCN XRD shows a plastic crystal structure – as evidenced by 

the amorphous “hump” paired with the sharp crystalline peak. 

 

 

Figure 5.3: XRD spectra for the PEGDA PEM’s constituent components (PEGDA8000, LiTFSI and SCN) 

PEGDA8000 

LiTFSI 

SCN 
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After mixing and UV curing, the PEM, PEGDA8000/LiTFSI/SCN (25/30/45 wt.%). The 

main feature, a singular broad peak around 2θ = 20° is recorded in the XRD (Figure 

5.3). This is often referred to as the ‘amorphous halo’. The broadness of the peak 

suggests the nature of the PEM is amorphous. As previously mentioned, this is often a 

target when designing SPEs as ionic conductivity is considered to take place in the 

amorphous regions of SPEs. When comparing the XRD pattern of the PEM (Figure 5.4) 

with the individual components (Figure 5.3) no identifiable peaks are present that 

correspond to its constituent chemicals suggesting the components are fully 

complexed. This is not to say that the sample is entirely amorphous, however, like 

many polymers, the main bulk is of an amorphous nature. Further characterisation will 

give a better indication to the PEMs true nature.   

 

 

 

 

[Type Pegda8000 PEM 

Figure 5.4: XRD pattern of Pegda PEM 
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5.9.2 TGA 

Thermo Gravimetric Analysis (TGA) is widely used in battery analysis to better 

understand the materials’ thermal properties, cycle life degradation, electrode 

degradation, electrolyte degradation and safety properties. There are a few well-

known examples of thermal runaway occurring in lithium-ion batteries so TGA studies 

have played an important role in understanding this. Electrolyte degradation and 

combustion is another major safety factor to consider and TGA is widely used to 

analyse electrolytes’ thermal properties. Here TGA is used to determine the PEGDA 

PEMs thermal stability and then compare with a standard liquid electrolyte. 

Figure 5.5 shows TGA results for each of the PEMs constituent components. It can be 

seen that the thermal stability of SCN is the lowest, at a temperature of around 150°C 

whilst PEGDA8000 and LiTFSI demonstrate higher thermal stabilities, with 

decomposition temperatures of 375°C and 380°C respectively. 

 

 

PEGDA8000 
SCN 
LiTFSI 

Figure 5.5: TGA results for PEM constituent components PEGDA8000, SCN and LiTFSI 
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It is commonly accepted that a thermal stability window for PEMs can be determined 

by the point at which 5% mass loss occurs. From the TGA measurement, (Figure 5.6) it 

can be seen that the sample is stable at temperatures up to 152°C, close to the 

decomposition temperature of pure SCN. This temperature is above standard battery 

applications. However, it should be noted that a battery’s internal temperature 

increases when under load i.e. the battery is charging or discharging, this is caused by 

the chemical reactions happening within the cell, high currents and the cells’ internal 

resistance. A batteries’ electrolyte should, therefore, be able to cope with a range of 

temperatures without degradation. Temperature rises of 5-15°C above ambient 

temperature are well documented for low to moderate (≤1C) charging rates [41] [42]. 

Whilst temperature increases in excess of 20°C have been observed at high charging 

rates (<5C) [41] [43]. A thermal stability of 152°C suggests that the PEGDA based PEM 

is also suitable for elevated temperature cycling.  

 

The first mass loss occurs at around 150°C and corresponds to the degradation of SCN, 

it can be seen that the mass% falls by around 45% suggesting no SCN is present at 

temperatures beyond 250°C. The second mass loss, starting at around 330-350°C, is 

instead attributed to the degradation of PEGDA8000. 

Figure 5.6: TGA results for PEGDA8000 based PEM with a 5% mass loss indication 
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The main item to look at is the first degradation to occur (SCN) as this sets the PEMs 

thermal stability window. This can then be directly compared to standard electrolytes 

used today (1M LiPF6 in EC/DEC). Figure 5.7 shows TGA of the liquid electrolyte 

alongside this study’s PEM. It is apparent that the thermal stability of the liquid 

electrolyte is significantly inferior to the PEMs, with a mass loss occurring steadily from 

initial recording to a 5% mass loss at around 75-80°C, approximately half of the 

temperature of the PEMs stability window. LiPF6 in EC:DEC based liquid electrolytes 

have been extensively studied for a better understanding of their thermal properties 

and its components formed during decomposition. These include LiF, PF5, CO2, POF3, 

HF and carbonates [44] [45]. The first mass loss is usually attributed to a combination 

of LiF, POF3, HF and PF5 formation [46] where LiF, POF3 and HF are formed in the 

presence of moisture within the electrolyte or cell and LiF and PF5 are typically formed 

at temperatures above 80°C.  

PEGDA PEM 
LiPF6 EC:DEC Electrolyte 

Figure 5.7: TGA results of PEGDA PEM vs LiPF6 liquid electrolyte 
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5.9.3 DSC 

To further understand the nature of the PEGDA8000 PEM, differential scanning 

calorimetry (DSC) was conducted, as shown in Figure 5.8. The broad sloped region is 

attributed to the PEMs glass transition temperature (Tg). As previously mentioned, the 

glass transition temperature is the temperature above which an amorphous materials 

properties transition from a rigid immobile state to a more mobile state. Here it can be 

seen that Tg has an onset of -75.3°C with its’ mid-point at -68.7°C. With a Tg so low the 

PEM will always be operating at temperatures above this, a typical cycling 

environment will be at room temperature. The larger the gap between Tg and cycling 

temperature the higher the structures mobility will be and, therefore, the higher the 

potential conductivity will be. 

Other than the Tg slope, there is another sharp feature indicated in Figure 5.8 which 

can be attributed to the SCN crystal to plastic-crystal phase change. This suggests that 

the PEM is not fully amorphous as this transition would not appear in the DSC curves. 

In addition to this, it suggests that the amount of SCN currently present in the PEM is 

higher than the amount soluble in the polymer network. This has previously been 

reported by Ruixuan He [47], showing a disappearance of this transition peak with a 

reduction of SCN in the PEM network. It is also suggested by the same group, that 

PEMs close to the coexistence envelope of isotropic and plastic crystalline regions can 

have polymerisation-induced crystallisation occurring during the PEM fabrication [40].   

