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Abstract

Lithium-ion batteries are a possible choice for the energy storage system onboard
hybrid electric vehicles and low-earth-orbit satellites, but lifetime performance re-
mains an issue. The challenge is to diagnose the effects of ageing and then investi-
gate the dependence of the magnitude of the deterioration on different accelerating
factors (e.g. state-of-charge (SOC), depth-of-discharge (DOD) and temperature).

Lifetime studies were undertaken incorporating different accelerating factors
for two different applications: (1) coin cells with a LixNi0.8Co0.15Al0.05O2-based
positive electrode were studied with a EUCAR power-assist HEV cycle, and (2)
laminated commercial cells with a LixMn2O4-based positive electrode were studied
with a low-earth-orbit (LEO) satellite cycle. Cells were disassembled and the elec-
trochemical performance of harvested electrodes measured with two- and three-
electrode cells. The LixNi0.8Co0.15Al0.05O2-based electrode impedance results were
interpreted with a physically-based three-electrode model incorporating justi�able
effects of ageing.

The performance degradation of the cells with nickelate chemistry was inde-
pendent of the cycling condition or target SOC, but strongly dependent on the tem-
perature. The positive electrode was identi�ed as the main source of impedance in-
crease, with surface �lms having a composition that was independent of the target
SOC, but with more of the same species present at higher temperatures. Further-
more, impedance results were shown to be highly dependent on both the electrode
SOC during the measurement and the pressure applied to the electrode surface. An
ageing hypothesis incorporating a resistive layer on the current collector and a lo-
cal contact resistance (dependent on SOC) between the carbon and active material,
both possibly leading to particle isolation, was found to be adequate in �tting the
harvested aged electrode impedance data.

The performance degradation of the cells with manganese chemistry was ac-
celerated by both higher temperatures and larger DODs. The impedance increase
was small, manifested in a SOC-dependent increase of the high-frequency semi-
circle and a noticeable increase of the high-frequency real axis intercept. The pos-
itive electrode had a larger decrease in capacity and increase in the magnitude of
the high-frequency semi-circle (particularly at high intercalated lithium-ion concen-
trations) in comparison with the negative electrode. This SOC-dependent change
was associated with cells cycled for either extended periods of time or at higher
temperatures with a large DOD. An observed change of the cycling behaviour in
the second potential plateau for the LixMn2O4-based electrode provided a possible
kinetic-based explanation for the change of the high-frequency semi-circle.

Keywords: lithium-ion battery, LixNi0.8Co0.15Al0.05O2, LixMn2O4, LiyC6, ageing,
three-electrode measurements, impedance modelling, surface �lm characterisation,
hybrid electric vehicle, low-earth-orbit satellite
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Sammanfattning

Litiumjonbatteriet är enmöjlig kandidat för energilagring i hybridfordon och i satel-
liter i låg omloppsbana, men än så länge är livslängden på batterierna ett problem.
Utmaningen ligger i att kunna förstå hur batteriet åldras genom att utforska hur
åldringsprocessen accelereras av faktorer som laddningstillstånd, urladdningsdjup
och temperatur.

Livslängdsstudier för två olika typer av batterier tänkta för olika applikationer
utfördes: (1) knappceller med positiva LixNi0,8Co0,15Al0,05O2-baserade elektroder
studerades med en effektstödd (power-assist) hybridcykel från EUCAR, och (2)
laminerade kommersiella celler med positiva LixMn2O4-baserade elektroder stud-
erades med en satellitcykel, avsedd för en satellit med låg omloppsbana. Cellerna
öppnades och de uttagna elektrodernas elektrokemiska egenskaper utvärderades i
två- och tre-elektroduppställningar. Resultaten från elektrokemiska impedansmät-
ningar för den positiva LixNi0,8Co0,15Al0,05O2-baserade elektroden tolkades med
hjälp av en fysikalisk tre-elektrod modell som tog hänsyn till de i litteraturen främst
föreslagna effekterna av åldring.

Prestandadegraderingen av celler med nickelkemi var oberoende av cykel och
laddningstillståndet där åldringen skedde, men starkt beroende av temperaturen.
Den positiva elektroden visade sig vara den största orsaken till impedansöknin-
gen i batteriet. Yt�lmerna på den positiva elektroden hade en sammansättning som
var oberoende av laddningstillståndet men beroende av temperaturen. Impedans-
resultaten från de uttagna elektroderna var starkt beroende av både laddningstill-
stånd och yttre tryck på elektrodytan. Det visade sig att det var tillräckligt att ta
hänsyn till ett resistivt skikt på strömtilledaren och en lokal kontaktresistans mel-
lan kolet och det aktiva materialet (som är beroende av laddningstillståndet) för att
anpassa modellen till impedansdata mätt på de uttagna elektroderna.

Prestandadegraderingen av celler med mangankemi påskyndades av både hö-
gre temperaturer och högre urladdningsdjup. Impedansen ökade något, då både
högfrekvenshalvcirkeln och högfrekvensintercepten ändrades. Positiva elektroden
hade en större degradering i kapaciteten och en större ökning i magnituden av
högfrekvenshalvcirkeln (speciellt vid högre litiumjon koncentrationer i elektroden)
jämförtmed den negativa elektroden. Denna laddningstillståndsberoende impedans-
ökning var kopplad till celler som hade cyklats under en längre tid eller vid en hö-
gre temperatur och med ett högt urladdningsdjup. Ökningen i magnituden av hög-
frekvenshalvcirkeln skulle kunna vara relaterad till kinetiska begränsningar efter-
som cyklingsbeteendet vid andra spänningsplatån ändrades samtidigt för de
LixMn2O4-baserade elektroderna.

Nyckelord: litiumjonbatteri, LixNi0,8Co0,15Al0,05O2, LixMn2O4, LiyC6, åldring, tre-
elektroduppställning, impedansmodell, yt�lmskarakterisering, hybridfordon, satel-
liter
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Kristina Edströmmanuscript

Paper V Cycle Life Evaluation of 3Ah LixMn2O4-based Lithium-Ion Secondary
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Societya
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vi PREFACE

My contribution to the different papers in this thesis
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for evaluating the XPS data and assisting in writing the corresponding parts
of the paper. I was primarily responsible for all electrochemical aspects and
writing the paper.

V-VII: I was not involved in the design or launch of the REIMEI battery. I
designed and undertook all aspects of the lifetime matrix with some assis-
tance fromKeita Ogawa. I designed the two- and three-electrode pouch cells
that Shinsuke Enomoto was responsible for assembling at NEC-Tokin. I was
responsible for analysing the data and writing Paper V and Paper VI with
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The following publications, containing contributions from the author, are not
included in this thesis, but were also published/compiled during the thesis
work:

Characterisation and modelling of a high-power density lithium-ion positive elec-
trode for HEV application Shelley Brown, Peter Georén, Mårten Behm, Göran
Lindbergh Proceedings - Electrochemical Society, v PV 2003-28, Lithium
and Lithium-Ion Batteries - Proceedings of the International Symposium,
2004, p 130-137

Characterisation and modelling of a high-power density lithium-ion positive elec-
trode for HEV application Shelley Brown, Peter Georén, Mårten Behm, Göran
Lindbergh Proceedings - Advanced Automotive Battery Conference, 2004

Impedance Spectroscopy as a Diagnostic Tool for Monitoring Ageing in a Lithium-
Ion Battery for HEV Applications Shelley Brown, Niklas Mellgren, Mårten
Behm, Michael Vynnycky, Göran Lindbergh Proceedings - Advanced Au-
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De�nitions

Several terms used when describing batteries are introduced and de�ned
here for the reader's convenience1.

Capacity: the total charge expressed in [Ah] that can be obtained from a
fully charged battery with speci�ed discharge conditions (i.e. current
and voltage limits)

C-rate: the charge or discharge current equal in Amperes to the rated capac-
ity in Ah. For example, the C-rate for a 3Ah cell is 3A, whilst the 3C
and C/3-rates are 9A and 1A, respectively

Speci�c energy: the gravimetric energy storage density of a battery, expressed
in Watt-hours per kilogram [Whkg−1]

Speci�c power: the gravimetric power density of a battery, expressed in
Watt per kilogram [Wkg−1]

Energy density: the volumetric energy storage density of a battery, expressed
in Watt-hours per litre [WhL−1]

Power density: the volumetric power density of a battery, expressed inWatts
per litre [WL−1]

Resistance: a quantity that describes the relationship between battery volt-
age and current, expressed in Ohms [Ω]

Impedance: a frequency-dependent complex quantity that describes the re-
lationship between battery voltage and current, with the real and imag-
inary components expressed in Ohms [Ω]

SOC: state-of-charge can be expressed in [%] of themaximumpossible charge,
for example, 100% re�ects a fully-charged battery and 0% re�ects a
fully discharged battery (see Appendix C.2)

DOD: depth-of-discharge can be expressed as 100-SOC[%]

SOH: state-of-health indicates the current (diagnostic) and future (prognos-
tic) ability of the battery to perform work (see Appendix C.3)

∆SOC or ∆DOD: percentage of the SOC-window used during load condi-
tions

x



Chapter 1

Introduction

Lithium-ion batteries have a high energy and power density in compari-
son with other conventional secondary batteries2, thus making possible a
reduction in the size and weight of commercial cells. This battery technol-
ogy has contributed to the miniaturisation and signi�cant market growth
of mobile devices (e.g. laptop computers, mobile phones, digital cameras,
mp3 players) during the last decade. The demand for lithium-ion batteries
is predicted to increase signi�cantly as markets requiring larger cells with
better performance are penetrated (e.g. hybrid electric vehicles, electric ve-
hicles, satellites and load leveling). The development of high performance
cells has been driven primarily by the vehicle industry, which needs to foster
an innovative approach to their products in order to both reduce the global
dependency on non-renewable energy sources and reduce the level of CO2

emissions that negatively contribute to global warming.
Fossil fuels have supported the industrialisation and economic growth

of countries during the past century. The global demand for oil is predicted
to increase 2.2% per year on average between 2007 to 20123. This increase
is primarily driven by a stronger demand in the non-OECDa countries, par-
ticularly Asia and the Middle-East (US 1.3%/year, Europe 0.7%/year, non-
OECD 3.6%/year)3. Although the rate of increase is larger in the non-OECD
countries, both the total demand and demand per capita will remain lower
than the OECD consumption (total demand 2012: 54.4% OECD, 45.6% non-
OECD)3. The transport sector is responsible for almost 60% of oil consump-
tion in OECD countries3, hence increasing fuel economy and/or changing
to alternative fuels (e.g. bio-ethanol, bio-diesel, hydrogen) is an essential
component in the effort to decrease the global oil demand whilst simulta-
neously decreasing CO2 emissions. An example of the impact of large-scale
government initiatives to encourage the development of fuel ef�cient ve-
hicles can be found in Japan. Despite the fact that the oil demand in the
OECD Paci�c region is dominated by Japan, the development of fuel ef�-
cient vehicles in the form of hybrid electric (HEV) and full electric (BV, FC)
vehicles has resulted in a diminishing demand for oil. The most notable
environmentally-friendly Japanese vehicles that have been successfully in-

a Organisation for Economic Co-operation and Development

1



2 CHAPTER 1. INTRODUCTION

troduced into the marketplace (based on the HEV concept) include the Toy-
ota Prius (4.3L/100km, 104gCO2/km)4 and the Honda Civic (4.6L/100km,
109gCO2/km)4.

Hybridisation of the drive train offers a wide range of improvements
including higher fuel ef�ciency, enhanced power performance5 and reduc-
tion of harmful gas and particulate emissions6. In the United States, 252
000 HEVs were sold in 2006 (1.5% of light vehicle retail sales) with a pro-
jected 2 400 000 units to be sold in 2016 (12.4% of light vehicle retail sales)7.
Comparing with a non-OECD country, negligible HEV production in China
in 2005 is expected to increase to 480 000 units in 2015 (3.7% of light vehi-
cle retail sales)8. The major impediment to growth is the high cost of the
battery. The extra cost of a HEV, currently about US$5000 (∼US$2500 for
the battery), requires approximately an 8 year payback period. Increasing
oil prices coupled with increased manufacturing volumes could lead to this
payback period being reduced to 3 - 5 years, therefore consumers would
have an economic incentive to buy a HEV9.

Regardless of the vehicle energy technology, the battery technology has
been identi�ed as the key for all next-generation vehicles10. The cost of
a battery on the basis of $/kWh, $/kW or $/pack depends on the design
(high-power or high-energy, see Chapter 1.3)11. A high-power (100 10Ah
cells) lithium-ion battery pack was US$2486 in 2000, with an optimistic pro-
jection of US$1095 (∼US$266/kWh for materials costs) and a goal of US$300
(PNGV)11. For comparison, a high-energy (35kWh) lithium-ion battery pack
was US$24723 (∼US$706/kWh) in 2000, with an optimistic projection of
US$8767 (∼US$250/kWh) and a goal of (>US$150/kWh) (USABC)11. Al-
though the cost of a battery pack onboard an electric vehicle is a critical
design factor, other high-energy applications (e.g. low-earth-orbit satellites)
are less sensitive to the total cost and function more as challenging niche
markets for product development and demonstration. For both battery de-
signs, a sharp decrease in the price is predicted to be driven by decreasing
raw material costs (primarily by changing the positive electrode active ma-
terial)11,12, a signi�cant improvement in manufacturing processes and an
increase in volume production7,13. For HEVs, recent estimates have priced
the battery at US$940 in 2011 and US$800 in 2016, with a signi�cant increase
in the market share (13% in 2011 to 22% in 2016)7. In addition, the cost of
lithium-ion battery packs is projected to decrease at a faster rate in compar-
ison with the competing battery technology (nickel-metal hydride). How-
ever, nickel-metal hydride batteries are still predicted to retain a signi�cant
portion of the market share (97% in 2006, 82% in 2011 to 72% in 2016)7.
Since Japan's battery manufacturers account for approximately 57% of the
global market share in the small-sized battery market (17% South Korea,
13% China and 13% Others) it is necessary to review their advanced bat-
tery plans and price projections. A recent report announced that US$201
million will be invested in battery research and development over the next
�ve years in order to reach the following cost targets: (2007) US$1644/kWh,
(2010) US$822/kWh, (2015) US$247/kWh, (2020) US$164/kWh, and (2030)
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US$41/kWh10.
Although the high purchase cost of the battery is a serious barrier to the

mass commercialisation of HEVs, it is also important to consider both the life
cycle cost and safety of the battery. Reaching power density, energy density
and purchase cost targets does not guarantee commercial success because
there must be some con�dence in the expected battery lifetime and overall
safety. Uncertainty over both of these factors acts as a deterrent not only for
potential buyers of HEVs but for the developers of energy storage system
in all applications. Safety issues are currently being addressed with the im-
provement of both electrode and electrolyte stability14,15. However, lifetime
performance remains an issue, particularly at higher temperatures14,16�19.
Ideally, the battery should last for the service life of the vehicle (10 or 15
years depending on the source)6,20.

An increasingly larger amount of resources is being committed to the
investigation of the long-term performance of lithium-ion batteries for dif-
ferent applications. There are no clear guidelines as to how battery lifetime
performance should be investigated. Lifetimematrices are often constructed
with two general purposes: (1) to investigate the lifetime performance of a
battery at the forecasted application temperature (e.g. room temperature)
with variable conditions such as SOC-window, depth-of-discharge and cy-
cling pro�le, and (2) after determining the base conditions to optimise life-
time, the impact of temperature is introduced to both observe the increased
degradation for applications where the temperature is not constant (e.g.
HEVs) and reduce testing time in order to gauge the expected lifetime of
a commercial technology in several months as opposed to several years.

Diagnosis of the effects of ageing that impact upon the lifetime perfor-
mance of lithium-ion batteries need to be identi�ed in order to provide valu-
able information to the battery manufacturer for the design of the next gen-
eration of batteries. In addition, such knowledge of degradation could aid in
the design of effective batterymanagement systems5,21 that could bothman-
age the battery in order to achieve the lifetime targets and provide a reliable
on-board state-of-health (SOH) indicator22. Diagnosing effects of ageing in-
volves the use of electrochemical measurements, materials characterisation
techniques and physically-based models. The approach to such studies and
the interpretation of the combined set of data is an area of lithium-ion bat-
tery research that requires further development and is the main focus of this
thesis.



4 CHAPTER 1. INTRODUCTION

1.1 Scope of the Thesis

The thesis work had several goals. Firstly, an understanding was sought
of how to develop an experimental methodology in order to investigate the
lifetime performance of lithium-ion batteries. Secondly, the lifetime perfor-
mance of different cell chemistries was investigated in order to develop an
understanding of the tolerance of this battery technology to different cycling
conditions. Thirdly, one of the main goals was to develop the electrochem-
ical and modelling tools necessary to identify the sources of impedance in-
crease and capacity fade for a lithium-ion battery. The following work was
undertaken:

� Two lifetime studies were undertaken for two different applications:

1. coin cells based on GEN2 chemistry (LixNi0.8Co0.15Al0.05O2-based
positive electrode) were studied in a EUCAR power-assist HEV
lifetime matrix of different SOCs (40, 60, 80%), ∆DODs (0, 5%)
and temperatures (35, 45, 55°C) (Paper I- Paper IV),

2. commercial 3Ah (LixMn2O4-based positive electrode) laminated
cells (NEC-Tokin) were studied in a terrestrial LEO satellite life-
time matrix of different cycling DODs (20, 40%) and temperatures
(25, 45°C) (Paper V- Paper VII). The terrestrial electrochemical
results were compared with the performance of a battery pack
(based on the 3Ah cells) onboard the JAXAmicrosatellite REIMEI;

� The electrochemical performance (emphasis on the impedance at dif-
ferent SOCs) of fresh and harvested aged electrodes was measured
with two-electrode (Paper VI) and specially-designed three-electrode
cells (Paper II, Paper IV, Paper VI);

� Surface characterisation of harvested aged positive electrodes based
on GEN2 chemistry was undertaken with X-ray Photoelectron Spec-
troscopy (Paper IV);

� A physically-based three-electrode impedance model was developed
for a composite porous battery electrode. The microscopic model in-
cluded justi�able effects of ageing for LixNi0.8Co0.15Al0.05O2-based pos-
itive electrodes. The model was solved analytically in order to provide
a computationally fast solution that was particularly suited for optimi-
sation (Paper I);

� A methodology for �tting impedance data was developed and used to
�t either fresh or aged LixNi0.8Co0.15Al0.05O2-based positive electrodes
(Paper II). The model was also used to �t fresh negative electrodes. An
investigation of the model was undertaken in order to see if the dif-
ferent effects of ageing were distinguishable (Paper I). An ageing hy-
pothesis was developed for LixNi0.8Co0.15Al0.05O2-based positive elec-
trodes.
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1.2 Battery Concept

A lithium-ion battery consists of two porous electrodes (one positive and
one negative) separated by an ionic conductor (i.e. electrolyte). The posi-
tive electrode typically consists of a mixture of active material, conductive
additives and binder coated onto an aluminium current collector. The neg-
ative electrode typically consists of a mixture of active material and binder
coated onto a copper current collector. A schematic of the basic design and
operation of a lithium-ion battery is shown in Figure 1.1. The active mate-
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Figure 1.1: Basic operation of a lithium-ion battery (a) schematic demonstrating general
design and direction of charge (electrons and lithium ions) during cycling, (b) cell cycling
behaviour; (− −) charge, (−) discharge, (c) individual electrode cycling behaviour during
charge (− −) and discharge (−)

rial for both electrodes in commercially available cells is an insertion com-
pound. These compounds are mixed electronic/ionic conductors consist-
ing of a host framework into which mobile ions (in this case lithium ions)
may be reversibly inserted or extracted by electrochemical reaction23. The
electrolyte consists of a salt (e.g. Li+PF6−) dissociated in an organic mix-
ture of cyclic (e.g. ethylene carbonate) and linear (e.g. dimethyl carbonate,
diethyl carbonate, ethyl methyl carbonate) carbonates. Aqueous, as well
as many non-aqueous, electrolytes cannot be used because their thermody-
namic and/or potential windows of electrochemical stability are not wide
enough24. The electrolyte �lls the pores of both the porous electrodes and
the porous separator (prevents contact between the two electrodes and is
designed to 'shut-down' in the case of cell failure).

During discharge, an oxidation reaction occurs at the negative electrode
and a reduction reaction occurs at the positive electrode. A lithium ion is
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viewed as diffusing to the surface of an active negative particle, electro-
chemically reacting and transferring into the electrolyte. The lithium ion
is transported across the electrolyte and electrochemically reacted at the sur-
face of the active positive particle, followed by diffusion into the centre of
the particle. The charge compensating electrons �ow through the external
load in order to close the circuit. These series of steps are reversed during
charging. The reaction for the negative (assuming carbon-based) and posi-
tive electrode (assuming metal oxide-based) can be written as

LiyC6 À yLi+ + ye− + C6, and (1.1)

LixMO2 + zLi+ + ze− À Lix+zMO2, (1.2)

respectively. Essentially, the basic electrochemistry involves only the trans-
fer of lithium cations between the two insertion electrodes, hence the name
'rocking chair' battery. An example of the cycling behaviour of a lithium-
ion battery is shown in Figure 1.1(b). The open-circuit potential (OCP) of
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Figure 1.2: (a) Potential ranges of relevant positive and negative active electrode materi-
als, (b) Ragone plot comparing the power and energy densities of different energy storage
technologies

the battery depends on the difference of the lithium chemical potential be-
tween the positive and the negative electrode, which in turn depends on the
degree of lithium insertion in each electrode (see Appendix C.2). The cycling
behaviour of the positive and negative electrodes is shown in Figure 1.1(c).
The electrode materials are deliberately chosen to ful�l two fundamental re-
quirements in order to achieve a high cell speci�c energy (Wh/kg): (1) a
high charge density (Ah/kg), and (2) a high cell potential. With respect to
the �rst requirement, the charge density of commercial positive electrodes is
normally between 120 - 190mAh/g25�29 and for commercial negative elec-
trodes ∼372mAh/g14. Hence, the energy density of the battery is generally
restricted by the energy density of the positive electrode. With respect to
the second requirement, the upper potential limit for the positive electrode
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is primarily restricted by unwanted side reactions (i.e. electrolyte oxida-
tion) and material stability. The upper potential limit for the negative elec-
trode is restricted by the stability limit of the copper current collector (i.e. <
3.5V vs Li/Li+)30 and the lower potential limit by the point where lithium
deposition occurs (i.e. 0V vs Li/Li+). In addition, the negative electrode is
often oversized in order to avoid this lower potential limit (as demonstrated
in Figure 1.1(c)). The potential regions for electrode materials of commercial
interest are shown in Figure 1.2(a).

The advantage of lithium-ion batteries with respect to both power and
energy density is due to a combination of a high cell potential, a high charge
density and several design factors that are discussed further in Section 1.3.
A comparison of these �gures of merit with other battery chemistries (e.g.
lead acid and nickel metal hydride) is demonstrated in Figure 1.2(b).

1.3 Application Areas

Lithium-ion batteries are designed on the basis of the intended application.
Although the external packaging of a lithium-ion battery may be similar
(e.g. cylindrical metal can, laminated pouch), internal design variables such
as electrode thicknesses, loading densities (active material and conductive
additives), active material particle size, electrolyte type (e.g. liquid, gel or
polymer) and current collection (i.e. thickness and length of metal foils) are
based primarily on whether the intended application requires high-power
or high-energy performance. The main differences between both designs is
shown schematically in Figures 1.3 (a) and (b). Lithium-ion batteries for
high-power applications (e.g. power-assist hybrid electric vehicles) usu-
ally have thin electrodes (∼35µm), an organic-based liquid electrolyte with
good transport properties and active particle lithium-ion diffusion lengths
of between 0.1 to 0.5µm. Lithium-ion batteries for high-energy applications
(e.g. plug-in hybrid electric vehicles, low-earth-orbit satellites, laptops, mo-
bile phones, hand-held power tools) usually have thick electrodes (∼100 -
200µm), an electrolyte that can have moderately good transport properties
(e.g. gel or polymer, although liquid is sometimes still chosen) and active
particle lithium-ion diffusion lengths of between 2 to 20µm. The impact of
design on the attainable capacity at different currents is illustrated in Figure
1.3(c), with minimisation of losses (i.e. direct resistance, kinetic and con-
centration contributions to the cell overpotential) in the high-power design
allowing for a higher capacity utilisation at higher currents.

1.3.1 High-Power Design: Power-Assist Hybrid Electric Ve-

hicle

Hybrid electric vehicles (HEVs) represent a cross between a conventional
automobile and an electric vehicle. They combine an electric drive train,
including a rechargeable battery or other secondary energy storage device,
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Figure 1.3: Schematic demonstrating the main design differences for a lithium-ion battery:
(a) high-energy, (b) high-power, (c) impact of design on the available capacity at progres-
sively higher C-rates (i.e. currents); n = negative electrode, p = positive electrode

with a refuelable primary power source such as a gasoline or diesel engine,
fuel cell or gas turbine. An electric motor is incorporated into the drive train
to provide an interface between the mechanical and electrical systems. The
primary goal of using a hybrid drive train is to improve energy utilisation.
A power-assist HEV aims to operate the primary power source in its zone
of maximum ef�ciency6, with the secondary energy source levelling peak
power requirements and delivering continuously additional power5. If the
power produced by the ICE is larger than what is required, the excess can
be stored in the secondary energy source (e.g. battery). In addition, the
secondary energy source can be recharged by recovering the otherwise dis-
sipated braking energy. Hybridisation of the drive train offers a wide range
of improvements including higher fuel ef�ciency, enhanced power perfor-
mance5 and reduction of harmful gas and particulate emissions6.

There are several HEV architectures available today (e.g. series, parallel,
mixed) with different requirements (e.g. regenerative braking, high-power
cycling, extended high-power cycling, extended energy cycling), therefore
placing different demands on the second energy storage requirement. The
right choice for the secondary energy storage (e.g. nickel metal hydride
battery, lithium-ion battery, supercapacitor) is dependent on the operating
pro�le. The power-assist architecture was studied in this thesis, which is
classi�ed as a parallel strategy and shown in Figure 1.4(b). For comparison,
a conventional vehicle architecture is shown in Figure 1.4(a). The next step
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up from the power-assist HEV is a plug-in hybrid, where the primary en-
ergy source is turned off for extended periods of time and the power to the
electric machine is provided solely by the secondary energy source. HEVs

ICE  Clutch  Gear Diff  

ICE  Clutch  EM  Gear 

PE Batt  

Diff  

(a)

(b)

Figure 1.4: Comparison of vehicle system architectures: (a) conventional vehicle, (b) paral-
lel power-assist hybrid electric vehicle

place unique demands on the secondary energy storage device, including
the ability to handle large currents whilst operating both at a partial state
of charge (SOC) and in a large temperature range (-30°C to 52°C)20. An ex-
ample of a battery operated at two different target SOCs (40 and 80%) with
the charge-neutral EUCAR (∆SOC 5%) power-assist cycle31 (see Table 1.1) is
shown in Figure 1.5. The concept of SOC is further developed in Appendix
C.2. The secondary energy storage is the key element of the HEV compo-
nents because its power and lifetime performance de�ne the costs of the
overall system, estimated to be 1/3 to 1/2 of the total system cost5. Assum-
ing that safety and initial cost requirements are ful�lled, several criterion
must be satis�ed in order for a secondary energy storage candidate to be
incorporated into a HEV drive train:

1. performance requirements (i.e. Wkg−1 and WL−1) must be satis�ed
within a desired SOC-window and across a broad temperature range;

2. required performance must be available for the service life of the vehi-
cle (10 or 15 years depending on the source)6,20;

3. have a high speci�c energy [Whkg−1] and high energy density [WhL−1];
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4. tolerate vehicular conditions;

5. have minimal monitoring requirements.
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Table 1.1: Charge-neutral EUCAR (∆SOC 5%) power-assist HEV cycle31

Current Time Cumulative time ∆SOC Cumulative ∆SOC
[s] [s]

-10C 18 18 -5 -5
OCP 19 37 0 -5
9C 4 41 1 -4
5C 8 49 1.11 -2.89
2C 52 101 2.89 0
OCP 19 120 0 0

A candidate for the energy storage system is the high-power lithium-ion
battery. Lithium-ion batteries have a high energy density (essential for cap-
turing energy from regenerative braking), whilst simultaneously providing
a high power density, high energy ef�ciency and long cycle life at nominal
operating temperatures. However, in general this technology suffers from
poor durability at higher temperatures, power fading at low temperatures,
and signi�cant battery monitoring requirements due to both safety and life-
time concerns during battery overcharge/overdischarge.

