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Abstract 

Lithium iron sulphide has been investigated as a low-cost, high energy density and 

relatively safe positive electrode material for secondary lithium batteries. Lithium 

iron sulphide was synthesised, characterised and compared with natural pyrite 

samples and was shown to have a capacity of 350 mAh.g-1 upon cycling between 1.45 

and 2.80 V vs. Li. The capacity was attributed to the Fe2+/Fe3+ redox couple at 

potentials up to 2.55 V, and oxidation of sulphur sites from Fe3+(S2-)2 to Fe3+S2-(S2)2-0.5 

up to 2.80 V. The cycle life performance of lithium iron sulphide is poor when the cell 

is cycled between 1.45 and 2.80 V, with the cell loosing approximately 1.4 mAh.g-1 per 

cycle, although this performance is superior to comparable pyrite electrodes. 

Calcium doped samples of lithium iron sulphide were synthesised. Calcium doping 

was shown to impact upon lithium transport properties of the bulk lithium iron 

sulphide, improving the rate performance of the material. Improvements in cycle life 

performance of the calcium doped samples were offset by decreased specific capacity 

due to lithium substitution. 

The poor cycle life performance of lithium iron sulphide cells was attributed to the 

utilisation of the high voltage plateau corresponding to sulphur site 

oxidation/reduction. Experiments utilising a variety of negative electrode materials 

has identified the formation of soluble polysulphide species upon cycling of the cell, 

which reduce irreversibly at the negative electrode, contributing to active mass loss 

and poor cycle life performance. In-situ XRD studies have highlighted the structural 

decomposition that occurs upon utilisation of the sulphide, which results in 

irreversible amorphisation of the lithium iron sulphide crystal structure. 

Lithium iron sulphide was treated via coating with lithium boron oxide glass and a 

novel carbon coating method via thermal decomposition of butyl-methyl-

pyrrolydinium-dicyanimide. Both treatments were shown to increase the cycle life 

performance of lithium iron sulphide, due to decreased dissolution of polysulphide 

upon cycling. The choice of binder, electrode formulation and electrolyte was also 

shown to impact upon the cycle life performance of lithium iron sulphide cells. 
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Symbols 

C Capacitance F 
Cr C-rate h-1 

dhkl Lattice spacing Å 
D Diffusion coeffecient cm2.s-1 

E Potential V 
Ea Activation Energy eV 
F Faradays number (96485) C.mol-1 
ΔG Change in free energy J.K-1 
I Current A 
IR Current resistance  V 
l Particle radius µm 
mp Mass of active material pellet g 
m Moles of electrons mol 
M Molecular mass g 
n Number of electrons  
Q Charge C 
QT Theoretical capacity mAh.g-1 

QS Specific Capacity mAh.g-1 
QA Capacity of active material pellet mAh 
R Resistance Ω 
Rct Charge transfer resistance Ω 
Ru Uncompensated resistance Ω 
Tm Melting point °C 
µ Chemical potential J.mol-1 
λ Wavelength cm 
θ X-ray beam angle of incidence ° 
τ Particle time constant s 
ω Angular frequency Rad.s-1 
σ conductivity S.cm-1 
σ Warburg coefficient Ω s-1/2 
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Abbreviations 

AB Acetylene black 
AC Alternating current 
AFM Atomic force microscopy 
CE Counter electrode 
CV Cyclic voltammetry 
CVD Chemical vapour deposition 
DEC Diethyl carbonate 
DME Dimethoxyethane 
DMC Dimethyl carbonate 
DOL 1,2-dioxolane 
EC Ethylene carbonate 
EDX Energy-dispersive X-ray spectroscopy 
EG Ethylene glycol 
EMS Ethyl methyl sulfone 
EPDM Ethylene propylene diene monomer 
GITT Galvanostatic intermittent titration technique 
IPA Isopropanol 
MH Metal hydride 
NMP N-methylpyrrolidinone 
OCV Open circuit potential 
LBO Lithium boron oxide 
LiBOB Lithium bis(oxalato)borate 
LiTFSI Lithium bis(trifluoromethane sulfone imide) 
LFP Lithium iron phosphate 
LFS Lithium iron sulphide 
PC Propylene carbonate 
PAN Poly(acrylonitrile) 
PEO Poly(ethylene oxide) 
PFA Perfluoroalkoxy 
PMMA Poly(methyl methacrylate 
PVdF Polyvinylidene difluoride 
PTFE Poly(tetrafluoroethylene) 
PVD Physical vapour deposition 
RE Reference electrode 
SEI Solid electrolyte interphase 
SEM Secondary electron microscopy 
TEGDME Tetra(ethylene glycol) dimethyl ether 
TEM Transmission electron microscopy 
TGA Thermo gravimetric analysis 
WE Working electrode 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
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1.1 Aims 

The need for compact, lightweight energy storage devices to power the next 

generation of portable electronic devices, such as mobile phones and laptops, electric 

vehicles and for use in load levelling for renewable sources of energy has resulted in 

an effort to produce new rechargeable battery systems.1 

The aim of this project is to investigate the fundamentals of lithium iron sulphide 

when used as a positive electrode in a rechargeable lithium-ion battery system to 

better understand electrochemical cycling behaviour in relation to structural stability. 

The work will aim to improve upon the cycle life performance of lithium iron sulphide 

through changes to the system, including the modification of cathode materials 

structure, and optimisation of the electrode formulation, to produce a high energy 

density lithium-ion insertion electrode with improved electrochemical stability and 

cycle life characteristics. 
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1.2 Battery fundamentals 

1.2.1 The redox cell 

A battery is a device which is able to convert chemical energy, stored in the active 

materials, to electrical energy by means of a redox reaction. A battery can consist of 

one of these electrochemical redox units, referred to as a cell.  The cell consists of 

three components, an anode, a cathode and electrolyte, shown in Figure 1.1.2 The 

anode (negative electrode) is the reducing or fuel electrode which provides electron 

to the external circuit, the cathode (positive electrode) is the oxidising electrode, 

which accepts electrons from the external circuit and the electrolyte is an ionic 

conductor which allows the transfer of ions between the anode and cathode during 

operation. The electrolyte is normally a solvent with dissolved salts to allow ionic 

conductivity.  

 
Figure 1.1 Electrochemical operation of a cell during discharge 

 

The anode must have good conductivity, stability, high coulombic output and good 

efficiency as a reducing agent. The cathode must also have good stability when in 

contact with the electrolyte, have an appropriate working voltage range, and good 
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efficiency as an oxidising agent. The electrolyte must be a good ionic conductor, while 

being a poor electronic conductor, so as not to cause internal short-circuiting. In many 

types of cell electrolytes are aqueous solutions, but in lithium batteries and thermal 

batteries these are non-aqueous electrolytes, but can also include ionic liquids. In a 

practical application, the cathode and anode are physically separated to avoid short-

circuiting the cell. The separator must be permeable to the electrolyte to allow the 

flow of ions through the cell. 

 

1.2.2 Charge and discharge 

The processes at charge and discharge can be demonstrated with the LiCoO2 positive 

electrode material, combined with the graphite negative electrode material.3 

Equations 1.1 and 1.2 demonstrate the processes during discharge, while Equations 

1.3 and 1.4 demonstrate the charge process. This is an idealised scheme, as practically, 

only 0.5 M of lithium per mole of cobalt oxide can be reversibly intercalated. 

 

During discharge 

Negative electrode:  LiC6 → Li+ + C6 + e- 
         Equation 1.1 

Positive electrode:  CoO2 + Li+ + e- → LiCoO2 
         Equation 1.2 

During charge 

Negative electrode:  Li+ + C6 + e- → LiC6 
         Equation 1.3 

Positive electrode:  LiCoO2 → CoO2 + Li+ + e- 
         Equation 1.4 

 

During discharge, the cell is connected to an external load, allowing electrons to flow 

from the negative electrode, which is oxidized, to the positive electrode, which is 

reduced when electrons are accepted. The electronic circuit is completed by the flow 
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of lithium ions from the negative electrode to the positive electrode. During charge, 

the opposite process occurs. The current flow is reversed and reduction occurs at the 

negative electrode, while oxidation occurs at the positive electrode, and the flow of 

ions in the electrolyte is reversed. The overall balance is shown in equation 1.5. 

Overall 

   LiC6 + CoO2  ↔  C6 + LiCoO2 

   (Charged) (Discharged)   Equation 1.5 

 

This system is known as a secondary or rechargeable battery,4 as the chemical 

reduction at the cathode can be reversed by reversing the flow of current in the 

circuit. Confusion can arise when referring to an electrode as a cathode or anode, as 

although during discharge an electrode may function as a cathode, when the current is 

reversed and the cell is charged, it becomes an anode. This is avoided by referring to 

the electrode that acts as a cathode during discharge of a cell as a positive electrode, 

while referring to the electrode that acts as an anode during discharge as a negative 

electrode.5 

 

1.2.3 Cell Capacity 

The overall capacity of a cell is a function of the anode and cathode materials and is 

one of the key measurements used to characterise battery materials. Capacity is an 

expression of the total quantity of electrical charge passed in an electrochemical 

reaction and can be quantified in coulombs; however in the field of battery science 

capacity is more commonly reported as the technical unit of mAh.g-1. The theoretical 

capacity of a cell depends on the electrochemical reaction. For example, the charge 

reaction of lithium iron sulphide6 is shown in Equation 1.6: 

 

Li2FeS2 → FeS2 + 2Li+ + 2e- 

         Equation 1.6 
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From this equation we can see that during the charge process, two moles of lithium is 

extracted from lithium iron sulphide, while two moles of electrons flow around the 

external circuit. The total charged passed, Q in coulombs, can be calculated using the 

number of moles of electrons passing through the circuit using equation 1.7.7 

 

𝑄 =  𝑚𝐹 

Where :        Equation 1.7 

m = moles of electrons  F = Faradays number (96485 C mol-1) 

Once the total charge passed is calculated, the theoretical capacity of the material can 

be calculated by dividing the charged passed by the molar mass, as shown in 

Equation 1.8. 

𝑄𝑇=
mF
M

 

Where:         Equation 1.8 

   QT = theoretical capacity (C g-1) 

   M = molecular mass (g) 

 

The theoretical capacity calculated from Equation 1.8 has units of C.g-1, which can be 

converted to mAh g-1 by dividing by 3,600 (the number of seconds in an hour) and 

multiplying by 1,000 (to convert from Ah.g-1 to mAh.g-1). Using equations 1.7 and 1.8, 

the theoretical capacity for lithium iron sulphide, utilizing two moles of lithium per 

mole of active material is 400 mA h g-1. The specific capacity, the experimentally 

observed capacity, is usually less than this, due to side reactions during charge and 

discharge, and the inability to completely utilise all the lithium in the cathode/anode 

in the timescale of the experiment. 
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1.2.4 Cell voltage 

Another key characteristic of different battery materials is the cell voltage during 

charge and discharge. Whenever a redox reaction occurs, there is a change in the free 

energy of the system, and a subsequent change in cell voltage, described by equation 

1.9.8 

∆𝐺 =  −𝑛𝐹𝐸 

Where:         Equation 1.9 

  ∆G = change in free energy F = Faradays constant 

  n = number of electrons E = Potential 

This can be related to the lithium ion cell using the chemical potential of lithium in the 

positive and negative electrodes as described in Equation 1.10.9 

𝜕𝐺 = (𝜇𝐿𝑖+ − 𝜇𝐿𝑖− )𝜕𝑛 

Where:         Equation 1.10 

  ∂G = small change in free energy 

  μ+Li = Chemical potential of lithium in the positive electrode 

μ-Li = Chemical potential of lithium in the negative electrode 

∂n = small change in the number of electrons 

 

By combining Equations 1.9 and 1.10 we can see that the difference in chemical 

potential of lithium in two intercalation electrodes is equivalent to the free energy 

change associated with the transfer of lithium between the two electrodes. This is 

shown in Equation 1.11. 

𝐸 =  
(𝜇𝐿𝑖+ − 𝜇𝐿𝑖− )

𝐹
 

         Equation 1.11 
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1.2.5 Gibbs’ phase rule 

As a single phase material is charged/discharged, there is a continuous change in the 

cell voltage, while in a two phase material, during charge and discharge, there is a 

constant chemical potential for the equilibrium of the reaction, producing a 

charge/discharge plateau. The dependence of the cell voltage on state of charge of an 

insertion material can be explained by the Gibbs’ phase rule in Equation 1.12.10  

𝐹 = 𝐶 − 𝑃 + 2 

Where:         Equation 1.12 

  F = Degrees of freedom 

  C = Number of components in the system 

P = Number of phases in thermodynamic equilibrium 

Application of the rule is understood by determining the thermodynamic parameters 

which should be considered. The thermodynamic parameters, or degrees of freedom 

are variables which are independent of the amount of material present, such as 

temperature, pressure and chemical potential.  

 

 
 
Figure 1.2 Voltage dependence on the state of charge for A) a two phase insertion material and 
B) a one phase insertion material. 
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In a lithium insertion material with one phase, there are two components, the lithium 

ions and the host material. In this type of material, there are three degrees of freedom, 

thus when temperature and overall pressure are controlled, there is one degree of 

freedom, so the potential of the system changes with a change in composition. In a 

lithium insertion material with two phases, again, there are two components, the 

lithium ions and the host material resulting in two degrees of freedom. When 

temperature and overall pressure are controlled, there are no degrees of freedom, so 

the potential of the system stays constant with a change in composition.11  

 

1.2.6 Primary cells 

A primary cell is a cell sold in the charged state for one use, after which the cell is 

discarded. During the electrochemical reaction, the reactants are consumed, and the 

processes are generally irreversible. These technologies benefit from low cost, due to 

the simplicity of the cell, and are generally used in portable electronic devices such as 

cameras, watches and torches.12 

 

1.2.7 Secondary cells 

A secondary cell is a cell which can be recharged after discharge, so that it can be used 

multiple times. This is possible by reversing the current flow to the external circuit 

which reverses the discharge reaction. These types of batteries are used extensively in 

mobile phones, laptops, power tools and automotive ignition. In recent years, they 

have also attracted much attention for applications such as electric vehicles and load 

levelling for homes and the wider grid. Common secondary battery systems are listed 

in Table 1.1 with the electrode components, charge/discharge reactions and nominal 

cell voltage.13 
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1.3 Lithium batteries 

1.3.1 An overview of lithium cells 

Lithium is used as a battery material, due to it being highly electropositive (the Li/Li+ 

redox couple is -3.04 V the standard hydrogen electrode), with high electrochemical 

equivalence (high coulombic output for a given mass of active material).14 The low 

atomic mass of lithium gives the material an extremely high specific energy of 3,862 

mAh.g-1 and a volumetric energy density of 2,062 mAh.cm-3. The energy density of 

lithium batteries compared with other conventional secondary systems is shown in 

Figure 1.3. 
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Figure 1.3 Comparison of different battery technologies in terms of volumetric and 
gravimetric energy density.14  

 

Cells constructed using lithium insertion materials have many advantages over more 

conventional battery systems, such as: 
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• High voltage: Lithium batteries can have voltages of over 4 V. The Sony cell 

has an average cell potential of 3.6 V which allows the number of cells in a 

battery pack to be reduced.15 

• High energy density: The energy output is greater than 200 Wh kg-1, which is 

two or more times greater than conventional zinc, NiCd and NiMH batteries.16 

• Good power density: Many systems are able to deliver their energy as high 

voltages and currents. 

• Good discharge characteristics: Flat discharge curves are typical for many 

lithium ion batteries 

• Excellent shelf life: Solid state lithium batteries can be stored for long 

periods of time, and have demonstrated excellent shelf life of over ten years at 

room temperature. 

 

The lithium deintercalation occurs well outside the stability window of electrolytes 

used. The operation of the lithium anode is only possible due to the phenomenon of 

the formation passivation layer on the surface of the lithium anode on contact with the 

electrolyte. This solid layer on the interface between the lithium and the electrolyte is 

known as the solid electrolyte interphase, or SEI.17,18 

 

 
            LixCoO2   Electrolyte       Li(1-x)C6 

 
Figure 1.4 Schematic of a typical commercial lithium ion ‘rocking chair’ cell. 

 

Li+ 

Discharge           Charge 

e- 
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Earliest forms of rechargeable lithium cells used a metallic lithium or lithium 

aluminium alloy as the negative electrode with chalcogenides.1 Uneven growth of 

lithium metal on the anode during each subsequent charge/discharge produced 

dendrites of lithium. These dendrites could bridge the gap between the positive and 

negative electrodes leading to short-circuits in the cell, which when combined with 

volatile flammable organic electrolytes could lead to thermal runaway and cause the 

cell to combust or explode. 

 

1.3.2 Negative electrode materials 

To overcome this problem, a second lithium insertion material, such as graphite, was 

used as the anode, producing the lithium ion rocking chair cell, shown in Figure 1.3.19 

Lithium metal is replaced by lithium in its ionic state, making these cells inherently 

safer. Graphite is suitable as a negative electrode material that has attracted much 

attention in commercial cells.20–22  

Graphite can accept 1 Li+ per 6 carbons to form LiC6, and is able to produce a capacity 

of up to 372 mAh.g-1 at 0.25 V vs. Li upon delithiation and has a reasonable cost 

associated with its production.23 As a result of numerous modifications, carbon 

negative electrodes are able to produce reversible capacities of up to 550 mAh.g-1.24 

The reactivity of graphite towards propylene carbonate, which leads to exfoliation, 

limits the low temperature capability of cells containing graphite.25–27 Since 1991, 

graphite has remained the anode material of choice for the majority of commercially 

available lithium-ion batteries. 

Lithium titanate spinel (Li4Ti5O12) is a common intercalation material used for 

negative electrodes materials in lithium-ion cells. The discharge is highly reversible, 

producing 150-160 mAh.g-1 at around 1.5 V vs. Li.28,29 While the energy density of the 

material is lower than graphite, it displays excellent rate and low temperature 

performance.30  
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More recently, lithium alloys have gained much attention. Tin and silicon alloys can 

accommodate more than four lithium atoms per metal/metalloid unit, which provides 

large theoretical capacities of 960 and 4009 mAh.g-1 for Li17Sn4 (Li4.25Sn) and Li21Si5 

(Li4.20Si) respectively.31 Silicon can provide more than ten times the capacity of 

graphite between 10 to 500 mV above the operating potential of metallic lithium.32 

The high gravimetric of silicon electrodes leads to large volumetric 

expansions/contractions of over 300 % when fully lithiated.33 This leads to 

pulverisation of the electrode particles, which leads to loss of electronic contact to the 

active material and poor cycle life performance.  

Large first-cycle irreversibility due to SEI formation is also a problem in these 

systems.34 Approaches to overcome the problems of alloy materials include producing 

porous or nanostructure anodes, reduction of particle size and binder/electrolyte 

modification.35 These replacement anode materials have a higher potential than 

lithium metal, so to compensate for this loss of power, higher potential insertion 

materials are required for the positive electrode, such as lithium cobalt oxide. 

1.3.3 Electrolytes 

In lithium ion batteries, since the voltage is usually beyond 3 V ranges, an aqueous 

electrolyte cannot be used, as it would decompose. To overcome this problem, non-

aqueous electrolytes are used. Inorganic salts are dissolved in non-protic organic 

solvents with large stability windows. Some common electrolyte solvents include 

ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), 

diethyl carbonate (DEC) and 1,2-dimetyoxyethane (DME).36  

O O O O

O O

O O

O

O O

O

OO

 

      EC       PC        DMC  DEC             DME 

Figure 1.5 Structures of common organic solvents used in electrolytes for lithium-ion batteries 
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A more suitable electrolyte solvent system was found by combining EC with DMC.37 

Whilst the viscosity and dielectric constant of EC is comparable to that of PC, the high 

melting point of the solvent (Tm = 36 °C) limits the low temperature operation of the 

system. By combining EC, with DMC, the temperature range of the system is increased, 

and benefits from a reduced viscosity. The system also remains stable up to 5.0 V vs. 

Li,38 which lead to it being widely adopted.  

Several polymer electrolytes have also been investigated, such as polyethylene oxide 

(PEO),39 poly (methyl methacrylate) (PMMA),40 poly(acrylonitrile) (PAN)41 and PVdF 

based membranes.42 These types of electrolytes have been investigated, as they offer 

several advantages over liquid electrolyte systems. The electrolyte forms a SEI, 

through decomposition of the electrolyte, which reduces the possibility of internal 

shorting due to dendrite formation. The electrolyte also has a low vapour pressure, 

which reduces the possibility of the cell drying out.  

During the last decade, room temperature ionic liquids have also attracted much 

attention for use as electrolytes in lithium-ion batteries.43 Batteries produced with 

these electrolytes do not have any volatile components, and are therefore inherently 

safer, as the vapour pressure of ionic liquids are negligible, making them inflammable. 

The electrolyte systems with ionic liquids can have large stability windows, generally 

greater than 4V. The main problems of using ionic liquids as electrolytes stems from 

their high viscosities, which lead to poor conductivities, and low transference 

numbers. 

The available electrolyte solutes for lithium cells consist of a lithium cation with a 

variety of anions. Common salts used for electrolytes include lithium perchlorate 

(LiClO4),38 lithium hexafluoroarsenate (LiAsF6),44 lithium tetrafluoroborate (LiBF4)45 

and lithium hexafluorophosphate (LiPF6).46,47 It is important that the salt used has 

high solubility in the electrolyte solvent and is inert towards the cell components and 

the oxidising conditions at the cathode. 
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Lithium hexafluorophosphate has become the dominant electrolyte salt used in 

commercial applications, due to a compromise of ion mobility and dissociation 

constant compared to other available electrolyte solutes, as shown below: 

Average ion mobility: 

LiBF4 > LiClO4 > LiPF6 > LiAsF6 > LiTf  

Dissociation constant: 

LiTf < LiBF6 < LiClO4 < LiPF6 < LiAsF6  

 

Hexafluorophosphate anions are hydrolysed, even by trace amounts of moisture, to 

form hydrogen fluoride, which can impact negatively on cycle life performance of 

cells. Electrolytes with lithium hexafluorophosphate salts must be extensively dried 

and purified to eliminate the hydrolysis of the anion. 

 

1.3.4 The porous electrode 

As many positive electrode insertion materials are poor electronic conductions, they 

must be used in conjunction with electronic conducting additives that allow point 

contacts for the electrochemical reaction to proceed. In lithium cells, the positive 

electrodes are generally formed by mixing the active material with a high surface area 

carbon black and a binder, which can consist of poly(vinylidene fluoride) (PvDF)48 

ethylene propylene diene monomer (EPDM),49 or Polytetrafluoroethylene (PTFE), 

which help to maintain the structure of the electrode, and the electronic contact 

between the carbon and the insertion material upon cycling. This forms a porous 

structure that allows electrolyte to soak through, so lithium ions can diffuse to the 

active particles. 
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1.4 A review of lithium insertion positive electrode materials 

The first successful rechargeable lithium system was based on titanium sulphide 

cathode, with a lithium-aluminium alloy as the anode in order to avoid the issue of 

lithium dendrite formation on cycling.50,51 The system was proposed by Whittingham, 

and marketed by Exxon for use in watched and other small devices. Titanium 

disulphide is a layered material that inserts lithium in the composition range LixTiS2 

for 0 ≤ x ≤ 1 in a single phase process.52 

At the same time, metal oxides were being investigated as an alternative to the 

disulphides, due to the increased capacities and cell voltage, which lead to the 

identification of LiMO2 compounds, which are still the dominant class of insertion 

materials used in commercial cells to date.53,54 

 

1.4.1 LiMO2 

The first commercially successful lithium-ion cells consisted of lithium cobalt oxide 

(LiCoO2) cathodes combined with graphite anodes, and were brought to market in 

1991 by Sony.55 Lithium cobalt oxide, like many other LiMO2 materials has the 

α-NaFeO2 structure with layers of oxygen atoms in a cubic close-packed arrangement, 

with transition metal ions located at the octahedral sites and lithium atoms in 

between the layers (shown in Figure 1.6).56 

Utilising graphite as the anode material dramatically improves the safety of the 

system as it reduces the possibility of lithium dendrite formation on cycling which 

lead to internal shorting and thermal runaway. While the discharge voltage of cobalt 

oxide is high, at around 4 V vs. Li, the specific capacity of the material is limited to 

130 mAh.g-1, due to the incomplete extraction/insert of lithium upon cycling.56 

Further delithiation beyond Li0.5CoO2 requires substantial irreversible disruption of 

the structure which leads to poor cycle life performance. It has been found that by 

coating the surface of lithium cobalt oxide with metal oxide or phosphate, the capacity 

of the cell can be increased to 170 mAh.g-1 without substantial capacity fade by 
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partially supressing the phase transitions responsible for poor cycle life 

performance.57 Despite dominating the rechargeable lithium battery market, the 

inherently high costs and toxicity of cobalt has lead researchers to look for alternative 

positive insertion materials. 

 

 
Figure 1.6 Crystal lattice of LiMO2. The violet, pink and red spheres represent lithium, 
transition metal and oxygen sites respectively. 

 

Lithium nickel oxide (LiNiO2), which is isostructural with lithium cobalt oxide, was 

initially considered as replacement for cobalt oxide, due to the materials favourable 

specific capacity.58 Nickel is present in the lithium layer, which reduces the lithium 

diffusion coefficient, reducing the power capability of the material.12 Compounds of 

nickel oxide with low lithium content are unstable, and inherently dangerous in 

contact with organic solvents. 

The next class of LiMO2 electrode materials investigated were NMC 

(LiNi1/3Co1/3Mn1/3O2) electrodes, first proposed by Ohzuku et. al.59 The layered 

structure contains ions of cobalt (III), nickel (II) and manganese (IV). Although the 
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material has a theoretical capacity of 278 mAh.g-1 for a 1e- transfer, capacities up to 

200 mAh.g-1 have been observed in the voltage range of 2.0 to 4.6 V vs. Li.60 

Apart from benefits in specific capacity of NMC materials over cobalt oxide, the 

material also benefits from a reduction in cost and toxicity. Calculations show the 

ternary phase diagram is complicated, and the material does not form true solid 

solutions of cobalt, nickel and manganese over the entire composition range.61  

More recently Li2MnO3 stabilised LiMO2 compounds, with layered structures 

produced from a xLi2MnO3.(1-x)LiMO2 precursors, where the metal centre comprises 

manganese, nickel or cobalt, have gained much attention.62 All three compositions can 

produce their theoretical capacity of approximately 260 mAh.g-1 for 1e- transfer. 

Li2MnO3 stabilised LiMO2 compounds were initially discovered by acid leaching of 

Li2O from Li2MnO3 (Li2O.MnO2).63 When Li2MnO3 combined with LiMn0.5Ni0.5O2, 

significant improvements in electrochemical stability and capacity can be achieved.64 

In the composition range, whereby Li2MnO3 comprises between 5-32% of the active 

material, and the electrode is cycled between 3.0 and 4.3 V, Li2MnO3 stabilises the 

lithium insertion/extraction from the electrochemically active LiMn0.5Ni0.5O2, without 

participating in the reaction, resulting in specific capacity from 160-170 mAh.g-1.65 

In electrodes where the Li2MnO3 component comprises between 33% of the active 

material, it can contribute towards the capacity of the cell. Upon charging to 4.5 V, 

lithium is extracted from the LiMn0.5Ni0.5O2 component. As the cell voltage is 

increased beyond 4.5 V, lithium is extracted from Li2MnO3 (Li2O.MnO2), with a loss of 

gaseous oxygen, resulting in a net loss of Li2O.66 This results in the creation of an 

MnO2 component mixed with the Mn0.5Ni0.5O2 matrix.  

Removal of the oxygen and lithium does not result in a breakdown of the structure, or 

impact on the samples crystallinity. This allows the cell to produce a significantly 

higher capacity of approximately 240 mAh.g-1 at higher voltages, which increases the 

energy density of the electrode. 
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There are a number of limitations that are an obstacle to commercialisation of the 

Li2MnO3 stabilised LiMn0.5Ni0.5O2. The rate capability of the cell is limited by the 

removal of Li2O, as it damages the surface of the electrode particles, reducing the 

overall lithium diffusion coefficient.67 Capacity fade results from the high operating 

potential of the cell upon charging above 4.6 V, which results in electrolyte 

decomposition of current electrolyte compositions. Internal phase transitions also 

increase voltage decay on cycling, which leads to poor energy efficiency and lowers 

the energy density of the cell.68 

1.4.2 LiM2O4 

The lithium manganese oxide spinel (LiMn2O4) was originally proposed by Thackeray 

et al.69 and has been extensively developed.70 The structure is contains cubic close-

packed oxygen ions related to the α-NaFeO2 structure, with manganese in octahedral 

and tetrahedral sites (shown in Figure 1.7).71 When fully delithiated, the structure can 

accept two lithium ions per Mn2O4 unit. A single lithium is inserted at approximately 4 

V vs. Li, while the second lithium inserts in a plateau at around 3 V vs. Li.72 Manganese 

oxide spinel is currently being marketed for use in electric vehicles, although as the 

system only utilised a one e- transfer reaction per spinel unit, the theoretical capacity 

and theoretical energy density is low, at 105 mAh.g-1, and 200 Wh.kg-1 respectively. 

 
Figure 1.7 Crystal lattice of Li2MO2. The violet, green and red spheres represent lithium, 

transition metal and oxygen sites respectively. 
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The material suffers from high rates of self-discharge, particularly at high 

temperature, and poor cycle life performance resulting from the solubility of 

manganese from the parent structure.73 Stabilisation via doping with small amounts of 

aluminium and fluorine has helped to improve the cycle life performance of the 

material.74 

Gains in energy density have been made possible by nickel substitution of the 

manganese spinel to form LiMn1.5Ni0.5O4, as the nickel substitution raises the 

operating voltage of the electrode to 4.7 V, as the Ni4+ to Ni2+ is utilised, while the 

manganese remains Mn4+.75 Doping with small amounts of iron have also helped to 

improve the rate capability and cycle life performance of the material.76 Despite the 

superior performance of the nickel substituted spinel, instability due to the high 

operating potential of the electrode resulting in electrolyte breakdown reactions are 

problematic to the system. 

 

1.4.3 LiMPO4 

Interest in phosphate based materials was initiated with the discovery of lithium iron 

phosphate (LiFePO4) as an insertion material by Padhi et. al. in 1997.77  It is an 

attractive material, as it is potentially low cost, and environmentally benign with low 

toxicity.12 The gravimetric capacity of the material approaches 170 mAh.g-1 for the one 

lithium insertion, at around 3.4 V vs. Li, which gives it a higher gravimetric capacity 

than lithium cobalt oxide. What’s more, it is very stable during charge/discharge, and 

can be cycled with no significant capacity fade, even after hundreds of cycles. The 

thermal stability of the charged iron phosphate is high, making cells constructed with 

the material inherently safe.78 

Lithium iron phosphate has an olivine structure, with a hexagonally close packed 

oxygen atoms with iron occupying octahedral sites, and phosphates occupying 

tetrahedral sites (shown in Figure 1.8).79 Channels within the structure accommodate 

lithium atoms for the insertion/extraction process. The material is two-phase system, 

with LiFePO4 and FePO4 existing in equilibrium. 
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One of the main problems with lithium iron phosphate as an electrode material is its 

intrinsically low electronic conductivity of 10-9 S.cm-1,80 compared with 10-3 S.cm-1 for 

lithium cobalt oxide commonly used in commercial cells.81 This leads to a poor specific 

capacity or around 110 mAh.g-1 at low current density (around 65% of the theoretical 

capacity of the material). 

 
Figure 1.8 Crystal lattice of LiMPO4. The violet, orange, white and red spheres represent 

lithium, transition metal, phosphorus and oxygen sites respectively. 

 

The low electronic conductivity of lithium iron phosphate can be overcome by carbon 

coating particles of lithium iron phosphate, to increase the electronic conductivity of 

the cathode, by forming a conductive network over the surface of particles. Many 

routes to carbon coating have been assessed, and have been successful in increasing 

the specific capacity of the material to close to theoretical capacity at moderate rates 

of discharge.82,83 Carbon coating introduces inactive mass to the cathode, which 

reduces the gravimetric capacity of the material. Nano-structuring has also been 

shown to increase the electrochemical performance of lithium iron phosphate.84 

Studies with higher voltage manganese phosphate, cobalt phosphate,85 and nickel 

phosphates86 have been undertaken to increase upon the energy density of the 

phosphate insertion materials. The most promising candidates for further studies are 

solid solutions of LiFe1-xMnxPO4. As manganese is substituted for iron, there is a shift 
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from two-phase behaviour to single-phase transformations.87 Increased capacity is 

accessible at higher voltages, with an increase in manganese content due to the active 

Mn3+ to Mn4+ redox couple.88 

1.4.4 Li-S 

To produce cells with large gains over current Li-ion technology, a move back towards 

lithium metal anodes is necessary. By utilising a sulphur cathode with a lithium metal 

anode, large theoretical energy density gains can be accomplished, as sulphur can 

store more lithium per mass unit compared to a metal oxide insertion material, and 

lithium metal stores more charge per unit than a graphite anode. 89 

Although the idea of combining lithium with sulphur is not new, and work was non-

aqueous cells was pioneered in the early 1980s by Abraham90 and Peled91, it was not 

until the turn of the century that research into lithium-sulphur cells became more 

widespread92,93 More recently, the lithium-sulphur cell has gained the attention of the 

lithium battery community, due to the materials high theoretical capacity, of 

1672 mAh.g-1 (when utilizing 2 e- / S)94, a theoretical energy of 2567 Wh.Kg-1 and  

packaged cells with high theoretical specific energy density of approximately 400-

600 Wh.kg-1.95 

Despite the impressive theoretical energy density of sulphur cells, the technology has 

not yet reached mass commercialisation.89 Lithium-sulphur cells consist of a lithium 

metal negative, with a sulphur composite positive and an organic liquid electrolyte. 

