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Abstract 

 

Development of lithium-ion batteries suitable for high temperature applications requires a holistic 

approach to battery design because degradation of some of the battery components can produce 

a serious deterioration of the other components, and the products of degradation are often more 

reactive than the starting materials. Therefore, a careful selection and systematic characterisation 

of the components of lithium ion batteries is required in order to identify a number of materials 

and protocols for battery assembly that give promising performance at high temperatures.  

This project investigates the high temperature operation of secondary lithium-ion batteries, giving 

an understanding of the temperature limitation of binders, electrolytes, positive electrode 

materials, negative electrode materials and current collectors. This thesis has successfully 

demonstrated the high temperature operation of lithium ion batteries up to a temperature of 150 

⁰C. Results have shown that the main factors which are responsible for capacity fade are the 

electrolyte, electrode binder and the current collector. It has been effectively demonstrated that 

lithium iron phosphate cells can be operated up to a temperature of 150 ⁰C by replacing LiPFR6R, with 

an alternative electrolyte LiODFB (Chapter 4). However, capacity fade was rapid at this temperature 

due to failure of the binder, causing first cycle irreversible capacity and long-term capacity loss 

(Chapter 5). It was also demonstrated in Chapter 6 that aluminium current collector corrosion was 

occurring during high temperature operation, as described in chapter 6. 

Suggestions for further work are made in the following areas: 

 

1. Electrolyte: the investigation of electrolytes suitable for high temperature operation could 

be expanded to electrolyte additives in order to allow effective stabilisation of the SEI at 

higher temperatures. It should also include alternative electrolyte systems such as 

polymers and solid-state electrolytes since it is likely that the limit of what can be achieved 

in liquid carbonate systems has been reached.  

2. Binder: Further work should look at optimising the electrode binders, further evaluating 

the use of PAI as a binder for use at high temperatures, evaluating in a full Li-ion cell 

configuration. 

3. Current Collector: alternative current collectors should be investigated for use at high 

temperatures that don’t corrode when operated at 150 ⁰C. The protection of the current 



collector could also be investigated using either coatings for the aluminium current 

collector or by electrolyte additives that allow effective passivation of the surface which do 

not fail at high temperatures.  
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Chapter 1 Introduction 

1.1 Lithium-ion Batteries 

 

The 20th century saw the invention and the commercialisation of the modern lithium-ion battery 

with Sony introducing the first commercially available rechargeable lithium ion battery in 1991.1,2 

This design utilised the “rocking-chair” design using lithium insertion electrodes of lithium cobalt 

oxide and graphite.3 In 1996 Goodenough discovered phospho-olivines as positive electrode 

materials for lithium ion batteries, introducing lithium iron phosphate (LFP) as a safer and more 

stable electrode material.4 Todays commercial batteries mostly still utilise a system similar to Sony’s 

lithium cobalt oxide and graphite insertion electrodes with an electrolyte based on organic 

carbonate solvents and lithium hexafluorophosphate.3  

Lithium-ion batteries have revolutionised the energy storage market and applications for batteries 

are rapidly expanding, with demands for high performance batteries required in many technological 

fields. In applications such as portable devices or electric vehicles, lithium-ion batteries have 

currently no contender in terms of energy density or durability. However, the restricted 

temperature range of -25 °C to 60 °C is a problem for a number of applications that require high 

energy rechargeable batteries that operate at a high temperature (>100 °C).5 One such application 

is the oil and gas industry which requires batteries to operate at temperatures of up to 150 °C.6 

Going above the maximum operating temperature risks degradation and irrecoverable damage 

often resulting in reduced cell capacity, reduced cell lifetime, cell failure and in some cases fires and 

explosions. High temperature batteries used in the oil and gas industry are typically Li-ion primary 

batteries, however there is a drive to replace this with secondary lithium ion technology. 7 Currently 

the options for high temperature lithium-ion secondary batteries are limited due to the instability 

of the interface between the lithiated carbon negative electrode and the organic electrolyte. 

Development of lithium-ion batteries suitable for high temperature applications requires a holistic 

approach to battery design because degradation of some of the battery components can produce 

a serious deterioration of the other components, and the products of degradation are often more 

reactive than the starting materials.8 
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1.2 Principle of Lithium-ion Batteries  

A Li-ion battery consists of two lithium insertion electrodes (a positive electrode e.g. LiFePO4 on an 

Al current collector and a negative electrode e.g. graphite on a Cu current collector), with a Li+ 

conducting separator and an electrolyte (e.g. LiPF6 dissolved in organic carbonate solvents). On 

charge lithium ions are extracted from the LFP positive electrode, into the electrolyte, through the 

separator and insert into the graphite negative electrode. On discharge the process is reversed by 

where the lithium ions are extracted from the graphite negative electrode, into the electrolyte, 

through the separator and insert into the LFP positive electrode. Figure 1-1 shows a diagram of a 

lithium-ion battery, equation 1-1 to equation 1-3 show the reactions occurring. 9 

 

 

Figure 1-1 Diagram of a lithium-ion battery adapted from Aravindan et al P

10
P 

 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃4  
 
    𝐿𝐿𝐿𝐿 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�

  
 𝐿𝐿𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂4 + 𝐿𝐿𝐿𝐿     Equation 1-1 

6𝐶𝐶 +  𝐿𝐿𝐿𝐿 
 
𝐿𝐿𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
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𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃4 + 6𝐶𝐶  
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�⎯⎯⎯⎯⎯⎯⎯�  𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂4 + 𝐿𝐿𝐿𝐿𝐶𝐶6   Equation 1-3 
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1.3 Degradation of Lithium-ion Batteries  

 

Electrolyte decomposition has been identified as the main cause of degradation in lithium ion cells, 

particularly the reactions that occur at the negative electrode/ electrolyte interface, typically 

causing 10% loss of capacity on the first cycle.11,12 On charge of the graphite negative electrode, 

electrolyte breakdown occurs at 0.8 V13, these reactions produce products which form the solid 

electrolyte interphase (SEI), a diagram of which can be seen in Figure 1-2. The SEI is composed of a 

variety of inorganic and organic species, such as semi-carbonates, polyolephines, alkoxides, 

polymers, Li2O, LiCI, LiF, LiCO2-R and Li2CO3.14 The production of an SEI is essential since it protects 

the electrolyte from further breakdown once formed but allows ion conductivity. Electrolyte 

breakdown occurs because the operating potential of the negative electrode and positive 

electrodes are outside of thermodynamic potential stability window of the electrolyte illustrated in 

Figure 1-3.15 

 

 

Figure 1-2 Diagram of an SEI layer on a graphite surface showing the variety of compounds 

which form the SEI. Reproduced with permission from L. Hardwick from University 

of Liverpool Department of Chemistry- Hardwick Group 16 Image adapted by L. 

Hardwick from Peled et al14 
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Figure 1-3 Diagram showing the energy differences between the positive electrode (cathode) 

and negative electrode (anode) and the electrolyte stability window. Adapted 

from Goodenough et al15 

 

As described by Goodenough et al15, if the negative electrode electrochemical potential (μ-) is above 

the lowest unoccupied molecular orbital (LUMO) of the electrolyte then electrolyte breakdown 

occurs. The electrolyte breakdown occurs until a passivation layer is formed on the negative 

electrode surface, blocking electron transfer from the negative electrode to the electrolyte LUMO. 

Conversely if the positive electrode electrochemical potential (μ+) is below the highest unoccupied 

molecular orbital (HOMO) then electrolyte breakdown occurs. The electrolyte breakdown occurs 

until a passivation layer is formed on the positive electrode surface, which blocks the electron 

transfer from the electrolyte HOMO to the positive electrode. To achieve thermodynamic stability 

of the electrolyte μ- and μ+ should be within the energy gap between the HOMO and LUMO (Eg) 

however this restricts the open circuit potential, Voc, shown in equation 1-4, where e denotes the 

magnitude of the electron charge. Producing an SEI can give additional kinetic stability of the 

electrode/electrolyte interface, allowing a larger Voc, however eVoc – Eg should not be too large 

otherwise further electrolyte breakdown will occur. Higher temperatures will increase the kinetics 

and therefore electrolyte breakdown will occur more easily11,15 

 

𝑒𝑒𝑉𝑉𝑂𝑂𝑂𝑂 =  𝜇𝜇− −  𝜇𝜇+  ≤  𝐸𝐸𝑔𝑔    Equation 1-4 
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Where: 

e = magnitude of electron charge 

VOC = open circuit potential 

μ- = negative electrode electrochemical potential 

μ+ = positive electrode electrochemical potential 

Eg = energy gap between the HOMO and LUMO of the electrolyte 

 

There are many factors that affect the formation of the SEI namely electrode composition, 

electrolyte composition, temperature and cycling conditions. The SEI has a large impact on the first 

cycle capacity loss, cell impedance, rate capability, cell safety and cycle life. Figure 1-4 shows the 

electrode/ electrolyte processes which can occur11,15: 

 

1. Electrolyte decomposition/ SEI formation- As detailed above electrolyte decomposition 

occurs which forms the SEI. In addition to the breakdown products which form the SEI, the 

electrolyte also reacts to produce un-wanted side products. These not only consume 

electrolyte but can form detrimental products which can react with other cell components. 

This can have a severe impact on the cell performance and often results in degradation of 

the cell. 

2. SEI growth and stabilisation- The SEI surface takes time to grow on the surface of the 

electrode, requiring several charge discharge cycles to fully mature. During this process the 

SEI continues to grow and stabilise.   

3. SEI dissolution and precipitation- During cycling the SEI can be broken or dissolve and 

precipitate, further consuming electrolyte to repair the SEI.  
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Figure 1-4 Diagram showing electrolyte breakdown, SEI formation, destruction and 

stabilisation on a graphite electrode surface. Adapted from Vetter et al17 

 

At elevated temperatures the electrolyte breakdown reactions occur at an increased rate and result 

in greater consumption of electrolyte and unwanted side products. It has been identified that 

several processes can occur at the electrode/ electrolyte interface, which are depicted in Figure 

1-5: 

 

a) SEI destruction- Higher temperatures can result in the breakdown of the SEI which 

consumes further electrolyte to repair SEI damage. The cycle of SEI breakdown and 

electrolyte breakdown to reform the SEI causes the consumption of electrolyte leading to 

capacity fade.7 

b) SEI thickening- It has also been reported in the literature that higher temperatures can 

cause the SEI to grow thicker and more resistive, increasing the cell impedance. It has been 

reported that impedance rise can be as high as 50% greater for cells aged at 70 ⁰C.18 Vetter 

et al have reported that electrolyte decomposition and decrease of electrode surface area 

due to continuous SEI growth are two major causes of cell degradation at higher 

temperatures.17  

c) Reactions of the SEI with metal cations- The SEI can change composition from reactions 

with metal cations, it has been reported that the Mn2+ ions can react with SEI components 

and produce products such as MnCOR3R and MnFR2R, which leads to the change in passivation 

properties of the SEI and can result in further electrolyte breakdown.19 Song et al20  and 

Lewandowski et al21 have reported that one of the causes of degradation in a lithium iron 

phosphate/ graphite full cell is caused by the dissolution of iron into the electrolyte causing 

it to deposit on the graphite electrode. This iron then causes accelerated decomposition of 
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the electrolyte resulting in a thick SEI layer. Hsieh et al22 have also reported similar findings 

and has found trace quantities of iron contained in the electrolyte solutions. 

d) SEI composition changes- It has been reported that the organic content of the SEI can be 

reduced at higher temperatures, which can result in a brittle SEI, decreasing the mechanical 

stability of the SEI.7 Other authors have also observed similar findings commenting that 

that the ratio of carbonates on the surface of the SEI change with temperature.23  It has 

also been reported that structural changes such as phase transitions and disordering of the 

positive electrode materials can occur with materials such as NMC.24 It has also been 

reported in the literature that that the reaction at a charged positive electrode/electrolyte 

interface is of most importance when the cell is stored at high temperatures. Some small 

changes can occur in the active material over time, for example structural changes that 

cause mechanical stress and over time can cause cracking and structural damage. Broussely 

et al have reported that at elevated temperatures side reactions at the positive electrode/ 

electrolyte interface occur, involving the oxidation of electrolyte.12 

 

 

Figure 1-5  Processes occurring at the electrode/ electrolyte interface during high  

  temperature operation of Li-ion batteries reproduced with permission from 

Nature from Rodrigues et al25  
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1.4 High Temperature Battery Technology  

1.4.1 Lithium-copper Oxide/ Lithium-copper Oxyphosphate battery 

 

The Li/CuO battery has a broad range of temperature operation and is capable of operation from -

40 to 150 ⁰C. It has a high energy density of 300 Wh/kg with an open circuit potential of 2.25 V with 

an operating voltage of 1.2 V to 1.5 V.  The Li/CuR4RO(POR4R)R2R battery is capable of operation up to 175 

⁰C has voltage of range of 2 to 2.7 V.5,26 The Li/CuO and Li/CuR4RO(POR4R)R2R primary cells are composed 

of a lithium negative electrode and a copper oxide or copper oxyphosphate positive electrode, with 

an electrolyte composed of lithium perchlorate and dioxolane. The discharge process for both types 

of cell can be seen below in equation 1-5 and equation 1-6.5,26  However both systems have 

disadvantages; firstly they are both primary cells which is undesirable. The other big drawback of 

this system is the safety issues associated with the use of lithium perchlorate and dioxolane 

electrolyte which has shown to be explosive.26  

 

 

2 Li + CuO  LiR2RO + Cu     Equation 1-5 

8Li + CuR4RO(POR4R)R2R  4Cu + LiR2RO + 2LiR3RPOR4R  Equation 1-6 

 

1.4.2 Lithium Thionyl Chloride Battery 

 

Still in use today is the lithium thionyl chloride primary battery which is capable of a wide 

temperature operation of -55 ⁰C to +130 ⁰C, with a working voltage range of 3 V to 3.6 V. Unlike 

conventional Li-ion systems which have the active materials in the positive and negative electrodes, 

the active material in a lithium thionyl chloride battery is contained in the electrolyte. The lithium 

thionyl chloride battery consists of a lithium metal negative electrode, glass fibre separator, a 

carbon positive electrode and an electrolyte composed of lithium tetrachloroaluminate (LiAlCl4) 

dissolved in thionyl chloride (SOCl2). The SOCl2 acts as both an electrolyte and active material in the 

battery, with the discharge process as seen in equation 1-7. Much like the Li/CuO and Li/Cu4O(PO4)2 

batteries the lithium thionyl chloride battery is also a primary cell, which is undesirable. The other 

disadvantage of this system is that for safety of the battery operation should not be exceeded over 

150 ⁰C. However, this type of cell has a very long shelf life as very little self-discharge occurs (1-2% 
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capacity loss per year). This type of battery also has a flat voltage profile which means it can deliver 

a constant voltage.5,27 

 

4Li + 2SOClR2R  4LiCl + S + SOR2R  Equation 1-7 

 

1.4.3 Sodium-sulphur Batteries  

 

The most famous of high temperature batteries dates back to the 1960’s, the sodium-sulphur 

battery which operates between 270 and 350 ⁰C. The cell is composed of a positive electrode of 

molten sulphur, a negative electrode of molten sodium, separated by a Na+ conducting β”-alumina 

solid electrolyte (NaAlR11ROR17R), as seen in Figure 1-6. On discharge the sodium is oxidised, the Na+ 

ions migrate through the electrolyte to the sulphur electrode where the sulphur is reduced and 

combines with the sodium to produce NaR2RSR5. ROn charge the process is reversed by where the NaR2RSR5R 

is oxidised to produce S and Na+, the Na+ then migrates back through the solid electrolyte to the 

negative electrode. This system firstly requires a high temperature to be maintained to ensure the 

sodium and sulphur remains molten and to ensure the solid electrolyte remains wetted and 

conductive of the Na+ ions. Lower temperature systems have been researched utilising a Na-Cs alloy 

electrode that operates as low as 95 ⁰C. Perhaps the largest issue with these batteries is the unsafe 

nature of molten sodium and sulphur and the large physical size which restricts them to stationary 

grid storage applications.28,29  

 

 

 

Figure 1-6 Schematic of a sodium sulphur battery adapted from Dunn et al28 



Chapter 1 

10 

1.4.4 Solid State Batteries 

 

Solid state batteries have been researched as the replacement to organic liquid-based lithium-ion 

batteries due to being intrinsically safer. However, their complexity to manufacture and low power 

and capacity at ambient temperatures has limited their application. However solid state lithium 

batteries for use at high temperatures have been researched since the conductivity and kinetics are 

improved at higher temperatures.30 Ilika, a solid state battery research company has reported a 

production of a solid state battery (Stereax P180) capable of operation between -40 ⁰C and +150 

⁰C.31 It utilises a solid state electrolyte and a silicon negative electrode, the details of which can be 

seen in Table 1-1.  

 

Table 1-1 The properties of the Stereax P180 battery at 150 ⁰C. Data obtained from Ilika32  

Capacity 180 µAh at 1C 

Operating Voltage 3 - 3.8 V 

Maximum Continuous Current  50C 

Cycle Life 4000 cycles at 5% DoD 
200 cycles at 100% DoD  

Cell Resistance  15 Ω on Charge cycle 1 100% SoC 

 

 

 

 

 

 

 

 

 

 



Chapter 1 

11 

1.5 Lithium-ion Battery Electrolytes  

 

It was introduced in section 1.3 that the reactions at the electrode/electrolyte interface are the 

primary source of degradation in lithium-ion batteries. This is due to reactions of the electrolyte 

with the electrode surface which form the SEI, however the SEI can become degraded by higher 

temperatures which causes further breakdown of electrolyte leading to capacity fade. One of the 

key factors to high temperature lithium-ion batteries is therefore the electrolyte. The term 

electrolyte can either refer to the lithium salt itself or the solution of a lithium salt in a mixture of 

solvents, this thesis will refer to the latter. Typically, the electrolyte used in lithium ion cells is 

lithium hexafluorophosphate (LiPF6) in a combination of organic carbonate solvents. The study of a 

more stable electrolyte system for lithium ion batteries can be divided into three categories the 

electrolyte solvent, electrolyte salt and electrolyte additives. The research of all of these aims to 

improve the stability of the electrode/ electrolyte interface and to improve the thermal stability of 

these components to make a safer battery that is capable of a greater number of cycles. 

Goodenough identified a number of requirements that electrolytes must satisfy15: 

 

1. Large electrochemical stability window. 

2. Electrochemically stable with the electrodes, forming an SEI to improve kinetic stability if 

the electrode is operating outside the electrochemical stability window. 

3. The electrode/ electrolyte interface must be stable to volume changes of the electrodes 

during cycling. 

4. The Li+ conductivity (σRLiR

+) must be greater than 10-4 S cm-1.  

5. The electronic conductivity (σReR) must be less than 10-10 S cm-1. 

6. Be made from non-flammable materials. 

7. Have a low toxicity. 

8. Have a low cost.  

 

In reality meeting all these requirements is a big challenge, therefore there needs to be 

compromises made, which is the case for currently used lithium ion battery electrolytes. Liquid 

organic electrolytes have been the industry standard for lithium-ion battery production since Sony 

started production in 1991 and have been in use ever since.3 Although liquid organic electrolytes 

do not satisfy all of the requirements which are set-out above, they are relatively inexpensive, easy 

to manufacture and dissolve lithium salts readily.33 The major advantage however is that liquid 
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organic electrolytes have a suitable ionic conductivity (>10-4 S cm-1) at room temperature, 

something which alternative systems lack.34 However their flammability is an issue which has meant 

that much work has been undertaken to find alternative systems with improved thermal and 

electrochemical stability, Table 1-2 shows a summary of the types of electrolyte systems available. 

A majority of the work has focussed on the use of ionic liquids and polymers to replace conventional 

carbonate solvents, however polymers and ionic liquids have a major disadvantage that their ionic 

conductivities are much lower than those of organic carbonate solvents. Hybrid systems, using 

mixtures of liquid organic electrolytes with polymers and ionic liquids can increase the conductivity 

of the electrolyte while extending the operating temperature of the electrolyte, examples of this 

can be seen in Table 1-2. However, such systems add complexity and changes to manufacturing 

methods, this is something which is not desired by the lithium-ion battery industry. Literature has 

stated that changing a manufacturing method in a lithium-ion battery production is more difficult 

than changing a material providing that the same production methods can be used.35 Therefore 

improvements to the current technology using existing methods is more preferential over those 

which use new methods is much preferred by the industry and are much more likely to reach 

commercialisation.  

 

Table 1-2 Summary of different types of electrolyte solvents used in lithium ion batteries 

adapted from Goodenough et al15  

Electrolyte Example Ionic conductivity 
at RT  (x 10-3 S/cm) 

Electrochemical 
window vs Li/Li+ (V) 

Flammable? 

Liquid organics  1M LiPF6 in EC:DEC 
(1:1) 

7 1.3 V to 4.5 V  

Polymers LiTFSI-
P(EO/MEEGE) 

0.1 <0.0 V to 4.7 V  

Liquid organics + 
Polymers 

0.04LiPF6 + 0.2EC + 
0.62DMC + 0.14 

PAN 

4.2 Up to 4.4 V  

Ionic Liquids + 
Polymers  

1M LiTFSI + P13TFSI 
+ PVDF-HFP 

0.18 <0.0 V to 5.8 V  

Ionic Liquids + 
Liquid Organics + 

Polymers  

56% LiTFSI-Py24TFSI 
+ 30% PVDF-HFP + 

14% EC/PC 

0.81 1.5 V to 4.2 V  

Inorganic Solids Li4-xGe1-xPxS4 
(x=0.75) 

2.2 <0.0 V to 5.0 V  

Inorganic Liquids LiAlCl4 + SO2 70 Up to 4.4 V  

Ionic Liquids  1M LiTFSI in EMI-
TFSI 

2 1.0 V to 5.3 V  
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1.5.1 Carbonate Solvents  

 

As was discussed above organic carbonate solvents are the industry standard for lithium ion battery 

electrolytes. Typically, a combination of carbonate solvents are used for example ethylene 

carbonate (EC), propylene carbonate (PC) and dimethyl carbonate (DMC), pictured in Figure 1-7. 

Ethylene carbonate is an important component in the electrolyte as literature has shown that EC 

plays an important role in the formation of the SEI. The SEI forms a passivation layer which prevents 

further electrolyte decomposition from occurring and consuming electrolyte which leads to 

capacity fade.36,37 Since EC is a viscous liquid and is not liquid at room temperature other carbonate 

solvents are also added into the electrolyte e.g. PC, EMC, DEC. These components reduce the 

viscosity of the electrolyte which is important for a low activation energy for lithium-ion diffusion 

into the electrolyte and a lower charge transfer resistance of the electrolyte, allowing the battery 

to be operated at a faster rate of charge and discharge without effecting the capacity.15 Other 

carbonate solvents are also believed to form other products on the electrode surfaces as well since 

reactions occur between the lithium ions and the carbonate molecules to produce lithium 

carbonates. The exact mechanisms are widely debated in the literature.11 However the major 

drawback of carbonate based electrolytes is the flammability of them, a reason why research has 

aimed to replace them with alternative systems.  

 

 

Figure 1-7 Structures of EC (left), PC (centre) and DMC (right). 

 

Electrolyte components need to be carefully chosen that are not only thermally stable on their own 

i.e. that do not breakdown or vaporise at higher temperatures, but thermally stable during 

electrochemical operation. The thermal properties of typical lithium-ion battery carbonate solvents 

can be seen in Table 1-3.  As can be seen from the table most of these solvents have relatively low 

boiling points with only EC and PC only suitable at 150 °C. However it has been reported in the 

literature that PC-based electrolytes with no EC cause graphite exfoliation.11,38  
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Table 1-3 Properties of a range of battery electrolyte carbonate solvents. Data from BASF39 

Solvent Boiling Point ˚C Flash Point ˚C 

Diethyl Carbonate (DEC) 125-129 33 

Dimethyl Carbonate (DMC) 90 15 

Ethylene Carbonate (EC) 247-249 150 

Ethyl Methyl Carbonate (EMC) 108 23 

Propylene Carbonate (PC) 242 135 

 

Figure 1-8 shows a graphical representation of graphite exfoliation and the differences between an 

SEI formed using PC and EC. It can be observed that with PC there is poor SEI coverage with 

substantial graphite exfoliation and cracking occurring. It has also been reported in the literature 

that electrolytes containing a higher content of PC lead to an SEI which is thicker and of a higher 

resistance. The cause of the thicker SEI is due to PC causing exfoliation of the graphite, this in turn 

causes further breakdown of the electrolyte forming a thick SEI with high resistance.38 Whereas 

with EC it is observed that the SEI coverage is good with no graphite exfoliation occurring. It has 

been shown in the literature that EC can be used successfully as the electrolyte solvent in high 

temperature batteries up to a temperature of 115 °C.11,40  

 

 

Figure 1-8 Diagram showing graphite exfoliation and the formation of the SEI using PC and EC 

electrolyte solvents. Reproduced with permission (CC BY 4.0) from An et al11 
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Another class of promising carbonate solvents is fluorinated carbonate solvents, these have a 

higher thermal and voltage stability than conventional carbonate solvents, due to the strong 

carbon-fluorine bond. Hu et al demonstrated the use of a fluorinated solvent combination of 

fluroroethylene carbonate (FEC), methyl 2,2,2-trifluoroethyl carbonate (F-EMC) and 1,1,2,2-

tetrafluroethyl 2,2,2,2-tetrafluropropyl ether (F-EPE) 3:5:2 V:V with 1M lithium 

hexafluorophosphate (LiPF6). This type of electrolyte has shown to achieve better capacities and 

coulombic efficiencies than LiPF6 in EC/EMC electrolytes in LiNi0.5Mn1.5O4/graphite cells cycled 

between 3.9 V and 4.9 V at 55 ˚C.41 Dahn et al have also investigated fluorinated solvents and have 

showed that fluoroethylene carbonate (FEC) and di-2,2,2-trifluroethyl carbonate (TFEC) (3:7) show 

better performance than EC:EMC at 40 ˚C up to  4.6 V.42  

 

1.5.2 Ionic Liquids 

 

For higher temperature batteries ionic liquids have been researched. Ionic liquids have received 

considerable attention since they have an extremely high boiling point and extremely low vapour 

pressure. This is due to the very strong ion-ion interactions of the cations and anions in the ionic 

liquid; however this results in a high viscosity of the ionic liquid. This is an issue with ionic liquid-

based electrolytes at room temperature, as the viscosity increases on addition of a lithium salt. This 

makes the rate of wettability of the electrodes more difficult since the electrolyte has to fill in the 

pores of the electrodes, this process is much slower with a high viscosity electrolyte. There are 

several issues with ionic liquids that have plagued the application into batteries. Firstly, the purity 

of ionic liquids has been issue, the purification process is difficult, since they cannot be distilled like 

other solvents. The purity of ionic liquids has improved over the years to the extent that they are 

viable for battery applications. Water is also an issue in ionic liquids and they require extensive 

drying to ensure that water levels are minimal. The other issue that has been reported with ionic 

liquids is that the potential stability window is largely reduced at high temperatures.43–45 Jeff Dahn 

has also reported46 that not all ionic liquids are more stable than carbonate solvents, in fact it was 

shown that some ionic liquids are much less stable than carbonate solvents. Out of six different 

ionic liquids tested only three of the ionic liquids showed to be more stable than carbonate solvents: 

 

• 1-butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide (BMMI-TFSI). 