Although cost and safety considerations are of central relevance to the
successful incorporation of lithium-ion batteries into hybrid architectures,
lifetime performance has been the focus of this thesis. In general, investigat-
ing the lifetime performance is dif�cult due to several main factors: (1) the
battery is operated with unpredictable conditions (EUCAR cycle shown in
Figure 1.5 highly idealistic), (2) the battery is dif�cult to monitor in the �eld
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for extended periods of time, and (3) current state-of-the art commercial cells
can tolerate onboard conditions for reasonable periods of time (i.e. greater
than 5 years), therefore, comparison of different technologies in a short pe-
riod of time (i.e. less than 1 year) requires controlled acceleration of the
performance degradation. Testing matrices using different factors, includ-
ing: target SOC, ∆SOC, hybrid pulse cycle and temperature20,31, are used
to investigate both individual cell and battery lifetime performance in or-
der to: (1) identify the optimal target SOC and SOC-window at a reasonable
operating temperature, and (2) predict cycle and calendar life. A detailed
discussion of the factors to consider when undertaking such lifetime studies
is provided in Appendix C. The results of such investigations is envisaged
to aid in the design of effective energy management systems5,21 that aim to
bothmanage the secondary energy source in order to achieve lifetime targets
and provide a reliable onboard state-of-health (SOH) indicator22.

1.3.2 High-Energy Design: Low-Earth-Orbit Satellite

Microsatellites (∼10 to 100kg32, referred to as 'piggy-back') operate in a low-
earth-orbit (LEO, 500-1000km above the earth) and provide affordable and
frequent opportunities for short-term (typically less than one year) missions
that can demonstrate emerging technologies. A satellite in LEO typically ex-
periences 65 minutes of sunshine during which time the battery is recharged
via the solar cells, followed by 35 minutes of eclipse where the battery meets
the electrical demands of the mission (see Figure 1.6). The operating voltage

Earth EclipseSunshine

35min65minSun

Figure 1.6: Representation of the operation of a satellite in low-earth-orbit

window for the battery is normally maintained between approximately 100
and either 60 or 80% SOC (depending on the depth-of-discharge) in order to
provide a backup energy supply in the case of emergency (i.e. safe mode).
Software and hardware overvoltage and undervoltage controls are used as
safety measures in the case of battery failure. In addition to the normal re-
quirements of low cost and good safety, the battery must satisfy certain key
criteria:

1. have a high speci�c energy [Whkg−1] and high energy density [WhL−1]
(impacts on satellite payload)33;
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2. long cycle life (5 year target LEO mission life for regular-sized satel-
lites, which equates to 30 000 cycles without interruption);

3. low self-discharge;

4. tolerate orbital conditions;

5. controllable with a reliable battery management system.

State-of-the-art nickel-based (e.g. nickel metal hydride, nickel cadmium)
systems that have typically been used for LEO satellites have a speci�c en-
ergy of 40 to 60Wh/kg and account for approximately 10% of the total satel-
lite mass32,34. Lithium-ion batteries are a candidate technology for LEO
satellites due to the higher energy density, higher working voltage, lower
self-discharge and potentially greater con�guration �exibilitywith laminated
cell packaging32. In order to achieve a 5 year LEO mission life, lithium-
ion cells must be operated under moderate conditions including a shallow
depth-of-discharge (typically between 20 - 40%) and in a reasonable tem-
perature range (10 - 25°C)32�41. An example of the LEO cycling conditions
for a lithium-ion battery with a 40% DOD is shown in Figure 1.7. In ad-
dition, the forecasted cycling conditions onboard the microsatellite REIMEI
(∼70kg, launched August 2005, formerly known as INDEX) together with
the battery and satellite temperature conditions are shown in Table 1.2.
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Figure 1.7: Voltage and current pro�les for a lithium-ion battery cycled with a 40% depth-
of-discharge low-earth-orbit cycle between 100-60% SOC;

The operation of a lithium-ion battery onboard a LEO satellite provides a
set of unique conditions, namely, that the battery is subjected to a speci�c
load cycle and temperature, with both variables monitored from a control
room on Earth. This differs signi�cantly from terrestrial applications where
the lithium-ion battery is operated under unpredictable conditions, for ex-
ample hybrid electric vehicles, and is dif�cult to monitor in the �eld for
extended periods of time. These unique LEO satellite conditions provide an
excellent opportunity for battery engineers to do the following: (1) compare
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Table 1.2: Forecasted orbital piggyback battery conditions onboard REIMEI (see Paper V)

Cycling
Charge 1.5A (C/2)/4.1V
(Constant current/Constant voltage) 65min
Discharge 1.0A (C/3)
(Constant current) 35min
∆SOC 20%
Temperature
Battery

Eclipse 25°C
Sunlight 25°C

Solar panel
Eclipse -70°C

Sunlight 140°C

terrestrial and orbital performance, (2) undertake terrestrial simulations in
order to monitor onboard cell capacity fade and impedance increase, and
(3) harvest electrodes from terrestrial cells and discern the effects of ageing
contributing to both capacity fade and impedance increase. Understanding
the performance of a lithium-ion battery onboard a LEO satellite is envis-
aged as being an important step in both improving the design of the battery
chemistry and developing a SOH indication scheme.

1.4 Degradation of Electrochemical Performance

Unfortunately, the electrochemical performance obtained with a lithium-ion
battery at what is termed 'beginning-of-life' (BOL) is not attainable after ex-
tended periods of time. Degradation of the performance is affected by the
operating conditions (i.e. cycle load, temperature) and is observed electro-
chemically as a change in both the cell capacity and impedance. Identifying
the causes of both capacity fade and impedance increase is complicated, the
two factors not being mutually exclusive and generally not originating from
one single source. In addition, the causes of performance degradation dif-
fer between cell chemistries. Using electrochemical techniques to probe the
possible effects of ageing is challenging because of the complicated nature
of the degradation and the similarity of the time scales of proposed effects.
An important part of the puzzle is the input of observations made from ma-
terial characterisation studies. However, con�icting hypotheses from a ma-
terials point of view are often postulated in published work. The interpre-
tation and extraction of ageing-dependent parameters from electrochemical
data requires the development of physically-based models which will be de-
scribed in Chapter 3. At this point, an explanation of the processes viewed
as contributing to changes in both capacity and impedance will be provided
and the impact on the observed electrochemical performance demonstrated.
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1.4.1 Capacity Fade

A decrease in capacity is observed between BOL and after an extended pe-
riod of time when a battery is cycled with the same current load (between
the same voltage limits). In order to eliminate effective capacity loss due to
an increase in cell impedance, low currents are used (e.g. C/10 to C/30) that
provide a feedback on the magnitude of the loss due to two main factors:

� loss of cycleable lithium: due to electrolyte decomposition reactions;

� loss of active material: due to (1) a local loss of contact because of
binder decomposition, oxidation of conductive additives, current col-
lector corrosion or volume expansion of material, (2) change of the
material properties due to structural disorder, undesired phase tran-
sitions, or (3) metal dissolution.

Both sources of irreversible capacity loss (assuming that the loss of cy-
cleable lithium cannot be externally replenished) impact on the cycle path of
the cell42 and the overall attainable capacity. The decrease in C/10 capacity
of LixMn2O4-based 3Ah cells (used in LEO studies) is illustrated in Figure
1.8(a).
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Figure 1.8: Cycling (3.0 - 4.1V) of fresh and aged 3Ah pouch cells: (a) (-) C/10 cycling, (b)
(-) normalised C/3 discharge, C/2 charge, (- -) normalised C/10 cycling; (black) fresh, (red)
aged. Direction of charge/discharge illustrated with black arrows in (a)

1.4.2 Impedance Increase

Increasing the current increases the impact of cell impedance (i.e. direct re-
sistance, activation overpotential, concentration overpotential), resulting in
increased potential loss during cycling. The magnitude of the cell imped-
ance increases with time, resulting in a decrease of the attainable power and
possibly a decrease in capacity (dependent on the magnitude of the current).
Possible sources of impedance increase for the cell include:

� decrease of both the active material and conductive additive surface
area: through loss of contact (same as the causes for capacity fade) and
formation of surface layers;
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� decrease of the electrode porosity: primarily due to the formation of
surface layers on the active material and conductive additives;

� change in the properties of the active material: structural disorder or
phase transition of the bulk active material will potentially impact on
the electrode kinetics and transport properties (e.g. electronic conduc-
tion, lithium-ion diffusion);

� increase in local resistances: due to (1) an increase of the contact re-
sistance between active and conductive particles, conductive particles
and the current collector, or conductive particles, (2) the formation of
resistive surface layers on active material, conductive additives and
the current collector, and (3) the formation of resistive solid surface
layers due to phase change or structural disorder;

� change of the electrolyte properties: bulk homogeneous reactions and
solvent evaporation can contribute to a change of the salt concentra-
tion;

� change of the separator porosity;

� degradation of electronic contacts: contacts with current collectors can
corrode.

The cycling behaviour of LixMn2O4-based 3Ah cells (used in LEO stud-
ies) with a C/3 current is illustrated in Figure 1.8(b). The curves were nor-
malised in order to demonstrate the increase in potential loss.

1.5 Investigating Lifetime Performance

There are no clear guidelines as to how the lifetime performance of a lithium-
ion battery should be investigated. Two lifetime matrices have been under-
taken in this thesis for two different applications (power-assist HEVs and
LEO satellites). Each lifetime matrix has been undertaken differently, incor-
porating a combination of the steps shown in Figure 1.9.

Investigation of the lifetime performance of lithium-ion batteries requires
careful planning and the development of a well-documented experimental
protocol. Every detail of the protocol, including such aspects as cell prepa-
ration, testing, post-testing handling and environmental conditions, will po-
tentially impact on the observed lifetime performance. Great care has been
taken in Paper II to Paper VI to methodically undertake the lifetime studies.
For example, all electrode materials in each study were treated in the same
way, with no exposure at any point to conditions outside a glove box/dry
room environment. In addition, electrode materials and electrolyte for cell
assembling were obtained from the same batch. One of the main focuses
of this thesis was to obtain experience in both developing and undertaking
lifetime matrices for lithium-ion batteries. Hence, a background on the fac-
tors that should be considered when undertaking the steps in 1.9, together
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Figure 1.9: Representation of the possible overall experimental approach to investigating
the ageing of lithium-ion batteries for different applications. Each step indicated with a
letter in brackets

with details on how SOC and SOH can be de�ned, is provided in Appendix
C.

1.6 Observed Effects of Ageing

A summary of the observed effects of ageing for LiPF6-based electrolytes
and LixNi0.8Co0.15Al0.05O2-, LixMn2O4- or LiyC6-based composite electrodes
will be provided in this section, with a background of the material charac-
teristics and steps taken in order to improve lifetime performance found in
Appendix A.

1.6.1 LiPF6-based Electrolytes

Lithium hexa�uorophosphate (LiPF6) is commonly utilised as the salt in
commercial lithium-ion batteries because it is non-toxic, non-explosive, aids
in the formation of a stable SEI on the negative graphite electrode14 and
provides a high ionic conductivity in nonaqueous electrolytes43. However,
LiPF6 is hygroscopic and thermally dissociates into LiF and phosphorus
penta�uoride (PF5) (see Equation 1.3)44, with the strong Lewis acid (PF5)
further reactingwith trace quantities of water to generate phosphorus oxy�u-
oride (OPF3) and hydro�uoric acid (HF) (see Equation 1.4)45.

LiPF6  PF5 + LiF, (1.3)

PF5 + H2O → OPF3 + 2HF, (1.4)
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Studies on the thermal decomposition of LiPF6-based electrolytes [diethyl
carbonate (DEC) and dimethyl carbonate (DMC) as the solvents] have re-
vealed that the reaction of OPF3 (formed in Equation 1.4) with solvent forms
carbon dioxide (CO2) and organo�uorophosphate (OGP), which can fur-
ther react with PF5 to form OPF3, thus making the proposed mechanism
for electrolyte decomposition autocatalytic44,45. Furthermore, addition of
protic impurities to electrolytes has been shown to lead to the same de-
composition products, but the rate of decomposition is increased coupled
with a decrease in the initiation time45. The autocatalytic electrolyte decom-
position reaction has been shown to be inhibited by either charged or un-
charged LixNi1−yCoyO2

44. It has been proposed that surface Li2CO3 reacts
with organo�uorophosphates (POF2OR; R = ethanol, methanol) to produce
the Lewis base ROCO2Li, which stabilises the electrolyte by sequestering
free PF5 46.

1.6.2 Layered Nickelate (LixNi0.8Co0.15Al0.05O2)

The combination of a high speci�c capacity (∼190mAh/g)27�29 and a high
operating voltage of lithium nickelate-based materials results in a positive
electrode material that is a candidate for use in both high-power and high-
energy applications. However, this material is expensive to prepare because
Ni3+ is not found in a natural state. In addition, the structure is unsta-
ble at low lithium contents and the safety characteristics are questionable
because Ni4+ is unstable (resulting in oxygen release). High-power 18650-
dimensioned batteries based on a LixNi0.8Co0.15Al0.05O2 positive electrode,
an organic electrolyte [1.2M LiPF6 EC:EMC (3:7 by wt%)] and a graphite
negative electrode (referred to as GEN2 technology) have been developed
speci�cally to achieve the power-assist HEV performance requirements es-
tablished by the FreedomCAR project20. An extensive experimental acceler-
ated ageing test matrix has been undertaken on these cells in order to inves-
tigate lifetime performance with calendar and cycling conditions16�19,47�49.
The composite positive electrode has been identi�ed as the main source of
impedance increase in this battery chemistry19,50. It is generally agreed upon
in the literature that the cause of this impedance increase is a change in the
local impedance, possibly leading to particle isolation19,51�55. However, the
hypotheses for the cause of this change in the local impedance are varied
and include:

1. Deterioration of the electronic contact between activematerial and con-
ductive additives, due to mechanical stress and/or thin �lm formation
(see Figure B.1; Appendix B)51�53,56;

2. Formation of a thin (<10nm) discontinuous LixNi1−xO (Ni2+) surface
layer has been observed as opposed to Ni3+ in the bulk (see Figure
B.2; Appendix B)19. It was proposed that oxygen loss during the initial
formation of the surface species Li2CO3 was responsible for the for-
mation of a NiO-like crystal surface structure. It was postulated that
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delithiation of the surface of the particle would result in the creation of
Ni4+ ions that could transform to the more stable Ni2+ ion by releasing
oxygen, given as

LiNiO2 → Li(1−x)Ni3+/4+O2 (delithiation), (1.5)

→ Li(1−x)Ni3+/2+O2−δ (oxygen loss).; (1.6)

It was postulated that a continual loss of oxygen at the surface during
ageing would lead to a progressively thicker layer.

3. Formation of a solid electrolyte interface (SEI) layer comprised of or-
ganic and inorganic components on active particles (see Figure B.3;
Appendix B)19. X-ray photoelectron spectroscopy and soft X-ray ad-
sorption studies of positive electrodes revealed the presence of Li2CO3,
LixPFy, LixPFyOz and LiF19. It is generally agreed upon that Li2CO3 is
formed by a reaction between atmospheric CO2 and LiNixCoyO2 dur-
ing production, given as57:

Li(Ni,Co)O2 +
x

2
CO2 +

x

4
O2 → Li(1−x)(Ni,Co)O2 +

x

2
Li2CO3. (1.7)

With respect to LixPOyFz, a recent study investigated the thermal reac-
tions between a ternary electrolyte and LiNi0.8Co0.20O2 particles with
the continual addition of the Lewis acid PF5, leading to the proposal of
the following two formation reactions:

4PF5 + 2Li2CO3 → 3LiPF6 + 2CO2 + LiPO2F2, (1.8)

4PF5 + 4LiMO2 → 3LiPF6 + 2M2O3 + LiPO2F2. (1.9)

Finally, lithium �uoride is often identi�ed as a surface species on pos-
itive electrodes exposed to LiPF6-based electrolytes46,58�64. Thermal
degradation of the electrolyte (see Section 1.6.1) results in the forma-
tion of HF, which can react further with either the native Li2CO3 sur-
face layer or the metal oxide to form LiF62:

Li2CO3 + HF → 2LiF+ H2O + CO2, (1.10)

LiNi0.8Co0.15Al0.05O2 + 2xHF → Li(1−2x)Ni0.8Co0.15Al0.05O(2−x)

+2xLiF+ H2O; (1.11)

4. Localised corrosion of the aluminium current collector65�70. Micro-
scopic crevices were proposed as forming between the positive elec-
trode material and the current collector, leading to the trapping of elec-
trolyte. Water released from positive electrode components (binder,
carbon, active material) was postulated to promote the hydrolysis of
LiPF6, leading to the formation of HF acid54,59,71 and resulting in a
highly corrosive crevice solution69.
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1.6.3 Manganese Spinel (LixMn2O4)

One of the candidate lithium-ion technologies for both high-power and high-
energy applications utilises a manganese spinel intercalation material as the
active component, with a moderate speci�c capacity of∼120mAh/g72 and a
high operating voltage. In comparison with other typical positive electrode
materials, manganese spinel is one of the most promising because it is in-
expensive, has acceptable environmental characteristics and good safety73.
However, capacity fade remains a problem, especially at elevated tempera-
tures74. The degradation of positive electrodes in 4V LixMn2O4-based cells
has been extensively studied in a variety of test matrices, with factors such
as synthesis conditions75,76, cation and oxygen stoichiometry77,78, cycling
rates76,79�82, depth-of-discharge (particularly larger DODs)73,78, type and
concentration of salt73,79,83,84, type of solvent83, type and concentration of
impurities (e.g. HF and H2O)45,59,64,74,85, temperature73,74,77�79, electrode
morphology74,77,86 and manganese oxidation state77,78,87 all found to have
an effect. The processes proposed as sources of electrode degradation in
LixMn2O4 include:

1. Solubility of the spinel electrode in the electrolyte. The solubility has
been attributed to acid (i.e. HF contained in the electrolyte) attack
and a disproportionation of Mn3+ at the particle surface (see equa-
tions 1.12, 1.13 and 1.14)88�90. However, some experiments have found
no correlation between the amount of dissolved manganese and the
capacity fade73,84,91

2Mn3+(solid) −→ Mn4+(solid) + Mn2+(solution), (1.12)

2LiMn2O4 −→ 3λ − MnO2(solid) + MnO(solution) + Li2O(solution),
(1.13)

MnO(solution) + 2H+ −→ Mn2+ + H2O; (1.14)

2. Degradation of the particle surface due to non-equilibrium conditions
during discharge, resulting in the onset of a Jahn-Teller effect and the
formation of aMn3+-rich tetragonal phase (Li2Mn2O4) that would dam-
age structural integrity and particle-to-particle contact72,76,80;

3. A combination of (1) and (2), transforming the surface of the parti-
cles into defect spinels (e.g. Li2Mn4O9) plus Li2MnO3 (see equation
1.15)79,92; these phases were detected with XRD measurements92,93

Li2Mn2O4 −→ Li2MnO3(solid) + MnO(solution); (1.15)

4. Accumulation of λ-MnO2 upon charging, resulting in an abrupt con-
traction of the lattice and leading to reduced electrical contact81,83;

5. Electrolyte oxidation (see equation 1.16) at high potentials when charg-
ing the cells, especially at slow rates due to the sluggish kinetics be-
tween 3.5 - 4.5V vs Li/Li+ 82,94, which could lead to a loss of oxygen
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from the host structure95 (see equations 1.17 and 1.18) or production
of Lewis acids (see equation 1.19)83, resulting in manganese dissolu-
tion82

El −→ (oxidised El)+ + e−, (1.16)

LixMn2O4 + 2δe− −→ LixMn2O4−δ + δO2−, (1.17)

LixMn2O4 + 2El −→ LixMn2O4−δ + δ(oxidised El)2O, (1.18)

R− H −→ R0 + H+ + e−. (1.19)

Electrolyte oxidation when coupled locally with active material lithia-
tion has also been identi�ed as contributing to cell self-discharge, with
the reduction reaction given as96

LixMn2O4 + yLi+ + ye− −→ Lix+yMn2O4; (1.20)

6. A combination of the previous �ve processes, with electrolyte degra-
dation/solvent oxidation generating acid species which leads to the
dissolution of manganese and formation of a de�cient spinel, which
changes to a λ-MnO2 phase in the presence of H+, which furthermore
becomes protonated and only partially intercalates lithium ions83.

1.6.4 Graphite (LiyC6)

Presently the active material of negative electrodes in commercial lithium-
ion batteries is carbon (graphite used in this thesis). Carbon is used because
of: (1) a high speci�c capacity (372mAh/g), (2) a potential close to the desir-
able lithium metal electrode (see Figure 1.2), and (3) good dimensional sta-
bility and better cycling performance than lithium alloys. Ageing effects are
mainly attributed to changes at the interface between the electrode and elec-
trolyte97, with a strong dependence on both the electrolyte and the positive
electrode material used. For example, dissolvedMn2+ ions frommanganese
spinel-based positive electrodes or copper ions from the negative current
collector can be reduced at the negative electrode, creating a highly resistive
SEI layer59,85. The stability of the SEI layer is often highlighted as a criti-
cal factor in the change of both cell impedance and capacity with ageing14.
Even in the presence of a stable SEI layer, the migration/diffusion of other
species (charged and neutral) and exposure of the active surface due to vol-
ume expansion of the carbon (∼10%) results in the continual corrosion of
the carbon and electrolyte decomposition97. A full description of possible
reduction reactions is outside of the scope thesis since the negative electrode
was not the main source of impedance increase in any of the studies (a com-
prehensive review can be found elsewhere98).
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1.7 Modelling as a Tool for Investigating Ageing

1.7.1 Why Model Porous Battery Electrodes?

In order to fully utilise the increased interfacial area of porous electrodes
(see Figure 1.10(a)), it is important to consider the distribution of the reaction
rate (i.e. the local current density). The different physical processes that can
potentially contribute to a non-uniform current distribution in a lithium-ion
porous electrode are illustrated in Figure 1.10(a), and include: (1) electronic
conduction, (2) ionic transport in the electrolyte, (3) electrode kinetics, and
(4) solid phase diffusion.
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Figure 1.10: Simulation of a lithium-ion battery representative of a high-power design
(i.e. 35µm thick electrodes, 0.5µm active diffusion lengths, concentrated binary electrolyte).
Model based on Newman's work99 with the addition of a double-layer capacitance [(•) 17.8s,
(•) 39.9s, (•) 99.4s]: (a) (i) composite porous electrode morphology, (ii) local physical pro-
cesses, (iii) electronic conduction, (b) simulated battery performance during the EUCAR
pulse (see Table 1.1), (c) local current distribution

In order to optimise the electrochemical performance of a fresh elec-
trodewith some objective (e.g. maximum energy density, maximum average
power density for a given discharge time), the material properties and ge-
ometric variables must be carefully selected. Unfortunately, the thinness of
the electrodes prevents the measurement of a local potential pro�le. Instead,
the total current density and the total electrode potential can be measured
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and the utilisation of the electrode investigatedwith a dynamic electrochem-
ical model. An example of the simulation of a lithium-ion battery (based
on a macrohomogeneous approach well developed in the literature14,99�106)
incorporating two porous electrodes with dimensions and properties repre-
sentative of a high-power design is shown in Figure 1.10. The battery was
simulated with the EUCAR pulse (see Table 1.1), with the total cell voltage
(Figure 1.10(b)) and local current distribution (Figure 1.10(c)) examined at
three different points (17.8, 39.9 and 99.4s). These representative data illus-
trate the usefulness of such modelling. However, in order to undertake such
an investigation the model requires parameter values relating to the afore-
mentioned physical processes. These parameters are dif�cult to extract from
cycling data. Therefore, another electrochemical technique must be used,
with electrochemical impedance spectroscopy a prime candidate.

1.7.2 Impedance Modelling

Electrochemical impedance spectroscopy (EIS) is a relatively new, power-
ful technique that overcomes some of the limitations of other typical elec-
trochemical techniques. It is nearly always assumed that the properties of
the electrochemical system are time-invariant (i.e. you are measuring at a
steady-state condition), and thus the impact of other variables (e.g. tem-
perature, steady-state point) can be explored. EIS could be a powerful tool
for the investigation of porous battery electrodes. It allows discrimination
between various sub-processes, having different time constants, and could
potentially aid in the identi�cation of the causes of electrode deterioration.

An ac (alternating current) impedance measurement generally involves
the application of an electrical stimulus (a known voltage or current) to an
electrochemical cell and measuring the response (the resulting current or
voltage). Several different types of stimuli can be used107, however, themost
common and standard approach is to apply a single-frequency, sinusoidally
varying signal and to measure the phase shift and amplitude of the result-
ing signal. The response of the system can be described as an impedance,
which is the ratio of the voltage to the current. Commercial instruments ex-
ist whichmeasure the impedance as a function of the frequency, sweeping in
the range of MHz to mHz. An example of how an impedance measurement
is undertaken for a battery is shown in Figure 1.11(a). The cell is relaxed to a
constant open-circuit potential (OCP) and the impedance measured poten-
tiostatically at this �nal OCP condition with a small ac amplitude (e.g. 5mV
or 10mV) from a high frequency to a low frequency (e.g. 100kHz to 0.5mHz).

The simulated impedance response of a three-electrode set-up (see Fig-
ure 3.1(a)) is shown in Figure 1.11(b), with the corresponding contributions
from the positive and negative electrodes shown in Figures 1.11(c) and (d),
respectively. Furthermore, the impact of changing from a planar to porous
electrode morphology is demonstrated in Figures 1.11(c) and (d). The differ-
ent regions of a Nyquist plot for a lithium-ion porous electrode (see Figure
1.11(c)) correspond to different physical processes: (I) direct resistance be-
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tween the electrode current collector and reference electrode, (II) kinetic and
capacitive features of the fresh composite electrode components, (III) elec-
trolyte and active solid phase lithium-ion diffusion.
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Figure 1.11: Description of the impedance measurement method and the data obtained: (a)
application of a sinusoidal signal (10mV amplitude) to a cell after relaxing to a constant
OCP ((�) potentiostatically �xed at this point). Every point in the Nyquist plot repre-
sents the impedance measurement at a particular frequency, (b) simulation of the impedance
(100kHz to to 0.5mHz) between the positive and negative electrodes for the three-electrode
set-up shown in 3.1(a), (c) positive porous electrode contribution to the full cell impedance:
(I) direct resistance between the positive current collector and reference electrode, (II) kinetic
and capacitive features of the fresh composite electrode components, (III) electrolyte and ac-
tive solid phase lithium-ion diffusion, (d) the negative planar electrode contribution to the
full cell impedance. Every decade change of frequency indicated with 2

In order to meaningfully evaluate the experimental data obtained with
this method, mathematical models based on kinetic and transport equa-
tions are required. Three general approaches have been used in literature
to model porous electrodes: (1) equivalent circuits, (2) cylindrical pore mod-
els, and (3) macrohomonogenous models. Equivalent circuits, although use-
ful for providing a schematic representation of the problem and provid-
ing a potentially fast, online diagnostic, are dif�cult to use when trying to
derive physically-based parameters. The physically-based models avail-
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able represent a movement from cylindrical pore models108�113 to macro-
homongeneous models114�125. Macrohomongeneous models represent the
porous electrode as two superimposed regions containing solid and elec-
trolyte phases, where volume-averaging is used to obtain a set of equations
that use effective properties to account for the porosity and tortuous trans-
port paths.

More recently, the focus has been on deriving impedance models that in-
clude the effects of electrode degradation117,118,122�125. This focus has been
partially due to the potential wealth of information available from this non-
destructive electrochemicalmethod. In addition, EIS could be a viable online
technique for monitoring the state-of-charge and state-of-health of individ-
ual cells in a battery pack22, and could be a key component in the prediction
of battery life. The challenge in incorporating ageing effects into imped-
ance models can be found both in determining what the causes of ageing
are, and then deciding how to model them. SEI layers have been modelled
as a purely resistive layer with an associated �lm capacitance116,117,122�125.
More recently, the local impedance model of particles has included a layer
of resistive solid material, originating from the degradation of the material
properties of the active material, and hence possibly leading to a increased
diffusional and migrational resistance122,123. In addition, models of the pos-
itive electrode have recently included two continuous phases for the active
material and conductive carbon, including a local electronic resistance be-
tween the phases and a double-layer charging current on the high surface
area carbon phase122,123. A breakdown of active particles can be accounted
for by including a distribution of particle sizes, the summation of which does
not exceed the theoretical porosity115,117,121. An increase in the resistance be-
tween the current collector and composite porous material, in parallel with a
double-layer capacitance on the current collector surface, has beenmodelled
previously118.



Chapter 2

Experimental

2.1 Nickelate-based Chemistry for HEV

Using the guidelines of the EUCAR traction battery group31, the lifetime
performance of high-power lithium-ion batteries based on GEN2 chemistry
(nomenclature used by the Advanced Technology Development Program of
the US Department of Energy's FreedomCAR initiative) has been investi-
gated for power-assist HEVs taking steps B, D, F andG in Figure 1.9.

