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Abstract 

The development of lithium-ion batteries with higher energy and power 

density, better safety, and lower cost has significantly contributed to the 

increased market share of electric vehicles (EVs) in the last decade. 

However, the expectations of end-users of EVs still require a continuous 

quest for better performance. One important end-user expectation is the 

ability of the battery to be charged rapidly, but the durability of lithium-ion 

batteries could be affected by the fast charging. Hence, detailed 

investigations are required to understand the extent and mechanism of the 

degradation for an optimized battery usage and material development.    

 
In order to meet the high energy and power required in EVs, multiple large-

format cells are connected in series and in parallel. Such a condition leads to 

an uneven distribution of temperature, pressure, and current in a cell or 

among cells that may cause locally inhomogeneous ageing and accelerate 

the global battery ageing. This thesis investigates the effects of charging 

rate, charging protocol, and external compression on battery durability. The 

impacts of inhomogeneities induced by cell design constraint, and uneven 

compression and temperature distributions are also addressed. The studies 

are based LiNi1/3Mn1/3Co1/3O2/graphite cells. Cell housing for a controlled 

pressure and temperature application was developed. Electrochemical and 

material characterization techniques were used in the investigation.  

 

The results show that fast charging at a rate equivalent to full charging in 20 

minutes (3C rate) or less accelerates battery ageing. The ageing rate is less 

sensitive to charging rate in a longer charging time, i.e. at 2C and below, 

where it is determined more by factors such as the extent of full charging. In 

all cases, the capacity loss is limited by the cyclable lithium loss. External 

compression of a battery in an optimum range reduces ageing, but 

compression above or below the optimum range accelerates ageing. 

Lithium-ion batteries age non-uniformly. Cycling induces an increase in the 

impedance at the outer radius of curvature of a prismatic cell jellyroll, 

associated with a loss of contact between the current collector and the 

electrode coating. An unfavorable current distribution induced by uneven 

temperature distribution can accelerate battery ageing.  
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Sammanfattning 
I takt med att litiumjonbatterier det senaste decenniet har fått bättre 

prestanda och pris växer marknaden för elfordon (EV). Användare av 

elfordon har höga förväntningarna på batteriet. Förutom hög energi- och 

effekttäthet, ska de vara säkra och ha lång livslängd. En annan önskan är att 

batteriet ska tåla att laddas snabbt. Det finns dock en risk att snabbladdning 

accelererar batteriets åldring, vilket visar sig i kapacitetsförlust och ökat 

motstånd i batteriet. För att optimera användningen av batteriet och 

samtidigt minimera dess åldring behövs detaljerade undersökningar av 

omfattningen och bakomliggande mekanismer av åldring orsakad av 

snabbladdning. 

  
För att möta de höga energi- och effektbehov som krävs i elfordon kopplas i 

regel flera storformatceller samman i serie och parallellt. En sådan 

konfiguration kan leda till en ojämn fördelning av temperatur, tryck och 

ström i cellen eller mellan celler, vilket i sin tur kan leda till att cellen eller 

cellerna åldras inhomogent. I avhandlingen behandlas inverkan av 

laddningshastighet, laddningsprotokoll och yttre tryck, liksom effekterna av 

ojämn fördelning av tryck och temperatur på funktion och livslängd. 

Studierna bygger på analyser av LiNi1/3Mn1/3Co1/3O2/grafit-celler baserade 

på elektrokemiska mätningar och till viss del materialkarakterisering av 

cellkomponenterna. För studierna har ett cellhus för kontrollerat tryck och 

temperatur tagits fram och metodik för att mäta strömfördelning i parallellt 

kopplade celler. 

  
Resultaten visar att snabbladdning som motsvarar full uppladdning på 20 

minuter (3C hastighet) eller kortare accelererar åldringen av batteriet. 