One of the main factors limiting the energy density of a lithium-sulphur cell is the need 

for excess lithium in the anode, to compensate for lithium plating inefficiencies upon 

cycling, which impacts on volumetric energy density, due to the low density of lithium 

metal (0.534 gm-3). 

The operation of the lithium-sulphur battery differs from conventional lithium 

intercalation technologies. Sulphur is a polyatomic molecule that undergoes a series of 

complicated structural and morphological changes during cell discharge.96,97 The 

mechanism of charge/discharge in the lithium-sulphur cell is shown in Figure 1.9. 

Upon discharge, lithium ions react with elemental sulphur to form a series of soluble 
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lithium polysulphide species with the formula Li2SX (8 ≤ X ≤ 3) and insoluble 

sulphides Li2S2 and Li2S.  Upon charge of the system, the reverse occurs, and 

polysulphide species are oxidised to elemental sulphur. 

 

Figure 1.9 The operation of the lithium-sulphur cell and the polysulphide shuttle mechanism98 
 

 

The discharge of the lithium-sulphur cell occurs in three main steps.99 During the first 

discharge step, lithium reacts with sulphur to form long chain soluble polysulphides, 

with S82- and S62- species formed at around 2.4-2.2 V vs. Li. Next the polysulphide chain 

length is reduced to form S42- at 2.15-2.1 V vs. Li. Finally short polysulphide species 

are produced such as S32- and S22- and S2- between 2.1 and 1.9 V vs. Li. Precipitation of 

poorly soluble and insulating polysulphide compounds are formed at the end of 

discharge, with the highest concentration of polysulphides are detected at the 

beginning of discharge.100 

The formation of soluble polysulphide species upon cycling of the cell leads to the 

shuttle mechanism, shown in Figure 6.1.101 Long chain polysulphide species formed 

during discharge can diffuse through the separator to the negative electrode, where 

they undergo a reduction to lower order polysulphide species. These species will then 
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diffuse back to the positive electrode, due to concentration gradients in the 

electrolyte.  

While the polysulphide shuttle may be beneficial to cell safety, as a form of over-

charge protection,102 as it supresses dendrite formation,  it results in poor cycling 

efficiencies.103 This mechanism is also the origin of poor cycle life in the lithium-

sulphur system.104 Polysulphides can reduce on the surface of the anode to form 

insoluble insulating products which increase cell resistance and constitute 

irreversible active mass loss from the cathode. This results in rapid capacity fading 

and poor cycle life performance in the system. 

AFM studies have shown that upon cycling of lithium sulphur cells, the deposition of 

elemental sulphur on the cathode resulting from oxidation of polysulphide species can 

result in the formation of thick layers. of sulphur.105 The insulating layers of sulphur 

become electrochemically inactive, and constitute active mass loss, which leads to 

poor cycle life performance in lithium sulphur cells. This problem can be overcome by 

forming nano-structured sulphur/carbon composites,106–108 or utilising networks of 

nano-wires in electrode fabrication.109,110 These approaches effectively trap the 

soluble polysulphide in the electrode, and facilitate even distribution of sulphur 

deposition over the increased surface area of the carbon conducting network, which 

allows the electrode to maintain good electronic conductivity.  

While lithium-sulphur technology provides opportunities for high energy density 

lithium batteries, the low melting point of sulphur (115 °C) means there are safety 

issues resulting in thermal runaway, and crossover of liquid sulphur to the anode. 

 

1.4.5 Li-O2 

Another lithium metal based system that has gained much attention recently is the 

rechargeable lithium-air cell, as a high energy density battery for automotive 

application. The projected practical specific energy density is has as 900 Wh.kg-1, 

which is up to three times greater than current Li-ion technology.89 
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There are two types of lithium-air cells: The non-aqueous111 cell and aqueous112 

lithium-air (sometimes referred to as a Li-water battery) cells, whose operation are 

shown in Equations 1.13 and 1.14 respectively.  

O2 + 2Li+ +2e- ⇄ Li2O2 
Equation 1.13 

H2O + ½O2 + 2Li+ + 2e- ⇄ 2LiOH 
Equation 1.14 

  

In the non-aqueous system, upon discharge, oxygen from the atmosphere enters the 

porous cathode (usually carbon), where it is reduced, along with lithium ions in the 

non-aqueous electrolyte to form lithium peroxide. The system still has many problems 

to overcome before a suitable commercial cell can be realised.  

If the cathode is exposed to ambient air, lithium reacts with carbon dioxide and water 

to form lithium carbonate and lithium hydroxide, instead of lithium peroxide, 

necessitating the need for an oxygen permeable membrane that blocks atmospheric 

water and carbon dioxide.113 Studies with organic carbonates have shown them to be 

susceptible to nucleophilic attack by reduced oxygen species, and while studies with 

1,2-dimetyoxyethane produce better cycling stability, only approximately 60 % of the 

oxygen reduced on discharge is reversibly oxidised on charge.114,115 

Non-aqueous ionic liquids may present a promising alternative to organic electrolytes, 

although poor diffusion properties of lithium and oxygen in many ionic liquids will 

limit the power capabilities of such cells.116 Furthermore, the solid lithium peroxide 

discharge product can clog the pores of the porous positive electrode, further limiting 

the diffusion of oxygen, and the power capability of the cell. A suitable catalyst to 

reduce the voltage gap between charge and discharge is also necessary.117 

In the Aqueous lithium-air cell, a lithium conducting membrane, such as LiSICON-type 

glass, is used to protect and insulate the lithium anode. While there is no need to 

prevent water ingress into the cell, the formation of lithium carbonate from carbon 
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dioxide is still a problem that necessitates the need for a protective membrane to 

block carbon dioxide. As the cell is discharged, solvent is consumed and lithium 

hydroxide is produced. This results in an increase in the concentration of lithium 

hydroxide until the electrolyte is saturated (at approximately 5.3 mol.dm-3), limiting 

the cell capacity to around 170 mAh.g-1 (comparable to current Li-ion technology).  

To achieve meaningful capacities, lithium hydroxide must be allowed to precipitate, 

which can lead to blocking of the ceramic coating protecting the lithium metal anode, 

and clogging on the porous cathode. The reduction of oxygen to lithium hydroxide 

involves the cleavage of the O-O bond, which necessitates the use of a catalyst to 

reduce the voltage gap between charge and discharge, which would otherwise 

produce poor energy efficiencies upon cycling.118 

While both technologies show promise, the many problems that still need to be 

overcome with lithium-air cells means their implementation in commercial batteries 

are still many years from being realised. 

1.4.6 Li2FeS2 

Lithium iron sulphide is attractive as a positive insertion electrode material due to 

several advantages over current commercially successful positive electrodes. Lithium 

iron sulphide has a theoretical capacity of 400 mAh g-1 (when utilizing 2 e- / FeS2), 

compared to the accessible capacity of 141 mAh g-1 (when utilizing 0.5 e- / CoO2) from 

lithium cobalt oxide.  

The lithium/lithium iron sulphide cell also has a high theoretical energy density of 

around 580 Wh.kg-1.  Iron and sulphur are cheap, naturally abundant starting 

materials. The cost of materials to construct a lithium ion sulphide battery 

commercially are estimated to be 50 $ kWh-1, which is roughly five times lower than 

other commercially available lithium-ion batteries.119 The metal centre in lithium iron 

sulphide is also non-toxic, unlike lithium cobalt oxide, which is an important 

additional benefit. 
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The use of pyrite (FeS2) in high temperature batteries was first reported in 1978.120 

The phase changes upon cycling have since been studied extensively and the material 

has been shown to produce secondary batteries with good reversibility.121,122 As an 

ambient temperature battery, despite a number of studies, the system is still not fully 

understood. 

The simplified 4 e- reduction of iron sulphide occurs in two steps, shown in Equation 

1.15 and 1.16 

FeS2 + 2Li+ +2e- → Li2FeS2 
Equation 1.15 

Li2FeS2 + 2Li+ + 2e- → Fe + 2Li2S 
Equation 1.16 

 

In the high temperature molten battery, the metallic iron produced in the second 

reduction step can be reincorporated into the Li2FeS2 structure on subsequent charge 

and oxidation, making the discharge of the cell highly reversible 

Early studies on the ambient temperature systems focused on synthesis and 

characterisation of the material through infrared studies.6 Lithium iron sulphide was 

synthesised by heating stoichiometric amounts of lithium sulphide and iron sulphide 

at 500 ºC for twelve days. This initial study inferred that on charge of Li2FeS2 a novel 

phase of FeS2 was produced, unlike pyrite or marcasite. 

Blandeau et. al. were the first to determine the crystal structure of Li2FeS2 using XRD 

and Mössbauer spectroscopy.123 This study showed lithium atoms occupying 

‘octahedral’ and ‘tetrahedral sites’, with a CdI2 type structure. The further 

crystallographic studies by Dahn et. al. could not be fitted assuming the CdI2 

structure.124 The Li2FeS2 crystal structure to have space group P-3ml, where a = 3.902 

Å and c = 6.294 Å. 
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The structure is distorted from ideal close packing by expansion in the a and b 

directions. Adjacent sulphur atoms form a layer structure with alternating lithium and 

iron sites. The tetrahedral iron sites in the structure share half occupancy with lithium 

atoms with equal disordering over the entire structure. A layer of lithium atoms exist 

between the layers of sulphur, iron and lithium. 

Figure 1.10 and 1.11 show the unit cell and lattice diagram of Li2FeS2 respectively. 

The crystal structure of Li2FeS2 consists of hexagonally packed layers of sulphur with 

iron and lithium. 

 

 
Figure 1.10 Unit cell of lithium iron sulphide. The violet, orange and yellow spheres represent 
lithium, iron and sulphur sites respectively. 
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Figure 1.11 Crystal lattice of lithium iron sulphide. The violet, orange and yellow spheres 
represent lithium, iron and sulphur sites respectively. 

 

Figure 1.12 shows the ternary phase diagram for lithium iron sulphide at room 

temperature. In the ambient temperature cell, on charge, lithium is deintercalated 

from the host structure, but does not go on to form pyrite. Fong et al. propose that 

upon delithiation of Li2-xFeS2 when x ≤ 0.8 a topotactic single phase reaction occurs.125 

Structure reordering during this region of lithium extraction can result in regions of 

two phase reactions, whereby iron shifts to an octahedral site.126 Dahn et al. have 

shown good cycle life performance of cells cycled in this voltage region.127  

Further delithiation of the host structure results in breaks down and 

disproportionation to nonstoichiometric FeS (FeSy) and the formation of free sulphur 

occurs. Other studies suggest that on delithiation of Li2FeS2, oxidation of iron from 

iron (II) to iron (III) occurs, followed by the formation of a new iron disulphide 

(Fe3+S2-(S2)2-0.5).123,128 After the initial discharge to lithium iron sulphide, pyrite cells 

show similar charge/discharge profiles. 
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Figure 1.12 Ternary Li-Fe-S phase diagram at ambient temperature127. 

 

Studies including Mössbauer spectroscopy of the low voltage region, below 1.45 V, 

associated with discharge from lithium iron sulphide shown in Equation 1.16 was 

found to have poor cycle life performance, due to the irreversible formation of iron 

clusters.129–131 In-situ coating of iron sulphide particles with an ion-conductive SEI has 

helped to improve the cycle life of cells cycled in the low voltage region.132 The use of 

conductive sulphide glass electrolytes has also helped to improve the reversibility of 

this reaction.133 These improvements in cycle performance are attributed to the 

decreased activity of iron towards the electrolyte. The small particle size of the iron 

clusters formed in solid state electrolytes, and their intimate dispersion in lithium 

sulphide result in electrochemical activity and allow reoxidation to Li2FeS2.134   

Following initial research with lithium iron sulphide as a room temperature material, 

focus shifted towards the use of pyrite as a lithium ion material, due to the 

charge/discharge characteristics comparable to lithium iron 

sulphide.119,128,135,136 In-situ S K-edge X-ray absorption near edge structures (XANES) 

was able to confirm the generation of Li2FeS2 as a result of initial pyrite discharge.137  

Studies comparing natural pyrite with synthetic iron sulphide have shown that the 

main difference between the two materials is the grain size. Natural pyrite generally 

S 

Fe Li 

Li2S 

FeS2 

FeS 

Li1.2FeS2 Li2FeS2 
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consists of larger particles, with a greater particle size distribution, which negatively 

impacts on the rate capability.138 Natural pyrite is also found to contain impurities, 

mainly in the form of pyrrhotite (FeS1.3). These impurities are not significantly 

electrochemically active, and reduce the gravimetric capacity of the material. The rate 

performance of sub 1 µm particles of synthetic pyrite is limited by the electrolyte ionic 

conductivity.139 

More recently, studies have again begun to use Li2FeS2 due to the inherent low cost, 

energy density, and safety benefits of the material. Differential scanning calorimetry 

has shown that the exothermic response of lithium iron sulphide is much lower than 

other more commercialised materials, and has a higher thermal stability than 

polyanion active materials such as LiFePO4.140 This has great implications for 

improving the safety of commercial cells constructed using lithium iron sulphide 

positive electrodes. Further XRD studies have also been conducted in an attempt to 

elucidate the structure of the high voltage oxidation product, but have proved 

unsuccessful.141  
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2.1 Electrode preparation and cell construction 

2.1.1 Ball Milling 

The electrode material is milled using a MM200 ball mill (Retsch) to reduce the 

particle size. The active material is placed inside a sealed metal container, with 

stainless steel balls. The container is then shaken, and the abrasive action and the 

kinetic force of the ball colliding with the sides of the container and the electrode 

material effectively grind the sample down, creating an active material with a 

decreased particle size. 

Ball milling is a popular method of preparing active materials, and has been shown to 

improve the performance of active materials.1 The duration of process can affect the 

performance of the active material, as reduction of particle size can lead to 

agglomeration of the active material, which increases the effective path length for 

solid state diffusion. 

2.1.2 PTFE composite electrodes 

As many positive electrode materials are poor electronic conductors, acetylene black 

is used as a conductive additive, to provide electronic pathways for lithium 

intercalation to occur. The acetylene black is ground with the active material in a 

pestle and mortar to create a homogenous mixture.   

A PTFE binder is then added to the material to provide mechanical strength to allow 

for expansion and contraction of the electrode material upon lithium 

intercalation/deintercalation without causing the separation of the active material 

from the conducting additive network. This is mixed with the active 

material/acetylene black mixture and ground to produce a solid lump which is then 

hand rolled into a film and cut into disks. The thickness and size of the electrode may 

vary for different experiments, and so details of the electrode dimension will be given 

in later chapters. The composite electrode pellets are then dried under vacuum at 

120 °C overnight to remove any moisture from the material. Unless otherwise stated 

in the experiment, the thickness of the electrodes produced were between 60-70 µm, 

with an active mass mass loading of 7-8 mg/cm2. 
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2.1.3 Composite electrodes prepared by ink deposition 

Another method for electrode fabrication is deposition from an ink. In this technique, 

the active material and acetylene black are suspended in a solvent and mixed. Soluble 

binder is then added to the mixture and heated whilst stirring to dissolve the binder 

into solution to form an ink. The ink is constantly stirred to form a uniform mixture of 

active material, acetylene black and binder. The ink is then cast onto a foil substrate 

using a bar coater to produce a film of uniform thickness. The film is then dried to 

remove the solvent and calendared to the desired thickness before individual 

electrodes are punched from the foil. 

2.1.4 Cell construction 

The typical cell used to test battery electrode materials is shown in Figure 2.1. The test 

cell is produced by sandwiching two glass fibre filter separators (GF/F grade, 

Whatman), soaked with 0.4 ml of electrolyte, between lithium foil (300 μm thick with 

an area of 1 cm2, Rockwood) and the composite electrode material. Glass fibre filters 

were chosen for the separator, as they have excellent porosity, whilst increasing the 

gap between the lithium negative and the positive, reducing the possibility of cell 

failure due to lithium dendrite formation. 

Cells were assembled under inert conditions inside an argon filled glovebox (MBraun). 

Atmospheric moisture not only reacts with lithium to form lithium hydroxide, but it 

can also react with the electrolyte. One of the common salts used in the electrolytes 

for cell testing is lithium hexafluorophosphate. The reaction between atmospheric 

moisture and lithium hexafluorophosphate is shown in Equation 2.1 

LiPF6 + H2O → LiF + POF3 + 2HF 
Equation 2.1 

 

The formation of hydrogen fluoride is not only hazardous, but can also cause 

detrimental impact to cell performance, as the acid can react with and attack the cell 

components. 
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1. Stainless steel plunger, acting as current collector 

2. PFA nut 

3. PFA front and back ferrules 

4. Hollow PFA connector 

5. Electrode stack consisting of positive electrode, two glass fibre separators 

soaked in electrolyte and the negative electrode. 

6. Stainless steel piston acting as current collector, and spring to provide stack 

pressure 

Figure 2.1 Diagram showing the component parts and assembly of the Swagelok test cells 
used to test electrode materials. A) shows an image of the standard two electrode cell, whilst 
B) shows an image of a three electrode cell. 

 

 

1. 

2. 

3. 

4. 

5. 

6. 

A) 

B) 



Chapter 2. Experimental Techniques 

 

44 

 

Generally, many different cell geometries can be used for electrode testing. The main 

features of a suitable cell design for laboratory testing of lithium cells are as follows: 

a) The cell components are unreactive towards the electrode materials and 

electrolyte under operating conditions. 

b) The cell forms an air tight seal, preventing the ingress of atmospheric moisture 

to the cell. 

c) The positive and negative electrodes are fully insulated from one another. 

d) The cell applies pressure to the electrode stack, to increase electrical contact 

of the cell components with the current collector, to reduce the internal 

resistance of the cell. 

In the Swagelok type test cell, the electrode stack is assembled in the hollow PFA 

connector, and two stainless steel plungers force the stack together. The piston and 

spring provide stack pressure, which helps to improve the contact between the cell 

components and the current collector. Once the plungers are in place, the blue PFA 

nuts are tightened using a spanner. This forces the ferrules to grip the plunger, and 

effectively seals the sell from the atmosphere. 

In the three electrode type cell, the geometry is much like the two electrode cell, with 

the addition of another electrode. In this orientation, the parallel electrodes are the 

positive and negative electrodes, while the third, perpendicular electrode is lithium. 

The piston used for the current collector in the third electrode is curved, so the 

surface fits around the electrode stack of the positive and negative electrodes. 

Reasons for using a third electrode are explained in Section 2.2.   
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2.2 Electrochemical techniques 

Once the cell is constructed, it can be connected to a potentiostat and used for testing. 

Figure 2.2 shows the generic connection of cells to the potentiostat/galvanostat used 

for electrochemical analysis. 

Much of the electrochemical testing in this work involves the study of positive 

electrode materials in a lithium half-cell, using the 2-electrode Swagelok cell design. In 

this setup the counter and reference are connected to the negative electrode, while the 

working electrode is connected to the positive electrode. The lithium foil negative 

electrode had a stable potential, even when current is being passed, so it can be used 

as a reference electrode, as well as a source of lithium for intercalation reactions. 

The 2-electrode cell begins to have limitations when lithium insertion electrodes are 

employed for both the positive and negative electrodes. In this set-up, the potential of 

both electrodes change as the cell is cycled, and the concentrations of lithium in the 

materials change. As neither electrode has a fixed redox potential throughout cycling, 

neither electrode can be used as a stable reference electrode.  

 

Figure 2.2 Generic setup of the two different electrochemical cells used for testing. A) shows 
the 2-electrode Swagelok configuration, while B) shows the 3-electrode Swagelok cell. 
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In this orientation, the difference between the negative and positive electrode is 

measured, but the potentials of the individual electrodes cannot be measured vs. the 

lithium redox couple  

In the 3-electrode set-up, a third lithium metal foil electrode is employed as the 

reference electrode. The counter electrode is connected to the negative, the working 

electrode connected to the positive, and the reference electrode attached to the 

lithium foil reference electrode. This allows independent monitoring of the potentials 

of the positive and negative electrodes vs. a stable lithium redox potential. This makes 

control of the potential cut-off of the cell easier, and allows for independent analysis of 

the two electrodes during cycling, allowing for easier identification of possible causes 

of cell failure. 

2.2.1 Cyclic voltammetry 

Cyclic voltammetry is a useful technique for gaining preliminary insight into the 

electrochemical processes in a system. The potential of the cell is controlled and swept 

through a chosen potential range and a current response is recorded. Potential can be 

scanned in a positive direction to study oxidation reactions, or alternatively, in a 

negative direction to study reduction. The resulting information is generally 

represented as a plot of current vs. potential. The potential scan rate (generally 

between 20-1000 mV s-1)2, the potential limit and the number of cycles can be 

controlled in the experimental setup. 

As the potential scan rate determines the timescale of the experiment, and therefore 

the rate of non-steady state diffusion, for the systems studied in this project, the 

bottom end of this range (around 20 mV s-1) is most appropriate, due to the lower 

diffusion coefficients in solid state systems. 

Qualitative analysis of the response, such as the number and shape of peaks in the 

forward and reverse scans, and differences in the peaks between the first cycle and 

subsequent cycles and the peak potentials, combined with quantitative analysis of the 

peak current densities can provide useful insight into reactions occurring in the cell 

and corresponding electrode processes. 
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2.2.2 Galvanostatic cycling 

Galvanostatic cycling is the main method of cell testing in this project. A fixed current 

is applied to the cell, with upper and lower potential limitation. As a positive current is 

applied to the working electrode, lithium is removed from the intercalation material, 

the battery is charged and the corresponding cell potential increases. As a negative 

current is applied to the working electrode, the opposite process occurs, with lithium 

insertion and a subsequent discharge of the cell, with a decrease in cell potential.  

The rate of charge and discharge is referred to as ‘C rate’, and corresponds to the 

applied current in the cell in relation to the specific capacity rating of the material 

being studied. A charge/discharge rate of one C corresponds to completely charging or 

discharging a cell in one hour. A C rate of 10 corresponds to a complete discharge of 

the cell in six minutes, while a C rate of 1/10 corresponds to a complete discharge of 

the cell in ten hours. To calculate the applied current, the capacity of the active 

material in the electrode pellet must be calculated, by Equation 2.2. 

 

QA = mA x QT 

Where:         Equation 2.2 

QA = Capacity of the active material in the electrode /mA h   

 mA = Mass of the active material in the electrode / g    

 QT = Theoretical capacity of the active material / mA h g-1 

Once the total capacity of the active material in the electrode is known, the current for 

the corresponding C rate can be calculated using Equation 2.3 as follows: 
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I = Cr x QA 

Where:         Equation 2.3 

 I = applied current / mA       

 Cr = C rate / hr-1 

When cycling cells, the maximum error in the capacity for repeated experiments was 

approximately 2.5 %. For experiments with multiple cycles, the cell with the best cycle 

life was chosen, although the variation in the total capacity of the multiply cells cycled 

after one hundred cycles was still approximately 2.5 %. 

2.2.3 Differential capacity analysis 

Whilst cyclic voltammetry is a useful technique, analysis of the data produced from 

galvanostatic cycling data can be more appropriate for the study of electrode insertion 

materials.3 When studying small quantities of lithium insertion materials, the amount 

of reactant is finite, and easily calculated. In cyclic voltammetry the potential of the 

system is artificially controlled, whilst in galvanostatic cycling, the potential of the 

reaction is measured. By applying a current, and producing lithium 

insertion/extraction, the potential of the material will initially change rapidly, until 

the redox potential of the reaction is reached. Once the reaction is complete, the 

potential of the system will rapidly change again. 

Measuring the change in charge passed with the change in potential, or capacitance, 

allows simple analysis and comparison of the redox potentials of a system. A constant 

change in potential with the degree of charge or discharge, characteristic of a one 

phase reaction, will produce broad peaks in the differential capacity plot. Meanwhile, 

large changes in the state of charge or discharge with relatively small changes in 

electrode potential, characteristic of a two phase reaction, will produce sharp peaks in 

the differential capacity plot. The technique has been shown to be useful in assessing 

the failure mechanisms of cells cycled over multiple cycles.4 
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2.2.4 Electrochemical impedance spectroscopy 

Impedance spectroscopy is a useful technique for measuring the electrical impedance 

of a material or electrochemical cell over a given frequency range.5 A sinusoidal 

voltage perturbation is applied to the system, and the sinusoidal current response is 

measured for each frequency to produce an impedance spectrum. The impedance, Z, is 

represented in the form:  

    Z = R + jX 

       = Z’ + jZ’’ 

Where:         Equation 2.4 

  R = Resistance / Ω 

  j = Imaginary unit 

  X = Reactance (a measure of capacitance or inductive effect) 

 

In impedance spectroscopy, these values are generally displayed as the real and 

imaginary parts, or Z’ and Z’’ respectively. This can be represented by the Nyquist plot, 

where the imaginary part is plotted vs. real part. 

The simplest components that can be studied by impedance spectroscopy are 

resistors and capacitors. The impedance for a resistor and capacitor are shown in 

Equation 2.5 and Equation 2.6 respectively 

    ZR = R  
         Equation 2.5 

   

    ZC = 1/jωC 

Where:         Equation 2.6 

  ω = Angular frequency / rad s-1 

  C = Capacitance / F 
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Figure 2.3 relates the characteristics of the different components to the Nyquist plot. 

On the Nyquist plot, the resistor appears as a point, since it has no dependence on 

frequency.  The capacitance has no resistive component, so appears as a series of 

points on the imaginary axis. 

For components in a series circuit, the impedances of the individual components are 

additive. The Nyquist plot for a resistor and capacitor in series therefore appears as a 

series of points, running parallel to the imaginary axis, with a high frequency intercept 

on the real axis, corresponding to the impedance of the resistor. 

When the resistor and capacitor are in a parallel circuit, the Nyquist plot appears as a 

semicircle. This is because at infinite frequency, the impedance is zero, whilst at low 

frequency, the impedance tents towards the impedance of the resistor. The maximum 

–Z’’ value of the semicircle, f*, is related to the time RC time constant as follows: 

    τ = RC = 1/2πf* 
         Equation 2.7 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 Nyquist plots for resistors, capacitors and RC circuits 
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The Randles circuit, shown in Figure 2.4 is an important equivalent circuit used to 

describe the behaviour of simple electrochemical systems6. The circuit models the 

electrochemical oxidation/reduction reaction of a solution species at a large, planar 

electrode. The impedance at the electrode interface is modelled by a parallel circuit 

consisting of the double layer capacitance of the electrode (Cdl) and the charge 

transfer resistance of the electrode (Rct). 

 

 

 

 

 

Figure 2.4 Equivalent circuit diagram for the Randles circuit. 

 

In series with the charge transfer resistance is a semi-infinite Warburg diffusion 

element, W. The Warburg impedance is used to describe diffusion in an 

electrochemical system. The Warburg impedance is shown in Equation 2.8:  

  

ZW = σω-1/2 – jσω-1/2 

Where:         Equation 2.8 

  ω = Angular frequency / rad s-1 

  σ = Warburg coefficient / Ω s-1/2 
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Due to the ω-1/2 dependence, the Warburg Impedance shows a straight line with a 

phase angle of 45° in a Nyquist plot. The Wartburg coefficient describes relative 

diffusion coefficients of the reduced and oxidised form of a species. 

The Nyquist plot of a Warburg impedance will show a straight line, with a phase angle 

of 45°, due to the ω-1/2 dependency. For finite diffusion, depending on the system, 

there are two possible diffusion regimes. These are the finite space Warburg, where 

the characteristics of the system tends towards a resistor at low frequency (in systems 

with defined space for diffusion), and finite length Warburg, where the characteristics 

of the system tends towards a capacitor at low frequency (in systems with finite 

diffusion pathlength). 

Finally, in the Randles circuit, there is a resistance element in series, which represents 

the uncompensated resistance (Ru), due to electrolyte resistance and the resistance of 

electrode surfaces and cell components. A typical Nyquist plot of a Randles circuit is 

show in Figure 2.5. 

 

 

 

 

 

 

 

 
Figure 2.5 Nyquist plot of the Randles circuit 
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2.3 Microscopy and spectroscopy 

2.3.1 Scanning electron microscopy 

An electron imaging microscope works much like an optical microscope, but instead of 

imaging visible light, scanning electron microscopy, or SEM, images electrons. An SEM 

allows much higher resolution, and resolution than traditional optical microscopes, so 

is a powerful technique for the visual analysis of a sample. The electron beam is 

accelerated in a vacuum between 1-200 kV and focused using magnetic fields and 

lenses down onto the sample. The electron beam is scanned over the sample, and the 

reflected secondary electrons are imaged by a detector. Because of the nature of the 

technique, samples to be analysed by SEM must be conducting. Non-conducting 

samples allow electrons to build up on the surface of the sample, and interact with the 

electron beam itself, producing a blurred image. This problem can be overcome by 

sputtering a thin layer of conductive material, such as gold, onto the surface of non-

conducting samples. 

2.3.2 Energy-dispersive X-ray spectroscopy 

In SEM, the electron beam interacts with the sample, exciting an electron in an inner 

shell, ejecting it. The resulting electron hole is filled by an outer shell electron. The 

difference between the higher energy outer shell electron and the lower energy inner 

shell electron is released in the form of an X-ray. These X-rays have energies 

characteristic of the elemental atomic structure, allowing them to be used to identify 

the abundances of elements in the sample, and the samples composition.  

2.3.3 Powder X-ray diffraction 

X-ray diffraction is a useful technique when studying the inorganic materials to 

determine structure and purity of a given sample. When X-rays are directed at a 

sample, they are scattered by the electrons in atoms, and diffraction can occur. In an 

ordered structure, such as an inorganic material, where the periodic scattering 

centres are separated by a few Angstroms (comparable to the wavelength of X-rays), 

scattering occurs along specific diffraction angles as a result of the constructive and 
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destructive interference. The angle at which constructive interference will occur is 

shown by the Bragg equation, Equation 2.9 7, demonstrated in Figure 2.6 8. 

 

λ = 2dhkl sin θ 

Where:         Equation 2.9 

  λ = Wavelength 

  dhkl = Lattice spacing 

  θ = Angle of incidence of the X-ray beam 

 

 

 
Figure 2.6 Diagram depicting the origin of Braggs Law 

 

 

In powder X-ray diffraction, a sample is exposed to a single wavelength of X-rays as 

the angle of incidence is swept between two angles. The Bragg equation shows that at 

specific incidence angles with corresponding spacing between the atomic layers in the 

lattice structure, constructive interference will cause a diffraction maxima, or 

reflection, to be observed and recorded by a detector. These reflections only occur at 

discreet angles of incidence, since as the angle of diffraction is changed between the 

discreet angles which produce reflections, the interference between X-rays is no 

longer constructive. 

The position and number of reflections depend on the wavelength of the incidence X-

rays, the cell parameters, crystal system, and lattice type of the sample. The intensity 

of the reflections depends on the types of atoms in the structure and their positions. 

Extraction of crystallographic data from a know structure type is possible using the 
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Rietveld method. Using Rietveld refinement, a calculated diffraction pattern is fitted to 

the experimental data, by comparing the calculated pattern to the experimental trace, 

and adjusting the parameters in the proposed structure. This process is repeated until 

a good fit between the calculated pattern and experimental result is achieved. 

2.3.4 Transmission electron microscopy 

Transmission electron microscopy (TEM) is another technique used to image 

electrons. Small quantities of sample are mounted on a copper supporting mesh grid 

and mounted in the TEM.  An electron beam, generated from a tungsten filament, is 

focused by electrostatic and electromagnetic lenses, before being transmitted through 

a thin sample of material. Differences in interactions of electrons transmitted through 

the sample are used to generate an image of the sample. The resolution of TEM, able to 

resolve columns of atoms, makes the technique useful for the study of nano-materials 

and thin surface coatings. 

2.3.5 Raman spectroscopy 

Raman spectroscopy is a technique to observe low frequency vibrational or rotational 

modes in a sample, and reveals similar, complimentary information to infrared 

spectroscopy. A monochromatic laser is used to illuminate the sample at wavelengths 

in the visibile, near ultraviolet, or near infrared range. 