• 1-butyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide (Pp14-TFSI). 

• N-trimethyl-N-butylammonium bis(trifluoromethanesulfonyl)imide (TMBA-TFSI).  
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Two ionic liquids had similar reactivity to carbonate solvents:  

 

• 1-Ethyl-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMI-TFSI). 

• 1-propyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide (Py13-FSI).  

 

One of the ionic liquids was much less stable than carbonates:  

 

• 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide (EMI-FSI).  

 

Lin et al47 has shown that a phosphonium ionic liquid with LiTFSI to operate at 100 ⁰C with capacity 

dropping to 50% of the initial capacity after 70 cycles. Marczewski et al48 proposed an ionic liquids-

in-salt electrolyte where the salt content is higher than the ionic liquid content reporting high ionic 

conductivities, however this work was a proof of concept study and didn’t test the electrolytes in a 

working cell. Ionic liquids have also been used in combination with carbonate solvents to give both 

the advantages of an ionic liquid (high temperature stability) and carbonate solvents (good 

conductivity). Ababtain et al49 showed that a mixture of 80% 1-methyl-1-propylpiperidinium 

bis(trifluromethanesulfonyl)-imide (pip) ionic liquid to 20% propylene carbonate (PC) capable of 

operation between 25 ⁰C to  100 ⁰C using a 3D nano silicon negative electrode.  
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1.6 Lithium-ion Battery Electrolyte Salts 

1.6.1 Lithium hexafluorophosphate (LiPF6) 

 

Typically, the electrolyte used in lithium ion cells is lithium hexafluorophosphate (LiPFR6R), seen in 

Figure 1-9, in a combination of organic carbonate solvents. LiPFR6R has unique set of properties which 

make it a suitable its use in commercial cells. LiPFR6R is used because it improves the corrosion 

resistance of the aluminum current collector, literature shows that LiPFR6R forms both AlR2ROR3R and AlFR3R 

layers on aluminum current collectors to passivate them. LiPFR6R also has good solubility in a range 

of solvents and has a good conductivity at room temperature.50–55 Literature has shown that LiPFR6R 

is an essential component in the electrolyte helping to form a stable SEI to stop further electrolyte 

breakdown from occurring. A study by Zhou et al used DSC analysis to compare an exothermic peak 

relating to the reaction between lithiated graphite and the electrolyte solvent (EC/DMC). Results 

showed that the electrolyte solvent without any LiPFR6R in the electrolyte had a much higher heat 

value than that of the electrolyte containing LiPFR6R. Results also showed that higher concentrations 

of LiPFR6R in the electrolyte resulted in much less heat compared to lower concentrations, the authors 

concluded that LiPFR6R is an essential component in the electrolyte in order to form a stable SEI layer 

resulting in less electrolyte reactions. 56 Sato et al stated that low levels of HF in the electrolyte, 

associated with the reaction of LiPFR6R with trace water help with the formation of the SEI.57 

LiPFR6R is a thermally stable salt with a decomposition temperature of >175°C.10 However LiPFR6R reacts 

with water even at room temperature, as shown in equation 1-8 and equation 1-9 this severely 

lowers the decomposition temperature.57–59 It has been reported that the breakdown process of 

LiPFR6R when in an electrolyte solution can be as low as 80°C.43 Electrochemically initiated reactions 

of LiPFR6R with solvents have also been demonstrated, as shown in equation 1-10 to equation 1-12. 

The rate of these reactions is accelerated at higher temperatures, the products of which react with 

the cell components43. Literature has shown that LiPFR6R is unstable for use at elevated temperatures 

in lithium ion batteries11,59,68–70,60–67. 

 

 

Figure 1-9 Structure of LiPFR6. 
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𝐿𝐿𝐿𝐿𝐿𝐿𝐹𝐹6 ⇌ 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑃𝑃𝐹𝐹5      Equation 1-8 

𝑃𝑃𝐹𝐹5 + 𝐻𝐻2𝑂𝑂 → 𝑃𝑃𝑃𝑃𝐹𝐹3 + 2𝐻𝐻𝐻𝐻     Equation 1-9 

𝐿𝐿𝐿𝐿𝐿𝐿𝐹𝐹5 + 𝑅𝑅𝑅𝑅𝑅𝑅 → 𝑃𝑃𝑃𝑃𝐹𝐹3 + 𝑅𝑅𝑅𝑅 + 𝐻𝐻𝐻𝐻    Equation 1-10 

𝑃𝑃𝑃𝑃𝐹𝐹3 + 𝑅𝑅𝑅𝑅𝑅𝑅 → 𝑃𝑃𝑃𝑃𝐹𝐹2𝑂𝑂𝑂𝑂 + 𝐻𝐻𝐻𝐻    Equation 1-11 

𝑃𝑃𝑃𝑃𝐹𝐹3 + 𝑅𝑅𝑅𝑅𝑂𝑂3𝑅𝑅 → 𝑃𝑃𝑃𝑃𝐹𝐹2𝑂𝑂𝑂𝑂 + 𝑅𝑅𝑅𝑅 + 𝐶𝐶𝑂𝑂2   Equation 1-12 

 

1.6.2 Lithium [bis(oxalate)borate] (LiBOB) 

 

LiBOB, shown in Figure 1-10, has been researched as a replacement to LiPF6 due to being more 

thermally stable, having a decomposition temperature of over 290 °C71. In addition, LiBOB does not 

undergo decomposition like those seen in Equation 1-8 to Equation 1-12. It has also been 

demonstrated that LiBOB facilitates the passivation of the aluminium current collector.13,40,71–74 

However work by Xu et al75 showed that LiBOB has some disadvantages compared to LiPF6. Firstly, 

LiBOB has issues with solubility in solvents such as EC and PC, which limits the concentration of 

LiBOB that can be used (typically <1M depending on solvents used). However Xu et al75 showed that 

that γ-butyrolactone can be used as a co-solvent to allow higher concentrations to be used. The 

same work also showed that the SEI on both positive and negative electrodes can be of high 

resistance, increasing the overall cell impedance. The authors however reported that the γ-

butyrolactone used to increase the solubility of the LiBOB into the electrolyte results in a lower cell 

impedance. It has been reported LiBOB is less conductive than LiPF6 when dissolved in the same 

carbonate solvents.71  

 

 

Figure 1-10 Structure of Lithium [bis(oxalato)borate] (LiBOB). 
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Work by Kurita et al40 has demonstrated that LiBOB can be used successfully as an electrolyte salt 

up to a temperature of 115°C, the results of which can be seen in Figure 1-11. Half cells of LFP vs Li 

were constructed with an electrolyte of 1M LiBOB in EC and a glass fibre separator. The cells were 

then charged and discharged using galvanostatic cycling for 50 cycles at a range of C-rates (0.5C-

200C) and a range of temperatures (60-115°C). It was observed that capacity was not temperature 

dependent at low C-rates but was however dependant at higher C-rates. This is due to the fact that 

at high C-rates the reaction is limited by lithium diffusion and so temperature increases the rate at 

which lithium diffusion occurs. At 115 ˚C the capacity observed was 160 mAh g-1 showing an 86% 

capacity retention after 50 cycles.40 These results represent a benchmark of what can be achieved 

in a high temperature lithium ion battery which utilises a carbonate based electrolyte. 

 

 

Figure 1-11 Graph showing the effect of temperature and C-rate on the discharge capacity of 

a LiFePOR4R half-cell with LiBOB/EC electrolyte. Reproduced with permission from 

Elsevier from Kurita et al40 

 

1.6.3 Lithium oxalyldifluroborate (LiODFB) 

 

Another lithium salt which has been researched as a replacement for LiPF6 is lithium 

oxalyldifluoroborate (LiODFB).10,76–78 Introduced by Zhang76 in 2006, LiODFB was found to possess 

the advantages of LiBOB, whilst having some distinct advantages over it. The structure of LiODFB, 

seen in Figure 1-12, is a variation of LiBOB, where one of the oxalato groups has been replaced with 

two fluorine groups. Studies by Zhang76 showed that LiODFB has a higher solubility in carbonate 
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solvents compared to LiBOB allowing higher concentrations of the salt. The same author showed 

that LiODFB has a higher conductivity compared to LiBOB, attributed to the lower viscosity of the 

electrolyte solution and higher salt dissociation compared to LiBOB. The same work reported that 

LiODFB produces a much more stable SEI due to the degradation products that make up the SEI, 

with the breakdown of the LiODFB shown in Figure 1-13. The LiODFB can either break one of the F 

bonds (product I) leaving the oxalato group intact or break one of the O-B bonds leaving the fluorine 

groups intact (product II). The products I and II can then go on to react with SEI components to 

produce oligomers, which produces a much more stable SEI.  

 

 

Figure 1-12 Structure of LiODFB. 

 

 

Figure 1-13 Scheme showing the degradation reactions of LiODFB producing SEI components. 

Reproduced with permission from Elsevier from Zhang76 

 

Li et al77 has demonstrated the use of LiODFB as replacement for LiPF6 at 65 ⁰C, using LiFePO4/ 

graphite full cells. Results showed that an electrolyte of 1M LiODFB in EC/PC/DMC (1:1:3 v/v) had a 

relatively high conductivity of 8.25 mS cm−1 at 25 ⁰C. The full cells composed of LiFePO4 and artificial 

graphite cells showed a good capacity retention over 100 cycles of 92% at 25 ⁰C and 88% at 65 ⁰C. 

In comparison to 1M LiPF6 in EC/PC/DMC (1:1:3 v/v) the full cells only achieved a 50% capacity 
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retention after 100 cycles at 65 ⁰C. The discharge capacities of the full cells with the LiODFB 

electrolyte at both room temperature and 65 ⁰C were higher than that of LiPF6.  

1.6.4 Mixed Salt Electrolytes  

 

Lithium Bis(trifluoromethane)sulfonimide (LiTFSI), seen in Figure 1-14, is a lithium salt that is 

commonly used in lithium air and lithium sulphur research as the lithium salt. LiTFSI is not currently 

in use as a salt in lithium ion batteries due to the inability to form a protective passivation layer on 

the aluminium current collector, which results in the corrosion of the aluminium current collector. 

This is problematic for lithium ion batteries that operate at higher potentials than lithium air and 

lithium sulphur.53,79–82 It does however have a high decomposition temperature of 360 ⁰C which 

makes it a very attractive choice as a high temperature lithium electrolyte salt.  

 

 

Figure 1-14 Structure of LiTFSI.  

 

It has been documented in the literature that LiTFSI can be used in lithium ion batteries when used 

in combination with other lithium salts. It has been reported by Chen et al83 that using a 

combination of LiTFSI and LiBOB at a ratio of LiTFSI0.6-LiBOB0.4 shows a better capacity retention on 

cycling than LiPF6 when cycled at 60 ⁰C in LiFePO4 half cells. Results showed that after cycling for 

1000 cycles there was only a 5.4% capacity loss at 1C with the LiTFSI0.6-LiBOB0.4 electrolyte. This 

performance has been attributed to the LiBOB decomposing to form a passivation layer on the Al. 

Li et al84 have also shown LiODFB to be effective when combined with LiTFSI in supressing Al 

corrosion, however this report does not test high temperature cycling stability. This aluminium 

corrosion can be seen in the SEM images in Figure 1-15. Image (a) shows the fresh Al with (b) 

showing Al subjected to 4.2V for two weeks with 1M LiPF6 electrolyte which shows that corrosion 

of Al doesn’t occur since a passivation layer has occurred with LiPF6. Images (c) and (d) showing 

when the Al has been subjected to a 1M LiTFSI electrolyte for two weeks at 4.2V, severe corrosion 
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has occurred to the Al surface. Images (e) and (f) showing a 1M LiTFSI solution with a 2% weight of 

LiODFB added, this time no corrosion has occurred and looks similar to that of LiPF6.  

 

 

Figure 1-15 SEM images of fresh Al foil (a), Al exposed to 1M LiPF6 for two weeks at 4.2V (b), Al 

exposed to 1M LiTFSI for two weeks at 4.2V (c&d) and Al exposed to 1M LiTFSI + 2% wt of LiODFB 

for two weeks at 4.2V (e&f). Reproduced with permission from Elsevier from Li et al84 

 

Another recent publication by Zheng et al85 has taken this concept a step further by adding in a 

small quantity of LiPF6 (0.05M) into an electrolyte of 0.4M LiBOB/ 0.6M LiTFSI in EC/ EMC (4:6 w/w), 

the results of which can be seen in Figure 1-16. The results show that the electrolyte is stable for 

400 cycles in NMC half cells showing a 90% capacity retention at 60 ˚C. Compared to 1M LiPF6 in 

EC/ EMC (4:6 w/w) which has a rapid capacity fade by 45 cycles and 0.4M LiBOB/ 0.6M LiTFSI in EC/ 

EMC (4:6 w/w) without the addition of the LiPF6 which fades to cell failure by 275 cycles. The 

improved cycling stability at 60 ˚C has been attributed to the passivation properties of LiPF6 helping 

to form a more stable SEI, as it is documented in the literature that LiPF6 helps in forming the SEI 

layer.56,57 
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Figure 1-16 Cycling of NCM half cells with 1M LiPFR6R (black), 0.6M LiTFSI + 0.4M LiBOB (red) 

and 0.6M LiTFSI + 0.4M LiBOB  + 0.05M LiPFR6R (blue) in EC/ EMC (4:6 w/w) at 60 ⁰C. 

Reproduced with permission from Nature from Zheng at al85.  
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1.7 Lithium-ion Battery Electrolyte Additives  

 

There are several electrolyte additives that have been investigated in the literature that aim to 

stabilise the SEI layer and allow higher temperature operation. The idea behind an additive is that 

they are easier to oxidise and reduce than the other electrolyte components, in the process forming 

a passivation layer on the electrodes preventing the breakdown of the other electrolyte 

components. Herstedt et al investigated a range of common additives using electrochemical and 

DSC measurements.86 The results showed the use of additives increased the first cycle irreversible 

capacity, with improvement in the coulombic efficiency after 25 cycles over those without any 

additive. The addition of ethyltriacetoxysilane (ETAS) and vinylene carbonate (VC) proved to be the 

most suitable additives. The onset temperature for the first thermally activated reaction with the 

additives is higher than without, suggesting that there is better stabilisation with the addition of 

the additive, VC showing the highest onset temperature. In the literature VC has received much 

attention87,88  for improving the stability of the SEI, improving Coulombic efficiency and rate 

performance. However Deshpande et al has reported that it shows no significant impact on the 

capacity fade of cells.89  

Another additive tris(Pentafluorophenyl) Borane (TPFPB) has been reported in the literature with 

results showing that the onset temperature for the first thermally activated reaction is shifted to 

140-160 ⁰C in an electrolyte formulation of LiBF4 in EC: DEC 2:1.90  

Another additive 2-(triphenylphosphoranylidene) succinic anhydride (TPSA) has been reported by 

Ryou et al and has shown an increase of 43% capacity retention at 55 ⁰C for 100 cycles at C/2 in a 

LiMn2O4 / graphite cell.91 As was detailed in section 1.5.1 fluorinated carbonates have shown to be 

good replacements to conventional carbonate solvents. Myung-Hyun Ryou et al have used a 2% 

weight addition of FEC to an electrolyte solution of 1M LiPF6 in EC/PC/DEC in a graphite/ LiMn2O4 

cell and showed that capacity retention at 60 ⁰C after 130 cycles was 20% higher that without the 

additive.92  

Another group has investigated fluorosilane additive 1,2-bis(difluromethylsilyl) ethane (FSE) and 

has shown it to be an effective additive at 0.5% w/w into a 1M LiPF6 in EC/DMC (3:7 v/v) with a 

LiMn2O4/ graphite cell. Results showed that capacity retention and coulombic efficiency were much 

better with the addition of the additive than without for operation at 60 ⁰C, seen in Figure 1-17. 

However concentrations over 0.5% resulted in detrimental capacity loss, which is due to the 

breakdown of the FSE, which contributes to increased impedance on the electrode surfaces.93  
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Figure 1-17 Galvanostatic cycling of LiMnR2ROR4R/ graphite cells with an electrolyte of 1M LiPFR6R in 

EC/DMC (3:7 v/v) with and without the addition of 0.5% FSE. Reproduced with 

permission from Elsevier from Yamagiwa et al93 

 

Haibo Rong et al have shown an imidazole electrolyte additive to be effective at both high voltages 

and high temperatures. A 0.25% addition of 1,10-sulfonyldiimidazole (SDM) was added to a 1M 

LiPF6 in EC/EMC/DEC 3:5:2 w/w in a Li/LiNi0.5Mn1.5O4 cell. Results showed that the addition of SDM 

is effective for operating up to 4.9V at a temperature of 55 ⁰C showing much higher coulombic 

efficiencies and capacity over 100 cycles, compared without. Impedance spectroscopy showed that 

the addition of the SDM results in a much lower impedance compared to the electrolyte without. 

Results also showed lower concentrations of Mn and Ni on the lithium metal negative electrode 

with the addition of SDM, due to less metal dissolution at the positive electrode. This is confirmed 

by the analysis of the positive electrode showing higher levels of Mn and Ni with the added SDM, 

the analysis of the positive electrode also shows less C, O and P levels on the positive electrode 

(which shows that less carbonate breakdown has occurred). HOMO energy calculations have 

showed that the reasons for this is that SDM has a less negative HOMO energy level than the 

carbonate solvents and so oxidises more readily, meaning much less oxidation of the carbonate 

solvents.94  

Yanbo Liu et al have shown that tris(trimethylsilyl) borate (TMSB) to be an effective additive for 

operation at 55 ⁰C when 0.5% w/w is added to an electrolyte of 1M LiPF6 in EC/DMC in a Li/ LiMn2O4 

cell. Cycling results showed that the electrolyte containing TMSB has much higher capacity over 180 

cycles, with higher columbic efficiencies observed. Impedance spectroscopy shows that the 

impedance is much lower for cells with added TMSB. These results have been attributed due to the 

TMSB forming a stable passivation on the electrodes with a low impedance and the ability of TMSB 

to effectively co-ordinate with F which removes the LiF from the SEI (which is known to reduce cell 

life).95  
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1.8 Lithium-ion Battery Electrode Materials  

 

Before the introduction of lithium insertion materials metal lithium was used in early rechargeable 

batteries in the 1970’s, since the use of metal lithium as a negative electrode gives the highest 

energy density.9 However the use of lithium is problematic due to lithium dendrite formation which 

causes cell shorting and side reactions of the metal lithium with the electrolyte. This results in 

reduced cell lifetimes and serious safety issues.2 However the replacement of metal lithium with 

lithium insertion electrodes reduces cell voltage, specific energy (Wh kg-1), energy density (Wh L-1), 

cell capacity (mAh g-1) and rate capability. Insertion electrode materials are used since the insertion 

of lithium into solid state materials is simple and reversible. Research has focussed on improving 

electrode insertion materials to further progress on these desirable properties. There are two 

fundamental requirements for electrode materials9,96: 

 

a) A high specific charge (Ah kg-1) and charge density (Ah L-1).9 

b) A high positive electrode redox potential for the positive electrode and a low negative 

electrode redox potential for the negative electrode to give a high cell voltage.9 

 

1.8.1 Negative Electrode Materials  

 

Numerous materials have been proposed for lithium ion battery negative electrodes such as 

transition- metal oxides, lithium alloys and polymers. Carbons and more specifically graphite are 

still the greatest choice for lithium ion batteries due to being inexpensive and possessing unique 

properties which make it well suited for lithium intercalation/de-insertion. Carbons have higher 

specific redox potentials, have better stability and show better cycling performance than other 

negative electrodes. Lithium alloys and silicon, for example, have large volume changes 

(typically >100% expansion for Li alloys9 and >600% for Si97) on lithium insertion/ de-insertion which 

make them poorly suited to battery applications. This has consequences on the formed solid 

electrolyte interphase (SEI) layer often being broken/destroyed each cycle, which consumes 

electrolyte and causes rapid capacity fade. The reaction of carbon negative electrode materials 

proceeds via the generalised reaction that can be seen in equation 1-13.96 
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𝑥𝑥 𝐿𝐿𝐿𝐿+ + 𝑥𝑥 𝑒𝑒−  + 𝐶𝐶𝑛𝑛 
 
   𝐿𝐿𝐿𝐿 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�

 
     𝐿𝐿𝐿𝐿  𝑖𝑖 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯�  𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶𝑛𝑛  Equation 1-13 

 

There are two main categories of lithium insertion negative carbon electrodes graphitic and non-

graphitic carbons. Graphitic carbons are the most widely used negative electrode material for 

lithium-ion batteries since they have  the following advantages98: 

 

• Relatively high capacity. 

• Can operate down to a low voltage (close to 0 V vs Li/Li+)  

• Has a flat voltage profile. 

• Low volumetric expansion and contraction on cycling (~10%). 

• Low cost. 

• Its ability to form a stable SEI under normal operating conditions.  

 

Graphitic carbons are characterised as carbons with a layered structure with a perfect stacking 

order of graphene layers. These stacking layers can either be hexagonal graphite (AB) or 

rhombohedral graphite (ABC), however due to the small transformation energy required to 

transition between the two forms “perfect” graphite is not easily available. The term graphite is 

therefore used irrespective of the stacking order.9,96 The insertion of lithium into graphite occurs 

between the graphene layers, this is depicted in Figure 1-18.  

 

 

Figure 1-18 Diagram of graphite, showing the insertion of lithium between the graphene 

layers. Reproduced with permission from John Wiley and Sons from Winter et al9  

 

It has been shown that there are several defined stages of insertion of lithium into graphite, this is 

depicted in Figure 1-19. The first stage which occurs at around 0.8 V vs Li/Li+, is the decomposition 
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of electrolyte forming the SEI layer on the graphite electrode surface. The decomposition of the 

electrolyte to form the SEI layer results in an irreversible capacity loss which can be seen in Figure 

1-20, this irreversible capacity loss is greatest in the first cycle with subsequent cycles having lower 

irreversible capacities.99 The SEI provides a passivation layer which minimises the breakdown of the 

electrolyte on subsequent cycles. Typically for the first charge/ discharge cycle of graphite the 

discharge capacity of the graphite exceeds that of the theoretical capacity and this is due to the 

extra charge passed to allow the electrolyte breakdown to form the SEI. Once the SEI formation has 

taken place the lithium then goes through the stages of insertion, as shown in Figure 1-19: 

 

• Stage 3: LiCR24R occurring at 0.2 V. 

• Stage 2L: LiCR18R and Stage 2: LiCR12R occurring at 0.14 V. 

• Stage 1: LiCR6R occurring at 0.09 V.  