Figure 5.8: DSC scan for PEGDA PEM 
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5.10 Mechanical Properties 

It has been suggested that solid state batteries will pave the way for pioneering work 

on battery design. Previous barriers and design constraints will be overcome, allowing 

for 3D architecture, flexible, roll-able and even stretchable batteries to become a 

reality. For this to happen, electrolytes need to have the same degree of freedom as 

the battery design itself. The thermal properties of the PEGDA8000 PEM have been 

discussed, but this is of limited use if the PEM is brittle. Even a simple rolled cell design 

– common in consumer electronics (AA cells), would prove difficult with a brittle 

electrolyte. 

 

Figure 5.9: Freestanding PEGDA PEM being flexed, rolled and twisted 

A) B) 

C) D) 
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Figure 5.9 A-D, show free standing PEMs being flexed, rolled and twisted. It can be 

seen that the polymer electrolyte is supple and easily flexed. In addition, the figures 

demonstrate the PEMs’ elasticity, returning to its original form, post flexing. This is an 

essential attribute of PEMs in terms of battery lifetime and potential abuse the battery 

may be subjected to by consumers. The PEMs ability to repeatedly flex ties in well with 

potential applications in flexible electronics. 

Aside from the PEGDA8000 PEMs ability to flex, an attribute commonly found in 

polymer electrolytes, it is also stretchable. The stretching capability of the PEM is 

demonstrated in Figure 5.10. Whilst not entirely novel [48] [49] it is certainly a 

desirable attribute to have as it further reduces restrictions in cell designs and 

potential applications. It should be noted that all stretch testing was done by manually 

stretching, using two pairs of tweezers and reading from a ruler. Figure 5.10 shows the 

extent of stretching from the PEM’s original size, it should be noted that after each of 

these stretches the tension was released and the PEM returned to its original size. It 

can be seen that the PEM has the ability to stretch to more than double its length. 

Further testing showed the PEM can be repeatedly stretched to over 200% of its 

original length without suffering irreversible deformation. The springy nature of the 

electrolyte allows it to return to its original size and shape quickly. Upon stretching 

even further, the PEM tears. This typically happens at the point which the PEM is 

stretched to 230% (an average of 5 different samples of the same composition). 

 

Figure 5.10: PEGDA PEM being stretched 

8mm 12.5mm 13.5mm 

14mm 16mm 17.5mm 
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5.11 Conductivity (Impedance Spectroscopy) 

Electrochemical Impedance Spectroscopy (EIS) was used on a stainless 

steel/PEM/stainless steel cell to determine the PEMs conductivity at room 

temperature. The conductivity of a sample can be determined using the following 

equation: 

𝜎 =
1

𝜌
                                                                   (5-1) 

Where σ is conductivity and ρ is resistivity. To find the resistivity of a sample the 

following equation is used: 

𝜌 = 𝑅
𝐴

𝑙
                                                                 (5-2) 

Where R is the total resistance, A is the sample area and l is the sample thickness. To 

determine the total resistance impedance spectroscopy has been used. Impedance 

spectroscopy can be used to determine a samples’ impedance (complex resistance) 

from which the total resistance can be determined. It is often difficult to distinguish 

between ionic and electrical conductivity, however, as the PEM would create a short 

circuit within a lithium-ion cell were it to conduct electrically, it has been considered 

negligible for this experiment. 
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Figure 5.11: EIS spectrum of PEGDA8000 PEM 
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Figure 5.11 shows the EIS spectra, with the dashed line representing total resistance 

(Rbulk) determined by the intersection of the real resistance (Z’) axis. Using equations 5-

1 and 5-2, a conductivity value of 1.4x10-3Scm-1 was determined. This value places the 

PEGDA8000 PEM well within the “superionic” region and sits strongly among other 

similar systems, He et.al. reported a lower molecular weight PEGDA ternary system 

with a room temperature conductivity up to 1.0x10-3Scm-1 whilst Lu et. al. reports a 

room temperature conductivity of 1.6x10-4Scm-1 for a polysulfone-PEO copolymer 

ternary system (PSF-PEO)/LiTFSI/SCN  [36] [50]. 

The “spur” or “tail” on the graph occurs due to the polarisation effect taking place on 

the stainless steel (SS) electrodes due to the mobility of lithium ions. It confirms both 

the ionically blocking nature of the SS electrodes and the ionic nature of the PEM.  

5.12 Electrochemical Stability vs Li/Li+ 

Aside from high ionic conductivity, the PEM must also be electrochemically stable vs 

lithium to be used in a cell. If the PEM breaks down or reacts with lithium in the 

regular potential window then it limits its applications as an electrolyte. To test the 

electrochemical stability of the PEM a Li/PEM/SS cell was made and a linear sweep CV 

curve was generated with a scan rate of 1mVs-1. The current response is monitored 

and a sharp rise in current is observed when PEM oxidation or other reaction occurs. 
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Figure 5.12 shows a flat profile from 2V until well into the 4V region, a sharp rise is 

then observed at around 4.7V indicating a reaction between the lithium and the PEM. 

It can therefore be stated that PEM: PEGDA8000/LiTFSI/SCN (25/30/45 wt.%) is 

electrochemically stable up to 4.7V. This allows for the PEM to be used with a 

multitude of cathode materials including LiNi0.33Mn0.33Co0.33O2 (NMC) or LiCoO2 (LCO), 

two materials widely used in industry today. As a comparison, carbonate based liquid 

electrolytes are electrochemically stable up to a voltage of ≈4.2V, beyond this 

potential, the electrolytes undergo various forms of decomposition including gas 

evolution and ROH formation which, in turn, can lead to LiPF6 hydrolysis, POF3 

formation and eventually HF formation [51] [52]. 