Inelastic scattering means photons, which are used to excite the sample, are 

re-emitted with an shifted frequency, characteristic of vibrational and rotational 

transitions in the molecules. Wavelengths produced by Rayleigh scattering (where the 

frequency of emitted light is the same as the photo generated from the light source) 

are filtered out, whilst remaining light is dispersed onto a detector. 
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2.4 Solid state synthesis 

The most widely used method for the synthesis of inorganic materials is by heating 

reactants together for an extended period at high temperatures. Components are 

ground together to create a homogenous mixture with some contact between reactant 

crystal faces. Migration of ions between these interfaces upon heating allows the 

formation of a new structure. The rate of reaction can be improved by increasing the 

interface areafor reaction, by reducing particle size and placing the material in a 

hydraulic press. By pelletising the material, the inter-particle void space is reduced to 

typically less than ten percent, producing a greater interface area between reactants 

for the reaction to proceed.9 

 There high temperatures are necessary, due to the need overcome the lattice energy; 

for a complete disruption of the structure, not otherwise necessary in organic 

reactions. In the case of lithium iron sulphide, the reaction environment needs to be 

controlled, due to the reactants and products sensitivity to moisture. In this case, 

argon is passed over the mixture during heating. 

 

2.5 Thermogravimetric analysis 

Thermogravimetric analysis, or TGA, is a method of thermal analysis used to monitor 

changes in the physical properties of a material as a function of temperature. A sample 

is constantly weighed as it is heated, to determine the decomposition temperatures of 

various processes in the material. The resulting mass change of the sample is 

measured as the temperature of the sample is changed. 
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3.1  Introduction 

In this study, the starting material for lithium deintercalation/intercalation is Li2FeS2. 

The upper voltage curve will be utilized as the operating voltage range of the cell 

(between 1.45 and 2.80 V vs. lithium), shown in Equation 3.11,2 due to the high energy 

density produced from the higher voltage of the cell, and the irreversibility of the 

reaction detailed in Equation  3.2.3–5 Furthermore, the reaction detailed in Equation 

3.2 makes it unsuitable for a positive electrode material, owing to the low potential of 

lithium insertion reaction.  

FeS2 + 2Li+ +2e- → Li2FeS2 
Equation 3.1 

Li2FeS2 + 2Li+ + 2e- → Fe + 2Li2S 
Equation 3.2 

 

In this chapter, lithium iron sulphide is characterised using X-ray diffraction, SEM, and 

electrochemical techniques to assess the general characteristics and performance of 

the material. The lithiated starting material was compared with a natural pyrite 

sample.  
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3.2  Experimental details 

3.2.1 Synthesis of lithium iron sulphide 

Li2FeS2 was synthesized using the solid state method. Stoichiometric amounts of 

lithium sulphide (Alfa Aesar, 99.9%) and iron sulphide (Sigma Aldrich, 99.9%) were 

ground together in a pestle and mortar (approximately five grams) for fifteen minutes 

under a dry nitrogen atmosphere. The material was packed into an alumina crucible 

and transferred to the furnace in a sealed quartz furnace tube. The general reaction 

scheme is shown below in equation 3.3. 

Li2S(s) + FeS(s) → Li2FeS2(s) 

Equation 3.1 

 

Initial Argon flow was approximately 2.5 l min-1 to clear nitrogen and air from the 

furnace tube. This was reduced to 0.25 l min-1 after thirty minutes. The temperature 

was ramped at 5 °C min-1 to 600 °C. This temperature was held for five hours to allow 

the reaction to proceed. The resulting sintered black solid Li2FeS2 was transferred 

back to the glove box and ball milled for twenty minutes at a frequency of 20 s-1 

producing a fine black powder. 

The above synthesis procedure was developed at QinetiQ, with the aim of reducing the 

reaction timescale to reduce processing costs. In an attempt to replicate previous 

studies with purer starting material, stoichiometric amounts of lithium sulphide and 

iron sulphide were ground together with a 2% excess of lithium sulphide to counter 

possible lithium/sulphur loss on heating. The mixture was heated at 5 °C min-1 to 700 

°C and held for thirty six hours. 
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3.2.2  X-ray diffraction analysis 

An X-ray diffractometer (D8, Brucker) with Cu Kα radiation source and Sol-X detector 

with fluorescence filter was used to record patterns from 20 to 70°, with an increment 

of 0.05, scanning over one degree per minute, for approximately twelve hours. The 

lithium iron sulphide samples were placed in an air tight sample holder under argon. 

The sample holder used a curved acetate window over the powder sample, which 

remains perpendicular to the X-ray beam at all angles.  

An XRD pattern of the sample holder was also collected, so the relevant background 

peaks in the spectra could be eliminated during Reitveld refinement. The GSAS 

EXPGUI program package was used in the refinement. The refinement was initially 

based on the formula Li2FeS2 with the space group P-3ml, with a = 3.902 Å and c = 

6.294 Å.6 

3.2.3 Electrode fabrication and testing 

On contact with moisture, lithium iron sulphide evolves hydrogen sulphide gas, shown 

in equation 3.4 

Li2FeS2 + 2H2O → H2S + 2LiOH + FeS 

Equation 3.2 

 

Owing to the reactivity of lithium iron sulphide to atmospheric moisture, all 

processing steps were conducted under an inert argon atmosphere with less than 10 

ppm atmospheric moisture. 80 % by weight lithium iron sulphide was combined with 

15 % by weight dry acetylene black (Shawinigan Black, Chevron Phillips) in a pestle 

and mortar and ground until a homogenous mixture was produced. 5% by weight dry 

PTFE (6C-N, Dupont) was then added to the mixture and rolled into a film with a 

thickness of 80 μm. Cathode pellets with 8 mm diameter were produced from the film 

using a punch. The pellets were dried under vacuum at 120 ºC overnight and weighed 

so that the active material in the cathode could be accurately calculated. In 
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experiments with pyrite, the active material was a sample of natural pyrite (Sigma-

Aldrich) ball milled for two hours at a frequency of 20 s-1. 

In all electrochemical testing, cells were assembled as described in Chapter 2, using 

1.0 M LiPF6 EC:DMC, 1:1 (Novolyte) soaked glass fibre separators and a lithium foil 

negative electrode. The water content of the electrolyte was tested using the Karl 

Fischer technique was found to contain less than 5 ppm of moisture. All cells were 

cycled at a constant temperature of 25 ºC. 
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3.3 Characterisation of lithium iron sulphide 

3.3.1 XRD and SEM characterisation of lithium iron sulphide 

After initial synthesis of lithium iron sulphide, the sample was ball milled and 

characterised using X-ray diffraction. Figure 3.1 shows the XRD data from the material 

used in the initial experiments with lithium iron sulphide. Peaks at around 38° and 

44° correspond to the aluminium sample holder and were excluded for the purposes 

of the structural refinement. 
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Figure 3.1 Rietveld refined XRD pattern of Li2FeS2 with observed and calculated intensities. 
Green, blue and orange starts denote iron sulphide, lithium sulphide and lithium hydroxide 
impurity peaks respectively. 

 

Using Rietveld refinement, the lattice parameters of the sample were calculated, 

where a = 3.9113(8) Å and c = 6.2953(12) Å and the unit cell volume is 83.406(28) Å3. 

The positions of the atoms within the unit cell are shown in table 3.1. These lattice 
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parameters are generally in agreement with previous reported work discussed in 

section 3.1. 

Table 3.1 Refined data for Li2FeS2 showing atomic positions of elements and their 
occupancies 
Atom X Y Z Occupancy 

Fe1 0.33333 0.666666 0.3656(11) 0.5 
S2 0.666666 0.333333 0.2527(11) 1 
Li3 0 0 0 1 
Li4 0.33333 0.666667 0.3656(11) 0.5 

 

Analysis of the XRD pattern of the synthesised lithium iron sulphide indicates that the 

five hour synthesis did not produce a pure sample. Table 3.2 summarises the main 

impurities arising from the synthesis. The main impurities detected were iron 

sulphide and lithium sulphide, as a result of incomplete reaction of the starting 

materials used in the synthesis. Peaks corresponding to lithium hydroxide were also 

identified. This is a likely product of exposure of the lithium iron sulphide product to 

atmospheric moisture upon handling of the material.  

Increasing the temperature and duration of the synthesis reaction had the effect of 

reducing the intensity of the impurity peaks corresponding to iron sulphide and 

lithium sulphide, although, the material had poor gravimetric capacity when 

compared with the lithium iron sulphide produced via lower temperature synthesis, 

possibly due to lithium and sulphur loss from the sample exposed to higher 

temperatures. 

Table 3.2 Peaks arising from impurities in the Li2FeS2 sample. 
Impurity 2θ Degrees 

Iron sulphide 27, 28, 30, 43, 47, 56, 61 
Lithium sulphide 27, 31, 55, 65 
Lithium hydroxide 30, 32, 34 

 



Chapter 3. An overview of lithium iron sulphide 

 

67 

 

 

Figure 3.2 SEM images of the Li2FeS2 sample after ball milling. Images were recorded with an 
acceleration voltage of 20 kV. 

 

The morphology of the ball-milled sample was studied using SEM. Figure 3.2 shows 

SEM images collected at two different magnifications. The particle size of the lithium 

iron sulphide is not uniform, due to the method of particle size reduction. The average 

particle size is approximately 10 µm, with some distribution. This particle size, whilst 

unsuitable for high rates of discharge, is adequate for the types of testing that will be 

conducted in this study.  

A crystal structure cannot be identified from these images, although there does appear 

to be some preferred orientation in the growth of the particles, forming some plate 

like structures. 

 

3.3.2 Electrochemical characterisation of lithium iron sulphide 

Initially, the electrochemical characterisation of the synthesised lithium iron sulphide 

was conducted in a lithium half-cell, as detailed in Section 3.2.3. Figure 3.3 shows the 

initial galvanostatic cycling of a lithium iron sulphide cell. The open circuit potential of 

the pristine cell prior to cycling was measured at 1.77 V vs. Li. Reaction of the lithium 

iron sulphide sample with atmospheric moisture shown in Equation 3.4 will remove 

lithium ions from the host structure, effectively charging the material, raising the open 
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circuit potential of the cell. This is confirmed by XRD do to the presence of lithium 

hydroxide impurities in the sample. 
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Figure 3.3 Galvanostatic cycling of lithium iron sulphide vs. lithium metal and 1M LiPF6 
EC/DMC electrolyte. Cells were with a current density corresponding to a C rate of C/10 
assuming a theoretical capacity of 400 mAh g-1. 

 

Upon charging of the pristine cell, the lithium iron sulphide undergoes a number of 

small phase changes, shown by the number of short plateaus below 2.0 V vs. Li. This is 

more clearly demonstrated by two sharp peaks in the differential capacity plot, 

Figure 3.4, generated from galvanostatic cycling data. These plateaus are absent from 

subsequent charging profiles, indicating these reactions are isolated to the first 

charge. Lithium extraction up to approximately 2.5 V vs. Li is accompanied by an 

oxidation state change in the iron centre from Fe2+ to Fe3+.7 It is interesting to note 

that while this predominately a single phase reaction there is a two phase transition in 

the material just below 2.3 V vs. lithium, shown by sloped plateau in the charge 

profile. 
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Figure 3.4 Differential capacity plot of lithium iron sulphide vs. lithium metal and 1M LiPF6 
EC/DMC electrolyte. Cells were with a current density corresponding to a C rate of C/10 
assuming a theoretical capacity of 400 mAh g-1. 

 

Further charging above 2.5 V to 2.8 V vs. Li is accompanied by a large voltage plateau 

due to oxidation of sulphur sites from Fe3+(S2-)2 to Fe3+S2-(S2)2-0.5 identified by 

previous studies.1,2 

Upon discharge from 2.8 V vs. Li, there is an initial single phase region followed by a 

two phase reduction of the sulphur sites. The onset of the two phase reaction occurs at 

around 2.2 V vs. Li. There is a voltage hysteresis between the plateaus for charge, at 

2.55 V, and discharge, at 2.2 V, indicating that the reduction of Fe3+S2-(S2)2-0.5 does not 

occur via the same structural pathway as the oxidation to 2.8 V. This large voltage 

hysteresis indicates a conversion reaction, as opposed to a topotactic insertion 

reaction common in commercially available lithium ion battery materials.  

Below 2.1 V vs. lithium, the iron sites are reduced from Fe3+ to Fe2+. Lithium insertion 

below 1.6 V vs. lithium results in a sharp potential drop, indicating the complete 

reduction of the material to Li2FeS2. Further insertion of lithium results in the 
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conversion of Li2FeS2 to Fe and Li2S, shown in Equation 3.2. This reaction is a two-

phase insertion, and results in a plateau below 1.45 V vs. Li. 

Slow galvanostatic cycling of lithium iron sulphide cells produce an initial discharge 

capacity of around 350 mAh g-1 of active material. The available capacity is lower than 

the theoretical capacity for lithium iron sulphide, which is around 400 mAh g-1 of 

active material. Cycling of the material at lower current did not yield any additional 

capacity from the material. Initial discharge to 1.45 V vs. Li in a pristine cell produces 

a nominal capacity. The small charge imbalance between the initial charge and 

discharge indicates that the pristine material is not fully lithiated, and some of effects 

of exposure to atmospheric moisture can be reversed. 

Analysis of the first discharge and subsequent charge of the lithium iron sulphide 

shows that the iron site redox contributes approximately    150 mAh g-1, whilst the 

sulphur side redox contributes approximately 200 mAh g-1. This indicates that whilst 

the available sulphur redox sites are almost completely utilised in the 

charge/discharge, only 75% of the available iron sites are oxidised Fe2+ to Fe3+, which 

has been recently reported.8 Complete oxidation of the iron sites may be 

thermodynamically unfavourable and could lead to structural breakdown in the 

material, and would account for the incomplete utilisation of the iron site redox. 

Rate testing was conducted on a cell to assess the effect of current density on 

discharge performance of lithium iron sulphide. Figure 3.5 shows the discharge 

profiles of the material. It must be noted that there was some capacity loss over the 

number of cycles involved in the rate testing. The initial discharge capacity produced 

from the pristine cell at current density corresponding to C/10 was 346 mAh g-1, 

whilst the final discharge of the cell at C/10 (after multiple discharges at varying 

rates) produced 331 mAh g-1.  
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Figure 3.5 Discharge profiles of lithium iron sulphide, charged at C/10 and discharged at a 
number of rates corresponding current densities calculated assuming a gravimetric capacity of 
350 mAh g-1 of active material. Rate testing was conducted in a lithium half-cell with1M LiPF6 
EC/DMC electrolyte. 

 

As the rate of discharge is increased there is a decrease in the potential of discharge of 

the cell. Much of this potential decrease can be attributed to IR drop, as a result of the 

increased current passed through the cell which effectively has a fixed resistance for a 

given degree of charge. As the current density of the discharge is increased, the 

discharge profiles become more sloping. This effect could be due to polarisation of the 

electrodes at larger current densities impacting the measured potential of the cell. 

The effect of the rate of discharge on capacity is more easily visualised in Figure 3.6. 

Increasing the current density from a rate corresponding to C/10 to a rate of 1C does 

not have a large impact on the discharge capacity. At a rate of 1C, the material still 

produces 318 mAh g-1 down from 346 mAh g-1 produced at C/10. 
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Figure 3.6 Discharge capacity of a lithium iron sulphide cell discharged to 1.45 V vs. lithium as 
a function of the rate of discharge. C rates were calculated assuming a gravimetric capacity 
of350 mAh g-1 of active material. 

 

As the current density is increased beyond a rate of 1C, the discharge capacity begins 

to decrease rapidly. At a discharge rate of 2C, the cell still produces 298 mAh g-1, but 

the subsequent 5C and 10C discharges produce 155 and 31 mAh g-1 respectively. The 

reduction of discharge capacity at these higher rates will be due to limitations from 

the rate of solid state diffusion in the active material, polarisation of the electrodes 

and lack of compensation in the voltage cut off to compensate for the potential drop 

due to increasing current.  

Rate testing shows a charge/discharge rate of C/2 is suitable for long term cycle life 

performance testing, as this current density is a suitable balance between active 

material utilisation, crucial for assessing the effect of cycle number on capacity, and 

experimental time scale.  
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Figure 3.7 Cycle life performance testing of a lithium iron sulphide cell cycled with a current 
density corresponding to a charge/discharge rate of C/2, assuming a gravimetric capacity of 
350 mAh g-1. The cell was cycled between 2.80 and 1.45 V vs. lithium metal with two glass fibre 
separators soaked with 1M LiPF6 EC/DMC electrolyte. 

 

The cycle life performance of a lithium iron sulphide cell cycled vs. a metallic lithium 

negative electrode at a rate of C/2 is shown in Figure 3.7. The initial discharge of the 

cell produces a capacity of 291 mAh g-1 of active material. The capacity produced on 

the initial discharge is lower than the capacity measured during rate testing of the 

material. For the rate testing experiment, the material was charged at a lower current 

density (at a rate of C/10) and allowed complete delithiation of the lithium iron 

sulphide. For the cycle testing experiment, the rate of charge and discharge were 

equal, with a higher current density for the charging process (a rate of C/2). This will 

lead to incomplete charge of the material, which will result in a lower capacity for the 

following discharge of the cell. 

Following the initial discharge of the material, the subsequent four cycles show some 

charge imbalance, where the efficiency of the cell is above 100 %. After this initial 

imbalance the cell capacity stabilises briefly at 280 mAh g-1. From the 7th cycle the 

capacity of the cell decreases with each subsequent cycle from 280 mAh g-1 to 148 
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mAh g-1 on the 100th cycle. Between the 7th an 100th cycle, the cell loses approximately 

1.4 mAh g-1 per cycle. Over the course of these charge/discharge cycles however, the 

rate of capacity loss is not completely linear. As the number of cycles increases, the 

capacity loss per cycle also increases. This effect begins to become more pronounced 

after approximately fifty cycles. At around the 80th cycle, the rate of capacity loss per 

cycle begins to decrease again. 

As the number of cycles increases, there is also a general decrease in the efficiency of 

the cell. The coulombic efficiency of the cell decreases from around 99.8 % initially 

towards 98.9 %, although after the 80th cycle the efficiency does begin to stabilise. 

This corresponds to an increase in the charge imbalance between the charge and 

discharge processes. 

The evolution of the galvanostatic charge/discharge profiles can be seen in the 

differential capacity plots of Figure 3.8. After the initial charge and discharge, the 

characteristics of the charge/discharge profiles begin to change. The initial discharge 

shows two peaks for the oxidisation of the sulphur species. The smaller peak at 2.55 V 

vs. Li is possibly represents a phase nucleation, which evolves into a two phase 

reaction centred at 2.6 V vs. Li. This is more pronounced in the C/2 cycling due to the 

current density, and subsequent overpotential of the cell. 

At the 5th and 10th cycle, the potential of this two phase transformation shifts to 

around 2.55 V vs. lithium, and the absence of a phase nucleation is seen due to the 

presence of a single peak in the differential capacity plot. The potential for plateau 

corresponding to the reduction of sulphur is also shifted to a more positive potential, 

from a peak in the differential capacity plot centred at 2.01 V on the 1st  discharge to 

2.13 V on the 5th and 10th cycles. A decrease in the hysteresis of the redox potential 

plateaus for the 1st and 5th cycle indicate that there are also some structural changes 

occurring after multiple cycles of lithium iron sulphide. 
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Figure 3.8 The evolution of the differential capacity plots of charge/discharge with cycle. The 
lithium iron sulphide cell cycled with a current density corresponding to a charge/discharge 
rate of C/2, assuming a gravimetric capacity of 350 mAh g-1 between 2.80 and 1.45 V vs. 
lithium metal with 1M LiPF6 EC/DMC electrolyte. 
 

After the 50th cycle the voltage hysteresis between charge and discharge plateaus 

begin to increase again, and the peaks in the differential capacity plots become 

broader, signifying that the charge and discharge plateaus in the galvanostatic cycling 

plots become more sloped. This effect becomes more pronounced after the 100th cycle 

of the cell. These changes could be attributed to a general increase in the internal 

resistance of the cell, and active material losses due to degradation of the structure, 

although reasons for this increase in resistance will be investigated in a later chapter. 

While the higher temperature synthesis, where the reactants were held at 700 °C for 

thirty six hours, appeared to reduce the amount of unreacted starting material in the 

product, the gravimetric capacity of the cell was reduced below 320 mAh g-1 on the 

first discharge cycle, even at low current densities. The cycle life performance of the 

cell was also greatly diminished. Owing to these results, the low temperature 

synthesis route material was chosen for use in further studies and development. 
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3.4 Comparison with a natural pyrite sample 

A sample of natural pyrite was compared with lithium iron sulphide to assess which 

material produces the best electrochemical characteristics in terms of gravimetric 

energy density and cycle life performance, and infer which sample is more 

appropriate to study and develop.  

3.4.1 EDX and SEM characterisation of natural pyrite 

Due to technical difficulties with equipment, an XRD spectrum could not be collected 

for the natural pyrite. As a substitute, EDX analysis was used to infer the composition 

of the natural pyrite. Figure 3.9 shows the EDX spectrum collected for the natural 

pyrite. The instability of lithium iron sulphide to atmospheric moisture, and the 

presence of lithium (undetectable by EDX), absent in the pyrite sample make this 

method of elemental analysis more useful and appropriate for a sample of pyrite. 

 

Figure 3.9 EDX spectrum of natural pyrite sample recorded at an acceleration voltage of 20 kV. 
The tan lines represent the theoretical peak positions of aluminium, present in the SEM stub. 

 

The EDX spectrum shows the majority of the signal is attributed to sulphur and iron 

atoms. There is some contribution from carbon, oxygen and aluminium, although this 

is due to the carbon backed aluminium stubs used to mount the sample in the SEM. 

Elemental analysis of the sulphur and iron atoms shows that the atomic ratio of 

sulphur to iron is approximately 66:34. If it is assumed that the sample will consist of 

pyrite (FeS2) and pyrrhotite (FeS1.3),9 the sample will consist of approximately 93 % 
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pyrite. Pyrrhotite is electrochemically inactive, so should not contribute to the 

electrochemical characterisation.9 

 

Figure 3.10 SEM images of the natural pyrite sample after ball milling. Images were recorded 
with an acceleration voltage of 20 kV. 
 

SEM images of the natural pyrite sample are shown in Figure 3.10. Following the ball-

milling of the bulk pyrite, the sample appears to break apart to form platelets of 

material. While the diameter of these particles can be as large as 20 µm, the thickness 

of the platelets is likely to be around 5 µm. The processes pyrite material has an 

average particle size on the same order of magnitude as the lithium iron sulphide 

material shown in Figure 3.5 SEM images of the Li2FeS2 sample after ball milling. 

Images were recorded with an acceleration voltage of 20 kV. This will allow for 

meaningful electrochemical comparison of the two samples, due to the absence of any 

influence arising from different solid state diffusion path length on the discharge 

capacities of the samples at elevated current densities used for cycle life performance 

testing. 

3.4.2 Electrochemical characterisation of natural pyrite 

Initially, the pyrite sample was tested using galvanostatic cycling using the same 

potential window applied in the charge/discharge of the lithium iron sample 

(between 1.45 and 2.80 V vs. Li). As the pristine pyrite cell is completely delithiated, 

unlike the lithium iron sulphide sample, the cell was initially discharged. It was found 

that the initiation of the lithiation of the pyrite sample was not possible above 1.45 V, 

so initial discharge experiments did not produce a significant capacity.  
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The galvanostatic cycling data for pyrite is shown in Figure 3.11. By decreasing the 

lower voltage cut-off to 1.2 V, it was found that capacity was produced. As the pristine 

cell is discharge, the potential of the cell rapidly drops to below 1.45 V before it begins 

to increase, and a discharge plateau is produced. This initial spike in the voltage 

indicates the initiation of the two phase formation of a new lithium iron sulphide 

phase. 
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Figure 3.11 Galvanostatic cycling of natural pyrite vs. lithium metal and 1M LiPF6 EC/DMC 
electrolyte. Cells were with a current density corresponding to a C rate of C/10 assuming a 
theoretical capacity of 400 mAh g-1. 
 

Initial discharge of the pristine cell produces just under 700 mAh g-1, which is far 

greater than the theoretical capacity of the 2 e- transfer reaction which produces 

Li2FeS2 from FeS2.10 It must therefore be anticipated that discharge to 1.2 V will allow 

further lithiation of lithium iron sulphide to form lithium sulphide and metallic iron. 

Although two distinct plateaus for these reactions are not easily identified from the 

initial galvanostatic discharge, a depression in the plateau at after approximately 

350 mAh g-1 indicates the presence of a secondary reaction. The subsequent charge 

shows evidence of the formation of lithium sulphide and iron on the initial discharge. 
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Upon the first charge of the pyrite cell, the potential of the cell rises rapidly until a 

plateau is produces at around 1.8 V. This plateau corresponds to the reformation of 

lithium iron sulphide from lithium sulphide and metallic iron. Further charging of the 

cell above 1.8 V produces similar electrochemical characteristics seen in the charging 

of the lithium iron sulphide cell in Figure 3.6 Galvanostatic cycling of lithium iron 

sulphide vs. lithium metal and 1M LiPF6 EC/DMC electrolyte. There is a single phase 

oxidation of the iron site which attributes approximately 150 mAh g-1 to the charge 

process, followed by a plateau corresponding to the oxidation of the sulphur sites in 

the material, which contributes approximately 200 mAh g-1. 

Following the charge, the cell was discharged to 1.45 V. Again, the pyrite cell shows 

similar electrochemical characteristics to the lithium iron sulphide sample. Upon 

discharge there is an initial sloping plateau, corresponding to the reduction of the 

sulphur species, followed by a single phase reduction of the iron sites. Overall, the 

discharge of the fully delithiated cell to form lithium iron sulphide produces a capacity 

of 350 mAh g-1. This capacity is approximately the same as the capacity produced from 

the lithium sulphide cells, and shows that a cell constructed with pyrite is also unable 

to produce theoretic capacity at low current densities. 

It is interesting to note that unlike the cells produced with lithium iron sulphide 

starting materials, the 2 e- is completed above 1.45 V vs. lithium. Discharge to 1.45 V in 

the pyrite cell produces a further plateau corresponding to the two phase reduction of 

lithium iron sulphide to lithium sulphide and metallic iron.  

Although the discharge capacities for both the lithium iron sulphide and pyrite cells 

are similar, it is important to compare the potentials of two cells when assessing the 

performance of the cell. The energy density of the cell is a product of the capacity and 

the discharge potential of the cell, the material with the higher discharge potential will 

have a higher energy density. Figure 3.12 shows the differential capacity plots of the 

lithium iron sulphide and pyrite cells, and makes direct comparison of the differences 

in redox potentials more apparent. 
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Figure 3.12 Differential capacity plot of natural pyrite vs. lithium metal and 1M LiPF6 EC/DMC 
electrolyte. Cells were with a current density corresponding to a C rate of C/10 assuming a 
theoretical capacity of 400 mAh g-1. 
 
 

The differential capacity plot shows that the potentials for the charge/discharge 

plateaus corresponding to the sulphur redox differ between the lithium iron sulphide 

and the pyrite cell. While the charge plateau for the sulphur oxidation occurs below 

2.5 V in the pyrite cell, this same reaction does not occur until the cell potential rises 

above 2.5 V in the lithium iron sulphide cell. 

Although the energy consumed in charging the lithium iron sulphide cell is greater 

than the pyrite cell, the more important characteristic of the cell is the energy 

produced on the discharge of the cell. The potentials of the following discharge also 

differ between the two cells. The sulphur site reduction in the lithium iron sulphide 

cell occurs via a two phase reaction above 2.1 V, while the corresponding reaction in 

the pyrite cell occurs below 2.1 V with a more sloping discharge plateau. The average 

potential of the reduction of the iron sites is greater in the pyrite cell, as the material is 

discharged above 1.45 V. This lower voltage reaction will be less crucial in 

determining the overall energy density of the discharge of the cell. 
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These differences in discharge potential are unlikely to be a result of differences in the 

internal resistance of the two cells, as an increase in resistance would result in an 

increase of the charge potential, and a decrease in the discharge potential, as opposed 

to a shift of both charge and discharge potential to a higher voltage. The differences in 

redox potentials in the cell are likely to be due to small differences in the structure of 

the active material on cycling and the influence of impurities on the localised structure 

of the active material. 

As both cells have similar discharge capacities, the lithium iron sulphide cell will have 

more desirable performance due to the increased potential of the high voltage plateau, 

and the more sloping nature of the discharge plateau produced from the pyrite cell. 

Another important comparison to be made is the cycle life performance of the lithium 

iron sulphide and pyrite cells. Figure 3.13 shows the cycle life performance of a pyrite 

cell. On the first discharge the cell produces a high capacity of over 600 mAh g-1, due to 

the initial lower voltage limit necessary to initiate the lithium insertion into the pyrite 

starting material. Until the 4th cycle, there is still some influence from the lithiation of 

the material beyond Li2FeS2, although the increased IR drop associated with the 

increased current density used in the rate testing of the cell help to reduce the 

contributions from this process.  

Over the first one hundred cycles, the cycle life performance of the lithium iron 

sulphide cell is superior to the performance of the pyrite cell. From the 4th cycle until 

the 100th cycle the capacity of the cell drops from 310 to 102 mAh g-1. Over this period 

the cell loses approximately 2.2 mAh g-1 per cycle, which is a much greater rate of 

capacity fading than the lithium iron sulphide cell which loses approximately 

1.4 mAh g-1 per cycle. 
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Figure 3.13 Cycle life performance testing of a natural pyrite cell cycled with a current density 
corresponding to a charge/discharge rate of C/2, assuming a gravimetric capacity of 350 mAh 
g-1. The cell was initially discharged to 1.20 V cycled between 2.80 and 1.45 V vs. lithium metal 
with two glass fibre separators soaked with 1M LiPF6 EC/DMC electrolyte. 

 

Until around the 30th cycle, the rate of capacity loss per cycle in the pyrite cell is 

comparable to the lithium iron sulphide, and the coulombic efficiency of the cell is 

relatively stable. After approximately thirty cycles, the rate of cell degradation become 

increasingly significant, and the coulombic efficiency of the cell becomes increasingly 

unstable. 

Figure 3.14 shows the evolution of the differential capacity plots on cycling, produced 

from the galvanostatic charge/discharge plots of the cell used for the cycle life 

performance testing, and helps to gain insight into the causes of the capacity loss in 

the pyrite cell over a number of cycles. 
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Figure 3.14 The evolution of the differential capacity plots of charge/discharge with cycle. The 
lithium iron sulphide cell cycled with a current density corresponding to a charge/discharge 
rate of C/2 between 2.80 and 1.45 V vs. lithium metal with 1M LiPF6 EC/DMC electrolyte. 

 

From Figure 3.14 it can be seen that after the initial cycling of the material, after the 

5th and 10th cycles, the potential of the plateau corresponding to the sulphur site 

oxidation shifts upwards, while the plateau corresponding to the sulphur site 

reduction also shifts upwards and becomes less sloping. This again infers some initial 

structural evolution of the material as opposed to a change in the internal resistance 

of the cell. 

As the cell is cycled further, towards the 100th cycle, the voltage hysteresis between 

charge and discharge plateaus increase, and the peaks in the differential capacity plots 

become broader, signifying that the charge and discharge plateaus in the galvanostatic 

cycling plots become more sloped. As with the lithium iron sulphide cell, changes in 

the redox potentials of the cell could be attributed to a general increase in the internal 

resistance of the cell, although this effect appears to be more pronounced in the cell 

constructed with the natural pyrite electrode. 
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3.5 The effect of varied upper voltage limit and charge limitations 

on cycle life performance 

Due to the poor cycle life performance of lithium iron sulphide, electrodes were cycled 

with varied upper voltage charge cut-off limits, to assess the contribution, if any, of the 

higher voltage process on the instability of the electrode over a number of cycles. 

Figure 3.15 shows the initial charge/discharge profiles of the electrodes charged with 

three different upper voltage limits 
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Figure 3.15 Galvanostatic cycling of lithium iron vs. lithium metal and 1M LiPF6 EC/DMC 
electrolyte. Cells were with a current density corresponding to a C rate of C/10, assuming a 
theoretical capacity of 400 mAh g-1. The dotted lines represent charge, while the solid lines 
represent discharge. Three separate cells were cycled with different upper voltage limits to 
assess the effect on performance. 

 

Decreasing the upper voltage limit on the charge processes reduces the degree of 

delithiation of the cell, and in turn reduces the discharge capacity of the electrode. 

Changing the upper voltage limit of charge from 2.80 to 2.65 V reduces the discharge 

capacity of the cell from 290 to 260 mAh g-1. A majority of this reduction in discharge 

capacity can be attributed to a shortening of the discharge plateau corresponding the 
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reduction of the sulphur sites in the material. Apart from this, there appears to be very 

little difference in the charge/discharge profiles and redox potentials in the two cells. 