The porous electrode was composite and supplied by Quallion LLC. The
positive electrode consisted of 84wt% active (LixNi0.8Co0.15Al0.05O2) ma-
terial, 8wt% conductive additives (carbon black and graphite) and 8wt%
polymer binder. The positive slurry was coated onto one side of a 30µm
aluminium current collector and compressed to give a thickness of 35µm
and a calculated void volume fraction of 29%. The negative electrode con-
sisted of 92wt% active material (LiyC6) and 8wt% polymer binder. The neg-
ative slurry was coated onto one side of an 18µm copper current collector
and compressed to give a thickness of 35µm and a calculated void volume
fraction of 31%. The liquid electrolyte was 1.2M LiPF6 EC/EMC (3:7 by
wt%). The separator was a 24.8µm high-density polyethylene microporous
�lm (38% porosity; Tonen Setela E25MMS).

2.1.1 Full Cell Investigation

The lifetime performance of coin cells (step B) was studied in a matrix of
different target SOCs (40, 60, 80%) and temperatures (35, 45, 55°C), with
both cycling and calendar conditions (see Table 2.1; Paper III). The design
of the cell is shown in Figure 2.1 and detailed in Paper III. Cycling cells were
pulsed around the target SOC with the charge-neutral EUCAR (5% ∆SOC)
pulse31 (see Section 1.3.1). Calendar cells were held at a �xed potential.
Reference performance tests (RPTs) were undertaken at 25°C after a certain
number of pulses had been completed. These tests included:

1. 1C (9.2Am−2) charge and discharge capacity determination;

25
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2. Combined galvanostatic intermittent titration technique (GITT)/high-
power pulse test;

3. Impedance was measured potentiostatically at three target potentials
(i.e. SOCs: 40, 60 and 80%) after a four hour OCP period with a 10mV
AC amplitude for the frequencies 100kHz to 0.5 mHz, 10 points per
decade.
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Figure 2.1: Coin cell design: (a) comparison of the size of the coin cell next to a gold coloured
10kr coin, (b) cell and component dimensions

Table 2.1: Full cell test matrix
Cycling Calendar Ref. EOL

Temp. Number of cells Number of cells tests
[°C] SOC(%) SOC(%) Cycles Cycles

40 60 80 40 60 80
(3.66V) (3.77V) (3.91V)

35 1 2 1 1 2 1 6500a 26000d

45 2 4 2 2 4 2 3000b 12000e

55 2 4 2 2 4 2 2000c 6000 f

2.1.2 Three-Electrode Investigation

After reaching end-of-life conditions, the coin cells were disassembled (step
D) and the electrodes harvested from cycled cells mounted into a specially-
designed three-electrode set-up shown in Figure 2.2 and described in detail
in Paper II. The three-electrode design had a Te�on cell housing with a ref-
erence electrode based on lithium foil in contact with a nickel wire. This
design applied a small amount of pressure to the surface of the working

a 30 days
b 14 days
c 9 days
d 148 days including reference performance tests
e 84 days including reference performance tests
f 48 days including reference performance tests
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electrode and avoided electrolyte contact between the back of the working
electrode and the current collector. However, this design did not prove to
be overly successful for harvested electrodes because the amount of applied
pressure was too small. Electrochemical measurements (step F) were con-
ducted for both fresh and aged, positive and negative, electrodes in the
three-electrode cell. These experiments included: (1) impedance at multi-
ple SOCs, (2) charge/discharge behaviour and capacity with a low current,
and (3) open-circuit potential as a function of SOC with GITT. The details of
the measurements can be found in Paper II and Paper IV.
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Figure 2.2: Schematic representation of the three-electrode set-up: (a) three-electrode as-
sembly (assembled from right to left), (b) te�on casing with an anchored reference electrode,
electrolyte �lling level and O-rings, (c) detailed magni�cation of the electrode assembly from
(a), and (d) preparation of the working porous electrode

2.1.3 Material Investigations

Several material characterisation techniques have been used in order to: (1)
provide information on the morphology, and (2) investigate the composition
and thickness of surface layers on the electrode surfaces for both fresh and
aged (harvested from calendar cells) electrodes (step G). The morphology
of electrodes was probed with mercury porosimetry (pore-size distribution;
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Paper II), scanning electron microscopy (SEM; electrode structure; Paper II,
Paper IV) and dynamic light scattering (particle-size distribution; Paper II).
Changes to both the composition and thickness of surface layers on active
material and conductive �llers was investigated with X-ray Photoelectron
Spectroscopy (XPS; Paper IV).

2.2 Manganese Spinel-based Chemistry for LEO

The terrestrial and orbital lifetime performance of commercial 3Ah pouch
cells, based on LixMn2O4 technology, has been studied as a part of a JAXA
(Japan Aerospace Exploration Agency) program to demonstrate the use of
lithium-ion batteries onboard LEO microsatellites, taking steps A, B, D, E
and F in Figure 1.9.

The porous electrodes were composite and supplied by NEC-Tokin. The
double-sided positive electrode, consisting of a mixture of active LixMn2O4-
based material, carbon additives and binder coated onto an aluminium cur-
rent collector, was encased in a separator envelope and sandwiched between
double-sided negative electrodes (see Figure 2.3), which consisted of a mix-
ture of graphite and binder coated onto a copper current collector (details
of thicknesses, loading densities and porosities are proprietary). The liquid
electrolyte was 1M LiPF6 EC/DEC (3:7 by wt%) with a few weight percent
additives.

Double-sided

negative electrode

Double-sided

positive electrode

enveloped in a

separator envelope

Figure 2.3: 3Ah pouch cell design used in manganese spinel lifetime studies for LEO satel-
lites: (left) comparison of the size of the pouch cell next to a computer diskette, (right)
schematic of a section inside the pouch cell

2.2.1 REIMEI and Terrestrial Experimental Investigations

A battery pack was developed for the microsatellite REIMEI (see Paper V)
and both the end-of-discharge-voltage (EODV) and temperature were mon-
itored from a control room on Earth (step A). In order to compare terres-
trial and orbital performance, pre-launch experimental simulation (with the
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forecasted cycling and temperature conditions onboard REIMEI) of a battery
cell and an identical copy of the launched battery pack was undertaken and
continued during the duration of the mission. Subsequently, the terrestrial
and orbital EODV performance as a function of cycle number was compared
(step B).

2.2.2 Full Cell Investigation

An accelerated ageing matrix (see Table 2.2; Paper V) of different cycling
depths of discharge (0, 20, 40%; see Section 1.3.2) and temperatures (25,
45°C), was undertaken for the 3Ah pouch cells with periodic reference per-
formance tests at room temperature (step B). These tests included:

1. C/10 (0.3A) and C/3 (1.0A) charge and discharge capacity determina-
tion;

2. Combined current interrupt/potential relaxation test atmultiple SOCs;

3. Impedance was measured at four target SOCs (100, 75, 50 and 25%)
as a part of the combined current interrupt/potential relaxation mea-
surement given above. The impedance was measured potentiostati-
cally at the target SOCwith a 5mV amplitude either for the frequencies
100kHz to 0.5mHz or 100kHz to 10mHz.

Table 2.2: 3Ah battery lifetime test matrix

Cycling Calendar Frequency of End of Life
Temp. No. of cells performance Criterion
[°C] DOD 20% DOD 40% �oating tests
25 2 6 2 Every EODV

400 cycles <
(28 days) 3.75V

45 2 2 - Every As above
400 cycles

2.2.3 Two- and Three-electrode Investigation

At speci�ed points in time, aged cells were taken off testing and the elec-
trodes harvested for further electrochemical measurements (step D). Spe-
cially designed two and three-electrode pouch cell set-ups that recreated,
to a reasonable degree, the conditions in the 3Ah pouch cell were used to
measure both the capacity fade and impedance increase at different states of
charge for both the fresh and aged (positive and negative) electrodes (steps
E and F). A detailed description of the experimental set-ups can be found
in Paper Vand Paper VI. The three-electrode pouch cell design is shown in
Figure 2.4 and evolved due to two factors: (1) access to a very small refer-
ence electrode based on a tin intercalation material that was prepared in situ
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(developed by Argonne National Laboratory), and (2) experience with man-
ufacturing two-electrode pouch cells at Ångström laboratory. The resulting
pouch cell design (prototype developed and tested together with the battery
engineers at NEC-Tokin) allowed for the application of an external pressure,
thus overcoming the problems with the Te�on design in the nickelate life-
timematrix. Two-electrode pouch cells were constructed in a similarmanner
to the three-electrode setup, minus the second separator and the reference
electrode. Electrochemical experiments conducted with the three-electrode
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Figure 2.4: Three-electrode pouch cell con�guration: (a) photo of the assembled cell, (b)
cell sandwich with demonstration of the placement of the 100kΩ resistor during reference
electrode lithiation, (c) in situ lithiation of the reference electrode followed by a long OCP
period, and (d) tin reference electrode

set-up included: (1) open-circuit potential as a function of SOC with GITT,
(2) capacity with two different currents (providing a basis of comparison
with the measured two-electrode capacities), and (3) impedance behaviour
at multiple SOCs. The details of the measurements can be found in Paper
VI.



Chapter 3

Modelling

3.1 Electrochemical Cell

An impedance model, based on porous electrode theory100 and following
an approach similar to that of previous modelling efforts115�117, was devel-
oped and the analytical solution derived for the impedances between each
pair of electrodes in an electrochemical cell comprised of one porous elec-
trode, three porous separators and a reference electrode between a current
collector and a plane electrode (Paper I). The solution was used to study
both positive (Paper II) and negative (Appendix D) composite GEN2 porous
electrodes, including appropriate effects of ageing. The presented solution is
computationally fast, that is particularly suited for optimisation processes,
and versatile and modular, that is easily adjustable to different cell setups,
electrode chemistries, active material particle shapes (i.e. spheres or �akes)
and distribution in size (i.e. lognormal or Dirac), and ageing hypotheses.

In the following, the dynamic equations for the macroscopic and micro-
scopic models are presented. Furthermore, the approach to transforming the
equations to the frequency domain and a summary of the solutionmethod is
presented. Finally, a summary of the optimisationmethodology is provided.
The extension of the macroscopic model to represent a typical lithium-ion
battery chemistry with two composite porous electrodes separated by one
separator is presented in Appendix E.

The electrochemical cell under consideration is shown in Figure 3.1(a).
The porous electrode consists of an electronic conductor (phase I) matrix
and active material (phase II) particles which are held together by a binder.
In addition, the pore system of all four layers is �lled with a concentrated
binary electrolyte which acts as an ionic conductor (phase III). The cell is
assumed to operate at constant pressure and temperature.

3.2 Macroscopic Model

The macroscopic transport equations which are introduced in this section
are derived from their microscopic counterparts using the volume averag-

31
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ing technique100. In this sense, all scalar-type quantities, such as electric
potential and molar concentration, are to be understood as intrinsic and all
vector-type quantities, such as current density and molar �ux, as super�-
cial. It will be assumed that all macro- and microscopic geometric features,
such as layer thicknesses, volume fractions and tortuosity coef�cients, re-
main constant during cell operation. Also, it can be assumed that the elec-
tronic conductivity is constant. The ionic conductivity, salt diffusivity, trans-
ference number and activity coef�cient, however, generally depend on the
salt concentration.
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Figure 3.1: Description of the three-electrode impedance model and simulated (1000Hz to
0.5mHz) effects of ageing (every decade in frequency marked with 2): (a) Model: a layer
thickness is represented by h and the domain number is represented by k. Interfaces: ac-
tive/ionic conductor (ai), electronic conductor/ionic conductor (ei), positive current collec-
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× (+), 100 × (×) base case value; (d) simulated change in the number of active particles
per unit volume: nai = 0.5 × (×), 1 × (+), 2 × (•) base case value
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3.2.1 Porous Electrode

The transport of charge in the electronic conductor is modelled using a bal-
ance of charge and Ohm's law according to

∇ · iI = −st , (3.1)

iI = −ε
1+βI

I κI ∇φI , (3.2)

where iI and φI are the current density and the electric potential in the elec-
tronic conductor, respectively, and st is a source term representing the total
amount of charge transferring from the electronic to the ionic conductor.
Furthermore, εI, βI and κI are the volume fraction, the tortuosity coef�cient
and the electronic conductivity of the electronic conductor, respectively. The
transport of ions in the ionic conductor is modelled using concentrated bi-
nary electrolyte theory100. The balance of charge and the current density
expression thus read

∇ · iIII = st , (3.3)

iIII = −ε
1+βIII

III κIII (∇φIII −P∇cIII) , (3.4)

where iIII, cIII and φIII are the current density, the molar concentration of the
salt in the ionic conductor, and the electric potential measured with a refer-
ence electrode which only involves the cations, respectively. More speci�-
cally, the electric potential measured with a reference electrode is given by

φIII = ΦIII +
RT

z+F
ln (ν+γ+cIII) , (3.5)

where ΦIII is the electric potential in the ionic conductor, ν+ is the dissocia-
tion constant of the cations, γ+ is the molar activity coef�cient of the cations,
R the universal gas constant, T the absolute temperature, z+ the charge num-
ber of the cations and F Faraday's constant. Equivalent to the electronic con-
ductor, εIII, βIII and κIII are the volume fraction, the tortuosity coef�cient and
the ionic conductivity of the ionic conductor, respectively. Additionally, P is
an abbreviation de�ned as

P = (ν+ + ν−)
(
1+

cIII
γ±

dγ±
dcIII

)
(1− t+) R T

ν+ z+ F cIII
,

where ν− is the dissociation constant of the anions, γ± is the mean molar
activity coef�cient of the salt and t+ the transference number, relative to the
solvent, of the cations. The balance of cations and the cation �ux expression
for an assumed stagnant solvent read

∂(εIII cIII)
∂t

+ ∇ · nIII =
sp

ν+ z+ F
, (3.6)

nIII = −ε
1+βIII

III DIII ∇cIII +
t+

ν+ z+ F
iIII , (3.7)
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where nIII is the molar �ux, relative to a stationary coordinate system, of the
cations in the ionic conductor divided by their dissociation constant and sp a
source term representing the partial amount of charge transferring from the
electronic to the ionic conductor which is carried by the cations. Moreover,
DIII is the diffusivity of the salt in the ionic conductor.

3.2.2 Separator Regions

The porous separators, in the absence of an electronic conductor, are mod-
elled by (3.3) - (3.7) with st = sp = 0.

3.2.3 Boundary and Transitional Conditions

In the following, the current collector and the plane electrode are arbitrarily
referred to as the positive and the negative terminal, respectively, since this
is their role allocation in the application of the model. Domain one (k =
1) corresponds to the porous electrode, with domains two to four (k = 2,..,4)
corresponding to the separator layers (see Figure 3.1(a)). Identical quantities
which differ between domains are distinguished by adding a domain index,
using a colon as delimiter where needed. Each region has its own Cartesian
coordinate xk with 0 ≤ xk ≤ hk, where hk is the thickness of domain k. The
following summarise the boundary and transitional conditions:

1. the electric potential of the positive terminal, φp, is set to zero whilst
the electric potential of the negative terminal, φn, is forced to oscillate
harmonically around a constant electric potential, φ0, giving

φn = φ0 + ∆φ cos (ω t + ∆ϕ) , (3.8)

where ∆φ is the amplitude, ω the angular frequency and ∆ϕ the phase
angle of the harmonic oscillation;

2. the electric potential of the electronic conductor at the left end (x1 = 0)
is expressed as p and electronic insulation is imposed at the right end
(x1 = h1);

3. the conditions of the ionic conductor are formulated by introducing
general expressions for the �uxes of charge at its boundaries and re-
quiring continuity at its transitional interfaces (see Paper I, Equations
11 - 18).

3.3 Microscopic Model

All quantities that are introduced in this section are local by nature. When-
ever these quantities need to be coupled to the volume averaged quantities
of the macroscopic model, the deviations on the microscopic scale of the
local quantities from their intrinsic volume averaged values are neglected,
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assuming them to be small compared to the variations on the macroscopic
scale of the intrinsic volume averaged quantities themselves.

3.3.1 Porous Electrode

In the porous electrode charge can transfer from the electronic to the ionic
conductor following two paths. One path passes through the interface be-
tween the electronic conductor and the active material (ea), the active ma-
terial itself and the interface between the active material and the ionic con-
ductor (ai). The other path passes directly through the interface between
the electronic and the ionic conductor (ei). The charge transfer interfaces are
illustrated in Figure 3.1(a).

Active Material

At the interface between the active material and the ionic conductor the
species S may enter a charge transfer reaction to change between its cation
form in the ionic conductor, S+, and its intercalated form in the active mate-
rial, Si, according to

S
z+
+ (III) + z+ e− (II)  Si (II) ,

where e is an electron in the active material which acts as an electronic con-
ductor. The associated faradaic current is modelled using the Butler-Volmer
equation such that

i f ai = i0ai

(
exp

(
αaai F ηai

R T

)
− exp

(
−αcai F ηai

R T

))
, (3.9)

ηai = φII − φIII:1 − E0ai , (3.10)

where i f is the faradaic current density into the ionic conductor, i0 the ex-
change current density, αa and αc are the anodic and the cathodic transfer
coef�cient, respectively, η is the surface overpotential, φII the electric poten-
tial in the active material and E0 the equilibrium potential of the electrode.
Neglecting the concentration dependence in the formulation of the current
which arises from the charging and discharging of the electrochemical dou-
ble layer gives

idai = cdai
∂(φII − φIII:1)

∂t
, (3.11)

where id is the double layer current density into the ionic conductor and cd
the double layer capacitance. The total current density into the ionic con-
ductor, it, and the partial current density into the ionic conductor which is
carried by the cations, ip, are then given by

itai = i f ai + idai , (3.12)
ipai = i f ai + f+ai idai , (3.13)
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where f+ is the fraction of the double layer current density which is carried
by the cations. The transport of the intercalated species in the active mate-
rial is modelled using a balance of the intercalated species and Fick's law
according to

∂cII
∂t

+ ∇ · nII = 0 , (3.14)

nII = −DII ∇cII , (3.15)

where cII, nII and DII are the molar concentration, the molar �ux, relative to a
stationary coordinate system, and the diffusivity of the intercalated species
in the activematerial, respectively. In the following, the effect of the interface
between the electronic conductor and the active material on the transport of
the intercalated species will be neglected. To this end, the active material is
thought of as only being in contact with the ionic conductor. The coupling
of the �ux of the intercalated species at the surface of the active material to
the faradaic current density then gives the boundary condition

nII|s · n =
i f ai

z+ F
, (3.16)

where a subscript s denotes the surface of the active material and n is the
unit normal vector on this surface which points into the ionic conductor.

Interface Between the Active Material and Electronic Conductor

The electric potential in the active material is approximated as being uni-
form throughout a particle. However, a drop in the electric potential can
occur at the interface between the electronic conductor and the active mate-
rial due to a contact resistance. If, as will be the case in the following, the
current density distribution at the surface of the active material is uniform,
the current density at the former interface can be calculated by using a bal-
ance of charge in the active material and the ratio of the areas of the surfaces
involved. This is done by requiring all of the charge going through the inter-
face between the active material and electronic conductor (Ainter f ace) to pass
through the total surface area (Asur f ) of the particle

Ainter f ace · i =
(
i f ai + idai

)
Asur f . (3.17)

In this case, the drop in the electric potential can equally well be modelled
at the surface of the active material by introducing an effective contact re-
sistance which contains this ratio of the surface areas (Asur f/Ainter f ace) as a
factor. Taking this approach yields

i f ai + idai = −φII − φI

rcai
, (3.18)

where rcai is the contact resistance.
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Interface Between the Electronic and Ionic Conductors

The passage of charge through the interface between the electronic and the
ionic conductor is modelled as being due to the charging and discharging of
its double layer only. Treating the double layer current in the same way as
before results in

idei = cdei
∂(φI − φIII:1)

∂t
, (3.19)

itei = idei , (3.20)
ipei = f+ei idei . (3.21)

Source Terms

The coupling between the macro- and the microscopic model is completed
by formulating the expressions for the charge source terms of the macro-
scopicmodel. The analysis was restricted to two kinds of activematerial par-
ticles, namely, spherical particles with a diameter of 2 rs in which the trans-
port can be assumed to occur in the radial direction only and �ake-shaped
particles with a thickness of 2 zs in which the transport can be assumed to
occur in the direction normal to the �ake only. The radial expressions will be
given here, with the �ake expressions found in Paper I (Equation 74). The
expressions for the charge source terms read

s[t/p] =
〈
i[t/p]ai

〉
+ aei i[t/p]ei , (3.22)

where aei is the speci�c surface area of the interface between the electronic
and the ionic conductor and pointed brackets denote an operator which is
de�ned by

〈 f 〉 =
rs=∞∫
rs=0

4π r2s n (rs) f (rs)drs

where f is an arbitrary function of rs, for spherical particles and n the distri-
bution of the number density of the spherical particles over rs. Approximat-
ing this distribution by the lognormal or the Dirac distribution gives

n (rs) =


nai√

2π βai rs
exp

(
− ln2

(rs/rsai)
2 β2

ai

)
, lognormal

nai

rsai
δ
(

rs
rsai

− 1
)
, Dirac

 , (3.23)

where nai is the total number density of the spherical particles, βai, rsai and
zsai are distribution parameters and δ is Dirac's delta distribution.

3.3.2 Positive and Negative terminals

At the positive terminal charge �ows through the interface between the posi-
tive terminal and the electronic conductor (pe). In addition, chargemay �ow
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through the interface between the positive terminal and the ionic conductor
(pi). The local geometry is depicted in Figure 3.1(a). At the former interface
a contact resistance can cause a drop in the electric potential according to

ipe = −
φI|x1=0 − φp

rcpe
, (3.24)

where ipe is the current density out of the positive terminal and into the elec-
tronic conductor. The �ow of charge through the latter interface is thought
of as being generated by double layer charging and discharging which, fol-
lowing the same approach as previously, yields

idpi = cdpi
d
(

φi − φIII:1|x1=0

)
dt

, (3.25)

itpi = idpi , (3.26)
ippi = f+pi idpi , (3.27)

where φi is an intermediate electric potential which differs from the electric
potential of the positive terminal due to a thin resistive layer between the
positive terminal and the ionic conductor. More precisely, the intermediate
electric potential is the electric potential in the resistive layer at the surface
which faces the ionic conductor and the effect of the resistive layer is mod-
elled by introducing a contact resistance such that

idpi = −
φi − φp

rcpi
. (3.28)

At the negative terminal all charge must �ow through the interface between
the negative terminal and the ionic conductor (ni) shown in Figure 3.1(a).
The current arises both from a charge transfer reaction in which the species
S changes between its cation form in the ionic conductor and its pure form
in the negative terminal, Sp, according to

S
z+
+ (III) + z+ e− (n)  Sp (n) ,

where e is an electron in the negative terminal, and from double layer charg-
ing and discharging. Proceeding in the same way as before gives

i f ni = i0ni

(
exp

(
αani F ηni

R T

)
− exp

(
−αcni F ηni

R T

))
, (3.29)

ηni = φn − φIII:4|x4=h4
− E0ni , (3.30)

idni = cdni
d
(

φn − φIII:4|x4=h4

)
dt

, (3.31)

itni = i f ni + idni , (3.32)
ipni = i f ni + f+ni idni . (3.33)
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3.4 Impedance Expressions

3.4.1 Small Harmonic Perturbations from the Equilibrium

State

All variables can be resolved according to

v = v|0 + �v ,

where v is an arbitrary variable, a superscript 0 denotes the equilibrium state
de�ned as the steady state solution for ∆φ = 0 and a superposed hat the
perturbation from the equilibrium state. The parameters that are a function
of vmust also be expanded according to

f (v) = f
(
v|0 + �v

)
= f

(
v|0

)
+

(
d f

dv

∣∣∣∣0
)

�v + higher order terms.

The model is then linearised in the perturbations, assuming them to be
small. Finally, the quasi-steady state of the cell, that is the response of the
cell to its harmonic excitation after the decay of its transient response, is
most intuitively found by writing

�v = Re { �v exp (jω t)} ,
where Re is the real operator, a superposed tilde denotes the time-independent
complex perturbation from the equilibrium state and j is the imaginary unit.
An example of the application of this procedure to Equation 3.7 gives

�nIII:k = −ε
1+βIII:k

III:k DIII|0
d�cIII:k
dxk

+
t+|0

ν+ z+ F
�iIII:k , k = 1, ..., 4 , (3.34)

3.4.2 Cell Impedance

The impedance between two electronically conducting terminals in the cell
can be de�ned as the ratio between the complex perturbations of the drop
in the electric potential between these terminals and the current density go-
ing through the cell. Without loss of generality, choosing to evaluate the
latter in the ionic conductor at the left end of the third porous separator, the
impedance between the positive and the negative terminal, Z , reads

Z = −
�φn − �φp

�iIII:4
∣∣
x4=0

. (3.35)

A reference electrode which only involves the cations can be introduced
at the left end of the third porous separator. Since the electric potential in
this kind of reference electrode and in the ionic conductor only differs by a
constant, their complex perturbations are identical. The impedance between
the positive and the reference terminal, Zp, and between the reference and
the negative terminal, Zn, are given in Paper I (Equations 58 and 59).
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3.5 Solving the Equations

The equations are �rst converted to give a set of differential equations and
corresponding boundary and transitional conditions, for �φI, �φIII:k and �cIII:k.
These equations are then nondimensionalised to give φ̄I, φ̄III:k and c̄III:k. Rear-
ranging the resulting set of equations into a standard form and introducing

s1 =

 φ̄III:1
c̄III:1
φ̄I

 , (3.36)

sk =
(

φ̄III:k
c̄III:k

)
, k = 2, ..., 4 ,

gives the coupled set of ordinary differential equations

d2sk
dx̄2k

= Ak sk , k = 1, ..., 4 , (3.37)

where the Ak matrices and boundary and transitional conditions can be
found in Paper I (Equations 45 - 54). The fact that (3.37) is not only linear but
also has constant coef�cients makes it possible to decouple the equations by
using an eigen decomposition ofAk and writing the solution vector in terms
of the corresponding eigenvectors of Ak. Solving the resulting decoupled
second order differential equations and inserting the result (Equation 55;
Paper I) into the boundary and transitional conditions gives a linear set of
complex algebraic equations to solve for the unknown complex constants
(cklm)

Bc = r ,

were the components of B and r can be found in Paper I.

3.6 Optimisation

The objective of the �tting was the minimisation of a merit function, in this
case the least-squares formulation, χ2, expressed as,

χ2 (a) =
k

∑
n=1

∣∣Zp,exp,n −Zp,sim,n

∣∣2
σ2
n

, (3.38)

where Zp,exp is the experimental positive electrode data, k is the number of
data points, and σ is the standard deviation of the experimental data. The
hybrid optimisation method incorporated both global and local optimisa-
tion routines. A diagram outlining the method is shown in Figure 3.2 and
explained in detail in Paper II.
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Figure 3.2: Hybrid optimisation strategy incorporating both a global genetic method and a
local optimisation method

3.6.1 Parameter Extraction: Fresh Electrode Data Methodol-

ogy

Fresh positive electrode impedance spectra at multiple SOCs were �tted si-
multaneously from 1000Hz to either 0.5 or 1.0mHz. In order to obtain good
�ts of the low frequency data, whilst still obtaining parameter values of a
magnitude that were justi�able in the high-frequency region, the electrolyte
transport properties and the absolute active particle size distribution (mea-
sured with SEM) were �xed to measured values. All parameter values that
were �xed can be found in Paper II (Tables III and IV). The parameters that
were �tted with the estimation that they were either dependent or inde-
pendent of the SOC can be found in Table 4.1. The resulting optimisation
strategy �tted sixteen parameters to three data sets.

3.6.2 Identifying the Effects of Ageing: Methodology

The same general approach of simultaneously �tting multiple impedance
spectra from 1000Hz to 0.5mHz was used for the aged data. However, the
combination of parameters �tted was different, with the approach depend-
ing on which ageing scenario was being tested. The main parameters which
could be related to effects of ageing were investigated in Paper I in order to
study their impact and to see whether their effects could be differentiated
from each other. The result of varying either the contact resistance between
the positive current collector and the electronic conductor (rcpe), the local
contact resistance (rcai), or the number of active particles per unit volume
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(nai) can be seen in Figures 3.1(b), (c) and (d), respectively. The parameters
were seen to have quite distinct effects on the impedance spectrum which
was essential for the regression of experimental data and the study of age-
ing hypotheses. Although many different scenarios were tested, only the
�ve scenarios that gave good �ts are reported in Paper II. The ageing sce-
narios investigated can be summarised as follows:

Case One: the local contact resistance between the carbon phase and the ac-
tive material, rcai, was �tted as a function of SOC. The absolute particle
size distribution, nai, βai and rsai, was �tted to represent a possible loss
of access to active material. Finally, the properties of the resistive layer
on the current collector, rcpe, cdpi

∣∣0, rcpi, were �tted;

Case Two: the same as Case One, however, the double layer capacity per
unit volume of the carbon-phase, aei cdei|0, was �tted to represent either
a change due to surface layer formation or loss of carbon;

Case Three: the same as Case One, but the scenario was extended to include
the �tting of the active phase diffusion coef�cient, DII|0, as a function
of SOC;

Case Four: the same as Case Two, but the scenario was extended to include
the �tting of the active phase diffusion coef�cient, DII|0, as a function
of SOC;

Case Five: the same as Case One , but the absolute particle size distribution
was �xed to the fresh optimised values and the active phase diffusion
coef�cient, DII|0, �tted as a function of SOC.