5.13 SEM 

A scanning electron microscopy (SEM) image of the bulk UV cured PEGDA8000 PEM 

(Figure 5.13) shows a smooth surface. Also, elemental mapping was carried out to 

determine the distribution of the components in the PEM. EDX mapping of elements 

carbon, oxygen, fluorine and sulphur show a homogenous distribution of all elements 

ruling out “highly concentrated zones” due to poor mixing. This distribution is ideal, a 

homogenous membrane indicates that performance (thermal, mechanical and 

conductivity) should be consistent throughout the PEM. 
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In addition, SEM has also been used to show layer thickness of the thin films, as 

deposited before cycling. A cross sectional view of an LNMO electrode on aluminium 

foil with PEGDA8000 PEM cast over the top of the active material is shown in Figure 

5.14. It should be noted that the electrode was prepared as described in Chapter 2, i.e. 

the electrode was pressed using a pellet press and then the PEM was cast directly on 

top of the electrode. Around 30 seconds was given to allow the electrolyte to soak into 

the electrode material before it was subjected to UV curing. It can be seen that the Al 

thickness is around 10μm, the cathode 26μm and the PEM 30μm. 

A 

B C 

D E 

Figure 5.13: A) SEM image of PEGDA8000 PEM B)C)D)E) EDX elemental mapping of carbon, 
oxygen, fluorine and sulphur respectively 
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The layers are well distinguished and it can be seen that there is no obvious separation 

between the LNMO and PEM layers indicating good interfacial contact between 

cathode and electrolyte. It should also be noted that whilst layers are fairly uniform 

throughout the length of the sample, the PEM was deposited by hand and so control 

over layer thickness is somewhat limited. In the long term, it is important to control 

the thickness of the electrolyte to improve energy density and to reduce waste. In its 

current form a huge volume is taken up by the PEM, especially considering the same 

deposition is required on the anode side, making the total PEM thickness ≈60μm. As an 

example, the polymer separator typically used in conventional Li-ion batteries is 

between 2-5μm, making the current PEM setup over a factor of 10 thicker. 

The electrode/electrolyte interface is an important aspect when designing a PEM. The 

electrolyte should seamlessly coat all electrode material so that there are no breaks in 

ionic pathways allowing full utilisation of the available electrode material. To achieve 

this, not only does the PEM have to adhere well to the electrode material but it also 

has to penetrate the full depth of the electrode layer. In liquid electrolytes this is 

Al Foil 
10µm 

LNMO 
26µm 

PEGDA 
PEM 
30µm 

Figure 5.14: Cross-sectional SEM image of PEGDA8000 PEM cast onto an LNMO electrode on an 
aluminium foil current collector 
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simple, as the liquid easily accesses all crevices, with solid electrolytes though, this is 

one of the major limitation factors. As previously mentioned, the PEGDA8000 PEM is in 

liquid form before UV curing, thus allowing the potential of penetrating deeper into 

the cast electrodes. In this study, SEM measurements were utilised to give evidence of 

PEM penetration through electrode layers are shown in Figure 5.15. A higher 

magnification of the electrode/electrolyte interface shows, not only good contact 

throughout the interface, but also that the electrolyte mixes with the electrode and 

penetrates the electrode to a certain extent. It is difficult to gauge how far it is 

penetrating due to the close packing of the electrode material. However, using EDX 

mapping it can be seen that there is penetration further into the electrode than just 

the surface. 

PEM 

penetration depth 

A B) Mn 

C) C D) S 

Figure 5.15: A) high magnification SEM image of  PEGDA8000 PEM/LNMO electrode interface B)C)D) EDX 
mappings of manganese, carbon and sulphur respectively 
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An orange marker has been used to indicate where the electrolyte/electrode interface 

begins. The orange arrow represents the main penetration depth (approx. 10μm). 

From looking at the sulphur mapping it can be seen that there is electrolyte 

penetration well beyond the electrode surface, and whilst faint, there is also some 

sulphur present in the bottom right corner of the image. As LNMO contains no sulphur, 

it can be concluded, whilst penetration is severely limited, there is some electrolyte 

reaching deeper into cast electrodes. To enhance performance further, not only is a 

more controlled deposition technique required, but also a better degree of control 

over electrode porosity. It is evident from the close packing of the electrode that there 

is very low porosity, likely due to post casting electrode processing i.e. electrode 

pressing in a pellet press. Applying pressure to electrodes to improve electronic 

conductivity within the electrode, under normal circumstances, does not cause an 

issue when using liquid electrolytes. However, perhaps due to the SPE higher viscosity, 

this electrode pressing should be switched out for another pressing method. In 

industry, a calendaring machine is used to accurately control electrode thickness and 

porosity. This equipment is not currently available in the lab.  
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5.14 Galvanostatic Cycling 

When discussing an electrolyte, it is ultimately, its cycling performance which 

determines its potential application in commercial devices. The electrolyte must, not 

only be stable i.e. not degrade at the desired working voltages and temperatures, but 

it must also allow redox reactions to occur repeatedly as the battery is cycled. 

Electrodes were made, processed (as described in Chapter 2) and pressed in a pellet 

press to be returned to an argon filled glovebox where they were coated with 

PEGDA8000 PEM, which was then UV cured. Coin-cells were assembled as both full 

and half-cells. 

Firstly, a full-cell consisting of a Li2FeSiO4 (LFS) cathode and Li4Ti5O12 (LTO) anode was 

assembled. The first cycle of the LFS/LTO full-cell using PEGDA8000 PEM is depicted in 

Figure 5.16. LFS was chosen as it is a major part of this study; LTO was chosen to lower 

the working voltage of the cell and ensure cycling was kept under the PEMs 

degradation voltage (Figure 5.12). Also, LTO is well known as a standard material with 

strong stability characteristics. LTO has been previously been cycled with PEMs of 

similar compositions and should, therefore, cycle stably with the PEM [40]. 
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It can be seen (Figure 5.16) that the cell cycling performance is poor i.e. there is 

evidence of large polarisation within the cell, as well as low discharge capacities. 