 

Figure 1-190T shows that there are plateaus 0Tat the voltages associated with the transitions between 

the stages of lithium insertion. The final form LiCR6R, gives a theoretical capacity of 372 mAh g-1
R.R

 

9,96,100,101  

 

 

Figure 1-19 Diagram showing the insertion of lithium into graphite. Reproduced with 

permission from John Wiley and Sons from Winter et al9  
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Figure 1-20 Diagram showing the first two charge/ discharge profiles of graphite insertion/ de-

insertion. Reproduced with permission from John Wiley and Sons from Winter et 

al9  

 

Many high temperature studies on graphite have mainly focussed on assessing the effect of 

temperature on the SEI and the subsequent ageing mechanisms that occur. It has been shown that 

the negative electrode/ electrolyte interface is unstable at elevated temperatures due to the 

electrolyte breakdown reactions occurring at an increased rate and resulting in greater 

consumption of electrolyte and unwanted side products.7,12,102,17–24 

Markevich et al103 assessed the cycling performance of half cells of electrodes of natural graphite 

flakes (KS15) and electrodes with a mixture of graphitised meso carbon micro beads (MCMB) and 

meso carbon fibres (MCF) (4:6). Coin cells were fabricated and cycled at 60 and 80 ˚C with an 

electrolyte of 1M LiPF6 in EC/EMC (1:2) with a c-rate of C/4 for the KS15 graphite and C/8 for the 

MCMB-MCF.103 Results showed that the synthetic graphite (KS15) had a 95 % capacity retention 

after cycling at 80 ̊ C for 120 cycles, the MCMB-MCF electrodes showed much greater rate of decline 

in capacity with only a 7 % capacity retention at 60 ˚C and a 1 % capacity retention at 80 ˚C after 

120 cycles. The poor capacity retention on cycling the MCMB-MCF electrodes has been attributed 

not to the degradation of the materials but rather the formation of a thick SEI layer, increasing the 

impedance of the electrodes, leading to capacity fade. This is attributed to the fact that the MCMB-

MCF particles mostly have edge planes compared to graphite which is composed mostly of basal 

planes, the former is much more reactive with the electrolyte. The authors commented that the 

round shape of the particles lead to continuous surface reactions causing the formation of a thick 

SEI layer. Similar observations have been made in the literature with regards to thicker SEI layers 

being formed on graphite. Andersson et al102 observed an additional layer which they termed a 

macroscopic layer forming on the SEI surface of synthetic graphite of graphite half cells stored at 
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60 ⁰C with an electrolytes of 1M LiPF6 in EC/DMC (2:1) and 1M LiBF4 in EC/DMC (2:1). Andersson et 

al104 found that the macroscopic layer is mainly composed from LiF, with studies showing that LiF 

content increases with increasing temperature. The other component which was found to be 

predominant on the graphite surface was polymeric carbon which was attributed to the increased 

decomposition of the electrolyte on the graphite. Edstrom et al also observed the formation of LiF 

on graphite surfaces with 1M LiPF6 in EC/DEC.13  

Markevich et al103 also investigated the effect of a full cell configuration compared to that of half 

cells for both the positive and negative electrodes. A full cell configuration of a LiCoO2 positive 

electrode and an MCMB-MCF negative electrode with a 1M LiPF6 in EC/DMC (2:1) electrolyte. Half 

cells of LiCoO2/ Li and MCMB-MCF/ Li were also fabricated with the same electrolyte. Results 

showed that the half cells of MCMB-MCF declined quickly only retaining 23 % of the original 

capacity over 65 cycles at 60 ˚C whereas the LiCoO2 half cells retained 85 % of the original capacity 

over 65 cycles at 60 ˚C. The full cell configuration was then cycled for 100 cycles at 60 ˚C, results 

showed a capacity retention of 38 % after 100 cycles at 60 ˚C. The electrodes were then taken from 

the full cells and half cells were fabricated with each electrode, assembling with fresh electrolyte, 

then cycled again at 60 ˚C. The results showed that the MCMB-MCF half-cell worked only for a few 

cycles whereas the LiCoO2 still continued to function for the 20 cycles that the half cells were cycled 

for.      

The effect of temperature on graphite has also been studied in full cell configurations with Song et 

al20 showing the effect of temperature on lithium iron phosphate/ synthetic graphite full cells with 

an electrolyte composed of 1M LiPF6 in EC/DMC/EMC (1:1:1). Cells were cycled at 55 ˚C using 

galvanostatic cycling between 2 and 3.85 V using a charge current of 1C and discharge current of 

3C. Results showed that the cells retained 70% capacity retention over 600 cycles when cycled at 

55 ˚C. The reason for the capacity fade was discovered to be the dissolution of the iron into the 

electrolyte which then deposits on the graphite electrode surface causing accelerated 

decomposition of the electrolyte leading to a thicker SEI layer on the graphite.  

A similar study of full cell configuration of lithium iron phosphate and graphite cell was done by Liu 

et al105. The authors commented that the primary source of capacity loss is due to the loss of active 

lithium due to instability of the negative electrode/ electrolyte interface. The volume changes on 

cycling giving rise to damage of the SEI, which causes consumption of electrolyte which consumes 

active lithium. The authors also commented that graphite exfoliation, cracking and delamination 

from the current collector could also be causes of the capacity fade.    

Non-graphitic carbons are carbons which have a planar hexagonal arrangement of carbons but with 

no order in the c direction like is the case with graphite, this leads to a disordered carbon. The 
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structure consists of amorphous regions, embedding and crosslinking more graphitic regions. This 

is depicted in Figure 1-21. Unlike graphite insertion, the mode of lithium-ion storage for non-

graphitic carbons is less understood and is widely debated amongst the literature.106 The charge/ 

discharge curves differ considerably to that of graphite with no distinguishable plateaus observed. 

This is due to the disordered nature of non-graphitic carbons which produces non-equivalent sites, 

unlike graphite where the sites are equivalent. Non-graphitic carbons can store more or less lithium 

compared to graphite, termed high specific charge (x > 1 in LixC6 where x = 1 for graphite) or low 

specific charge (x < 1 in LixC6 where x = 1 for graphite).9,96   

 

 

Figure 1-21 Diagram of a non-graphitic carbon. Reproduced with permission from John Wiley 

and Sons from Winter et al9 

 

Despite high specific charge carbons being able to store more lithium compared to graphite, surface 

areas of these carbons are higher than graphite and some studies have shown that the irreversible 

capacity is high in high surface area carbons such as hard carbons.107–115 However Work by MacNeil 

et al116 showed that the surface area isn’t an indicator of a higher irreversible capacity, the work 

showed that surface area doesn’t correlate with irreversible capacity i.e. a higher surface area 

carbon does not necessarily mean a higher irreversible capacity. In the same study MacNeil et al116 

compared the reactivity of various carbon electrode materials with electrolytes at elevated 

temperatures using accelerating rate calorimeter (ARC) and also compared the irreversible 

capacities as a function of their surface area. It was shown that the higher the surface area of the 

carbon the higher the temperature rise shown in the ARC, however there was one result which did 

not fit with the results and that was for a high surface area petroleum coke. Results showed much 

lower than expected heat rise, suggesting that surface area isn’t the only factor for reaction at high 
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temperature. The authors attributed the processes occurring were an initial activation process of 

the decomposition of the SEI followed by the reaction between the lithium and the electrolyte.  

Literature has shown that hard carbons could be a promising replacement for graphite at elevated 

temperatures due to having a higher resistance to solvent co-intercalation than graphite.25 Zheng 

et al117 investigated hard carbons as a negative electrode material for elevated temperatures up to 

a temperature of 80 ⁰C using an ionic liquid electrolyte. Hard carbon electrodes were produced 

from phenolic resin and half cells were prepared with an electrolyte of 1M LiTFSI in an ionic liquid 

of trimethylhexylammonium bistrifluoro-methane sulfonylimide (TMHA-TFSI). Results showed that 

at room temperature the discharge capacity is low due to the lithiation of the hard carbon being 

slow and a large voltage hysteresis is observed for the charge/ discharge cycle. The other reason is 

that the conductivity of the ionic liquid is increased at 80 ⁰C. The capacity of the hard carbon at 80 

⁰C was 675.0 mAh g-1 with a first cycle coulombic efficiency of 73.6% was achieved which is much 

higher capacity than that of graphite. The reason for the improved performance of the hard carbon 

compared to graphite is that hard carbon with ionic liquid electrolyte works well without the need 

for an SEI due to the increased stability of the ionic liquid preventing electrolyte breakdown.  

 

1.8.2 Positive Electrode Materials  

 

While graphite remains an industry standard for the negative electrode materials research has 

focused on finding new positive electrode materials for lithium ion batteries in order to increase 

the specific energy (Wh kg-1), energy density (Wh L-1) and operating voltage of lithium-ion batteries. 

There are three categories of positive electrode material9: 

 

1. Inorganic transition-metal oxide materials. 

2. Organic molecules. 

3. Polymers. 

 

Inorganic transition-metal oxide materials are the most widely adopted in Li-ion technology. The 

reaction of inorganic transition-metal oxide materials proceeds via the generalised reaction that 

can be seen in equation 1-14.9 

𝐿𝐿𝑖𝑖𝑥𝑥+∆𝑥𝑥𝑀𝑀𝑀𝑀  
 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
�⎯⎯⎯⎯⎯⎯⎯⎯�

  
      𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯⎯�  ∆𝑥𝑥 𝐿𝐿𝐿𝐿+ +  ∆𝑥𝑥 𝑒𝑒− + 𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀𝑀𝑀   Equation 1-14 
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There are three main classes of inorganic transition-metal oxide materials that currently exist within 

lithium ion batteries: 

 

1. Layered structure. 

2. Spinel structure. 

3. Olivine structure.  

 

Layered oxides have the general formula LiMO2 (where M = Co, Cr, V, or Ni), the structure can be 

seen in Figure 1-22. This type of structure has Li+ and M3+ ions occupying alternate (111) planes of 

the rock salt structure which gives rise to an arrangement of O-Li-O-M-O along the c axis. The 

oxygen stacking sequence is ABC along the c axis with Li+ and M3+ ions occupying the octahedral 

interstitial sites of the cubic close-packed oxygen array. This is an O3 layer structure (Li+ ions 

occupying octahedral sites with three MO2 sheets per unit cell). The lithium insertion is two 

dimensional and is capable of high lithium conductivity and high electronic conductivity. LiCoO2 is 

capable of operation up to 4 V with a stable voltage throughout discharge, making it an attractive 

choice for Li-ion batteries. Although the theoretical capacity of LiCoO2 is 272 mAh g-1 its useable 

capacity is limited to 140 mAh g-1. This is due to oxygen evolution occurring above insertion of 0.8Li 

and electrolyte degradation occurring at potentials greater than 4.2 V vs Li/Li+.9,96,118–120  

Layered compounds such as NMC (lithium-nickel-manganese-cobalt-oxide LiNiRxRMnRyRCoRzROR2R) and 

LNMO (lithium-nickel-manganese-oxide LiNiR0.5RMnR1.5ROR4R) have shown be promising as electrode 

materials. However they have been shown to be unstable at elevated temperatures producing 

gases such as OR2R, COR2R and CO and have large capacity fading on cycling.121,122 This has restricted 

such materials to be used only high as 60 ˚C, seen in Table 1-6. However, good performance has 

been observed at 60 ˚C with these materials, it has been reported that a 90% capacity retention 

after 400 cycles at 60 ˚C for NMC 442 vs Li using an electrolyte of 0.6M LiTFSI + 0.4M LiBOB + 0.05M 

LiPFR6R in EC/EMC (4:6 w/w).85    
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Figure 1-22 Diagram showing layered structure (LiCoOR2R). Reproduced with permission from 

Elsevier from Ohzuku et al120 

 

Spinel oxides have the general formula LiMR2ROR4R (where M = Mn, V, Ti), the structure can be seen in 

Figure 1-23. In this structure the Li+ and M3+/4+ ions occupy the 8a tetrahedral and 16d octahedral 

sites of the cubic close-packed oxygen array, giving the structure (Li)R8aR(MR2R)R16dROR4R. The strong edge-

shared octahedral [MR2R]OR4R array allows the insertion and de-insertion of lithium ions from the 

tetrahedral sites without the change in the spinel structure. Lithium insertion is three dimensional 

with high lithium conductivity and high electronic conductivity observed. It is possible to insert a 

second lithium into the empty 16c octahedral sites in LiMR2ROR4R to give LiR2RMR2ROR4R. However, this causes 

repulsion of the Li+ ions in the 8a tetrahedral and 16c octahedral sites causing the Li+ ions in the 

tetrahedral sites to be displaced to the octahedral sites making an ordered rock salt structure of  

(LiR2R)R16cR(MR2R)R16dROR2R. The theoretical capacity of the material 148 mAh g-1, but in practice, capacities of 

only around 120 mAh g-1 are obtained.9,96,120,123   

 

 

Figure 1-23 Diagram showing spinel structure (LiMnR2ROR4R). Reproduced with permission from 

Elsevier from Ohzuku et al120 

 



Chapter 1 

35 

Lithium iron phosphate (LFP), seen in Figure 1-24, was introduced by Goodenough 4 in 1997 as a 

safer, non-toxic, more stable positive electrode material. This is due to structural stability from the 

covalent bonded PO4 units and the chemical stability of having Fe2+/3+
 rather than M3+/4+ in LiMO2 

materials. The olivine structure composes of FeO6 octahedra and PO4 tetrahedra units. Lithium iron 

phosphate transitions between two phases FePO4 (fully charged) and LiFePO4 (fully discharged), 

with a two-phase region on the plateaux (Li1-xFePO4), this results in a flat voltage profile at 3.5 V. 

Typically the voltage range used is between 2.5 V to 4.5 V giving a specific discharge capacity of 160 

mAh g-1. However LiFePO4 has poor electronic conductivity and requires carbon coating to increase 

the conductivity.4,9,96,120  Lithium iron phosphate is a well-established positive electrode material 

which has been shown in the literature to possess high thermal stability, electrochemical stability 

and good cycle life.45,124 The majority of high temperature studies >100 ˚C utilise LiFePO4 as the 

electrode choice, due to its higher thermal stability than other positive electrode materials. The 

performance of lithium iron phosphate is improved at higher temperatures with the increase in rate 

capability and increase in capacity.125,126  LFP has shown to be effective as a stable positive electrode 

material up to 250 ˚C. Muñoz-Rojas et al 45 investigated half cells of lithium iron phosphate with no 

binder with a molten LiTFSI electrolyte cycled at 230 and 250 ˚C, results showed that capacity was 

84% after 5 cycles at 250 ˚C.  

 

 

Figure 1-24 Diagram showing olivine structure (LiFePOR4R). Reproduced with permission from 

Elsevier from Ohzuku et al120 

 

Yiqing Huang et al127 studied the thermal stability of a range of electrode materials using TGA and 

DSC analysis. The materials investigated were Li0.1Ni0.8Co0.15Al0.05O2 (NCA), FePO4 (FP), Mn0.8Fe0.2PO4 

(MFP) and VOPO4. TGA was performed on the electrode materials in the absence of any electrolyte 

and DSC was performed on the electrode materials with and without the presence of 1 M LiPF6 in 

EC/DMC 1:1 electrolyte, the results of which are summarised in Table 1-4. The most thermally 

stable material was shown to be FePO4 which has a thermal stability up to a temperature of 600 ˚C 
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and does not generate heat during DSC without the presence of electrolyte and showed a low heat 

rise with electrolyte. The least stable material was shown to be NCA decomposing between 200-

300 ˚C and shows significantly higher heat rise compared to the other positive electrode materials 

(674 J g-1 without electrolyte and 793 J g-1
 with electrolyte). The thermal stability was found to be 

in the order of FP > MFP > VOPO4 > NCA.  

 

Table 1-4 Table showing the thermal stability of positive electrode materials. Adapted from 

Huang et al127 

Material Thermal Stability/ ˚C Heat Rise without 
electrolyte/ J g-1 

Heat Rise with 
electrolyte/ J g-1 

FePO4 600 0 251 

Mn0.8Fe0.2PO4 300-350 73 476 

VOPO4 200-300 0 407 

Li0.1Ni0.8Co0.15Al0.05O2 200-300 674 793 
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1.9 Lithium-ion Battery Electrode Binders  

 

As well as the active material in an electrode, a binder is used to adhere all the particles of the 

active material and conductive carbon to the electrode substrate. The purpose of this is to allow 

even conduction of electrons and ions throughout the entire electrode and the binder must 

maintain mechanical stability and be chemically/electrochemically stable. The requirements for a 

lithium-ion battery electrode binder are as follows128,129 : 

 

1. It must have high adhesion properties in order to hold the active battery material and 

conductive carbon together and to the surface of the electrode current collector foil. Figure 

1-25 shows the possible ways which binders could take, (a) represents the perfect scenario 

by where particles are held together by the binder and to the current collector. (b) and (c) 

represent a poor binder where the distribution is poor between particles and current 

collector.  

2. It must be chemically inert with the electrolyte not being plasticised by the solvents or 

reacting with the electrode active materials.  

3. It must be physically stable on any expansion and contraction of the electrode volumes due 

to the insertion and de-insertion of lithium ions.  

4. It must be thermally stable, not melting or decomposing at the operational temperature of 

the battery.  

5. It must be electrochemically stable, i.e. not oxidising or reducing on charging and 

discharging of the battery.  

 

 

Figure 1-25 Diagram showing the possible binding of electrode binder with active electrode 

material and carbon to the current collector. Reproduced with permission (CC BY-

NC 3.0) from Choi et al129 
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1.9.1 Polyvinylidene Fluoride (PVDF) 

 

The binder used in commercial lithium-ion batteries is polyvinylidene fluoride (PVDF), pictured in 

Figure 1-26, typically PVDF 5130 is used since it is a specially designed polymer for battery binder 

applications having a large electrochemical stability window130,131, with a melting point of 158-166 

⁰C. Despite polymers having the important role of ensuring the mechanical stability and the 

conductivity of the particles between each other and the current collector the research into the 

active materials and electrolyte are much more studied. Binders can either soften/ melt or 

decompose at high temperatures, resulting in a loss of mechanical stability in the electrode. Contact 

losses between the active material, carbon and binder in composite electrodes can occur; which 

can either be mechanical or electrical contact losses.17,132 

 

 

Figure 1-26  Structure of PVDF.  

 

Bodenes et al7 has reported that the main mechanism of degradation for a LiNi1/3Mn1/3Co1/3O2 

(NMC) / carbon cylindrical cell cycled at 120 ⁰C was the ageing of the PVDF binder in the NMC 

positive electrode. The authors showed that by using XPS the PVDF migrates from the NMC 

electrode to form a PVDF layer on the surface of the NMC electrode. This leads to poor lithium 

insertion into the electrode which was shown by the authors using 7Li NMR. In addition to this PVDF 

was also detected on the surface of the negative carbon electrode. This is attributed to the fact that 

the PVDF dissolves into the electrolyte and is deposited on the negative electrode, making Li 

insertion and de-insertion more difficult. The results showed that 71% of the total PVDF was on the 

surface of the positive electrode after the cells were cycled at 120 ⁰C. Bodenes et al133 also detected 

dissolution of the PVDF binder for cells of NMC/ graphite  cycled at 85 ⁰C, evidenced by XPS of the 

negative electrode surface.  
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1.9.2 Polyamide-imide (PAI) 

 

Polyamide-imide (PAI), pictured in Figure 1-27, has been identified as an alternative binder to PVDF. 

Studies of PAI have shown that PAI possess high thermal stability (>300 ˚C) and high mechanical 

stability due to the chemical interactions between the amide and imide units in the polymer. 

Hydrogen bonding occurs between the amide groups and intermolecular interactions occur 

between the imide groups in the polymer increasing the mechanical stability.131,134  

 

 

Figure 1-27 Structure of Torlon 4000 T PAI. Adapted from Choi et al135 

 

The high mechanical stability of PAI has been used to increase the stability of silicon electrodes 

which have an expansion of >600%97 on insertion/de-insertion. Work by Choi et al135 has shown that 

PAI is much more stable on cycling than PVDF with silicon, achieving a capacity of 1700 mAh g-1 and 

a coulombic efficiency of 99.5% over 20 cycles for silicon with PAI binder vs Li. This is due to the fact 

that the PAI is able to maintain the mechanical stability of the electrode which PVDF is unable to 

achieve. The silicon PVDF electrode on the other hand had a very poor coulombic efficiency on the 

first cycle (28.9%) compared to that of silicon PAI (74.9%) and after the first cycle the PVDF 

electrodes failed to cycle after the first cycle due to failure of the electrical contacts of the silicon 

and the current collector.  

PAI has also been researched as an alternative binder to PVDF in high temperature applications. 

Morishita et al131 showed that NMC with PAI binder performed much better than that of NMC with 

PVDF binder when cycled at 60 ˚C. Initially the discharge capacity for NMC(PAI) vs SiO cell was 

similar to that of NMC (PVDF) vs SiO cell at 60 ˚C, the performance after 500 cycles was somewhat 

different for NMC(PAI) vs SiO the capacity was 88 mAh g-1 and for NMC (PVDF) vs SiO was 25 mAh 

g-1. The mechanical properties of the PAI and PVDF were compared and it was shown that the 
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tensile strength, elongation and elastic modulus were all higher for PAI compared for PVDF at 100 

˚C for 10 hours, the results of which can be seen in Table 1-5.  

 

Table 1-5 Table showing the mechanical properties of PVDF and PAI. Data from Morishita et 

al131. 

 PVDF PAI 

Tensile Strength (N mm-2) 29 207 

Elongation (%) 3.6 102.4 

Elastic modulus (N mm-2) 1339 3500 

 

1.9.3 Polyacrylnitrile (PAN) 

 

Polyacrylnitrile, seen in Figure 1-28, has also been investigated as a binder for lithium-ion batteries 

due to the fact PAN has a much higher melting temperature (>300 ˚C136) and because of the 

chemical properties of PAN. The CN groups in PAN mean that PAN is highly polar and the CN bonds 

can form strong hydrogen bonding and dipole-dipole interactions which give it good adhesion 

properties.136 The strong adhesion properties have meant that PAN has been used as a binder in 

silicon negative electrodes where PVDF is poor performing due to poor mechanical properties.131,137 

PAN has also been used in LiNi0.5Mn1.5O4 (LNMO) electrodes138 to coat the surface of the electrode 

surface in order to minimise the direct electrolyte contact with the LNMO particles minimising the 

metal dissolution into the electrolyte. Results showed that half cells of LMNO with a 1M LiPF6 in 

DMC/ DEC/ EC (1:1:1 v/v) cycled for 100 cycles at 55 ˚C exhibited a higher capacity and higher 

capacity retention with PAN coated LNMO than uncoated LMNO. The PAN LMNO showed a 

discharge capacity of 112.9 mAh g-1 and a 95.2 % capacity retention compared to uncoated which 

had a discharge capacity of 104.7 mAh g-1 and an 87.8 % capacity retention. However, the LMNO 

electrode only used PAN as the electrode coating and not for the adhesion of the electrode to the 

current collector (PVDF was still used).  

PAN has also been investigated for a range of negative electrode materials by Gong et al136 who 

investigated the effect of PAN on the performance of graphite and silicon/graphite compared to 

PVDF binder. Results showed that the PVDF electrodes performed the least well of the two binders 

with the PVDF silicon/graphite electrode reaching zero capacity after 5 cycles due to failure of the 

mechanical properties of the PVDF. The initial coulombic efficiency for the electrodes made with 
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PAN binder for graphite were 81 % for graphite and 84 % for silicon/graphite, much higher than 

that of PVDF binder for graphite 79 % and 11 % for silicon/graphite at room temperature. The 

cycling performance gives a higher capacity over 50 cycles compared to PVDF electrodes however 

the high temperature performance isn’t investigated.  

 

 

Figure 1-28 Structure of PAN. 
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1.10 Summary of High Temperature Studies  

 

Table 1-6 shows a summary table of key results in the literature of high temperature studies of 

lithium ion batteries. What is apparent from the literature is that higher temperature studies of 

lithium ion batteries operating above 60 ⁰C is limited in the literature, mainly due to the thermal 

instability of the materials. As mentioned in section 1.9 layered oxides such as NMC have been 

shown to be unstable at elevated temperatures producing gases such as O2, CO2 and CO. This results 

in large capacity fading on cycling and has restricted their use to 60 ˚C, with materials such as LFP 

being used at temperatures >60 ⁰C.121,122 What is also apparent from the table is that electrode 

materials are dependent on the electrolyte for example LiFePO4 can be operated up to 250 ⁰C with 

a molten salt of LiTFSI45 and other studies have shown that LFP can operated up to 120 ⁰C using an 

EC/ LiBOB electrolyte40. Therefore, the best high temperature performance is achieved with the use 

of a stable electrode material such as LFP and LTO with high temperature stable lithium salts such 

as LiBOB and higher thermally stable solvent such as EC. Despite polymers having the important 

role of ensuring the mechanical stability and the conductivity of the particles between each other 

and the current collector there is a lack of research into binders suitable for use at elevated 

temperatures.17,132 

 

Table 1-6 Summary table of key high temperature studies of Li-ion batteries 

Temp. ˚C Electrolyte Electrode(s) and binder Separator Capacity and 

retention 

Reference 

      

40 1M LiPF6 in FEC:TFEC + 

2% PES and 0.5% MMDS 

NMC 442 (PVDF) vs 

Graphite (CMC/ SBR) 

Not specified 240 mAh g-1 75% 

after 800 cycles 

42 

60 0.6M LiTFSI + 0.4M 

LiBOB + 0.05M LiPF6 in 

EC/EMC (4:6 w/w) 

NMC 442 vs Li Celgard 2500 163 mAh g-1  90% 

after 400 cycles 

85 

55 1M LiPF6 in FEC/ F-EMC/ 

E-EPE (3:5:2) 

LMNO (PVDF 5130) vs 

Graphite (PVDF 9300) 

Celgard 2325 130 mAh g-1 50% 

after 250 cycles 

41 

55 1M LiPF6 + 0.25 wt% 

SDM in EC/EMC/DEC 

(3:5:2 wt%) 

LiNi0.5Mn1.5O4 (PVDF) vs Li Celgard 2400 120 mAh g-1  96% 

after 100 cycles 

94 

55 1.2M LiPF6 in F-AEC/F-

EMC/F-EPE (2:6:2) 

LiNi0.5Mn1.5O4 vs Li4Ti5O12 Celgard 3501 125 mAh g-1 96% 

after 80 cycles 

139 
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55 0.4M Li2B12F9H3 + 2% 

LiODFB in EC/EMC (3:7, 

w/w) 

Graphite / 

Li1.1[Ni1/3Mn1/3Co1/ 3]0.9O2 

pouch cells 

Not Stated 250 mAh g-1 70% 

after 1200 cycles 

140 

55 1M LiPF6 + 5 wt% di-

(2,2,2 

trifluoroethyl)carbonate 

(DFDEC)) alone and 3 

wt% VC in EC/EMC (3:7 

v/v) 

Li1.13Mn0.463Ni0.203Co0.203O2 

(PVDF) vs graphite (PVDF) 

Celgard C210 227 mAh g-1 77% 

after 50 cycles 

 

141 

55 1.2M LiPF6 + 1 wt% 

LTFOP in EC/EMC (3:7 

w/w) 

LiNi0.33Co0.33Mn0.33O2 

(PVDF) vs MCMB (PVDF) 

Celgard 3501 120 mAh g-1 88% 

after 200 cycles 

142 

60 1.15M LiPF6 in EC/EMC 

(3:7 v/v) 

 

With the following 

additives for separate 

tests: 

 

2% vinylene carbonate 

(VC) 

 

2% succinonitrile (SN) 

 

2% propene sulfone 

(PST) 

 