Decreasing the potential cut-off to 2.5 V appears to have a large impact on the 

electrochemical characteristics of the discharge profile. By limiting the charging 

potential to 2.5 V, there should be no contributions to cell capacity from sulphur site 

redox, as the cell is only cycled in the single phase topotactic insertion region 

corresponding to iron redox. Upon discharge from 2.5 V the cell produces a capacity of 

120 mAh g-1. The cell capacity measured is lower than the capacity of 150 mAh g-1 

anticipated from Figure 3.6 due to the cut-off restricting the complete utilisation of all 

electrochemically active iron sites in the active material, and the higher current 

density of the material. 

By charging the material to 2.5 V, the large voltage hysteresis between the charge and 

discharge profiles is dramatically reduced from approximately 0.45 V, when charged 

to 2.8 V, to 0.10 V. This effectively increases potential of the iron reduction compared 

to cells charged to greater degree of charge. The charge and discharge profiles also 

appear to ‘overlay’ each other, with multiple features in the charge profile maintained 

on the discharge, which was not apparent upon charge to higher cell potentials.  

This data appears to indicate that when the lithium iron sulphide cell is charged above 

2.5 V, and the sulphur sites are utilised for the oxidation reaction, there is a structural 

transformation in the material, and the forward oxidation reaction for the iron site 

redox occurs via a different structural pathway to the reverse reduction process. 

When the upper cell voltage cut-off is reduced, and the oxidation of sulphur sites is 

restricted, it is likely that the insertion/extraction of lithium occurs via the same 

structural pathway. 

The influence of the charge cut-off voltage on the cycle life performance of the cell is 

shown in Figure 3.16. As the potential of the upper voltage cut-off is increased, the 

rate of capacity loss per cycle increases. While the cell charged to 2.80 V produces an 

initial capacity of 290 mAh g-1, after one hundred cycles, the cell only produces 148 

mAh g-1. The cell charged to 2.65 V produced a lower initial capacity of 260 mAh g-1, 

but after one hundred cycles the cell was still able to produce 175 mAh g-1. 
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Figure 3.16 Cycle life performance testing of a lithium iron sulphide cell cycled with a current 
density corresponding to a charge/discharge rate of C/2, assuming a gravimetric capacity of 
350 mAh g-1. Each cell was charged to the upper voltage cut-off shown and discharged to 1.45 
V vs. lithium metal with two glass fibre separators soaked with 1M LiPF6 EC/DMC electrolyte. 

 

Over the course of one hundred cycles the approximate total capacity delivered by 

either cell, or the average capacity per cycle, is similar. The lower initial discharge 

capacity produced from the cell charged to 2.65 V is offset by the improved cycle life 

performance of the cell. Beyond one hundred cycles, it is likely that the cell charged to 

2.65 V will begin to show an advantage in the average capacity delivered per cycle, 

although by this point, the average capacity per cycle will become too low. 

Cycling the cell to an upper potential of 2.50 V dramatically improves the cycle life 

performance of the cell. The initial discharge of the cell produces 120 mAh g-1 and by 

the 100th discharge the cell is still able to deliver a gravimetric capacity of 105 mAh g-1. 

The average capacity loss per cycle is only 0.15 mAh g-1. This low rate of cell 

degradation could be attributed to moisture ingestion into the cell via the seals. 
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Figure 3.17 The evolution of the differential capacity plots of charge/discharge with cycle. The 
lithium iron sulphide cell cycled with a current density corresponding to a charge/discharge 
rate of C/2 between 2.50 and 1.45 V vs. lithium metal with 1M LiPF6 EC/DMC electrolyte. 

 

Figure 3.17 shows the evolution of the galvanostatic cycling over one hundred cycles 

for the cell charged to 2.5 V. Generally, there is very little change in the redox 

potentials of the cell, and any minor shifts in potential towards the 100th cycle could 

be attributed to increases in cell resistance. This shows that there are little or no 

irreversible structural changes in the cell. It is likely that the crystal structure of the 

active material is maintained over a number of cycles, and the extraction of lithium 

shows excellent reversibility, unlike cells utilising capacity from the sulphur site 

redox. 

To further assess the impact of the higher voltage plateau, corresponding to sulphur 

oxidation, on the cycle life performance of lithium iron sulphide, a cell was cycled with 

limited degree of charge. In this experiment, the total charge passed during charging 

of the cell was limited 250 mAh.g-1, while the upper voltage limit was kept at 2.80 V vs. 

Li, to assess the impact of incomplete delithiation on cell stability.  
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Figure 3.18 Cycle life performance testing of a lithium iron sulphide cell cycled with a current 
density corresponding to a charge/discharge rate of C/2, assuming a gravimetric capacity of 
350 mAh g-1. The cell was cycled between 2.80 and 1.45 V vs. lithium metal with two glass fibre 
separators soaked with 1M LiPF6 EC/DMC electrolyte. The charging capacity of the cell was 
limited to 250 mAh.g-1 

 

Figure 3.18 shows the cycle life performance of the lithium iron sulphide half-cell 

cycled with limitations imposed on the charging capacity. The initial discharge 

capacity of the cell was 245 mAh.g-1 on the first cycle, which increases to around 

249 mAh.g-1 for the subsequent 75 cycles. Throughout these cycles, the efficiency of 

the cell initially fluctuates between 99.6 and 99.9 % efficiency, indicating some 

irreversible, parasitic charging process. After the 65th charge/discharge cycle, the 

efficiency of the cell begins to decrease to a minimum of 98.6 %. Following the 80th 

cycle, the cell capacity begins to decrease, and the cell is no longer able to maintain a 

charging capacity of 250 mAh.g-1, and the discharge capacity of the cell rapidly 

decreases with subsequent cycling. .  



Chapter 3. An overview of lithium iron sulphide 

 

89 

 

0 25 50 75 100 125 150 175 200 225 250
1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8  2nd Cycle   80th Cycle
 20th Cycle  100th Cycle
 40th Cycle  150th Cycle
 60th Cycle  200th Cycle

   240th Cycle
Po

te
nt

ia
l (

E
W

E 
vs

. L
i) 

/ V

Capacity / mAh.g-1
 

Figure 3.19 Galvanostatic cycling traces of the lithium iron sulphide cell with the charge 
limited to 250 mAh.g-1. The solid trace corresponds to charge, while the dashed trace 
corresponds to discharge. 

 

Figure 3.19 shows the charge/discharge profiles of the cell over a number of cycles. As 

the cell is charged/discharged, the potential of the cell after 250 mAh.g-1 of charging 

current gradually increases with each cycle from 2.57 V on upon initial charging, until 

the cell reaches the upper voltage cut-off of 2.80 V vs Li after the 80th cycle. The 

potential of the discharge plateau corresponding to sulphur reduction also decreases 

with each cycle. Following this, the cell charges to 2.80 V, and the cell capacity 

decreases with each cycle. 

This indicates that utilising the charge capacity from the voltage plateau between 2.55 

and 2.80 V vs. Li, attributed to sulphur oxidation, will result in capacity loss and cell 

degradation upon cycling, irrespective of the upper voltage limits (below 2.80 V)  

imposed on the cell. Although studies in Chapter 3 show that the upper voltage 

limitation can impact on the rate of capacity loss upon cycling, utilising the sulphur 

redox will result in cell degradation. 
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3.6 Conclusions 

Lithium iron sulphide was successfully synthesised, and the structure of the material 

was identified by the Rietveld refinement method. The structure structural 

parameters show good agreement with previous studies, although the presence of 

some starting material in the product shows the reaction at short timescales and low 

temperature does not result in the complete conversion of the reactants. 

Slow galvanostatic cycling of lithium iron sulphide cells produce an initial discharge 

capacity of around 350 mAh g-1 of active material, which is lower than the theoretical 

capacity of lithium sulphide. The features of the electrochemistry can be divided into 

two main processes. Upon charging of the pristine cell there is an initial single phase 

topotactic extraction lithium into the material below 2.55 V, which can be attributed 

to oxidation of the iron sites in the material. This process accounts for a capacity of 

around 150 mAh g-1. Above 2.55 V there is an oxidation of the sulphur sites in the 

structure, accompanied by a two phase conversion of the material. The sulphur redox 

process attributes approximately 200 mAh g-1 to the total cell capacity.  

On discharge the reverse redox process occurs, with an initial sulphur site reduction, 

followed by a reduction of the iron sites in the structure. The electrochemistry shows 

that the discharge process is accompanied by a large voltage hysteresis of 0.45 V, 

which indicates that the structural pathways for the charge and discharge processes 

differ. 

Cycle life performance of the lithium iron sulphide is poor with a decrease in cell 

capacity from 280 mAh g-1 on the 7th cycle to 148 mAh g-1 on the 100th cycle. Between 

the 7th an 100th cycle, the cell loses approximately 1.4 mAh g-1 per cycle. 

Experiments with varied upper voltage limits show the majority of the cell 

degradation and poor cycle life performance in lithium iron sulphide can be attributed 

to the structural processes occurring upon charge above 2.5 V vs. Li, whereby the 

sulphur site redox of the cell is utilised. Where the cell is cycled below 2.5 V in the 

topotactic insertion region, where only the iron redox chemistry is utilised, the cells 

show good cycle life characteristics, with low voltage hysteresis between the charge 
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and the discharge process. Capacity loss in the lithium iron sulphide cell could be 

attributed to structural breakdown and active mass loss, combined with an increase in 

the internal resistance of the cell. 

Furthermore, the degree of charge above 2.6 V appears to have an influence on the 

cycle life performance of the cell, with a greater rate of capacity loss attributed to a 

higher voltage cut-off upon charging. This indicates that the process occurring near 

the end of charging when the voltage begins to increase must have some effect on the 

structural breakdown of the material. If the material can be developed, so that this 

upper voltage region can be made stable, the cell will be able to operate at higher 

discharge capacity, increasing the energy density of the lithium iron sulphide system. 

Comparison of the lithium iron sulphide starting material with a natural pyrite sample 

show that while the initial discharge capacity for the formation of lithium iron 

sulphide are similar, at 350 mAh g-1, the redox potentials of the sulphur site reduction 

upon discharge of the lithium iron cell are greater, and therefore give the lithium iron 

sulphide cell a favourable energy density. The cycle life performance of the lithium 

iron sulphide cell is also superior to the pyrite cell, indicating that the lithium iron 

sulphide starting material is the most suitable material for further development. 
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4.1 Introduction 

Initial studies of lithium iron sulphide in Chapter 3 have highlighted the problem of 

poor cycle life performance of the material, which results in a large capacity loss over 

multiple cycles. Before the material is suitable for commercial applications, this 

problem will have to be alleviated. 

There are many ways to overcome capacity loss in lithium insertion materials. One 

widely adopted method of improving the stability and cycle life performance of a 

number of lithium insertion materials is the introduction of heteroatoms into the 

electrode materials.1 Doping of electrode materials via the introduction of low 

concentrations of metal ions to replace lithium, or the host metal centre, while 

maintaining the iso-structural electrodes ability to reversible intercalate lithium ions 

can influence the structure and electronic state of the electrode material and in turn 

drastically improve the performance of the cell. The specific effects of doping are 

depend on the heteroatoms introduced, and the parent structure. 

The spinel oxide cathode with LiMn2O4 stoichiometry has been the focus of many 

studies, and doping of the structure has been one of the focuses in an attempt to 

improve the cycle life performance of the material. The Jahn-Teller effect involving 

Mn3+ ions results in structural instability, due to anisotropic volume changes in the 

material upon cycling.2 A whole series of iron substituted solid solutions have been 

successfully synthesised, with the general formula LiFeyMn2-yO2.3 As iron content was 

increased, the  capacity of the 5 V plateau decreased, while the  capacity of the 4 V 

plateau increased. Iron substitution is believed to result in structural disordering, 

which reduces Jahn-Teller distortions upon cycling, resulting in improved electrode 

stability.4  

Small amounts of magnesium doping on the spinel structure has also resulted in some 

improvements to cycle life performance, although the initial discharge capacity of the 

material is reduced.5,6 

Due to the high voltage of nickel doped manganese oxide, LiMn1.5Ni0.5O4, studies have 

focused on developing the material for the use in high energy density electrodes. 
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Iron7,8, chromium9,10, titanium11 and cobalt12 have been used as dopants to 

successfully stabilised the crystal structure, and reduce disorder upon cycling, which 

has led to improvements in electrode performance and increased reversibility of the 

cells. 

Doping with aluminium has improved the reversible capacity and cycling behaviour of 

the LiCoO2 electrode, as well as lowering the cost of the material.13 Aluminium doping 

affects the ratio of the c/a lattice parameters, whilst the unit cell volume remains 

approximately unchanged. The aluminium doping results in a smaller variation in 

crystal dimension upon insertion/extraction of lithium, which reduces the lattice 

strain of the material.14 Aluminium doping decreases the gravimetric capacity of the 

electrode material, whilst decreasing the rate of capacity fade of the cell upon 

cycling.15 

LiNiO2 is a lithium insertion material which consists of NiO2 slabs between which 

lithium ions coordinate.16 The material suffers from irreversible capacity loss 

resulting from the oxidation of extra nickel ions during the first charge which leads to 

irreversible shrinking of the inter-slab space, restricting subsequent lithium 

intercalation.17,18 

Cation doping as a means of increasing the electrode stability upon cycling has been 

attempted. Substitution with maganesium19,20, barium21, aluminium22,23, cobalt24 has 

been attempted and among them has, magnesium doping has resulted in the best 

improvements to cycle life performance of the electrode material.In the case of 

magnesium doping, magnesium is substituted for lithium, and occupies lithium sites in 

the inter-slab space.25 The magnesium ions are inactive during oxidation and 

reduction.  

Figure 4.1 shows the proposed effect of lithium substitution on the nickel oxide 

material. A) shows that during the initial delithiation of the undoped material, local 

collapse of the inter-slab spaces makes lithium diffusion and re-intercalation difficult. 

B) shows that electrochemically inactive magnesium ions in the inter-slab space 

effectively act as pillars, holding the slabs apart, allowing reversible deintercalation of 

lithium ions. The magnesium ions do not hinder the diffusion of lithium, as their size is 
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similar to that of lithium ions. This explains why magnesium substitution improves 

the cycle life properties of nickel oxide electrodes. 

 

 

In this study, the synthesis of a calcium doped sample of lithium iron sulphide was 

attempted, with the aim of increasing the cycle life performance of the cell. The impact 

of lithium substitution will be assessed, and any improvements to the electrochemical 

properties of the electrode material will be identified. 

 

  

Li+ Li+ Li+ Li+ Mg2+ 

(Ni,Mg)O2 

(Ni,Mg)O2 

Li+ Li+ Li+ Li+ Ni3+ 

NiO2 

NiO2 

A) B) 

Figure 4.1 Schematic of the inter slab space of A) LixNi1+yO2 and B) LixNi1-yMgyO2 systems 
after multiple charge/discharge cycles (reproduced from reference 19)  
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4.2 Experimental details 

4.2.1 Synthesis of calcium doped lithium iron sulphide 

The calcium doped lithium iron sulphide was synthesized using a solid state method 

similar to previously described in Chapter 3. Table 3.1 shows the desired products 

and the relative molar equivalents of reactants. Calcium sulphide (Alfa Aesar, 99.9%) 

was used in the synthesis. 

Table 4.1 Synthesis details for calcium doped lithium iron sulphide 

Target 

Proportion of 
calcium 
dopants 

Molar 
equivalent of 
Li2S 

Molar 
equivalent of 
FeS 

Molar 
equivalent of 
CaS 

 
Li1.90Ca0.05FeS2 5 % 0.95 1.00 0.05 
Li1.80Ca0.10FeS2 10 % 0.90 1.00 0.10 
Li1.70Ca0.15FeS2 15 % 0.85 1.00 0.15 
     

 

As before, the reactant mixtures were ground in a pestle and mortar and packed into 

an alumina crucible, before the temperature was ramped at 5 °C min-1 to 600 °C under 

an inert argon atmosphere. The temperature was held for five hours to allow the 

reaction to proceed. The resulting sintered black solid was transferred back to the 

glove box and ball milled for twenty minutes at a frequency of 20 s-1 producing a fine 

black powder. 

4.2.2 X-ray diffraction analysis 

An X-ray diffractometer (D8, Brucker) with Cu Kα radiation source and Sol-X detector 

with fluorescence filter was used to record patterns from 2θ 25 to 60°, with an 

increment of 0.05, scanning over one degree per minute, for approximately twelve 

hours. The lithium iron sulphide samples were placed in an air tight sample holder 

under argon. The sample holder used a curved acetate window over the powder 

sample, which remains perpendicular to the X-ray beam at all angles.  
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The GSAS EXPGUI program package was used in the refinement. The refinement was 

initially based on the formula Li2FeS2 with the space group P-3ml, with a = 3.902 Å 

and c = 6.294 Å. Lithium atoms were substituted with the relevant proportions of 

calcium atoms in the initial structure parameters for the refinements. 

4.2.3 Electrode fabrication and testing 

All processing steps were conducted under an inert argon atmosphere with less than 

10 ppm atmospheric moisture. 80 % by weight active material was combined with 15 

% by weight dry acetylene black (Shawinigan Black, Chevron Phillips) in a pestle and 

mortar and ground until a homogenous mixture was produced. 5% by weight dry 

PTFE (6C-N, Dupont) was then added to the mixture and rolled into a film with a 

thickness of 80 μm. Cathode pellets with 8 mm diameter were produced from the film 

using a punch. The pellets were dried under vacuum at 120 °C overnight and weighed 

so that the active material in the cathode could be accurately calculated. 

 In all electrochemical testing, cells were assembled as described in Chapter 2, using 

1.0 M LiPF6 EC:DMC, 1:1 (Novolyte) soaked glass fibre separators and a lithium foil 

negative electrode. The water content of the electrolyte was tested using the Karl 

Fischer technique was found to contain less than 5 ppm of moisture. All cells were 

cycled at a constant temperature of 25 ºC. 
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4.3 The effect of calcium doping on the structure and morphology 

lithium iron sulphide 

Figure 4.2 shows the XRD diffraction data and the calculated peaks from Reitveld 

refinement. The background peaks for the aluminium sample holder were removed 

for the refinement, and are not displayed on the graphs. The signal to noise ratio of the 

pattern corresponding to the 10% calcium sample is poor, and is likely to be due to 

the alignment of the sample in the diffractometer. 

The additional impurity of the calcium sulphide starting material was identified using 

the Eva software package as corresponding to peaks at 31.5, 45, 56, and 65.5°. While 

the presence of the calcium sulphide starting material is insignificant in the 5 % 

calcium doped sample, it is clearly detectable in samples with greater concentrations 

of calcium doping.  

Figure 4.3 shows the lattice parameters calculated from the refinement of the 

undoped and calcium doped samples. As the amount of calcium doping increases, the 

lattice parameter c increases. This demonstrates a Vegard shift, whereby the lattice 

parameter varies smoothly with composition when the symmetry is unchanged26.  

The initial 5% calcium doping increases the lattice parameter c, but a further increase 

in the calcium concentration begins to decrease the lattice parameter, until lattice 

parameter c for undoped lithium iron sulphide and 15% calcium doped lithium iron 

sulphide are the same, when errors are included. 

Figure 4.4 shows the unit cell volume change upon doping of the sample. 5 % Calcium 

doping increases the unit cell volume. A further increase in the calcium doping does 

not appear to have a significant effect. 
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Figure 4.2 Rietveld refined XRD patterns of lithium iron sulphide with observed and 
calculated intensities. Spectrum A, B, C and D represent 0, 5, 10 and 15 % calcium doped 
samples respectively. 
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Figure 4.3 The effects of calcium doping on the lattice parameters of lithium iron sulphide 
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Figure 4.4 The effects of calcium doping on the unit cell volume of lithium iron sulphide 
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This may be due to the larger ionic radius of calcium ions compared to iron and 

lithium ions. Calcium doping onto the lithium sites with half occupancy with iron 

effectively forces the structure apart in the a parameter. This corresponds to a 

decrease in lattice parameter c, and the decrease in the inter slab spacing as the lattice 

structure distorts. 

Figure 4.5 shows that the undoped and calcium doped samples of lithium ion sulphide 

have comparable particle size distribution and similar morphology. This allows for 

meaningful electrochemical comparison of the rate and cycle life performance of the 

two samples, due to the absence of any influence arising from differences in solid state 

diffusion path length at elevated current densities. 

 

Figure 4.5 SEM images of the lithium iron sulphide samples after ball milling. Images A, B, C 
and D represent 0, 5, 10 and 15 % calcium doped samples respectively. Images were recorded 
with an acceleration voltage of 20 kV 
  

A B 

C D 
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4.4 The effect of calcium on the electrochemical performance of 

lithium iron sulphide 

Galvanostatic cycling was used to assess the electrochemical performance of calcium 

doped samples, which was compared and contrasted with the undoped sample. This 

will allow the analysis of the effect of lithium substitution for calcium on the 

gravimetric capacity of lithium sulphide, and the redox potentials of the material. 

More importantly, the impact of calcium doping on the cycle life performance is also 

assessed.  

GITT analysis on lithium iron sulphide is made complex by the number of different 

phase transitions in the material upon cycling, which are generally poorly understood. 

The rate performance of the material, which is directly linked to the rate of solid state 

diffusion of lithium in the active material, may be a more simplified, but effective way, 

of assessing the impact of lithium substitution doping on solid state diffusion. 

4.4.1 The effect of doping on cell potential and capacity 

Figure 4.6 shows a comparison of the first charge/discharge cycle of the lithium iron 

sulphide samples. Calcium doping raises the open circuit potential of the pristine cell 

from 1.77 V in the undoped sample to 1.79, 1.81 and 1.84 V in the material with 5, 10 

and 15 % calcium doping. As calcium sulphide was substituted for lithium sulphide in 

the synthesis, as the degree of calcium doping increases, there will be an increase in 

the lithium deficiency of the prepared sample. This effectively removes lithium from 

the structure, charges the material and raises the open circuit potential of the doped 

material. 

It appears that the same general processes occurring upon the initial charge and 

subsequent discharge of the three calcium doped lithium iron sulphide samples are 

the same as in the undoped sample. There does not appear to be any addition redox 

processes that could be attributed to the oxidation/reduction of calcium ions in the 

sample. 
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The calcium doping does however have an effect on the gravimetric capacity of 

lithium iron sulphide. As the concentration of calcium dopants in the sample 

increases, the quantity of charge, and in turn the quantity of lithium that can be 

extracted, upon charging decreases. This affects the subsequent discharge process. 

Upon initial discharge, the 0, 5, 10 and 15 % calcium doped samples produce 351, 332, 

312 and 294 mAh g-1 of active material respectively. The decrease in gravimetric 

capacity of the calcium doped lithium iron sulphide is not completely linear.  
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Figure 4.6 The first charge/discharge cycle of the undoped and calcium doped lithium iron 
sulphide cells with a lithium metal negative electrode and 1M LiPF6 EC/DMC electrolyte. The 
dotted lines indicate charge, while the solid lines indicate discharge. Cells were cycled with a 
current density corresponding to a C rate of C/10 assuming a gravimetric capacity of 350 mAh 
g-1 of active material. 

 

The capacity loss that could be anticipated by the substitution of 5 % of lithium sites 

with electrochemically inactive calcium ions is approximately  17.5 mAh g-1.The 

difference in gravimetric capacity between the 0 and 5 % samples is the same as the 

difference in capacity between the 10 and 15 % samples, at approximately 17 mAh g-1, 

which is anticipated. The difference between 5 and 10 % calcium doped samples is 
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slightly larger at 20 mAh g-1. Experimental errors could account for the non-linear 

relationship between calcium substitution for lithium, and the gravimetric capacity. 

As the extent of calcium doping in lithium iron sulphide increases, galvanostatic 

cycling shows the capacity contributions from redox of both the iron sites and the 

sulphur sites reduces. This is evidence for calcium doping onto the inter slab lithium 

sites as well as the lithium sites that share half occupancy with iron, in the layered 

structure consisting of lithium, sulphur and iron. 
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Figure 4.7 Differential capacity plot of the first charge/discharge cycle of the undoped and 
calcium doped lithium iron sulphide cells with a lithium metal negative electrode and 1M LiPF6 
EC/DMC electrolyte. Cells were cycled with a current density corresponding to a C rate of C/10 
assuming a gravimetric capacity of 350 mAh g-1 of active material. 

Figure 4.7 shows the differential capacity plot for the undoped and calcium doped 

lithium iron sulphide samples and allows for comparison of the redox potentials of the 

phase transformations during galvanostatic cycling. It appears that calcium doping 

supresses the initial phase transformations seen in the undoped material upon 

charging to 2.0 V. The differential capacity plot for the oxidation of the sulphur sites in 

the structure of the undoped material shows a sharp peak with a shoulder and is likely 

to represent an overpotential due to phase nucleation. This feature is absent in all the 
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calcium doped samples whereby the oxidation of the sulphur sites in the structure are 

represented by a single peak. 

Upon reduction of the fully charged undoped material the differential capacity peak, 

corresponding to the sulphur site reduction above 2.5 V, has a marginally broader, 

less intense peak that the same process in the calcium doped samples. This peak 

sharpening is more pronounced in the 10 and 15 % calcium doped materials. This 

shows that the capacity for the reduction of the sulphur sites in the 10 and 15 % 

calcium doped material is produced over a narrower voltage range, and could indicate 

an increased double-layer capacitance in the undoped lithium iron sulphide electrode 

during this process. 

Other than these small differences, generally the performance of the undoped and 

calcium doped electrodes show comparable redox potentials. The large voltage 

hysteresis between the charge and discharge processes in the undoped material is 

maintained for the calcium doped material. This indicates that calcium doping does 

not affect the general processes occurring during charge and discharge, and do not 

supress any phase changes during cycling. 
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Figure 4.8 The second charge/discharge cycle of the undoped and calcium doped lithium iron 
sulphide cells with a lithium metal negative electrode and 1M LiPF6 EC/DMC electrolyte. Cells 
were cycled with a current density corresponding to a C rate of C/10 assuming a gravimetric 
capacity of 350 mAh g-1 of active material. 

 

A comparison of the second charge/discharge cycle of the lithium iron sulphide 

samples is shown in Figure 4.8. As with the undoped sample, the calcium doped 

samples also show moderate capacity loss on the second cycle. The discharge 

capacities of the cells with 0, 5, 10 and 15 % calcium doped lithium iron sulphide 

produce 343, 324, 299 and 286 mAh g-1 of active material respectively. This indicates 

that calcium doping of the lithium iron sulphide structure will not eliminate the 

problem of irreversible capacity loss, and multiple cycles are necessary to assess the 

long term effect of doping on the cycle life performance of the material.  

The potential of the plateau for the oxidation of sulphur upon the second charge is 

shifted in the calcium doped samples to the same degree as the undoped samples, and 

is shown in Figure 4.9. The potential of the peak shifts downwards by approximately 

12 mV for the 0, 5 and 10 % calcium doped samples, while the shift for the 15 % 
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calcium doped sample is approximately 8 mV. While this is a subtle change, it could 

indicate that 15 % calcium doping of the lithium iron sulphide sample induces some 

small increase in structural stability. 

The reduction potential on the second cycle is unchanged from the initial discharge, 

and the peak broadening for the 0 and 5 % calcium doped samples is still present. 
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Figure 4.9 Differential capacity plot of the second charge/discharge cycle of the undoped and 
calcium doped lithium iron sulphide cells with a lithium metal negative electrode and 1M LiPF6 
EC/DMC electrolyte. Cells were cycled with a current density corresponding to a C rate of C/10 
assuming a gravimetric capacity of 350 mAh g-1 of active material. 
 

 

4.4.2 The effect of doping on the rate performance of lithium iron 

sulphide 

To assess the effects of calcium doping on the rate performance of lithium iron 

sulphide, a cell for each of the three calcium doped samples was constructed and 

cycled with a number of different current densities. The particle size as shown in 

Figure 4.5, and therefore the solid state diffusion path length for lithium ions through 
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the structure in all doped samples were similar to the undoped sample of lithium iron 

sulphide. To allow direct comparison of the materials, all cells were cycled with the 

same current densities, calculated assuming a gravimetric capacity of 350 mAh g-1 for 

all three samples. 

Figure 4.10 shows the discharge curves for the calcium doped lithium iron sulphide 

samples. For the cycling at current densities up to and including currents 

corresponding to 2C, the calcium doped materials produces less capacity than the 

undoped samples. As the concentration of calcium dopants is increased, for any given 

C rate up to 2C, the discharge capacity produced from the cell is reduced. 

This is due to the substitution of lithium with electrochemically inactive calcium ions 

reducing the gravimetric capacity of the material. At these current densities, any 

improvements in solid state diffusion through the active material due to the effects of 

calcium doping on the lattice parameters and unit cell volume previously discussed, 

are offset by the reduction in the concentration of lithium sites in the structure. The 

limitation on the discharge capacity is still dominated by the overall concentration of 

lithium vacancies in the host structure, and is not dependant differences in the rate of 

solid state diffusion of lithium through the material. 

 As the rate of discharge is increased beyond a current discharge corresponding to 2C 

the calcium doped materials show an increase in rate performance over the undoped 

lithium iron sulphide sample. 
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Figure 4.10 Discharge profiles of  calcium doped lithium iron sulphide, charged at C/10 and 
discharged at a number of rates corresponding current densities calculated assuming a 
gravimetric capacity of 350 mAh g-1 of active material. Rate testing was conducted in a lithium 
half-cell with1M LiPF6 EC/DMC electrolyte. 



Chapter 4. The effect of doping on the lithium iron sulphide system 

 

112 

 

At elevated rates, as the concentration of calcium dopants in the structure increase, 

the initial resistance of the cell decreases. This can be clearly seen from the decreasing 

IR drop upon lithiation of the cycled cells as the calcium concentration is increased. 

This is more pronounced at the highest current density, corresponding to 10C. The 

potential at which charge is produced for the 0, 5, 10 and 15 % calcium doped samples 

discharged at a rate of 10C is 1.88 1.92, 1.99 and 2.13 V respectively. 

Figure 4.11 shows the Nyquist plots of the four lithium iron sulphide samples, and 

allows for direct comparison of the resistance of the pristine cells. The 

uncompensated resistance of the cells, shown by the high frequency intercept, are 

similar for all four cells, as could be expected. As the concentration of calcium in the 

host structure is increased, the charge transfer resistance of the pristine cell increases.  
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Figure 4.11 Nyquist plots for pristine undoped and calcium doped lithium iron sulphide half 
cells in the range of 200 kHz – 20 mHz, with a sinus amplitude 50mV 

 

Figure 4.12 makes direct comparison of the rate performance of all four samples 

possible. As previously described, there is no benefit of increased discharge capacity 
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produced from the calcium doped cells over the undoped lithium iron sulphide sample 

up to current densities corresponding to a discharge rate of 2C.  

At a current density corresponding to a discharge rate of 5C, the 0, 5, 10 and 15 % 

samples produce a discharge capacity of 155, 121, 147 and 205 mAh g-1 respectively. 

At this rate, the 15 % calcium doped sample shows the greatest capacity whereby the 

reduction in gravimetric capacity of the material is offset by the improved lithium 

diffusion coefficient of the material. 

At a current density corresponding to a discharge rate of 10C, the 0 5 10 and 15 % 

samples produce a discharge capacity of 31, 30, 41 and 75 mAh g-1 respectively. 
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Figure 4.12 Discharge capacity of an undoped and calcium doped lithium iron sulphide cells 
discharged to 1.45 V vs. lithium as a function of the rate of discharge. C rates were calculated 
assuming a gravimetric capacity of350 mAh g-1 of active material. 

 

At this rate, the 5 % calcium doped sample has comparable performance to the 

undoped sample, while the 10 and 15 % samples show an increase in discharge 

capacity, with the 15 % sample showing a 140 % increase in capacity over the 

undoped sample. At this current density, the 15 % calcium doped sample shows 
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significant increases in performance over the undoped sample, and would beneficial 

in a cell used for high power discharge.  

Although the initial resistance increases with doping, the discharge profiles show that 

when delithiated, the charge transfer resistance of the cell decreases with increased 

concentration of calcium dopants into the structure. It is possible that upon 

delithiation of the calcium doped samples the unit cell volume is maintained by the 

remaining calcium ions. Calcium ions could maintain the layered structure, and 

prevent any collapse of the inter slab layer, which could result in a lower charge 

transfer resistance and faster lithium diffusion into the material upon initial lithiation 

of the material. 

The rate of lithium diffusion could also be increased due to increased grain boundary 

diffusion. Aluminium doping of lithium cobalt oxide decreases the grain size of the 

material, which favours rapid lithium diffusion.15 The calcium doping could result in 

increased disorder and incomplete bonding in the lattice which would increase the 

concentration of diffusion mediating defects in the structure.27 As diffusivity along 

grain boundaries is higher than in within the grains, this would increase the effective 

diffusion coefficient of the bulk.28  
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4.4.3 The effect of doping on the cycle life performance of lithium iron 

sulphide 

The main motivation for the calcium doping of lithium iron sulphide was to stabilise 

the structure during cycling in an attempt to improve upon the cycle life performance 

of the material. The cycle life performance data of the four lithium iron sulphide 

samples is shown below in Figure 4.13. 