Litiumplätering konstaterades vid 3C och gasbildning vid 4C. Vid längre 

uppladdningtid, det vill säga strömmar under 2C, påverkas åldringen mer av 

faktorer som laddningsnivån och laddningstid. Kapacitetsförlusten är i regel 

ett resultat av att tillgängligheten av cyklingsbart litium begränsas. Vidare 

visar resultaten att ett visst yttre tryck minskar åldrandet. Vid ett optimalt 

tryck runt 1,3 MPa hämmas tillväxten av passivskiktet på grafitelektroden, 

det så kallade SEI-skiktet, som konsumerar tillgängligt litium från 

elektrolyten. Ojämn åldring till följd av tryckgradienter i en cell kunde 

konstateras i en prismatisk cell. Det lägre trycket som förväntas där 

elektroden kröks resulterar i att kontaktmotståndet mellan folie och den 
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aktiva beläggningen där ökar vid cykling. Slutligen visar avhandlingen att en 

ogynnsam strömfördelning inducerad av ojämn temperaturfördelning kan 

påskynda batteriets totala livslängd negativt. 

 
 

Nyckelord: Litium-jonbatterier; NMC(111); Grafit; Cykel åldring,  

Snabbladdning; Inhomogenitet; Strömfördelning; Tryck; Krökning; 

Temperatur.   
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 Background - 1 

1 Background 
 
The introduction of a commercial lithium-ion battery by the Sony 

Corporation in 1991 was a technology breakthrough that made several 

personal electronic devices portable and powerful [1]. It has now become an 

indispensable part of our daily lives, powering smartphones, tablets, and 

laptops among other personal electronics. Beyond the microelectronic 

application; the concern for environmental sustainability, energy 

independence, and perceived shortage of oil has significantly increased the 

interest in lithium-ion batteries in large-scale applications such as in electric 

vehicles (EVs) [1-3]. The lithium-ion battery is preferred over the other 

types of rechargeable batteries, including lead-acid, nickel-metal hydride, 

and nickel-cadmium due to its superiority in energy density, power density, 

and lifetime [4]. However, the performance required by the end-users is still 

demanding and interrelated in terms of charging time, durability, safety, and 

cost [5]. One important requirement is that users of EVs expect comfort in 

terms of ‘refueling’ time similar to that in the internal combustion engine 

vehicles (ICEV) [5-8]. As a partial solution, fast-charging can be utilized to 

shorten the battery charging time [7, 8], but it may accelerate battery 

degradation [8, 9]. The degradation may have both chemical and mechanical 

origins [10-17]. Furthermore, the interconnection of multiple cells in a 

series and parallel configuration to meet the high energy and power 

demand of EVs may affect the battery durability due to the non-uniform 

distribution of temperature, current, and mechanical constraint [18-26]. 

Since the battery is the most expensive single component in an electric 

vehicle, the premature degradation of the battery greatly affects the lifetime 

cost. Hence, there is a need to investigate and mitigate the degradation in 

order to build a durable battery and meet the end-user expectations. This 

thesis addresses the electrochemical, mechanical and inhomogeneous 

degradation issues during fast charging.  

 

1.1 Lithium-ion battery 
The lithium-ion battery is a rechargeable battery, the principle of which is 

that lithium ions are shuttled internally between two electrodes while 

electrons are transported through the external circuit and do the electrical 
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work, as depicted in Fig. 1.1. The electrodes are commonly intercalating 

porous electrodes which in an ideal case reversibly store lithium in their 

structure. The electrode at the higher electrochemical potential is called the 

positive electrode and the other at the lower potential is called the negative 

electrode. An electrolyte is used as a medium of transport for the lithium 

ions between the electrodes. A separator that allows ion transport is used to 

prevent physical contact between the electrodes. During charging, lithium 

ions are transported from the positive electrode to the negative electrode 

through the electrolyte and separator while electrons move in the same 

direction through the external circuit. The reverse process occurs during 

discharging, and the overall electrochemical reaction in a cell consisting of a 

nickel-manganese-cobalt-oxide (111) positive electrode and a graphite 

negative electrode is shown by equation 1.1.  