2% propane sulfone (PS) 

Li[NixCoyMnz]O2 (NCM) 

(PVDF) vs graphite 

(CMC/SBR) 

Not stated VC = 90% after 50 

cycles 

 

SN = 95% after 50 

cycles 

 

PST = 97% after 50 

cycles 

 

PS = 99% after 50 

cycles 

 

 

 

 

143 

60 1M LiPF6 in EC/DEC (1:1 

w/w) 

LiNi0.33Co0.33Mn0.33 (PVDF) 

vs Li4Ti5O12 (LTO) (PVDF) 

Celgard 2325 175 mAh g-1 95% 

after 100 cycles 

144 

55 1M LiPF6 + 0.1wt% TPSA 

in EC/DEC (1:1 v/v) 

LiMn2O4 (PVDF) vs graphite 

(PVDF) 

Not stated 120 mAh g-1  75% 

after 100 cycles 

91 

60 1M LiPF6 + 2 wt% FEC in 

EC/DEC/PC (30:65:5 

wt%) 

LiMn2O4 vs graphite Not stated 116 mAh g-1  88% 

after 130 cycles 

92 

60 1M LiPF6 + 0.5 wt% FSE 

in EC/DMC (3:7 v/v) 

LiMn2O4 (PVDF) vs graphite 

(SBR/CMC) 

Polyolefin 

porous 

membrane 

(layered 

Polypropylene-

polyethylene) 

90 mAh g-1  62% 

after 20 cycles 

93 
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60 1M LiPF6 in 

(EC/DMC/DEC) (1:1:1 

v/v/v) 

LTO-coated LiMn2O4 

(PVDF) vs Li 

Celgard 2400 132 mAh g-1 97% 

after 100 cycles 

145 

60 1M LiFNFSI in EC / EMC 

(3:7 v/v) 

LiCoO2 vs Graphite Celgard 2325 120 mAh g-1 63% 

after 100 cycles 

146 

60 1.05M LiPF6 in EC/DMC 

(1:1 v%) 

AlPO4 coated LiCoO2 

(PVDF) vs Li 

15 µm 

microporous 

poly- ethylene 

separator 

180 mAh g-1 79% 

after 30 cycles 

147 

100 1.6 M LiTFSI mono-

(C6)3PC10-TFSI 

LiCoO2 vs Li Celgard 480 135 mAh g-1 52% 

after 70 cycles 

47 

100 

 

200 

LiPON LiCoO2 vs SnxNy 

 

No Binder sputtered onto 

glass substrate with Pt 

currently collectors 

LiPON 193 µAh 5 cycles 

 

140 µAh 1 Cycle 

148 

60 0.6M LiTFSI + 0.4M 

LiBOB in EC/EMC (4:6 

w/w) 

LiFePO4 (PVDF 5130) vs Li Not stated 155 mAh g-1 94 % 

after 1000 cycles 

83 

65 1M LiODFB EC/PC/DMC 

(1:1:3, v/v) 

LiFePO4 (PVDF) vs graphite 

(PVDF) 

Celgard 2400 375 mAh 88% after 

100 cycles 

77 

80 polymeric lithium 

tartaric acid borate 

poly(vinylidene fluoride-

co-hexafluoroprope 

(PLTB@PVDF-HFP) 

swollen with PC 

LiFePO4 (PVDF) vs Li Electrolyte is 

separator 

159.6 mAh g-1 89.8% 

after 60 cycles 

 

 

 

149 

115 1M LiBOB in EC LiFePO4 PVDF vs Li Glass Fibre 160 mAh g-1 86% 

after 50 cycles 

40 

120 poly(oxyethylene) 

methacrylate-g- 

poly(dimethyl siloxane) 

(POEM-g-PDMS) doped 

with lithium triflate 

(1:20) 

LiFePO4 (electrolyte is 

binder) vs Li 

Electrolyte is 

separator 

160 mAh g-1 63% 

after 30 cycles 

 

150 

120 1M LiBOB in PC LiFePO4 (PVDF) vs Li FCCN- flame 

retardant 

thermal resistant 

cellulose based 

composite 

nonwoven 

separator 

(cellulose, 

160 mAh g-1 90% 

after 20 cycles 

151 
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sodium alginate, 

flame retardant, 

silica 2:1:1:0.5) 

250 Molten LiTFSI LiFePO4 (no binder) vs Li Glass fibre 84% after 5 cycles 45 
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1.11 Aims and Objectives of Project  

 

Currently the options for high temperature lithium-ion secondary batteries is limited due to the 

instability of the interface between the lithiated carbon negative electrode and the organic 

electrolyte. Development of lithium-ion batteries suitable for high temperature applications 

requires a holistic approach to battery design because degradation of some of the battery 

components can produce a serious deterioration of the other components, and the products of 

degradation are often more reactive than the starting materials. Therefore, a careful selection and 

systematic characterisation of the components of lithium ion batteries is required in order to 

identify a number of materials and protocols for battery assembly that give promising performance 

at high temperatures. At the start of the project it was decided to use well characterised industry 

standard materials such as LiFePOR4R and graphite. The decision to use well characterised industry 

standard materials was made for the following reasons: 

 

1. An understanding of the temperature limitations of binders, separators, electrolytes, 

positive electrode materials, negative electrode materials and current collectors was 

required. Therefore, an understanding of the materials used in current Li-ion technology 

can be made in order to focus the efforts on the most important components.  

2. Changing a manufacturing method in a lithium-ion battery production is more difficult than 

changing a material providing that the same production methods can be used.35 Therefore 

improvements to the current technology using existing methods is more preferential over 

those which use new methods is much preferred by the industry and are much more likely 

to reach commercialisation.  

 

The aims of the project were: 

1. To investigate the performance of lithium ion cells operating between 25 ⁰C and 150 ⁰C. 

2. To predict what temperature range over which useful performance can be achieved. 

 

The objectives were: 

 

To understand the temperature limitations of binders, electrolytes, positive electrode materials, 

negative electrode materials and current collectors. 
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Chapter 2 Experimental  

2.1 List of Chemicals 

Component Material Manufacturer Supplier 

Positive electrode active 
material 

Lithium Iron Phosphate 
(LiFePOR4R) 

Tatung QinetiQ 

Negative electrode 
active material 

Mesophase Graphite 
Powder Anode (MGPA) 

graphite powder 

 QinetiQ 

Biocarbotron Hard Carbon 
Type 1 

Kuraray QinetiQ 

Electrode Binder Solef 5130 Polyvinylidene 
fluoride (PVDF) 

Solvay QinetiQ 

Polyamide-Imide 4000T-
HV (PAI) 

 QinetiQ 

Polyacrylonitrile (PAN) Sigma Aldrich QinetiQ 

Electrode Ink solvent 1-Methyl-2-pyrrolidinone 
(NMP) 

Sigma Aldrich 

Negative electrode foil Copper foil 10μm (pouch 
cells) 

 QinetiQ 

Copper Foil 0.125mm 
(Swagelok Cells) 

Advent Materials 

Positive electrode foil Aluminium foil 20μm 
(pouch cells) 

 QinetiQ 

Aluminium Foil 0.125mm 
(Swagelok Cells) 

Advent Materials 

Electrode conductive 
carbon 

Acetylene Black 100% 
compressed powder 

Shawinigan Black 

Chevron Phillips 
Chemical Company LP 

Cairn International 

Electrolytes BASF Electrolyte LP30- 1M 
LiPFR6R in EC:DMC (1:1 w/w) 

BASF 

BASF Electrolyte LP57- 1M 
LiPFR6R in EC:EMC (1:1 w/w) 

1M LiPFR6R in EC:EMC (1:3 
w/w) 

Electrolyte Solvent Ethylene Carbonate Sigma Aldrich 

Electrolyte Salts Lithium 
hexafluorophosphate 

(LiPFR6R) 

Lithium bis(oxalato)borate 
(LiBOB) 
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Lithium 
difluoro(oxalato)borate 

(LiODFB) 

Cell Separator Glass microfibre filter 
(Swagelok Cells) 

Whatman VWR 

Celgard Polypropylene 
2500  

Celgard QinetiQ 

Lithium foil Metal lithium foil Rockwood Lithium 
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2.2 Preparation of Swagelok Cells 

2.2.1 Preparation of Electrodes 

 

1. Active material, acetylene black, binder (dissolved in NMP) and NMP were weighed and 

added into a vial.  

2. Active material, acetylene black, binder and NMP were magnetically stirred for a 

minimum of 2 hours to fully incorporate all the components to make an ink. 

3. The stirrer bar was removed and the ink homogenised (IKA T25 homogeniser equipped 

with an 8mm diameter stator), starting at 10,000 RPM for 5 minutes, 15,000 RPM for a 

further 5 minutes, 20,000 RPM for 2 minutes and finally 25,000 RPM for 2 minutes to 

give a fully uniform suspension.  

4. Electrode foil was rubbed down with fine grit paper to remove surface impurities and is 

cleaned using acetone.  

5. The foil was coated with the ink using a K bar and rubber coating mat and dried on a 

hotplate at 80°C in a fume hood until the solvent was evaporated. The electrodes were 

then dried at 100°C for 1 hour to dry.  

6. Electrode disks were then cut from the coated foil (11 mm diameter, Nogami handheld 

electrode cutter) and compressed in a hydraulic press (Graseby Specac Press Carver Lab 

Press) at 10 tonnes to compress the electrode surface to result in a thinner film and 

improved particle connectivity.  

7. The electrode disks were then dried overnight at 120 °C using a Büchi® drying tube under 

vacuum (4 x 10-1 mBar) before being transferred to an argon filled glovebox (MBraun, 

<1ppm water and oxygen).  

 

2.2.2 Preparation of Electrolytes  

 

For the experiments not utilising commercial electrolytes (chapters 4-6), electrolytes were made 

in house. The electrolyte salts (LiBOB and LiODFB) were dried at 120 °C for a minimum of 2 days 

using a Büchi® drying tube under vacuum (4 x 10-1 mBar). The electrolyte solvent ethylene 

carbonate (EC) were used as bought. Electrolytes were prepared in an argon filled glove box 

(MBraun, <1ppm water and oxygen). The EC was melted on a hotplate at 50 ⁰C until liquid, the 
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electrolyte salt was added to the vial, the EC added to the vial and the stirrer bar added, the 

electrolyte was then left to stir on the hotplate at 50 ⁰C overnight. 

 

2.2.3 Assembly of Test Cells 

 

Swagelok test cells composed of a working electrode (LiFePOR4R positive electrode or graphite 

negative electrode), two glass fibre separators (13mm diameter), electrolyte (8 drops or 120 μL), 

and a counter/reference electrode (lithium foil or LiR0.5RFePOR4R electrode) were assembled in an 

argon filled glove box (MBraun, <1ppm water and oxygen). Figure 2-1 shows an inflated picture of 

the components of the test cell.  

  

 

Figure 2-1 Assembly of a test cell, showing components (left) and assembled cell (right). 
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2.3 Preparation of Pouch Cells 

 

The manufacturing of the pouch cell electrodes and pouch cells was conducted in a dry room 

using QinetiQ’s facilities.  

 

2.3.1 Preparation of Electrodes 

 

1. Active material, Acetylene black and binder (dissolved in NMP) were weighed in a fume 

hood into a container and stirred until mixed thoroughly. 

2. NMP (if needed) was added and the ink homogenised (IKA homogeniser) until a fully 

uniform suspension achieved. 

3. The foil was coated with the ink using a doctor blade coating machine and allowed to dry 

on a hotplate at 80°C to evaporate the NMP and then 100 °C for 1 hour. 

4. The electrodes were then calendard using a roll mill to achieve required film density.  

5. The electrodes were then cut for use pouch cells using a hydraulic press with a specially designed 

electrode cutter die (electrode area of 26.5 cm2). 

6. The electrodes were then dried overnight at 120 °C in a vacuum oven. 

 

2.3.2 Assembly of Test Cells 

 

Full lithium ion pouch cells were assembled in a dry room composed of a lithium iron phosphate 

positive electrode, polypropylene separator, negative (graphite or hard carbon negative electrode) 

and LP57 electrolyte. The cell was enclosed in a heat-sealed polymer coated aluminium pouch cell 

casing, with the electrolyte injected into the pouch before being vacuum sealed. Figure 2-2 shows 

a diagram of the components of a pouch cell next to an assembled cell.  
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Figure 2-2 Diagram of the components of a Li-ion pouch cell (left) and an assembled pouch 

cell (right). 
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2.4 Characterisation Techniques  

2.4.1 Galvanostatic Cycling  

 

Galvanostatic cycling was conducted on a VMP2 potentiostat running EC lab software. 

Galvanostatic cycling is an electrochemical technique used to assess the charge/ discharge 

performance of a battery. Galvanostatic cycling yields information about the batteries performance 

namely charge/discharge capacity, reversible/irreversible capacity and coulombic efficiency. The 

technique involves applying a constant current to the cell whilst recording the change in the 

potential of the cell to set limits of potential. The current is switched between positive and negative 

values to assess the charge/discharge process of the cell. Figure 2-3 shows a representation of the 

current during galvanostatic cycling.  

 

 

Figure 2-3 Representation of current during galvanostatic cycling. 

 

The rate at which a cell is charged and discharged relative to its capacity is termed C-rate. Where 

1C corresponds to charging or discharging to the theoretical capacity in 1 hour. It is calculated by 

equation 2-1, to calculate the current applied, equation 2-1 is re-arranged to give equation 2-2.  

 

𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  (ℎ−1) =  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑚𝑚𝑚𝑚) 
𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚𝑚𝑚ℎ 𝑔𝑔−1) 𝑥𝑥 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑔𝑔) 

 Equation 2-1 
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𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑚𝑚𝑚𝑚) =  𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑔𝑔) 𝑥𝑥 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑚𝑚𝑚𝑚ℎ 𝑔𝑔−1) 𝑥𝑥 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (ℎ−1)  Equation 2-2 

 

C-rate can have a dramatic effect on the cell performance, in particular, the capacity of the cell. This 

is due to the fact that lithium ion diffusion into solid state materials is a relatively slow process and 

so the C-rate limits the capacity of cell. Usually C-rate is something which is investigated for lithium 

ion batteries since it is desirable to have a battery that is capable of operation from low to high C-

rates. The performance of the battery at different C-rates is determined by the electrode materials 

(insertion and de-insertion of lithium) and the electrolyte (lithium transport through the 

electrolyte) and the separator (lithium transport through the separator).  

 

2.4.1 Powder X-ray Diffraction (XRD) 

 

PXRD is a rapid, non-destructive, bulk analytical technique used for the identification of powdered 

crystalline materials. It can give the following information: 

 

• Phase Identification: For identifying a sample, this is done by matching the pattern with a 

data base (D2 Phaser uses PDXL2 Rigaku database).  

• Peak positions: Unit cell size/shape and symmetry. 

• Peak widths: sample crystallinity.   

 

A PXRD machine is composed of an X-ray source, a sample holder and an X-ray detector. The X-rays 

are generated by the bombardment of electrons (produced by heating a filament) at a source 

(typically Cu) by applying a voltage. The X-rays are directed at the powdered sample, the X-rays 

then interact with the sample and the scattered x-rays are detected at the receiving slit and 

detected. This is done for a range of angles of 2θ, depending on the sample being investigated. The 

principle of X-ray diffraction is that the X-ray hits the sample and produces constructive 

interference. The sample diffracts a proportion of the X-rays which are then detected, these 

diffracted rays are due to the d-spacing in the sample and because each chemical has a different 

set of d-spacing values the sample can be identified from a data base. PXRD was used for identifying 

samples of lithium iron phosphate and iron phosphate samples during de-lithiation.  
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2.4.1 Thermogravimetric Analysis (TGA) 

 

Thermogravimetric analysis (TGA) is a destructive technique designed to look at thermal stability 

and thermal decomposition of chemicals. It consists of a sample holder, a heater and a highly 

accurate microbalance. A sample of known weight is placed in a crucible (either Aluminium metal 

or Aluminium oxide) and heated at a constant heating rate, the sample is continually weighed to 

determine the weight loss due to thermal degradation. The results are typically represented as 

either % weight loss or mass weight loss and temperature vs time. TGA is a good indicator of 

thermal stability of a material. 

 

2.4.1 Differential Scanning Calorimetry (DSC) 

 

Differential scanning calorimetry (DSC) is a destructive technique to look at the thermal properties 

of materials, in particular polymers for determining the glass transition temperature, TRmR. It consists 

of a sample holder, a heater, and a cooling system. A sample of known weight is placed in an 

aluminium crucible with a lid and a blank aluminium crucible with a lid are heated to maintain a 

constant temperature between the sample and reference sample, with the temperature being 

raised linearly with time. DSC is particularly used to measure phase transitions in materials for 

example melting processes are endothermic processes requiring more heat to raise the 

temperature, whereas crystallisation for example are exothermic processes release heat and so less 

heat is required to raise the temperature.  

 

2.4.1 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray Spectroscopy 

(EDX) 

 

SEM coupled with EDX allows the surface of materials to be visually studied (SEM) along with 

elemental analysis (EDX). These powerful techniques can allow a detailed analysis of a surface down 

to an nm level, meaning individual particles can be imaged and elementally analysed. The SEM 

works by emitting electrons on to the surface of the material under investigation, the electrons are 

then emitted by the sample and detected which then produce a digital image of the surface. 
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Secondary electrons emitted give information on the first few nm of the surface and is the usually 

of the most interest, backscattered electrons on the other-hand give information deeper into the 

sample typically a few µm and give a lower resolution image. In EDX, the user can select areas of 

interest from the SEM image to elementally analyse, once the area has been selected an x-ray is 

focussed onto the sample. The x-ray then excites an electron from an inner shell which ejects the 

electron from the shell, this creates an electron hole which is filled from an outer shell. The energy 

difference between the two shells releases an x-ray which is detected, each element has 

characteristic energies (KeV) and so elemental composition of a surface is possible.  

For the study of the aluminium current collectors the cells were disassembled and the aluminium 

foils were washed using ethanol to remove the electrolyte and dried at 80 ˚C prior to mounting 

onto SEM stubs, the samples were then mounted into the Phillips XL30 ESEM coupled with EDX. 
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2.5 Temperature Control 

 

Reliable and accurate temperature control was an important consideration in this work, in 

particular during electrochemical measurements. There are two methods of temperature control 

that can be adopted to test the effect of temperature on cell performance, constant temperature 

cycling and ramped temperature cycling. The first gives information on a cells performance at a set 

temperature over its lifetime, which is compared with other cells cycled at different set 

temperatures. The second method where the temperature is ramped up every few cycles gives 

information on the cells performance over a temperature range. This method is more 

representative of what conditions a battery may be subjected to over its lifetime. However, this 

method is often difficult to execute i.e. timing the temperature control with the number of cycles, 

given that the amount of time for a cycle changes. Automation of this process would require 

electronics to control the oven with the potentiostat in order to match up with the cycling of the 

cells. The other disadvantage of this method is that as a cell cycles it is continually ageing, so by the 

time that the cell gets to the higher temperatures it has already been subjected to a certain degree 

of cell ageing. This means that the effect of temperature on the cell at that point is a function of 

the number of previous cycles and temperatures it was subjected to. The interpretation of results 

is therefore difficult as there are a number of variables. Therefore, the former method of cell 

temperature control was used. To test the effect of different temperatures a number of ovens can 

be set to different temperatures and cells cycled at the set temperatures. This means that effect of 

temperature on cell performance can be compared like for like with no other factors influencing 

the result.  

When working at higher temperatures this can be particularly challenging since most cables for 

electrochemical measurements are designed to work at room temperature. Specially designed 

cables were made in-house to work at higher temperatures. Coaxial cable which has a coating of 

FEP polymer as the insulating outer-casing which can be operated in conditions up to 200 ⁰C was 

used to make the cables. 2mm banana plugs were soldered to these coaxial cables to act as 

connectors to the potentiostat, these were secured with a layer of epoxy resin and a plastic cover, 

on top of this heat shrink to completely cover the connection and to label the cables. The cable 

assembly can be seen in Figure 2-4.  
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Figure 2-4 Photographs of the specially designed cables showing the banana plug (left), FEP 

coated coaxial cables with banana plugs connected (middle) and the completed 

cable assembly (right). 

 

In order to allow connection of the cables to the VMP a specially designed connection box was 

made which had a series of 2mm female banana plugs 3 connections from the VMP (WE, CE, RE) 

and three connections to the coaxial cables (WE, CE, RE). A diagram and a picture of the control box 

can be seen on the in Figure 2-5.  

 

 

Figure 2-5 Cable connection box for connecting cables to VMP diagram (left) and connection 

box photograph (right). 

 

In order to monitor the temperature of the ovens whilst in use a multichannel data logger (picolog) 

with k type thermocouple probes were used to monitor the temperature of the ovens in real time 

to a computer. This was essential for checking and monitoring the temperature of the bank of 

ovens, which were set to four temperatures (60 ⁰C, 90 ⁰C, 120 ⁰C and 150 ⁰C). The cables and 

thermocouple are fed into the ovens through a top access hole and sealed with glass fibre wool to 
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maintain temperature. The electrochemical cell can then be connected inside the oven, seen in 

Figure 2-6. The resulting complete temperature-controlled battery cycling set-up can be seen in 

Figure 2-7. 

 

 

Figure 2-6 Photographs showing a Swagelok cell connected in the oven (left) and the cables 

coming into the top of the oven access hole (middle and right). 

 

 

Figure 2-7 Photograph showing the whole temperature-controlled battery cycling set-up. 
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Chapter 3 Effect of Temperature on Negative Electrodes  

3.1 Introduction 

 

It was understood from the literature review in chapter 1 that the most important degradation 

reactions occur at the charged negative electrode because of its high reactivity as a reducing agent. 

Therefore, it was important to study graphite negative electrodes at elevated temperatures, this 

allowed a benchmark in terms of performance that the rest of the studies could be compared 

against. Once this benchmark was established the effect of negative electrode materials was then 

studied. For this study it was chosen to examine the effect of the negative electrode active materials 

and the binders on the galvanostatic cycling of half cells and full pouch cells from room temperature 

up to 80 ⁰C. It will aim to identify a stable electrode formulation for use at elevated temperatures.  
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3.2 Aims and Objectives 

 

The aims of this chapter were: 

 

1. To understand the cycling behaviour of graphite half cells between 25 ⁰C and 80 ⁰C.  

2. To investigate the cycling behaviour of graphite and hard carbon electrodes between 25 ⁰C 

and 80 ⁰C. 

3. To investigate the effect of electrode binders on the cycling behaviour of graphite and hard 

carbon electrodes between 25 ⁰C and 80 ⁰C. 

 

The objectives of this chapter were: 

 

To understand the temperature limitations of negative electrode materials and binders and to find 

a more stable negative electrode at elevated temperatures.  
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3.3 Experimental Details 

 

For this study graphite electrodes were fabricated and test cells assembled according to the 

methods given in section 2.2, chapter 2. The first study that was conducted was the effect of 

temperature on the cycling of graphite half cells, utilising a graphite ink working electrode (90% 

graphite, 3% acetylene black, 7% PVDF binder coated on a copper current collector), metal lithium 

foil counter/reference electrode, two glass fibre separators and 8 drops of LP30 electrolyte. Cells 

were tested using galvanostatic cycling at range of temperatures using temperature-controlled 

ovens, the details of which can be seen in section 2.5, chapter 2. In order to evaluate the effect of 

temperature on the performance of graphite galvanostatic cycling is used, as described in chapter 

2. This yields several key pieces of information which are vital to evaluating the performance of a 

cell. Following the nomenclature that is used for full cell studies, charge is defined here as the 

process of lithiation of graphite, and discharge refers to the process of de-lithiation. The following 

terms can be defined 

 

• Discharge capacity (QRdischR): This is the amount of useable charge a battery (or a battery 

material) can store, this is usually quoted in Ah. 

• Charge capacity: (QRchR): This is the amount of charge a battery required to charge a 

battery (or a battery material), this is usually quoted in Ah. 

• Specific Capacity (Q/mass): This is the capacity of the battery relative to its weight, 

quoted in Ah/kg. However, in battery science it is more commonly quoted as the capacity 

relative to the active material weight. 

• Reversible capacity (QRrevR): This is the useable capacity of the cell i.e. the charge that is 

passed during the discharge cycle, seen in Figure 3-1. 

• Irreversible capacity (QRirrR): This is the capacity that is lost in a particular charge/discharge 

cycle due to electrolyte breakdown and SEI formation i.e. the difference between the 

charges passed on the charge and discharge cycle, seen in Figure 3-1. 

• Coulombic efficiency (CE): This is the percentage of the charge that is given up on the 

discharge cycle, seen in Equation 3-1.  

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 % =   𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄ℎ
𝑄𝑄𝑄𝑄ℎ

  𝑥𝑥 100   Equation 3-1 
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For the study of negative electrode materials, graphite (MGPA) and hard carbon (HCT1) were 

chosen along with the electrode binders polyvinylidene fluoride (PVDF 5130), polyamide imide (PAI) 

and polyacrylonitrile (PAN). The electrodes were fabricated and Swagelok half cells and pouch cells 

were assembled according to the methods given in section 2.3, chapter 2. The electrodes were all 

subjected to the same drying techniques, except PAI where half of the electrodes were subjected 

to the same drying as the other electrodes and half of electrodes had an additional heating step at 

240 ⁰C. Literature has previously used higher temperatures in order to heat treat electrodes with 

PAI binder131,152 , it was decided to compare both the standard drying technique and the additional 

heating step with the PAI to see it has an effect on the performance.  

 

 

Figure 3-1 Graph showing potential vs specific capacity for the first cycle galvanostatic 

cycling of MGPA graphite electrodes using C/10 C-rate charged to a capacity limit 

of 250 mAh g-1 and discharged to 1.5V. Reversible and irreversible capacities 

annotated. 
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3.4 Effect of Elevated Temperature on Graphite  

 

As was discussed in section 1.8.1, the insertion of lithium into the graphite structure has been 

shown to occur over several stages of insertion of the lithium into the graphite structure (Figure 

1-18 and Figure 1-19). Figure 3-2 shows the insertion and extraction of lithium into graphite for 

the first cycle. As can be seen from this graph the results obtained for this graphite agree with those 

observed in the literature9,96,99–101.  