The parameters �tted for scenario one can be found in Table 4.1. All pa-
rameters that were assumed not to change with ageing were set to the fresh
parameter values.



Chapter 4

Results

4.1 Nickelate-based Chemistry for HEV

The investigation of the lifetime performance of lithium-ion batteries based
on GEN2 chemistry for power-assist HEVs has involved a combined ap-
proach, including both experimental (see Section 2.1) and modelling (see
Chapter 3) work. The structure of the work undertaken is detailed in Fig-
ure 4.1. This diagram illustrates the four main approaches taken, together
with the more speci�c techniques used and the system variables varied in
order to extract meaningful data. The data evaluation is demonstrated in
Figure 4.1 in order to clearly highlight the information available from each
approach when studying performance degradation. In addition, the Fig-
ure demonstrates the �ow of information between the different parts of the
work, with the identi�cation of the need for publishedmaterial observations
from other research groups. The complete set of results can be found in Pa-
per I to Paper IV. This section seeks to illustrate the salient ageing-related
points observed and is organised into four sections (consistent with the four
approaches outlined in Figure 4.1):

� Lifetime matrix: coin cell performance

� Harvested electrode performance

� Materials characterisation results

� Impedance model optimisation results

The discussion in this section is limited to clearly identifying trends. A de-
tailed comparison with other published nickelate lifetime studies in order
to determine the validity of both the results and the methodology, together
with an extension of the discussion to postulate possible ageing hypotheses
and the relevance of the results for managing batteries onboard HEVs, is rel-
egated to Chapter 5.

NB: The main points are summarised in a list at the end of each section

43
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Lifetime matrix: Coin cells
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Figure 4.1: Structure of the diagnosis of the lifetime performance degradation of lithium-ion
batteries (GEN2 chemistry) for power-assist HEV application
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4.1.1 Lifetime Matrix: Coin Cell Performance

The impact of temperature (35, 45, and 55°C) on the 1C discharge capacity
(4.1 - 2.7V; 25°C) for a cell aged with either a cycling or calendar condition at
the target SOC 60% is shown in Figure 4.2(a). The �gure demonstrates that
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Figure 4.2: Dependence of C-discharge capacity (4.1 - 2.7V; 25°C) fade on target SOC and
temperature; (o, x, +, ∗) cycling, (2, ♦, O, C) calendar: (a) C-discharge capacity fade of
cells aged at SOC60 with three temperatures: (black) 35°C, (red) 45°C, (green) 55°C; (b)
C-discharge capacity fade at 45°C at different target SOCs: (black) SOC40, (red) SOC60,
(green) SOC80

the capacity fade was independent of the cycling condition but accelerated
by a higher testing temperature. The same result was found for all target
SOCs (Paper III). In order to investigate the impact of the target SOC, the
capacity fade at 45°C for all three SOCs was plotted in the same graph and
shown in Figure 4.2(b). Two interesting points are demonstrated in Figure
4.2(b): (1) there was a large spread in the capacity measured at beginning-of-
life (BOL), suggesting that this electrode chemistry and cell design needed a
longer period of formation cycling prior to lifetime testing, and (2) although
the results at SOC60 indicate that there was a small amount of scatter in
the data, on the whole there was no clear effect of the target SOC. Similar
observations were made for cells aged at 35°C and 55°C, with more spread
in the data at the higher temperature. Overall, the results indicated that
capacity fade was dependent on the testing temperature but independent of
both the target SOC and cycling condition.

The impedance was measured at regular intervals at 25°C and at the
same SOC as the target testing SOC. The effect of the cycling condition for
cells aged at SOC80 and 45°C is shown in Figures 4.3(a) and (b). A com-
parison of the results for the cycled cell 4.3(a) with the calendar cell 4.3(b)
revealed that the trends with respect to shape and magnitude were the same
regardless of the cycling condition. The effect of temperature for cells cycled
at SOC80 is shown in Figures 4.3(a) and (d) for 45 and 55°C, respectively.
The impedance curves were measured at different points of ageing for each
temperature, but in general the low frequency impedance increased. The in-
teresting behaviour was exhibited in the high-frequency semi-circle, where
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Figure 4.3: Investigating the effect of different conditions (cycling, target SOC and temper-
ature) on the evolution of the coin cell impedance (100kHz to 0.5mHz; insert from 100kHz
to 0.1Hz; measured at 25°C): (a) full cell aged with EUCAR cycle at 45°C around SOC80
(+); (b) full cell aged with calendar test at 45°C at SOC80 (C); (c) full cell aged with EU-
CAR cycle at 45°C around SOC40 (o); (d) full cell aged with EUCAR cycle at 55°C around
SOC80 (∗). At 45°C: (∗) 3000 cycles, (∗) 6000 cycles, (∗) 9000 cycles and (∗) 12000 cycles.
At 55°C: (∗) 2000 cycles, (∗) 3500 cycles and (∗) 6000 cycles. Every decade in frequency
(100kHz, 1000Hz, 100Hz, 10Hz, 1Hz, 0.1Hz, 0.01Hz, 1mHz) indicated with 2

a second-bump developed between ∼50Hz to 0.2Hz. The magnitude of this
bump was observed to increase between 35°C and 45°C (Paper III), with
the same size bump developing after a shorter period of time at 55°C. The
same trends could be seen for the cells aged at SOC40, SOC60 and SOC80,
except the magnitude of the second-bump between ∼50Hz to 0.2Hz was
signi�cantly larger for the higher SOC (compare Figure 4.3(a) and (c)). The
frequency at the intersection between the high-frequency semi-circle and the
low-frequency diffusion tail, de�ned as fmin in other work126, was observed
to became progressively smaller with increasing cycle number and temper-
ature. At each point of ageing at a particular temperature, the frequency of
fminwas smaller at higher target SOCs. This observed decrease with increas-
ing cycle number was in good agreement with other lifetime observations
for nickelate-based chemistry126.

The approach of measuring the impedance at the same SOC as the target
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SOC had the disadvantage of not allowing a clear distinction to be made
between the effect of the ageing condition and the effect of measuring at
the target SOC. The problem is illustrated in Figure 4.4. This problem was
overcome by examining the power output of each cell when dischargedwith
a high-current (20C) pulse for 18s from the same SOC (60%) as a part of the
combined GITT/high-power pulse reference performance test (RPT). The

19s open-circuit potential
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Figure 4.4: Approach to interpreting measured performance data: (left) cells aged by either
pulsing around or �xing at the target SOC (40, 60, 80%), (middle) EIS measured as a part
of the reference performance tests at 25°C at the same SOC as target SOC, (right) remove
the impact of measuring at the target SOC by discharging all cells from the same SOC (i.e.
60%)

results for cells aged at SOC40, 60 and 80 at 45°C is shown in Figure 4.5(a).
The results for the cells at SOC60 demonstrate that there was some scatter
in the data. However, it can be seen that nearly all cells provided a constant
amount of pulse discharge capacity during the duration of the lifetime test
and the decrease in the discharge pulse powerwas small and independent of
the target SOC. The results suggest that the magnitude of the bump between
50Hz and 0.2Hz was related to the SOC the impedance was measured at
as opposed to degradation due to the ageing condition. This hypothesis
was strengthened when the impedance of cells aged for the equivalent of
3500 hybrid cycles at 55°C was accidentally measured at SOC100 instead
of SOC60 (see Figure 4.5(b)). The magnitude of the second bump between
50Hz and 0.2Hz at SOC100 after 3500 cycles was larger than at SOC60 after
6000 cycles. In future work, the RPTs would have to be extended to allow for
the impedance to be measured at the ageing condition (target SOC) and at a
common SOC for all cells. It was not possible to do so in the current work
due to equipment restrictions, however, the combined GITT/high-power
pulse RPT was speci�cally designed to investigate the performance of all
cells at the same SOC.
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Figure 4.5: (a) Increase in the pulse discharge resistance at SOC60 (GITT RPT measure-
ment; 25°C) of cells aged at 45°C at different target SOCs; (black) SOC40, (red) SOC60,
(green) SOC80; (o, x, +, ∗) cycling, (2, ♦, O, C) calendar; (blue) SOC40, SOC80 pulse
discharge capacity; (pink) SOC60 pulse discharge capacity; (b) Evolution of coin cell imped-
ance (100kHz to 0.5mHz; impedance measured at SOC60): full cell aged with calendar test
at SOC60 (♦), 55°C; (∗) 2000 cycles and (∗) 6000 cycles (insert from 100kHz to 0.1Hz);
Impedance measured at SOC100 at 3500 cycles (∗)

Overall, the coin cell results supported four statements:

1. The capacity fade of coin cells was independent of both the cycling
condition (i.e. EUCAR cycle or calendar conditions) and target SOC,
but primarily dependent on the testing temperature;

2. All cells aged at the same temperature exhibited the same resistance
when pulse discharged at the same SOC (60%) at 25°C, regardless of
the target SOC or cycling condition during ageing. Hence, the power
fade of coin cells was independent of the target SOC and cycling con-
dition, but dependent on the testing temperature;

3. Impedancemeasurements at the target SOC revealed that changeswere
concentrated in the high-frequency semi-circle, with the appearance of
a second semi-circle between ∼50Hz to 0.2Hz that had a larger mag-
nitude at higher SOCs. This observed high-frequency impedance be-
haviour at higher SOCs was attributed to the SOC at which the cells
were measured at and not a result of the target SOC ageing condition;

4. It was dif�cult to obtain reproducible results with the coin cell setup.
It became necessary to assemble a large quantity of cells (at least triple
the number of cells required for testing) in order to obtain the required
number that satis�ed initial performance criteria prior to lifetime test-
ing.
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4.1.2 Harvested Electrode Performance

In order to investigate the contribution of each electrode to the full cell im-
pedance, all cells aged with a cycling condition at 35°C and 45°C were care-
fully disassembled and each electrode re-assembled in the three-electrode
set-up used to test fresh electrode material. The trends in the data were sim-
ilar regardless of the ageing condition so only the results for electrodes aged
at 35°C around SOC80 are shown.

The impedance measured at three states of charge (y = 0.30, 0.46 and
0.58) for the aged negative electrode is shown in Figure 4.6(d). The resulting
impedance curves had a slightly different high-frequency semi-circle shape
but overall similar magnitude in comparison with the impedance measured
for the fresh electrode (see Figure 4.6(c)). Similar results have been shown
in other published work19. Although the negative electrode impedance was
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Figure 4.6: Identi�cation of the source of impedance increase with three-electrode imped-
ance measurements (1000Hz to 0.5mHz; insert from 1000Hz to 0.01Hz) at different SOCs;
positive electrode: (+) x = 0.33; (∗) x = 0.43; (•) x = 0.54; negative electrode: (+) y =
0.58; (∗) y = 0.46; (•) y = 0.30; (a) Fresh positive electrode; (b) Aged positive electrode
(35°C, cycling cell, SOC80) ((×) �tted result with Case One at each SOC; 1000, 125, 10,
1, 0.1, 0.01, 1.0mHz and 0.5mHz indicated with 2); (c) Fresh negative electrode; (d) Aged
negative electrode (35°C, cycling cell, SOC80)

not responsible for the observed change in the full cell impedance, the same
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statement could not be made for the positive electrode. The impedance mea-
sured at three states of charge (x = 0.33, 0.43 and 0.54) for the aged positive
electrode is shown in Figure 4.6(b). The resulting impedance curves had a
different shape andmagnitude in comparisonwith the impedancemeasured
for the fresh electrode (see 4.6(a)). In addition, the increase in the magnitude
of the impedance curve did not correspond with the increase in the magni-
tude of impedance observed for the full cell. Besides the magnitude of the
impedance curve for the aged electrode, two further interesting observations
were made. Firstly, the shape of the impedance for the aged electrode resem-
bled that observed for a planar electrode (see Section 1.7.2), perhaps indicat-
ing that the electrode had transformed from porous to planar behaviour due
to an increase of the local impedance in the porous electrode. Secondly, the
width of the high-frequency semi-circle was largest for the state of charge
which corresponded to the smallest lithium-ion concentration in the active
material (x = 0.33), and hence the smallest volume expansion for the active
particle. This observation was in direct contradiction to the trend seen in the
fresh electrode impedance, where the high-frequency semi-circle was wider
for the highest lithium-ion concentration (x = 0.54). This result indicated that
the high-frequency behaviour observed for the aged material was probably
not a kinetic observation, but perhaps related to a local contact resistance.
In order to investigate this observed impedance behaviour further, two ac-
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Figure 4.7: Development of an ageing hypothesis: (a) fresh and aged (35°C, cycling cell,
SOC80) positive electrode capacity based on a C/10 protocol (3.0-4.2V vs Li/Li+); (o) fresh,
(4) aged �rst discharge, (− −) aged second discharge, (− ¦) aged third discharge, (−) aged
fourth discharge; (inset) relaxation of the potential after �rst charge (4) and third charge
(− ¦); (b) Aged positive electrode impedance (35°C, cycling cell, SOC60) data at different
states of charge (electrode was cycled prior to impedance check); impedance from 1000Hz
to 0.5mHz, (+) x = 0.33; (*) x=0.43; (•) x=0.54; 50, 0.5, and 0.02Hz indicated with (2)
(insert from 1000Hz to 0.5Hz). The effect of increasing the pressure on the working electrode
was investigated from 1000Hz to 0.02Hz: (o) x=0.43

tions were undertaken. Firstly, the C/10 cycling behaviour of harvested pos-
itive electrodes was examined and shown in Figure 4.7(a). A comparison be-
tween the capacity of the �rst discharge of the aged electrode, 13Ahm−2, and
the discharge capacity of a fresh electrode, 15.6Ahm−2, clearly showed that
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there was a decrease in the C/10 capacity of the aged electrode. However,
during the second cycle of the C/10 capacity test, the discharge capacity of
the aged electrode decreased to 8.45Ahm−2, equating to a 35% decrease in
comparison to the discharge capacity of the �rst cycle. After completing the
1C capacity test and impedance measurements, the C/10 capacity for the
aged electrode was measured twice to be approximately 8.45Ahm−2.

In order to try and understand the cause of this decrease in the capac-
ity, the relaxation of the potential during the four hour OCP condition after
charging was investigated (see the inset of Figure 4.7(a)). The relaxation of
the potential after the �rst charge was signi�cantly smaller in comparison
with the results for the third charge. This result is believed to be related
to the pressure applied to the surface of the aged electrode in the three-
electrode set-up. It is postulated that after the �rst charge/discharge of
the aged positive electrode in the three-electrode set-up, the contraction and
elongation of the particles results either in the complete detachment locally
of active material or a signi�cant increase in the local resistance between ac-
tive/carbon and active/active particles. As a result, when the electrode is
cycled with the same cycling protocol (C/10 current; 3.0 - 4.2V vs Li/Li+)
the voltage losses are higher, thus leading to a smaller charge/discharge
capacity and a larger relaxation of the current after the charging period. Al-
though not shown, this decrease in capacity after the �rst C/10 capacity test
was exhibited for all harvested aged electrodes, with the samples from cells
tested at higher temperatures exhibiting a larger capacity decrease.

Secondly, the impact of the pressure applied to the surface of aged pos-
itive electrodes was investigated in the three-electrode set-up. Increasing
the applied pressure resulted in a signi�cant decrease in the width of the
high-frequency semi-circle (see Figure 4.7(b)). This improvement in the im-
pedance of aged positive electrodes with pressing has also been observed in
other work54.

Overall, the three-electrode electrochemical results for the electrode ma-
terials supported �ve statements:

1. The positive electrode was responsible for the observed changes in the
full cell impedance;

2. The specially designed three-electrode set-up was appropriate for the
cycling and impedance measurements conducted on fresh electrode
samples. However, the pressure applied to the surface of the elec-
trode sample was observed to have a large impact on the quality of
the measurements for harvested aged electrode samples. Hence, the
three-electrode set-up should be adapted to allow for a greater, or even
variable, pressure to be applied to the surface of harvested aged elec-
trodes;

3. A combination of (a) the change in the shape in the harvested positive
electrode impedance, (b) the observed impact of applied pressure to
the surface of harvested electrodes, (c) the observed cycling behaviour,
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and (d) the trend of the high-frequency impedance with SOC all im-
plied that a change in a local contact resistance was primarily respon-
sible for the impedance increase;

4. Both the change in the shape and trend of the high-frequency imped-
ance with SOC of harvested positive electrodes correlated well with
the second bump behaviour observed in the full cell impedance;

5. In order to propose an ageing hypothesis for the positive electrode ma-
terial, the electrochemical observations needed to be combined with
material characterisation observations (both from within the scope of
this thesis and other published observations) and modelling work. In
particular, the observation of the dependence of the electrode imped-
ance on the SOC has a unique implication for the proposed ageing hy-
pothesis, in the sense that the effect of ageing has to result in a larger
high-frequency semi-circle at lower solid-phase lithium-ion concentra-
tions.

4.1.3 Materials Characterisation Results

The impedance model required parameter inputs relating to the morphol-
ogy of the composite porous electrodes. The thickness of the electrodes,
h1, and calculation of the conductive (in the case of the positive electrode),
active and liquid phase volume fractions, εI, εII and εIII:1, respectively, was
based on data provided by the manufacturer and veri�ed with SEM and
porosimetry (see Figures 4.8(e) and (f)) measurements. The solid phase ef-
fective lateral conductivity was estimated from the high-frequency intercept
of EIS on a sheet of electrode. Particle-size distribution (PSD) parameters
based on the analysis of SEM images were used after comparison with re-
sults obtained with dynamic light scattering measurements for both active
powder prior to electrode fabrication and a dissolved electrode (see Paper
II). SEM images of the cross-section of both electrodes are shown in Figures
4.8(a) and (b). Using these images, the resulting measured PSDs are shown
in Figures 4.8(c) and (d). The mean and standard deviation of the particle
size distributions were used in an expression for a log-normal distribution
(refer to Equation 3.23 and Paper I), with the PSD parameters given in Tables
4.1 and D.1 for the positive (spherical active particles) and negative (�ake-
shaped active particles) electrode, respectively.
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Figure 4.8: Material characterisation results for fresh electrodes: (a,c,e) positive electrode,
(b,d,f) negative electrode; (a,b) SEM micrographs of the cross-section of the composite elec-
trodes, (c) (o) fresh active powder with dynamic light scattering (DLS), (x) fresh composite
porous electrode evaluated with SEM, (b) full measured spectrum for dissolved composite
porous electrode measured with DLS [inset: full measured spectrum for dissolved composite
porous electrode measured with DLS], (d) fresh composite porous electrode evaluated with
SEM, (e,f) mercury porosimetry: (-o-) measured points with a �tted spline function
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Surface Characterisation of Positive Electrodes

The existence, composition and thickness of surface layers on both fresh
and aged (harvested from calendar cells aged at all three temperatures and
target SOCs) positive electrodes was investigated with SEM and XPS mea-
surements (Paper IV). The positive electrode was speci�cally investigated
because it was identi�ed as being the main source of impedance increase.
Harvested electrodes were washed and vacuum-dried and transferred to the
analysis chamber of the XPS in a specially built transport chamber in order
to provide protection from air and moisture. A comparison of the SEM im-
ages for a fresh and aged positive electrode are shown in Figures 4.9(a) and
(b), respectively. It could be clearly seen that the pristine surfaces of the com-
posite electrode components (i.e. active material + graphite + carbon black)
were covered with a deposit after ageing.

LixPFy , LixPOyFz

LiF

Polymer/polycarbonate

Corrosion product + Li2CO3

LixNi0.8Co0.15Al0.05O2

LiPF6 LiF + PF5

PF5 + H2O POF3 + 2HF

HF + Li2CO3 2LiF + H2O+CO2 H2O

LixNi0.8Co0.15Al0.05O2 + yLi
+

 + yEl Lix+yNi0.8Co0.15Al0.05O2 + yEl
+

LiNi0.8Co0.15Al0.05O2 + 2x HF 2x LiF + Li1-2xNi0.8Co0.15Al0.05O2-x + H2O

Li
+ EC

Li
+

4LiNi0.8Co0.15Al0.05O2 + 4PF5 3LiPF6 + 2(Ni0.8Co0.15Al0.05)2O3 + LiPO2F2 

4PF5 + 4Li2CO3 3LiPF6 + 2CO2 + LiPO2F2 

(a)

(b)

(c)

Figure 4.9: Material characterisation results for harvested positive electrodes: (a) fresh
electrode, (b) aged electrode (35°C, 40% SOC, calendar), (c) a proposed model for the Solid
Electrolyte Interface (SEI) surface layer on a LixNi0.8Co0.15Al0.05O2 particle

Fresh Composite Electrode

Survey XPS spectra of the electrode revealed that the LiNi0.8Co0.15Al0.05O2

active particles in the composite electrodewere imbedded in the PVdF binder
due to the large content of �uorine and carbon on the surface. By Ar+ etch-
ing the surface, all the different binding energies for Li, Ni, Co, Al and O (see
Paper IV) appeared in the expected proportions and the amount of �uorine
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decreased to a steady state level after 90s of sputtering. Examination of the
F1s XPS spectrum revealed a small peak corresponding to trace amounts of
LiF in the surface even before exposure to electrolyte, cycling or detrimental
Ar+ sputtering. Ar+ sputtering resulted in the surface becoming more and
more covered by LiF, which was an indication of both the detrimental force
of the sputtering and of the instability of the PVdF binder. Examination of
the C1s XPS spectrum revealed the typical peaks for carbon black, the PVdF
binder and Li2CO3. The presence of Li2CO3 was further con�rmed after
examining the O1s spectrum.

XPS Spectra for Stored Samples at Different Temperatures

The focus during the investigation of the surface layers on the aged elec-
trodes was the identi�cation of any composition trends with respect to tar-
get SOC or temperature. The C1s, F1s, P2p and O1s spectra were compared
for cells aged at either 35°C, 45°C or 55°C with calendar conditions at SOC
40% or SOC 80% (see Paper IV). The following points summarise the main
observations:

� Surface layers on harvested electrodes had a composition that was in-
dependent of the SOC during ageing, with the same species present at
all temperatures but with more present at higher temperatures;

� The change in the composition of surface layers was more signi�cant
when the temperature was increased from 35°C to 45°C in comparison
with 45°C to 55°C;

� The LixNi0.8Co0.15Al0.05O2 material and conductive additiveswere cov-
eredwith a surface layer, but the thickness of the layer on the nickelate-
based material was larger and found to increase with increasing tem-
perature. In general, the surface layer formed during storage was thin
(<50Å), and thinner than the corresponding solid electrolyte interface
(SEI) formed on negative electrode materials57;

� Examination of the P2p spectra did not reveal the same magnitude
of decomposition of LiPF6 to LixPFyOz compounds as observed for
harvested GEN1 (LixNi0.8Co0.20O2) electrodes62, hence indicating that
aluminium substitution perhaps has an important impact on struc-
tural stability at low states of lithiation and hence formation of oxygen-
containing surface species.

Details on the bulk reactions for LiPF6-based electrolytes and possible
surface �lm formation reactions for nickelate-based active material can be
found in Sections 1.6.1 and 1.6.2, respectively. Combining the observations
in this workwith other published results lead to the proposal of a SEI surface
layer on a LixNi0.8Co0.15Al0.05O2 particle, which is shown in Figure 4.9(c).



56 CHAPTER 4. RESULTS

Conductivity of Composite Electrodes as a Function of Applied Pressure

In order to investigate a possible break-down in the conductive matrix of the
harvested aged electrodes, EIS of fresh and aged samples was measured in
a contact resistance set-up (see Figure 4.10(a) and Paper II). No change was
observed for aged negative samples, with the results for the aged positive
samples shown in Figure 4.10(b). The resistance was both low in magnitude
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Figure 4.10: Contact resistance measurements: (a) setup, (b) positive electrode results: (N)
fresh, (∗) SOC40 cycling cell 45°C, (o) SOC40 cycling cell 45°C, (x) SOC60 cycling cell
35°C, (H) SOC80 cycling 35°C, (+) SOC80 cycling cell 45°C, (¥) SOC80 cell calendar
45°C

and almost independent of the applied pressure for the fresh electrode sam-
ple. The magnitude of the resistance data could not be reproduced between
multiple samples harvested from coin cells aged with the same conditions.
However, the resistance of aged samples was larger than fresh electrodes,
with a clear pressure dependence (corresponding well with the pressure de-
pendence of impedance results, see Figure 4.7(b)). This increase in the direct
resistance of harvested aged electrodes could have possibly been due to ei-
ther an increase in the contact resistance between the conductive phase and
the current collector, or due to an increase in the local resistance between
conductive carbon particles.

Overall, the material characterisation investigations supported six state-
ments:

1. Positive active material was spherical shaped and negative active ma-
terial �ake shaped, with the distribution in primary particle size of
both materials best measured with SEM micrographs and mathemati-
cally described with a log-normal distribution;

2. Fresh positive electrodematerial revealed the presence of PVdF binder,
Li2CO3 and LiF. Depth-pro�ling with Ar+ sputtering resulted in fur-
ther formation of LiF due to the instability of the PVdF binder, high-
lighting the care that should be taken when using this technique for
characterising surface layers on aged electrode surfaces;
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3. A surface layer was observed to form on all of the surfaces (i.e. ac-
tive material + conductive �llers) in the composite positive electrode.
These layers had a composition that was independent of the SOC dur-
ing ageing, with the same species present at all temperatures but with
more present at higher temperatures;

4. The direct resistance of aged positive electrodeswas found to be greater
than fresh electrodes, with a clear dependence on pressure;

5. The observation that the composition and thickness of the surface layer
formed on positive electrode surfaces was independent of the target
SOC during ageing removed this effect of ageing as an explanation
for the observed high-frequency behaviour for coin cells aged at high
SOCs (assuming that the resistance of surface layers is independent
of the electrode SOC). In addition, given that the positive SEI layer is
similar in composition and markedly thinner in comparison with the
negative SEI layer, it is dif�cult to attribute the observed increase in
the positive impedance with ageing to this one effect alone19.

6. As detailed in Section 1.6.2, the formation of a thin (<10nm) discontin-
uous LixNi1−xO (Ni2+) surface layer on LixNi0.8Co0.15Al0.05O2 parti-
cles has been observed as opposed to Ni3+ in the bulk19. This effect of
ageing is often identi�ed as the main cause of the impedance increase
of the positive electrode. Unlike GEN1 material, where the thickness
of this layer has been observed to increase with time127 with a corre-
sponding increase of surface �lm species containing an oxygen species
(oxygen lost from the oxide surface lattice is postulated to react with
the adjacent electrolyte to form organic and inorganic compounds),
the LixNi1−xO surface layer was not observed to change with time on
GEN2 material19. The XPS observation in this work of a signi�cantly
smaller amount of surface species containing a P-O bond seems to be
consistent with the observation that the thickness of the LixNi1−xO
layer does not change with time.