 

 
 
Fig. 1.1 Schematic diagram of a lithium-ion battery 

 

        LiNi1/3Mn1/3Co1/3O2 + C6 ↔ Li1-xNi1/3Mn1/3Co1/3O2 + LixC6            (1.1)                                

 

The source of lithium in a commercial lithium-ion battery is commonly the 

positive electrode, which is also called the cathode during discharge. It is 
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based on different transition metal chemistries such as phosphates (ex. 

LiFePO4 (LFP)) and oxides (LiCoO2 (LCO), LiNixMnyCo1-x-yO2 (NMC), LiMn2O4 

(LMO), and LiNi0.80Co0.15Al0.05 (NCA)) [27, 28]. The chemistry of the positive 

electrode influences the performance characteristics of the battery, 

including the energy density, power density, thermal stability, and cycle life. 

Currently, NMC is the material of choice with an increasing demand by the 

industry because of its good combination of the performance characteristics 

[29]. It is available in different compositions where the widely used ones 

have Ni:Mn:Co ratios of 3:3:3 and 5:3:2 [29]. Graphite is the most commonly 

used active material in the negative electrode and present in commercial 

lithium-ion batteries.  

 

The electrodes contain conductive additive and binder materials in addition 

to the active electrode materials. A conductive carbon is added to enhance 

the electronic conductivity, and a binder material (e.g. polyvinylidene 

fluoride (PVDF)) is used to hold the different components together and 

make the composite electrode mechanically stable. The electrolyte consists 

of a lithium salt, commonly lithium hexafluorophosphate (LiPF6), dissolved 

in a mixture of organic solvents such as ethylene carbonate (EC) and diethyl 

carbonate (DEC).  

 

The electrodes are produced by mixing the active material, binder, and 

conductive additive in a solvent (typically N-methyl pyrrolidone) and 

coating the mixture onto aluminum and copper foils to make the positive 

and negative electrodes, respectively. The electrode is dried, calendered and 

sliced before cell assembly. Calendering is performed by pressing the coated 

electrode at high pressure in order to increase the contact between the 

different electrode components and to control its physical properties such 

as porosity and tortuosity. The electrodes, together with the sandwiched 

separator, are spirally wound to form cylindrical cells, elliptically wound to 

form prismatic cells, or stacked to form pouch cells. Examples of the 

different cell formats are shown in Fig. 1.2. The type of cell format 

influences its mechanical, thermal and safety performance. The important 

performance characteristics are compared in Table 1.1.    
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Fig. 1.2 Cell formats: a) Cylindrical b) Prismatic c) Multi-layer pouch d) single-layer 
pouch coin cell [30]. 

 

Table 1.1 Comparison of cell formats [30, 31] 

 

 Cylindrical Prismatic  Pouch 

Shape Contained in hard 

metal casing  

Contained in 

hard metal 

casing or semi-

hard casing 

Contained in 

polymer coated 

metal foil pouch   

Resistance 

against 

expansion 

Excellent  Requires 

compressive 

plates at the 

ends  

Requires 

compressive 

plates at the 

ends  

Distribution of 

pressure 

on the electrode 

Comparatively 

uniform 

Non-uniform Non-uniform 

Resistance to 

delamination 

Very good Possible 

delamination 

Possible 

delamination 

Maintaining 

compressive 

pressure 

Excellent Poor Extremely poor 

Heat dissipation Poor Fair  Good 

Safety devices  Yes Yes No 

 

The hard metal casings of the cylindrical and prismatic cells provide a solid 

structure that protects it from venting due to internal gas pressure build-up 
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before activation of the safety devices [32]. The pouch cell lacks this safety 

feature and makes it vulnerable to venting in the presence of excessive gas 

evolution inside the cell [32]. Even if a hard metal casing is used in the 

prismatic cell, its elliptical shape makes it weaker than the cylindrical cell, 

and external compressive plates on either side of the cell are therefore 

commonly used to inhibit cell expansion [33]. The pouch cell is the weakest 

in terms of mechanical strength, and compressive plates are used as in the 

prismatic cell [31]. The application of external compression in prismatic and 

pouch cells makes it difficult to maintain a uniform pressure [30, 33], and 

the elliptic shape of the prismatic cell causes non-uniform pressure to 

develop between the winding curvature and the flat regions [33, 34]. 