 

 

Figure 3-2 Graph showing potential vs specific capacity for the first cycle galvanostatic 

cycling of graphite electrodes vs Li metal with LP30 electrolyte using C/10 C-rate, 

charged to a capacity limit of 250 mAh g-1 and discharged to 1.5V, showing the Li 

Insertion and extraction in graphite. 

 

To evaluate the effect of temperature on cell performance irreversible capacity (QRirrR), the loss of 

capacity on each charge/ discharge cycle is used. On the first charge/ discharge cycle QRirrR is high due 

to the side reactions used to form the SEI layer, with QRirrR stabilising after the first few cycles. Since 

QRirrR is a measure of the side reactions occurring in the cell and it is known that these side reactions 

are increased at higher temperatures, QRirrR should therefore increase with temperature. 7,12,102,17–24 

To test this graphite half cells were charged and discharged using galvanostatic cycling at a rate of 

C/10, to a set charge capacity of 250 mAh g-1 and then discharged to a voltage of 1.5 V at 25, 40, 60 
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and 80 ˚C. The irreversible capacities were then calculated for the first charge/ discharge cycle seen 

in Figure 3-3. The results show that as temperature is increased the irreversible capacity increases, 

this can be attributed to the increasing temperature causing a greater degree of electrolyte 

breakdown. There are two processes of electrolyte breakdown which occur in lithium ion cells SEI 

formation and undesirable electrolyte side reactions. As temperature is increased these side 

reactions increase due to the increased kinetics and so the irreversible capacity increases with 

temperature.13,102–104 

 

 

Figure 3-3 Graph showing QRirrR values obtained from the first cycle galvanostatic cycling of 

graphite electrodes using C/10 C-rate, charged to a capacity limit of 250 mAh g-1 

and discharged to 1.5V. 

 

QRirrR can be used to evaluate the effective activation energy of the electrolyte breakdown occurring 

since the average current associated with reversible reactions can be defined as follows 

 

𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖 =  𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖
𝑡𝑡

         Equation 3-2 

 

Where: 

IRirrR = irreversible current (mA), averaged over the charge process 
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QRirrR = irreversible capacity (mAh g-1) 

t = time (h) 

 

The rate of irreversable reactions can be defined as the number of moles of electrons involved in 

the irreversable reactions per unit time. 

 

𝑑𝑑 𝑛𝑛
𝑑𝑑 𝑡𝑡

=  𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖
𝐹𝐹 𝑡𝑡

         Equation 3-3 

 

Where: 

F = faradays constant = 96485 C mol−1 

n = number of moles of electrons involved in irreversible reactions 

 

Since this reaction occurs over the area of the electrode the rate should be normalised by the 

surface area of the electrode. This gives us the following rate equation, seen in Equation 3-4: 

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  �1
𝐴𝐴
� �𝑑𝑑 𝑛𝑛

𝑑𝑑 𝑡𝑡
� =  𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖

𝐹𝐹 𝑡𝑡 𝐴𝐴
  Equation 3-4 

 

Where: 

A = area (cm2) 

 

In these experiments, the time is constant because the total charge capacity is limited to 250 mAh 

g-1 with the total charge current set to 372 mAh g-1. The normalised rate per area of electrode is 

expected to follow a temperature dependence following the Arrhenius equation, shown in Equation 

3-5. A plot of ln QRirrR vs 1/T is expected to be linear, with the gradient of the line equating to –ERActR/R. 

 

𝑘𝑘 = 𝐵𝐵𝑒𝑒−
𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴
𝑅𝑅𝑅𝑅         Equation 3-5 
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Where: 

k= rate constant 

B= pre-exponential factor  

ERActR = Activation energy (kJ-1 mol-1) 

R = Gas constant (8.3145 J K-1 mol-1) 

T= Temperature (K) 

 

A plot of ln QRirrR vs 1/T is presented in Figure 3-4, it is observed that the line is linear in relationship 

which is expected for Arrhenius. Using Equation 3-5 an estimate of 11.6 ± 0.4 kJ mol-1 for the 

effective activation energy of the irreversible reactions is obtained here for the MGPA graphite 

employed in the present experiments. Zheng et al153 investigated the activation energy of the 

capacity loss of storage of MCMB graphite half cells with an electrolyte of 1M LiPFR6R in EC/DMC (2:1 

v/v) at temperatures between 21 ˚C and 80 ˚C. Results showed that the capacity loss was less than 

1.5 % after 4 days at 21 ˚C and 20 % after 4 days at 80 ˚C. This was attributed to the loss of 

intercalated lithium due to the reaction with the electrolyte. The authors estimated that the 

activation energy associated with this reaction using Arrhenius relationship was 39.7 kJ mol-1. This 

value is higher than the effective activation energy obtained in the present study (ca. of 11.6 ± 0.4 

kJ mol-1). This difference could be ascribed to the different method of evaluation of the effective 

activation energy of irreversible reaction and/or to the difference in the materials employed.   
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Figure 3-4  Arrhenius plot obtained from the first cycle galvanostatic cycling of graphite 

electrodes using C/10 C-rate, charged to a capacity limit of 250 mAh g-1 and 

discharged to 1.5V. 
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3.5 Effect of Negative Electrode Formulation at Elevated Temperatures 

3.5.1 Comparison of Graphite and Hard Carbon at Elevated Temperatures 

 

Figure 3-5 displays a plot comparing the cycling performance of graphite (MGPA) and hard carbon 

(HCT1) with PVDF 5130 electrodes at 25 and 60 ⁰C. Cells were cycled at a rate of C/10 between 1.5 

V and 0.05 V vs Li/Li+, cycles 1 to 3 were cycled at 25  ⁰C and cycles 4 to 6 were cycled at 60 ⁰C. What 

is apparent from this graph is that there are clear differences between the graphite and hard 

carbon. It is observed that hard carbon has a much lower coulombic efficiency for cycle 1 (25 ⁰C) 

compared to graphite. This is a consequence of the higher surface area of the hard carbon (4.00 m2 

g-1)154 compared to that of the graphite (0.71 m2 g-1)155, i.e. more electrolyte breakdown that has to 

occur to form SEI. After cycle 1 at 25 ⁰C the values for cycles 2 and 3 at 25⁰C and for cycles 4-6 at 

60 ⁰C are very similar for both hard carbon and graphite with graphite having a slightly higher 

coulombic efficiency. Literature has shown that higher surface area carbons give rise to higher 

degrees of electrolyte breakdown to form the SEI.107–115. It seen that the first cycle at 60 ⁰C (cycle 

4) that there is a drop in the coulombic efficiency for both the graphite and hard carbon. This is 

most likely a consequence of further electrolyte breakdown occurring at the negative electrode/ 

electrolyte interface. It is also observed at 60 ⁰C (cycles 4-6), the columbic efficiency observed is 

much lower than that of room temperature, with a columbic efficiency of less than 90 %. Literature 

has suggested that as the cycling temperature is increased, electrolyte breakdown and side 

reactions occur at an increased rate and give rise to higher irreversible capacities and greater 

capacity fade.13,102–104 
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Figure 3-5 Coulombic efficiency graph comparing graphite (MGPA) with hard carbon (HCT1) 

using PVDF 5130 as the binder. Cycles 1-3 are 25 ⁰C and 4-6 are 60 ⁰C.  

 

3.5.2 Comparison of PVDF, PAI and PAN at Elevated Temperatures 

 

Figure 3-6 and Figure 3-7 display the effect of binders PAI, PVDF and PAN on the performance of 

graphite and hard carbon electrodes. Figure 3-6 shows the comparison of the binders with graphite, 

it is observed that the binder has a large influence on the coulombic efficiency. It is observed that 

for cycle 1 (25 ⁰C) coulombic efficiency is less than 90 % for all the binders, this is most likely the 

breakdown of the electrolyte in order to form the SEI, this was seen in Figure 3-5 for graphite and 

hard carbon with PVDF binder.99 It is also observed that for the first cycle at 60 ⁰C (cycle 4) there is 

also a drop in coulombic efficiency, this was also observed in Figure 3-5 and was attributed to 

degradation reactions occurring at the electrode/ electrolyte interface.  

It can be observed from the graph that there is a less than 90% coulombic efficiency for the graphite 

electrodes with the PVDF binder, this is something which was observed for the graphite in Figure 

3-5. It can be seen from Figure 3-6 that PVDF has the lowest coulombic efficiency at 60 ⁰C on cycle 

6. Bodenes et al7 have reported that at elevated temperatures PVDF migrates from the bulk 

electrode to form a PVDF layer on the surface of the electrode. This leads to poor lithium insertion 

into the electrode which was shown by the authors using 7Li NMR. It is observed that the largest 

difference in the performance in terms of coulombic efficiency of the binders can be seen when the 

cells are cycled at 60 ⁰C. It is observed that the only binder to not have a drop in capacity on cycle 
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4 (60 ⁰C) is for the cured PAI, the coulombic efficiency is close to 100%. The other binders, including 

the uncured PAI have a dramatic decline in capacity at 60 ⁰C, this can be attributed to additional 

breakdown of electrolyte on the surface.13,102–104 After cycle 4 the coulombic efficiencies then 

increase again for the other binders, with the order of highest to lowest coulombic efficiencies 

being PAI cured > PAN > PVDF > PAI uncured.  

It is observed for cycle 1 that the PAI has a much lower coulombic efficiency than that of the PVDF 

and PAN. At 25 ⁰C (cycles 1 to 3) it can be observed that PAI and PAI cured at 240 ⁰C have similar 

coulombic efficiencies, however at 60 ⁰C (cycles 4-6), the uncured PAI has a lower coulombic 

efficiency compared to the cured PAI. Literature has suggested that PAI subjected to heat treatment 

has better capacity retention than that of lower temperature drying, due to stronger adhesion of 

PAI binder. This is due to interactions of the amide and imide chains in the PAI, which help to 

improve the contact of active material, conductive carbon and the current collector.152 The better 

performance of electrodes with PAI as the binder compared to that of PVDF has been attributed to 

the PAI supressing electrolyte decomposition on the particle surface as the PAI helps to form a 

protective layer on the particles, which leads to less capacity loss on cycling.131 It can be observed 

from Figure 3-6 that PAN also has good performance at room temperature with the highest cycle 1 

coulombic efficiency of all the binders. It can be seen however that the coulombic efficiency drops 

dramatically on cycle 4 (60 ⁰C) and is lower than all binders except uncured PAI, the performance 

improves on subsequent cycles and is close to that of the cured PAI by cycle 6.  

 

 

Figure 3-6 Coulombic efficiency graph comparing PAI, PAI cured, PVDF and PAN binders using 

graphite as the negative electrode material. Cycles 1-3 are 25 ⁰C and 4-6 are 60 

⁰C.  
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It can be observed from the coulombic efficiency graph pictured in Figure 3-7, that binder choice 

with hard carbon electrodes has a more pronounced effect than is the case with graphite (Figure 

3-6). It can firstly be observed that the coulombic efficiencies are much lower than those that were 

seen with graphite, something which was observed in Figure 3-5. It is observed that at 25 ⁰C there 

is not much differences in the coulombic efficiencies of the binders, cycle 1 shows that PVDF has a 

slightly better capacity than PAI, this is the same as is observed for graphite. At 60 ⁰C however, PAI 

cured outperforms that of the PVDF and PAI uncured, achieving a coulombic efficiency of around 

95% for cycles 4-6 (60 ⁰C). It is observed that the curing of the PAI has the same effect with hard 

carbon as is seen with graphite, with the curing of the PAI improving the coulombic efficiency. 

However, the coulombic efficiencies are much lower for all binders for hard carbon than for 

graphite, this was observed in Figure 3-5, particularly for cycle 1. This is due to the fact that the high 

surface area of hard carbon compared to graphite gives rise to a higher degree of electrolyte 

breakdown that would have a detrimental effect of long-term performance of the cell.  

 

 

Figure 3-7 Coulombic efficiency graph comparing PAI, PAI cured, PVDF and PAN binders using 

hard carbon as the negative electrode material. Cycles 1-3 are 25 ⁰C and 4-6 are 

60 ⁰C. 
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3.5.3 Overall Comparison of Effect of Active Material and Binder on Elevated 

Temperature Performance  

 

Figure 3-8 shows a comparison of the reversible capacities for graphite and hard carbon with PAI, 

PAI cured, PVDF and PAN. It can be observed from the graph that the reversible capacity increases 

when the cells are cycled at 60 ⁰C, this can be attributed to the increased rates of reaction for the 

lithium ion transport and improved conductivity of the electrolyte.22 The biggest increase in 

reversible capacity is observed for hard carbon, at 25 ⁰C the capacity is much lower than that of 

graphite despite having a higher theoretical capacity of 460 mAh g-1 than graphite. Zheng et al117 

investigated hard carbons as a negative electrode material for elevated temperatures up to a 

temperature of 80 ⁰C. Results showed that at room temperature the discharge capacity is low due 

to the lithiation of the hard carbon being slow and a large voltage hysteresis is observed for the 

charge/ discharge cycle. The capacity of hard carbon with cured PAI binder is comparable to that of 

graphite with cured PAI binder, however the first cycle irreversible capacity is much higher for hard 

carbon compared to graphite, seen in Figure 3-9 and Figure 3-10. It can be observed that irreversible 

capacity is much higher for hard carbon than it is for graphite, this is particularly the case for cycle 

1. It is observed that the irreversible capacity is in the region of 4 times as large for hard carbon as 

is observed with graphite (for PVDF and PAN binders).  

Not all the electrodes show a capacity increase with temperature, graphite with uncured PAI shows 

a decrease in capacity at 60 ⁰C. Literature has previously used higher temperatures in order to heat 

treat electrodes with PAI binder131,152. It can also be seen that graphite with PVDF binder shows an 

increase in reversible capacity on cycle 4 at 60 ⁰C, however cycles 5 and 6 show a decrease in 

capacity suggesting degradation reactions occurring. However, for hard carbon with PVDF binder it 

is observed that the reversible capacities increase at 60 ⁰C, showing a much lower decrease in 

reversible capacity over cycles 4-6 compared to that of graphite with PVDF binder. For all the 

electrodes the reversible capacity decreases with the number of cycles, except that of graphite with 

PAN binder. The reversible capacity for graphite with PAN increases with cycle number even 

increasing 60 ⁰C, indicating that this binder looks to be more stable at higher temperatures. An 

indication that a graphite binder with PAN binder looks to also be a very promising combination for 

a negative electrode material at higher temperatures.  
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Figure 3-8 Graph showing the reversible capacity for MGPA and HCT1 with PAI, PAI cured at 

240 ⁰C, PVDF and PAN binders. Cycles 1-3 are 25 ⁰C and 4-6 are 60 ⁰C. 

 

 

Figure 3-9 Graph showing the irreversible capacity for graphite with PAI, PAI cured at 240 ⁰C, 

PVDF and PAN binders. Cycles 1-3 are 25 ⁰C and 4-6 are 60 ⁰C. 
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Figure 3-10 Graph showing the irreversible capacity for hard carbon with PAI, PAI cured at 240 

⁰C, PVDF and PAN binders. Cycles 1-3 are 25 ⁰C and 4-6 are 60 ⁰C. 
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3.6 Investigation of Lithium-ion Pouch Cells Elevated Temperatures 

 

Figure 3-11 shows the coulombic efficiency for pouch cells of graphite with PAI (uncured), hard 

carbon with PAI (uncured), and graphite with PAN with lithium iron phosphate positive electrode. 

Cells were charged to a potential of 4.5 V and discharged to a potential of 2.5 V vs Li/Li+ using a C-

rate of C/10 at 25 ⁰C for cycles 1 to 3 and 60 ⁰C for cycles 4 to 6.It was shown in section 3.5 that PAI 

which was not subjected to heat treatment had a low coulombic efficiency in comparison to PAI 

which was heat treated and also PVDF and PAN. This is also the case when PAI is used in pouch cells 

for both hard carbon and graphite, seen in Figure 3-11. It can be seen that graphite with PAN 

however performs well, initially showing an 85% coulombic efficiency on cycle 1, with a coulombic 

efficiency of over 95% on subsequent cycles. It is also observed that after cycle 1 all three pouch 

cells have very similar coulombic efficiencies suggesting that the binder is having the most influence 

on the first cycle capacity, where SEI formation takes place.  

 

 

Figure 3-11 Coulombic efficiency graph comparing Li-ion pouch cells of MGPA and PAI, HCT1 

and PAI and MGPA and PAN. Cycles 1-3 are 25 ⁰C and 4-6 are 60 ⁰C. 
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As the pouch cells of graphite and PAN binder responded well at 60 ⁰C, showing the best coulombic 

efficiency of the pouch cells tested these cells were tested further at 80 ⁰C. This is the temperature 

at which the electrolyte can be safely operated to. Figure 3-12 shows the results of the cycling of 

the graphite PAN pouch cells operating at 80 ⁰C. It is observed that after 30 cycles the capacity has 

declined by 50%, reaching 10 mAh g-1
R Rby 130 cycles. This is probably due to the continued 

degradation of the electrolyte on the electrode surface (continuous SEI destruction and formation).  

 

 

Figure 3-12  Graph showing the reversible capacity of a pouch cell of LiFePOR4R electrode 

using PVDF binder against graphite using PAN binder, LP57 electrolyte showing 

the reversible capacity of the cell cycled at 80 ⁰C. 
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3.7 Conclusions  

 

The effect of temperature on the galvanostatic cycling on graphite half cells was evaluated. The 

results showed that as temperature is increased the irreversible capacity increases, due to the 

formation of an increased growth of SEI with temperature. Using irreversible capacity to calculate 

the activation energy of the reactions at the electrode/ electrolyte interface using Arrhenius 

estimates a value of 11.6 kJ mol-1 ±0.4 kJ mol-1.   

Graphite and hard carbon were investigated as negative electrode materials and results showed 

that hard carbon has a large irreversible capacity loss on the first cycle. This effect was attributed 

to the high surface area of the hard carbon resulting in a higher amount of electrolyte breakdown 

resulting in SEI. The hard carbon also didn’t perform to the expected capacity which is quoted in 

excess of 400 mAh g-1, but the observed capacity improved on heating the cells at 60 ⁰C.  

A range of binders were investigated namely PVDF, PAI and PAN. Results showed that PAI was a 

poor performer giving rise to large irreversible capacity losses. However, when the electrodes were 

subjected to an additional drying stage of 240 ⁰C to cure the polymer results showed good 

coulombic efficiencies and lower irreversible capacity losses. PVDF seemed to perform well with 

good coulombic efficiencies and reasonable QRirrR values obtained. PAN was only tested with graphite 

but results were very promising giving rise to good coulombic efficiency and QRirrR values, with good 

retention of capacity on heating at 60 ⁰C. It should be noted that further work in electrode 

optimisation would be required in order for a careful comparison of binders is made, however 

results do show that PAN is a promising binder when used with graphite electrodes.  

Pouch cells were assembled with lithium iron phosphate positive electrodes, and negative 

electrodes of graphite and PAI, hard carbon and PAI and graphite and PAN. The electrodes of 

graphite and hard carbon with PAI binder had low 1st cycle coulombic efficiency due to a high 

irreversible capacity loss. Graphite with PAN also has a first cycle inefficiency due to SEI formation 

but not to the same extent of the PAI. Extended cycling of the graphite PAN pouch cells showed 

that capacity retention at 80 ⁰C was poor, leading to 50% capacity loss by 30 cycles.   
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Chapter 4 Effect of Electrolytes at Elevated 

Temperatures  

4.1 Introduction  

 

In chapter 3 the effect of negative electrode materials (graphite and hard carbon) and electrode 

binders (PVDF, PAI and PAN) on high temperature performance was evaluated. Results showed that 

hard carbon had a larger irreversible capacity compared to graphite, due to the larger surface area 

of hard carbon giving rise to a higher degree of electrolyte breakdown associated with the 

formation of the SEI. This results in higher degree of reduction of the electrolyte at the interface, 

which increases at elevated temperatures. Therefore, one of the most important requirements for 

high temperature operation is a thermally stable electrolyte. Chapter 1 showed that the instability 

of the graphite/ electrolyte interface is due to the breakdown of electrolyte, this is a consequence 

of the electrolyte going outside of its voltage stability window, causing reduction of electrolyte.  

In chapter 1 it was shown that carbonate electrolyte solvents capable of operation to 150 ⁰C was 

limited to ethylene carbonate (EC), due to the fact that that the rest of the commonly used 

carbonate solvents are thermally unstable at this temperature. 39 The only other carbonate solvent 

suitable at this temperature is propylene carbonate (PC) however it is well documented in the 

literature that PC-based electrolytes with no EC content causes graphite exfoliation.11,38 It is well 

documented in literature that EC plays an important role in the formation of the SEI.36,37 

The commonly used lithium salt LiPF6 is unsuitable for operation at high temperatures because of 

the reactions which occur with the trace quantities of water in the electrolyte which severely lowers 

the decomposition temperature.57–59 The rate of these reactions is accelerated at higher 

temperatures, the products of which react with the cell components43. Literature has shown that 

LiPF6 is unstable for use at elevated temperatures in lithium ion batteries11,59,68–70,60–67. The literature 

review showed two promising lithium salts which are capable of high temperature operation LiBOB 

and LiODFB. Literature40 has shown that LiBOB can be effectively used as a replacement for LiPF6 

up to a temperature of 115°C. Kurita et al prepared cells using an electrolyte of 1M LiBOB in EC, 

with an LFP electrode vs lithium metal using a glass fibre separator and cycled them using 

galvanostatic cycling for 50 cycles at a range of c-rates (0.5C-200C) and a range of temperatures 

(60-115°C). At 115 ˚C the capacity observed was 160 mAh g-1 showing an 86% capacity retention 

after 50 cycles.40 These results represent a benchmark of what can be achieved in a high 
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temperature lithium ion battery which utilises a carbonate based electrolyte. Li et al77 has 

demonstrated the use of LiODFB as replacement for LiPF6 at 65 ⁰C, using LiFePO4/ graphite full cells. 

The full cells composed of LiFePO4 and artificial graphite cells showed a good capacity retention 

over 100 cycles of 88% at 65 ⁰C. In comparison 1M LiPF6 in EC/PC/DMC (1:1:3 v/v) the full cells 

composed of LiFePO4 and artificial graphite only achieved a 50% capacity retention after 100 cycles 

at 65 ⁰C. Therefore, this electrolyte study will study the effect of two electrolyte formulations 1M 

LiBOB in EC and 1M LiODFB in EC at 60, 90, 120 and 150 ⁰C.  

In order to study the effect of temperature on the thermal stability of electrolytes an electrode that 

is stable at high temperatures should be used. Lithium iron phosphate is a thermally stable 

electrode material that has a flat voltage profile with a nominal voltage of 3.5 V. Cells which have 

lithium iron phosphate as both electrodes is an ideal system for studying this. In order to do this 

the reference and counter electrode must have an a 1:1 ratio of LiFePO4 to FePO4 in order for the 

electrode to be in the flat two phase 3.5 V potential region, seen in Figure 4-1. The electrode coating 

of the reference/ counter electrode must be in-excess compared to the LiFePO4 working electrode 

in order to have an excess of lithium. 

 

 

Figure 4-1 Potential vs specific capacity for a LiFePO4 half-cell showing the two-phase 

plateau region. A PVDF binder was used, LP30 electrolyte and cell was cycled at 

a C-rate of C/10. 
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4.2 Aims and Objectives  

 

The aims of this chapter were: 

 

1. Investigation of LiFePOR4R as a reference and counter electrode in place of lithium metal. 

2. To investigate the increase in the rate of electrolyte decomposition at elevated 

temperatures. 

3. To investigate electrolyte salts that are capable of operating in the region of 60-150 ⁰C.  

 

The objectives of this chapter were: 

 

To understand the temperature limitations of electrolytes and to find a more stable electrolyte at 

elevated temperatures.  
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4.3 Experimental Details 

 

To produce FePO4, LiFePO4 was chemically de-lithiated using potassium persulphate according to 

the method used by Ramana et al156,157. 5.805g of potassium persulphate was dissolved in 184ml 

water and 5g of LiFePO4 was added, the mixture was stirred on a magnetic stirrer plate for 24 hours, 

filtered, washed with distilled water and dried overnight at 80 ⁰C. The powder was then 

characterised using PXRD to confirm that the sample had been de-lithiated. Figure 4-2 shows the 

spectrum for FePO4 matched with the data base for FePO4, confirming the de-lithiation of the 

LiFePO4.  

 

Figure 4-2 PXRD of FePOR4R powder showing the peak labelling compared with the database 

for FePOR4R. 

 

LiFePO4 electrodes were made using 76 % LiFePO4, 12 % PVDF binder and 12 % carbon black, 

Li0.5FePO4 electrodes were made using the same percentages but using a 1:1 ratio of LiFePO4 and 

FePO4. To produce the Li0.5FePO4 electrodes the electrode loading was 4 times in excess compared 

to that of the LiFePO4 electrodes. To test the electrodes Swagelok cells were assembled using 

Li0.5FePO4 vs lithium metal as the CE/RE and LFP vs Li0.5FePO4 as the CE/RE the electrolyte used for 

testing was LP30. Figure 4-3 shows a graph of galvanostatic cycling of Li0.5FePO4 against lithium 

metal. The first cycle charge is around 80 mAh g-1 which shows that the electrode is 50% lithiated 
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as the practical capacity of LiFePO4 is around 160 mAh g-1. Figure 4-4 shows a plot of LiFePO4 vs the 

Li0.5FePO4 and shows that the RE/CE is working well showing the expected capacities for lithium iron 

phosphate.  