The first observation that can be made from the data is that calcium doping of lithium 

iron sulphide does not completely stop capacity loss from the cell upon cycling.  The 

performance of the 5 and 10 % calcium doped samples are similar, and although there 

is a difference in the initial discharge capacity, due to the varying amount of calcium 

substitution onto lithium sites.  
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Figure 4.13 Cycle life performance testing of undoped and calcium doped lithium iron 
sulphide cells, cycled with a current density corresponding to a charge/discharge rate of C/2, 
assuming a gravimetric capacity of 350 mAh g-1. The cell was cycled between 2.80 and 1.45 V 
vs. lithium metal with two glass fibre separators soaked with 1M LiPF6 EC/DMC electrolyte. 

 



Chapter 4. The effect of doping on the lithium iron sulphide system 

 

116 

 

The initial capacity loss for all three cells during the first three cycles is relatively large 

compared to subsequent cycling losses. There is an initial instability of cycle 

performance in the undoped sample, possibly due to charge balancing. 

After one hundred cycles all threes cells produce approximately the same gravimetric 

capacity.  The initial discharge capacities produced from the 0, 5 and 10 % calcium 

doped samples were 313, 301, and 292 mAh g-1 respectively, whilst the one hundredth 

cycle produced 148, 148 and 144 mAh g-1 respectively. The capacity loss for the 0, 5 

and 10 % samples was 1.65, 1.53 and 1.48 mAh g-1 per cycle, respectively. Although 

the calcium doping does appear to improve the stability of the cell during cycling, the 

gain in cycle life performance is marginal, and offset by the lower initial capacities of 

the doped samples. 

The 15 % calcium doped sample shows the biggest improvement in cycle life 

performance of all three calcium doped samples. Although the initial capacity of the 

cell is only 278 mAh g-1, after one hundred cycles the cell was able to produce 

165 mAh g-1. The capacity loss for the 15 % calcium doped cycle was lowest of all four 

samples at 1.13 mAh g-1 per cycle. After approximately seventh cycles, the 

improvement in cycle life performance translates to a higher discharge capacity than 

the undoped sample. 

This improvement in cycle life performance could be due to the substitution of 

calcium ions onto the lithium sites, stabilising the local structure. The calcium is not 

electrochemically active, and is not removed from the host structure upon cycling. At 

higher degrees of charge, where lithium concentration in the structure is lower, the 

calcium ions could act like pillars, helping to maintain the inter slab space, reducing 

cycling-induced lattice strain. This would allow greater reversibility of lithium de-

intercalation from the structure without causing structural collapse, as with 

magnesium doped nickel oxide electrodes. The substitution of lithium ions for calcium 

ions on the iron sites in the layered structure could also reduce the any phase 

transitions, which could in turn, result in some localised stability of the structure. 

While calcium doping does result in increased stability of the material during cycling, 

the improvements made to the cycle life performance of the cell are marginal, and 
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offset by the decrease in the initial gravimetric capacity of the material due to lithium 

substitution for an electro-inactive ion. This indicates that calcium doping only 

imparts a small stabilisation effect on the material, and is likely localised to areas in 

the structure with calcium doped ions. 

To properly understand the mechanism for cause of greater cell stability, a greater 

understanding is needed of the processes and phases transitions occurring during 

lithium extraction/insertion of lithium iron sulphide, and the effect of doping on the 

phase changes and lattice parameters of the cell during cycling. 
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4.5 Conclusions 

Synthesis of a calcium doped lithium iron sulphide was successful via the solid state 

route. Calcium doping leads to an increase in lattice parameter a, whilst the unit cell 

volume of all calcium doped samples were similar, and larger than the undoped 

lithium iron sulphide.  

It appears that the same general processes occurring upon the initial charge and 

subsequent discharge of the three calcium doped lithium iron sulphide samples are 

the same as in the undoped sample. The large voltage hysteresis between the charge 

and discharge processes in the undoped material is maintained for the calcium doped 

material. The calcium dopants are inactive and do not contribute to any significant 

capacity. 

The calcium doping affects the gravimetric capacity of lithium iron sulphide. As the 

concentration of calcium dopants in the sample increases, the number of lithium sites 

in the structure, and therefore the quantity of lithium that can be extracted, upon 

charging decreases. This decreases the discharge capacity of the calcium doped 

samples. 

Calcium doping appears to have an effect on the lithium transportation through the 

material, and appears to increase the rate of the solid state diffusion of lithium 

through the structure. When the current density is increased above currents 

corresponding to a discharge rate greater than 2C, the lower gravimetric capacity of 

the calcium doped cells are offset by improved lithium transport properties, and the 

doped materials begin to show performance advantages over the undoped sample. 

The 15 % calcium doped sample, discharged at 10C shows an increase in the 

discharge capacity of 140 % when compared to the undoped sample 

It is possible that calcium ions help to maintain the layered structure and the spacing 

of inter slab layer, which could result in faster rates of lithium diffusion into the 

material upon initial lithiation of the material. 
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Calcium doping appears to affect the stability of lithium iron sulphide and as the 

concentration of calcium ions is increased, the cycle life performance of the cell 

increases. The improvements in stability over the first one hundred cycles in the 5 and 

10 % samples are offset by the decreases initial gravimetric capacity of the materials. 

Only the 15 % calcium doped sample was able to show an significant improvement in 

cell capacity after one hundred cycles, producing 165 mAh g-1 of active material, 

compared to the undoped material that produced 148 mAh g-1 after one hundred 

cycles. 

This improvement in cycle life performance could be due to the calcium ions onto the 

lithium sites, improving the stabilising the local structure which could in turn reduce 

the effects of any destructive phase transitions and reduce active mass loss which 

would be detrimental to the cycle life performance of lithium iron sulphide.  

Further studies are still needed to confirm this hypothesis, and further improvements 

in cycle life performance are needed before the lithium iron sulphide cell could be 

suitable for commercialisation. 
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5.1 Introduction 

In-situ XRD studies on lithium insertion materials present an opportunity to study 

electrode components within the operating environment of the cell, allowing the 

evolution of crystal structure of an electrode material to be studied as the lithium 

insertion or extraction reaction proceeds. This allows for direct comparisons between 

electrochemical features, and changes in crystal structures in the active materials 

studied. 

Lithium iron sulphide is a prime candidate for studies using in-situ XRD, due to the 

materials instability in contact with ambient moisture, which can make ex-situ studies 

problematic. Previous ex-situ XRD studies have been able to determine the structure 

of the starting material,1 and while in-situ XRD studies have been conducted on the 

material, the structural evolution of the material upon lithium extraction from Li2FeS2 

has not been determined.2,3  

First-principle calculations were used to predict the structural phase transitions of 

LixFeS2 where 1≤x≤2 by Honda et. al.4 The unit cells of the two phases predicted in the 

study are shown in Figure 5.1. The study builds on infrared and Mossbauer studies of 

lithium iron sulphide upon charging, identifying the oxidation state and coordination 

of iron sites.5,6 

 
 
Figure 5.1 The unit cell for the simulated phase transition from Li2FeS2 to LiFeS2 calculated 
by Honda et. al. 4 The violet, orange and yellow spheres represent lithium, iron and sulphur 
sites respectively. 

Li2FeS2 - Phase ‘A’  LiFeS2 - Phase ‘B’  



Chapter 5. In-situ XRD studies with lithium iron sulphide 

 

124 

 

The study predicts that upon initial delithiation, lithium is removed from tetrahedral 

sites in the iron/sulphur layer in the ‘A Phase’, until x=1.5 in LixFeS2, whereby the 

coordination number of iron shifts from 4 to 6 and iron moves from tetrahedral to 

octahedral sites to form the ‘B Phase’, shown in Figure 5.1. Following this phase 

transition, single phase lithium extraction continues until x=1. This phase transition 

accounts for the plateau region produced upon charging of lithium iron sulphide up to 

approximately 2.2 V vs. Li (whereby x≃0.5). 

Several different designs have been used for in-situ XRD studies of lithium insertion 

electrodes including transmission and reflectance geometries. Transmission cells, 

such as the ‘coffee bag’ laminated pouch cells7 can produce a large amount of 

background scattering due to the number of cell components in the X-ray path (two 

current collectors, anode, cathode and separator), and can require specialist sample 

holders to oscillate the sample, due to the poor averaging of scattering in these cells.8 

Furthermore, these cells require specialised equipment, such as vacuum heat sealers 

to produce. 

Other cells used for in-situ XRD studies generally contain many complicated, bespoke 

parts, and utilise toxic beryllium metal in their construction as windows in addition to 

the current collector.9 It has been suggested that electrodes in these cells do not 

discharge uniformly, but instead discharge from the outside of the diameter of the 

electrode disk inward, due to non-uniform distribution of stack pressure over the 

current collector. 

For the in-situ study of lithium iron sulphide, a novel cell with reflectance geometry 

was produced to study the structural evolution of active material cycled between 1.45 

to 2.5 V vs. Li (the region with excellent cycle life performance) and 1.45 to 2.80 V vs. 

Li (the region with poor cycle life performance) in an attempt to identify structural 

changes in the material upon cycling. Synchrotron radiation allows collections of full 

patterns in minutes, which would otherwise take over half a day on standard lab 

based XRD spectrometers as used in Chapters 3 and 4. 
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5.2 Experimental 

The cell used in the in-situ reflectance XRD experiments is based on the Swagelok cell 

used for electrochemical testing in previous chapters. This made the cell easy to 

assemble using the facilities available at Diamond. The cell is easy to clean and re-use, 

and the positive current collector, which doubles as the X-ray window, is disposable 

and easily replaced. The cell also shows comparable electrochemical performance to 

the Swagelok design used in standard testing. The cell consists of three main sections 

shown in Figure 5.2. These are as follows: 

1) A 12 μm thick piece of aluminium foil doubled up as positive current collector and 

an electrode window, negating the need for toxic beryllium metal in the construction 

of the cell. The foil was attached to a stainless steel support (a large washer) and this 

support was attached to the Swagelok nut used to seal the cell with black silicone 

rubber adhesive (Type 5910, Loctite). A 12.7 mm diameter stainless steel piston lined 

with a PTFE sheath to avoid internal shorting was used as the negative current 

collector. Lithium metal was used as the negative electrode in all the experiments. 

Since the aluminium foil was tensioned under the pressure of the constructed cell it 

was found that when using all flat components an uneven pressure was applied to the 

electrode stack and poor electrochemical performance was observed. To negate this 

problem the lithium was formed into a hemispherical shape by pressing lithium metal 

into a mold.  

2) A 12.7 mm diameter PTFE lined stainless steel connector was used for the main 

body of the cell. PTFE front and back ferrules were used to seal the cell from the 

atmosphere. 

3) A PTFE nut was used for the lower part of the cell to avoid external shorting when 

handling the cell. A stainless steel rod, with one end machined to fit into a standard 

goniometer head for mounting onto the beam line, was used as the connector to the 

negative electrode.  
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Figure 5.2 Image and schematic of the electrochemical cell used in the in-situ XRD studies. 

 

Electrochemical cycling of the material was conducted using the same 8 mm diameter 

lithium iron sulphide electrodes with 80:15:5 weight % lithium iron sulphide, 

acetylene black and PTFE binder, used for testing in Chapter 3. The cell was 

assembled with two glass fibre separators soaked with eight drops of 1.0 M LiPF6 in 

EC:DMC 1:1 v/v electrolyte (Novolyte). Domed lithium metal negative electrode was 

formed by compressing polished lithium foil (99.9%, Sigma Aldrich) into a PTFE 

mould, followed by punching to a diameter of 11 mm. Cells without the domed lithium 

metal electrode resulted in increased cell resistance, due to reduced stack pressure 

over the centre of the electrode. 

XRD patterns were collected using synchrotron radiation at Diamond Light Source, 

using Beamline I07. A 20 keV beam energy was used to collect patterns with a Pilatus 

100K area detector. The area detector was used to collect frames of data with an 

exposure time of ten seconds spanning six 2θ degrees, which were then stitched 

together using post collection data processing to produce a XRD pattern ranging from 

five to twenty 2θ degrees. 
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5.3 Results and discussion 

Prior to cycling the in-situ cell with lithium iron sulphide, a blank cell was produced 

with a carbon/PTFE composite electrode to ascertain the background XRD pattern. 

Figure 5.2 shows the XRD pattern produced from the blank cell. There are intense 

peaks produced from the aluminium current collector/window at 18 and 24 degrees. 

The remaining peaks are produced from the PTFE binder and the carbon conducting 

additive, which produces large background intensity at low angles due to amorphous 

scattering. There is also some interference between regions where two separate 

patterns are ‘stitched’ together, most clearly seen between 6.5 and 8 degrees. 
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Figure 5.3 XRD pattern produced from the in-situ XRD Swagelok cell with an acetylene 
black/PTFE blank sample. 
 

Figure 5.4 shows the galvanostatic cycling regime used to charge and discharge the 

lithium iron sulphide during the in-situ experiment. Initially, the cell was discharged to 

1.45 V vs. Li at a rate corresponding to C/6 assuming a specific capacity of 

350 mAh.g-1. To ensure the material was fully discharged to Li2FeS2 the cell was held 

at 1.45 V under potential step conditions for fifteen minutes. 
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Following this, the cell was cycled between 1.45 V and 2.5 V (the highly reversible 

topotactic lithium extraction to LiFeS2) at a rate of C/6, with a fifteen minute ‘float 

charge’ period at 2.5 V. Following this, the cell was cycled between 1.45 V and 2.8 V 

(including the region with poor reversibility corresponding to the oxidation of sulphur 

to form Fe3+S2-(S2)2-0.5) at a rate of C/6, with a fifteen minute ‘float charge’ period at 

2.8 V followed by a fifteen minute relaxation prior to discharge. 
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Figure 5.4 Galvanostatic cycling of the in-situ lithium iron sulphide cell, charged and 
discharged at a current density corresponding to a C-rate of C/6, with potential hold periods 
between charge/discharge cycles. 
 

Figure 5.5, 5.6 and 5.7 show stack plots of the lithium iron sulphide cell cycled 

between 1.45 and 2.5 V. The main changes that can be seen in the XRD patterns upon 

charging include an increase in intensity of the peak at 5.7° (002) and the 

disappearance of the peaks at 10.5° and 11.9° (102) which begins to disappear at 

x=1.5 in LixFeS2 in conjunction with the appearance of a new peak at 11.6°. There is 

also a decrease in the intensity of the peak at 15.4° (110) at x=1.5, the growth of the 

peak at 16.7°, a shift in position of the peak at 18.2°, the growth of the peak at 19.0°, 

and a decrease in intensity of the peak at 20.0° (106). The changes in the XRD patterns 

are reversible, as supported by the similar features in the galvanostatic cycling up to 

2.5 V. The significant changes that occur at x=1.5 signifies a two phase transformation 

indicated by the presence of the plateau at 2.2 V.  
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Figure 5.5 Charge and discharge of the in-situ lithium iron sulphide cell from 1.45 to 2.50 V vs. 
Li with XRD patterns of the cell corresponding to the state of charge/discharge. Labels on the 
galvanostatic discharge profile (above) correspond to the XRD patterns labelled (below). 
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Figure 5.6 Charge of the in-situ lithium iron sulphide cell to 2.50 from 1.45 V vs. Li with XRD 
patterns of the cell corresponding to the state of charge/discharge. Markers for Li2FeS2 peak 
positions are shown by the dotted lines. 
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Figure 5.7 Discharge of the in-situ lithium iron sulphide cell to 1.45 from 2.50 V vs. Li with 
XRD patterns of the cell corresponding to the state of charge/discharge. Markers for Li2FeS2 
peak positions are shown by the dotted lines. 
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The peak positions of the two phases of lithium iron sulphide phases were simulated 

in GSAS, and are shown in Figure 5.8. The relative intensities of the peaks are less 

significant than the position of the modelled peaks, as the experimental intensities can 

be affected by the atom positions in the unit cell. The appearance of peaks at related to 

the formation of the ‘B phase’ described by Honda et. al.4 does not relate well to 

experimental peak positions and intensities. 

The intensity of the simulated peaks of the B Phase at 11.6° and 16.7° are not in 

agreement with the appearance of substantial peaks in the in-situ data. The intensity 

of the simulated peak at 11.6° is too low, whilst the intensity of the simulated peak at 

16.7° is too big. The positions of the sulphur and lithium atoms in the simulated unit 

cell were modified to a number of different coordinates, but did not have a significant 

impact on the intensity of the two peaks in question. The proposed new unit cell 

model also does not account for the increase in the intensity and broadening of the 

peak at 19.0° 
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Figure 5.8 Simulated peak XRD patterns for the ‘A Phase’ and ‘B Phase’ in LixFeS2. 
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While the presence of a trigonal unit cell in the charged material can be confirmed, 

due to the present of the (002), (102), (110) and (106) peaks, there are not enough 

significant peaks to isolate the exact symmetry of the unit cell, which is further 

complicated by multitude of different stacking orientations possible for the trigonal 

structure. The difficulty identifying new peaks is possibly partly due to the large 

number of background features produced from the in-situ cell, which could 

overshadow the appearance of more subtle XRD peaks resulting from the formation of 

a new phase. 

The XRD stack plots for the in-situ charging of the lithium iron sulphide cell charged to 

2.8 V, whereby Fe3+S2-(S2)2-0.5 is formed, are shown in Figures 5.9 and 5.10. The XRD 

patterns corresponding to the charge plateau at 2.55 V, attributed to oxidation of 

sulphur atoms in the structure reveal very little about the phases formed on complete 

delithiation of lithium iron sulphide.  

Upon oxidation of the sulphur atoms, an increased broadening and decrease in the 

intensity of the peaks corresponding to lithium iron sulphide phases, especially the 

peaks at around 19.0° and 20.0°, signifies a breakdown in the crystal lattice, and an 

amorphisation of the lithium iron sulphide material. The potential step at 2.8 V has a 

significant impact on this structural breakdown. Following the period of float charge 

at 2.8 V and the subsequent rest period the peaks corresponding to the original 

lithium iron sulphide structure become significantly less intense.  

Discharging to 1.45 V, shown in Figures 5.9 and 5.11, to form the Li2FeS2 

stoichiometry does not regenerate the original crystal structure, indicating that 

charging above 2.5 V results in irreversible pulverisation of the lattice structure, 

which results in the formation of amorphous active material, and could be a significant 

factor in the poor cycle life performance of lithium iron sulphide charged utilising 

oxidisation of the sulphur atoms in the structure to utilise two lithium atoms per unit 

structure. 
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 Figure 5.9 Charge and discharge of the in-situ lithium iron sulphide cell from 1.45 to 2.80 V vs. 
Li with XRD patterns of the cell corresponding to the state of charge/discharge. Labels on the 

galvanostatic discharge profile (above) correspond to the XRD patterns labelled (below). 
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Figure 5.10 Charge of the in-situ lithium iron sulphide cell to 2.80 from 1.45 V vs. Li with XRD 
patterns of the cell corresponding to the state of charge/discharge. Markers for Li2FeS2 peak 
positions are shown by the dotted lines. 
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 Figure 5.11 Discharge of the in-situ lithium iron sulphide cell to 1.45 from 2.80 V vs. Li with 
XRD patterns of the cell corresponding to the state of charge/discharge. Markers for Li2FeS2 
peak positions are shown by the dotted lines. 
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5.4 Conclusions 

An in-situ XRD cell was designed and successfully utilised in the cycling of lithium iron 

sulphide. The changes in peak positions and intensities of the peaks corresponding to 

lithium iron sulphide at x=1.5 in LixFeS2 signifies a two phase transformation 

indicated by the presence of the plateau at 2.2 V. The structure of the new phase 

simulated by first-principle calculations, proposed by Honda et. al.4 does not 

correspond well with experimental observations of peak positions and intensities 

formed by delithiation of lithium iron sulphide.  

The presence of a new trigonal phase was highlighted, but the symmetry of the unit 

cell could not be calculated due to the absence of significant peaks with which to 

model new symmetries, possibly due to interference with the large number of 

background peaks produced from the in-situ cell. 

Charging of the lithium iron sulphide cell charged to 2.8 V, whereby Fe3+S2-(S2)2-0.5 is 

formed results in irreversible amorphisation of the crystal structure, indicated by the 

disappearance of peaks corresponding to lithium iron sulphide phases, even after 

subsequent discharge to 1.45 V whereby the Li2FeS2 stoichiometry is formed. This 

irreversible process could impact on the cycle life of lithium iron sulphide cycled to 

the upper voltage region with subsequent oxidation of sulphur atoms in the crystal 

structure. 

While the cell design shows good electrochemical performance, the large number of 

background peaks generated by the cell can make the identification of new phases in 

materials with complicated XRD spectra difficult. Lithium iron sulphide may be an 

ideal candidate for neutron diffraction studies, due to the sensitivity of the technique 

towards lithium coordination and occupancy.10 
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6.1 Cycling of lithium iron sulphide with alternative negative 

electrode materials 

6.1.1 Background 

Previous studies to determine the causes of poor cycle life performance in lithium iron 

sulphide cells has resulted in some conflicting theories. Studies by Rosolen et. al. with 

gelatin coatings of pyrite have showed improved cycle life performance.1 The 

enhanced performance was initially attributed to the surface treatment eliminating 

impurities that are found in natural pyrite samples, which can affect cycle life 

performance, combined with the degradation of products of the lithium 

insertion/extraction reaction in contact with the electrolyte. Later studies with 

solvent-free polymer electrolytes prescribe capacity fade in pyrite cells with liquid 

electrolyte to the dissolution of lithium polysulphide species formed on discharge 

contributing to active mass loss.2  

More recent studies by Barker et. al. with lithium iron sulphide starting materials 

contribute the capacity loss to a gradual increase in cell impedance, and not due to 

irreversible active lithium loss.3 It is interesting to note that Peled et. al identified 

redox shuttle like behaviour in pyrite cells cycled at 130 °C in the initial five cycles, 

that was attributed to possible polysulphide formation.4 Furthermore, lithium iron 

sulphide cathodes cycled in solid state electrolyte cells do not exhibit any significant 

capacity fade upon cycling.5 While this could be due to the prevention of dissolution of 

lithium sulphide formed upon charging, the author attributed the effect to the 

prevention of formation of electrochemically inactive nano-clusters of metallic iron 

upon insertion of lithium into lithium iron sulphide. It is possible that soluble 

polysulphide species could be formed upon cycling of lithium iron sulphide cells, 

which could be responsible for the poor cycle life performance of the system.  

The soluble species will diffuse to the lithium metal negative electrode to form an 

insoluble SEI, which could result in active mass loss, much like the effect seen in the 

lithium-sulphur cell. As the rate at which these parasitic side reactions occur will be 

dependent on the potential of the negative electrode, changing the negative material 

could result in improved cycle life performance of lithium iron sulphide. 
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As the working potential of the negative electrode is shifted to more positive 

potentials, the driving force for the reduction of polysulphides onto the surface of the 

electrode should decrease. If the potential of the negative electrode is shifted to a 

potential greater than the potential for the reduction of polysulphide species, it should 

eliminate the polysulphide shuttle reaction, and improve the cycle life performance of 

the cell. 

Three alternative negative electrode materials were chosen for testing with lithium 

iron sulphide: Lithium titanate spinel (Li4Ti5O12), titanium dioxide (TiO2) and lithium 

iron phosphate (LiFePO4). Lithium titanate is a common intercalation material used 

for anodes in lithium-ion cells. The discharge is highly reversible, producing 150-

160 mAh.g-1 at around 1.5 V vs. Li.6,7 Furthermore, it displays excellent rate 

performance.8  

Titanium dioxide is another anode material use in lithium-ion cells, and has a 

theoretic capacity of approximately 237 mAh.g-1 for a 1 e- insertion, although a 0.7 e- 

transfer at approximately 1.8 V vs. Li is more common, 9 and shows good 

reversibility.10 Further electrochemical reduction is evidenced below 1.6 V vs. Li, 

attributed to the presence of amorphous titanium oxide in samples tested.11 

Finally, lithium iron phosphate is a common cathode material used for lithium-ion 

batteries. The olivine structure produces 140-160 mAh.g-1 at approximately 3.7 V vs. 

Li.12 The material has been shown to have excellent rate and cycle life performance.13 

These three materials were chosen as alternative negative electrode materials, as they 

are all well characterised, with good rate and cycle life performances, but more 

importantly have a range of operating voltages. Any relationship between the 

operating voltage of the negative electrode, and cycle life performance of lithium iron 

sulphide should highlight any possible formation of soluble polysulphide species upon 

cycling. Although lithium iron phosphate is not normally used as a negative electrode 

material, its high operating voltage of 3.7 V vs. Li should stop reduction of any 

polysulphide species on the surface of the negative electrode. 
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6.1.2 Experimental 

Experiments with alternative negative electrodes utilise the 3-electrode Swagelok cell 

design. Reasons for using a 3-electrode cell are detailed in Chapter 2. Figure 6.1 shows 

a diagram of the cell, and the orientation of the positive and negative electrodes, and 

the third, lithium foil electrode. The curved current collector on the lithium foil 

electrode allows for good contact and constant stack pressure over the current 

collector. 

Three lithium insertion materials were used as alternative negative electrodes for 

cycle life performance testing of lithium iron sulphide: titanium dioxide (Sigma 

Aldrich), lithium titanate spinel (Sϋd-Chemie) and lithium iron phosphate (Hydro-

Québec). For the lithium titanate and lithium iron phosphate electrodes, 80% by mass 

of active material was combined with 15% acetylene black and 5% PTFE and 

calendared to a 200 μm thick film. For the titanium dioxide electrodes 75% by mass of 

active material was combined with 20% acetylene black and 5% PTFE and calendared 

to a 170 μm thick film. 

 

 

Figure 6.1 The electrode arrangement for the 3-electrode cycling experiments. 
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The greater gravimetric capacity of the titanium dioxide material allowed for lower 

active mass loading and electrode thickness. The films were punched to produce 

electrode pellets with a diameter of one centimetre, and dried under vacuum at 120 °C 

overnight. 3-electrode cells were constructed using standard lithium iron sulphide 

positive electrodes, used in previous testing, a negative electrode pellet and a third 

lithium metal electrode with1M LiPF6 EC:DMC (1:1 vol) soaked glass fibre separators. 

Standard lithium metal half-cells were also constructed to test the performance of the 

individual negative electrode materials. 

 

Figure 6.2 Diagram showing the potentiostat setup for the pre-treatment and cycling of 3-
electrode cells. 
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Figure 6.2 shows the regime of pre-cycle electrode treatment, and the corresponding 

potentiostat configuration. Initially the lithium titanate and titanium dioxide negative 

electrodes were lithiated. This step was unnecessary in the case of lithium iron 

phosphate, as the pristine electrode is fully lithiated. The working electrode was 

connected to the negative electrode side, the counter and reference were connected to 

the third, lithium electrode, and the cell was discharged to 1.2 V vs. Li with a current 

density corresponding to a C rate of C/10. 

Next, the positive lithium iron sulphide electrode was delithiated by connecting the 

working electrode to the positive electrode side, and the counter and reference to the 

third, lithium electrode. The cell was charged to 2.8 V vs. Li with a current density 

corresponding to a C rate of C/10.  

Finally, the working electrode was connected to the lithium iron sulphide positive 

side, the counter electrode was connected to the negative electrode side, and the 

reference electrode was connected to the third, lithium metal electrode. The positive 

electrode was cycled between 1.45 and 2.80 V vs. Li at a current density 

corresponding to a C rate of C/2 for one hundred cycles. The potential of the negative 

electrode was recorded throughout cycling. 

6.1.3 Results and discussion 

The impact of the negative electrode on cycle life performance of lithium iron sulphide 

was tested using three insertion materials in addition to lithium foil used for standard 

cell testing. Prior to application in a three electrode cell, these materials were first 

tested in a lithium half-cell to assess their performance. Figure 6.3 shows the 

galvanostatic cycling data of the three lithium insertion materials. 

The titanium dioxide and lithium titanate cells were initially discharged (lithiated) to 

1.2 V, while the lithium iron phosphate cells were initially charged (delithiated) to 

4.0 V. The operating voltage of the lithium titanate spinel material was between 1.2 

and 2.0 V with a two-phase lithium insertion/extraction reaction occurring at 

approximately 1.5 and 1.6 V respectively. The operating voltage of the titanium 

dioxide material was between 1.2 and 2.5 V with a two-phase lithium 
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insertion/extraction reaction occurring at approximately 1.77 and 1.90 V respectively. 

There is also some single-phase intercalation of lithium between 1.74 and 1.20 V, 

attributed to amorphous titanium dioxide in the sample.11 
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Figure 6.3 Galvanostatic cycling data of the first charge/discharge of titanium dioxide, lithium 
titanate spinel and lithium iron phosphate (LFP) lithium half cells. The cells were cycled at a 
current density corresponding to a C-rate of C/6 with 1M LiPF6 EC/DMC electrolyte. 

The operating voltage of the lithium iron phosphate material was between 2.5 and 

4.0 V with a two-phase lithium insertion/extraction reaction occurring at 

approximately 3.30 and 3.45 V respectively. The gravimetric capacity of the lithium 

titanate spinel, the titanium dioxide and the lithium iron phosphate was 143, 218 and 

148 mAh.g-1 at a current density corresponding to a C rate of C/2. These capacities 

were used to assist in the charge balancing between the positive and negative 

electrodes in the lithium iron sulphide 3-electrode cells.  

Figure 6.4 shows charge/discharge of lithium iron sulphide cycled between 1.45 and 

2.80 V vs. Li with the three alternative negative electrode materials. The potential of 

the negative electrodes were not controlled during cycling. The graphs show that the 

electrode performance and redox potentials of the positive and negative electrodes 

upon cycling are similar to the individual performance of the materials cycled in 

isolation in lithium-half cells. 
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Figure 6.4 Galvanostatic charge/discharge plots of the second cycle of the three lithium iron 
sulphide cells cycled with alternative negative electrodes with 1M LiPF6 EC/DMC electrolyte.. 
The cells were cycled at a current density corresponding to a C-rate of C/2 for lithium iron 
sulphide assuming a gravimetric capacity of 350 mAh.g-1. The potential of the potential of the 
positive electrode was limited between 1.45 and 2.80 V vs. Li. 

A) Li4Ti5O12 

B) TiO2 

C) LiFePO4 
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The negative electrode potentials stay within the potential limits utilised in half-cell 

cycling of the materials, and the negative electrodes are not fully delithiated upon 

cycling with lithium iron sulphide, due to the excess of negative electrode material 

utilised in the cell. This indicates that the discharge capacity of the cell is not limited 

by the capacity of the negative electrode, which is crucial for cycle life performance 

testing of the positive lithium iron sulphide electrode material. 

 
Figure 6.5 EDX spectra of a pristine lithium titanate electrode (A) and a lithium titanate 
electrode cycled with a lithium iron sulphide positive electrode (B). 
 

Using the titanate spinel in the place of a lithium metal negative electrode allows post 

mortem analysis of the negative electrodes in the cycled cells using ex-situ EDX. A 

pristine lithium titanate spinel composite negative electrode was compared with a 

titanate negative electrode cycled in a 3-electrode cell with a lithium iron sulphide 

negative electrode over one hundred cycled. The results are shown in Figure 6.5. The 

EDX image A) is of a pristine negative electrode, while B) is the electrode cycled one 

hundred times. Upon cycling of the negative electrode with lithium iron sulphide, 

sulphur is detected on the surface of the negative. Iron was not detected by EDX on the 

negative electrode. 

Elemental analysis of a pristine lithium iron sulphide positive electrode was compared 

with the positive electrode from the cycled cell. Table 6.1 shows after one hundred 

cycles the relative atomic percentage of sulphur, compared to iron, decreases. Carbon 

and oxygen appear in the elemental analysis due to the acetylene black binder, and the 

electrolyte (the pristine electrode was not exposed to electrolyte). These results 

demonstrate that sulphur dissolves into the electrolyte from the positive electrode, 

A) B) 
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and deposits on the negative electrode during cycling. This can be visualized by a 

colour change of the glass fiber separator from white, in the pristine cell, to an 

orange/brown colour in cycled cells, indicating the presence of dissolved polysulphide 

species. 

Table 6.1 EDX elemental analysis of a pristine lithium iron sulphide electrode compared with 
an electrode cycled one hundred times between 1.45 and 2.80 V vs. Li. 
Element Pristine Li2FeS2 

electrode (At%) 
Cycled Li2FeS2 
electrode (At%) 

C 88.64 71.80 

O 0.00 15.81 

Si 0.00 0.57 

S 6.84 6.56 

Fe 4.53 5.26 

Total 100.00 100.00 
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Figure 6.6 Cycle life performance data from the four lithium iron sulphide cells cycled with 
alternative negative electrodes with 1M LiPF6 EC/DMC electrolyte. The cells were cycled at a 
current density corresponding to a C-rate of C/2 for lithium iron sulphide assuming a 
gravimetric capacity of 350 mAh.g-1. The potential of the potential of the positive electrode was 
limited between 1.45 and 2.80 V vs. Li. 
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Figure 6.6 shows the cycle life performance of the lithium iron sulphide 3-electrode 

cells cycled with the four negative electrode materials. To allow comparison of the 

four cells, the capacity loss and operating voltage of the negative electrode of each of 

the cells is summarised in Table 6.2. 