 

The available surface-area-to-volume ratio of the cell format determines the 

rate of heat dissipation [32, 35]. It is poorer in the cylindrical cell than in the 

prismatic and pouch cells [30, 32], and it strongly influences the 

temperature distribution. In a cell with poor heat dissipation, the 

temperature at the core can be significantly higher than the skin 

temperature. A wide range of temperature differences in a single cell has 

been reported previously [35-39]. Furthermore, in large scale applications 

such as EVs where several cells are connected in a series and parallel 

configuration to meet the power and energy demand, a non-uniform 

temperature distribution can develop between the cells in addition to that 

which exists in a single cell [40-43]. The design of a single cell and its 

interconnection with the other cells can affect the cycle performance of the 

cell or the pack as a whole [44].    

1.2 Ageing of lithium-ion batteries 
The performance of lithium-ion batteries deteriorate over time whether 

they are used or not [10]. Ageing with and without use are called cycle 

ageing and calendar ageing, respectively. The two main consequences of 

ageing are energy and power fade [33]. In an electric vehicle application, for 

instance, the energy determines the maximum distance the vehicle can 

travel on a single charge, and the power determines the maximum 

acceleration the vehicle can achieve. Energy fading can be caused by a loss 

of battery capacity or in the rise of the impedance [33]. Loss of the cyclable 

lithium or deactivation of the active electrode material are the primary 

sources of capacity fade [10]. The rise in impedance is caused by the 
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chemical or physical transformation of the various materials and interfaces. 

A rise in impedance then leads to a power fade in addition to an energy fade. 

Generally, both energy and power fades occur at the same time and their 

relative importance depends on the particular application [33]. For instance, 

energy fade is more important than power fade in a battery electric vehicle 

(BEV). 

 

Conditions such as temperature, average state of charge (SOC), depth of 

discharge (DOD), charge-discharge rate, and external mechanical load 

determine the rate of ageing [10, 45, 46]. Additionally, in a large-format cell 

or in cells connected in a series and parallel configuration, the 

inhomogeneous distribution of the ageing conditions that develops due to 

cycling can cause a local inhomogeneous degradation that may accelerate 

the overall battery ageing [21, 47, 48]. Ageing is a complex phenomenon 

since different conditions can interact to create different types of ageing 

mechanism.  

 

Several types of ageing mechanism in a lithium-ion battery have been 

reported in the literature [10, 12, 14, 17, 49]. They can be either chemical or 

mechanical in nature. The mechanisms are different on the positive 

electrode and on the negative electrode side. On the negative electrode side, 

the most important ageing mechanism is the growth of a solid electrolyte 

interphase (SEI) that consumes the cyclable lithium [10, 14]. This 

interphase layer between the graphite and electrolyte forms because the 

working potential of the graphite surface is outside the stability window of 

the commonly used carbonate-based electrolytes [50, 51]. Normally, 

formation cycling is performed in a lithium-ion battery after cell 

construction where the initial SEI is formed [51], but continuous cycling 

causes the graphite particles to expand and form cracks in the SEI layer, 

exposing new surface for further SEI growth. The SEI growth decreases in 

rate with time, but it continues throughout the lifetime of the battery and 

consumes the cyclable lithium [51]. Other ageing mechanisms in the 

graphite include graphite exfoliation, lithium plating, gas evolution, current 

collector corrosion, and electrode layer delamination [14]. Various types of 

ageing mechanism have been reported on the positive electrode side [10, 

16, 17]. A very thin resistive layer of the electrolyte oxidation product forms 

on the surface of the electrode, contributing to the rise in cell impedance. 
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Particles can crack due to a diffusion-induced stress (DIS) developed as a 

result of an inhomogeneous lithium concentration in the particles or in the 

electrode. Transition metals can dissolve from the positive electrode and be 

deposited on the SEI of the graphite electrode, making the SEI layer more 

conductive and accelerating the loss of the cyclable lithium as a result. 