Polarisation occurs when conductive networks break down, creating internal 

resistance within the cell. In conventional cells, this is normally due to a poor 

electronic network within the electrode materials, however, as observed in the inset 

cycling curve (Figure 5.16) these same electrodes cycle well using liquid electrolyte 

(LiPF6 EC:DEC). The polarisation is greatly reduced, achieved capacities are higher and 

apparent overcharging is reduced. It is, therefore, most likely an ionic conductivity 

issue. As previously mentioned LFS has a rather poor ionic conductivity, this coupled 

with a significantly lower electrolyte conductivity (an order of magnitude lower than 

conventional electrolytes) results in a poorly cycling battery. It should be noted that 

the cycling profile shown in Figure 5.16 was from a battery cycling at room 

temperature, however, increasing temperature did not improve cycling performance in 

this material. 

It should be noted, that whilst cycling performance was poor, all expected plateaus 

were observed, the cycling profile is of the correct form but cell performance is 

limited. This suggests that the redox reactions are taking place correctly, however 

internal resistivity remains high and a change of electrode material may rectify this. 

It was, therefore, decided to replace the positive electrode for further cycling using the 

PEM. The material chosen were LiFePO4 (LFP), keeping Li4Ti5O12 (LTO) as the negative 

electrode. These materials were chosen for their well-known stability characteristics 

and very flat plateaus, also due to the fact they were successfully cycled with PEMs of 

similar compositions, albeit as half cells [40] [52]. 

Firstly, a half-cell was assembled using LFP. Figure 5.17 shows the initial cycles of LFP 

vs Li/Li+ using a C-rate of 
𝐶

3
 . It can be seen that, compared to LFS, the material exhibits 

an improved cycling performance, with acceptable capacities (theoretical capacity of 

LFP = 175mAhg-1), stable plateaus and low polarization, as evidenced by the 0.2V 

difference between charge and discharge plateaus. This cycling was undertaken at 

room temperature. It can be seen that there is an overcharge of around 20mAhg-1, 

which results in a low coulombic efficiency. Whilst a small overcharge is common; an 
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overcharge of this magnitude indicates an internal issue. Overcharge can occur for a 

multitude of reasons, i.e. the origin of an overcharge issue can stem from side 

reactions, SEI formation and lithium trapping. A likely cause here, lithium trapping, i.e. 

a removal of lithium from the cathode, which is not replaced upon charging due to the 

lithium getting “stuck”. There are a few places this can occur: (I) lithium ions may have 

migrated into the solid electrolyte from the cathode and become trapped, or (II) the 

lithium ions have reached the lithium metal anode, and are unable to migrate back to 

the cathode. This can be resulting from a breakdown in the ionic conductive network, 

making the reverse reaction unfavourable. An example of how this can happen is when 

lithium is inserted or extracted from a material, the material can expand or contract, 

this can be detrimental to surface contact between the electrode and the electrolyte 

meaning that the kinetics behind the reinsertion of lithium are hindered. In the case of 

the PEGDA based PEM, surface contact should be consistent due to the rubber 

consistency of the PEM assisted by the pressure within the coin cell, ensuring good 

contact regardless of expanding and contracting materials. Nonetheless, a drop in ionic 

conductivity from other sources can affect the reversibility of the redox reaction. 
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One way to improve the samples ionic conductivity is to increase the cycling 

temperature. It was shown using TGA that the PEM is stable at elevated temperatures 

up to 152°C. For this experiment a more modest cycling temperature of 60°C was 

selected. The initial cycle of LFP at 60°C, again at a C-rate of 
𝐶

3
, is presented in Figure 

5.18 A). It can be seen there is a marked improvement in performance when compared 

to the room temperature cycling profile. Not only is there a lower degree of 

polarisation, owing to a decrease in the battery’s internal resistance, as a result of the 

improved ionic conductivity due to the elevated temperature, but also a large increase 

in discharge capacity, from 115mAhg-1 to 152mAhg-1. 
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Figure 5.18: A) Initial cycling profile of LFP/PEM/Li half-cell at 60°C and B) A comparison of galvanostatic cycling 
performance of LFP half-cells using PEGDA8000 PEM at room temperature (red) and at 60°C (blue) and using 

liquid electrolyte at room temperature (green) 

LFP + PEM 60°C 
LFP + PEM RT 
LFP + Liquid Electrolyte RT 

A) 

B) 



191 
 

However, there is still a large overcharging observed, which indicates that the 

overcharging is not due to low ionic conductivity. Furthermore, the charging plateau 

extends beyond the theoretical capacity of LFP, suggesting that the origin of the 

overcharge issue is due to side reactions and/or SEI formation. It should be noted that 

the amount of overcharge observed is increased at elevated temperatures compared 

to room temperature. 

Despite the issues with overcharging, the cycling performance of the PEM is promising.  

A comparison between the initial cycles at room temperature and 60°C using the PEM 

and a room temperature cell using conventional liquid electrolyte are shown in Figure 

5.18 B). The cycling profiles indicate good performance of the PEM with high 

capacities, particularly at elevated temperatures, where the achieved capacity is 

directly comparable to conventional LFP half-cells using a liquid electrolyte (LiPF6 in 

EC:DEC). 

All of these factors point towards a strongly performing PEM, however, for use in 

consumer electronics, the PEM must not only perform in half cells vs Li+ but also as full 

cells using both an anode and cathode. 

Figure 5.19 A) shows initial cycling profiles of an LFP/PEM/LTO full cell battery. It shows 

that whilst initial capacity is low, it does increase in the second cycle. It should also be 

noted that these capacities correspond to a room temperature, full-cell, all-solid-state 

battery cycling at a rate of 1C. In addition to this battery’s impressive discharge 

capacities, Figure 5.19 A) also shows flat and stable plateaus, at voltages that 

correspond to the redox reactions expected with such a cell. However, it can be seen 

that the over charge is still evident throughout all cycles, but most prominent in the 

first cycle. This is another indicator of an SEI formation in the first cycle, along with 

other side reactions occurring in successive cycles.  
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This is further supported when looking at Figure 5.19 B), which shows a larger number 

of cycles at various C-rates. It is shown that the overcharge feature continues for all 40 

cycles, however, the discharge capacities do not decrease by the corresponding 

amount, meaning that the overcharge is due to a different reaction in addition to the 

regular redox. Also shown in Figure 5.19 B) is that the discharge capacities climb with 

slower C-rates, as expected, reaching as high as 151mAhg-1 at room temperature with 

a C-rate of 
𝐶

10
. The stable voltage plateaus and high discharge capacities are indicative 

of stable cycling performance. 