Table 6.2 The relationship between the negative electrode operating voltage and capacity loss 
in the 3-electrode cells with lithium iron sulphide. 
Negative electrode 
material 

Average capacity loss 
per cycle 

Operating voltage of the 
negative electrode vs. Li 

Lithium iron phosphate 0.8 mAh.g-1 2.5 – 3.5 V 

Titanium oxide 1.4 mAh.g-1 1.2 – 1.9 V 

Lithium titanate spinel 2.1 mAh.g-1 1.2 – 1.6 V 

Lithium metal foil 2.5 mAh.g- 0 V 

 

The lithium iron phosphate shows the best cycle performance, producing 218 mAh.g-1 

after one hundred cycles, losing only 0.8 mAh.g-1 per cycle. The working potential of 

lithium iron phosphate during cycling is above the reduction potential of sulphur to 

lithium sulphide, which means that the soluble sulphur should not reduce on the 

surface of the negative electrode and ‘consumed’ by the counter electrode. The other 

three counter electrodes used operate below the reduction potential of sulphur, so all 

three will reduce the soluble polysulphide species from the electrolyte to an extent. 

The cell with the titanium dioxide and lithium titanate spinel negative electrodes 

produce 179 and 80 mAh.g-1 after one hundred cycles, with capacity loss of 1.4 and 

2.1 mAh.g-1 per cycle respectively. The 3-electrode cell with lithium foil as a negative 

electrode has the worst cycle life performance of all four cells, producing 72 mAh.g-1 

after one hundred cycles with an average capacity loss of 2.5 mAh.g-1 per cycle.  

The lower the operating voltage of the negative electrode the larger the overpotential 

and the greater the driving force for the reduction of polysulphide species onto the 

surface of the negative electrode, due to kinetics explained by the Butler-Volmer 

equation.14 This trend is clearly shown in Table 6.2. This indicates that sulphur 

dissolution and subsequent irreversible reduction of soluble polysulphide species 

from the electrolyte onto the negative electrode is responsible for the breakdown of 
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the lithium iron sulphide structure, and the capacity loss when cycled with lithium 

metal, and to an extent, other common negative electrode materials. 

Cycling with the lithium iron phosphate counter electrode does not completely 

eliminate capacity loss, which could be due to a quantity of the sulphur remaining in 

the electrolyte as a soluble polysulphide species. These soluble polysulphide species 

should not theoretically be reduced and consumed by the counter electrode, due to 

the elevated potential of the counter electrode, so the capacity fade on cycling is 

reduced. This capacity loss could also be due to structural breakdown of the material, 

not attributed to the loss of sulphur. 

The 3-electrode cell with a lithium foil negative electrode showed relatively poor cycle 

life performance compared to lithium iron sulphide cells cycled with lithium foil in a 

2-electrode cell. This is likely due to the additional lithium foil electrode used for the 

reference electrode. This increases the surface area for the irreversible reduction of 

soluble polysulphide species from the electrolyte, which accelerate active mass loss, 

and increases the rate of capacity loss per cycle. This could also explain the relatively 

poor cycle life performance of the cell with the lithium titanate spinel negative 

electrode compared to a 2-electrode lithium iron sulphide/lithium metal cell, and the 

origin of capacity loss in the 3-electrode cell with the lithium iron phosphate negative 

electrode. 

Upon charge to the high voltage region (above 2.55 V), the sulphur in the lithium iron 

sulphide structure oxidises and is able to form soluble polysulphide species, much like 

in the lithium-sulphur cell. Polysulphide is able to diffuse through the electrolyte, to 

the counter electrode, whereby if the working potential of the negative electrode is 

below 2.3 V vs. Li, the reduction potential of sulphur, the polysulphide will reduce to 

form lithium sulphide on the surface of the electrode.15 This reduction removes 

sulphur from the electrolyte, which can no longer diffuse back into the host lithium 

iron sulphide structure, resulting in structural breakdown and capacity loss.16 This 

constitutes active mass loss from the positive electrode during cycling, which results 

in capacity fade and poor cycle life performance in the lithium iron sulphide material. 
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6.2 The effect of electrode composition on cell performance 

6.2.1 Background 

As the previous section has shown, upon cycling of lithium iron sulphide, soluble 

polysulphide species form and diffuse into the bulk electrolyte, where they react with 

the surface of the negative electrode, leading to active mass loss and capacity fading 

upon cycling. One way to potential reduce the dissolution of the active material is 

through optimisation of the formulation of the composite electrode. 

Employing functional binders in the formulation of the cathode could be one potential 

method of reducing polysulphide dissolution to the bulk electrode. Nafion is a well 

know perfluoro ionomer which can be used as a cation selective membrane or coating. 

It was originally developed in 1962 by Dupont de Nemours by modifying the structure 

of Teflon and is shown in Figure 6.7.17 
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Figure 6.7 Chemical structures of A) Nafion and B) EPDM polymers used as binders for 
composite cathodes with lithium iron sulphide 

 

The structure of Nafion consists of a PTFE backbone and regularly spaced 

perfluorovinyl ether side chains terminated by a sulphonate ionic group. The polymer 

has excellent ionic conductivity and selectivity, as well as chemical resistance 

comparable to PTFE.18 The permselectivity of the material allows the passage of 

cations through the material, while blocking anions, even under large concentration 

gradients and high current densities. These membranes contain incompatible 

fluorocarbon and ionic components which leads to the formation of a micelle like 

structure with the sulphonate groups forming pours or channels in the structure, 



Chapter 6. The origin of poor cycle life in lithium iron sulphide cells 

 

153 

 

which allow the conduction of cations.19 In a lithium iron sulphide cell this would limit 

the diffusion of polysulphide species without impeding the diffusion of lithium ions to 

the active material, and could produce improvements in cycle life performance. 

Nafion is a popular electrolyte membrane for use in fuel cells, due to the materials 

high ionic conductivity, good mechanical and thermal stability and moderate price.20 

More recently, lithiated Nafion has been used as a binder material for composite 

electrodes in lithium ion batteries., as has been shown to have good swelling 

properties in EC/DMC,21 crucial for the good ionic conductivity of around 

12 x 10-3 S.cm-1 observed in the material at 25 °C.22  

Nafion has been used as a binder in lithium manganese oxide cells, where it increased 

the cycle life performance of the material.23 The improvement is attributed to 

increased ionic conduction to active materials which leads to improved cycling 

efficiency. Nafion has also been used as a binder for lithium iron phosphate 

electrodes.24 The use of Nafion as a binder improved the discharge rate capability of 

lithium iron phosphates, due to the ionic conduction through the binder. This 

increases the amount of available lithium ions stored in the electrode, which can help 

compensate for depletion of lithium ions in the electrolyte contained in the porous 

electrode at higher current densities. 

Nafion has been previously used as a coating on lithium-sulphur electrodes.25 The 

coating effectively reduced the dissolution of polysulphide anions from the cathodes, 

which lead to improved cycling stability and capacity retention of the material. The 

impact of Nafion binder on lithium iron sulphide electrodes will be assessed, and 

compared with electrodes formulated with a non-functionalised EPDM binder. EPDM 

is non-fluorinated binder commonly used in lithium-ion batteries, the structure of 

which is shown in Figure 6.9.26–28 

The influence of the acetylene black conducting additive has also been shown to have 

an impact on electrode performance of lithium-ion battery electrodes, and the 

addition of greater mass loadings of carbon has shown to increase cycle life 

performance of lithium manganese dioxide electrodes by decreasing the contact 

resistance and electrode polarisation during cycling.29,30  
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Good electronic conductivity is especially important in lithium-sulphur cells, due to 

the low conductivity of elemental sulphur, which is as low as 5 x 10-30 S.cm-1 at 25 °C.31  

AFM studies have shown that upon cycling of lithium sulphur cells, the deposition of 

elemental sulphur on the cathode resulting from oxidation of polysulphide species can 

result in the formation of thick layers. of sulphur.32 The insulating layers of sulphur 

become electrochemically inactive, and constitute active mass loss, which leads to 

poor cycle life performance in lithium sulphur cells. This problem can be overcome by 

forming nano-structured sulphur/carbon composites,33–35 or utilising networks of 

nano-wires in electrode fabrication.36,37 These approaches effectively trap the soluble 

polysulphide in the electrode, and facilitate even distribution of sulphur deposition 

over the increased surface area of the carbon conducting network, which allows the 

electrode to maintain good electronic conductivity. 

There is the possibility of the deposition of insulating sulphur layers on the positive 

electrode by oxidation of the soluble polysulphides formed upon cycling lithium iron 

sulphide electrodes. Whilst the potential severity of this problem will be greatly 

reduced in the lithium iron sulphide, due to the relatively low concentrations of 

soluble polysulphide species compared to the lithium-sulphur cell, increasing the 

surface area of carbon conducting additive, and the number of electronic point 

contacts in the electrode could improve the cycle life performance of the material. 

Lithium iron sulphide electrodes with different loadings of acetylene black will be 

formulated, to test the impact of the addition carbon on the capacity fade of the 

electrode upon cycling. 

6.2.2 Experimental details 

Prior to using Nafion as an electrode binder it was first washed and lithiated following 

a procedure described by Creager et. al.24 Nafion solution (20% Nafion in lower 

aliphatic alcohols/water, Alpha Aesar) was cast into a Petri dish and dried at 80 °C for 

two hours. The resulting film was scratched off the dish and washed with 

concentrated nitric acid overnight in a round bottom flask at 75 °C. The nitric acid was 

removed and the Nafion was washed with distilled water. The Nafion sample was then 

washed with 2.0 M lithium hydroxide overnight at 75 °C. Following this the Nafion 
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was washed with distilled water, and dried overnight under vacuum at 120 °C. Dry 

EPDM, for electrodes utilising EPDM as the binder, was supplied by QinetiQ. 

All processing of electrodes was carried out under an inert argon atmosphere. To 

formulate the cathodes, appropriate mass of lithium iron sulphide and acetylene black 

(combined in 5.3:1 ratio by weight) were mixed together in appropriate amount of 

solvent. The solvent used for the Nafion Binder was NMP (anhydrous, 99.5 %, Sigma 

Aldrich), while the solvent used for the EPDM binder was decane (anhydrous, ≥ 99 %, 

Sigma Aldrich). Prior to use, the binder solvents were dried using molecular sieves. 

Karl Fischer titration showed the solvents to contain less than 10 ppm of water. 

The carbon black and lithium iron sulphide were stirred in solvent for 20 minutes, 

followed by sonication for 15 minutes. The samples were then heated to 80 °C whilst 

stirring, and the appropriate quantity of binder was added (shown in Table 6.3). The 

mixture was stirred for three hours and then pasted onto aluminium foil and dried 

under vacuum at 120 °C overnight. The aluminium sheet with cathode was punched 

for testing in Swagelok lithium half-cells with 1M LiPF6 EC:DMC (1:1 vol)electrolyte. 

Table 6.3 Quantities of binder used in electrode formulation for experiments with alternative 
binders 
Binder Volume % of electrode Mass % of electrode 
Nafion 10 6 

Nafion 20 12 

Nafion 30 18 

EPDM 20 5.3 

EPDM 30 8.3 

 

For experiments using different quantities of acetylene black conducting additive in 

electrode formulation, three difference compositions of electrode were fabricated. 

Electrodes with lithium iron sulphide: acetylene black ratios of 3:16, 6:16 and 9:16 

were formed using quantities of active material, acetylene black and binder shown in 

Table 6.4. Electrodes were fabricated by the dry mixing method in a pestle and mortar 

explained in Chapter 2. Electrodes were tested using Swagelok lithium half-cells with 

1M LiPF6 EC:DMC (1:1 vol) electrolyte. 
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Table 6.4 Electrode formulation for experiments with varied quantities of carbon conducting 
additive 
Li2FeS2:Acetylene black Mass % of 

Li2FeS2 
Mass % 
Acetylene black 

Mass % of PTFE 

3:16 80 15 5 

6:16 68.5 26 5.5 

9:16 60 34 6 

 

6.2.3 Results and discussion 

The films cast using the Nafion binder have adequate adhesion to the aluminium foil 

substrate, although the films were more brittle and prone to cracking than films cast 

with an EPDM binder. Initial preparation of electrode films using a 10% volume of 

EPDM as the binder did not form a stable composite. The electrode formed from this 

composition did not adhere well to the aluminium foil, and became brittle, and was 

unsuitable for testing.  
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Figure 6.8 Galvanostatic cycling of lithium iron sulphide electrodes with Nafion binder (the 
volume of binder is shown in the legend) cycled vs. lithium metal with 1M LiPF6 EC/DMC 
electrolyte. Cells were with a current density corresponding to a C rate of C/10 assuming a 
theoretical capacity of 350 mAh g-1. 
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Figure 6.8 shows the initial galvanostatic cycling of lithium iron sulphide electrodes 

formed with a Nafion binder. All three electrode materials deliver an initial discharge 

capacity of approximately 350 mAh.g-1. This indicates that the process used to form 

composite electrodes with Nafion binder does not result in a breakdown of lithium 

iron sulphide. As the concentration of Nafion in the electrode was increased, the initial 

open circuit voltage increased from 1.9 V vs. Li at 10% Nafion to 2.1 V vs. Li at 30% 

Nafion, possibly due to reaction low concentration of water in the solvent, or some 

residual water in the solid Nafion. 

Increasing the amount of Nafion in the cathode also had a small effect on the 

potentials of the sulphur oxidation plateau (at around 2.6 V) and reduction plateau (at 

around 2.1 V), increasing the voltage hysteresis, indicating an increase in resistance in 

the cathode, which could be expected. At higher degrees of charge, in the 20 and 30 % 

samples, there appears to be a sloping region in the charge profile, which could be an 

effect of the binder coating the particles of active material, reducing exposure of the 

lithium iron sulphide to the bulk electrolyte  
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Figure 6.9 Galvanostatic cycling of lithium iron sulphide electrodes with EPDM binder (the 
volume of binder is shown in the legend) cycled vs. lithium metal with 1M LiPF6 EC/DMC 
electrolyte. Cells were with a current density corresponding to a C rate of C/10 assuming a 
theoretical capacity of 350 mAh g-1. 
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Figure 6.9 shows the initial galvanostatic cycling of lithium iron sulphide electrodes 

formed with a EPDM binder. Both electrode materials deliver an initial discharge 

capacity of approximately 350 mAh.g-1 and the general features of the 

charge/discharge profiles and the redox potentials of the electrodes are similar to 

electrodes formed with PTFE binder. Again, this indicates that the process used to 

form electrodes with EPDM does not result in a breakdown of lithium iron sulphide. 

0 20 40 60 80 100
125

150

175

200

225

250

275

300

325

 10% Vol. Nafion
 20% Vol. Nafion
 30% Vol. Nafion
 20% Vol. EPDM
 30% Vol. EPDM

Ca
pa

cit
y 

/ m
Ah

.g
-1

Cycle Number  
Figure 6.10 Cycle life performance testing lithium iron sulphide electrodes formulated with 
different quantities of binder, cycled in a lithium half-cell with a current density corresponding 
to a charge/discharge rate of C/2, assuming a gravimetric capacity of 350 mAh g-1. The cells 
were cycled between 2.80 and 1.45 V vs. lithium metal with 1M LiPF6 EC/DMC electrolyte. 
 

 

Figure 6.10 shows the cycle life performance of the five lithium iron sulphide 

electrode formulations produced via the ink casting method. The electrode using 20% 

EPDM binder shows the best cycle life performance of the material, followed by the 

cathode using 10% Nafion binder, producing 243 and 200  mAh g-1 after one hundred 

cycles respectively. 

After the 40th cycle, the average capacity loss per cycle for the 10, 20 and 30 % Nafion 

electrodes are 0.18, 0.35 and 0.49 % of the initial gravimetric capacity respectively. 
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After the 40th cycle, the average capacity loss per cycle for the 20 and 30 % EPDM 

electrodes are 0.25 and 0.46 % of the initial gravimetric capacity respectively. 

Electrodes formed with EPDM as a binder show increased stability over the electrodes 

produced with comparable volumes of Nafion binders. This could be due to the 

different nature of the two binders.  

The Nafion cast from solution is rigid and brittle, compared to bulk EPDM; flexible 

rubber. The EPDM could better accommodate the volume changes associated with the 

complex multiphase reactions on charge and discharge of the lithium iron sulphide 

material, maintaining a better contact with the conductive carbon additives and 

current collector on repeated cycling, offsetting some of the capacity loss due to 

dissolution of active material into the bulk electrolyte, improving the capacity 

retention of the material. This effect could be responsible for the high initial capacity 

loss seen with the Nafion binder and the 30% EPDM sample, not seen in the 20% 

EPDM sample.  

It is interesting to note that if the different binder compositions are compared in 

terms of a weight % of total binder, as opposed to a volume %, Nafion has the better 

cycle life performance after the 40th cycle compared to EPDM. Decreasing the amount 

of binder improves the cycle life performance of lithium iron sulphide. Buqa et. al. 

have shown that increasing quantities of binder impacts on the cyclability of the 

negative electrode material silicon.38 

Figure 6.11 shows the Nyquist plots for the three electrodes formed with Nafion 

binder. Reducing the quantity of Nafion binder from 30% to 10% reduces the charge 

transfer resistance of the cell from 37 to 24 Ω. A decrease in resistance could increase 

the cyclability of the material, as it indicates more particles in electrical contact for the 

redox reaction, due to the lower dilution of inactive binder. As the particle volume 

decreases on charge, this could reduce the amount of particles in electrical contact to 

the current collector for the subsequent reduction of any soluble polysulphide species 

in solution, decreasing cycle life. 
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Figure 6.11 Nyquist plots for the three lithium iron sulphide half cells with Nafion binder in 
the range of 200 kHz – 20 mHz, with a sinus amplitude 50mV 

 

All of the electrodes formed from casting the binder from an ink, excluding the 30 % 

by volume Nafion electrode, show better cycle life performance than the lithium iron 

sulphide cells formed with PTFE binder. The PTFE binder is formed by dry mixing and 

stretching of the PTFE over the particles of active material and conductive binder, 

resulting in a crude coverage of the electrode components. The binders cast from ink 

will have a better coverage over the particles of lithium iron sulphide and acetylene 

black additive, which could act as a protective layer over the electrode, which isolates 

the active material from the bulk electrolyte. This will reduce the rate at which soluble 

polysulphide species can diffuse into bulk electrolyte, and therefore reduce the active 

mass loss while increasing the cycle life performance of the electrode. 

Electrode compositions were produced using lithium iron sulphide, acetylene black 

and PTFE, varying the mass loading of the carbon conducting additive, to assess its 

impact on the cycle life performance lithium iron sulphide electrodes. Compositions 

containing 3:16, 6:16 and 9:16 mass ratios of acetylene black to lithium iron sulphide 

were produced. Increasing the mass loading of the carbon in the electrode did not 

have an appreciable effect on the rate performance of lithium iron sulphide, as the 
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rate performance of the active material is limited by the solid state diffusion of lithium 

through the relatively large (10 µm) particles. 

Figure 6.12 shows that increasing the amount of carbon conducting additive in the 

electrode improves the cycle life performance of lithium iron sulphide. Increasing the 

carbon:active material from 3:16 to 9:16 increases the cell capacity from 147 to 

231 mAh.g-1 after one hundred cycles. The increased cycle life performance of cells 

with greater mass loadings of carbon conducting additive could be due to the 

increases surface area of the conducting network. A larger surface area of the 

conducting network will increase the number of point contacts between the lithium 

iron sulphide and carbon matrix, while increasing the surface area for the soluble 

polysulphide species formed on charge, which could deposit on conducting surfaces 

within the positive electrode composite.  
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Figure 6.12 Cycle life performance testing lithium iron sulphide electrodes formulated with 
different quantities of acetylene black conducting additive, cycled in a lithium half-cell with a 
current density corresponding to a charge/discharge rate of C/2, assuming a gravimetric 
capacity of 350 mAh g-1. The cells were cycled between 2.80 and 1.45 V vs. lithium metal with 
1M LiPF6 EC/DMC electrolyte. 
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Sulphur is electronically insulating, so a thick layer of deposited sulphur will become 

insulating and electrochemically inactive, which would result in active mass loss and 

poor cycle life performance.39 A larger surface area for sulphur deposition will result 

in a thinner deposit which could make any deposition of polysulphide onto the surface 

of the positive electrode more reversible. The additional carbon black will also 

increase the number of electronic point contacts in the electrode, and reduce the 

resistance of the cathode on cycling. While this shows that the cycle life performance 

of lithium iron sulphide can be improved by increasing the mass loading of the carbon 

in the cell, this will reduce the energy density of the electrode, as more active material 

is replace by inactive carbon.  
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6.3 The effect of electrolyte on cell performance 

6.3.1 Background 

In a system such as the lithium-sulphur cell, the electrolyte used can have a significant 

impact on cell performance. Lithium-sulphur cells have been cycled with a number of 

different electrolyte formulations containing ethers. These electrolyte solvents include 

DME (1,2-dimethoxyethane) and DOL (1,2-dioxolane),40 DOL and TEGDME 

(tetra(ethylene glycol) dimethyl ether),41 DME, DOL and di(ethylene glycol) dimethyl 

ether,42 aswell as EMS (ethyl methyl sulfone).33 

While lithium-sulphur cells constructed with ether based electrolytes produce two 

distinct voltage plateaus on discharge at approximately 2.4 and 2.1 V vs. Li, cells 

cycled with carbonate electrolytes, such as EC/DMC blends only produce one plateau 

at approximately 2.4 V, with no further discharge reaction.35,43 Further cycling of cells 

with carbonate electrolyte produced nominal capacities. Initial discharges of lithium-

cells with ether based electrolytes produce over 1000 mAh.g-1, while the cells with 

carbonate electrolytes produce less than 600 mAh.g-1. The improved performance of 

the ether based electrolyte systems is attributed to increased solubility of lithium 

polysulphide over carbonate systems. Whilst it was found that the electrolyte salt did 

not have a significant impact on cell performance,43 the volume of the electrolyte in 

the cell was found to have an impact.44  

 

O O

O

-S
Sx S-

-S
Sx S- Li+

OO

O

+

+ +
-S

Sx S LiOCO2+ +

O

O

O
S

Sx
S-

 

Figure 6.13 Reaction mechanisms proposed for the reaction between carbonates and 
polysulphides. 
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A paper recently published by Gao et. al. shows that there is a possible incompatibility 

between carbonate electrodes an lithium polysulphides.43 The proposed reactions 

between lithium polysulphide and carbonates are shown in Figure 6.13. The 

mechanism of carbonate breakdown could proceed via A) nucleophilic sulphide attack 

or B) thioether formation from ethylene carbonate, catalysed by alkali metals. 

The composition and volume of the electrolyte is shown to have a significant impact 

on the performance of lithium-sulphur batteries, to due the solubility of polysulphide 

species and possible side reactions with the electrolyte. Lithium iron sulphide cells 

were cycled with a TEGDME electrolyte to assess the impact of the ether based 

electrolyte on cell performance and cycle life stability. 

6.3.2 Experimental 

To test the effect of the quantity of electrolyte on cycle life performance of lithium iron 

sulphide, cells were constructed with standard lithium iron sulphide electrodes with 

PTFE binder, two glass fibre separators with 1M LiPF6 EC:DMC (1:1 vol)electrolyte 

and a lithium foil negative electrode. The quantity of electrolyte was varied to produce 

cells with 0.05, 0.07, 0.10 and 0.14 ml of electrolyte per mg of lithium iron sulphide. 

To test the effect of a different electrolyte on cycle life performance of lithium iron 

sulphide, cells were constructed with standard lithium iron sulphide electrodes with 

PTFE binder, two glass fibre separators with 1M LiTFSI TEGDME electrolyte and a 

lithium foil negative electrode. The electrolyte was produced under an inert argon 

atmosphere by dissolving LiTFSI (99.95 %, Sigma Aldrich) in TEGDME (≥ 99 %, Sigma 

Aldrich), dried under vacuum at 120 °C for 24 hours. Karl Fischer titration showed the 

TEGDME to contain less than 10 ppm of water. 

6.3.3 Results and discussion 

Cells with varying amounts of electrolyte were constructed to test the effect of the 

electrolyte volume in the cell on the cycle life performance of lithium iron sulphide to 

identify any possible instability of the carbonate electrolytes used in the construction 

of lithium iron sulphide cells. 
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 Figure 6.14 shows the effect of changing the volume of 1 M LiPF6 EC:DMC (1:1 vol) on 

cycle life performance. As the quantity of electrolyte is reduced from 0.14 to 0.05 ml of 

electrolyte per mg of lithium iron sulphide, the capacity of the cell after one hundred 

cycles reduces from 144 to 70 mAh.g-1. This indicates that reducing the quantity of 

carbonate electrolyte reduces the cycle life performance of the cell. 
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Figure 6.14 Cycle life performance testing lithium iron sulphide/lithium half-cell with varying 
amounts of 1M LiPF6 EC/DMC electrolyte. Cells were cycled between 2.80 and 1.45 V with a 
current density corresponding to a charge/discharge rate of C/2, assuming a gravimetric 
capacity of 350 mAh g-1. The quantity of electrolyte per mass of active material is shown in the 
legend 

 

Decreasing the volume of electrolyte, or increasing the mass loading of active material 

per millilitre of electrolyte will effectively increase the concentration of any dissolved 

polysulphides formed upon discharge of full charged lithium iron sulphide cells. An 

increase in the concentration of soluble polysulphide species could facilitate and 

increase the rate of further sulphur dissolution from the lithium iron sulphide. This 

increased polysulphide concentration will increase the rate of any side reactions with 

lithium polysulphide which consume the carbonate electrolyte. An increased rate of 

electrolyte breakdown will result in decreased cycle life performance. 
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To assess the impact of a different electrolyte on the lithium iron sulphide cells, 

lithium half-cells were produced with 1 M LiTFSI in TEGDME electrolyte and cycled 

under comparable conditions to previous lithium iron sulphide cells cycled with 

carbonate electrolyte. 
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Figure 6.15 Galvanostatic cycling of lithium iron sulphide half-cells with 1M LiTFSI TEGDME 
and 1M LiPF6 EC/DMC electrolyte. Cells were cycled between 2.80 and 1.45 V with a current 
density corresponding to a charge/discharge rate of C/2, assuming a gravimetric capacity of 
350 mAh g-1 

 

Figure 6.15 shows the cycle life performance of lithium iron cells cycled with TEGDME 

electrolyte compared with cells utilising carbonate electrolyte. Figure 6.16 shows the 

charge/discharge profiles of the cell cycled with TEGDME electrolyte. The initial 

discharge capacity of the cell with TEGDME is 355 mAh.g-1 at a current density 

corresponding to a C-rate of C/2. This is a large, compared to the cell utilising 

carbonate electrolyte, with the additional capacity attributed to sulphur redox. In the 

following three cycles, the charge capacity is increased to 701, 682 and 630 mAh.g-1. 

The additional capacity comes from an extension of the plateau above 2.55 V vs. Li, 

producing over 500 mAh.g-1. This large charging capacity is likely due to the formation 

of a polysulphide redox shuttle shown by the cell efficiency, which drops below 50 %, 

and the subsequent three discharge cycles produce 344, 344 and 338 mAh.g-1. This 
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behaviour is also seen in the paper by Peled et. al. where a pyrite cell cycle at elevated 

temperatures displayed evidence of redox shuttle behaviour in the first five cycles. 

Following the 4th cycle, the efficiency of the cell recovers, but remains lower than seen 

in the cell with carbonate electrolyte for the subsequent sixty cycles and the discharge 

profiles become similar to the cell tested with EC/DMC electrolyte. The rate of 

capacity degradation is higher in the cell with TEGDME, and after the 21st cycle, the 

cell capacity is lower than the cell with EC/DMC electrolyte. After one hundred cycles 

the TEGDME cell produces 80 mAh.g-1, compared to the EC/DMC cell, which produces 

147 mAh.g-1. 
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Figure 6.16 Galvanostatic cycling of lithium iron sulphide half-cell with 1M LiTFSI TEGDME 
electrolyte. Cells were cycled between 2.80 and 1.45 V with a current density corresponding to 
a charge/discharge rate of C/2, assuming a gravimetric capacity of 350 mAh g-1 

 

It is likely that the additional capacity (beyond theoretical capacity) produced from 

the TEGDME cell is due to the additional oxidation of sulphide within the lithium iron 

sulphide structure to produce high order soluble polysulphides. This is facilitated by 

the greater solvation potential of TEGDME towards polysulphides. The additional 

capacity is irreversible, due to the shuttle mechanism which leads to reduction of the 
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soluble polysulphide species on the surface of the lithium negative electrode, and 

explains the accelerated capacity degradation in the TEGDME system. 

This initial study shows that the performance of lithium iron sulphide can be 

influenced by the electrolyte applied to the system. While TEGDME and other ether 

based electrolytes may be more stable in contact with polysulphide species compared 

to carbonate electrolytes, this is offset by the elevated rate of polysulphide loss from 

the cathode, which results in decreased cycle life performance. The ether electrolyte 

system may benefit from the addition of additives to stabilise and passivate the 

surface of the lithium negative electrode, and reduce reactions between the lithium 

and soluble polysulphide species which leads to active mass loss.  

Lithium nitrate is one such additive that has been successfully applied to the lithium-

sulphur system. Lithium nitrate forms a stable SEI on contact with lithium, which 

passivates the surface of the negative electrode and leads to increased cycle life 

performance by reducing the polysulphide shuttle mechanism, and thus reducing the 

detrimental side reactions.45 Lithium bis(oxalate) borate (LiBOB) is another 

electrolyte additive that has been applied to the system to passivate the surface of the 

lithium anode,46 with some improvements in cycle life performance and cell 

capacity.47 
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6.4 Conclusions 

Upon charge to the high voltage region (above 2.55 V), the sulphur in the lithium iron 

sulphide structure oxidises and is able to form soluble polysulphide species which are 

able to diffuse through the electrolyte, to the negative electrode, whereby if the 

working potential of the negative electrode is below 2.3 V vs. Li, the reduction 

potential of sulphur, the polysulphide will reduce to form lithium sulphide on the 

surface of the electrode. 

This irreversible reduction of polysulphide constitutes active mass loss from the 

positive electrode during cycling, which results in capacity fade and poor cycle life 

performance in the lithium iron sulphide material. The lower the operating voltage of 

the negative electrode the greater the driving force for the reduction of polysulphide 

species onto the surface of the negative electrode, and the greater the rate of capacity 

loss.  

While not applicable to commercial cells, lithium iron sulphide electrodes cycled in 

conjunction with negative electrodes that operate above the potential of the lithium-

sulphur redox show vastly improved cycle life performance characteristics, 

presumably due to the elimination of the shuttle mechanism. 

The cycle life performance of lithium iron sulphide can be improved with optimisation 

of the positive electrode formulation. Increasing the mass loading of the acetylene 

black conducting additive increases the surface area for sulphur deposition making 

positive electrode more reversible. The additional carbon black will also increase the 

number of electronic point contacts in the electrode, and reduce the resistance of the 

cathode on cycling. These factors increase the cycle life performance of the electrode, 

at the expense of energy density, due to the substitution of active material with 

carbon. 

Lithium iron sulphide electrodes formed with EPDM and Nafion binders show 

improved cycle life performance over electrodes formed from the dry preparation 

with PTFE. Improvements in cycle life performance due the cation selective 

functionality of the binder may be marginally offset by the physical properties of the 
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binder compared with electrodes cast from EPDM. A build-up of electrode resistance 

may also be responsible for cycling losses in the lithium iron sulphide cells, and lower 

quantities of binder are more desirable due to the decrease in electronic resistance in 

the electrodes. 

The cycle life performance of lithium iron sulphide cells formed with EC/DMC 

electrolytes show a dependence on the volume of electrolyte. Decreasing the volume 

of electrolyte effectively increases the concentration of any dissolved polysulphides 

formed upon cycling of lithium iron sulphide cells. An increase in the concentration of 

soluble polysulphide species will increase the rate of irreversible loss through the 

irreversible deposition of sulphur on the surface of the negative electrode, while 

increasing the rate of any side reactions with lithium polysulphide which consume the 

carbonate electrolyte resulting decreased cycle life performance. 

The performance of lithium iron sulphide can be influenced by the electrolyte applied 

to the system. The increased stability of the TEGDME based in contact with soluble 

polysulphide species offset by the elevated rate of polysulphide dissolution from the 

cathode, which results in decreased cycle life performance. This indicates that 

optimisation of the electrolyte system, with the use of lithium metal passivating 

additives could be used to increase the cycle life performance of lithium iron sulphide. 
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7.1 Introduction and background 

The work in Chapter 6 demonstrates that the likely cause of the poor cycle life 

performance of lithium iron sulphide is due to interactions between the electrolyte 

and particles of active material which leads to the dissolution of soluble polysulphide 

species, which contribute to active mass loss and capacity fade on cycling. One 

possible way to minimise the capacity loss due to these side reactions is to introduce 

an artificial physical barrier between the particles of lithium iron sulphide, and the 

electrolyte. 