4.1.4 Impedance Model Optimisation Results

Electrochemical impedance spectroscopymeasurements undertaken on har-
vested GEN2 electrodes were used to identify the main source of impedance
increase (i.e. the positive electrode). This information alone is useful for the
improvement of the battery chemistry. However, a promotion of impedance
spectroscopy from a mere electrochemical method for the comparison of ex-
perimental results to a tool for extracting different physical properties and
developing ageing hypotheses was sought. Electrochemical and materials
observations have been combined in this study to test different ageing sce-
narios when �tting aged positive electrode data, working from a strong base
of fresh electrode optimised parameter values.
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Figure 4.11: Illustration of the use of the three-electrode impedance model to both �t fresh
positive electrode data and develop an ageing hypothesis: (a) fresh electrode data; optimised
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Parameter Extraction: Fresh Positive Electrode

The result of simultaneously �tting the impedance model to the measured
fresh positive electrode impedance data at three SOCs (x equal to 0.33, 0.43,
0.54), from 1000Hz to 0.5mHz, can be seen in Figure 4.11(a) for the x equal
to 0.43 case (the other two cases are omitted for clarity and can be found
in Paper II). The �tted parameter values, either dependent or estimated as
independent of SOC, can be seen in Table 4.1. The values for the �xed pa-
rameters can be found in Paper II (see Tables III and IV). The �t for all three
data sets at all frequencies was good, with only a slight deviation between
the experimental and simulated data in the low-frequency of the x equal to
0.33 result. This deviation could have been due to the higher uncertainty in
the measured data at very low frequencies. The optimisation methodology
lead to sixteen parameters being �tted to three data sets, with three �tted
parameters dependent on the SOC and seven parameters independent of
SOC. Several key observations were made when undertaking the parameter
optimisation:

1. In order to con�dently optimise a value of the solid phase diffusion co-
ef�cient, DII|0, it was important to �x parameter values that had an im-
pact on the quality of the �t in the low-frequency region. Such param-
eters included those associated with the distribution in the size of the
active particles, the transport properties of the ionic conductor and the
slope of the equilibrium curve. The active phase log-normal particle-
size distribution (PSD) was �xed to values measured with SEM, the
transport properties of the ionic conductor were �xed to values mea-
sured in other work from the group43 and the slope of the equilibrium
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curve, E
′
0ai

∣∣∣0, at each value of x (see Figure A.1(b)) was �tted between
the limits given by measured distributions (see Paper II, Figure 9);

2. Con�dence in the approach to �xing the active phase PSD values was
provided in the optimised kinetic parameters, i0ai|0, that had both a
magnitude and trend (see Table 4.1) that corresponded well with the
�tted values for LiMn2O4 positive porous electrodes in other published
work118. If the surface area used in the impedance model had been
much lower, the �tted value for the exchange current density would
have been much higher, and vice versa;

Table 4.1: Optimised parameters for the positive composite electrode

Fitted x in LixNi0.8Co0.15Al0.05O2

Param. Units 0.33 0.43 0.54
Dependent on state of charge
i0ai|0 Am−2 1.116 × 100 1.013 × 100 7.211 × 10−1

E
′
0ai

∣∣∣0 Vm3mol−1 −2.805 × 10−5 −2.965 × 10−5 −1.824 × 10−5

DII|0 m2s−1 1.607 × 10−15 1.629 × 10−15 1.109 × 10−15

(4.424 × 10−16) (5.264 × 10−16) (4.092 × 10−16)
Estimated as independent of state of charge

Fresh electrode Aged electrode
(Case one)

βIII:1 - 1.928 × 100 -
aei cdei|0 Fm−3 2.577 × 105 -
cdai|0 Fm−2 2.393 × 10−1 -
rcai|0 Ωm2 2.848 × 10−3 1.549; 1.119; 0.731; × 10−1

(x=0.33; 0.43; 0.54)
rcpe Ωm2 4.904 × 10−4 6.245 × 10−4

cdpi
∣∣0 Fm−2 1.176 × 100 5.719 × 101

rcpi Ωm2 8.107 × 10−2 1.939 × 10−3

nai m−3 5.5020 × 1018 5.498 × 1015

βai - 3.1736 × 10−1 8.596 × 10−1

rsai m 2.3688 × 10−7 7.396 × 10−7

εII - 4.82 × 10−1 2.59 × 10−1

3. The optimised values for the solid phase diffusion coef�cient were
highly dependent on the values for the thermodynamic and transport
properties of the ionic conductor. These properties of the ionic con-
ductor were �xed to values measured in other published work (κIII|0

= 9.25 × 10−1Sm−1, t+|0 = 4.9 × 10−1, DIII|0= 5.4040 × 10−11m2s−1,
d lnγ±/d ln cIII = 2.0 × 100)122, with the quality of the �t very similar
for both sets of electrolyte properties. However, the �tted values of
the solid phase diffusion coef�cient (see the bracketed values in Table
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4.1) were approximately 50% smaller than the values obtainedwith the
electrolyte properties given in Paper II.

A comparison with previously published optimised impedance results for
the same electrode chemistry at SOC60 (x = 0.43)123 was undertaken. The
thermodynamic and transport properties of the ionic conductor were �xed
to values measured in other published work122 and the fresh positive im-
pedance data at three SOCs �tted simultaneously down to 1.0mHz. The
optimised kinetic, solid phase diffusion and double layer capacitance val-
ues differed, primarily due to the different approaches taken in modelling
the PSD.

Parameter Extraction: Fresh Negative Electrode

The optimisation work undertaken on the fresh positive electrode was re-
peated for the fresh negative electrode. A summary of the results is given
in Appendix D. Three important observations were made during parameter
optimisation:

1. It was dif�cult to �t the low-frequency results with a single active par-
ticle size. The active PSD was obtained using the SEM technique de-
scribed in Paper II and resulted in signi�cantly better �ts;

2. The slope of the equilibrium curve, E
′
0ai

∣∣∣0, at each value of y (see Fig-
ure A.3(b)) was critical when �tting the low-frequency results. The
approach to optimising this parameter value is described in Paper II,
however, the breadth of the distributions was quite wide due to the
fact that the measurement points were near the phase transformation
region for graphite;

3. The �t for the high-frequency semi-circle at each SOCwas poor. Unlike
the impedance model for the positive electrode where local contact re-
sistances in themicroscopic model depressed the high-frequency semi-
circle, the microscopic model for the negative electrode only allowed
for diffusion in the active material and a faradaic reaction in paral-
lel with a double-layer capacitance. Depression of the high-frequency
semi-circle is usually achieved by modelling a SEI as a purely resis-
tive layer with an associated '�lm capacitance'116,117,123�125. Similar
models are arrived at when Poisson's equation is combined with �ux
expressions to describe the transport of interstitials, holes and vacan-
cies128�130, and solved analytically with varying assumptions for the
initial potential and concentration distributions131,132. The validity of
these models and subsequent incorporation into the already devel-
oped impedance model will need to be the focus of future work.

Although the �t in the high-frequency region could be improved, the
optimised kinetic and active phase diffusion coef�cients were reasonable,
with the latter comparing well with other published work122.
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Identifying the Effects of Ageing: Positive Electrode

The impedance model was used to diagnose the possible causes for the un-
expected impedance behaviour for the positive electrode harvested from a
cell aged at 35°C, cycled around SOC80. The impedance model was simul-
taneously �tted to the measured aged positive electrode impedance data at
three SOCs (x = 0.33, 0.43 and 0.54), from 1000Hz to 0.5mHz. All parameters
that were assumed not to change with ageing were set to the fresh parameter
values (Paper II). The challenging aspect of �tting the aged data was choos-
ing which parameters to �t and then evaluating the resulting ageing hy-
pothesis to see if it could be supported by harvested material observations.
Considering that both a local contact resistance between the active material
and the carbon, and an oxide layer on the current collector, were two effects
of ageing that were incorporated into the model, initial �tting of the aged
impedance data focussed on trying to isolate if either effect, or a combina-
tion of both effects, could be held responsible for the observed impedance
behaviour. In addition, the effect of a loss of carbon through a decrease in
the available surface area was also investigated. Although not shown, the
resulting �ts were not good, but two important observations were made.

1. Either the distribution, βai and rsai, or the solid phase diffusion coef�-
cient, DII|0, of active particles needed to be �tted in order to account for
a change in the slope of the low-frequency impedance. Materials char-
acterisation of positive electrodes aged with high-power HEV cycles19

revealed that no signi�cant disorder was induced in the oxide bulk,
hence suggesting that the low-frequency impedance behaviour of aged
electrodes was not solely dominated by a change in the solid phase dif-
fusion coef�cient. However, materials characterisation of positive elec-
trodes aged in similar experiments19,133 revealed both morphological
changes of particles and increased primary particle separation, hence
indicating that the active particle size distribution changed with age-
ing;

2. In order to �t the high-frequency semi-circle, a local resistance needed
to be �tted as a function of the SOC. The prime candidate was the
contact resistance between the active material and the carbon, rcai. Re-
moval of lithium from LixNi0.8Co0.15Al0.05O2 during cell charging re-
sults in a decrease of the cell volume134�136, with a ∼5.9% (101.05Å to
95.09Å) decrease for 0<x<0.8, with a smaller, but nonetheless measur-
able, decrease between the SOC values relevant in this work (x=0.33,
0.43, 0.54)136. Although geometrically the magnitude of this volume
change is negligible, elongation of the crystal structure upon lithium
insertion would result in an increase of the stress at all parts in the
active particle137,138 and therefore the contact pressure between the ac-
tive material and carbon could change signi�cantly. Hence, it is rea-
sonable to model the local contact resistance between active material
and carbon as being dependent on SOC. Degradation of the interface
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between active material and carbon with ageing could lead to an in-
creased, SOC-dependent, local resistance (validity of this degradation
will be discussed in Chapter 5). Including the SOC-dependence of this
effect of ageing required extension of the impedance model in Paper I.
This involved linearisation of the expression for the local contact resis-
tance, resulting simply in a replacement of rcai with rcai|0.

These two optimisation observations were combined with the important
experimental observations for the aged harvested electrodes (see Section
4.1.2). Based on these observations, an ageing hypothesis was developed
and is shown in Figure 4.11(b). The main source of impedance increase in
the hypothesis was the local contact resistance between the active particles
and the carbon. Upon a lack of applied pressure, the contact resistance for
a certain percentage of the active material became either very large or led to
active particle/agglomerate detachment, both effects being represented by
a loss of active particles. Furthermore, the active particles that maintained
good contact were assumed to experience an increase in the average local
contact resistance, with the magnitude of the resistance being dependent on
SOC. In addition, the increase in the direct resistance of the electrodes was
accounted for by allowing an increase in the resistance of the current col-
lector oxide layer. Finally, changes in the local morphology of the active
particles was accounted for by allowing a change in the particle size distri-
bution. A penalty function was used when optimising for both the number
and distribution of active particles in order to prevent �tting a larger volume
of particles than what was available on the basis of a C/10 capacity check of
the aged material. Using the C/10 discharge capacity data for the aged elec-
trode shown in Figure 4.7(a), the volume fraction of active material available
for lithium-ion insertion, εII, was calculated to be 2.59 × 10−1.

The four ageing scenarios (see Section 3.6.2) gave both similar and good
�ts, with the results for case one shown in Figure 4.6(b) and Table 4.1. Case
�ve also gave a good �t, but the optimised value for DII|0 was three orders
of magnitude lower in comparison with the fresh electrode values. Such a
dramatic decrease of DII|0 could only be justi�ed if signi�cant bulk phase
changes occurred as a result of ageing, which is not supported by experi-
mental evidence. The fact that case one gave a good �t to the aged electrode
data with a reasonable active particle size distribution supported the ageing
hypothesis shown in Figure 4.11(b). However, improvement of the overall
results could be achieved by reducing the optimisation ranges for the �tted
parameters and inputting experimental results for both the active particle
size distribution and the surface area of conductive carbon.

Overall, the impedance modelling investigations led to three important
statements:

1. The impedance methodology was successful in obtaining good �ts
down to 0.5mHz for fresh electrode samples at multiple SOCs, leading
to a set of optimised parameters which compared well with literature
values for other battery chemistries;
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2. An ageing hypothesis incorporating a resistive layer on the current
collector and a local contact resistance (dependent on SOC) between
the carbon and active material phases, both possibly leading to parti-
cle isolation, was found to be adequate in �tting the harvested aged
electrode data. Although the ageing hypothesis developed has been
shown to be plausible, it is not possible to conclude that the effects
of ageing that are modelled are solely responsible for the observed
change in the impedance, since other effects can be modelled in a sim-
ilar manner;

3. Combining the knowledge that: (a) the positive electrode is responsi-
ble for the observed increase of impedance in batteries based on GEN2
chemistry, and (b) that an impedance model incorporating effects of
ageing can adequately describe harvested positive electrodes, provides
the opportunity to undertake analyses of full cell impedance data with
a model incorporating two porous electrodes (see Appendix E).
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4.2 Manganese Spinel-based Chemistry for LEO

The terrestrial and orbital lifetime performance of commercial 3Ah lami-
nated pouch cells, based on LixMn2O4 technology, has been studied in order
to assess both the electrode chemistry and cell design for use onboard LEO
microsatellites. Unlike the HEV lifetime studies using nickelate-based coin
cells, this work sought to compare the performance onboard the actual ap-
plication with the laboratory measurements in order to assess the validity
of the latter. In addition, this work represented the opportunity to improve
the overall lifetime methodology; including: (1) an advancement from coin
cells to commercial pouch cells (improving the industrial applicability of the
results), (2) a signi�cant improvement in the design of the two and three-
electrode cells, and (3) an improvement of the reference performance tests
undertaken (primarily due to the availability of signi�cantly more measure-
ment equipment).

The structure of the work undertaken is detailed in Figure 4.12. This di-
agram illustrates the four main approaches taken, together with the more
speci�c techniques used and the system variables varied in order to extract
meaningful data. The data evaluation is demonstrated in Figure 4.12 in or-
der to clearly highlight the information available from each approach when
studying performance degradation. In addition, the Figure demonstrates
the �ow of information between the different parts of the work. The com-
plete set of results can be found in Paper V to Paper VII. This section seeks
to illustrate the salient ageing-related points observed and is organised into
three sections (consistent with the experimental approaches outlined in Fig-
ure 4.12):

� Comparison of terrestrial and orbital performance

� Lifetime matrix: 3Ah pouch cell performance

� Harvested electrode performance

The discussion in this section is limited to clearly identifying trends. A de-
tailed comparison with other published lifetime studies in order to deter-
mine the validity of both the results and the methodology, together with an
extension of the discussion to postulate possible ageing hypotheses and the
relevance of the results for managing batteries onboard LEO satellites, is rel-
egated to Chapter 5.

NB: The main points are summarised in a list at the end of each section
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Figure 4.12: Structure of the diagnosis of the lifetime performance degradation of lithium-
ion batteries (commercial manganese spinel-based chemistry; NEC-Tokin) for low-earth-
orbit application
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4.2.1 Comparison of Terrestrial and Orbital Performance

A comparison between the performance of the REIMEI battery in orbit and
of both a pouch cell and an identical copy of the REIMEI battery pack exper-
imentally simulated with the forecasted satellite cycling and temperature
conditions is shown in Figure 4.13.

A comparison between the terrestrial and orbital cycling conditions is
shown in Paper V. The charge conditions were similar for both cases; how-
ever, the discharge conditions were quite different with respect to both dura-
tion and current load. The difference in the current loads was due to the use
of the onboard camera in different modes to observe Aurora above either
the North or South Pole. In particular, observations above the South Pole
(between ∼4000 - 6000 completed cycles) included a 1.6A load towards the
end of discharge, resulting in the signi�cant decrease in end-of-discharge-
voltage (EODV) shown in Figure 4.13. In order to compare the terrestrial
and orbital results, a detailed calibration of the data was undertaken and
reported in Paper VII. A comparison of the results indicated the following
two points:

� The lithium-ion cells in the REIMEI pack were not inadvertently af-
fected by the conditions of space;

� The good agreement of the data allowed terrestrial experimental re-
sults to be used to both predict battery lifetime onboard the satellite
and provide feedback on cell state-of-health by conducting lifetime in-
vestigations incorporating reference performance tests.
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Figure 4.13: Calibrated terrestrial cycling data comparison with REIMEI orbital data

4.2.2 Lifetime Matrix: 3Ah Pouch Cell Performance

Capacity Fade

The impact of temperature (25, 45°C), depth-of-discharge (20, 40%) and cy-
cling on the C/3 (1.0A) discharge capacity (4.1 - 3.0V) as a function of cycle
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Figure 4.14: Full cell (3Ah) performance: (a) Capacity measured at 25°C with a C/3 (1.0A)
discharge current (4.1 - 3.0V), (b) Percentage of original C/3 capacity plotted versus the
square root of the cycle number, with a linear relationship �tted and extrapolated to 30 000
LEO cycles, (c) end-of-discharge-voltage (EODV), (d) average discharged energy: (green)
25°C DOD 20%, (black) 25°C DOD 40%, (blue) 45°C DOD 20%, (red) 45°C DOD 40%,
(pink) 25°C calendar DOD 0%

number is shown in Figure 4.14(a). Increasing either the depth-of-discharge
by 20% or the temperature by 20°C from the REIMEI base case (DOD 20%
25°C) had little impact on the degradation of the C/3 discharge capacity
and EODV. However, a simultaneous increase of temperature (to 45°C) and
depth-of-discharge (to 40%) signi�cantly increased cell capacity fade. Af-
ter remaining at �oat conditions for approximately nine months (2800 com-
pleted cycles for 25°C DOD 40%), the calendar cells had self-discharged ap-
proximately 28% of the original C/3 capacity, with approximately 5% repre-
senting an irreversible loss. The average capacity fade of the calendar, 25°C
DOD 20% and 25°C DOD 40% cells after approximately nine months of age-
ing was 5.48%, 17.13% and 18.83%, respectively. These data indicated that
cycling accelerated cell capacity fade.

Prediction of cell life based on the C/3 discharge capacity was under-
taken on the two ageing cases re�ecting realistic conditions onboard a satel-
lite (i.e. 25°C DOD 20% and 25°C DOD 40%). The capacity fade results were
plotted as a function of the square root of the cycle number, with the re-
sulting curves �tted with a linear relationship and extrapolated to the target
cycle life of 30 000 continuous LEO cycles (see Figure 4.14(b)). This approach
to predicting cell life is common in the battery community and serves both
as a rough guide and a base of comparison with other battery technologies.
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The extrapolated C/3 discharge capacity at 30 000 completed LEO cycles
equalled the capacity required during a 40% load, i.e., discharging by DOD
40% at 30 000 cycles would completely drain the battery. However, the bat-
tery could be used for shorter durations, such as a 1 or 2 year piggy-back
mission, at the higher load. Although the average C/3 discharge energy
was twice as high for the higher depth-of-discharge (see Figure 4.14(d)), the
EODV was noticeably lower (see Figure 4.14(c)). Therefore, in order for this
current load to be used onboard REIMEI, both the undervoltage controls
and end-of-life criteria would need to be revised.

Impedance Increase

The impedance of the cells aged in the lifetime matrix was measured reg-
ularly with the results for the SOC with the most noticeable changes (25%)
shown in Figure 4.15. In general, the impedance spectra measured for all
ageing conditions indicated that the increase in the impedance was small
and mainly concentrated in the high-frequency region.

Cells aged at 25°C with a 20% depth-of-discharge revealed very little
change in the width of the high-frequency semi-circle at 100% SOC (see
Paper V) and both a noticeable increase in the width of and development
of a second bump in the high-frequency semi-circle at 25% SOC (see Fig-
ure 4.15). Similar behaviour was observed when the temperature was in-
creased to 45°C after a smaller number of cycles (1600 vs 4800 at 25°C),
but an additional change was observed in the high-frequency real axis in-
tercept which increased noticeably for both 100% and 25% SOC. Increasing
the cycling depth-of-discharge to 40% generally resulted in a slightly larger
high-frequency semi-circle and an observed shift in the high-frequency real
axis intercept regardless of the testing temperature. The SOC-dependence
of the measured impedance observed for cells cycled with a 20% depth-of-
discharge was observed for cells cycled with a 40% depth-of-discharge.

Direct Resistance

Current interruptmeasurementswere regularly undertaken on the cells aged
in the lifetime matrix in order to obtain ∆V1 (100, 75 and 50% SOC), ∆V2

(75, 50 and 25% SOC) and ∆V3 (75, 50 and 25% SOC), as shown in Figure
C.2(a). The purpose of the measurements was to investigate if any of these
quantities could potentially be used as an on-board SOH indicator. The data
obtained both before and after the current interrupt was �tted with a linear
relationship (equal amount of data points) and the expression prior to the in-
terrupt extrapolated to a point in time corresponding to the �rst �tted point
after the interrupt (see Figure 4.16(a)). In general, the relationship between
the resistance and the cycle number could be approximated with a linear
equation for both cases, with the slope for the cells aged at 45°C larger than
for the cells aged at 25°C (see Paper V).

There are no clear guidelines as to how a prognostic SOH indication
scheme should be designed. For LEO satellites, where moderately low cur-
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Figure 4.15: Impedance of cells aged with various conditions; Measurement point: SOC
25%; Impedance from 1000Hz to 10mHz; (•) BOL, (•) 800, (•) 1600 cycles, (•) 3400, (•)
4800: (a) 25°C DOD 20%, (b) 25°C DOD 40%, (c) 45°C DOD 20%, (d) 45°C DOD 40%.
Each decade in frequency indicated with 2

rents are used with high-energy designed cells, the SOH indicator could be
based on an estimation of the remaining C/3 discharge capacity between the
cell potential limits (4.1 - 3.0V). This approach to SOH indication required
establishment of a relationship between a measurable quantity onboard the
satellite, for example ∆V1, and the discharge capacity. It was possible to plot
the resistance versus the inverse of the discharge capacity squared and ob-
tain a linear relationship that is shown Figure 4.16(b). Although not shown,
the same linear relationship existed independent of the testing SOC (i.e. 100,
75 and 50%) with a focus on 100% SOC in this work due to practical consid-
erations onboard a satellite. The fact that the measured points for both 25
and 45°C result in the same slope of the linear relationship provided both
con�dence in using the higher temperature as an accelerating factor and a re-
lationship that was valid in this temperature range. The ageing mechanism
for manganese spinel-based lithium-ion chemistry has also been observed
to be the same both at room and elevated temperatures in other work78. An
extension of the current lifetime matrix to lower temperatures and a longer
testing period would provide the data necessary to both further improve
the con�dence in the linear relationship and increase the feasibility of this
approach for SOH indication.

Overall, the 3Ah pouch cell lifetime results supported six statements:
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Figure 4.16: (a) Diagram of the analysis of the current interrupt data: (x) ∆V1, (y) ∆V2; (b)
Relationship between the resistance of the cell (discharged with a C/3 (1.0A) current) and the
discharge capacity (C/3; 4.1 - 3.0V) at 25°C; Decrease in the potential (∆V1) measured with
an oscilloscope at SOC 100%; Cells aged with a LEO DOD 40% cycle at two temperatures:
(black) three cells at 25°C and (red) two cells at 45°C

1. Cycling accelerated cell capacity fade;

2. A simultaneous increase of temperature (to 45°C) and depth of dis-
charge (to 40%) had the largest impact on cell capacity fade;

3. Impedance measured for all ageing conditions indicated that the in-
crease was small, manifested in a SOC-dependent increase of the high-
frequency semi-circle and a noticeable increase in the high-frequency
real axis intercept at both higher depths-of-discharge and tempera-
tures. In particular, a second bumpwas observed in the high-frequency
semi-circle at low SOCs;

4. A linear relationship was observed between a resistance based on the
immediate potential drop upon an application of a current load (25°C)
and cycle number, which led to the formulation of a relationship be-
tween resistance and capacity fade valid for cells aged at both 25 and
45°C. This linear relationship could potentially provide a basis for a
prognostic SOH indicator;

5. The observed linear relationship clearly indicated that the ageingmech-
anism was the same at both room and elevated temperatures, validat-
ing temperature as a useful tool when accelerating the degradation of
this particular chemistry;

6. Capacity fade and performance degradation were not seen to increase
signi�cantly by increasing the depth-of-discharge to 40% at 25°C. But,
the extrapolated C/3 discharge capacity at 30 000 completed LEO cy-
cles equalled the capacity required during a 40% load.
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4.2.3 Harvested Electrode Performance

The effect of cycling on the electrochemical response of both the positive and
negative electrode was determined by comparing data from fresh electrodes
with data from electrodes harvested from pouch cells aged at 25°C DOD
40% after 1200 and 2200 completed cycles. The effect of temperature was
determined by comparing data from electrodes harvested from cells aged at
25°C DOD 40% and at 45°C DOD 40% after 1200 completed cycles. Finally,
the effect of depth-of-discharge was determined by comparing data from
electrodes harvested from cells aged at 45°C DOD 20% and at 45°C DOD
40% after 1200 completed cycles.

Positive Electrode Data

The positive electrode capacity data are shown in Table 4.2.

Table 4.2: Capacity of harvested electrodes (p: positive and n: negative) measured in a
two-electrode pouch cell set-up

Current
density Cycling Capacity
[Am−2] condition [Ahm−2]

fresha p1b p2c p3d p4e

2.08 charge 24.1864 22.9474 22.4102 22.3139 20.8532
(C/10) % decrease - 5.1229 7.3440 7.7421 13.7813

discharge 23.9860 22.8484 22.4047 22.2573 20.8560
% decrease - 4.7430 6.5927 7.2071 13.0495

17.68 charge 22.9769 20.9468 20.7522 20.4921 19.0546
(C/1.5) % decrease - 8.8355 9.6821 10.8143 17.0706

discharge 22.8240 20.9739 20.3388 20.3149 19.0746
% decrease - 8.1061 10.8884 10.9935 16.4273

fresha n1b n2c n3d n4e

2.08 charge 25.9996 25.0337 24.8235 24.6745 24.6568
(C/10) % decrease - 3.7152 4.5238 5.0967 5.1647

discharge 25.8432 24.8258 24.6140 24.5885 24.5637
% decrease - 3.9369 4.7565 4.8553 4.9511

17.68 charge 25.7167 24.4108 24.1393 23.7636 23.7388
(C/1.5) % decrease - 5.0779 6.1338 7.5946 7.6909

discharge 25.5163 24.3743 23.9911 23.7282 23.7039
% decrease - 4.4755 5.9771 7.0074 7.1029

Fresh electrodes had a capacity that had a small dependence on the cur-
rent load, whereas the capacity of harvested electrodes for all ageing condi-

a cell subjected to formation cycling at room temperature
b 25°C DOD 40% 1200 completed cycles
c 25°C DOD 40% 2200 completed cycles
d 45°C DOD 20% 1200 completed cycles
e 45°C DOD 40% 1200 completed cycles
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tions showed a strong dependence, thus clearly indicating the increase of the
electrode impedance with ageing. Further examination of the measured ca-
pacities in Table 4.2 revealed the progressive decrease in the electrode capac-
ity with cycle number, as shown for the harvested electrodes aged at 25°C
DOD 40% and harvested after 1200 and 2200 completed cycles. Increasing
the temperature to 45°C whilst maintaining the depth-of-discharge at 40%
resulted in more than a two-fold increase of the electrode capacity fade after
1200 completed cycles. However, increasing the temperature could not be
solely responsible for this dramatic effect since the capacity fade of the 45°C
DOD 20% electrode was smaller. Hence, the combination of a high tempera-
ture (45°C) and a high depth-of-discharge (40%) had a signi�cant impact on
the capacity fade of positive electrodes, which corresponded with the 3Ah
cell capacity fade observation. A comparison of the measured capacities for
the harvested positive and negative electrodes led to the identi�cation of the
positive electrode as having a larger capacity fade for all ageing cases and at
all current loads.

An example of the impedance data for positive electrodes harvested from
cells aged with various conditions are shown in Figures 4.17 and 4.18(a,b)
(full set of results in Paper VI). The data indicated that the positive elec-
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Figure 4.17: Positive electrode impedance results from 20kHz to 1.0mHz: (a) SOC 100%
(4.20V vs Li/Li+), (b) SOC 20% (3.968V vs Li/Li+); (•) 25°C DOD 40% 1200 cycles, (•)
25°C DOD 40% 2200 cycles, (•) 45°C DOD 20% 1200 cycles, (•) 45°C DOD 40% 1200
cycles. Each decade in frequency (20kHz, 2kHz, 200Hz, 20Hz, 2Hz, 200mHz, 20mHz,
2mHz) indicated with 2
trode impedance increased with: (a) increasing number of cycles (compare
cyan and green curves), (b) increasing temperature (compare cyan and red
curves), and (c) increasing depth-of-discharge (compare blue and red curves).
The impedance changes were primarily limited to changes in both the shape
and magnitude of the high-frequency semi-circle. In particular, increasing
the number of cycles or increasing the temperature for cells aged with DOD
40% led to a signi�cant change in both the shape andmagnitude of the high-
frequency semi-circle for the low SOCs (20 and 40%) in comparison with the
higher SOCs (80 and 100%), which corresponded to both higher intercalated
lithium-ion concentrations and the second potential plateau shown in Fig-
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ure A.2(b). The impact of the different ageing conditions on the change in
the high-frequency semi-circle at low SOCs is clearly demonstrated in Figure
4.18(b). This change in the magnitude of the high-frequency semi-circle at
low SOCs corresponds well with the SOC-dependent impedance behaviour
observed for the 3Ah pouch cells. Attempts to reduce this signi�cant change
in the high-frequency semi-circle by increasing the pressure applied to the
pouch cell did not have an effect. Furthermore, the observed high-frequency
behaviour was accompanied with an increase in the magnitude of the low-
frequency impedance, as shown in Figure 4.17(b). In addition to the changes
in both the shape and magnitude of the high-frequency semi-circle, an in-
crease in the high-frequency real axis intercept was observed and could be
attributable to either an effect of ageing or an artefact of harvested electrode
assembly.
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Figure 4.18: Harvested electrode impedance results from 20kHz to 0.1Hz: (left) Positive
electrode: (a) SOC 100% (4.20V vs Li/Li+), (b) SOC 20% (3.968V vs Li/Li+); (right)
Negative electrode: (c) SOC 100% (0.01V vs Li/Li+), (d) SOC 20% (0.159V vs Li/Li+); (•)
25°C DOD 40% 1200 cycles, (•) 25°C DOD 40% 2200 cycles, (•) 45°C DOD 20% 1200
cycles, (•) 45°C DOD 40% 1200 cycles. Each decade in frequency (20kHz, 2kHz, 200Hz,
20Hz, 2Hz, 200mHz) indicated with 2

After observing the signi�cant change in the high-frequency semi-circle
at low SOCs for two of the ageing cases, the C/10 (2.08Am−2) cycling curves
were examined and shown in Figures 4.19(a) and (b). The curves were nor-
malised in order to observe differences in the cycling behaviour between the
fresh and aged cases. The positive electrodes harvested from the cells that
did show a signi�cant change in the high-frequency semi-circle at low SOCs
did exhibit a signi�cant change in the cycling behaviour, shown in Figure
4.19(b), which was in contrast to the cells that did not show the same change
in the high-frequency region (see Figure 4.19(a)). In particular, a noticeable
change was observed in the potential range corresponding to the second po-
tential plateau in Figure A.2(b) and hence corresponding to the SOCs where
signi�cant changes were observed in the high-frequency semi-circle of the
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measured impedance.