The discharge capacities vs cycle number for all cycles of the full cell, including C-rate 

indicators are presented in Figure 5.19 C). The high capacities and stable cycling for at 

least 40 cycles are impressive for an all-solid-state battery and suggests that the PEM is 

well suited for further investigation as a potential liquid electrolyte replacement. 

5.15 Conclusion 

This chapter has explored PEGDA8000 as a host polymer for the use for an all-solid-

state polymer electrolyte membrane. The PEM exhibited the ability to be cured using a 

UV photo-polymerisation technique, thus allowing good and consistent interfacial 

contact with electrode materials as deposited in liquid phase before UV curing to 

solidify. The resulting membrane retained good interfacial contact post-curing, as 

evidenced by SEM images. SEM was also carried out to observe electrolyte penetration 

depths and homogeneity of the PEM.  

TGA and DSC was carried out to explore the PEMs thermal stability and determine its 

glass transition temperature Tg. It was found that thermal stabilities were in excess of 

150°C, placing the PEGDA8000 PEM above LiPF6 EC:DEC liquid electrolyte for thermal 

properties. Whilst Tg was found to be ≈-70°C, indicating that normal operating 

conditions would be well above the PEMs glass transition temperature, therefore, 

enabling a larger degree of structural mobility which, in turn, promotes ionic 

conductivity within the PEM. 

In addition, the PEMs mechanical attributes were tested. Free-standing PEMs were 

folded, rolled and twisted with no visible signs of tearing and always returning to the 
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PEMS original shape with no signs of deformation. The PEM also exhibits the ability to 

be repeatedly stretched, with tests showing single direction stretching in excess of 

200% its original length. 

Ionic conductivity was further explored using impedance spectroscopy. It was found 

that the PEMs ionic conductivity was 1.4x10-3Scm-1, placing the PEGDA8000 PEM well 

within the accepted “superionic” region. This is another indicator of strong 

performance potential as a solid-state polymer. This was further backed, by a CV 

sweep, indicating the PEM exhibits an electrochemical stability window up to 4.7V, 

allowing for its potential use in high voltage Li-ion cells. 

Galvanostatic cycling of the PEM indicates strong performance across multiple cycles in 

both half-cell (LFP/PEM/Li) and full-cell (LFP/PEM/LTO) configurations. The 

overcharging observed in all PEM cycling requires further investigation, and whilst 

capacities are lower and polarisation higher when compared to a comparable liquid 

electrolyte cell, due to slower kinetics and incomplete electrode penetration of the 

PEM, the cycling curves show promising performance characteristics, such as, flat and 

stable redox plateaus and good reversibility, at various cycle rates. 

This, in combination with the thermal and mechanical properties, place the 

PEGDA8000 PEM in good stead for further exploration as a viable alternative to the 

liquid electrolyte in consumer electronics and integrated devices. 

It has been stated that the PEGDA based PEM deserves continued research as a viable 

alternative to conventional liquid electrolytes, however, there are some key areas that 

need further exploration. Firstly, the origin of the overcharge issue needs addressing, 

and will likely need a suppression mechanism for long term cycle life (several hundred 

cycles). In addition, an electrode porosity study should be undertaken to investigate 

the correlation with electrode porosity/electrolyte penetration/cycling performance. 

By controlling electrode porosity, an increase in electrode penetration may be 

achieved, which would allow for better interfacial contact between electrode and 

electrolyte, thus promoting a complete ionic network. 
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6 Integrated Design 

6.1 The Concept 

As mentioned in Chapter 1, in recent years, the emergence of bio-integrated, close to 

skin and wearable technologies has resulted in the need for body-conformable 

products to be developed. These products should be low profile, lightweight, safe and 

minimally invasive. Whilst the concept is not new – both, electronics and energy 

storage research groups have investigated it in depth, often referencing each other for 

potential applications. However, these investigations rarely result in an integrated 

product, combining the two areas of research. This study presents a fully integrated 

battery antenna system (IBAS), where battery and antenna become one product, each 

dependant on the other to function. 

This work is a collaborative effort between The University of Kent EDA and SPS groups 

and University of Rome Tor Vergata, stemming from early modelling and simulation 

works presented [1] [2]. 

6.2 The Antenna 

The antenna chosen for this project is a nested slot line antenna, whose design is a 

modified version of an antenna originating from a previous publication within the 

group [3]. This design was selected due to its ability to function on-skin (or very close-

to-skin) which is difficult to achieve with acceptable read ranges. The antenna design 

used in this study is depicted in Figure 6.1. 

Figure 6.1: Layout of the nested slot line RFID antenna                                                                                                          
Size in mm: L = 65, W = 20, l = 25, w = 2.2, t = 0.5; and Ltail = 40 (reprinted with permission [8]) 
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The design of the antenna is such that an electric field is induced in the slot, creating a 

thin current loop. Due to the narrow slot width (when compared to the driving 

frequency wavelength) and the fact that the current is not confined by the loop, it 

spreads across the conductive plate allowing for better radiation efficiencies. This is 

what allows the antenna to be used on-skin. In addition, the design also allows 

intimate integration with a layered battery design. 

6.3 Battery Integration 

As mentioned in Chapter 1, a battery consists of three main components, the anode, 

the cathode and the electrolyte. The anode and cathode materials are deposited on 

the “current collectors” – metallic foils used as an electrically conducting medium 

allowing for efficient battery cycling. It is well understood that metallic components in 

close proximity of an antenna can cause a mismatch in antenna impedance, resulting is 

decreased performance and read ranges. However, the common foil used as the 

negative current collector in a battery is copper, which is also the material commonly 

employed in RFID slot antenna designs. In addition, slot antennas consist of large area 

planes to assist in antenna radiation. By utilising this metallic copper plane as a current 

collector for the negative electrode in a battery, the intimate, truly integrated battery 

antenna system (IBAS) is conceptualised. 