 

 

Figure 4-3 Capacity vs potential plot for LiR0.5RFePOR4R vs Li metal at 25 ⁰C. A PVDF binder was 

used, LP30 electrolyte and cell was cycled at a C-rate of C/10. 

 

 

Figure 4-4 Capacity vs potential plot for LiFePOR4R vs LiR0.5RFePOR4R RE/CE. A PVDF binder was 

used, LP30 electrolyte and cell was cycled at a C-rate of C/10. 
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Swagelok cells were built with LiFePO4 as the working electrode, Li0.5FePO4 as the reference and 

counter electrode, two glass fibre separators, and 120 μl of electrolyte. Cells were then put into 

ovens and heated for 1 hour prior to cycling, the cells were then cycled for 1 cycle at C/10 as a 

formation cycle and then cycled at 1C for 101 cycles. 
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4.4 Results of TGA of Electrolyte Salts  

 

It was decided to look at the thermal stability of the LiBOB and LiODFB using TGA, it was also 

decided to compare this with LiPF6 as well, the results of which can be seen in Figure 4-5. It can be 

seen from this graph that LiPF6 has the lowest thermal stability, showing a decomposition 

temperature starting at around 65 ⁰C. This is probably down to the trace quantities of water 

contained in the electrolyte salt which catalyse the decomposition, confirming what is observed in 

the literature.43,57–59Yang et al158 have shown that the presence of 300 ppm water in the carrier gas 

of the TGA results in a lowering of the decomposition temperature of LiPF6 from 107 ⁰C to 80 ⁰C. 

The graph also shows that LiBOB appears to have a higher thermal stability starting to decompose 

at around 300 ⁰C compared to LiODFB which starts to decompose at around 225 ⁰C. These results 

confirm that LiODFB and LiBOB are suitable candidates for operation at 150 ⁰C, with LiPF6 being 

unsuitable at this temperature.  

 

 

Figure 4-5 TGA plot showing mass loss % vs temperature for LiPFR6R, LiODFB and LiBOB. 
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4.5 Results from Galvanostatic Cycling  

4.5.1 LiBOB and LiODFB Galvanostatic Plots 

 

Figure 4-6 to Figure 4-9 show the potential vs specific capacity plots for electrolytes of 1M LiBOB 

and LiODFB in EC at 60 ⁰C, 90 ⁰C, 120 ⁰C and 150 ⁰C. It is observed from Figure 4-6 that the capacity 

at 60 ⁰C for LiBOB shows no deviation from the flat potential cut-off point expected with LFP, with 

a capacity of 160 mAh g-1 observed. The charge/ discharge is very flat, with very little reduction in 

capacity observed over 102 cycles. It can be seen for the LiODFB at 60 ⁰C that there is a small 

deviation on the first cycle for the charge, which is larger than the comparable process for LiBOB, 

this is an irreversible process since this feature is not seen in subsequent cycles. The probable cause 

of this is the passivation of the electrode surface, either electrolyte breakdown to form SEI or 

passivation of the aluminium current collector.   

 

 

Figure 4-6 Potential vs specific capacity plots for LiBOB (left) and LiODFB (right) at 60 ⁰C. 

 

A similar observation can be observed for LiBOB at 90 ⁰C, seen in Figure 4-7, where it is observed 

that there is deviation on first cycle charge curve. This feature can also be seen for LiODFB at 90 ⁰C, 

except this time it is much more pronounced, with a “capacity” of around 325 mAh g-1 observed for 

the first cycle charge. The theoretical capacity of LFP is 170 mAh g-1, therefore this extra charge 

passed is due to an irreversible process occurring on the first cycle charge. However, after the first 

cycle, both the cells with LiBOB and LiODFB electrolyte have a very stable cycling capacity over 102 

cycles with minimal loss in capacity.  
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Figure 4-7 Potential vs specific capacity plots for LiBOB (left) and LiODFB (right) at 90 ⁰C. 

 

As the temperature is raised further to 120 ⁰C and 150 ⁰C, seen in Figure 4-8 and Figure 4-9, it is 

observed that the first cycle extra charge has increased further with the addition of an extra 

plateaux. The size of this plateaux is larger at 120 ⁰C than at 150 ⁰C, which is most likely due to the 

increased rate of reaction occurring. The effect of temperature on the first cycle capacity is 

summarised in Figure 4-10, where the first cycle charge/ discharge curves are plotted for LiBOB and 

LiODFB at all temperatures. It is witnessed that LiODFB exhibits a higher capacity than LiBOB, which 

could be due to reaction of the fluorine with the electrode surface contained the LiODFB which isn’t 

present in LiBOB. What is also apparent at 120 ⁰C and 150 ⁰C is that significant capacity fade occurs 

with both electrolytes, with capacity faded to 130 mAh g-1
 at 120 ⁰C and 20 mAh g-1

 at 150 ⁰C after 

102 cycles.  

 

 

Figure 4-8 Potential vs specific capacity plots for LiBOB (left) and LiODFB (right) at 120 ⁰C. 
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Figure 4-9 Potential vs specific capacity plots for LiBOB (left) and LiODFB (right) at 150 ⁰C. 

 

It is observed that when lithium iron phosphate is cycled at elevated temperatures the first cycle 

charge capacity exceeds that of the theoretical capacity i.e. a charge capacity of >170 mAh g-1, this 

can be seen in Figure 4-10. For example, with LiODFB at 120 ⁰C it can be seen that at 0.45 V vs 

Li0.5FePO4 the cell is already at the theoretical capacity of 170 mAh g-1. It can be seen that there is 

the presence of an extra plateaux after 0.45 V vs Li0.5FePO4, the excess charge that is passed is not 

that of lithium de-insertion but of side reactions occurring at the electrode/ electrolyte interface. 

The source of this extra charge could be caused by several factors but could be: 

 

• Electrolyte breakdown- at higher temperatures the kinetics of side reactions at the 

electrode/ electrolyte increase. These reactions consume electrolyte and form increasing 

resistive passivation layers which leads to capacity fade.  

• Binder failure- at higher temperatures the binder which is a polymer can either melt or 

degrade which leads to contact losses of the electrode particles and the current collector. 

This can then lead to the exposure of the aluminium current collector, which the electrolyte 

and the lithium can react with causing corrosion of the aluminium current collector.  
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Figure 4-10 Potential vs specific capacity plots for the first cycle of LiBOB and LiODFB 

electrolytes at 60, 90, 120 and 150 ⁰C.  

 

4.5.2 LiBOB and LiODFB Specific Discharge Plots  

 

Figure 4-11 shows plots of specific discharge capacity vs cycle number. It is observed that for both 

salts the discharge capacity is higher at 90 ⁰C than 60 ⁰C with no significant degrading of the capacity 

over 102 cycles. At 120 ⁰C the same trend can be observed, nevertheless the capacity starts to 

decline at 30 cycles for LiODFB and 40 cycles for LiBOB. The capacity after 102 cycles at 120 ⁰C is 

around 130 mAh g-1 which is good capacity retention for such a high temperature. At 150 ⁰C for 

LiODFB capacity fade has reached 50 % at 20 cycles and for LiBOB it is reached by 10 cycles for 

LiBOB, with the cells at a capacity of 20 mAh g-1 after 102 cycles.  

To compare this with literature Kurita et al40 has shown that lithium iron phosphate half cells 

operating at 115 ˚C the capacity observed was 160 mAh g-1 showing an 86% capacity retention after 

50 cycles. At 120 ˚C the capacity retention was shown to be 76% after 102 cycles which is a better 

performance than Kurita et al40 who cycled them for half the time at a lower temperature. The 

performance at 150 ˚C is not comparable since it is much higher than was investigated during their 
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study. Li et al77 demonstrated the use of LiODFB at 65 ⁰C, using LiFePO4/ graphite full cells. The full 

cells composed of LiFePO4 and artificial graphite cells showed a good capacity retention over 100 

cycles of 88% at 65 ⁰C. Comparing with the results achieved in figure 4.11 the performance of the 

LiODFB performs better with a 97 % capacity retention at 60 ⁰C and 91 % capacity retention at 90 

⁰C both which are better capacity retention than achieved by Li et al77. This is the first time LiODFB 

has been demonstrated to operate above 65 ⁰C. 

 

 

Figure 4-11 Specific discharge capacity vs cycle number plots for electrolytes of LiODFB (left) 

and LiBOB (right) in EC. 

 

Figure 4-12 displays the specific discharge capacities compared by temperature for both 

electrolytes. It is observed that for 60, 90 ⁰C and 150 ⁰C the discharge capacity for LiODFB is higher 

than LiBOB. Although the discharge capacity at 120 ⁰C is initially better for LiODFB, after 30 cycles 

the LiBOB performs better. This seems to be an anomaly however since the rest of the data suggests 

that LiODFB has a better higher temperature performance.  
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Figure 4-12 Specific discharge capacity vs cycle number plots for electrolytes of LiODFB (left) 

and LiBOB (right) in EC. 

 

4.5.3 LiBOB and LiODFB Coulombic Efficiency Plots  

 

Figure 4-13 displays a plot of the coulombic efficiency vs temperature for cycle 1 for LiBOB and 

LiODFB. Coulombic efficiency decreases with temperature with LiODFB having a lower coulombic 

efficiency at 60 ⁰C and 90 ⁰C compared to LiBOB. It is observed that there are large differences 

between the two salts at 90⁰C, this is mainly due to the extra charge passed on the first charge cycle 

for LiODFB, seen in Figure 4-10. It is observed however that at 120 and 150 ⁰C the coulombic 

efficiencies are similar for both electrolyte salts, with not much difference between the coulombic 

efficiency at 120 and 150 ⁰C.  
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Figure 4-13 Coulombic efficiency vs temperature for cycle 1 for LiODFB and LiBOB. 

 

Figure 4-14 presents the coulombic efficiency plots for cycles 2-102 for LiBOB and LiODFB, it can be 

seen the coulombic efficiency decreases with increasing temperature. Initially at 60 ⁰C LiODFB has 

a higher coulombic efficiency than LiBOB, nonetheless after 4 cycles LiBOB has a better coulombic 

efficiency. A similar trend can be seen at 120 ⁰C, where initially a better coulombic efficiency is seen 

for LiODFB, but after 25 cycles LiBOB has an improved coulombic efficiency. This is interesting as 

LiODFB performed better in terms of the specific discharge capacities and showed much better 

stability on cycling at high temperatures. At 90 ⁰C however LiODFB has a greater coulombic 

efficiency than LiBOB. At 150 ⁰C LiBOB again has an improved coulombic efficiency compared to 

LiODFB.   
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Figure 4-14 Coulombic efficiency vs cycle number plots for cycles 2-102 for LiODFB and LiBOB.  

 

4.5.4 LiBOB and LiODFB Irreversible Capacity Plots  

 

Figure 4-15 shows the irreversible capacity plots vs temperature for the first cycle for LiBOB and 

LiODFB. It can be seen that irreversible capacity increases with temperature since it was shown that 

during cycle 1 there is a significant reaction that occurs on the first cycle charge that consumes a 

significant proportion of charge. Figure 4-16 compares the irreversible capacity vs cycle number for 

cycles 2-102 for LiBOB and LiODFB, it is observed that at 60, 120 and 150 ⁰C LiODFB has the higher 

irreversible capacities, however at 120 ⁰C the irreversible capacity is lower than LiBOB.  At 60 ⁰C it 

observed that although initially LiODFB has a lower irreversible capacity, however after 5 cycles the 

irreversible capacity increases, this same trend is also seen at 120 ⁰C by where after 25 cycles the 

LiODFB irreversible capacity increases. The reverse case can be seen for 90 ⁰C by where LiODFB has 

a lower irreversible capacity than LiBOB over 102 cycles. At 150 ⁰C it can be seen that LiODFB has a 

higher irreversible capacity by where after 102 cycles they reach the same values. From the 
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irreversible capacity plots it would appear that LiBOB would be the better choice over LiODFB, 

however looking at the reversible capacity data LiODFB has higher capacities and a slower decline 

in capacity over 102 cycles.  

It is also observed that at 150 ⁰C that the irreversible capacity values don’t match with the change 

in specific discharge capacity seen in Figure 4-11. It is observed for irreversible capacity, seen in 

Figure 4-16, that irreversible capacity goes from around 1 mAh g-1 to around 0.2 mAh g-1 at 150 ⁰C. 

On the other hand looking at Figure 4-11 it is observed that capacity loss per charge/ discharge 

cycle is around 5 mAh g-1 per cycle. This mismatch suggests that it is not just electrolyte breakdown 

but other reactions in the cell since if it was electrolyte breakdown the decline in discharge 

capacities would be very similar to those of irreversible capacity values.  

 

 

Figure 4-15 Irreversible capacity vs temperature for cycle 1 for LiODFB and LiBOB. 
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Figure 4-16 Irreversible capacity vs cycle number plots for cycles 2-102 for LiODFB and LiBOB. 
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4.6 Conclusions  

 

This chapter aimed to study the effect of electrolyte salts on the performance of cells at elevated 

temperatures. At 120 ⁰C the capacity after 100 cycles was 130 mAh g-1 equating to a 76% capacity 

retention. At 150 ⁰C however, the capacity fade was much more rapid, with 50 % capacity loss after 

20 cycles for LiODFB and 10 cycles for LiBOB. At 150 ⁰C LiODFB performed much better than LiBOB 

with a slower degrade in capacity observed, however this performance can still be much improved 

since cycle life is low at this temperature. Further work should look the reproducibility of these 

experiments in order to determine the significant effects of electrolyte on high temperature 

performance, which should include the use of full lithium-ion pouch cells.  

Further work should look at improving the high temperature performance and to find the causes of 

failure at high temperature. The causes of the large irreversible capacity losses should be 

investigated. In particular the large extra charged passed on the first cycle should be investigated 

to find the causes of this in order to find solutions to the problem.  
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Chapter 5 Effect of Electrode Binders at Elevated 

Temperatures 

5.1 Introduction  

 

In chapter 4 the effect of temperature on electrolytes was investigated and it was demonstrated 

that two lithium salts, LiBOB and LiODFB gave satisfactory performance during galvanostatic cycling 

at temperatures of 60, 90, 120 and 150 ⁰C with lithium iron phosphate electrodes. After 100 cycles, 

the capacity dropped to 155 mAh g-1 at 60 ⁰C and to 160 mAh g-1
 at 90 ⁰C. The higher capacity values 

at 90 ⁰C have been attributed to increased kinetics with processes such as lithium insertion and de-

insertion occurring at an increased rate. Literature22,125 suggests that capacity increases in lithium 

iron phosphate electrodes with temperature due to: 

 

1. Improved wetting of the surface of the positive electrode i.e. better contact of the 

electrode and electrolyte. 

2. Improved electrolyte conductivity.  

3. Improved ionic diffusion due to decreasing ionic resistance.  

 

The effect of capacity loss becomes more apparent at 120 and 150 ⁰C with a discharge capacity of 

135 mAh g-1 observed after 100 cycles at 120 ⁰C and 20 mAh g-1 at 150 ⁰C. The capacity fade was 

fast at 150 ⁰C showing a 50 % capacity loss after 20 cycles for LiODFB and 10 cycles for LiBOB. In 

chapter 4 it was observed that at 120 and 150 ⁰C the charge capacity on the first cycle was higher 

than the theoretical capacity of lithium iron phosphate which is 170 mAh g-1. The excess charge that 

is passed on this first cycle is not that of lithium de-insertion but of side reactions occurring at the 

electrode/ electrolyte interface.  

The source of this capacity fade could be caused by several factors but could be: 

• Electrolyte breakdown- at higher temperatures the kinetics of side reactions at the 

electrode/ electrolyte increase. These reactions consume electrolyte and form increasing 

resistive passivation layers which leads to capacity fade.  

• Binder failure- at higher temperatures the binder which is a polymer can either melt or 

degrade which leads to contact losses of the electrode particles and the current collector. 
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This can then lead to the exposure of the aluminium current collector, which the electrolyte 

and the lithium can react with causing corrosion of the aluminium current collector.  

 

It has been identified that binder failure could be a cause of degradation reactions at higher 

temperatures, this chapter will explore the role of binders on the capacity losses at higher 

temperatures. For this study three binders were investigated polyvinylidene fluoride (PVDF 5130), 

polyacrylonitrile (PAN) and polyamide imide (PAI). PAI and PAN were investigated due to the fact 

that these binders have been shown to be more effective than PVDF at elevated temperatures. 
131,135–138 In chapter 3 it was shown that both PAN and PAI outperform PVDF at 60 ˚C when used 

with graphite and hard carbon electrodes using conventional carbonate electrolytes (LP30 and 

LP57). Literature has shown that both PAN and PAI give better stability on cycling compared to PVDF 

because of the higher thermal stability and greater adhesion properties.131,135–138 To further 

investigate these binders it was decided to perform tests with higher temperature electrolytes as 

detailed in chapter 4. It was decided that the electrolyte to be used was 1M LiODFB in EC since this 

proved to be the most stable electrolyte out of the two electrolytes tested in chapter 4. In chapter 

4 it was concluded that PVDF at elevated temperatures can soften towards 150 ⁰C and cause 

contact losses between electrode particles and the contact to the current collector which can lead 

to reactions occurring between the current collector and the electrolyte and the lithium leading to 

capacity fade. 
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5.2 Aims and Objectives 

 

The aims of this chapter were: 

 

To investigate the effect of binders on high temperature performance of lithium iron phosphate 

electrodes at 60, 90, 120 and 150 ⁰C.  

 

The objectives of this chapter were: 

 

To understand the role of binders on the discharge capacities and capacity loss of lithium iron 

phosphate electrodes at elevated temperatures of 60, 90, 120 and 150 ⁰C. 
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5.3 Experimental Details 

 

In order to evaluate the effect of binders for high temperature lithium ion batteries thermal studies 

were conducted on the binders using both TGA and DSC, since TGA shows mass loss due to 

breakdown and DSC can show phase transitions such as melting or glass transition temperatures. 

To study the effect of the binder on high temperature stability during operation galvanostatic 

cycling was performed on lithium iron phosphate electrodes made using PVDF, PAI and PAN binders 

at 60, 90, 120 and 150 ⁰C. Both LiFePO4 electrodes and Li0.5FePO4 electrodes were made using PVDF, 

PAN and PAI as the binder. LiFePO4 electrodes were made using 76% LiFePO4, 12% binder and 12% 

carbon black, Li0.5FePO4 electrodes were made using the same percentage of active material but 

using a 1:1 ratio of LiFePO4 and FePO4. The binders used were PAN, PAI and PVDF 5130 used in the 

same ratio as above and subjected to the same calendaring and drying techniques except for PAI 

which had an additional drying stage at 240 ˚C to cure the polymer, something which is described 

in chapter 3.  

Swagelok cells were built with LiFePO4 as the working electrode, Li0.5FePO4 as the reference and 

counter electrode, two glass fibre separators, and 120 μl of electrolyte. Cells were then put into 

ovens and heated for 1 hour prior to cycling, the cells were then cycled for 1 cycle at C/10 as a 

formation cycle and then cycled at 1C for 101 cycles between 4.5 V and 2.5 V. The electrolyte used 

was 1M LiODFB in EC, it was chosen since in chapter 4 it was demonstrated to perform better than 

LiBOB showing better discharge capacities and coulombic efficiency over 100 cycles.  
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5.4 Results from TGA and DSC of Polymers  

5.4.1 TGA of PVDF, PAN and PAI 

 

Figure 5-1 shows a plot of the TGA for PVDF 5130, PAN and PAI from 20 to 400 ˚C. The graph shows 

that PAI is the most thermally stable binder not showing weight loss due to decomposition between 

20 and 400 ⁰C. The least stable binder has shown to be PAN which is showing that decomposition 

is starting at 250 ˚C, whereas for the PVDF this occurs at 340 ˚C. These results only show results for 

thermal breakdown of the polymers themselves and do not show any phase changes in the 

polymers i.e. melting or glass transition temperatures. For this DSC analysis is required, DSC shows 

heat flow and so endothermic processes associated with melting or glass transition show a negative 

heat flow, the results of which can be seen in section 5.4.2.  

 

 

Figure 5-1 TGA plot of percentage mass loss vs temperature for PVDF 5130, PAN and PAI 

under argon gas. Heating rate of 1 ⁰C per minute was used.  
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5.4.2 DSC of PVDF, PAN and PAI 

 

The results for the DSC analysis for PVDF, PAN and PAI between 20 and 400 ⁰C can be seen in Figure 

5-2 to Figure 5-4. Figure 5-2 shows the results of the DSC for PVDF. It can be seen that on the first 

heating cycle there is an endothermic double peak starting at 125 ⁰C going to 170 ⁰C, on the reverse 

cycle there is a single peak at 100 ⁰C. Due to the sharpness of the peak it is concluded that the 

endothermic peak is corresponding to a melting process. This shows that there is reversibility on 

this process and therefore a phase change i.e. solid to liquid and then liquid to solid, however on 

the second heating there is the absence of the small peak at 125 ⁰C, instead there is a single peak 

at 150 ⁰C for the melting process. This shows that on the first heating cycle there is an irreversible 

change in the structure of the PVDF which we know is not degradation since the TGA doesn’t show 

loss of material in the region of 125 to 150 ⁰C. These results confirm the observations seen in 

chapter 4 that electrodes made with PVDF binder have much less capacity retention at 120 and 150 

⁰C. It is speculated that this capacity fade could be due to the PVDF softening at 120 and 150 ⁰C, 

compromising the mechanical stability of the electrodes which then causes reactions of the 

electrolyte with the carbon particles and the surface of the aluminium current collector.  

 

 

Figure 5-2 DSC plot of normalised heat flow vs temperature for PVDF 5130. 
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Figure 5-3 shows the results of the DSC for PAI. It can be seen from the trace that there is initially a 

large endothermic peak between 20 and 150 ⁰C, this is an irreversible process since it does not 

appear in either the cooling cycle or the 2nd heating cycle. Literature has suggested that this is due 

to moisture removal out of the bulk159. However, there is a reversible process at 275 ⁰C, since this 

peak is also seen on the cooling cycle and the second heating cycle, probably a change in the phase 

of the material, we know it is not a degradation reaction since the TGA shows no mass loss at this 

temperature and the process is reversed. Literature has shown that this is the glass transition 

temperature of the PAI quoted as 277 ⁰C by Diaham et al 159, this is considerably higher than that 

of PVDF and therefore meaning that it will not soften at 150 ⁰C.  

 

 

Figure 5-3 DSC plot of normalised heat flow vs temperature for PAI. 

 

Figure 5-4 shows the results of the DSC for PAN. It can be seen that from the graph that there is the 

presence of two peaks in the region of 100 to 120 ⁰C. Literature160 has shown that there are two 

glass transitions for PAN one which is in the region of 80-100 ⁰C and one near 140 ⁰C. There is then 

the presence of a large exothermic peak at 300 ⁰C, this exothermic peak corresponds to a 

degradation process since the TGA shows mass loss at this temperature160,161. The literature160 has 

also shown that PAN is not stable up to the melting point and so it degrades before reaching the 
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melting and the reason why the melting point isn’t seen on the DSC plot and only that of the 

degradation process.  

 

 

Figure 5-4 DSC plot of normalised heat flow vs temperature for PAN. 
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5.5 Results from Galvanostatic Cycling of PVDF, PAI and PAN 

5.5.1 Cycle 1 Charge/Discharge Cycle  

 

In the introduction to this chapter it was discussed that when lithium iron phosphate is cycled at 

elevated temperatures the first cycle charge capacity exceeds that of the theoretical capacity i.e. a 

charge capacity of >170 mAh g-1. Figure 5-5 shows the comparison of the first cycle charge/ 

discharge cycle for the galvanostatic cycling at 60, 90, 120 and 150 ˚C for lithium iron phosphate 

electrodes made using PVDF, PAN and PAI as the electrode binders. It is observed that at 60 ˚C for 

all binders tested the excess charge passed on the first cycle charge is low which means that there 

is less degradation reactions occurring. This can be seen in Figure 5-6 which shows the excess charge 

passed on the first charge cycle, this was calculated by subtracting the theoretical capacity for 

lithium iron phosphate from the charge capacity. It is observed for 60 ˚C that the largest excess 

charge passed is for PAI with the lowest being PAN. Going to 90 ˚C and above it is observed that for 

both PVDF and PAN there is a large excess of charge passed on the first cycle charge process 

compared to that of PAI. It is observed that at 90 ˚C the capacity values are very similar for both the 

PDVF and PAN binders showing a charge capacity of around 300 mAh g-1. This is 130 mAh g-1 excess 

charge passed which relates to side reactions, which relates to 1.6C of excess charge which is passed 

for these side reactions. Going to 120 ˚C it is observed that the highest excess charge is for PAN 

showing an excess charge passed of 325 mAh g-1 which results in very poor cycling stability showing 

42% capacity retention after 100 cycles. However, at 150 ˚C is observed that the first cycle excess 

charge passed is less than at 120 ˚C, this is also an observation that was also seen in chapter 4. This 

has been attributed to the higher kinetics at 150 ˚C. 

The exact causes of this first cycle large charge excess are unknown however looking at Figure 5-5 

and Figure 5-6 it can be seen that the first cycle excess charge is influenced by the binder. This is 

because the binders which have poor capacity retention on cycling, PVDF and PAN both show large 

excesses of charge on the first cycle charge. Whereas PAI, which has a much higher capacity 

retention on cycling shows a much lower excess of charge passed on the first cycle. PAI also has 

very little change in the first cycle charge capacity with temperature, this can be seen in Figure 5-6. 

The better performance of the PAI binder is likely to be due to the higher thermal stability, seen in 

section 5.4 and the stronger adhesion properties of the PAI compared to that of the PVDF and PAN.  
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Figure 5-5 Potential vs Specific discharge capacity for cycle 1 for cells cycled with binders 

PAN, PAI and PVDF at 60, 90, 120 and 150 ˚C. 