Negative Electrode Data

Subtle changes were observed in the discharge capacity and impedance of
harvested negative electrodes. Examination of the measured capacities in
Table 4.2 revealed only a small progressive decrease in the electrode capac-
ity with cycle number, with an increase in either temperature or depth-of-
discharge having only a minor impact. The impedance of both fresh and
harvested negative electrodes was measured and shown in Figure 4.18 (c,d).
A comparison of data from the 25°C DOD 40% and 45°C DOD 40% sam-
ples indicated that the negative electrode impedance rise was larger at the
higher ageing temperature. The impedance changes were located primar-
ily in the high-frequency region, with a change both in the width of the
high-frequency semi-circle and the magnitude of the high-frequency inter-
cept. The cycling behaviour of fresh and aged negative electrodes was ex-
amined with normalised C/10 (2.08Am−2) capacity curves, shown in Fig-
ures 4.19(c) and (d). No signi�cant changes were observed in the cycling
behaviour of any of the aged electrodes, indicating that the graphite active
material had maintained its structural integrity. A comparison of the mea-
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Figure 4.19: C/10 (2.08Am−2) cycling of (left) positive electrodes and (right) negative elec-
trodes; (�) fresh, (�) aged; (a,c) 25°C DOD 40% 1200 cycles, (b,d) 45°C DOD 40% 1200
cycles

sured impedance spectra revealed that the magnitude of the high-frequency
impedance semi-circle was much larger for the negative electrode than the
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positive electrode. The difference in magnitudes was preliminarily investi-
gated with model simulations. Using the previously developed physically-
based impedance model (with all incorporated effects of ageing switched
off; Paper I), both electrodes were simulated with manufacturer provided
particle sizes (similar in both cases), porosities (similar in both cases) and
electrode thicknesses (signi�cantly different), assuming: similar electrode
kinetics, double-layer capacitances and solid-phase diffusion coef�cients.
The simulated electrode impedances revealed that the difference in negative
and positive electrode impedances could be primarily attributed to differing
electrode geometries. The assumptions used for the simulations would need
to be investigated with modelling �tting, similar in nature to previous work
(Paper II).

Overall, the harvested electrode results supported six statements:

1. The use of the specially designed three-electrode pouch cell was in-
valuable with respect to both applying and maintaining a reasonable
pressure on the electrode assembly. In addition, the size and position
of the reference electrode did not signi�cantly impact on the current
distribution, hence allowing the attainment of both high quality and
highly reproducible impedance data;

2. Harvested positive electrodes were identi�ed as having a larger capac-
ity fade in comparison with the negative electrodes for all ageing cases
and at all current loads;

3. Loss of active material from either electrode was not solely responsible
for the observed 3Ah cell capacity fade. A combination of a loss of ac-
tive material, cycleable lithium and a shift in SOC operating windows
was deemed responsible, with the contribution of each only discern-
able with an extension of the lifetime matrix to include 3Ah cells with
an internally calibrated reference electrode;

4. The measured impedance spectra for both harvested positive and neg-
ative electrodes at all ageing conditions revealed that changes were
primarily located in the high-frequency semi-circle. In addition, the
observed changes in the magnitude of the high-frequency semi-circle
for the 3Ah cells at low SOCs could be attributed to the positive elec-
trode;

5. Cycling 3Ah cells for extended periods of time or at higher temper-
atures with a 40% depth-of-discharge led to a signi�cant change in
both the shape andmagnitude of the positive electrode high-frequency
semi-circle at low SOCs (20 and 40%), which corresponded to both
higher intercalated lithium-ion concentrations and the second poten-
tial plateau for LixMn2O4;

6. Low current (C/10) cycling of harvested positive electrodes revealed
that cells which exhibited a signi�cant increase in the high-frequency
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semi-circle at low SOCs had a corresponding change in the cycling be-
haviour.



Chapter 5

Discussion

5.1 Experimental Methodology

In order to evaluate the approach to battery lifetime studies at the laboratory
level for power-assist HEVs, it is �rst important to compare the results with
other published studies. The increase of capacity and power fade indepen-
dent of the cycling condition has also been observed in another power-assist
HEV study with 18650-dimensioneda batteries16,18,19,49,139. A comparison of
the capacity and power fade results indicated that the coin cell setup acceler-
ated ageing. For example, commercial cells aged for 21 weeks at 45°C SOC60
(3.72V) had an approximately 10% decrease in the 1C discharge capacity139,
compared with the approximately 30% decrease observed with coin cells
aged with similar conditions. This acceleration is believed to be due to the
small electrode to electrolyte volume ratio, which is dif�cult to optimise in
a coin cell. A further comparison of the electrochemical impedance spec-
tra19 revealed that changes were also concentrated in the high-frequency
semi-circle, with the appearance of the 'second bump' between the same
frequencies in this work and a progressive decrease of fmin (frequency at the
intersection between the high-frequency semi-circle and the low-frequency
diffusion tail) with increasing cycle number126. The magnitudes of the im-
pedance spectra were very similar and provide con�dence in the validity of
the coin cell measurements.

The effect of the target SOC (60, 80 and 100%) on capacity and power fade
has also been studied with 18650-dimensioned batteries aged with calendar
conditions (25, 35, 45 and 55°C). The capacity and power fade were observed
to be accelerated by higher SOCs (with a small difference between cells mea-
sured at 60 and 80% SOC, and a large difference at 100% SOC), which differs
from the impact observed with the coin cell studies. The difference in the
conclusions about the impact of SOC could be due to either different cell
designs or different approaches for undertaking the power test. However,
changes in the electrochemical impedance spectrum were observed to be
concentrated in the high-frequency semi-circle, with the magnitude of the
high-frequency semi-circle also found to be dependent on the SOC (60 or

a diameter 18mm, height 65mm
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100%) during the measurement47.

The advantages and disadvantages of using coin cells are outlined in Ap-
pendix C. The fact that the impact of both the cycling condition and temper-
ature on the capacity, power and impedance trends were observed to be the
same as for commercial cells, with some question marks over the impact of
the target SOC, indicates the potential usefulness of this cell design at the
laboratory level. However, the disparity in the change of the magnitude of
all of these �gures of merit with time/cycle number removes the ability of
this cell setup to evaluate projected lifetime onboard a vehicle. However,
the results can be used to specify the conditions to optimise battery lifetime
and allow the evaluation of both potential SOH indicators and the variables
that need to be taken into account for lifetime models. The applicability of
the nickelate results will be discussed later on. The largest disadvantage
with using this cell design was the dif�culty in obtaining reproducible re-
sults. Cells were observed to fail at different stages of the beginning-of-life
(BOL) reference performance tests (RPTs), with a large number of fresh cells
(at least triple the number of cells required for testing) assembled in order
to obtain the required number that satis�ed BOL quality criteria. Further-
more, all cells were observed to increase their capacity during the �rst few
weeks of lifetime testing, indicating that either formation cycling or elec-
trode wetting was inadequate. Another practical problem with the use of
coin cells was the design of the cell holders. Commercial cell holders with
welded electrical contacts were used, but the mechanism used to hold the
coin cell in place weakened with ageing which impacted on the high-power
measurements.

Although the design of cells and the subsequent impact on ageing is a
key component of lifetime studies, the structure and approach to undertak-
ing ageing matrices is equally important. A detailed description of the fac-
tors that need to be considered can be found in Appendix C. The design of
such matrices is a re�ection of a combination of the battery engineer's level
of experience, the availability of both resources and measurement equip-
ment, and the maturity of the application area. There were three key areas
of the HEV ageing matrix that should be improved in future work. Firstly,
the cells were cycled with a highly ideal EUCAR pro�le for power-assist
HEVs that speci�ed the current load. Future lifetime studies should aim
to develop a cycle based on the results of batteries tested onboard vehicles,
preferably with a validation of laboratory testing with onboard battery per-
formance data (similar in nature to the work undertaken on the REIMEI
satellite; Paper V). Close collaboration with system engineers from the ve-
hicle industry should assist in deciding whether or not the cycle should be
current or power-based. Secondly, there were two weaknesses in the RPTs
which should be recti�ed in future studies: (1) the impedance of all cells
should have been measured regularly at the same SOC, and (2) the high-
power test undertaken at SOC60 was based on reaching the SOC with the
removal of a constant amount of charge. Fortunately, the cell capacity fade
was independent of the target SOC and cycling condition, so this did not
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prove to be a problem. However, the RPT should be modi�ed in order to
reach the target SOC either potentiostatically or after a removal of an ad-
justable amount of charge (based on the full discharge capacity). Further-
more, the current RPTs should be extended to include a low-current capac-
ity check and a high-power test at multiple SOCs. Thirdly, four cycling cells
were pulsed sequentially with a multiplexer, resulting in the total cycling
time being restricted to 25% in comparison with the calendar cells. In order
to strengthen the conclusion about the effect of cycling, independent testing
channels that could cycle cells 100% of the time would be necessary.

The opportunity to improve the approach to lifetime studies came in the
form of evaluating commercial 3Ah pouch cells (LixMn2O4-based positive
electrode; NEC-Tokin) for LEO satellites. Several improvements were made
in comparison with the HEV lifetime studies, primarily due to increased ex-
perience, collaboration with a Japanese battery supplier, ability to monitor
cells onboard the application and access to more measurement equipment.
Firstly, the cell design advanced from coin cells to commercial pouch cells
(see Figure 2.3), which were easier to handle and the overall results were
more industrially applicable. The applicability of the results was further im-
proved by both validating the laboratory (terrestrial) results with measured
performance of the cells in orbit onboard the microsatellite REIMEI and hav-
ing knowledge of the speci�c load cycle and temperature. Secondly, cells
were cycled 100% of the time with independent testing channels, which im-
proved comparison with calendar life cells. Finally, the RPTs were improved
to include: (1) measurement of impedance spectra and direct resistance at
multiple SOCs, (2) measurement of cell capacity with a low and high cur-
rent, and (3) each SOC was arrived at with the removal of a certain amount
of charge based on the updated C/3 cell discharge capacity (see Appendix
C.2).

Successful comparison of the orbital and terrestrial EODV results vali-
dated the use of the latter to both assess the performance of the electrode
chemistry and evaluate cell health and possible battery lifetime onboard
REIMEI. In addition, the terrestrial lifetime matrix allowed for the evalua-
tion of higher depths-of-discharge for future satellite missions. With respect
to the electrode chemistry, the EODV as a function of cycle number was com-
pared with the only other published lifetime investigation of a LixMn2O4-
based battery for LEO satellites (20% depth-of-discharge, 15°C)39, with the
cells tested in this study having comparable performance. Comparison of
both the capacity fade and EODV results for cells (25°C DOD 40%) in this
study with different cell chemistries aged with similar conditions revealed
comparable results140,141. However, an improved lifetime performance was
observed for cells based on iron phosphate chemistry141. The very small
change in the impedance, even at higher temperatures, was impressive in
comparison with similar measurements of LiCoO2-based lithium-ion batter-
ies aged with a 40% depth-of-discharge LEO cycling pro�le32,38,41. These
impedance results indicated that as long as the capacity fade of the 3Ah
cells is minimised, the battery chemistry should provide a stable EODV for
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the mission duration onboard the satellite.
There are two �nal aspects of the lifetime experimental methodology that

require discussion. The �rst point relates to the disassembly and subse-
quent electrochemical testing of harvested electrodes in specially designed
two- and three-electrode cells. The second point seeks to improve the over-
all methodology shown in Figure 1.9 by extending the use of the reference
electrode from the �nal successful three-electrode design (see Figure 2.4(d)).
The design of a reliable three-electrode set-up has been one of the main fo-
cuses in this thesis, with the dif�culties encountered outlined in Appendix
C. The successful design used in Paper VI incorporated a very small refer-
ence electrode (based on a tin intercalation material, electrochemically pre-
pared in situ and developed by Argonne National Laboratory) into a pouch
cell assembly that represented, to a reasonable degree, the conditions the in-
dividual electrodes were subjected to in the 3Ah pouch cell. The resulting
pouch cell (see Figure 2.4) design allowed for the application of an external
pressure, thus overcoming the problems with the Te�on design used in the
nickelate lifetime study. The three-electrode cell was a truly enabling elec-
trochemical tool, allowing for the attainment of both high quality and highly
reproducible impedance data (Paper VI). The use of the reference electrode
could be extended to overcome the following two problems with the full cell
electrochemical testing: (1) identi�cation of the potential of each electrode in
the cell during cycling and prior to impedance measurements, and (2) iden-
ti�cation of the contribution of a loss of cycleable lithium and a shift in SOC
operating windows to a decrease in the effective cell capacity. An example
of how the reference electrode could be incorporated into a pouch cell with
two porous electrodes is shown in Figure 5.1. The in situ lithiation of the
reference electrode requires a negligible amount of charge, which could be
obtained through connection to the negative electrode. It is important to
note that a piece of lithiummetal is incorporated into the design to allow for
an internal standard for reference electrode calibration. This piece of lithium
foil would have to be contactedwith electrolyte, with the design in Figure 5.1
placing an extra piece of separator soaked in electrolyte on the back of the
positive current collector. Studies have shown that an aluminium current
collector does not corrode when in contact with LiPF6-based electrolyte69.
By combining all of the experimental elements in Figure 1.9 with the RPTs
undertaken in Paper V, the harvested electrode tests in Paper VI and allow-
ing for several full cells with an internally calibrated reference electrode, a
strong set of electrochemical data would be available for the validation of
physically-based impedance, performance and capacity fade models.

5.2 Impedance Methodology

An impedance methodology for evaluating porous electrodes has been de-
veloped and shown to be successful in �tting fresh composite positive elec-
trode (LixNi0.8Co0.15Al0.05O2-based) data at multiple SOCs down to 0.5mHz.
The analytical model did not fail at any point in the optimisation runs and
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Figure 5.1: Design of a battery incorporating two porous electrodes and an internally cali-
brated reference electrode

proved to be a very useful tool when evaluating impedance data. Con�-
dence in the fresh optimised parameters was achieved by minimising the
number of parameters that were �tted and subsequently obtaining very good
�ts. Qualitative assessment of the optimisation strategy provided feedback
on the appropriateness of the genetic algorithm. The error between the ex-
perimental and modelling data was observed to decrease quickly, with very
small decreases occurring after a large number of generations. It is not pos-
sible to state that the global minimum was obtained, but �tting three data
sets simultaneously took four days, which allowed a suf�cient amount of
time for the optimisation scheme to search for the global minimum. Future
work on the methodology will focus on four main areas: (1) measuring the
impedance at a larger number of SOCs on a statistically signi�cant number
of cells in order to obtain a better estimation of the standard deviation in
the experimental data as a function of frequency, (2) increasing the number,
and investigating the standard deviation, of data points measured with the

GITT technique in order to eliminate E
′
0ai

∣∣∣0 as a �tting parameter, (3) opti-
mising the optimisation parameters and improving the analytical model in
order to reduce the time necessary to reach the minimum value, and (4) after
reducing the time necessary to undertake an optimisation run, incorporate
an error analysis into the methodology in order to determine con�dence in-
tervals for the optimised parameters.

Extending the use of the physically-based impedance model to diagnose
effects of ageing proved to be challenging, especially since the nickelate-
based aged positive electrode data was impacted on by the three-electrode
set-up. The improvement of the three-electrode design to a pouch cell incor-
porating a reliable reference electrode (see Section 2.2) provided a stronger
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set of impedance data that corresponded better with the magnitude of the
change of the full cell impedance. However, the impedance model was used
to develop an ageing hypothesis in order to �t the measured aged nickelate
data. Although impedance spectroscopy is a non-destructive technique that
provides an electrochemical �ngerprint of an aged electrode, the results in
this thesis demonstrated the importance of approaching the validation pro-
cess with a strong base of other electrochemical and material observations.
The incorporated effects of ageing were seen to have a distinct impact on
the impedance spectrum (see Section 3.1), which was encouraging from a
regression point of view, despite the fact that the physical interpretation of
each effect could be different. However, there were two problems with the
methodology that require consideration in future work. Firstly, ageing sce-
narios that combine multiple parameters that impact on the high-frequency
semi-circle, with at least one of the parameters relating to the change of the
active particle-size distribution or loss of active material, require the inclu-
sion of some type of penalty function to avoid �tting a larger volume of
particles than what is available on the basis of a low-current capacity check
of the aged material. Undertaking the capacity check and relating it to the
active volume fraction functions only as an approximation. Secondly, the
particle-size distribution parameter relating to the particle radius, rsai, and
the solid-phase diffusion coef�cient, DII, were seen to have the same impact
on the low-frequency portion of the impedance spectrum (Paper I), therefore
requiring consideration if both can be optimised at the same time.

5.3 Postulation of Ageing Hypotheses

The positive electrode was identi�ed as the main source of impedance in-
crease in both lifetime investigations. With respect to the nickelate-based
chemistry (LixNi0.8Co0.15Al0.05O2), similar studies on laboratory-scale pouch
cells and 18650-dimensioned batteries (based on GEN2 chemistry) arrived
at the same conclusion19,142. With respect to the manganese spinel-based
chemistry (LixMn2O4), similar lifetimework identi�ed the positive electrode
as having a noticeably larger decrease in capacity, attributed primarily to a
decrease in rate capability in the second potential plateau79,93. This identi�-
cation of the increase in resistance during lithiation in the second potential
plateau corresponds well with the observation in this study of the depen-
dence of the electrode impedance on the SOC.

A review of the possible causes for the degradation of the electrochemical
performance of both chemistries can be found in Sections 1.6.2 and 1.6.3. The
observed aged impedance behaviour of both chemistries was similar in the
sense that changes were primarily limited to a change in the magnitude and
shape of the high-frequency semi-circle. However, they differedwith respect
to the SOC-dependence of the observed behaviour. The impedance was ob-
served to increase at all SOCs for the nickelate-based chemistry regardless
of the coin cell ageing condition, with the high frequency semi-circle largest
for the smallest solid phase lithium-ion concentration (opposite to the trend
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observed for fresh material). The high-frequency semi-circle was observed
to increase for those SOCs corresponding to the second potential plateau for
the manganese spinel-based chemistry (i.e. higher solid phase lithium-ion
concentrations), with the change only observed for cells cycled with a larger
depth-of-discharge (i.e. 40%) for either a longer period of time at 25°C or at
a higher temperature (45°C).

These observations had a unique implication for proposed ageing hy-
potheses, in the sense that the effects of ageing had to result in a particu-
lar high-frequency impedance response at different solid-phase lithium-ion
concentrations. In addition, the impedance results clearly illustrated that the
ageing mechanisms were electrode chemistry speci�c, which implies that
steps taken to improve cell lifetime performance will also need to be chem-
istry speci�c. Furthermore, the fact that signi�cant impedance changes for
the manganese spinel-based chemistry were only observed for cells cycled
with a higher depth-of-discharge illustrates the potential to improve cell life-
time performance with optimised cycling conditions. The possible effects of
ageing that could potentially give the required high-frequency behaviour for
both chemistries will be explored in the following.

5.3.1 Nickelate-based Positive Electrode

The SOC-dependence of the impedance has been investigated in a slightly
different way in another published study142. The impedance of symmetric
cathode cells was measured before and after one day storage at 50°C and
at four different SOCs. The results showed that the increase in the high-
frequency semi-circle was greater for the cells held at a higher potential, pos-
tulated to be due to a higher oxidation state of the nickel ions with a smaller
lithium-ion concentration and hence resulting in a higher rate of electrolyte
oxidation. For this to be true in this study, the composition and thickness of
surface layers on harvested positive electrodes would have a clear depen-
dence on the testing SOC (i.e. 40, 60, 80%). However, this was not found
to be true, with the composition and thickness of surface layers found to be
independent of the testing SOC. Thus, the larger high-frequency semi-circle
at low lithium-ion concentrations must be attributed to something else, with
three valid hypotheses presented in published work.

1. Two-electrode polarisation measurements of positive electrodes, har-
vested from laboratory-scale pouch cells aged at 60°C with 100% DOD
cycling, revealed a signi�cant polarisation towards end of charging
(i.e. low lithium-ion concentration in the positive electrodematerial)55.
It was postulated that the SEI layer had a lithium-ion conductivity that
was a strong function of lithium content, with the layer essentially
shutting the cell down from further charging when a certain concen-
tration was reached;

2. A thin (<10nm) discontinuous LixNi1−xO surface layer has been in-
vestigated as contributing to the increase in the local impedance of pos-
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itive electrodes harvested from high-power 18650-dimensioned batter-
ies (see Section 1.6.2)19. A low lithium-ion concentration in the NaCl-
type crystal structure of the LixNi1−xO layer could lower the elec-
tronic conductivity, contributing to an increased impedance. The sur-
face layer was observed on freshmaterial and the thickness of the layer
was not observed to change with time, but the number of particles ob-
served to have the surface layer was found to increase19;

3. Experiments have shown that intergranular electronic contact between
active particles in an agglomerate is very poor51, with this contact fur-
ther degraded upon ageing with the formation of a thin �lm19. Elec-
tronic contact between active material and conductive additives could
deteriorate with ageing due to mechanical stress and/or thin �lm for-
mation (see Section 1.6.2)51. It is postulated that the water adsorbed
on carbon reacts with the electrolyte to produce inorganic and organic
surface deposits53. It is plausible that at the junction between carbon,
active material and electrolyte, a highly concentrated, corrosive solu-
tion is formed due to the hydrolysis of LiPF6, leading to a degradation
in the contact between active particles and carbon. The contact pres-
sure between active particles and carbon could depend on the SOC of
the active material (see Section 4.1.4).

However, there is one study that investigated the impact of ultrasonic
washing, pressing, and a combination of washing/pressing on the capac-
ity and impedance of positive electrodes harvested from high-power 18650-
dimensioned batteries54. The capacity and the impedance of the aged elec-
trodes was found to be signi�cantly improved both by ultrasonically wash-
ing with DMC and by pressing to reduce the electrode thickness by 15%. It
was postulated that the washing removed material from the electrode sur-
faces that prevented good contact, which was re-established by means of
pressing. This improvement in the results due to pressing correlates well
with the observation in this thesis that pressure was a crucial element in both
the cycleability and impedance of harvested aged samples. It seems unlikely
that washing and pressing an aged electrode would result in the removal of
a solid LixNi1−xO surface layer. Although the results of washing suggest
that surface chemistry plays an important role in the electrode degradation,
it is unlikely that an SEI layer on the active material is solely responsible
for the SOC-dependent impedance behaviour since there is no evidence to
suggest that the resistance of such a layer is dependent on the bulk oxide
lithium-ion concentration. In addition, the positive SEI layer is similar in
composition and thinner than the negative SEI layer19. The improvement
in the results by using both washing and pressing correlates well with the
ageing hypothesis that a reaction product accumulates between the active
material and carbon, which could be removed with ultrasonic washing and
good contact re-established with pressing. Degradation in the interface be-
tween active material and carbon with ageing could lead to an increased,
SOC-dependent, local resistance.
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The purpose of the nickelate three-electrode study and optimisationwork
was not to provide the absolute explanation for the observed change of the
positive electrode impedance with time. The impedance model, as it is cur-
rently formulated, allows for a local resistance throughwhich the total active
material current must pass, which could equally well represent a LixNi1−xO
surface layer that could a higher electronic resistance at lower lithium-ion
concentrations. The important point is that the ageing hypothesis presented
in Figure 4.11(b) was found to be adequate in �tting the harvested aged elec-
trode impedance, with experimental evidence providing support for the �t-
ting of resistances both locally between the carbon and active phase, and on
the current collector (see Section 1.6.2).

5.3.2 Manganese Spinel-based Positive Electrode

Cells cycled with a 40% depth-of-discharge were discharged in 35 minutes
using twice the base case REIMEI current, which could lead to signi�cant
solid-phase lithium-ion concentration gradients in the active particles that
were >20µm in diameter. The importance of depth-of-discharge has been
observed in other work, with the rate of electrode degradation accelerated
at higher DODs73,78. It has been proposed that under dynamic conditions
above 3V, the surface of some active particles may reach the stoichiometric
spinel composition, LiMn2O4, resulting in the onset of a Jahn-Teller effect
and thereby transforming the surface into a Mn3+ rich Li1+x[Mn2O4] re-
gion72,80. The structural degradation of the positive active material surface
alone does not account for the increase in both the capacity fade and im-
pedance at higher temperatures, since the Jahn-Teller effect scales inversely
with temperature78 and the solid-phase lithium-ion diffusion coef�cient ap-
proximately follows the Arrhenius equation143. Instead, it is necessary to
consider both the observed importance of active surface area77 and the ther-
mal degradation of LiPF6-based electrolytes44�46,64 on the observed elec-
trode degradation at elevated temperatures, and conclude that the overall
mechanismmust includemanganese dissolution due to acid (HF) attack and
a disproportionation reaction at the particle surface88�90. The general view
in the literature is that manganese dissolution coupled with surface phase
transitions at high intercalated lithium-ion concentrations leads to a resis-
tive and potentially electrochemically inactive degraded solid phase (with or
without protonation), that increases in thickness with ageing. There are four
possible SOC-dependent scenarios based on a degraded active surface that
could potentially give the required high-frequency semi-circle behaviour.

1. It has been proposed that the formation of a tetragonal Li2Mn2O4 sur-
face species would result in electromechanical grinding78 and damage
both active/conductive carbon and active/active contact, resulting in
particle isolation. A reduction of the number of particles would de-
crease the surface area available for faradaic reaction, hence resulting
in an increase of the high-frequency semi-circle. In addition, particles
that did not become completely isolated would experience an increase
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in the local contact resistance which would depend on the state-of-
charge of the active material (volume of manganese spinel particles
increases upon lithiation138);

2. The degraded surface layer results in a resistance throughwhich the lo-
cal active currentmust pass, with the electronic conductivity of the sur-
face layer dependent on the lithium-ion concentration (i.e. oxidation
state of the manganese). An increase in the local resistance coupled
with the double-layer current of the conductive carbon would result in
a SOC-dependent increase of the high-frequency semi-circle (Paper I
and Paper II);

3. If the faradaic reaction is viewed as occurring at the interface between
the degraded surface layer and the electrolyte, the structural charac-
teristics of the degraded surface layer could cause a different SOC-
dependent exchange current density. A decrease in the exchange cur-
rent density would result in an increase of the high-frequency semi-
circle116;

4. If the degraded surface layer is viewed solely as a lithium-ion conduc-
tor similar in nature to the solid-electrolyte interface (SEI) on the neg-
ative electrode, the faradaic reaction is then viewed as occurring at the
interface between the bulk manganese spinel phase and the degraded
surface layer. A change in the structural properties of the bulk man-
ganese spinel phase could cause a different SOC-dependent exchange
current density.

The �rst scenario is unlikely since the contact pressure between parti-
cles should be higher at larger solid-phase lithium-ion concentrations. The
second scenario is dif�cult to evaluate since there is evidence of different
Li-Mn-O phases present on the surface of active particles in aged positive
electrodes72,76,79,80,92,93 and limited data available on the electronic conduc-
tivity of such layers. In the case that the degraded surface layer consists of
Li2MnO3, a manganese oxidation state of 4+ results in electrochemical inac-
tivity because theMn4+ ion cannot be easily oxidised to theMn5+ state79,144.
In addition, the inability to oxidise the Mn4+ ions renders this spinel phase
electronically insulating. The alternative/additional defect spinel phase,
Li2Mn4O9, also has a very limited capacity in the positive electrode potential
window79. Therefore, it is reasonable to conclude that the degraded surface
layer can be viewed solely as a lithium-ion conductor that has a resistance
independent of the bulk phase intercalated lithium ion concentration, hence
this scenario can be tentatively dismissed.