 
Figure 7.1 The possible effect of surface coating on lithium iron sulphide 

 

Figure 7.1 helps to demonstrate the proposed role of a surface coating in improving 

the cycle life performance of lithium iron sulphide. By utilising thin surface coatings, 

the lithium iron sulphide particles are effectively isolated from the electrolyte, while 

still facilitating the solid state diffusion of lithium ions through the coating, allowing 

the insertion/extraction reaction to proceed as normal.  

The coating would reduce or stop active mass loss via diffusion of polysulphide 

species into the bulk electrolyte. An unreactive, impermeable coating could also 

benefit lithium iron sulphide, as it would stop interactions between any residual water 

found in low concentrations in the electrolyte, and the active material, which would 

lead to breakdown in the structure, due to the formation of hydrogen sulphide. A 

surface coating would also protect lithium iron sulphide from any acidic species in the 

electrolyte, such as hydrogen fluoride, formed from the hydrolysis of 

Li+ Li2Sx 

H2O/HF 
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hexafluorophosphate anions by trace amounts of water present in the electrolyte. A 

surface coating may allow lithium iron sulphide to be handled in conditions with 

atmospheric moisture, which would normally lead to the formation of hydrogen 

sulphide and the breakdown of the material. This could reduce the difficulty and cost 

associated with handling and processing lithium iron sulphide for use in commercial 

cells. 

Surface coatings have been successful in improving the electrochemical performance 

of many lithium-ion cathode materials, and are widely acknowledged as one of the 

methods of improving rate capability, thermal stability and capacity retention of 

electrodes.  Coating materials previously investigated include metal oxides,1–3 metal 

phosphates,4,5 metal aluminates,6 metal oxyfluorides,7 metal hydroxides,8 carbonates,9 

and fluorides10,11 and have shown to increase the cycle life performance of several 

cathode materials including lithium cobalt oxide and lithium manganese oxide.  

Many of these coatings involve mechanical mixing of coating precursors and cathode 

material, with a heat treatment at elevated temperatures, to produce a rough coating 

over the active material.12 Some areas of the cathode material will be heavily coated, 

while other areas will have a sparse protective coating, due to the corse mixing of the 

electrode material with coating precursors.13 Generally, excess coatings can lead to the 

low of rate capabilities and a reduction in gravimetric capacity. 

7.1.1 Lithium boron oxide glass coatings 

Another coating that has been utilised to improve the stability of lithium manganese 

oxide upon cycling is lithium boron oxide (LBO) glass.14 Upon storage of the spinel at 

elevated temperatures, irreversible decomposition of the electrolyte on the surface of 

the active material forms protonic species that react with fluorinated salts in the 

electrolyte to produce hydrogen fluoride.15,16 Active material losses result from 

disproportionation of Mn3+.17 The capacity loss due to side reactions is a function of 

the surface area of the spinel.15,18 LBO glass is used as a passivation layer on the 

surface of the lithium manganese oxide spinel, which isolates the electrolyte from the 

surface of the active material, and protects the electrolyte from the catalytic effects of 

the electrode, and stops corrosion and active mass loss from hydrogen fluoride. 
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Lithium boron oxide glass will be utilised as a method of protecting lithium iron 

sulphide for several reasons. Molten LBO compositions have good wetting properties, 

and relatively low viscosity in the molten state which allows for an even covering with 

the use of relatively low amounts of the LBO amounts of the glass (around 0.5 % by 

weight was found to be the optimum amount of coating for lithium manganese 

oxide).14 This could allow the formation of a surface barrier that doesn’t significantly 

impact on the gravimetric capacity of lithium iron sulphide. 

LBO has already been investigation as a solid lithium ion conductor, and has been 

shown to have good ionic conductivity properties, which means the impact of the 

coating on the rate capability of lithium iron sulphide may be minimal.19 These studies 

have also shown that LBO glass has high stability under the conditions found in a 

lithium cell, and are stable to oxidation potentials above 4 V. 

 
Figure 7.2Lithium boron oxide glass coating of lithium iron sulphide 

 

Figure 7.2 demonstrates the proposed synthesis of LBO coated lithium iron sulphide. 

The good wetting properties and low viscosity in the molten state allows solid state 

mixing before heating, to form a continuous layer over the lithium iron sulphide 

particles. This eliminates the need for wet mixing, and eliminates any reactions 

between the active trace amounts of water present in solvents associated with this 

process. The temperatures utilised for processing LBO glass is also consistent with the 

temperatures used to synthesis lithium iron sulphide. 

ΔH 
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7.1.2 Carbon coatings 

Another method of cathode material coating that could be beneficial to the stability of 

lithium iron sulphide is carbon. Carbon coating can effectively increase the stability of 

the electrode material and protect the surface of the cathode from direct contact with 

electrolyte, which can lead to enhanced cycle life performance of materials. 

Carbon coatings are also attractive as cathode material coatings, as they improve the 

electronic conductivity of many electrode materials, reducing resistance, and ohmic 

drop at elevated current densities, which leads to a more rapid decline in cell voltage, 

which can lead to premature discharge of electrodes discharged at high rates.20 

Furthermore, if the electronic conductivity of the bulk is lower than ionic conductivity, 

ambipolar diffusion can only proceed at an area of point contact between the 

conducting additive, electrode material and electrolyte. The carbon coating increases 

the area of electronic point contacts which can improve the electron pathway while 

remaining permeable to lithium ions, which can increase the rate capability of the 

electrode.21 

Carbon coatings have been widely used to improve the electronic conductivity of 

lithium iron phosphate particles to improve discharge rate performance, but carbon 

coating also improves the cycle life of the cathode material. The carbon coating layer 

reduces side reactions between lithium iron phosphate particles and the electrolyte. 

Lithium iron phosphate electrodes cycled above 37 °C release iron ions into the 

electrolyte.22 The dissolved Fe2+ can diffuse to the negative electrode, where it can 

deposit on the surface, leading to an increase in the interfacial impedance of the cell. 

Double coatings of carbon have also been shown to further reduce active mass loss via 

the dissolution of iron.23 Carbon coating has also been used to increase the cycle life 

performance of lithium manganese phosphate electrodes, by reducing hydrogen 

fluoride attack which leads irreversible active mass loss through manganese 

dissolution.24,25 Furthermore carbon coating has been shown to increase the cycle life 

performance of lithium manganese nickel oxide cell by reducing oxygen evolution 

from the active material upon charging.26,27 
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Carbon coating not only helps to improve the stability of lithium iron phosphate 

during cycling, but also improves the chemical stability of the cathode material under 

exposure to air. Iron (II) is unstable when exposed to atmospheric moisture when 

combined with oxygen. The gravimetric capacity of lithium iron phosphate is reduced 

upon exposure to air, as some of the surface of the active material is oxidised to 

iron (III).28 Nano-structuring of iron phosphate, necessary to increase the rate 

performance of the material, further increases the instability of the material, as the 

surface area is increased.29 Carbon coating increases the stability of nano-lithium iron 

phosphate to long term air exposure at room temperature storage.30 

Many of the methods of producing carbon coating that are applied to lithium ion 

battery materials are unsuitable for coating lithium iron sulphide. Several widely 

used, cheap precursors for carbon coating battery materials include glucose,31–34 

sucrose,27,35,36 and citric acid.37–39 Some of these preparations involve aqueous mixing 

steps, and all three materials evolve moisture upon thermal decomposition, which 

would lead to a decomposition of lithium iron sulphide. Other methods of carbon 

coating, including spray pyrolysis, 24,40,41 chemical vapour deposition (CVD)22,42–44 and 

physical vapour deposition (PVD),45 involve the use of specialised equipment not 

available for this study. Furthermore, these processes have limited applications for 

commercial applications, due to difficulties in scaling the process. 

A process of carbon coating that could potentially be successfully applied to lithium 

iron sulphide utilises ionic liquid as the carbon precursor. Studies have shown that 

ionic liquids can be used to produce N-doped graphitised carbon.46–48 The 

combination of the ionic liquids state and low vapour pressure make ideal precursor 

properties, as ionic liquid can penetrate into porous materials, and evenly coat 

cathode particles. Cations containing structural nitrogen, such as pyridinium, 

pyrrolidinium and imidazolium, and anions with cyano functionalities such as 

dicyanamide or tricyanomethide are benefitial, as nitrogen doping improves the 

electronic properties49,50 and chemical stability51,52 of the carbon coating. Recently 1-

ethyl-3-methylimidazolium dicyanamide was used as carbon coating precursor for 

lithium titanate spinel, and resulted in increased rate capability and cycle life.53 
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Figure 7.3 shows the proposed ionic liquid, butyl-methyl-pyrrolydinium-dicyanimide, 

used for coating lithium iron sulphide. The precursor was chosen, as the constituents 

of the ionic liquid only contains carbon, hydrogen and nitrogen. Thermal 

decomposition of this ionic to produce carbon will not produce water, which would 

react with lithium iron sulphide and lead to a breakdown of the cathode material. 

N+N-

NN

 
Figure 7.3 Chemical structure of the butyl-methyl-pyrrolydinium-dicyanimide ionic liquid 
used as a carbon coating precursor  
 

 

7.1.3 Core-shell electrode materials 

A third method of protecting the active material from exposure to the bulk electrolyte 

is the formation of core-shell electrode materials. Core-shell cathode materials consist 

of particles of active material, surrounded by a thin layer of another, protective 

material. In doing this, the cathode particles take advantage of the high 

electrochemical performance of the bulk and the high stability of the shell material to 

form a stable, high performance insertion material. 

LiNi0.8Co0.1Mn0.1O2 is a high capacity, high voltage cathode material, which has high 

reactivity towards non-aqueous electrolytes, and subsequent poor cycle life 

performance.  By coating the LiNi0.8Co0.1Mn0.1O2 core with a stable LiNi0.5Mn0.5O2 

allows the bulk material to retain its excellent electrochemical properties, while 

increasing the stability of the material.54,55 

The coating material must have good electronic and ionic conduction to facilitate the 

insertion/extraction reaction. Thick coatings can result in poor electrochemical 

performance.  Another problem is crystal mismatch upon cycling. In the case of 

theLiNi0.8Co0.1Mn0.1O2 core with LiNi0.5Mn0.5O2 shell, the core shrinks approximately 
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10 % during cycling, while the shell only shrinks by around 3 %. Repeated 

charge/discharge cycles can lead to material fatigue and the formation of cracks 

between the two materials, which can compromise the protective coating. By creating 

multiple shell layers with different composition, a concentration gradient in the 

core-shell material is formed, which can alleviate some of the cycling induced stress.56 

The electrochemical properties of lithium iron sulphide present a potentially unique 

opportunity to form core-shell particles of material by electrochemical pre-treatment 

of the electrode material. Discharge of a pristine electrode of lithium iron sulphide will 

result in largely irreversible formation of metallic iron. 57,58 

 

 

Figure 7.4 In-situ formation of core-shell lithium iron sulphide particles 

 

By applying a short pulse of high current to the electrode in a lithium test cell, it may 

be possible to form core-shell particles of lithium iron sulphide with a metallic iron 

shell, as solid state diffusion of lithium ions will limit discharge of the bulk material at 

short time scales. Different degrees of pre-cycle treatment will be attempted, to assess 

the feasibility of this method for improving the stability of lithium iron sulphide upon 

cycling. 
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7.2 Experimental details 

7.2.1 Lithium Boron glass coated lithium iron sulphide 

B2O3 (Sigma Aldrich) was dried under vacuum and mixed with Li2O (Sigma Aldrich) in 

1:1 molar ratio. The mixture was ball milled for two hours at a frequency of 20s-1. 

0.5 wt. % of the resulting Li2O:B2O3 was mixed with a sample of lithium iron sulphide, 

produced for previous testing, in a pestle and mortar under nitrogen. Further mixing 

was not necessary due to the wetting properties of the lithium boron oxide (LBO). The 

mixture was placed in an alumina crucible and transferred to a sealed quartz furnace 

tube which was flushed with argon. The mixture was heated to 800 °C at a rate of 5 °C 

min-1 and held for three hours under a flow of argon at 0.25 l min-1. The mixture was 

then cooled to room temperature at a rate of 2.5 °C min-1. 

After cooling, the contents of the alumina crucible had contracted in size to form a 

dense product which was hard to grind. The material was ground in a pestle and 

mortar. Some material was kept for SEM studies, while the remaining material mixed 

with acetylene black and PTFE in a weight ratio of 80:15:5 to produce electrode 

pellets for electrochemical testing. 

7.2.2  Carbon coated lithium iron sulphide 

Butyl-methyl-pyrrolydinium-dicyanimide ionic liquid (Iolitec) was dried under 

vacuum at 120 °C for twenty four hours before being transferred to the glovebox. TGA 

analysis of the ionic liquid in Figure 7.13 demonstrates that upon heating to 600 °C, 

the sample decomposes to 15.7 % of the original mass. This was used to calculate the 

respective amounts of ionic liquid precursor needed to produce 5 and 10 % carbon 

coated lithium iron sulphide samples.  

The butyl-methyl-pyrrolydinium-dicyanimide carbon coating precursor was mixed 

with a synthesised lithium iron sulphide sample in a sample of NMP (Sigma Aldrich, 

Anhydrous) dried over molecular sieves, in an inert argon atmosphere. Karl Fischer 

analysis of the NMP showed the water content of the sample was below 10 ppm. The 

mixture was dried under vacuum at 120 °C to remove the solvent before reduction of 

the ionic liquid.  
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The resulting mixture was transferred to an alumina crucible in a sealed, argon filled 

quartz furnace tube. The sample was heated to 600 °C at a rate of 5 °C min-1 and held 

for three hours under a flow of argon at 0.25 l min-1. The mixture was then cooled to 

room temperature at a rate of 2.5 °C min-1. The resulting sintered black solid was 

transferred to an argon filled glove box and ball milled for twenty minutes at a 

frequency of 20 s-1 producing a fine black powder. 

Some material was kept for SEM and TEM studies, while the remaining material mixed 

with acetylene black and PTFE in a weight ratio of 80:15:5 to produce electrode 

pellets for electrochemical testing. 

7.2.3 In-situ core-shell 

Cells were constructed using a lithium iron sulphide positive electrode with PTFE 

binder, a metallic lithium negative electrode and 1.0 M LiPF6 EC:DMC (1:1) electrolyte. 

The each cell was discharged at a rate of C/10 to 1.45 V and held at this potential for 

one hour to discharge potentiostatically. The potential of each cell was stepped to 

0.75 V vs. Li and a current was passed corresponding to a reduction of 5, 10, 15, 20 

and 40 % of the total active material. The cells were then cycled between 2.80 and 

1.45 V vs. lithium at a rate of C/2. 
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7.3 Lithium boron oxide glass coated lithium iron sulphide 

7.3.1 The effect of LBO treatment on particle morphology 

Some lithium boron oxide glass coated lithium iron sulphide was retained from the 

synthesis for analysis by SEM. Figure 7.5 shows SEM images taken of untreated 

lithium iron sulphide and the LBO coated lithium iron sulphide sample. The particle 

size of the untreated lithium iron sulphide is smaller (average particle size <10 μm) 

than the LBO coated sample (average particle size >10 μm). The lithium boron oxide 

glass coats and aggregates the particles of lithium iron sulphide and the effect of the 

coating can easily be seen using SEM. 

 
Figure 7.5 . SEM images of LBO coated lithium iron sulphide after ball milling. Images A and C 
show the LBO coated lithium iron sulphide, while images B and D show the untreated lithium 
iron sulphide sample. Images were recorded with an acceleration voltage of 20 kV 

 

7.3.2 The effect of LBO treatment on cell potential and capacity 

Figure 7.6 shows the first and second galvanostatic charge/discharge cycles of the 

LBO glass coated lithium iron sulphide cycled at a rate of C/10. The open circuit 

A B 

C D 



Chapter 7. Surface modification of lithium iron sulphide 

 

185 

 

potential is similar to that of the untreated lithium iron sulphide sample, and the 

charge discharge profiles show the same general features of an initial single phase 

iron oxidation followed by a two phase oxidation of the sulphur atoms in the structure 

upon charging, with the reverse occurring upon discharge of the material. The first 

cycle discharge capacity of the material is approximately 320 mAh.g-1, compared to 

the untreated sample which produces a capacity of around 350 mAh.g-1.  

The gravimetric capacity drop observed in the LBO glass coated sample cannot be 

directly attributed to the mass of the glass coating, as it accounts for only 0.5 % of the 

total mass of the active material. Losses in gravimetric capacity could arise from an 

increase in the diffusion path of lithium to the particles and the centre of the 

aggregates. A reduction in ionic conductivity due to the coating could also impede the 

diffusion of lithium ions to the active material during discharge.  
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Figure 7.6 Galvanostatic cycling of LBO glass coated lithium iron sulphide vs. lithium metal 
and 1M LiPF6 EC/DMC electrolyte. Cells were with a current density corresponding to a C rate 
of C/10 assuming a theoretical capacity of 350 mAh g-1. 
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The electrode coating will be electronically insulating, so particles at the centre of the 

aggregate particles will be electrically isolated from the charge transfer process, 

rendering fractions of the active material inactive. Slower charge/discharge rates may 

be necessary to produce greater charge/discharge capacities in the LBO coated 

material. Further ball milling of the material may also help to improve the gravimetric 

capacity of the material cycled at C/10. Upon the second discharge, the material 

produces a lower capacity of 308 mAh.g-1. This indicates that, like the untreated 

sample, initial capacity loss upon cycling of the material is not reduced by the LBO 

coating.  
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Figure 7.7 Differential capacity plot of the first charge/discharge cycle of the untreated and 
LBO coated lithium iron sulphide cells with a lithium metal negative electrode and 1M LiPF6 
EC/DMC electrolyte. Cells were cycled with a current density corresponding to a C rate of C/10 
assuming a gravimetric capacity of 350 mAh g-1 of active material. 

 

Figure 7.7 shows the differential capacity plot for the untreated and LBO coated 

lithium iron sulphide samples and allows for comparison of the redox potentials of the 

phase transformations during galvanostatic cycling. It appears that the initial phase 

transformations seen in the undoped material upon charging to 2.0 V occur at the 

same potentials as the LBO coated sample. The differential capacity plot for the 
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oxidation of the sulphur sites in the structure of the undoped material shows a sharp 

peak with a shoulder and is likely to represent an overpotential due to phase 

nucleation. 

While this feature is absent in the LBO coated sample, the surface treatment 

introduces two new peaks into the differential capacity plot corresponding to the 

oxidation of the sulphur atoms. It appears that the coating has an effect on the 

structural pathway of the oxidation reaction at higher potentials. There is a small 

should prior to the main two phase plateau above 2.5 V. The initial oxidation occurs at 

the same potential as the untreated sample, but the plateau begins to slope.  

Upon reduction of the fully charged untreated material the differential capacity peak, 

corresponding to the sulphur site reduction above 2.5 V, has a marginally broader, 

less intense peak that the same process in the LBO coated sample.  Other than these 

small differences, generally the performance of the untreated and LBO coated 

electrodes show comparable redox potentials. The large voltage hysteresis between 

the charge and discharge processes in the untreated material is maintained for the 

LBO coated material. This indicates that the LBO coating does not affect the general 

processes occurring during the discharge, and do not supress any phase changes 

during cycling. 

Figure 7.8 shows the differential capacity plot of the second charge/discharge cycle 

for the untreated and LBO coated samples. The potential of the plateau for the 

oxidation of sulphur upon the second charge is shifted in the LBO coated sample to the 

same degree as the untreated samples and the general electrochemical characteristics 

are comparable. The addition peaks seen in the differential capacity plot of the initial 

charge of the LBO coated samples are absent in the second charge of the material, 

indicating that the differences in the untreated and treated samples are confined to 

the initial charge of the material. The reduction potential on the second cycle is 

unchanged from the initial discharge, and the peak broadening in the untreated 

sample is still present in the LBO coated material. 
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Figure 7.8 Differential capacity plot of the second charge/discharge cycle of the untreated and 
LBO coated lithium iron sulphide cells with a lithium metal negative electrode and 1M LiPF6 
EC/DMC electrolyte. Cells were cycled with a current density corresponding to a C rate of C/10 
assuming a gravimetric capacity of 350 mAh g-1 of active material. 

 

7.3.3 The effect of LBO treatment on the rate performance of lithium 

iron sulphide 

Figure 7.9 shows the Nyquist plots of the untreated and LBO coated lithium iron 

sulphide samples, and allows for direct comparison of the resistance of the pristine 

cells. The uncompensated resistance of the cells, shown by the high frequency 

intercept, are similar for both cells, as could be expected.  The LBO coating could 

increase the double layer capacitance and charge transfer resistance of the electrode 

material, owing to the electronically insulating nature of the glass coating used in the 

treatment of the material. 
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Figure 7.9 Nyquist plots for pristine untreated and LBO coated lithium iron sulphide half cells 
in the range of 200 kHz – 20 mHz, with a sinus amplitude 50mV 

 

Figure 7.10 shows the discharge curves for the LBO coated lithium iron sulphide 

samples. At the current densities applied for rate testing, the increased charge 

transfer resistance of the LBO coating does not have a significant effect on the IR drop 

upon initial discharge. 

When compared with the untreated sample, shown in Figure 7.11, the LBO glass 

coated sample shows poor rate performance. For all the current densities, the LBO 

coated sample produces lower capacities than the untreated sample. As the current 

density increases, excluding the largest current density tested, the difference in 

capacities produces from the treated and untreated samples increase. At a current 

density corresponding to a C rate of C/10, the difference between the discharge 

capacities of the two samples is 26 mAh.g-1, with the coated sample producing 93 % of 

the capacity produced by the untreated sample. At a current density corresponding to 

a C rate of 5C, the difference in discharge capacities of the two materials increases to 

87 mAh.g-1, with the coated sample producing 44 % of the capacity produced by the 

untreated sample. 
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The origin of this poor rate performance is likely due to two main effects of the LBO 

coating. As shown by SEM, the surface treatment aggregates the particles, and 

increases the effective particle size of the material, which increases the solid state 

diffusion path length for lithium ions during the discharge of the material, which will 

increase the time constant of the material, and limit the capacity of the material at 

elevated current densities. 
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Figure 7.10 Discharge profiles of LBO coated lithium iron sulphide, charged at C/10 and 
discharged at a number of rates corresponding current densities calculated assuming a 
gravimetric capacity of 350 mAh g-1 of active material. Rate testing was conducted in a lithium 
half-cell with1M LiPF6 EC/DMC electrolyte 

 

The surface coating also introduces an additional solid state diffusion barrier, as the 

lithium ions have to diffuse through the lithiated boron oxide glass before the can 

react with the insertion material. As the diffusion coefficient of lithium ions through 

the glass is likely to be much lower than diffusion through the liquid electrolyte, this 

will also limit the rate of discharge of the material. 
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Figure 7.11 Discharge capacity of an untreated and LBO coated lithium iron sulphide cell 
discharged to 1.45 V vs. lithium as a function of the rate of discharge. C rates were calculated 
assuming a gravimetric capacity of350 mAh g-1 of active material. 

 

At the largest current density applied, the differences in discharge capacities between 

the untreated and coated sample is reduced to 13 mAh.g-1, with the coated sample 

producing 59 % of the capacity produced by the untreated sample. At these rates, it is 

unlikely that much of the bulk lithium iron sulphide is utilised in the discharge 

material. Lithium insertion will be localised to the surfaces of the electrode particles 

will provide the bulk of the discharge capacity, and so differences in capacity due to 

path diffusion path length in the two materials will be reduced. 

Although the rate performance of the LBO coated sample of lithium iron sulphide is 

diminished, the main purpose of the treatment is to increase the cycle life 

performance of the material, and so, whilst good rate performance is desirable, it is 

less important than the ability of the material to maintain capacity over a number of 

cycles. 
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7.3.4 The effect of LBO treatment on the cycle life performance of 

lithium iron sulphide 

The main motivation for the electrode treatment of the lithium iron sulphide sample 

was to reduce interactions between the active material and the electrolyte, and inhibit 

active material losses through diffusion of polysulphide species during cycling, in an 

attempt to improve upon the cycle life performance of the material. The cycle life 

performance data of the two lithium iron sulphide samples is shown in Figure 7.12 

The initial capacity of the LBO glass coated lithium iron sulphide electrode is lower 

than the untreated sample, with capacities of 300 and 313 mAh.g-1 respectively. This is 

offset after the initial cycle by the relatively large irreversible capacity loss exhibited 

by the untreated sample. After this initial cycling, the LBO coated sample delivers a 

larger discharge, and continues to do so over the course of one hundred cycles.  

After one hundred cycles, the LBO coated samples delivers a discharge capacity of 

175 mAh.g-1, with an average capacity loss of 1.18 mAh.g-1 per cycle after the fifth 

cycle. When compared with the untreated sample, which produces a discharge 

capacity of 148 mAh.g-1 on the one hundredth discharge, with an average capacity loss 

of 1.38 mAh.g-1 per cycle after the fifth cycle, it shows that the LBO glass coating 

effectively improves the cycle life performance of the lithium iron sulphide electrode.  

Although the LBO coating does help to reduce the capacity loss of lithium iron 

sulphide, it does not completely eliminate capacity loss of the material. There are 

several reasons why the electrode coating may improve the cycle life performance of 

lithium iron sulphide without completely eliminating the capacity degradation upon 

cycling.  
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Figure 7.12 Cycle life performance testing of an untreated and LBO coated lithium iron 
sulphide cell, cycled with a current density corresponding to a charge/discharge rate of C/2, 
assuming a gravimetric capacity of 350 mAh g-1. The cells were cycled between 2.80 and 1.45 V 
vs. lithium metal with two glass fibre separators soaked with 1M LiPF6 EC/DMC electrolyte. 

 

The coating may not form a continuous coating over the particles, which would allow 

the liquid electrolyte to directly interact with the active material, which could lead to 

active mass loss through polysulphide dissolution. Whilst the degree of permeability 

of the coating towards the bulk electrolyte is expected to be low, it is unknown, and 

could also contribute to detrimental interactions between the lithium iron sulphide 

active material and the bulk electrolyte.  

The effect of cycling on the integrity of the glass coating is also unknown. Any cycling 

induced stress induced in the glass coating could cause fractures which would disrupt 

the integrity of the coating and nullify the protective nature of the surface of the 

particles. 

As the LBO glass coating is electronically insulating, upon cycling, there may be loss of 

electronic contact between particles of active material and the current collector, 

caused by the coating insulating regions of active material, particularly at the centre of 
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the larger aggregates of the active material. This would isolate individual particles 

from the electrochemical reaction, rendering them inactive. 

Whilst initial experiments examining the impact of the lithiated boron oxide glass 

coating on the cycle life performance of lithium iron sulphide show promising results, 

further studies are necessary to optimise the coating, and the appropriate quantities 

of LBO glass precursors, and better understand the reasons for capacity loss in coated 

samples, through post mortem studies of treated electrodes subjected to multiple 

charge/discharge cycles. 
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7.4 Carbon coated lithium iron sulphide 

7.4.1 Assessing the suitability of butyl-methyl-pyrrolydinium-

dicyanimide as a carbon coating precursor 

Carbon coating was also attempted as a means of protecting the lithium iron sulphide 

particles from exposure to the bulk electrolyte. Unlike the LBO coating applied to 

lithium iron sulphide in the previous section, carbon coating are generally 

electronically conducting, and could reduce the detrimental impact of the coating on 

the rate performance of the electrode material.  
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Figure 7.13 Thermogravimetric analysis trace of butyl-methyl-pyrrolydinium-dicyanimide 

 

Prior to attempting to coat lithium iron sulphide using the butyl-methyl-

pyrrolydinium-dicyanimide precursor, the ionic liquid was tested using 

thermogravimetric analysis to assess appropriate synthesis condtions to produce a 

carbon coated sample. 

Figure 7.14 shows the TGA trace of the ionic liquid. The trace shows no significant 

mass loss at temperatures below 200 ºC indicating the sample was free from water; 
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After 550 ºC there is no further mass loss, indicating 600 ºC is a suitable temperature 

to completely reduce the ionic liquid precursor to carbon. Upon heating to 600 °C, the 

sample decomposes to 15.7 % of the original mass. 
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Figure 7.14 Raman spectrum of the material produced from the thermal decomposition of 
butyl-methyl-pyrrolydinium-dicyanimide. The spectrum was recorded using a 636 nm laser 
source 

 

Figure 7.14 shows the Raman spectra of the carbon material produced from thermal 

decomposition of butyl-methyl-pyrrolydinium-dicyanimide under a flow of argon. The 

overlapping bands around 1300 and 1600 cm-1 are indicative disordered and graphitic 

carbon, indicating that the deposit formed from the reduction of butyl-methyl-

pyrrolydinium-dicyanimide is amorphous carbon.59 The deposit had graphite like 

appearance when scratched, and testing with a DVM showed the deposit to be 

electronically conductive.  

7.4.2 The effect of carbon coating on particle morphology 

A portion of the carbon coated samples were retained for morphology analysis by SEM 

and TEM. Figure 7.15 shows the SEM images of the uncoated, and carbon coated 

samples. 
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The effects of carbon coating can be seen in SEM, as while the particle size distribution 

of the 5 % carbon coated sample is similar to the untreated sample, the surface of the 

coated material appears to have a rougher texture, shown in image D. The 10 % 

carbon coating treatment appears to aggregate the particles of lithium iron sulphide, 

forming larger particles with a rough surface and diameter > 10 µm,  

 

 
Figure 7.15 SEM images of carbon coated lithium iron sulphide after ball milling. Images A and 
B show the untreated lithium iron sulphide, images C and D show the 5% carbon coated 
lithium iron sulphide sample, while images E and F show the 10% carbon coated lithium iron 
sulphide sample. Images were recorded with an acceleration voltage of 20 kV 
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Figure 7.16 TEM images of the lithium iron sulphide samples. Images A, B and C show the 
untreated, 5% carbon coated and 10% carbon coated samples of lithium iron sulphide 
respectively. Images were collected with an acceleration voltage of 20 kV 

 

The three samples of lithium iron sulphide were also studied using transmission 

electron microscopy. Images collected by TEM are shown in Figure 7.16. While the 

differences between the samples studied in SEM were apparent, the effect of the 

carbon coating is hard to visualise by TEM. While there may be evidence of a surface 

coating in images B and C, by the appearance of less dense material at the surface of 

the particles, the study remains inconclusive. The surface coating may be so thick as to 

make analysis by TEM and inappropriate technique for identifying the carbon coating 

in this study. Difficulty mounting the sample into the TEM without exposing the 

material to atmospheric moisture also complicates the identification of a carbon 

coating. 
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7.4.3 The effect of carbon coating on cell potential and capacity 

Figure 7.17 shows the first and second galvanostatic charge/discharge cycles of the 

carbon coated lithium iron sulphide, compared with the untreated sample, cycled at a 

rate of C/10. Carbon coating has an effect on the open circuit potential of the electrode 

material. The untreated material has an OCV of 1.77 V vs. Li, while the 5 and 10 % 

coated samples have an OCV of 1.86 and 2.22 V vs. Li respectively. While the effect of 

the 5 % coating is limited, and could be attributed to exposure to atmospheric 

moisture during the additional processing step, the 10 % coating appears to have a 

significant effect on the potential of the pristine electrode. 

This indicates that the process of coating the material with 10 % by weight of carbon 

lead to a degradation of the lithium iron sulphide, and potentially led to some 

chemical delithiation of the pristine active material, due to either exposure to ionic 

liquid, or moisture in the sample. The initial discharge capacity of the samples also 

indicates some degradation of the lithium iron sulphide due to the carbon coating 

process.  
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Figure 7.17 The first charge/discharge cycle of the untreated and carbon coated lithium iron 
sulphide cells with a lithium metal negative electrode and 1M LiPF6 EC/DMC electrolyte. Cells 
were cycled with a current density corresponding to a C rate of C/10 assuming a gravimetric 
capacity of 350 mAh g-1 of active material. 
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While the untreated sample has a gravimetric capacity of 350 mAh.g-1, the 5 and 10 % 

carbon coated samples have initial discharge capacities of 301 and 223 mAh.g-1 

respectively. Whilst the carbon coating reduces the gravimetric capacity of the 

material, the relative contributions of charge from the reduction of the sulphur and 

iron species remain the same as in the untreated sample.  

The gravimetric capacity drop observed in the carbon coated lithium iron sulphide 

samples cannot be directly attributed to the active mass substitution for carbon. The 

additional reduction in capacity in the 5 % carbon coated lithium iron sulphide 

(around 30 mAh.g-1) could be due to degradation of the active material by carbon 

coating, and blocking of the lithium diffusion to areas of the active material due to the 

carbon coating. This would be more pronounced in the 10 % carbon coating, (where 

the addition reduction of capacity is approximately 90 mAh.g-1), due to the additional 

butyl-methyl-pyrrolydinium-dicyanimide used in the synthesis of the sample, and the 

increased particle size of the active material, which would increase the path length of 

lithium diffusion and isolate particles of active material at the centre of the aggregates. 