There are, however, other metallic components within a battery that can affect 

impedance matching. Namely, the battery casing and the positive current collector. 

Battery casings normally consist of rigid metallic casings (such as those found in coin 

cell designs) or flexible laminated polymer/metallic barrier sheets (such as those found 

in pouch cells). Both of these options were deemed unsuitable for the IBAS design, and 

so, a Mylar sheet was opted for as the system casing, avoiding unnecessary 

interference from metallic components, whilst still protecting the skin form exposure 

to electrolyte and avoid moisture uptake within the cell. The positive current collector 

(aluminium foil) was an unavoidable metallic component; however, it was found that a 

good matching and minimal performance loss, was possible when avoiding the 

antennas slot region with the aluminium. 
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The battery chemistry chosen for the IBAS consists of a PEDOT:PSS anode and a 

LiNi0.5Mn1.5O4 (LNMO) cathode. PEDOT:PSS was chosen due to its processability, 

flexibility, and biocompatibility, as mentioned in Chapter 4. LNMO was chosen due to 

its characteristics as a high voltage cathode material, allowing the created cell to 

exhibit higher potentials. It should be noted that, during initial prototyping of the IBAS 

a vacuum sealer was unavailable, so the battery voltages during use were lower than 

the theoretical chemistry in a vacuum sealed cell. The reason for the poor battery 

performance is associated with the greatly increased cell impedance, stemming from 

potential contact issues and potentially mobile electrodes. To combat the potential for 

lower than expected voltages, LNMO was chosen as the cathode material. This is due 

to its high redox potential (4.7V), ensuring that even with a high impedance, the cell 

voltage was high enough to power the antennas chip. 

6.4 The IBAS 

The IBAS is designed to be assembled in a layered fashion, as depicted in Figure 6.2. It 

can be seen that the layout closely resembles a standard “single layer” pouch cell, with 

the addition of the antenna design etched into the copper current collector. This 

“single layer” design allows for efficient manufacturing and assembly, as no winding 

and minimal stacking is required. In addition, the “single layered” nature of the IBAS 

allows for it to flex and conform to body. 

Figure 6.2: Schematic view of the IBAS layers (reprinted with permission [8]) 
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Various techniques have been employed in the formation of each of the IBAS layers, all 

of which can be adapted to large scale production and roll-to-roll assembly. The 

antenna was made using a sheet of copper coated mylar sheet, and the design was 

created using an established copper masking and etching technique. The chip was then 

soldered onto the antenna, which was then further coated with PEDOT:PSS anode 

material, using a masking and spray coating technique as mentioned in Chapter 4. 

Separately, aluminium foil was coated with the LNMO cathode material using a 

standard doctor blading technique (as no shaping was required), this was then cut to 

size and adhered to a plain mylar sheet for the outer casing. Celgard separator was cut 

to size, and all materials were aligned and stacked by hand. Hot-melt glue was added 

to the edges of the system and heat sealed under argon in a glovebox, electrolyte was 

added prior to the final seal. Figure 6.3 shows the antenna-side process, along with the 

final prototype on body.  

The chip chosen for the IBAS was the EM4325-TSSOP8 RFID IC [4]. This was selected 

due to its ability to work in both passive mode (no battery power) and BAP mode 

(battery assisted power mode), and its integrated thermal sensor, which allows close-

to-skin sensing, having been used in previous epidermal sensing applications [5] [6]. 

Figure 6.3: IBAS prototype stages A) antenna etching B) Chip soldering C) spray coated PEDOT:PSS D) 
final product on body for testing (reprinted with permission [8]) 

A) B) 

C) D) 
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6.5 IBAS Performance 

For performance testing of the IBAS, forward and backward read distances were 

extrapolated by assuming a maximum realised gain and input power 𝐺𝑟𝑃𝑖𝑛 =

3.2𝑊 𝐸𝐼𝑅𝑃 (being the maximum allowed via European regulations) and from data 

gathered using a Voyantic Tagformance UHF RFID measurement system [7]. The 

results, shown in Figure 6.4, indicate at 870MHz the maximum theoretical read-ranges 

are: dforward = 6.9m and dbackward = 1.3m. This indicates a significant bottleneck on the 

backward link; however, these distances demonstrate that the tags performance is 

sufficient for use as a short-range epidermal data logger, allowing data transfer by 

interrogating base stations which can be placed in regularly visited locations such as 

doorways. 

Figure 6.4: Theoretical read distances using a 3.2W EIRP interrogating power 
(reprinted with permission [8]) 



212 
 

In addition to read distances, the tags’ turn-ON powers were measured as a function of 

frequency, shown in Figure 6.5. Measurements were taken of the tag in passive mode, 

BAP mode, utilising the integrated battery and BAP mode using a standard 1.5V coin 

cell battery. The large difference observed between passive and BAP modes are as 

expected, due to the chip’s different sensitivities in varying modes (-8dBm in passive vs 

-28dBm in BAP). Also observed is the directly comparable performance of the IBAS vs 

coin-cell readings. This allows the conclusion that the integrated battery is powering 

the antenna as desired and is not affecting the antenna performance negatively when 

compared to a coin cell battery. 

 

 

 

Figure 6.5: IBAS turn-ON powers for passive, BAP integrated and BAP coin-cell (reprinted with 
permission [8]) 
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6.6 Battery Cycling 

As previously mentioned, the chemistries chosen for the IBAS battery was 

PEDOT:PSS/LNMO. Figure 6.6 shows the charging profile of the IBAS battery, exhibiting 

all the expected plateaus of the LNMO cathode material, the redox reactions have 

been noted on the graph. However, the demonstrated voltages in this battery are 

somewhat different to the expected voltages which would arise from combining 

PEDOT:PSS and LNMO. You would expect the resultant potential to be equal to the 

cathode potential (4.2V and 4.7V) minus the anode voltage (between 1.5V and 0V), 

however, this is not observed. This phenomenon could be associated with a surface 

charging mechanism, similar to that described in Chapter 4, or lithium plating 

occurring, however, this was not observed in PEDOT:PSS vs lithium metal cells. 