The �nal two possible scenarios relate to the kinetics of the faradaic re-
action, which has also been suggested as the sole source of both impedance
increase and capacity fade in other work82. Support for the fourth scenario
is provided by the low-current (C/10) normalised capacity results, where
a clear change was observed in the cycling behaviour, hence possibly in-
dicating a bulk structural change of the spinel phase. Further support is
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provided by the increase of the magnitude of the low-frequency impedance,
perhaps indicating a structurally-based change of the solid-phase diffusion
coef�cient. In order to determine which of the above scenarios is correct,
harvested electrode samples would need to be investigated with material
characterisation techniques that allowed for the investigation of the SOC-
dependence of both the solid-phase conductivity and the lattice parameters
(e.g. in situ XRD145).

5.3.3 Graphite-based Negative Electrode

The focus thus far has been on the positive electrode, but subtle changes
were observed in the impedance spectra of the negative electrode in both
lifetime studies. Observed changes in the width and shape of the high-
frequency semi-circle for negative electrodes could potentially be attributed
to the continual break-down and reformation of a protective surface layer on
the graphite and/or copper current collector, consuming cycleable lithium
ions. An increase in the high-frequency real axis intercept could be due to ei-
ther an effect of ageing or an artefact of harvested electrode assembly. More
interesting is the potential role of the negative electrode in cell capacity fade.
Factors that can affect the effective capacity of lithium-ion cells include: (1)
loss of active material, (2) loss of cycleable lithium, and (3) relative shifts in
electrode SOC-windows42,146. A recent study highlighted the complicated
nature of the capacity fade of LixMn2O4-based cells, with the combination
of the formation of defect spinels at the positive electrode with manganese
reduction at the negative electrode contributing to a presence of all three ca-
pacity fade factors42. It is dif�cult to envisage the negative electrode being
primarily responsible for the capacity fade in both lifetime studies because
of the lack of change in the impedance. In order to distinguish between the
magnitude of the contributions of loss of cycleable lithium and relative shifts
in electrode SOC windows, a reference electrode would need to be incorpo-
rated into the cells in future work.

5.4 Industrial Applicability

5.4.1 Nickelate Chemistry

One of the objectives of the nickelate study was to investigate how a high-
power battery based on GEN2 chemistry could potentially be both mon-
itored and managed in order to achieve lifetime targets. Assuming that
the EUCAR 5% ∆SOC cycle represents to a reasonable degree the onboard
power-assist HEV battery load, selection of the target SOC should be based
on performance requirements and desired SOC-window since the same per-
formance degradation is expected at all SOCs. The results of the work un-
dertaken clearly indicate that temperature is the critical lifetime factor and
should be carefully controlled in lieu of signi�cant improvement in the el-
evated temperature tolerance of commercial cells. From a control point of
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view, diagnostic and prognostic expressions for capacity fade and/or resis-
tance increase could be based on the measured time spent at a particular
temperature, with no regard to the SOC or cycling condition. The identi�ca-
tion of the positive electrode as the main source of impedance increase in the
cell could be coupled with the developed ageing hypothesis in order to use a
full cell impedance model as a SOH indicator. The negative electrode could
be modelled as porous with physically-based fresh properties that remained
constant (see Appendix E). Such an impedance model could potentially be
used to extract ageing-dependent performance parameters from measured
spectra. Since the changes in the full cell impedance spectra were primarily
restricted to the high-frequency region, the extraction of parameters relating
to this region could be inputted into a physically-based performance model
(see Section 1.7.1) in order to evaluate the battery's ability to provide power.
In the case that lithium-ion diffusion in the solid phase (i.e. physical pro-
cess with a long time constant that impacts on the low frequency region) can
be approximated as constant in fresh high-power battery models, this sim-
plifying assumption could potentially be extended to performance models
incorporating effects of ageing.

5.4.2 Manganese Spinel Chemistry

The lifetimemeasurements indicated that lower depths-of-discharge at room
temperature minimised both capacity fade and impedance increase. Capac-
ity fade and performance degradation were not seen to increase signi�cantly
by increasing the depth-of-discharge (to 40%). But, the extrapolated C/3
discharge capacity at 30 000 completed LEO cycles equalled the capacity re-
quired during a 40% load. Increasing the depth-of-discharge to 40% could
potentially decrease the battery weight and represent the opportunity to in-
crease satellite payload. However, in order for this current load to be used
onboard future satellite missions, both the undervoltage controls and end-
of-life criteria would need to be revised. The impressively small change
in the measured impedance spectra was good from a performance point of
view, but not useful with respect to providing an electrochemical tool for
'�ngerprinting' the state-of-health of cells. Instead, the linear relationship
between a measurable resistance onboard the satellite and the discharge ca-
pacity was suggested as a possible monitoring tool. Use of such a SOH in-
dicator would only be practical if the potential drop of cells could be ac-
curately measured, which is not possible with the current control system
onboard REIMEI.
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Conclusions

Experimental Methodology: Cell design has been shown to be critical for
both reproducibility and industrial applicability. It was dif�cult to
consistently assemble high-quality coin cells. Performance degrada-
tion was accelerated, resulting in this cell design being unsuitable for
predicting onboard lifetime. However, it was possible to identify the
impact of different accelerating factors on performance indicators (e.g.
capacity), thus enabling the speci�cation of the conditions necessary to
maximise battery life. Commercial pouch cells provided reproducible
results that provided a better evaluation of projected cell life onboard
the application. In addition, they were easier to disassemble and pro-
vided access to more material for harvesting. The overall experimental
methodology was shown to be strengthened in the LEO satellite life-
time matrix by: (1) knowledge of the onboard cycling conditions, (2)
ability to compare the performance of the laboratory-tested cells with
onboard performance, (3) design of the reference performance tests to
include measurement of different electrochemical �gures of merit at
multiple SOCs and capacity at multiple current loads, and (4) use of
specially designed two- and three-electrode pouch cells. An improve-
ment of the methodology would be the incorporation of a reference
electrode into the cell design to both improve SOC de�nition and in-
vestigate different contributions to capacity fade.

Impedance Methodology: The methodology was a useful tool for the ex-
traction of physically-based parameters for fresh electrodes and the in-
vestigation of ageing scenarios for harvested electrodes. Con�dence
in the fresh optimised parameters was achieved by simultaneously �t-
ting multiple SOCs with a minimum number of parameters and using
an optimisation strategy that increased the likelihood of �nding the
global minimum. The three-electrode analytical model was computa-
tionally fast and easily adjusted to represent a battery with two porous
electrodes. The main parameters which were related to the incorpo-
rated effects of ageing were seen to have quite distinct effects on the
impedance spectrum, which was essential for the regression of experi-
mental data. The results of the �tting aged electrode data with differ-
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ent ageing scenarios demonstrated the importance of approaching the
optimisation with a strong base of other electrochemical and material
observations. Improvement of the optimised results could be achieved
with better estimates of both the standard deviation of experimental
data and the range of optimised parameters. An improvement of the
methodology would be the incorporation of an error analysis to deter-
mine the con�dence intervals for the optimised parameters.

LixNi0.8Co0.15Al0.05O2-based Chemistry for HEVs: The lifetime results in-
dicated that the onboard target SOC should be based on performance
requirements, with a strong focus on controlling the temperature. Im-
pedance spectroscopy provided a '�ngerprint' of aged cells, with the
potential extraction of ageing-dependent performance parameters sim-
pli�ed by the knowledge that the positive electrode is solely responsi-
ble for observed changes. More work would have to be done to isolate
the contribution of different factors to cell capacity fade. Focussing
on the positive electrode, XPS surface characterisation revealed that
surface �lms had a composition that was independent of the target
SOC, but with more of the same species present at higher tempera-
tures. Combining the electrochemical andmaterial observations in this
thesis with other published observations led to the development of an
ageing hypothesis. This hypothesis, incorporating a resistive layer on
the current collector and a local contact resistance (dependent on SOC)
between the carbon and active material, was found to be adequate in
�tting the harvested aged electrode data.

LixMn2O4-based Chemistry for LEO Satellites: The results indicated that
lower DODs at room temperature would maximise battery lifetime.
However, increasing the curret DOD from 20% to 40% would not im-
pact severely on lifetime performance. Impedance spectroscopy did
not provide a clear '�ngerprint' of aged cells; however, the developed
linear relationship between a measurable onboard resistance and ca-
pacity fade could potentially provide a basis for a prognostic SOH in-
dicator. Temperature was validated as a useful tool when accelerat-
ing the degradation of cells based on this particular chemistry. The
positive electrode had a larger decrease in capacity and increase in
the magnitude of the high-frequency semi-circle (particularly at high
intercalated lithium-ion concentrations) in comparison with the neg-
ative electrode. Furthermore, the positive electrode was responsible
for the changes in the magnitude of the high-frequency semi-circle
for the commercial pouch cells. A change of the cycling behaviour
in the second potential plateau for the LixMn2O4-based electrode pro-
vided a possible kinetic-based explanation for the change of the high-
frequency semi-circle.
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List of Symbols

Symbol Unit Description
i Am−2 current density
n molm−2s−1 molar �ux, relative to a stationary coordinate system,

of the cations divided by their dissociation constant
φ V electric potential
c molm−3 molar concentration
st Am−3 source term representing the total amount of charge

transferring from the electronic to the ionic conductor
sp Am−3 source term representing the partial amount of charge

transferring from the electronic to the ionic
conductor which is carried by the cations

R Jmol−1K−1 gas constant
F Cmol−1 Faraday's constant
T K temperature
κ Sm−1 conductivity
t+ - cation transference number relative to the solvent
D m2s−1 diffusivity
ν+ - number of cations into which a mole of

electrolyte dissociates
ν− - number of anions into which a mole of

electrolyte dissociates
z+ - cation charge number
µ Jmol−1 chemical potential

γ+ - molar activity coef�cient of cations
γ± - mean molar activity coef�cient
ε - volume fraction
β - tortuosity factor
id Am−2 double layer current density out of the phase and

into the ionic conductor
cd Fm−2 double layer capacitance
f+ - cation fraction of the double layer charge
a m−1 surface area per unit volume
i f Am−2 faradaic current density out of the active material and

into the ionic conductor
i0 Am−2 exchange current density
η V surface overpotential
αa - anodic transfer coef�cient
αc - cathodic transfer coef�cient
E0 V equilibrium potential of the active material
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rc Ωm2 contact resistance
p V electric potential in the electronic conductor at its

left end
n m−4 distribution of the number density of the spherical

active material particles over rs
nai m−3 total number density of the spherical

active material particles
βai - active material particle distribution parameter
rs m radial coordinate in the spherical

active material particles
rsai m spherical active material particle distribution parameter
zs m normal coordinate in the �ake-shaped

active material particles
zsai m �ake-shaped active material

particle distribution parameter
x m Cartesian coordinate
h m domain thickness
t s time
j - imaginary unit
v - arbitrary variable

∆φ V amplitude of the harmonic excitation
ω s−1 angular frequency of the harmonic excitation

∆ϕ - phase angle of the harmonic excitation
Z Ωm2 impedance
χ2 - least squares merit function
σ standard deviation

Subscript

I - electronic conductor
II - active material
III - ionic conductor
n - negative terminal
p - positive terminal a

ei - electronic/ionic conductor interface
ai - active material/ionic conductor interface
pe - positive current collector/electronic conductor interface
pi - positive current collector/ionic conductor interface
ni - negative electrode/ionic conductor interface
i - intermediate
|s - denotes the surface of the active material

Superscript/superposed
0 - equilibrium state
� - perturbation from the equilibrium state
� - complex perturbation from the equilibrium state
¯ - nondimensional quantity

a can indicate a partial current; refer to Equations 3.12 and 3.13
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Appendix A

Electrode Chemistry

A.1 Layered Nickelate (LixNi0.8Co0.15Al0.05O2)

A.1.1 Background

Originally, a shift in the research focus for positive electrode material to lay-
ered LixNiO2 occurred due to both the comparatively high cost of cobalt and
the thermodynamic instability of fully deintercalated isostructurally layered
LixCoO2 positive electrodes147. One of the main obstacles in the use of sto-
ichiometric LixNiO2 is the dif�culty in obtaining the material in a repro-
ducible manner using traditional synthesis routes148�151. A reversible ca-
pacity of 150mAh/g was shown to be attainable for LixNiO2 when the un-
optimised electrode was restricted to cycle between 2.5 to 4.2V vs Li/Li+

(0.25<x<1), with the formation of a distinct phase with rock-salt structure
and a signi�cant reduction in the reversible capacity for voltages greater
than 4.2V vs Li/Li+ (0<x<0.25)148. The signi�cant reduction in the re-
versible capacity was attributed to a 0.3Å shrinkage in the interlayer dis-
tance of Li0.2NiO2.

In order to utilise both the ease of synthesis and strongly stabilised 2D
structure of layered isostructural LixCoO2, compounds of LiNi(1−y)CoyO2

were investigated134,152�154. Substitution of cobalt for nickel increased the
2D character (see Figure A.1(a)) of the structure with a subsequent decrease
in the number of nickel ions in the lithium sites152. However, the drastic
shrinkage of the interlayer distance at higher potentials was not avoided154.
Parallel research indicating that the substitution of electrochemically inac-
tive aluminium into both LixCoO2

147,155�158 and LixNiO2
149,159,160 intercala-

tion compounds led to both increased structural stability and, in the latter
case, an electronically insulating material for Li0.25Ni0.75Al0.25O2, resulted
in the development of LixNi0.8Co0.15Al0.05O2. The maximum amount of
lithium extracted per transition metal oxide (∆x) was measured to be ∼0.7
after charging between 3.0 to 4.2V vs Li/Li+ with a speci�c discharge capac-
ity of ∼190mAh/g27�29. The open-circuit potential as a function of the mo-
lar ratio of intercalated lithium ions (x) for LixNi0.8Co0.15Al0.05O2 is shown
in Figure A.1(b).

106



A.2. MANGANESE SPINEL 107

0.3 0.4 0.5 0.6 0.7 0.8 0.9
3.4

3.5

3.6

3.7

3.8

3.9

4

4.1

4.2

x in LixNi0.80Co0.15Al0.05O2

P
o

te
n

ti
a

l 
v
s
 L

i/
L

i+
 (

V
)

TM

O

Li

TM

O

TM

O

Li

TM

O

LiNi+3O
2
↔Li

x
Ni +3/+4 O

2

LiCo+3O
2
↔ Li

x
Co+3/+4 O

2

(a) (b)

Figure A.1: (a) Two-dimensional layered host structure of LixNi0.8Co0.2O2 (unpub-
lished, D. P. Abraham, Argonne National Laboratory), (b) 3-electrode GITT measure-
ment of the OCP as a function of the molar ratio of intercalated lithium (x) for a positive
LixNi0.8Co0.15Al0.05O2 porous electrode

A.1.2 Improvement of Lifetime Performance

There are several approaches that are currently being investigated in order
to improve the lifetime performance of LixNi0.8Co0.15Al0.05O2-based batter-
ies. Firstly, the electrolyte needs further development in order to be more
thermally stable and resistive to hydrolysis by either changing the salt (e.g.
LiBOB30,71) or using an additive (e.g. dimethyl acetamide)161. Secondly,
the stability of the active positive electrode material could be further im-
proved with metal ion doping, for example, increasing the aluminium per-
centage49. Finally, the carbon additives need to be either replaced or thor-
oughly dried53.

A.2 Manganese Spinel (LixMn2O4)

A.2.1 Background

One of the candidate lithium-ion technologies for both high-power and high-
energy applications utilises a manganese spinel intercalation material as the
active component of the porous positive electrode. Typically synthesised as
a highly crystalline product at ∼750°C, stoichiometric LixMn2O4 spinel pro-
vides a three-dimensional interstitial space (see Figure A.2(a)) for lithium-
ion transport with a high voltage (4V vs Li/Li+) and a stable cubic (space-
group Fd3m) framework over the whole 4V compositional range 0≤x≤1 in
LixMn2O4

72,89. Although lithium ions can also be reversibly inserted into
LixMn2O4 in the composition range 1≤x≤2.2523, the process is a two-phase
reaction80 where the average manganese ion valency falls below 3.5 caus-
ing a Jahn-Teller distortion [i.e. the cubic symmetry of Li[Mn2]O4, in which
lithium ions occupy tetrahedral sites, is reduced to tetragonal Li2[Mn2]O4

(space group F41/ddm), in which the lithium ions occupy octahedral sites].
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The result is an open-circuit potential of 2.96V vs Li/Li+ 23 and capacity fade
due to degradation of structural integrity, therefore restricting the spinel
electrode within the limits of the cubic structure with a speci�c capacity of
∼120mAh/g72.

The open-circuit potential as a function of the concentration of the inter-
calated lithium ions for LixMn2O4 is shown in Figure A.2. Two distinct quasi
potential regions separated by ∼100-150mV are observed, with the phase
transitions occurring and contributing to this behaviour a source of con-
tention in the battery community77,162�165. All observed phases have been
indexed using cubic cells with only minor differences in the cell parameter.
Lithium ion intercalation in the upper potential region (i.e. x∼ 0.10 - 0.35) is
suggested to give rise to the coexistence of two-phases162�165. From x = 0.4 to
0.5 the spinel network expands rapidly, becoming less pronounced after half
of the total sites are �lled, with the lithium ions proposed as being ordered
(i.e. lithium ions occupy every other available tetrahedral site in the spinel
structure) in one study77 and disordered in another164. The compositions
with lithium concentrations ranging from x = 0.4 to 0.5 and x = 0.5 to 1.0 (i.e.
lower potential region) have been identi�ed as two distinct cubic phases in
one study164. However, other work has proposed a single cubic phase for
x = 0.4 to 0.5 coexisting with another cubic phase for x = 0.5 to 1.0165. The
single- or two-phase nature of the electrode chemistry has been shown to
depend largely on the initial spinel composition77,164.
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Figure A.2: (a) Three-dimensional host framework of LixMn2O4 with spinel-type structure
(unpublished, D. P. Abraham, Argonne National Laboratory), (b) 3-electrode GITT mea-
surement for a positive LixMn2O4-based porous electrode (SOC de�ned as in Paper VI: (I)
SOC 80%, (II) SOC 60%, (III) SOC 40%, (IV) SOC 20%)

A.2.2 Improvement of Lifetime Performance

Recent research has been successful in improving the cycling performance of
4V LixMn2O4/LiPF6-based organic electrolyte/LixC6 cells at elevated tem-
peratures. The approaches often focus on the positive electrode and either
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attempt to minimise the HF content of the electrolyte and/or improve the
chemical stability of the spinel with respect to dissolution. Firstly, one of
the main focuses has been on increasing the manganese oxidation state in
the positive electrode to above 3.578 and reducing the cell lattice parameter
<8.23Å, with the latter suggested as the most critical parameter78. This can
be achieved by replacing a small amount of manganese by excess monova-
lent lithium78,83,166,167, dopingwith di- or trivalentmetals (Al78,86,168, Ni90,169,
Zn90,167, Co90,166,170, Cu166, Cr171, Ti166, Fe166, Ga166, Y170) or anionic sub-
stitution (F78,167,170). Increasing the average manganese oxidation state this
way has been shown to decrease the spinel's sensitivity to temperature,
however, the failure mechanisms are similar78. Secondly, since the inter-
action between the catalytic surface of LixMn2O4 and the electrolyte has
been shown to be critical, particularly at elevated temperatures74, the sur-
face of the spinel material has been modi�ed with Ni172,173, Co170, Y170 and
F170 in order to provide a higher manganese oxidation state at the surface
and therefore reduce the susceptibility to attack by HF. In addition, a solid
surface layer functioning as a barrier has been researched in the form of
lithium boron oxide74, ZnO174,175, Al2O3

176,177, AlPO4
178 and Li4Ti5O12

179;
other surface treatments have included the use of a complexing agent, acetyl
acetone74. Thirdly, mixing of another intercalation material, for example
LixCoO2

180 or LiNixCoyMnzO2
181, into the positive electrode as a H+ scav-

enger has been shown to effectively improve cycle life. Fourthly, novel elec-
trolytes182,183 and electrolyte additives have been used to inhibit thermal
decomposition of the electrolyte (e.g. dimethyl acetamide)64.

A.3 Graphite (LiyC6)

A.3.1 Background

Graphitic carbons are carbonaceous materials with a layered structure, as
shown in Figure A.3(a). A maximum lithium content of one lithium ion per
six carbon atoms can be reached for highly crystalline graphitic carbons24.
The equilibrium potential as a function of the molar ratio of lithium, y is
shown in Figure A.3(b), with potential plateaus corresponding to the coex-
istence of two phases24 and three stage structure changes in the material:
(1) dilute stage-1 to stage-4 at approximately 0.21V vs Li/Li+, (2) stage-2L
to stage-2 at approximately 0.12V vs Li/Li+, and (3) stage-2 to stage-1 at
approximately 0.09V vs Li/Li+ 14.

Carbon intercalation compounds are thermodynamically unstable in all
known electrolytes, therefore the surfaces exposed to electrolyte need to be
protected with a solid electrolyte interphase (SEI) layer that is ionically con-
ductive (desirable that tLi+=1) but electronically insulating. The SEI layer
is formed on negative electrodes that are polarised below the electrolyte re-
duction potential (∼0.8V vs Li/Li+)98, consuming approximately 5 to 20%24

of the cycleable lithium during the �rst charge (i.e. intercalation of lithium
into the electrode). This irreversible capacity loss is shown in Figure A.4.
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Figure A.3: (a) Layered structure of LiyC6. Interlayer distance (c) increases by ∼10%
because of lithium ion intercalation (unpublished, D. P. Abraham, Argonne National Lab-
oratory), (b) 3-electrode GITT measurement of the OCP as a function of the molar ratio of
intercalated lithium (y) for a negative LiyC6 porous electrode
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A.3.2 Improvement of Lifetime Performance

The lifetime performance could be improved by (1) surface modi�cation of
the graphite in order suppress both solvent cointercalation and electrolyte
decomposition, and (2) use of electrolyte additives to both reduce the pres-
ence of HF (impacts negatively on SEI stability)97 and complex with poten-
tially damaging dissolved ions (e.g. copper)184.



Appendix B

Observed Material Changes of
LixNi0.8Co0.15Al0.05O2

B.1 Deterioration of Electronic Contact

(a) (b)

(c) (d)
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Figure B.1: 52 x 75µm Raman microscope images of the composite LixNi0.8Co0.15Al0.05O2

cathodes. The images consist of Raman spectra collected at 0.7µm resolution. The in-
tensity of red, blue, and green colour corresponds to the integrated band intensity of
LixNi0.8Co0.15Al0.05O2, and D, G carbon bands of each spectrum, respectively. (a) Fresh
cathodes, (b), (c), and (d) cathodes from cells which lost 10, 34, and 52% of power, respec-
tively51. Image supplied by R. Kostecki (Lawrence Berkeley National Laboratory). Repro-
duced with permission from Electrochemical and Solid State Letters
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B.2 LixNi1−xO Surface Layer
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Figure B.2: High-Resolution TEM Image and Fast Fourier Transform patterns of
LixNi0.8Co0.2O2 from a 43% power fade sample. The sample was tilted off the zone axis
so that only c-axis re�ections were visible. Portions of the surface layer were ion-milled
away during sample preparation127. Image supplied by D. P. Abraham (Argonne National
Laboratory). Reproduced with permission from Electrochemistry Communications

B.3 SEI Layer

(a) (b)

Figure B.3: Surface �lms observed in the pores between LixNi0.8Co0.15Al0.05O2 primary
particles from 'as harvested' electrodes. These �lms may also include the electrolyte residue;
(a) SEM, (b) TEM19. Image supplied by D. P. Abraham (Argonne National Laboratory)



Appendix C

Lifetime Experimental Factors

C.1 Factors to Consider

C.1.1 Full Cell Design

Design factors such as cell surface to volume ratio, electrode to electrolyte
volume ratio, externally applied pressure and sealing will impact on the
cell temperature distribution, size of the initial source of electrolyte impu-
rities, cell capacity, electrode breakdown upon lithiation/delithiation, cell
current distribution, exposure to humidi�ed air and the potential for short-
circuiting.

At the laboratory scale, coin cells (see Figure 2.1) provide a convenient
technique to make a large number of cells with a small amount of material.
They have the advantage of a high surface to volume ratio (important for as-
suming an isothermal condition), a simple geometry which impacts on the
current distribution, good sealing and an applied pressure with an internal
wave washer that can be speci�ed by the user. However, the main disadvan-
tage is the electrode to electrolyte volume ratio, which is dif�cult to optimise
and hence ageing is often accelerated in such cells due to a larger volume of
electrolyte. Further disadvantages include the manual aspect of cell assem-
bly which impacts on reproducibility, the dif�culty of both designing and
maintaining constant conditions in a cell holder, dif�culty of incorporating
a reference electrode, dif�culty of cell disassembly and the small amount of
material that is available for harvesting after cell ageing.

An alternative cell design that is increasingly being utilised at both the
laboratory and commercial levels is so-called 'pouch cells' (also referred to
as laminated cells; see Figure 2.3). They have the advantage of a high surface
to volume ratio (especially useful for large capacity commercial cells in com-
parison with traditional wound designs), a simple geometry, an externally
applied pressure due to vacuum evacuation during assembly which can be
enhanced with extra external pressure, a lack of internal 'dead space' which
improves the electrode to electrolyte volume ratio, easily accessible elec-
tronic contacts, a better opportunity for reference electrode incorporation,
a �exible design (i.e. adjustable dimensions), a potentially large amount of
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electrode material for harvesting and simple disassembly. The main dis-
advantage is the requirement for moderately careful handling because the
pouch material is not as protective as a metal casing. In addition, great care
must be taken in designing the pouch sealing system which can be dif�cult
at the laboratory level.

C.1.2 Accelerating Factors

The use of an accelerating condition to investigate the long-term perfor-
mance of a battery implicitly implies that the base condition for the bat-
tery in a particular application is known a priori. This is often not the case,
with lifetimematrices often constructedwith two general purposes: (1) to in-
vestigate the lifetime performance of a battery at the forecasted application
temperature (e.g. room temperature) with variable conditions such as SOC-
window, depth-of-discharge and cycling pro�le, and (2) after determining
the base conditions to optimise lifetime, the impact of temperature is intro-
duced to both observe the increased degradation for applications where the
temperature is not constant (e.g. HEVs) and reduce testing time in order to
gauge the expected lifetime of a commercial technology in several months
as opposed to several years. Careful consideration must be given to ensure
that the degradation mechanism at the application temperature correlates
with the degradation mechanism at the elevated temperature.

C.1.3 Reference Performance Tests

Cells in a lifetime matrix are normally aged at a particular set of conditions
with periodic removal from testing in order to perform a series of reference
performance tests (RPTs). The three electrochemical tests that are normally
undertaken are: (1) a capacity check with either/both a high (e.g. C, C/2)
and low (e.g. C/10, C/20) current, (2) a measure of the direct resistance
upon charge and discharge with a speci�ed current at one or multiple target
SOCs, and (3) a measure of the impedance at one or multiple SOCs from
a high frequency (e.g. 100kHz, 1000Hz) to a low frequency (e.g. 10mHz,
1.0mHz or 0.5mHz; the lower the frequency the longer the measurement
time). The measurements undertaken must be carefully designed in order
to provide the information that is required about the battery in the particular
application. For example, the direct resistance of a battery in a power-assist
HEV should be probed with a high current for a meaningful period of time
(e.g. the largest amount of foreseeable power for acceleration assistance or
cranking), which would differ for a LEO satellite where the delivery of high
power for a designated period of time is not applicable. The actual structure
of the RPTs ultimately depends on the availability of equipment because it
is important to balance the time off-testing with time on-testing. For exam-
ple, the batteries should not be aged continuously for one week followed
by three weeks of RPTs, otherwise the results re�ect the impact of the RPTs
on ageing rather than the ageing condition itself. Finally, it is important to
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consider what temperature the RPTs will be undertaken at. If the goal is to
understand the performance degradation at the testing condition, then the
testing condition should be used. However, if the goal is to understand the
impact of temperature on the performance degradation then the cells must
be tested at the same condition (e.g. 25°C). If time permits, testing both at the
test temperature and at a common temperature provides a comprehensive
set of data.