Whilst the gravimetric capacity of the treated samples is important, it is also 

necessary to consider the potentials of the lithium insertion/extraction in the 

processed materials. Figure 7.18 shows the differential capacity plots for the first 

charge/discharge cycle of the untreated and carbon coated samples of lithium iron 

sulphide. While the redox potentials in the 5 % carbon coated sample are similar to 

the untreated samples, the 10 % carbon coated lithium iron sulphide shows many 

changes to the redox potentials of the electrode. 

There are several peaks between 2.2 and 2.5 V corresponding to a two phase 

oxidation of the electrode material, which are not present in the untreated material. 

The oxidation of the active material in the 10 % above 2.5 V occurs at an elevated 

potential, and unlike the untreated material, occurs in multiple stages, with an 

reaction that evolves into a two phase transition at 2.6 V, followed by a further single 

phase transition above 2.6 V.  
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Figure 7.18 Differential capacity plot of the first charge/discharge cycle of the untreated and 
carbon coated lithium iron sulphide cells with a lithium metal negative electrode and 1M LiPF6 
EC/DMC electrolyte. Cells were cycled with a current density corresponding to a C rate of C/10 
assuming a gravimetric capacity of 350 mAh g-1 of active material. 

 

The resulting reduction of the carbon coated material has similar behaviour to the 

untreated sample, with a slight shift of the reduction towards a more negative 

potential, which could be due to addition resistance in the material. There does appear 

to be a small amount of charge produced in the carbon coated sample from additional 

process occurring at approximately 1.65 V. To understand the origin of these 

additional redox features, subsequent cycling of the material must be studied. 

The second galvanostatic cycle of the three samples is shown in Figure 7.19. On the 

second cycle, the discharge capacities of the untreated, 5 % and 10 % carbon coated 

lithium iron sulphide electrodes are 344, 298 and 209 mAh.g-1 respectively. The 10 % 

carbon coated sample has the largest capacity loss from the first cycle, while the 5 % 

carbon coated sample has the least capacity loss of the three samples. The differential 

capacity plots of the second discharge cycles assist in highlighting the differences in 

the three electrode materials. 
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Figure 7.19 The second charge/discharge cycle of the untreated and carbon coated lithium 
iron sulphide cells with a lithium metal negative electrode and 1M LiPF6 EC/DMC electrolyte. 
Cells were cycled with a current density corresponding to a C rate of C/10 assuming a 
gravimetric capacity of 350 mAh g-1 of active material. 

 

Figure 7.20 shows that the redox potentials, and the characteristics of the charge 

discharge profiles are similar for the uncoated and 5 % carbon coated lithium iron 

sulphide samples. Many of the differences apparent in the initial charge profiles of the 

two materials are absent in the second cycle, indicating that these features in the 

coated material are due to irreversible oxidation of species formed as a result of the 

carbon coating process. 

While many of the two phase transitions present below 2.5 V  in the initial charge are 

absent in the second charge of the 10 % carbon coated lithium iron sulphide sample, 

indicating irreversible oxidation of bi-products of the carbon coating cycle, the 

features above 2.5 V differ from the untreated and 5 % carbon coated samples. The 

oxidation of sulphur in the untreated sample proceeds via a single step, shown as a 

plateau at approximately 2.55 V. The oxidation of the sulphur sites in the 10 % carbon 

coated sample is represented by two charge plateaus at 2.50 and 2.55 V. This indicates 

that the carbon coating impacts on the structural transformation during the oxidation 

of the sulphur atoms in lithium iron sulphide.   
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Figure 7.20 Differential capacity plot of the second charge/discharge cycle of the untreated 
and carbon coated lithium iron sulphide cells with a lithium metal negative electrode and 1M 
LiPF6 EC/DMC electrolyte. Cells were cycled with a current density corresponding to a C rate 
of C/10 assuming a gravimetric capacity of 350 mAh g-1 of active material. 
 

Despite this, the discharge profile of the 10 % carbon coated sample shows the same 

features at a similar potential as the 5 % carbon coated and untreated samples, 

indicating that the same overall product of the charge of the 10 % sample to 2.80 V is 

the same as that formed in the other two samples. 

 

7.4.4 The effect of carbon coating on the rate performance of lithium 

iron sulphide 

Rate testing of the carbon coated materials and their comparison with the untreated 

sample can reveal information about the impact of the surface coating on the rate of 

diffusion of lithium ions to the bulk active material. Figures 7.22 and 7.23 show the 

discharge profiles of the carbon coated lithium iron sulphide samples cycled at a range 

of current densities corresponding to C rates ranging from C/10 to 10C.  
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Figure 7.21 Discharge profiles of 5% carbon coated lithium iron sulphide, charged at C/10 and 
discharged at a number of rates corresponding current densities calculated assuming a 
gravimetric capacity of 350 mAh g-1 of active material. Rate testing was conducted in a lithium 
half-cell with1M LiPF6 EC/DMC electrolyte 
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Figure 7.22 Discharge profiles of 10% carbon coated lithium iron sulphide, charged at C/10 
and discharged at a number of rates corresponding current densities calculated assuming a 
gravimetric capacity of 350 mAh g-1 of active material. Rate testing was conducted in a lithium 
half-cell with1M LiPF6 EC/DMC electrolyte 
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One of impacts of the carbon coating on the discharge profiles of lithium iron sulphide 

is the impact on the IR drop at elevated current densities. The ohmic drop on the 

carbon coated samples is less than that for the discharge profiles of the untreated 

lithium iron sulphide electrodes exposed to the same current densities. AC impedance 

spectroscopy is a useful tool for comparing the resistance of the carbon coated 

electrodes with the untreated sample, responsible for the differences in the IR drops 

of the discharge profiles of the three samples. 
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Figure 7.23 Nyquist plots for pristine untreated and carbon coated lithium iron sulphide half 
cells in the range of 200 kHz – 20 mHz, with a sinus amplitude 50mV 

 

Figure 7.23 shows the Nyquist plots of the three pristine lithium iron sulphide 

electrodes constructed in lithium half cells. The uncompensated resistances of the 

three cells, shown by the high frequency intercept, are the same, as could be expected. 

The charge transfer resistance of the uncoated sample is approximately 50 Ω, while 

the charge transfer resistance of the carbon coated samples is approximately 40 Ω. 

This indicates that the carbon coating is electronically conducting, and reduces the 

charge transfer resistance of the material upon initial charging of the cell. 
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As well as affecting the resistance of the electrodes, and in-turn the IR drop of the 

discharge profiles at elevated current densities, the carbon coating also affects the 

rate performance of lithium iron sulphide. Figure 7.24 compares the capacities of the 

three materials over a range of current densities. 
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Figure 7.24 Discharge capacity of an untreated and carbon coated lithium iron sulphide cells 
discharged to 1.45 V vs. lithium as a function of the rate of discharge. C rates were calculated 
assuming a gravimetric capacity of350 mAh g-1 of active material. 

 

Over the range of current densities applied, the 5 % carbon coated lithium iron 

sulphide produced a lower discharge capacity than the untreated sample. Until the 

current is increased to a C rate corresponding to 5 C, the reason for this difference is 

due to the lower initial gravimetric capacity of the 5 % carbon coated sample.  At a 

discharge rate of 5 C the untreated produces 44 % of the initial discharge capacity, 

and has superior rate performance when compared to the 5 % coated sample, which 

produces 34 % of the initial discharge capacity. At a current density corresponding to 

a discharge rate of 10 C, the rate performance of the uncoated and 5 % carbon coated 

sample is comparable, with both electrodes producing approximately 10 % of the 

initial discharge capacity. 
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This poorer rate characteristic at elevated current densities could be due to the 

carbon coating increasing the diffusion path length of lithium ions. At a discharge rate 

of 10 C, this is offset by the increased resistance and IR drop seen in the untreated 

sample, which effectively distorts and raises the lower voltage cut-off for the 

untreated sample, restricting the available capacity.  

The 10 % carbon coated sample has poorer rate performance than the 5 % carbon 

coated and untreated lithium iron sulphide samples, until the current density is 

increased to discharge rates of 5 and 10 C. At discharge rates of 5 and 10 C, the 10 % 

carbon coated sample produces 54 and 18 % of the initial discharge capacity 

respectively, showing superior rate characteristics over the 5 % carbon coated and 

untreated samples. 

At the lower rates, the increased effective particle size of the 10 % carbon coated 

sample, combined with the addition diffusion path length of lithium ions due to the 

carbon shell will have negative impacts upon the discharge capacities. At elevated 

current densities, this will be offset by the improved electrical conductivity of the 

surface of the lithium iron sulphide particles, allowing more sites for the initiation of 

lithiation of the active material.  

 

7.4.5 The effect of carbon coating on the cycle life performance of 

lithium iron sulphide 

Like the previous study with LBO glass coated lithium iron sulphide, the main 

motivation for the electrode treatment of the lithium iron sulphide sample was to 

improve upon the cycle life performance of the material by reducing interactions 

between the active material and the electrolyte, and inhibit diffusion of polysulphide 

species during cycling, in an. The cycle life performance data of the three lithium iron 

sulphide samples is shown in Figure 7.25 
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Figure 7.25 Cycle life performance testing of an untreated and carbon coated lithium iron 
sulphide cells, cycled with a current density corresponding to a charge/discharge rate of C/2, 
assuming a gravimetric capacity of 350 mAh g-1. The cell was cycled between 2.80 and 1.45 V 
vs. lithium metal with two glass fibre separators soaked with 1M LiPF6 EC/DMC electrolyte. 

 

The initial capacity of the 5 and 10 % carbon coated lithium iron sulphide electrodes 

are lower than the untreated sample, with capacities of 291, 184 and 313 mAh.g-1 

respectively. In the 5 % carbon coated sample, the lower initial capacity compared to 

the untreated sample is offset by the relatively large irreversible capacity loss 

exhibited by the untreated sample. After this initial cycling, the 5 % carbon coated 

sample delivers a larger discharge, and continues to do so over the course of one 

hundred cycles. Throughout cycling, the capacity delivered by the 10 % carbon coated 

sample remains lower than the untreated and 5 % carbon coated electrode material, 

due to the lower initial capacity, and irreversibly capacity loss on cycling. 

After one hundred cycles, the 5 % carbon coated sample delivers a discharge capacity 

of 177 mAh.g-1, with an average capacity loss of 1.13 mAh.g-1 per cycle, after the fifth 

cycle. When compared with the untreated sample, which produces a discharge 

capacity of 148 mAh.g-1 on the one hundredth discharge, with an average capacity loss 

of 1.38 mAh.g-1 per cycle after the fifth cycle, it shows that the 5 % carbon coating 

effectively improves the cycle life performance of the lithium iron sulphide electrode. 
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After one hundred cycles, the 10 % carbon coated sample delivers a discharge 

capacity of 78 mAh.g-1, with an average capacity loss of 1.22 mAh.g-1 per cycle, after 

the fifth cycle. While the capacity loss per cycle is lower than the untreated sample, as 

a percentage of the initial capacity, the 10 % carbon coated sample losses 0.70 % of 

the initial capacity per cycle, while the untreated electrode material losses 0.44 % of 

the initial capacity per cycle, and actually has a better cycle life performance 

characteristics than the 10 % carbon coated sample. 

Although the 5 % carbon coating reduces the capacity loss of lithium iron sulphide, it 

does not completely eliminate capacity loss of the material. The 10 % carbon coating 

negatively impacts the cycle life performance of lithium iron sulphide and decreases 

the cell capacity after one hundred charge/discharge cycles, while increasing the rate 

of capacity loss. 

The reasons that the 5 % carbon coated electrode may increase the cycle life 

performance of lithium iron sulphide, without completely eliminating capacity fade 

are similar to the reasons given for the LBO coated sample. The coating may not form 

a continuous coating over the particles, which would allow the liquid electrolyte to 

directly interact with the active material, which could lead to active mass loss through 

polysulphide dissolution. The degree of permeability of the coating towards the 

electrolyte is unknown, and cycling may induce stress in the carbon coating which 

could fracture the coating and reduce the protective, unreactive nature of the surface 

of the particles. 

The negative impact of the 10 % carbon coating on the samples are not understood, 

but could be due to structural degradation of the active material during synthesis, or 

an effect of the difference in the characteristics of the high voltage charge plateau 

corresponding to the process of oxidation of the sulphur atoms in the lithium iron 

sulphide increasing the rate of structural degradation in the active material. Further 

attempts at the synthesis and analysis carbon coated samples of lithium iron sulphide 

should be attempted before any reliable conclusions can be drawn. 
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7.5 In-situ formation of core-shell lithium iron sulphide 

An in-situ coating method could be beneficial, as the additional synthesis and 

processing steps, and the associated costs involved in coating samples with LBO glass 

or carbon are removed. An in-situ formation of core-shell particles of active material 

with a lithium iron sulphide core surrounded by an outer layer of metallic iron was 

attempted by applying large current densities through potential step experiments, to 

rapidly discharge the surface of the lithium iron sulphide samples to irreversibly 

produce iron, while maintaining the core of the active material particles. 

Figure 7.26 shows that the degree in which the cell is initially discharged below 1.45 V 

vs. Li has an effect on the subsequent discharge capacities when the cell is charged to 

2.80 V vs. Li. The general trend is that as the degree of discharged below 1.45 V is 

increased, the subsequent initial capacities of the material is decreased, indicating that 

some of the discharged below 1.45 V is irreversible, indicating the formation of a 

permanent coating of metallic iron which cannot be subsequently oxidized on charge. 
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Figure 7.26 Cycle life performance testing of lithium iron sulphide cells with varying degrees 
of in-situ core shell formation, cycled with a current density corresponding to a 
charge/discharge rate of C/2, assuming a gravimetric capacity of 350 mAh g-1. The cell was 
cycled between 2.80 and 1.45 V vs. lithium metal with two glass fibre separators soaked with 
1M LiPF6 EC/DMC electrolyte. 
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Figure 7.27 shows how the rate of capacity loss is affected by the degree of pre-cycling 

treatment. Initial low degrees of discharge, between 5 to 10 % of the initial calculated 

capacity are beneficial to the cycle life performance of the lithium iron sulphide, 

presumably due to a formation of an metallic iron barrier between the active lithium 

iron sulphide and the electrolyte, reducing the dissolution of lithium polysulphides 

into the solution, thereby decreasing active mass loss on cycling.  

The sample with 5 % of the material discharged to metallic iron before cycling is the 

only cell that exhibits an improved discharge capacity after one hundred cycles 

compared to the pristine cell without core shell pretreatment. After one hundred 

cycles, the 5 % core-shell sample delivers a discharge capacity of 176 mAh.g-1, with an 

average capacity loss of 1.19 mAh.g-1 per cycle, after the fifth cycle. The pristine cell 

produces a discharge capacity of 148 mAh.g-1 on the one hundredth discharge, with an 

average capacity loss of 1.38 mAh.g-1 per cycle after the fifth cycle. 
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Figure 7.27 Capacity loss per cycle as a function of varying degrees of pre-cycling discharge 
treatment for lithium iron sulphide, cycled at C/2 between 2.80 and 1.45 V vs. Li 

 

After one hundred cycles, the 10 % core shell sample delivers a discharge capacity of 

108 mAh.g-1, with an average capacity loss of 0.83 mAh.g-1 per cycle, after the fifth 
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cycle. The reduced capacity loss per cycle in the 10 % core-shell sample is offset by the 

lower initial capacity, and after one hundred cycles, the cell still produces a lower 

capacity than the 5 % core shell and pristine cells, so does not infer any advantage 

over this number of charge/discharge cycles. 

Further increase in the degree of initial discharge and the thickness of the core-shell 

coating have the opposite effect on the cycle life of the material, reducing the cycle life 

performance. This could be attributed to a thick, inactive layer inhibiting the diffusion 

of lithium ions into the bulk core of active lithium ion sulphide thereby reducing the 

capacity upon subsequent charge and discharge cycles. 

While these initial results prove promising for core-shell particles with low levels of 

high rate discharge pretreatment, X-ray absorption spectroscopy would be necessary 

to analyse the local structure of the particles of active material, to ascertain the effect 

of the core shell pretreatment on the composition and structure of the particles of 

active material.  

While the treatment appears to have positive impacts on the cycle life performance of 

lithium iron sulphide, the process would be more suitable for thin electrodes, with 

uniform particle size distribution, due to the nature and distribution of areas of 

discharged material throughout the electrode at elevated rates of discharge. In 

electrodes with a large particle size distribution, while larger particles of lithium iron 

sulphide may form thin surfaces layers of protective iron, smaller particles may 

completely discharge to form iron, which would remove active mass and reduce the 

gravimetric capacity of the cell. 

 In thicker electrodes, the side of the electrode exposed to the bulk electrode will 

discharge before particles of active material facing the current collector, due to 

limitations of lithium ion diffusion through the porous electrode from the bulk 

electrolyte. This could lead to a distribution of the iron shell thickness throughout the 

electrode, which would be undesirable if an optimum thickness of the core-shell 

coating impacts upon the performance of the electrode material.  
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7.6 Conclusions 

Coating of lithium iron sulphide with LBO glass was successful. The glass coats and 

aggregates the particles of lithium iron sulphide and reduces the gravimetric capacity 

of the material to approximately 320 mAh.g-1, which cannot be directly attributed to 

the additional mass of the glass coating. Losses in capacity likely arise from the 

increased diffusion path length for lithium ions, and a reduction in ionic conductivity 

due to the glass coating. Poor electronic contact to particles at the centre of the 

aggregates could also result in loss in utilisation of the active material. After the initial 

charge/discharge cycle, the coated material exhibits the same redox characteristics as 

untreated lithium iron sulphide. 

The LBO coating increases the charge transfer resistance and double layer capacitance 

of the electrode, and leads to a decrease in rate performance of lithium iron sulphide, 

particularly at higher current densities. Although the LBO coating does not eliminate 

capacity loss upon cycling of lithium iron sulphide, it does improve the cycle life 

performance of the cathode material. After one hundred cycles, the LBO coated 

samples delivers a discharge capacity of 175 mAh.g-1 after one hundred cycles 

compared to the 148 mAh.g-1 from the untreated sample. 

Butyl-methyl-pyrrolydinium-dicyanimide was successfully utilised as a carbon coating 

precursor for lithium iron sulphide. Raman spectroscopy reveals the carbon produced 

from thermal decomposition of the ionic liquid is amorphous. The coating technique 

may lead to some degradation of the lithium iron sulphide, which is more pronounced 

for the thicker coating of carbon. 

The 5 and 10 % carbon coated samples have initial discharge capacities of 301 and 

223 mAh.g-1 respectively. The carbon coating reduces the gravimetric capacity of the 

material, although the relative contributions of charge from the reduction of the 

sulphur and iron species remain the same as in the untreated sample. While the redox 

characteristics for the 5 % carbon coating is similar to the untreated sample, the 10 % 

carbon coating appears to impact upon the process occurring during oxidation 

sulphur atoms, splitting the single charge plateau observed in the untreated sample 
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into two plateaus. The origin of this behaviour is not understood, although the 

discharge profiles of the 10 % sample is consistent with the other samples tested. 

The carbon coating is electronically conducting, and reduces the charge transfer 

resistance of the material upon initial charging of the cell, which in turn decreases the 

ohmic drop observed in the cells at high current densities. While the 5 % sample does 

not show any improvement in rate performance over the untreated material, the 10 % 

carbon coated sample shows superior rate performance at high rates of discharge. 

This could be attributed to the improved electrical conductivity of the surface of the 

lithium iron sulphide particles, allowing more point contacts for the initiation of rapid 

lithiation of the active material. 

The 5 % carbon coating improves the cycle life performance of lithium iron sulphide, 

although it does not completely eliminate capacity loss of the material. The 10 % 

carbon coating negatively impacts the cycle life performance of lithium iron sulphide 

and decreases the cell capacity after one hundred charge/discharge cycles, while 

increasing the rate of capacity loss.  After one hundred cycles, the 5 % carbon coated 

sample delivers a discharge capacity of 177 mAh.g-1, while the 10 % sample only 

delivers a capacity of 78 mAh.g-1. While the negative impact of the 10 % carbon 

coating on the samples is not understood, it could be due to structural degradation of 

the active material during synthesis, or an effect of the difference in the characteristics 

of the high voltage charge plateau corresponding to the process of oxidation of the 

sulphur atoms in the lithium iron sulphide increasing the rate of structural 

degradation. 

Finally, the core-shell pre-treatment of lithium iron sulphide appears to affect the 

cycle life performance of the material. While the 5 and 10 % coatings decrease cycling 

losses, the 5 % coated sample is the only composition tested that exhibited benefits 

over the untreated material. The lower initial gravimetric capacity of the 10 % sample 

(due to the conversion of active material to inactive metallic iron) offsets these 

stability gains over one hundred cycles. 

Further increase in the degree of initial discharge and the thickness of the core-shell 

coating reduce the cycle life of the lithium iron sulphide. This could be attributed to a 
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thick, inactive layer inhibiting the diffusion of lithium ions into the bulk core of active 

lithium ion sulphide thereby reducing the capacity upon subsequent charge and 

discharge cycles. Whilst these initial results prove promising, further in-depth studies 

are necessary to investigate the composition of the core-shell material, and to 

optimize particle morphology and electrode properties to optimize the coating. 

Although the coatings studied have been shown to improve the cycle life performance 

of lithium iron sulphide, they do not completely eliminate capacity loss of the material 

upon cycling. There are several reasons why the electrode coating may improve the 

cycle life performance of lithium iron sulphide without completely eliminating the 

capacity degradation.  

The coatings may not form a continuous protective layer over the particles, which 

would allow the liquid electrolyte to directly interact with the active material, which 

could lead to active mass loss through polysulphide dissolution. The degree of the 

permeability of the coatings towards the electrolyte and polysulphide are unknown, 

and could contribute to detrimental interactions between the lithium iron sulphide 

active material and the bulk electrolyte.  

The effect of cycling on the integrity of the coatings is also unknown. Any cycling 

induced stress induced in the coating could cause fractures, particularly in the LBO 

glass coated and core-shell samples, which would disrupt the integrity of the coating 

and nullify the protective nature of the surface of the particles. The LBO glass coating 

is electronically insulating, and upon cycling, there may be loss of electronic contact 

between particles of active material and the current collector, caused by the coating 

insulating regions of active material, particularly at the centre of the larger aggregates 

of the active material, which would also lead to loss of utilisation of the active 

material.  

Whilst protective coatings present a promising method of improving the cycle life 

performance of lithium iron sulphide, clearly further work is needed before the 

material is suitable for commercial application. 
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8.1 Conclusions 

Lithium iron sulphide was successfully synthesised, although the presence of some 

starting material in the product shows the reaction at short timescales and low 

temperature does not result in the complete conversion of the reactants. Slow 

galvanostatic cycling of lithium iron sulphide cells produce an initial discharge 

capacity of around 350 mAh.g-1 of active material, which is lower than the theoretical 

capacity of lithium sulphide, which is 401 mAh.g-1.  

The features of the electrochemistry can be divided into two main processes. Upon 

charging of the pristine cell there is an initial single phase topotactic extraction 

lithium into the material below 2.55 V, which can be attributed to oxidation of the iron 

sites in the material. This process accounts for a capacity of around 150 mAh g-1. 

Above 2.55 V there is an oxidation of the sulphur sites in the structure, accompanied 

by a two phase conversion of the material. The sulphur redox process attributes 

approximately 200 mAh g-1 to the total cell capacity.  

Where the cell is cycled below 2.5 V in the topotactic insertion region, where only the 

iron redox chemistry is utilised, the cells show good cycle life characteristics, with low 

voltage hysteresis between the charge and the discharge process. Above 2.5 V, sulphur 

in the lithium iron sulphide structure oxidises and is able to form soluble polysulphide 

species. The polysulphide is able to diffuse through the electrolyte, to the negative 

electrode, whereby if the working potential of the negative electrode is below 2.3 V vs. 

Li, the reduction potential of sulphur, the polysulphide will reduce to form lithium 

sulphide on the surface of the electrode. Capacity loss in the lithium iron sulphide cell 

could be attributed to structural breakdown and active mass loss, combined with an 

increase in the internal resistance of the cell. 

In-situ XRD studies were able to identify the formation of a new trigonal phase formed 

upon charging at x=1.5 in LixFeS2,, but the symmetry of the unit cell could not be 

calculated due to the absence of significant peaks with which to model new 

symmetries, possibly due to interference with the large number of background peaks 

produced from the in-situ cell. Charging of the lithium iron sulphide cell charged to 

2.8 V, whereby Fe3+S2-(S2)2-0.5 is formed results in irreversible amorphisation of the 
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crystal structure, which could have negative impacts on the cycle life of lithium iron 

sulphide. 

Synthesis of a calcium doped lithium iron sulphide was successful via the solid state 

route. Calcium doping leads to an increase in lattice parameter a, whilst the unit cell 

volume of all calcium doped samples were similar, and larger than the undoped 

lithium iron sulphide.  

It appears that the same general processes occurring upon the initial charge and 

subsequent discharge of the three calcium doped lithium iron sulphide samples are 

the same as in the undoped sample. The large voltage hysteresis between the charge 

and discharge processes in the undoped material is maintained for the calcium doped 

material. The calcium dopants are inactive and do not contribute to any significant cell 

capacity. 

The calcium doping affects the gravimetric capacity of lithium iron sulphide. As the 

concentration of calcium dopants in the sample increases, the number of lithium sites 

in the structure, and therefore the quantity of lithium that can be extracted, upon 

charging decreases. This decreases the discharge capacity of the calcium doped 

samples. Calcium doping appears to have an effect on the lithium transportation 

through the material, and appears to increase the rate of the solid state diffusion of 

lithium through the structure. The 15 % calcium doped sample, discharged at 10C 

shows an increase in the discharge capacity of 140 % when compared to the undoped 

sample 

Calcium doping appears to affect the stability of lithium iron sulphide and as the 

concentration of calcium ions is increased, the cycle life performance of the cell 

increases. The improvements in stability over the first one hundred cycles in the 5 and 

10 % samples are offset by the decreases initial gravimetric capacity of the materials. 

Only the 15 % calcium doped sample was able to show a significant improvement in 

cell capacity after one hundred cycles. It is possible that calcium ions help to maintain 

the layered structure and the spacing of inter slab layer, which could result in faster 

rates of lithium diffusion into the material upon initial lithiation of the material, as 
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well as stabilising the local structure which could in turn reduce the effects of any 

destructive phase transitions 

The cycle life performance of lithium iron sulphide can be improved with optimisation 

of the positive electrode formulation, including the choice of binder used. Increasing 

the mass loading of the acetylene black conducting additive increases the surface area 

for sulphur deposition making positive electrode more reversible. The additional 

carbon black will also increase the number of electronic point contacts in the 

electrode, and reduce the resistance of the cathode on cycling. These factors increase 

the cycle life performance of the electrode, at the expense of energy density, due to the 

substitution of active material with carbon. 

The cycle life performance of lithium iron sulphide cells formed with EC/DMC 

electrolytes show a dependence on the volume of electrolyte. Decreasing the volume 

of electrolyte effectively increases the concentration of any dissolved polysulphides 

formed upon cycling of lithium iron sulphide cells. An increase in the concentration of 

soluble polysulphide species will increase the rate of irreversible loss through the 

irreversible deposition of sulphur on the surface of the negative electrode, while 

increasing the rate of any side reactions with lithium polysulphide which consume the 

carbonate electrolyte resulting decreased cycle life performance. 

The performance of lithium iron sulphide can be influenced by the electrolyte applied 

to the system. The increased stability of the TEGDME based in contact with soluble 

polysulphide species offset by the elevated rate of polysulphide dissolution from the 

cathode, which results in decreased cycle life performance. This indicates that 

optimisation of the electrolyte system, with the use of lithium metal passivating 

additives could be used to increase the cycle life performance of lithium iron sulphide. 

Coating of lithium iron sulphide with LBO glass was successful. The glass coats and 

aggregates the particles of lithium iron sulphide and reduces the gravimetric capacity 

of the material to approximately 320 mAh.g-1, which cannot be directly attributed to 

the additional mass of the glass coating. Losses in capacity likely arise from the 

increased diffusion path length for lithium ions and a reduction in ionic conductivity 

due to the glass coating. Poor electronic contact to particles at the centre of the 
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aggregates could also result in loss in utilisation of the active material. After the initial 

charge/discharge cycle, the coated material exhibits the same redox characteristics as 

untreated lithium iron sulphide. The LBO coating increases the charge transfer 

resistance and double layer capacitance of the electrode, and leads to a decrease in 

rate performance of lithium iron sulphide. Although the LBO coating does not 

eliminate capacity loss upon cycling of lithium iron sulphide, it does improve the cycle 

life performance of the cathode material. 

Butyl-methyl-pyrrolydinium-dicyanimide was successfully utilised as a carbon coating 

precursor for lithium iron sulphide. Raman spectroscopy reveals the carbon produced 

from thermal decomposition of the ionic liquid is amorphous. The coating technique 

may lead to some degradation of the lithium iron sulphide, which is more pronounced 

for the thicker coating of carbon. 

The carbon coating reduces the gravimetric capacity of the material, although the 

relative contributions of charge from the reduction of the sulphur and iron species 

remain the same as in the untreated sample. The carbon coating is electronically 

conducting, and reduces the charge transfer resistance of the material upon initial 

charging of the cell, which in turn decreases the ohmic drop observed in the cells at 

high current densities. While the 5 % sample does not show any improvement in rate 

performance over the untreated material, the 10 % carbon coated sample shows 

superior rate performance at high rates of discharge, attributed to the improved 

electrical conductivity of the surface of the lithium iron sulphide particles, allowing 

more point contacts for the initiation of rapid lithiation of the active material. The 

10 % carbon coating appears to impact upon the process occurring during oxidation 

sulphur atoms, splitting the single charge plateau observed in the untreated sample 

into two plateaus. The origin of this behaviour is not understood, although the 

discharge profiles of the 10 % sample is consistent with the other samples tested. 

The 5 % carbon coating improves the cycle life performance of lithium iron sulphide, 

although it does not completely eliminate capacity loss of the material. The 10 % 

carbon coating negatively impacts the cycle life performance of lithium iron sulphide 

and decreases the cell capacity after one hundred charge/discharge cycles, while 

increasing the rate of capacity loss.   
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Core-shell pre-treatment of lithium iron sulphide appears to affect the cycle life 

performance of the material. While the 5 and 10 % coatings decrease cycling losses, 

the 5 % coated sample is the only composition tested that exhibited benefits over the 

untreated material. Whilst these initial results prove promising, further in-depth 

studies are necessary to investigate the composition of the core-shell material, and to 

optimize particle morphology and electrode properties to optimize the coating. 

Although the coatings studied have been shown to improve the cycle life performance 

of lithium iron sulphide, they do not completely eliminate capacity loss of the material 

upon cycling. The coatings may not form a continuous protective layer over the 

particles, which would allow the liquid electrolyte to directly interact with the active 

material, which could lead to active mass loss through polysulphide dissolution. The 

degree of the permeability of the coatings towards the electrolyte and polysulphide 

are unknown, and could contribute to detrimental interactions between the lithium 

iron sulphide active material and the bulk electrolyte. The effect of cycling on the 

integrity of the coatings is also unknown.  

 

 

 

  



Chapter 8. Conclusions and further work 

 

226 

 

8.2 Further work 

In-situ neutron diffraction studies of lithium iron sulphide could be crucial for the 

identification of the crystal structures of new phases formed upon cycling of lithium 

iron sulphide. This technique would allow the positions of lithium within the crystal 

structure to be determined, due to the sensitivity of the technique to light atoms, such 

as lithium. This could allow lithium atom positions in the structure to be resolved, 

making identification of the complicated phase transitions seen upon cycling of 

lithium iron sulphide possible. 

Whilst protective coatings present a promising method of improving the cycle life 

performance of lithium iron sulphide, clearly further work is needed before the 

material is suitable for commercial application. The effect of cycling on the integrity of 

the coatings is not known. Any cycling induced stress induced in the coating could 

cause fractures, particularly in the LBO glass coated and core-shell samples, which 

would disrupt the integrity of the coating and nullify the protective nature of the 

surface of the particles. Optimisation of the composition and quantity of electrode 

coating, combined with better understanding of the coating integrity upon cycling, 

could have a significant impact on the cycle life performance of lithium iron sulphide 

and would therefore be an interesting avenue for further research. 

Optimisation of the electrolyte system, with the use of additives to passivate the 

surface of negative electrode could be used to increase the cycle life performance of 

lithium iron sulphide, by reducing the irreversible capacity loss due to polysulphide 

dissolution, its associated shuttle reaction and any incompatibility between 

polysulphide species and the electrolyte solvents.  This study has also shown that 

further optimisation of the electrode composition, including composition and quantity 

of binder, composition and quantity of conducting additive, and electrode porosity 

could also impact on the rate of dissolution of polysulphide species, and therefore, 

improve the cycle life performance of lithium iron sulphide cells. 
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