Understanding this mechanism requires a larger in-depth study into these materials 

and the reactions associated with them. It should be mentioned that the IBAS was 

clamped and pressed during the charge to reduce impedance issues arising from poor 

contact etc. during the charge. However, when in use, the battery had no assistance 

with this and fully powered the IBAS. 

Whilst the IBAS discharge could not be observed in-use, another pouch cell using the 

same chemistry was assembled to test expected performance, the cycling curves are 

shown in Figure 6.7. It should be noted that this cell was vacuum sealed to give a more 

realistic performance overview of a fully working IBAS. 
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It can be seen that the first charge profile of the pouch cell closely resembles that of 

the IBAS, and with what is expected of an LNMO cathode. The cell achieves close to 

theoretical capacity in the first charge, indicating that almost all of the lithium has 

been removed from the cathode and brought to the anode. However, there is a 

significantly smaller discharge plateau, reaching only a third of LNMO’s theoretical 

capacity. This has been attributed to the lithium trapping, as discussed in Chapter 4. 

The cell capacity was anode limited, to the extent that, if the PEDOT:PSS achieved 

100mAhg-1 (as expected via doctor blade coated samples) then the capacity would be 

50mAhg-1 with respect to LNMO, this fits well with the observed capacities. The second 

cycle exhibits only one plateau (4.7V), this is due to not reinserting enough lithium into 

LNMO to engage the manganese redox reaction. It can be seen that whilst capacities 

are severely limited by the anode (which can be remedied by adjusting loading levels 

during electrode deposition), the potential is stable, making is suitable to power the 

IBAS. 

6.7 Conclusion 

It has been demonstrated that, via the use of integrated design with an array of 

deposition and etching techniques it is possible to produce a truly integrated, 

multidisciplinary product which has promising performance characteristics whilst also 
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reducing design restrictions normally associated with battery powered antenna 

systems.  

The product design allows for a significant reduction in thickness, the IBAS total 

thickness is sub-millimetre – whilst standard coin-cells are greater in thickness than 

1mm alone, without accounting for additional thickness from the antenna and 

packaging. In addition, as previously mentioned, metallic components from coin cells 

would interfere with battery performance, often requiring the battery to be located 

with an offset to the antenna (either raised off of the antenna or placed beside the 

antenna), further increasing the product footprint. 

Not only does the IBAS allow for reduced dimensions of the final system but also 

reduces weight. By using the antennas copper plane as a dual functioning antenna-

current collector, and removing the metallic casings frequently used in battery 

manufacturing, the weight of the final IBAS is significantly reduced compared to a 

similar system without the mentioned integration. 

The close proximity of the antenna to skin also allows for close-to-skin epidermal 

sensing capabilities; products designed to be worn close-to-skin should be 

comfortable, light weight and minimally invasive. The IBAS design and use of Mylar as 

the barrier material allows for a comfortable user experience.  The Integrated design 

also allows the system to be flexible and body conformable, an attribute often lost 

when hard casing or multilayer batteries are incorporated into products. 

The IBAS performance characteristics have been shown to compare strongly vs a 

conventional coin-cell battery.  This further demonstrates that the integrated battery 

in the IBAS is functioning as desired, an integrated power supply, which does not 

detract from the systems primary function – a data-logging RFID antenna. 

It should be noted that the IBAS presented is the first functioning prototype and made 

use of a mixture of known (LNMO) and novel (PEDOT:PSS) battery chemistries. Since 

this system, further improvements to the system have been employed via the use of 

antenna design tweaks, standard battery chemistries (LFP/graphite) and a vacuum 

sealer, the forward read ranges have seen an increase from 1.3m to >3m. These 
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improvements suggest promise for further exploration into IBAS systems and wearable 

integrated sensor systems. 

The IBAS is not a finalised system, whilst it has been established that it is capable of 

emitting and receiving signals via the use of the antenna, none of the chips inbuilt 

sensors have been explored thus far. Future systems would include exploration of 

these sensors and other integrated sensors such as thermal, ECG, accelerometers and 

gas sensors. In addition to including the use of sensors, design tweaks will be necessary 

to allow to greater read and write distances, to enable their use in a real-world 

scenarios. 

In regards to battery chemistries, an in-depth look into the mechanisms behind the 

novel chemistries is required to establish the reason for higher than expected voltage 

plateaus when combining PEDOT:PSS and LNMO. This would involve an array of 

techniques from XPS to investigate surface artefacts and properties, such as chemical 

and electronic states, as well as binding energies, to NMR to explore PEDOT:PSS 

diffusion properties. Exploration into the proposed surface charging phenomenon and 

lithium plating would be essential and may involve both experimental and simulation 

works. 
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7 Conclusions and Future Works 

7.1 Conclusions 

In this thesis, multiple methods have been employed to explore different avenues for 

improving Li-ion batteries in the field of printed and flexible electronics. The three 

main components of a Li-ion battery were investigated, for ways to improve on current 

technologies, in terms of desirable attributes, such as, enhanced capacity, safety, 

processability, environmental benignity and integration into electronic systems.  A 

combination of techniques were used to establish reaction mechanisms, film forming 

properties, galvanostatic cycling performance, as well as electrochemical and thermal 

stability windows. 

Li2FeSiO4 is investigated as a high capacity, affordable and environmentally benign 

cathode material. The investigation incorporated a large amount of synchrotron 

experiments, firstly exploring a spontaneous “electrolyte effect” to which it was found 

that a specific combination of salt and electrolyte (LiPF6 in EC/DMC), along with a 

potential being created between electrode and Li-metal, results in a pre-cycling Fe 

oxidation from Fe2+ → Fe3+. This allowed for a correct combination of salt and solvent 

to be used in further experimental works. 