 

 

Figure 5-6 Plot showing the excess charge passed for cycle 1 of the charge cycle for cells 

cycled with binders PAN, PAI and PVDF at 60, 90, 120 and 150 ˚C. 
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5.5.2 Specific Discharge Capacity  

 

Figure 5-7 shows the plots of the specific discharge capacity vs cycle number for the galvanostatic 

cycling for the three binders, it is observed that there is significant differences between the binders 

as the temperature increases. In chapter 3 it was observed that PAN had better capacity retention 

compared to PVDF when used in graphite electrodes at 60 ̊ C, this was attributed to a better thermal 

and mechanical stability compared to PVDF binder. It can be seen from Figure 5-7 that at 60 ˚C that 

PAN has a higher capacity retention on cycling compared to PVDF and PAI. However, when the 

temperature is increased to 90 ˚C PAN shows lower discharge capacities on cycling compared to 

PVDF and PAI, this trend is also observed at 120 and 150 ˚C.  

It is observed that at 90, 120 and 150 ˚C PAI outperforms PVDF and PAN with higher discharge 

capacities observed for PAI over 102 cycles at 90, 120 and 150 ˚C. The TGA and DSC traces shown 

in section 5.4 show that PAI is stable to a temperature of greater than 400 ˚C. Studies of PAI have 

also shown that PAI possess high mechanical stability due to the chemical interactions between the 

amide and imide units in the polymer. Hydrogen bonding occurs between the amide groups and 

intermolecular interactions occur between the imide groups in the polymer increase the 

mechanical stability.131,134 The high mechanical stability of PAI has been used to increase the 

stability of silicon electrodes by Choi et al135. It shown that PAI is much more stable on cycling than 

PVDF with silicon, due to the fact that the PAI is able to maintain the mechanical stability of the 

electrode.  Morishita et al131 showed that NMC with PAI binder performed much better than that 

of NMC with PVDF binder when cycled at 60 ˚C. The mechanical properties of the PAI and PVDF 

were compared and it was shown that the tensile strength, elongation and elastic modulus were all 

higher for PAI compared for PVDF at 100 ˚C for 10 hours.   

It was observed in section 5.4 that PVDF softens in the region of 120 to 150 ˚C, this would then 

cause contact losses between the lithium iron phosphate particles, carbon black and the electrode 

surface. In section 5.4 it was also observed that PAN doesn’t start to decompose until around 275 

˚C and the DSC trace did not show any noticeable melting or softening occurring. This doesn’t 

explain why such poor first cycle charge capacities and poor capacity retention on cycling at 

temperatures 90 ˚C and above. The poor performance of PAN at temperatures 90 ˚C and above 

could be down to the fact that EC is a strong polar solvent which has the ability to dissolve PAN.162 

However literature163 has also shown that is EC is a plasticiser towards PAN, with Flora et al using 

EC as a plasticiser in a Li-ion polymer electrolyte. Other authors have also used EC as a component 

of polymer electrolytes164,165 means that an electrolyte consisting primarily of EC would dissolve/ 
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plasticise the PAN in the electrodes so when the PAN is subjected to higher temperatures there is 

contact losses with the electrode materials with more PAN dissolving.   

 

 

Figure 5-7 Specific discharge capacity vs cycle number plots for cells cycled with binders PAN, 

PAI and PVDF at 60, 90, 120 and 150 ˚C. 
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5.5.3 Irreversible Capacity  

 

Figure 5-8 and Figure 5-9 show the irreversible capacity loss on cycling of the cells with PAN, PAI 

and PVDF at 60, 90, 120 and 150 ˚C. Figure 5-8 shows the first cycle irreversible capacity plots vs 

temperature as can be seen from the plot at 60 ˚C the first cycle irreversible capacity is low for all 

three binders in order of largest to smallest is PAI > PVDF > PAN, however the differences at this 

temperature are negligible. As was seen above in Figure 5-7 PAN has a larger discharge capacity on 

cycling at 60 ˚C, looking at Figure 5-9 it can be seen that on long term cycling PAN has a lower 

irreversible capacity than PVDF, however PAI has the lowest of the binders after cycle 2 at 60 ˚C. At 

90 ˚C and above PAI has the lowest irreversible capacity on first cycle with PVDF and PAN having 

much higher irreversible capacities, as seen in Figure 5-8. On long term cycling at 90 and 120 ˚C PAI 

has the lowest irreversible capacity, however at 150 ˚C it has the largest irreversible capacity of all 

three binders despite having a much better discharge capacity as seen in Figure 5-7. At 150 ˚C, the 

irreversible capacities are all very similar to each other after cycle 2. What is apparent from these 

observations is that the first charge discharge cycle appears to influence the long-term cycling 

stability at elevated temperatures. Where a large irreversible first cycle capacity is observed the 

long-term cycling stability is much decreased than compared to one with a much lower first cycle 

irreversible capacity.  

 

 

Figure 5-8 Irreversible capacity vs temperature for cycle 1 for cells cycled with binders PAN, 

PAI and PVDF.  
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Figure 5-9 Irreversible capacity vs cycle number for cells cycled with binders PAN, PAI and 

PVDF at 60, 90, 120 and 150 ˚C. 
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5.5.4 Coulombic Efficiency  

 

Figure 5-10 and Figure 5-11 show the coulombic efficiency on cycling of the cells with PAN, PAI and 

PVDF at 60, 90, 120 and 150 ˚C. Figure 5-10 shows the coulombic efficiency for the first cycles with 

temperature. It can be seen that for 60 ˚C the highest coulombic efficiency seen is for PAN, this ties 

up with the higher discharge capacities and lower irreversible capacities observed at this 

temperature. At 90, 120 and 150 ˚C the coulombic efficiencies are much higher than those of both 

PVDF and PAI, this is reflected in the higher discharge capacities seen in Figure 5-7. The lowest 

coulombic efficiencies observed are for PAN which are reflected by the lower discharge capacities 

observed in Figure 5-7. The largest differences in coulombic efficiency are observed at 90 and 120 

˚C, this is where the PAI seems to have the largest impact in terms of performance is observed. This 

is particularly the case at 120 ˚C where there are huge differences in the discharge capacities on 

long term cycling are observed, at this point the binder choice is having a significant impact.  

 

  

Figure 5-10 Coulombic efficiency vs temperature for cycle 1 for cells cycled with binders PAN, 

PAI and PVDF.  
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Figure 5-11 Coulombic efficiency vs cycle number for cells cycled with binders PAN, PAI and 

PVDF at 60, 90, 120 and 150 ˚C. 
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5.5.5 Overall Comparison 

 

Table 5-1 shows the summary of the specific discharge capacities for cells cycled with three 

different binders PVDF, PAI and PAN at temperatures of 60, 90, 120 and 150 ˚C. The table also 

details the capacity retention after 100 cycles. It can be seen that at 60 ˚C the most suitable binder 

is PAN since the capacity retention after 100 cycles is 98% compared to 95% observed for PVDF and 

94% for PAI. This was seen in the case for PAN in chapter 3 where graphite and hard carbon 

electrodes had much better capacity retention compared to PVDF at 60 ˚C. At 90 ˚C and above PAI 

outperforms PVDF and PAN. At 90 ̊ C PAI has a capacity retention of 96% compared to 92% for PVDF 

and 93% for PAN after 100 cycles, at this temperature the binder only appears to have a small 

impact on the long-term stability. However, at 120 and 150 ˚C this impact is much stronger showing 

much more influence of the binder on high temperature performance. At 120 ˚C PAI has a 93% 

capacity retention compared to 42% for PAN and 80% for PVDF.  At 150 ˚C PAI has a 29% capacity 

retention compared to 8% for PAN and 10% for PVDF.   

At 120 ˚C PVDF also performs relatively well showing an 80% capacity retention after 100 cycles, 

however at 150 ˚C this performance decreases rapidly to 10%. This is down to the fact that it was 

observed in the DSC that PVDF is likely to be softening at this temperature which would compromise 

the electrode mechanical stability. This would cause contact losses with the electrode surface and 

reactions of the electrolyte with the electrode materials for example the aluminium foil and carbons 

leading to rapid capacity fade. At 150 ˚C even the capacity fade for PAI increases rapidly from 93% 

at 120 ˚C to 29% at 150 ˚C. It is likely at this temperature that there is significant reactions at the 

electrode/ electrolyte interface for example electrolyte breakdown leading to large capacity fade. 

Further work should look the reproducibility of these experiments in order to determine the 

significant effects of binders on high temperature performance, which should include the use of full 

lithium-ion pouch cells.  
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Table 5-1 Summary table showing specific discharge capacity for cells cycled with binders 

PAN, PAI and PVDF at 60, 90, 120 and 150 ˚C. 
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5.6 Conclusions  

 

This chapter studied the effect of binders (PVDF 5130, PAI and PAN) on the cycling performance of 

lithium iron phosphate cells at elevated temperatures (60, 90, 120 and 150 ˚C) using the best 

performing electrolyte investigated in chapter 4 (1M LiODFB in EC). Results showed that at 60 ˚C 

PAN had the best capacity retention on cycling compared to both PVDF and PAI. These results agree 

with the observations in chapter 3 where it was shown that PAN had a much better capacity 

retention at 60 ˚C with graphite half cells compared to PVDF. However, at 90 ˚C and above PAI had 

the best capacity retention on cycling compared with both PVDF and PAN, with PAN showing rapid 

capacity fade particularly at 120 and 150 ˚C. It is observed that at 90, 120 and 150 ˚C PAI 

outperforms PVDF and PAN with higher discharge capacities observed for PAI over 102 cycles at 90, 

120 and 150 ˚C. The TGA and DSC traces shown in section 5.4 show that PAI is stable to a 

temperature of greater than 400 ˚C. Studies of PAI have also shown that PAI possess high 

mechanical stability due to the chemical interactions between the amide and imide units in the 

polymer. Hydrogen bonding occurs between the amide groups and intermolecular interactions 

occur between the imide groups in the polymer increase the mechanical stability.131,134 It was 

observed in section 5.4 that PVDF softens in the region of 120 to 150 ˚C, this would then cause 

contact losses between the lithium iron phosphate particles and the carbon black and also the 

particles on electrode surface. This would lead to conductivity problems and lead to reactions 

between the electrolyte and the aluminium current collector and the carbon black, causing a 

decline in capacity. In section 5.4 it was also observed that PAN doesn’t start to decompose until 

around 275 ˚C and the DSC trace did not show any noticeable melting or softening occurring. The 

poor performance of PAN at temperatures 90 ˚C and above could be down to the fact that EC is a 

strong polar solvent which has the ability to dissolve PAN.162 However literature163 has also shown 

that is EC is a plasticiser towards PAN, this means that an electrolyte consisting primarily of EC 

would dissolve/ plasticise the PAN in the electrodes so when the PAN is subjected to higher 

temperatures there is contact losses with the electrode materials with more PAN dissolving.   
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Chapter 6 Corrosion of the Aluminium Current Collector 

at Elevated Temperatures  

6.1 Introduction 

 

In chapter 5 the role of binders on the high temperature galvanostatic cycling of lithium iron 

phosphate electrodes was investigated. Results showed that PVDF was susceptible to melting in the 

region of 120 to 150 ⁰C which lead to a large irreversible capacity on the first cycle and lead to a 

rapid capacity fade on cycling. It was believed that the softening of PVDF was compromising the 

mechanical stability of the electrode surface which could cause the following effects:  

 

1. The exposure of the electrode particles and conductive carbon, the electrolyte could then 

react with these causing side reactions between the electrode materials and the 

electrolyte.  

2. The exposure of the aluminium current collector, the electrolyte could then penetrate the 

aluminium current collector, causing corrosion of the aluminium.  

 

The effect can be particularly seen in the first charge cycle, which can be seen in Figure 6-1 showing 

a potential vs capacity plot for lithium iron phosphate with PVDF binder cycled at C/10 at 120 ⁰C 

using 1M LiODFB in EC. It can be seen that at 0.45 V vs LiR0.5RFePOR4R the cell is already at the theoretical 

capacity of 170 mAh g-1 due to the increased kinetics of lithium transfer at 120 ⁰C. The excess charge 

that is passed on this first cycle is not that of lithium de-insertion but of side reactions occurring at 

the electrode/ electrolyte interface. It can be seen in Figure 6-1 that there is the presence of an 

extra plateaux after 0.45 V vs LiR0.5RFePOR4R, at this point the reactions occurring at the electrode 

surface have gone from passive to active, this continues to around 0.75 V vs LiR0.5RFePOR4R by where 

after that the reactions then go passive again. These passive and active regions are typical of 

corrosion processes and therefore it is believed that aluminium current collector corrosion is a 

major cause of the irreversible capacity loss on the first cycle and also capacity fade on cycling. 

While knowledge on corrosion of metals in aqueous media is well studied the corrosion of metals 

in non-aqueous media is not as well understood. In particular that of the corrosion of battery 

current collectors is even less studied since most work concentrates on the study of the electrode/ 

electrolyte interface and not that of the current collector/ electrolyte interface.166 Considering the 
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fact that the current collector is responsible for 90 % of the electronic conductivity and mechanical 

stability of the electrode, the study of this important battery component is poorly understood.167  

 

 

Figure 6-1 Potential vs Specific discharge capacity for cycle 1 for lithium iron phosphate 

electrodes made using PVDF binder at 120 ˚C showing the passive and active 

reactions occurring during the charge cycle.  

 

Corrosion occurs when a metal is oxidised, releasing electrons in the process, according to equation 

1-6: 

 

𝑀𝑀 →  𝑀𝑀𝑛𝑛+ + 𝑛𝑛𝑒𝑒−  Equation 6-1 

 

Aluminium is a metal which forms a natural passivation layer of AlR2ROR3R on its surface, this layer forms 

instantaneously on the exposure of the fresh Al to the atmosphere, the role of this is to act as a 

passivation layer in order to protect the surface of aluminium from further corrosion. This layer is 

usually a few nm thick.168  
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The aluminium current collector used in lithium ion battery positive electrodes isn’t stable with 

respect to the electrolyte, however the surface of the aluminium current collector is passivated by 

the LiPFR6R in the electrolyte. LiPFR6R is used because it improves the corrosion resistance of the 

aluminium current collector, literature shows that LiPFR6R forms both AlR2ROR3R and AlFR3R layers on 

aluminium current collectors to passivate them.50–55 However the passivation layer formed by the 

lithium salt can fail under extreme conditions such as elevated temperatures leading to the 

corrosion of the aluminium current collector.169 Aluminium current collector corrosion has been 

investigated in the literature by Sayed et al 170  Ma et al171, Krämer et al , Mun et al54 and Braithwaite 

et al169 with the work by Sayed et al focussing on the corrosion and passivation of current collectors 

at high temperatures. However, this study investigated the use of LiTFSI as the lithium salt and an 

ionic liquid (PIP-TFSI) as the electrolyte solvent, so this study isn’t comparable with the system being 

investigated in this study. Another study by Mun et al54 also investigates the effect of temperature 

on aluminium corrosion but again this study investigates the use of ionic liquids as the electrolyte 

solvent, however the effect of different electrolyte salts (LiTFSI, LiBETI, LiPFR6R, LiBFR4R) is also 

investigated. Ma et al171 have investigated the corrosion of aluminium with 1.2M LiPFR6R in EC/ EMC 

at room temperature and proposed a mechanism for the process. Contrary to what is widely 

believed in the literature that LiPFR6R breaks down to produce HF which then converts the AlR2ROR3R to 

AlFR3R to passivate the aluminium, it is believed that it is in fact the solvent molecules which are 

involved in the process. It is believed that EC can electrochemically oxidise to produce H+ ions which 

then react with the AlR2ROR3R leaving the aluminium surface prone to further oxidation.  

This chapter will investigate the effect of temperature on the corrosion of the aluminium current 

collector using incremental potential staircase tests used in the literature by  Ma et al171 and then 

analysing the aluminium foils using SEM coupled with EDX analysis. The other technique used to 

assess the corrosion is constant current charging to assess the excess charge passed on the first 

charge cycle.  
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6.2 Aims and Objectives 

 

The aims of this chapter were: 

 

To investigate the role of the aluminium current collector in the capacity loss at elevated 

temperatures.  

 

The objectives of this chapter were: 

 

To understand and characterise the mechanisms that lead to the corrosion of the aluminium 

current collector at elevated temperatures.  
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6.3 Experimental Details  

 

To assess the corrosion of the aluminium current collectors two methods were used. The first 

method used was an incremental potential staircase test used in the literature by  Ma et al171, the 

method is as follows: 

 

1. Swagelok cells were fabricated using an aluminium foil, two glass fibre separators soaked 

with 1M LiODFB in EC and a lithium metal foil disk.  

2. Cells were then put into ovens at 60, 90, 120 and 150 ⁰C and heated for 1 hour.  

3. The cells were then charged to 3.6 V vs Li/Li+ using a constant current of 0.024 mA (as per 

the method by Ma et al 171)  

4. The cells were then held at a constant potential for 10 hours and the current was recorded.  

5. This process was then repeated in 0.1V vs Li/Li+ increments to a potential of 4.5 V vs Li/Li+.  

 

The voltage and current profiles were then evaluated for the constant potential steps using a 

parabolic rate law relationship. The cells were then disassembled and the aluminium disks were 

then washed with ethanol to remove electrolyte and dried overnight under vacuum (Buchi drying 

oven < 4 x 10-1 mBar 80 ˚C). The aluminium disks were then imaged using SEM coupled with EDX to 

look for aluminium corrosion.   

The second method the constant current charging experiment uses a constant current of 0.04 mA 

to charge the aluminium and carbon coated aluminium half cells to 3.8 V vs Li/Li+. A current of 0.04 

mA was chosen since this was the average current used to charge the lithium iron phosphate cells 

at a C-rate of C/10 during galvanostatic cycling. Carbon coated aluminium foil was made using the 

ink method as described in chapter 2 using 12% PVDF as the binder. To compare the effect of 

temperature on aluminium foil and carbon coated aluminium foil, the charge (mAh) was evaluated 

for the aluminium and carbon coated aluminium. This was then compared with that of the lithium 

iron phosphate, to allow a comparison of aluminium and carbon coated aluminium, both which 

don’t have any lithium storage capacity, the theoretical capacity (170 mAh g-1) was subtracted from 

the lithium iron phosphate charge. This then only gave the charge associated with contribution of 

the side reactions i.e. the corrosion rather than any charge associated with that of lithium storage 

in the lithium iron phosphate.  



Chapter 6 

124 

6.4 Results from Incremental Potential Staircase Tests 

 

Figure 6-2 to Figure 6-9 show the voltage and current profiles for the incremental potential staircase 

tests between 3.6 V to 4.5 V at 60, 90, 120 and 150 ˚C. It is observed at 60 ⁰C, seen in Figure 6-2 and 

Figure 6-3, that there is an initial increase in the current followed by a decay, with Figure 6-3 

showing this in detail for the case of an applied potential of 3.6V. Integration of the current with 

time gives the total charge associated to the formation of the passivation layer on the aluminium 

surface. The subsequent voltage steps (3.7 to 4.5 V) show very low current which shows that the 

initial 3.6 V step is sufficient to give an appropriate passivation layer. The charge passed during the 

constant potential steps  can be seen clearer in Figure 6-10 by where it can be seen that there is an 

initially high charge associated with the corrosion/ passivation step at 3.6 V followed by a much 

lower charge on subsequent potential steps.  

The effect of temperature can start to be seen at 90 ˚C, seen in Figure 6-4 and Figure 6-5. It is 

observed that just like at 60 ˚C, there is a passivation of the aluminium surface at 3.6 V, seen in 

Figure 6-5. It can be seen that the current at 90 ˚C, observed by the greater area under the curve in 

Figure 6-5 suggesting a higher degree of aluminium oxide formed on the aluminium surface. It can 

also be seen that the charge passed during the potential hold steps are higher for 90 ˚C compared 

to of that of 60 ˚C, seen in Figure 6-10. This suggests that there is corrosion events occurring at 90 

˚C, this becomes more evident from 4.0 V to 4.5 V where the charge during the potential hold steps 

increases with increasing temperature. It is observed in Figure 6-4 that for 4.4 V and 4.5 V that there 

is current spiking during the constant potential steps suggesting that corrosion is significant during 

these steps.  
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Figure 6-2 Voltage and current profile for the incremental potential staircase experiment at 

60 ˚C. 

 

 

Figure 6-3  Current profile at 3.6 V for the incremental potential staircase experiment at  

 60 ˚C. 

 

 

5000 10000 15000 20000 25000 30000 35000 40000
0.000

0.005

0.010

0.015

0.020

0.025

C
ur

re
nt

 / 
m

A

Time / s

60 °C



Chapter 6 

126 

 

Figure 6-4 Voltage and current profile for the incremental potential staircase experiment at 

90 ˚C. 

 

 

Figure 6-5 Current profile at 3.6 V for the incremental potential staircase experiment at  

 90 ˚C. 
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It can be seen at 120 ˚C that the measured current values are much larger than seen at both 90 and 

60 ˚C, as can be seen in Figure 6-6 and Figure 6-7.  It can be seen that at 3.6 V the current for the 

constant potential step is much higher and there appears to be some corrosion occurring during 

this step, because there is a current spike followed by a current relaxation. There also appears to 

be significant corrosion occurring between 3.8 V and 4.5 V since the current remains high during 

the potential hold steps, signifying significant corrosion occurring. Figure 6-10 shows that after 3.7 

V the total charge passed increases with potential until; 4.2 V by where after this it starts to 

decrease again.  

This effect of temperature on the corrosion is even more apparent at 150 ˚C, seen in Figure 6-8 and 

Figure 6-9. It is observed in Figure 6-9 that the constant current step to reach 3.6 V takes much 

longer at 150 ̊ C than the other temperatures and it is observed that the current during the constant 

potential step is also much higher than the other potentials. This suggests that corrosion during this 

initial step is occurring since much more current is passed. The higher value of current at higher 

temperatures could be due to a thicker aluminium oxide coating being formed. The higher value of 

current could also be due to electrolyte decomposition, which might compete or occur 

simultaneously with the oxidation of aluminium to form the aluminium oxide passivating layer. The 

passivation at this high temperature is not stable, since it is observed that at higher potentials, 

particularly between 3.8 V and 4.0 V there is a massive increase in the current which equates to a 

series of corrosion events, something which is confirmed via SEM and EDX in section 6.5.  It is very 

likely that we are seeing more than aluminium corrosion here since electrolyte breakdown is 

enhanced in the region of 120 and 150 ˚C, this is also confirmed in section 6.5. These results can be 

compared to the galvanostatic cycling behaviour. It was observed that in chapter 4 that the cells 

showed an additional charge contribution at ca. 0.4 V vs LiR0.5RFePOR4R or 3.7 V vs Li/Li+ for 120 ˚C and 

0.25 V vs LiR0.5RFePOR4R or 3.85 V vs Li/Li+. It can be seen that looking at the graphs for 120 and 150 ˚C 

in Figure 6-10 that the total charge starts to rise at 3.85 V for 120 ˚C and starts to rise after 3.7 V 

for 150 ˚C, this agrees with the voltages in the galvanostatic cycling for 120 and 150 ˚C.  
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Figure 6-6 Voltage and current profile for the incremental potential staircase experiment at 

120 ˚C. 

 

 

Figure 6-7 Current profile at 3.6 V for the incremental potential staircase experiment at 

 120 ˚C. 
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Figure 6-8 Voltage and current profile for the incremental potential staircase experiment at 

150 ˚C. 

 

 

Figure 6-9 Current profile at 3.6 V for the incremental potential staircase experiment at 

 150 ˚C. 
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Figure 6-10 Total charge passed during the 10 hour constant potential steps for the incremental 

potential staircase experiment at 3.6 to 4.5 V at 60, 90, 120 and  

 150 ˚C. 

 

In order to fully analyse the effect of potential and temperature on the effect of the corrosion of 

the aluminium current collector a model of parabolic rate law of corrosion and passivation of 

aluminium can be applied, seen in Equation 6-2. 

 

𝐼𝐼 =  [ 0.5 𝑘𝑘 ((𝑡𝑡 +  𝑡𝑡0)−0.5)] +  𝑖𝑖0   Equation 6-2 

Where: 

I = current  

t = time 

k = parabolic rate law constant  
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Using a solver fit on excel k, tR0R and iR0R values were used to optimise a fit to the current curve using 

sum of χ2 values in order to provide a close fit to the curve as possible in order to determine an 

accurate k value for the kinetics of the current corrosion. Figure 6-11 shows the results of the fits 

for the determination of k value fits of the current curves at voltages from 3.6 V to 4.5 V for 60, 90, 

120 and 150 ̊ C. It is observed that at all temperatures that there is an initial high k values associated 

with the initial formation of the passivation of the aluminium surface, this value increases with 

increasing temperature as can be seen in Figure 6-11. It can also be observed that with increasing 

temperature that the k values for all voltages is higher with higher temperature. At 60 ˚C there is 

the initially higher k value with a drop to a low k value at increasing potentials, essentially showing 

that the electrode surface is effectively passivated, however it can be seen that a small corrosion/ 

passivation event occurs at 4.3 V because the k value increases returning to a low k value after 4.3 

V. At 90 ˚C a similar observation is observed than seen at 60 ˚C, by where there is an initial higher k 

value followed by a small k value, indicating a passivated surface. Again, a spike can be seen at 4.3 

V which suggests a corrosion/ passivation event and again at 4.5 V where there is much higher k 

value than the initial one suggesting a larger corrosion event occurring at 4.5 V. At 120 ˚C again we 

have an initial passivation of the surface however it can be seen that the k values are up and down, 

suggesting that the aluminium surface isn’t entirely well passivated at this temperature suggesting 

a many corrosion/ passivation events occurring on the aluminium surface. The image in Figure 6-6 

shows that the current plots suggest significant corrosion occurring, something which is confirmed 

using EDX in section 6.5. It can be seen for 150 ˚C that it appears that the surface initially passivates 

however at 3.9 V significant increase in k is observed peaking at 4.0 V and decreasing by 4.2 V, this 

can be observed in Figure 6-8 where it can be seen that there is a large increase in the current. The 

large spikes in current between 3.9 V and 4.1 V suggest that the surface isn’t passivated and 

corrosion of the aluminium surface occurs.   
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Figure 6-11 Rate constant (k) values obtained from the incremental potential staircase 

experiment at 3.6 to 4.5 V at 60, 90, 120 and 150 ˚C. 
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6.5 SEM and EDX Studies of the Aluminium Current Collectors  

 

The following section shows the results from SEM and EDX studies of the aluminium current 

collectors taken from the cells used during the incremental potential staircase tests study (section 

6.4). Work by Braithwaite et al 169 showed that aluminium corrosion occurs as localised pitting 

shown by SEM and used auger maps to prove that AlR2ROR3R was forming in the corrosion pits. Work 

by Mun et al 54 showed that pitting corrosion occurs and showed that the formation of oxides was 

occurring using XPS. The cells used for the incremental potential staircase tests were disassembled 

and the aluminium foils were washed using ethanol to remove the electrolyte and dried at 80 ˚C 

prior to mounting onto SEM stubs, the samples were then mounted into the Phillips XL30 ESEM 

coupled with EDX.  