C.1.4 Harvesting Electrodes

Lifetime matrices for lithium-ion batteries are often undertaken with two-
electrode systems (i.e. two porous electrodes divided by a porous separator)
that accurately portray the design of the cell in real-time application. How-
ever, it is dif�cult to distinguish the contribution of the positive and negative
electrode to cell impedance increase and capacity fade. Ideally, a reference
electrode would be incorporated into a cell in order to monitor the perfor-
mance of each electrode during the reference performance tests. However,
there are some problems associatedwith incorporating a reference electrode.
Firstly, inserting a reference electrode between the two electrodes requires
the addition of a second separator, which would impact on the mass trans-
port in the separator ionic phase during cell operation and hence potentially
contribute to cell degradation. Secondly, a reference electrode should be
small and placed a reasonable distance from the surface of the electrodes in
order to avoid signi�cant disturbance to the current distribution, thus re-
quiring a thickening of the separators and hence impacting on performance.
In addition, it is dif�cult to design a small and reproducible reference elec-
trode that can withstand the testing conditions for the duration of the life-
time matrix. Thirdly, reference electrodes can drift with extended periods
of time due to, for example, de-intercalation in the case of intercalation elec-
trodes or reaction with impurities, thus disturbing the required equilibrium.
Although this does not prove to be a problem for impedance measurements,
since the technique is based on perturbed values instead of absolute, it does
prove to be a problem if the reference electrode can not be recovered and
calibrated against an internal standard prior to cell cycling. Further discus-
sion on the incorporation of a reference electrode into a cell is provided in
Section 5.1.

In the absence of a reference electrode, the only way to probe the con-
tribution of each electrode to cell capacity fade and impedance changes is
to disassemble the cell and harvest the electrodes for future electrochemi-
cal and materials testing. Cell disassembly should be undertaken either in
a glove box or a dry room, since the properties of the cell components will
change when contacted with humidi�ed air. In addition, great care should
be taken when disassembling the cells in order to ensure the avoidance of
accidental short-circuiting, excessive heating due to the use of cutting tools
and damage to electrodes. Harvested electrodes can either remain in their
harvested state or washed in solvent and dried at a reduced pressure in or-
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der to remove any residual salt not inherent to any surface layers. In addi-
tion, they should be securely stored in a controlled environment (i.e. low
temperature and low humidity) and carefully labelled prior to further mea-
surements.

It should be noted that electrodes harvested from commercial cells are
usually double-sided, which can cause problems for harvested two- and
three-electrode electrochemical measurements. In such a case, the material
on one side of the electrode must be carefully removed with an appropriate
solvent (e.g. 1-methyl-2-pyrrolidine).

C.1.5 Three-Electrode Design

Undertaking reliable and reproducible three-electrode measurements is a
challenging task. The three-electrode set-up normally consists of a harvested
porous electrode (working electrode), a reference electrode and a lithium foil
representing an in�nite source of lithium ions (counter electrode). Ideally,
the three-electrode set-up should reproduce the conditions the harvested
electrode is subjected to at the cell level. However, the fact that the reference
electrode needs to be placed near enough to the working electrode surface
in order to minimise Ohmic losses whilst simultaneously being far enough
away (determined by the size of the reference electrode) to avoid signi�-
cant impact to the current distribution, hinders the experimentalists' ability
to apply a reasonable pressure to the surface of the working electrode. Too
little pressure results in loss of contact between particles in a porous elec-
trode, potentially resulting in the complete exfoliation of the active material
from the current collector surface. On the other hand, too much pressure
can structurally damage the electrode material. An additional problem ex-
ists in the selection of the three-electrode cell material. It can be dif�cult in
a lithium-ion based chemistry to �nd materials that do not corrode and im-
pact on the electrochemical performance. Finally, sealing is a problem for
three-electrode cells, especially at the point of reference electrode insertion.
The design of a reliable three-electrode set-up has been one of the focuses in
this thesis. Although a lot of designs were tested (including difference ref-
erence electrodes, separator materials, spring systems and current collector
materials), only two were successful and are described in detail in Chapter
2.

Electrochemical measurements that are often undertaken with this cell
design include capacity checks (with various currents), obtainment of the
open-circuit potential as a function of SOC (with the galvanostatic inter-
mittent titration technique (GITT)) and impedance at multiple frequencies
at different target SOCs. The results provide electrochemical data that can
be evaluated with physically-based models (both impedance and perfor-
mance) in order to discern the contribution of different effects to electrode
behaviour.
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C.1.6 Two-Electrode Design

The two-electrode design is similar to the three-electrode design, with a har-
vested porous electrode (working electrode) and a lithium foil representing
an in�nite source of lithium ions (counter electrode). Two-electrode cells are
particularly useful for capacity measurements, providing a base of compar-
ison for the three-electrode capacity results. Although the two-electrode de-
sign can differ from the three-electrode design, a similar design is preferable
in order to minimise any design-induced electrochemical behaviour.

C.1.7 Materials Characterisation

Undertaking materials characterisation on both fresh and harvested elec-
trodes is extremely important in order to both provide measured parameters
for physically-based models and to understand what is possibly contribut-
ing to the change of the electrochemical behaviour with ageing. In general,
there are two important things to considerwhen undertakingmaterials char-
acterisation measurements. Firstly, it is important that both fresh and aged
samples aremounted into equipment without exposure to humidi�ed air for
some measurements (in particular prior to surface analysis measurements).
Secondly, results must be carefully evaluated to ensure that what is seen is
not a result of the measurement process, for example, depth-pro�ling with
Ar+ sputtering during an XPSmeasurement could result in unwanted chem-
ical reactions.

C.2 State-of-Charge (SOC) De�nition

A battery is normally cycled between two voltage limits with a constant
current (to an upper voltage limit)/constant voltage charging scheme and
a constant current discharge (to a lower voltage limit). These voltage limits
are initially chosen on the basis of several material limiting factors, includ-
ing active material stability, electrolyte stability and current collector stabil-
ity. After obtaining these initial limits, an analysis is undertaken in order to
maximise both energy and power density whilst maintaining a good cycle
and calendar life.

A battery that has been charged with a reasonably low current to the up-
per voltage limit is recognised as having 100% of the cell capacity available
to do work for subsequent discharging. In this state, the battery is desig-
nated as being at 100% SOC. At the other end of the spectrum, a battery that
has been discharged with a reasonably low current to the lower voltage limit
is recognised as having 0% of the cell capacity available to do work for sub-
sequent discharging. In this state, the battery is designated as being at 0%
SOC (or alternatively 100% DOD).

Most traditional commercial battery applications, for example, mobile
phones, cameras and video cameras, cycle the battery with 100% ∆SOC.
However, for applications like power-assist HEVs, the battery must exist at
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a partial SOC that allows for periods of charging and discharging. The abil-
ity of a battery to either receive or deliver a certain amount of energy/power
at a particular current load is partially dependent on the SOC (dependence
on SOH will be discussed later), hence the interest in how this quantity is
both de�ned and measured. From the experimentalists point of view, life-
time matrices for power-assist HEVs often include the impact of target SOC
on performance degradation, hence the requirement to clearly de�ne both
SOC and how testing at this value is ensured for the duration of a lifetime
study.

Prior to describing the two techniques normally used to reach a desired
SOC at the full cell level, it is necessary to introduce the de�nition of the cell
equilibrium potential (OCP). The OCP between two electrodes depends on
the difference of the lithium chemical potential between the positive and the
negative electrode, given as

Vfull cell(SOC) = −
µ
positive
Li (x) − µ

negative
Li (y)

zF
, (C.1)

where µ is the chemical potential of the intercalated lithium, F is the Fara-
day constant, z is the charge transported by lithium in the electrolyte (nor-
mally equal to 1) and x and y are the molar ratios of lithium intercalated into
the positive and negative electrodes, respectively. Typical examples of the
dependence of the electrode OCP on the molar ratio of inserted lithium is
given in Figures C.1(c) and (d). Obtaining such �gures is a two-step process:
(1) fresh electrode material that has never been in touch with electrolyte or
subjected to formation cycling must be used in order to measure the �rst
charge/discharge and obtain the x and y limits, and (2) the galvanostatic in-
termittent titration technique (GITT) should be used with small step sizes
in removed/added capacity, followed by a long rest period. Hypothetical
examples of reasonable x and y values for a lithium-ion battery in both a
charged and discharged state are shown in Figures C.1(a) and (b).

Ideally, the cell SOC should be related to the cell OCP, corresponding
to a certain amount of lithium intercalated into each electrode. This ap-
proach provides the basis for the �rst possible SOC description, with both
approaches illustrated in Figure C.2. Undertaking a GITT measurement on
a cell with prede�ned upper and lower voltage limits, a �gure can be con-
structed to relate the cell OCP to SOC, as shown in Figure C.2(b). Each de-
sired target SOC can be realisedwith a galvanostatic charge/discharge to the
target voltage, followed by both a potentiostatic and OCP period. This ap-
proach has the advantage of being suited for automated experimental rou-
tines. However, for lifetime studies it does not take into account the possibil-
ity that both electrode properties and relative electrode operating windows
can change, hence the cell OCP of an aged cell does not necessarily re�ect
the electrode conditions of a fresh cell. However, if it can be assumed that
the bulk structural properties of the active material in both electrodes do not
change, and the relative shift in electrode windows is insigni�cant, then this
approach is the most convenient and has been used in Paper II, Paper III
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Figure C.1: Demonstration of cell state-of-charge: (a) charged cell, (b) discharged cell, (c)
negative electrode open circuit potential as a function of intercalated lithium-ion concentra-
tion (y), (d) positive electrode open circuit potential as a function of intercalated lithium-ion
concentration (x). Corresponding values indicated with colour

and Paper IV. The validity of such an approach could be investigated by
incorporating a calibrated reference electrode into the cells and monitoring
possible changes in both the electrode operating window and general cy-
cling behaviour with ageing. The second approach to de�ning the cell SOC
is based on galvanostatically discharging the cell with a reasonably low cur-
rent for a �xed period of time, removing a certain percentage of the full
discharge capacity between the two voltage limits. After the discharge pe-
riod, the cell is allowed to remain at an open-circuit condition in order to
relax concentration gradients, as shown in Figure C.2(a). This approach is
desirable if the experimentalist has no access to equipment that can place
the cell under a potentiostatic condition. In addition, this approach is more
convenient if measurement of the immediate relaxation of the potential after
the removal of the current load is required (see Paper V). Furthermore, this
approach truly represents the state of the battery at which a certain percent-
age of the remaining full capacity is available for work, hence incorporating
any changes in electrodes with regards to structure or operating window.
However, this approach has two main disadvantages. Firstly, the process of
removing the required capacity to reach a desired SOC is time-consuming
because low currents need to be used in order to avoid reaching the lower
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Figure C.2: Demonstration of the different ways to reach a target cell state-of-charge (SOC):
(a) constant current for a �xed period of time, followed by a reasonable OCP period, (b)
results of a GITT measurement to determine SOC as a function of cell potential (inset:
example of raw GITT data)

voltage limit due to high cell impedance. Secondly, the capacity of the cell
with a speci�c current load reduces with ageing and therefore the time re-
quired to remove a certain percentage of the capacity must be adjusted with
time. This readjustment requirement makes it more dif�cult to automate the
experimental routine.

C.3 State-of-Health (SOH) De�nition

SOH is an ill-de�ned �gure of merit that should provide feedback on the
degree of degradation of a battery21. SOH recognition should essentially
function as:

1. an assessment of the battery's ability to sustain required energy and
power for the current cycle (diagnostic tool), and

2. prediction of residual cycles/time prior to battery failure (prognostic
tool).

There are no clear guidelines as to how a SOH indication scheme should be
designed. The situation is simpli�ed if the duty cycle and operating con-
ditions are known and a benchmark can be developed. The operation of
a lithium-ion battery onboard a LEO satellite satis�es these requirements,
where a SOH indicator could potentially be based on the cell EODV. An-
other approach could be to base the SOH indicator on an estimation of the
remaining discharge capacity between the cell potential limits (4.1 - 3.0V)
(see Paper V). This approach to SOH indication would require establish-
ment of a relationship between a measurable quantity onboard the satel-
lite and the discharge capacity. In the case of power-assist HEVs, neither
the operating SOC or duty temperature for the battery is �xed. A diag-
nostic SOH indicator for such a HEV architecture should be based on the
battery's ability to deliver a certain amount of power for a speci�c load. For
example, a diagnostic SOH indicator could be based on the direct resistance



C.3. STATE-OF-HEALTH (SOH) DEFINITION 121

of the battery185,186. An alternative approach to monitoring the SOH of a
lithium-ion battery onboard a HEV (regardless of the architecture) is im-
pedance spectroscopy22,187. Regardless if the measurement is undertaken
at progressively lower frequencies (single-sine measurements often used at
the laboratory scale) or all measurements are undertaken at the same time
accompanied with a Fourier analysis (multi-sine22), the analysis of the data
with a model is simpler if the cell has reached a steady-state condition prior
to the measurement. This requires a period of rest for the battery and thus
makes this SOH indicator unviable for simultaneous online systems. How-
ever, the measurement could be undertaken in a short period of time when
the vehicle is at rest, thus either the impedancemodulus at a given frequency
or alternatively a model-based parameter could provide the basis for a SOH
indicator.





Appendix D

Negative Electrode Optimisation
Results

The result of simultaneously �tting the impedance model to the measured
fresh negative electrode impedance data at three SOCs (y equal to 0.30, 0.46
and 0.58; refer to Figure A.3(b)), from 100kHz to 0.5mHz, can be seen in
Figure D.1. The values for the �xed parameters can be found in Table D.1
and Paper II (see Table IV). The �tted parameter values, either dependent
or estimated as independent of SOC, can be seen in Table D.2.

Table D.1: Fixed fresh negative composite electrode parameters

Parameter Units Value Source
κI Sm−1 1.0 × 102 estimated
εI - 6.2 × 10−1 calculated
βI - 5.0 × 10−1 estimated

εIII:1 - 3.1 × 10−1 calculated
h1 m 3.5 × 10−5 measured

f+ei|0 - 5.0 × 10−1 estimated
αaai|0 + αcai|0 - 1 -

f+ai|0 - 5.0 × 10−1 estimated
aai m−3 1.15 × 107 measured SEM
βai - 6.14 × 10−1 measured SEM
zsai m 4.48 × 10−8 measured SEM
f+pi

∣∣0 - 5.0 × 10−1 estimated
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Figure D.1: Fresh negative electrode (GEN2 chemistry) impedance data; optimised from
100kHz to 0.5mHz: (a) y = 0.30, (b) y = 0.46, (c) y = 0.58; (•) measured data, (+) simulated
data; 1000, 125, 10, 1, 0.1, 0.01, 1.0mHz and 0.5mHz indicated with2 (insert from 1000Hz
to 0.01Hz)

Table D.2: Optimised parameters for the fresh negative composite electrode

Fitted y in LiyC6

Parameter Units 0.30 0.46 0.58
Dependent on state of charge

i0ai|0 Am−2 3.647 × 10−1 4.490 × 10−1 4.541 × 10−1

E
′
0ai

∣∣∣0 Vm3mol−1 −9.500 × 10−6 −1.255 × 10−5 −3.552 × 10−5

DII|0 m2s−1 7.477 × 10−18 1.168 × 10−17 4.820 × 10−17

Estimated as independent of state of charge
βIII:1 - 2.854 × 100

cdai|0 Fm−2 1.397 × 10−2

rcpe Ωm2 3.136 × 10−3



Appendix E

Battery Impedance Model

One of the possible outputs from this type of research would be the reliable
use of impedance spectroscopy as a tool to �ngerprint the SOH of individual
cells in a battery pack.

2 k,h3
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pe

Lix(M)O2

Carbon

Oxide layer
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LixC6
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Figure E.1: Schematic representation of the impedance model. A layer thickness is repre-
sented by h and the domain number is represented by k. The negative and positive elec-
trodes are indicated with n and p respectively. All interfaces indicated with italics: positive
active material/ionic conductor (pai), positive electronic conductor/ionic conductor (pei),
positive current collector/electronic conductor (pe), positive current collector/ionic conduc-
tor (pi); negative active material/ionic conductor (nai), negative electronic conductor/ionic
conductor (nei) negative current collector/electronic conductor (ne), negative current col-
lector/ionic conductor (ni)

In order to come full circle with the GEN2 lifetime work, the coin cell im-
pedance data should be �ttedwith a battery impedancemodel. All electrode
parameters would be �xed to both the measured and optimised values, and
only those parameters relating to the positive electrode ageing hypothesis
allowed to vary with ageing. Prior to undertaking optimisation work, the
battery impedance model must be derived and simulations of the ageing hy-
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pothesis investigated to see if the effects on the Nyquist plot correspond to
the observed experimental results in the same frequency ranges. This work
has been preliminarily undertaken in this thesis, with the three-electrode
model in Paper I re-derived for a cell containing two porous electrodes sep-
arated by one porous separator (see Figure E.1).

This section seeks to provide the necessary changes to the macroscopic
model, which must be supplemented by the detailed description of param-
eters and assumptions in Paper I. The main change in notation from the
three-electrode model is the use of the subscripts (n) and (p) to denote the
negative and positive electrode, respectively. Both the negative and positive
composite electrodes are porous, with the microscopic formulation given
in Paper I. The only note that needs to be made is that the active particles
for the negative and positive electrodes are modelled as �akes and spheres
(both with a log-normal distribution), respectively.

E.1 Macroscopic Model

Boundary And Transitional Conditions

Regions 1, 2, and 3 correspond to the negative porous electrode, separator
and positive porous electrode, respectively. Identical quantities which dif-
fer between domains are distinguished by adding a domain index, using a
colon as delimiter where needed. Each region has its own Cartesian coordi-
nate xk with 0 ≤ xk ≤ hk, where hk is the thickness of domain k.

�φn = 0,
�φp = ∆φ exp (j∆ϕ) ,

�φI:1|x1=0 = �pn,

��I:1|x1=h1
= 0,

��III:1|x1=0 = �ftn,

�nIII:1|x1=0 =
�fpn

ν+z+F
,

�φIII:k|xk=hk
= �φIII:(k+1)

∣∣∣
x(k+1)=0

, k = 1, ..., 2,

�cIII:k|xk=hk
= �cIII:(k+1)

∣∣∣
x(k+1)=0

, k = 1, ..., 2,

��III:k|xk=hk
= ��III:(k+1)

∣∣∣
x(k+1)=0

, k = 1, ..., 2,

�nIII:k|xk=hk
= �nIII:(k+1)

∣∣∣
x(k+1)=0

, k = 1, ..., 2,
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�φI:3|x3=h3
= �pp,

��I:3|x3=0 = 0,

��III:3|x3=h3
= − �ftp,

�nIII:3|x3=h3
= −

�fpp
ν+z+F

.

Form of the Microscopic Equations

The microscopic model is restricted to take on the form

�s[t/p]n = −ψ[t/p]np ( �φIII:1 − �φI:1) − ψ[t/p]nc P|0 �cIII:1,

�s[t/p]p = −ψ[t/p]pp ( �φIII:3 − �φI:3) − ψ[t/p]pc P|0 �cIII:3,
�pn = �φn − σn ��I:1|x1=0 ,

�pp = �φp + σp ��I:3|x3=h3
,

�f[t/p]n = −χ[t/p]np

(
�φIII:1|x1=0 − �φn

)
− χ[t/p]nc P|0 �cIII:1|x1=0 ,

�f[t/p]p = −χ[t/p]pp

(
�φIII:3|x3=h3

− �φp

)
− χ[t/p]pc P|0 �cIII:3|x3=h3

.

Non-dimensional Standard Form

Introducing dimensionless quantities (see Paper II) and rearranging the re-
sulting set of equations into a standard form and introducing

sk =

 φ̄III:k
c̄III:k
φ̄I:k

 , k = 1, 3,

s2 =
(

φ̄III:2
c̄III:2

)
,

gives the coupled set of ordinary differential equations

d2sk
dx̄2k

= Aksk, 0 < x̄k < 1 and k = 1, ..., 3.

where

A1 =

 Anp Anc + D1 −Anp

Bnp Bnc + D1 −Bnp

−Cnp −Cnc Cnp

 ,

A2 =
(

0 D2

0 D2

)
,

A3 =

 App Apc + D3 −App

Bpp Bpc + D3 −Bpp

−Cpp −Cpc Cpp

 ,



128 APPENDIX E. BATTERY IMPEDANCE MODEL

with

An[p/c] =
ψtn[p/c]h

2
1

ε
1+βIII:1

III:1 κIII|0
+ Bn[p/c],

Bn[p/c] =

(
ψpn[p/c] − t+|0 ψtn[p/c]

)
P|0 h21

ν+z+Fε
1+βIII:1

III:1 DIII|0
,

Cn[p/c] =
ψtn[p/c]h

2
1

ε
1+βI,1

I:1 κI:1

,

Dk =
jωh2k

ε
βIII:k

III:k DIII|0
, k = 1, ..., 3,

Ap[p/c] =
ψtp[p/c]h

2
3

ε
1+βIII:3

III:3 κIII|0
+ Bp[p/c],

Bp[p/c] =

(
ψpp[p/c] − t+|0 ψtp[p/c]

)
P|0 h23

ν+z+Fε
1+βIII:3

III:3 DIII|0
,

Cp[p/c] =
ψtp[p/c]h

2
3

ε
1+βI:3

I:3 κI:3

,

and the boundary and transitional conditions

s1,3|x̄1=0 = an
ds1,3
dx̄1

∣∣∣∣
x̄1=0

,

ds1,3
dx̄1

∣∣∣∣
x̄1=1

= 0,

ds1,1
dx̄1

∣∣∣∣
x̄1=0

= bp s1,1|x̄1=0 + bc s1,2|x̄1=0 ,

ds1,2
dx̄1

∣∣∣∣
x̄1=0

= cp s1,1|x̄1=0 + cc s1,2|x̄1=0 ,

sk,n|x̄k=1 = s(k+1),n

∣∣∣
x̄(k+1)=0

, k = 1, ..., 2, n = 1, ..., 2,

dsk,n
dx̄k

∣∣∣∣
x̄k=1

= fk
ds(k+1),n

dx̄(k+1)

∣∣∣∣∣
x̄(k+1)=0

, k = 1, ..., 2, n = 1, ..., 2,
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s3,3|x̄3=1 = 1− ap
ds3,3
dx̄3

∣∣∣∣
x̄3=1

,

ds3,3
dx̄3

∣∣∣∣
x̄3=0

= 0,

ds3,1
dx̄3

∣∣∣∣
x̄3=1

= dp

(
1− s3,1|x̄3=1

)
− dc s3,2|x̄3=1 ,

ds3,2
dx̄3

∣∣∣∣
x̄3=1

= ep
(
1− s3,1|x̄3=1

)
− ec s3,2|x̄3=1 ,

where

a[n/p] =
σ[n/p]ε

1+βI:[1/3]
I:[1/3] κI:[1/3]

h[1/3]
,

b[p/c] =
χtn[p/c]h1

ε
1+βIII:1

III:1 κIII|0
+ c[p/c],

c[p/c] =

(
χpn[p/c] − t+|0 χtn[p/c]

)
P|0 h1

ν+z+Fε
1+βIII:1

III:1 DIII|0
,

d[p/c] =
χtp[p/c]h3

ε
1+βIII:3

III:3 κIII|0
+ e[p/c],

e[p/c] =

(
χpp[p/c] − t+|0 χtp[p/c]

)
P|0 h3

ν+z+Fε
1+βIII:3

III:3 DIII|0
,

fk =
ε
1+βIII:(k+1)
III:(k+1) hk

ε
1+βIII:k

III:k h(k+1)

, k = 1, ..., 2.

Analytical Solution

Solving the decoupled second-order differential equations gives

sk =
l=lk

∑
l=1

(
m=2

∑
m=1

cklmgklm (x̄k)

)
skl, 0 ≤ x̄k ≤ 1.

where lk is the dimension of the solution vector in domain k, that is, l1 = 3,
l2 = 2 and l3 = 3, cklm are complex constants which have to be determined
from the boundary and transitional conditions and gklm (x̄k) for m = 1, ..., 2
fundamental solutions of the decoupled second order differential equations
(see Paper I). The fundamental solutions require the eigenvalues (λkl) and
corresponding linearly independent eigenvectors (skl) for l = 1, ..., lk of Ak

such that

Akskl = λklskl
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Inserting into the boundary and transitional conditions (see Paper I) and
introducing

c =
(
cT1 cT2 cT3 cT4

)T ,
where a superposed T denotes the transpose and

ck,(2 l+m−2) = cklm , k = 1, ..., 4 , l = 1, ..., lk , m = 1, ..., 2 ,

gives a linear set of complex algebraic equations to solve for the unknown
complex constants

Bc = r ,

where

B =


Bn 04×4 04×6

B1 04×6

04×6 B2

04×6 04×4 Bp


where 0k×l is a matrix of height k and width l which is �lled with zeroes,
and

Bn,1(2l+m−2) =
(
g1lm (0) − ang

′
1lm (0)

)
s1l,3,

Bn,2(2l+m−2) = g′1lm (1) s1l,3,

Bn,3(2l+m−2) =
(
g′1lm (0) − bpg1lm (0)

)
s1l,1 − bcg1lm (0) s1l,2,

Bn,4(2l+m−2) =
(
g′1lm (0) − ccg1lm (0)

)
s1l,2 − cpg1lm (0) s1l,1,

(here l = 1, ..., 3, m = 1, ..., 2)

Bk,n(2l+m−2) = gklm (1) skl,n, l = 1, ..., lk,

Bk,n(2(l+lk)+m−2) = −g(k+1)lm (0) s(k+1)l,n, l = 1, ..., l(k+1),

Bk,(n+2)(2l+m−2) = g′klm (1) skl,n, l = 1, ..., lk,

Bk,(n+2)(2(l+lk)+m−2) = − fkg
′
(k+1)lm (0) s(k+1)l,n, l = 1, ..., l(k+1),

(here k = 1, ..., 2, m = 1, ..., 2, n = 1, ..., 2)

Bp,1(2l+m−2) =
(
g3lm (1) + apg

′
3lm (1)

)
s3l,3,

Bp,2(2l+m−2) = g′3lm (0) s3l,3,

Bp,3(2l+m−2) =
(
g′3lm (1) + dpg3lm (1)

)
s3l,1 + dcg3lm (1) s3l,2,

Bp,4(2l+m−2) =
(
g′3lm (1) + ecg3lm (1)

)
s3l,2 + epg3lm (1) s3l,1,

(here l = 1, ..., 3, m = 1, ..., 2)

where a prime denotes the derivative with respect to the argument, and

r =
(
01×12 1 0 dp ep

)T .
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Impedance de�nitions

Z = −
�φp − �φn

��III:1|x1=h1

,

=
h1

ε
1+βIII:1

III:1 κIII|0
(

l=3

∑
l=1

(
m=2

∑
m=1

c1lmg
′
1lm (1)

)
(s1l,1 − s1l,2)

) ,

Zn = −
�φIII:2|x2=0 − �φn

��III:2|x2=0

,

=

h2

(
l=2

∑
l=1

(
m=2

∑
m=1

c2lmg2lm (0) s2l,1

))

ε
1+βIII:2

III:2 κIII|0
(

l=2

∑
l=1

(
m=2

∑
m=1

c2lmg
′
2lm (0)

)
(s2l,1 − s1l,2)

) ,

Zp = −
�φp − �φIII:2|x2=h2

��III:2|x2=h2

,

=

h2

(
1−

l=2

∑
l=1

(
m=2

∑
m=1

c2lmg2lm (1) s2l,1

))

ε
1+βIII:2

III:2 κIII|0
(

l=2

∑
l=1

(
m=2

∑
m=1

c2lmg
′
2lm (1)

)
(s2l,1 − s2l,2)

) .

E.2 Simulation Results

The model was simulated with the electrode parameter values correspond-
ing to the voltage regions appropriate for the battery SOC of 80% (i.e. x =
0.33 in LixNi0.8Co0.15Al0.05O2 and y = 0.58 in LiyC6). The simulated re-
sults for the battery and corresponding negative and positive electrodes are
shown in Figures E.2(a), (b) and (c), respectively. The magnitude and shape
of the battery impedance was very similar to what was observed with the
fresh coin cells, with a difference in the high-frequency intercept due to the
different resistances in the three-electrode set-up. For the aged simulation,
the positive electrode capacity, εII, was decreased by 30% and the local con-
tact resistance between active material and carbon, rcai, increased to 0.3Ωm2.
The resulting battery impedance is shown in Figure E.2(d), with a similar
change (particularly in between ∼50 to 0.2Hz) seen in experimental results
(see Figure 4.3).
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Figure E.2: Result of simulating the battery impedance model at ∼80% SOC with the
optimised parameter values for the porous electrodes (100kHz to 0.5mHz; inset: 100kHz
to 100mHz): (a) battery, (b) negative electrode (y = 0.58), (c) positive electrode (x =
0.33); (d) Result of ageing the positive electrode in the battery with the developed ageing
hypothesis (negative electrode parameters �xed at fresh values): 30% decrease of positive
electrode capacity, εII, and increase of the local contact resistance between active material
and carbon, rcai, to 0.3Ωm2; Every decade in frequency (100kHz, 10kHz, 1kHz, 100, 10, 1,
100mHz, 10mHz and 1mHz) indicated with 2; [Separator properties based on Tonen Setela
material (E25MMS): εIII:2 = 3.80 × 10−1, β

III:2
= 1.50 × 100, h2 = 2.48 × 10−5m ]