Further to the electrolyte study, a combination study was conducted utilising both 

XANES and XRS techniques to investigate the origin of the additional capacity in 

Li2FeSiO4 associated with the removal of >1Li+ per unit formula. The two most 

commonly referred to origins are the Fe3+/Fe4+ redox or an oxygen contribution. The 

XANES study established that no Fe4+ was observed during the in-operando 

experiment, despite a >1Li+ removal. Instead, the bulk sensitive XRS study, revealed a 

continuous and reversible O K-edge contribution. Lastly, an elevated temperature 

galvanostatic cycling study was conducted revealing greatly improved kinetics, 

resulting in significantly larger capacities. 

PEDOT:PSS is explored as a polymeric anode material, for its suitability in novel 

applications such as printed electronics. The study included using a variety of 

manufacturing techniques to establish their suitability for roll-to-roll processing and 
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integrated electronics applications. It was found that galvanostatic cycling 

performance was heavily dependent on the deposition technique used, with capacities 

ranging from 100mAhg-1 to 200mAhg-1. This is explained using a proposed surface 

sensitive reaction where Li+ ions can only react with accessible material surfaces. 

Electrochemical and other characterisation techniques were used to explore the 

reaction mechanisms taking place within the polymer during cycling and 3 mechanisms 

were proposed. Firstly, the reaction: 

[𝑃𝐸𝐷𝑂𝑇+][𝑃𝑆𝑆−] + 𝐿𝑖+ + 𝑒− ↔ [𝑃𝐸𝐷𝑂𝑇0][𝐿𝑖+𝑃𝑆𝑆−] 

Was determined for the first cycling plateau. Secondly, a second Li+ injection into the 

[𝐿𝑖+𝑃𝑆𝑆−] groups, which forms a radical is associated with the second cycling plateau. 

Lastly, an ion exchange mechanism is proposed to explain the “lithium trapping” 

phenomenon, observed in the initial discharge of PEDOT:PSS irrespective of deposition 

technique. Whereby Li+ replaces H+ within the PEDOT:PSS, stabilising the S-O single 

bond and effectively getting “stuck” within the PSS, this process instigates the 

formation of H2 during the initial discharge. 

Overall ink-jet printed PEDOT:PSS films, using an aqueous solvent and no additional 

binder, exhibited the best processability, film forming properties and electrochemical 

performance. 

A PEGDA based solid-state polymer electrolyte was explored due to its facile 

processability and ability to change from liquid state to solid state via a simple UV 

curing procedure, allowing its use in printed batteries and other manufacturing. The 

thesis presents impressive cycling results for an all-solid-state full-cell battery. The 

PEM exhibited strong thermal and mechanical stability characteristics as well as high 

ionic conductivity and electrochemical stability window vs Li-metal. This places the 

PEM in good stead for its application into integrated electronics, as well as potential 

applications in high temperature environments or high voltage chemistries. 

Galvanostatic cycling was conducted on both half-cell and full-cell configurations 

where it was established that cycling performances were good, with capacities nearing 
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those of similar cells using liquid electrolytes, however, performance was dependant 

on cycle rate and the type of cell chemistry used. SEM gave further insight to this, 

suggesting that performance limitations may be due to limited penetration into the 

cast electrodes, suggesting a greater control over electrode porosity is required for 

optimal performance. 

Overall, the PEMs flexibility, stretchability, electrochemical stability and galvanostatic 

performance were found to be good and suitable for further exploration and potential 

integration into electronic devices. 

The first iteration of the integrated battery antenna system (IBAS), showed that, 

through careful design and multipurpose components, battery powered antenna 

systems can be created without compromising on either form or function. 

The battery uses the antenna body itself, as a current collector, allowing for not only a 

reduction in product dimensions, but also a reduction in product weight and costs 

associated with the removal of the additional current collector. Antenna performance 

using the integrated battery was directly compared to when using a conventional coin 

cell. The Li-ion battery used in the IBAS was found to match the performance of the 

commercial coin cell. But using the integrated battery the system becomes body 

conformable, low profile and light weight. This approach can be adapted to other 

systems suggesting promise in further exploration of the IBAS and other integrated 

battery systems. 

7.2 Future Works 

The materials and technologies explored in this thesis are, by no means, complete. 

Further exploration into these technologies is essential to gain a full understanding of 

their reaction mechanisms, their manufacturing, their product design and integration, 

as well as their potential in the Li-ion battery market. 

For Li2FeSiO4, further methods of improving the materials kinetics should be explored, 

this may include material doping, or a larger scale investigation into the elevated 

temperature cycling where significantly higher capacities were observed. 
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Further to this, XAS and XRS studies should be continued, including using materials 

cycled at elevated temperatures and XRS studies using a greater number of sample 

points to gain a fuller understanding of the Fe4+/O K-edge debate. This may also 

include the need for a simulation study or alternative techniques such as XPS, soft X-

ray of the O K-edge and Mössbauer. 

For PEDOT:PSS, further exploration into the reaction mechanisms proposed, including 

the “lithium trapping” should be investigated. This may include simulation studies to 

investigate the proposed ion exchange mechanism, or the surface sensitive XPS 

technique to explore the proposed surface dependant Li+ ion insertion. Other 

techniques which can yield useful information regarding lithium insertion and reaction 

mechanisms include NMR and XAS. 

Regarding PEGDA, a detailed composition dependent study should be explored, to find 

the optimum electrolyte composition for cell performance. A large-scale study into 

deposition techniques and electrode porosity should be conducted to establish the 

PEMs suitability for large scale production and performance improvement. 

For the IBAS there are multiple ways to further investigate the system. Incorporating 

sensors into the system can allow for epidermal and environmental sensing within a 

body conformable package. Alternative battery chemistries can be explored and the 

use of a vacuum sealer in the assembly is essential. 

Furthermore, it should be proposed that all sections of this thesis could be combined 

into a single package, creating and IBAS which incorporates Li2FeSiO4 as the cathode, 

the PEGDA PEM as the electrolyte and PEDOT:PSS as the anode. As an extension to the 

works presented in this thesis, further exploration into the field of Li-ion battery 

integration into printable, flexible, and elastic electronics is recommended. 