Figure 6-12 to Figure 6-14 show the SEM/ EDX of the aluminium foil before incremental potential 

staircase testing, it can be seen that the aluminium surface is free of corrosion which can be 

confirmed by the EDX graphs in Figure 6-13 and Figure 6-14, it can be seen that the main peak in 

the EDX is that of Al appearing at 1.5 keV, there is also a trace of O at around 0.5 keV, this is due to 

natural oxidation layer which aluminium has in order to protect it from further oxidation. Two areas 

of the aluminium were selected a single point and a large area, both showing very similar results 

showing a large peak and a trace of O corresponding to the thin oxidation layer.  

 

 

Figure 6-12 SEM image of aluminium foil before incremental potential staircase testing 

showing the sampling sites for the EDX. 15kv 1000X. 



Chapter 6 

134 

 

Figure 6-13 EDX site 1 of aluminium foil before incremental potential staircase testing. 15kv 

1000X. 

 

 

Figure 6-14 EDX site 2 of aluminium foil before incremental potential staircase testing. 15kv 

1000X. 

 

Figure 6-15 to Figure 6-18 show the SEM/ EDX of the aluminium corrosion tests at 90 ˚C. It can be 

seen that at 90 ˚C, that there appears to be significant corrosion of the surface indicated by the 

dark spots on the surface of the aluminium, there is also a large bright spot on the surface too, 

suggesting the growth on the surface. This growth on the surface has been analysed using EDX, the 

results of which are seen in Figure 6-16. It can be seen that the largest peak is O, with significant 

contributions from C and F, with a much smaller peak for Al than the aluminium surface itself. It is 

suggested that this is electrolyte breakdown on the surface, which is not surprising since it is 

expected that there is significant electrolyte breakdown occurring at higher temperatures. Going 

to spot 2 on the SEM image it can be seen that there appears to be no corrosion of the surface, this 

is confirmed by Figure 6-17, it can be seen that the O peak is very minimal showing that there is the 

normal passivation layer present. It can also be seen that there is also F present too, which could 

very well be the formation of AlFR3R on the surface was has been cited in previous work50–55, since the 

electrolyte contains fluorine. Looking at spot 3 on Figure 6-15, it appears that there is corrosion of 

the aluminium surface. This is confirmed in Figure 6-18 where it is seen that there is the presence 
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of O and F which suggest again formation of AlFOR3R, there is also the presence of carbon too which 

is a likely contribution from electrolyte breakdown. It has been shown that there is significant 

electrolyte breakdown and aluminium corrosion occurring at 90 ˚C, from the SEM and EDX studies.  

 

 

Figure 6-15 SEM image of aluminium foil subjected to incremental potential staircase testing 

at 90 ˚C showing the sampling sites for the EDX. 10kv 2000X. 

 

 

Figure 6-16 EDX site 1 of aluminium foil subjected to incremental potential staircase testing at 

90 ˚C. 10kv 2000X. 

 



Chapter 6 

136 

 

Figure 6-17 EDX site 2 of aluminium foil subjected to incremental potential staircase testing at 

90 ˚C. 10kv 2000X. 

 

 

Figure 6-18 EDX site 3 of aluminium foil subjected to incremental potential staircase testing at 

90 ˚C. 10kv 2000X. 

 

Figure 6-19 to Figure 6-22 show the SEM/ EDX of the aluminium corrosion tests at 120 ˚C. What is 

apparent is that there seems to be much more significant corrosion occurring than at 90 ˚C. Again, 

it can be seen that there is a passivation layer on the aluminium surface seen from site 1, seen in 

Figure 6-19. Again, it appears that there is the formation of AlFOR3R as can be seen by the EDX Figure 

6-20, this is clearly a contribution from the electrolyte itself. Looking again at Figure 6-19 it is 

observed that there are significant growths on the surface, these could either be corrosion or 

electrolyte breakdown. It can be seen that looking at Figure 6-21 and Figure 6-22 that there are 

significant contributions from O and F, with a small amount of C. These are likely to be formation 

of corrosion spots of AlFOR3R with electrolyte breakdown, this is the case because it has already been 

shown that there is electrolyte breakdown is occurring, seen at 90 ⁰C. 
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Figure 6-19 SEM image of aluminium foil subjected to incremental potential staircase testing 

at 120 ˚C showing the sampling sites for the EDX. 15kv 5000X. 

 

 

Figure 6-20 EDX site 1 of aluminium foil subjected to incremental potential staircase testing at 

120 ˚C. 15kv 5000X. 

 

 

Figure 6-21 EDX site 2 of aluminium foil subjected to incremental potential staircase testing at 

120 ˚C. 15kv 5000X. 
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Figure 6-22 EDX site 3 of aluminium foil subjected to incremental potential staircase testing at 

120 ˚C. 15kv 5000X. 

 

Figure 6-23 to Figure 6-26 show the show the SEM/ EDX of the aluminium corrosion tests at 150 ˚C. 

What is immediately obvious from the SEM image in Figure 6-23 is that whole aluminium surface 

appears to be severely corroded, with signs of significant growth on the surface. It is shown in Figure 

6-24 to Figure 6-26 that there are significant contributions of C, O and F which suggest the formation 

of aluminium oxides, AlFOR3R and electrolyte breakdown. This temperature seems to have the most 

significant reactions occurring from the SEM images and the EDX results and it is suggested that 

both aluminium corrosion and electrolyte breakdown are both contributing to the capacity fade at 

high temperatures. This is particularly the case where it was shown that at 150 ˚C there was huge 

current spikes in the corrosion tests, giving rise to high k values, with the SEM/ EDX showing 

significant corrosion and electrolyte breakdown, confirmed by the presence of C, O, and F.  

 

 

Figure 6-23 SEM image of aluminium foil subjected to incremental potential staircase testing 

at 150 ˚C showing the sampling sites for the EDX. 5kv 1000X. 
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Figure 6-24 EDX site 1 of aluminium foil subjected to incremental potential staircase testing at 

150 ˚C. 5kv 1000X. 

 

 

Figure 6-25 EDX site 2 of aluminium foil subjected to incremental potential staircase testing at 

150 ˚C. 5kv 1000X. 

 

 

Figure 6-26 EDX site 3 of aluminium foil subjected to incremental potential staircase testing at 

150 ˚C. 5kv 1000X. 
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6.6 Results from Constant Current Charging of Aluminium and Carbon 

Coated Aluminium  

 

In chapter 4, it was found that composite LiFePOR4R electrodes showed a total capacity during charge 

higher than the theoretical capacity associated with the de-lithiation of LiFePOR4R. This extra charge 

could be due to the other components present in the electrode, such as the carbon black conductive 

additive or the aluminium current collector, or an interplay between those extra components and 

the LiFePOR4R active material. In order to assess which component (carbon black or aluminium 

current collector) produced the excess charge passed during the first charge cycle cells were 

assembled with aluminium and carbon coated aluminium instead of LiFePOR4R electrodes. The cells 

were then charged from the open circuit potential of 2.8 V vs Li/Li+ to 3.8 V vs Li/Li+ with a set 

potential of 0.04 mA to measure how much aluminium and carbon coated aluminium contributed 

to the excess charge passed on the first cycle. The current of 0.04 mA was chosen because it is the 

typical current used in cycling cells with LiFePOR4R electrodes (see experimental details in the caption 

of Figure 6-27). 

In order to understand how much excess charge is passed on the first cycle by LFP, the theoretical 

capacity of lithium iron phosphate was subtracted from the experimental capacities, which means 

that only the excess charge passed on the first charge cycle is revealed and not any associated with 

lithium extraction from LiFePOR4R. The full charge profile before the subtraction of the theoretic 

capacity can be seen in Figure 6-27, it should also be noted that the potential has been adjusted to 

vs Li/Li+ in order to compare with the rest of the results in this chapter. This is done by taking into 

account that the potential of the LiR0.5RFePOR4R reference and counter electrode equals 3.45 V vs. Li/Li+.  

It can be observed that there is excessive charge over 170 mAh g-1 for all temperatures. This excess 

charge is better understood by extracting the theoretical capacity and converting the resulting 

excess specific charge (mAh g-1) to excess charge (mAh), this can be seen in Figure 6-28. It can be 

observed that the highest excess charge is for 90 ⁰C giving a value of 0.4 mAh associated with side 

reactions, it can be observed that there is very little excess charge for 60 ⁰C, compared to the other 

temperatures and this was also noted in chapters 5 and 6. The excess charge is also high at 120 and 

150 ⁰C giving values of 0.35 mAh at 120 ⁰C and 0.3 mAh at 150 ⁰C.  
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Figure 6-27  Potential vs specific charge for the first charge cycle of galvanostatic cycling of 

LiFePOR4R cells at 60, 90, 120 and 150 ˚C. The charge was done at C/10, and since 

the LiFePOR4R content was ca. 2.35 mg, the current applied was ca. 0.04 mA. The 

carbon content in the composite electrodes is ca 0.36mg (note that the 

electrodes are made with 12 %wt carbon, 12 %wt PVDF binder and 76 %wt 

active material). 

 

 

Figure 6-28  Potential vs excess charge for the first charge cycle of galvanostatic cycling of 

LiFePOR4R cells at 60, 90, 120 and 150 ̊ C. The original data is plotted in Figure 6-27, 

and the excess charge is obtained by subtracting the theoretical capacity of 170 

mAh g-1 to only account for the extra charge associated with side reactions.   
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Figure 6-29 shows the potential vs charge for the constant current charging of aluminium foil 

against lithium metal using the same electrolyte as in cycling LiFePOR4R electrodes in the results in 

Figure 6-27 and Figure 6-28 a 1M LiODFB in EC electrolyte at 60, 90, 120 and 150 ˚C. The current 

applied to the aluminium electrodes is also the same as the current applied to the LiFePOR4R 

electrodes: 0.04 mA. It can be seen that the charge of aluminium is low which is to be expected, 

since it is not a lithium storage material, it can be seen however that as temperature is increased 

the charge increases. This is likely due to the side reactions occurring namely aluminium corrosion 

and electrolyte breakdown occurring as was proved earlier on in this chapter. However, these 

charge values do not match those associated with those of the lithium iron phosphate cells, seen 

in Figure 6-28 and table 6-1. Looking at Figure 6-28 it can be seen that the excess charge values 

are 100 times larger for lithium iron phosphate compared to the aluminium meaning that it is 

more than the aluminium itself which is contributing to the excess charge passed. It needs to also 

be noted that in the constant current experiment the aluminium is charged from the open circuit 

potential of 2.8 V vs Li/Li+ to 3.8 V vs Li/Li+ and not 4.5 V vs Li/Li+ as in the case for LiFePOR4R. Future 

work should look at further set of experiments going up to 4.5 V vs Li/Li+.   

 

 

Figure 6-29 Potential vs charge for a constant current (0.04 mA) charging of Al vs Li cells at 60, 

90, 120 and 150 ˚C. 
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Figure 6-30 and Figure 6-31 show the results of the constant current charging of carbon black 

coated aluminium vs Li cells at 60, 90, 120 and 150 ˚C. These electrodes were made by ink-coating 

an aluminium foil, producing a coating with 90 %wt of carbon black and 10 %wt of PVDF. The carbon 

content in these electrodes is ca. 0.67mg, which is higher than the ca 0.36mg carbon content in the 

LiFePOR4R composite electrodes. It needs to also be noted here that in the constant current 

experiment the carbon coated aluminium is charged from the open circuit potential of 2.8 V vs Li/Li+ 

to 3.8 V vs Li/Li+ and not 4.5 V vs Li/Li+ as in the case for LiFePOR4R (Figure 6-28). Future work should 

look at further set of experiments going up to 4.5 V vs Li/Li+. Figure 6-30 shows the results of 

constant current charge experiments for 60, 90, 120 and 150 ⁰C, it should be noted that because 

the charge is so high at 150 ⁰C, only part of the curve can be seen in Figure 6-30, therefore the full 

curve can be seen in Figure 6-31. Figure 6-31 shows that at 150 ⁰C, polarization up to 3.8 V involves 

a substantial charge, of up to 2.5 mAh. In view of Figure 6-28, it is estimated that at 150 ⁰C, 

polarization to 3.8 V vs. Li/Li+ would involve an excess charge of around 0.3 mAh in the experiments 

with LiFePOR4R electrodes. As noted, the carbon coated aluminium electrodes contain more carbon 

that the LiFePOR4R composite electrodes. This could explain the higher charge observed in the former. 

In addition, the carbon coated composite electrodes could have a higher porosity, which again, 

could explain a higher charge. On the other hand, the carbon coated electrode shows a very small 

charge at lower temperatures, this can be seen in Figure 6-30. In view of Figure 6-28, it is estimated 

that at 60, 90 and 120 ⁰C, polarization to 3.8 V vs. Li/Li+ would involve a small or negligible excess 

charge for the experiments with LiFePOR4R electrodes. This is consistent with the fact that the carbon 

coated aluminium electrodes show a very small charge when charged up to these potentials (Figure 

6-30). 

In conclusion, comparison of the charge of LiFePOR4R (Figure 6-28) with carbon coated aluminium 

(Figure 6-30 and Figure 6-31), it can be seen that the cause of the excess of charge in the LiFePOR4R 

electrodes at 150 ⁰C is very likely the presence of carbon on the electrode. Since this excess of 

charge is triggered by application of high temperatures, we propose that the process is due to 

electrolyte degradation at the surface of the carbon black. This could either be the electrolyte 

reacting with the carbon or the carbon acting as catalyst for electrolyte reactions, since no post-

mortem analysis was performed, the exact mechanism cannot be concluded. Comparing the 

aluminium electrodes (Figure 6-29) with that of carbon coated aluminium electrodes (Figure 6-30 

and Figure 6-31), it is seen that the aluminium electrodes produce a much smaller charge in these 

experiments. This can be explained by the difference in the surface area: the aluminium foil is flat, 

and hence has a much smaller surface area than the electrode coated with a carbon black ink. 
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Figure 6-30  Potential vs charge for a constant current (0.04 mA) charging of carbon coated 

Al vs Li cells at 60, 90, 120 and 150 ˚C, dashed lines denote repeat tests. The 

carbon content in the composite electrodes is ca 0.67mg (note that the 

electrodes are made with 90 %wt carbon and 10 %wt PVDF binder).  

 

 

Figure 6-31  Potential vs charge for a constant current (0.04 mA) charging of carbon coated 

Al vs Li cells at 150 ˚C, dashed lines denote repeat tests. The carbon content in the composite 

electrodes is ca 0.67mg (note that the electrodes are made with 90 %wt carbon and 10 %wt PVDF 

binder). 
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Table 6-1 Summary of charge values for LFP, Al and C-Al at 60, 90, 120 and 150 ˚C. 

Temperature 
˚C 

Charge mAh 

LFP Al C-Al 

60 0.01 0.00125 0.0040 

90 0.40 0.00210 0.0070 

120 0.35 0.00250 0.0118 

150 0.30 0.00370 2.5000 
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6.7 Conclusions  

This chapter aimed to identify if corrosion of the aluminium current collector occurs at elevated 

temperatures. The results have shown that current collector corrosion does occur at elevated 

temperatures, especially at temperatures above 90 ˚C, where it was shown that significant 

corrosion occurs to the aluminium current collector. The incremental potential staircase tests 

showed that at 90 ˚C that rather than the potential relaxing after a potential step, there is spikes in 

the current plot which signifies that current collector corrosion occurs. This effect is even more 

apparent at 150 ˚C, particularly between 3.8 V and 4 V there is a massive increase in the current 

which equates to a series of corrosion events. It is however likely that we are seeing more than 

aluminium corrosion here since electrolyte breakdown is also very likely in the region of 120 and 

150 ˚C.  

SEM with EDX was conducted on the incremental potential staircase test samples to confirm that 

corrosion was occurring. At 120 ˚C and 150 ˚C it was shown that significant aluminium corrosion 

was occurring with the SEM images showing that there are significant growths on the surface. EDX 

showed contributions from O and F, with a small amount of C. At 150 ˚C it was observed that there 

was significant aluminium corrosion and electrolyte breakdown occurring which is contributing to 

the capacity fade at high temperatures. This is particularly the case where it was shown that at 150 

˚C there was huge current spikes in the corrosion tests, giving rise to high k values, with the SEM/ 

EDX showing significant corrosion and electrolyte breakdown, confirmed by the presence of C, O, 

and F. 

In order to assess the excess charge passed during the first charge cycle, which was discussed in 

section 6.1 and figure 6.1, cells were assembled with aluminium and carbon coated aluminium 

instead of LFP electrodes to measure how much aluminium and carbon coated aluminium 

contributed to the excess charge passed on the first cycle. It was shown that for aluminium as 

temperature is increased the charge increases due to the side reactions occurring namely 

aluminium corrosion and electrolyte breakdown. However, these charge values do not match those 

associated with those of the lithium iron phosphate cells. For the carbon coated aluminium results 

showed that the charge is higher than that of the aluminium foil, showing that the carbon itself 

does have a contribution to the excess charge passed on the first cycle. So, in addition to aluminium 

corrosion we also have the contribution of the side reactions of the electrolyte with the carbon. At 

150 ˚C it is observed that the capacity is 2.5 mAh which is 8 times that of lithium iron phosphate at 

150 ˚C, which is 0.3 mAh at 150 ˚C. This could be ascribed to the fact that the carbon content of the 

aluminium coated electrodes contained more carbon (ca. 0.67 mg) than the LiFePOR4R electrodes 

(0.36 mg), and also, their porosity is higher.  It needs to also be noted here that in the constant 
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current experiments the carbon coated aluminium and the bare aluminium is charged from the 

open circuit potential of 2.8 V vs Li/Li+ to 3.8 V vs Li/Li+ and not 4.5 V vs Li/Li+ as in the case for 

LiFePOR4R. Therefore, future work should look at further set of experiments going up to 4.5 V vs Li/Li+.   
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Chapter 7 Overall Conclusions and Further Work 

This project aimed to investigate the high temperature operation of secondary lithium-ion 

batteries, giving an understanding of the temperature limitation of binders, electrolytes, positive 

electrode materials, negative electrode materials and current collectors. 

This thesis has studied the high temperature operation of lithium ion batteries up to a temperature 

of 150 ⁰C. Results have shown that the main factors which are responsible for capacity fade are the 

electrolyte, electrode binder and the current collector. It has been demonstrated that by replacing 

LiPFR6R, for an alternative electrolyte LiODFB that lithium iron phosphate cells can be operated at 

higher temperatures. However, results showed that capacity fade was rapid at high temperatures, 

it was demonstrated that the binder was one of the causes of the first cycle irreversible capacity 

and had a large influence on the long-term capacity loss. It was also demonstrated that aluminium 

current collector corrosion was occurring during high temperature operation, this was studied in 

chapter 6. 

In chapter 3 the effect of temperature on the galvanostatic cycling on graphite half cells was 

evaluated. The results showed that as temperature is increased the irreversible capacity increases, 

due to the formation of an increased growth of SEI with temperature. From the analysis of 

temperature on the irreversible capacity, using the Arrhenius equation, the effective activation 

energy of the irreversible reactions at the electrode/ electrolyte interface was estimated to be 11.6 

kJ ±0.4 kJ mol-1. Graphite and hard carbon were investigated as negative electrode materials and 

results showed that hard carbon has a large irreversible capacity loss on the first cycle. This effect 

was attributed to the high surface area of the hard carbon resulting in a higher amount of 

electrolyte breakdown. The hard carbon also didn’t perform to the expected capacity which is 

quoted in excess of 400 mAh g-1, but the observed capacity improved on heating the cells at 60 ⁰C. 

A range of binders were investigated namely PVDF, PAI and PAN. Results showed that PAI was a 

poor performer due to high irreversible capacity losses. However, when the electrodes were 

subjected to an additional drying stage of 240 ⁰C to cure the polymer results showed high coulombic 

efficiencies and lower irreversible capacity losses. PVDF seemed to perform well with high 

coulombic efficiencies and high irreversible capacity values obtained, however it didn’t perform as 

well as PAI or PAN. PAN was only tested with graphite but results were very promising giving rise 

to a high coulombic efficiency and lowR Rirreversible capacity values, with a high retention of capacity 

on heating at 60 ⁰C.  

Chapter 4 aimed to study the effect of electrolyte salts on the performance of lithium iron 

phosphate cells at elevated temperatures. The capacity retention on galvanostatic cycling between 
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60 and 120 ⁰C was good, at 120 ⁰C the capacity after 100 cycles was 130 mAh g-1 equating to a 76% 

capacity retention. At 150 ⁰C however, the capacity fade was much more rapid, with 50 % capacity 

loss after 20 cycles for LiODFB and 10 cycles for LiBOB. At 150 ⁰C LiODFB performed much better 

than LiBOB with a slower degrade in capacity observed, however this performance can still be much 

improved since cycle life is low at this temperature.  

Chapter 5 studied the effect of binders (PVDF 5130, PAI and PAN) on the cycling performance of 

lithium iron phosphate cells at elevated temperatures (60, 90, 120 and 150 ˚C) using the best 

performing electrolyte investigated in chapter 4 (1M LiODFB in EC). Results showed that at 60 ˚C 

PAN had the highest capacity retention on cycling compared to both PVDF and PAI. However, at 90 

˚C and above PAI had the highest capacity retention on cycling compared with both PVDF and PAN, 

with PAN showing rapid capacity fade particularly at 120 and 150 ˚C. It is observed that at 90, 120 

and 150 ˚C PAI outperforms PVDF and PAN with higher discharge capacities observed for PAI over 

102 cycles at 90, 120 and 150 ˚C.  

Chapter 6 aimed to understand and characterise the mechanisms that lead to the corrosion of the 

aluminium current collector at elevated temperatures and to assess the role of the current collector 

in the capacity loss at elevated temperatures. The results have shown that current collector 

corrosion does occur at elevated temperatures, especially at temperatures above 90 ˚C, where it 

was shown that significant corrosion occurs to the aluminium current collector. SEM with EDX was 

conducted on the incremental potential staircase test samples to confirm that corrosion was 

occurring. At 120 ˚C and 150 ˚C it was shown that significant aluminium corrosion was occurring 

with the SEM images showing that there are significant growths on the surface. EDX showed 

contributions from O and F, with a small amount of C. At 150 ˚C it was observed that there was 

significant aluminium corrosion and electrolyte breakdown occurring which is contributing to the 

capacity fade at high temperatures. In order to assess the origin of the excess charge passed during 

the first charge cycle cells were assembled with aluminium and carbon coated aluminium instead 

of LFP electrodes to measure how much aluminium and carbon coated aluminium contributed to 

the excess charge passed on the first cycle. It was shown that for aluminium as temperature is 

increased the charge increases due to the side reactions occurring namely aluminium corrosion and 

electrolyte breakdown. However, these charge values do not match those associated with those of 

the lithium iron phosphate cells. For the carbon coated aluminium results showed that the charge 

is higher than that of the aluminium foil, showing that the carbon itself does have a contribution to 

the excess charge passed on the first cycle. So, in addition to aluminium corrosion we also have the 

contribution of the side reactions of the electrolyte with the carbon. At 150 ˚C it is observed that 

the capacity is 2.5 mAh which is 8 times that of lithium iron phosphate at 150 ˚C, which is 0.35 mAh 

at 150 ̊ C. It needs to also be noted here that in the constant current experiments the carbon coated 
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aluminium and the bare aluminium is charged from the open circuit potential of 2.8 V vs Li/Li+ to 

3.8 V vs Li/Li+ and not 4.5 V vs Li/Li+ as in the case for LiFePOR4R. Therefore, future work should look 

at further set of experiments going up to 4.5 V vs Li/Li+.   

In order to further the work that has been done during this thesis it has been identified that further 

work would need to be done in the following areas: 

 

1. Electrolyte: In chapter 4 the investigation of electrolytes suitable for high temperature 

operation was done. However, this work could be expanded to investigate electrolyte 

additives in order to allow effective stabilisation of the SEI at higher temperatures. It should 

also include the investigation of alternative electrolyte systems such as polymers and solid-

state electrolytes since it is likely that the limit of what can be achieved in carbonate 

systems has been reached.  

2. Binder: It was effectively demonstrated in chapter 5 that binders had a huge impact on the 

first cycle irreversible capacity long term capacity fade. Further work should look at 

optimising the electrode binders, further evaluating the use of PAI as a binder for use at 

high temperatures, evaluating in a full Li-ion cell configuration. 

3. Current Collector: It was demonstrated in chapter 6 that corrosion of the aluminium current 

collector was occurring at elevated temperatures. Therefore, alternative current collectors 

should be investigated for use at high temperatures that don’t corrode when operated at 

150 ⁰C. The protection of the current collector could also be investigated using either 

coatings for the aluminium current collector or by electrolyte additives that allow effective 

passivation of the surface which do not fail at high temperatures.  
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