Structural disordering and phase change both on the surface and in the bulk 

of the electrode has also been reported [16]. Another important mechanism 

at the positive electrode is gas evolution due to overcharging and a higher 

internal cell temperature [52, 53]. Overcharging causes gas products to form 

from the oxidation of the electrolyte or of the sacrificial shut-down additives 

if they are present in the electrolyte. The ageing mechanisms described 

above arise at the cell level in various ageing modes: loss of lithium 

inventory (LLI), loss of active anode material (LAAM), loss of active cathode 

material (LACM), and rise in impedance [12]. The dominating mechanisms 

and modes of ageing depend on the charge-discharge protocol, 

environmental conditions, and cell design. 

 

1.2.1 Effects of fast charging 

Lithium-ion batteries should be capable of being rapidly charged in order to 

meet the expectations of the end-users. There is no standard and common 

definition for fast charging [54]. The charging rate defined in terms of C rate 

depends on e.g. the cell chemistry, cell design, and ambient conditions. The 

1C rate is defined as the current the current required to fully discharge a 

battery that was at 100 % SOC in 1 hour. 

 

Fast charging accelerates lithium plating and other side reactions [8, 10, 55, 

56]. Under normal operating condition, lithium is intercalated between the 

graphite layers in stages. However, lithium plating can occur during 

charging when the rate of arrival of lithium on the graphite surface is faster 

than the intercalation, since lithium intercalation is a diffusion-limited 

process. Plating is accelerated at a high charge rate, low temperature, and 

high SOC where it is kinetically and thermodynamically favorable [55, 56]. 

The thicker graphite electrode used in energy-optimized cells increases the 

susceptibility to lithium plating because of the higher polarization and 

electrolyte transport limitation in the porous electrode [57, 58]. Plated 

lithium causes a capacity fade and a rise in impedance, and could potentially 

become a safety issue in extreme cases of dendrite formation and the 
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associated short-circuiting. Binder may decompose at a high charge rate 

possibly due to local heating or reaction with the plated lithium [59]. On the 

positive electrode side, fast charging has been linked to fragmentation and 

cracking of the secondary particles due to the DIS [60]. An increase in 

battery temperature associated with fast charging can also aggravate other 

side reactions that are dependent on temperature on both the positive and 

the negative electrode [10, 13, 61].    

 

1.2.2 Effects of mechanical constraint  

The compressive pressure in a lithium-ion battery can affect its 

performance and ageing [45, 46, 62-64]. External compressive pressure on a 

pouch cell increases the kinetic and mass transport resistance [63, 64], and 

it can also affect the ageing of the battery [45, 46, 62]. Arnold et al. reported 

that applying a small external pressure (~0.1 MPa) have a beneficial effect 

on battery lifetime [45]. External compressive pressure can reduce the 

capacity fading during high temperature excursion by reducing electrode 

layer delamination and electrolyte evaporation as reported by Zhao et al. 

[46]. It has been reported that prismatic cells age faster than cylindrical 

cells made from the same materials, and the difference has been attributed 

to the mechanically compact cell design of the latter [65].     

1.2.3  Inhomogeneous ageing 

The non-uniform distribution of temperature, current, and pressure that 

exists in a large-format cell or between cells in a battery module/pack can 

affect the battery performance and cause inhomogeneous ageing [48, 62, 66, 

67]. Furthermore, the spatially different ageing rates on a lower length 

scale, for instance at the cell level, may interact with each other through 

uneven current distribution or heat generation developed between the cells 

and accelerate the overall ageing on a larger scale, at the module or pack 

level [44]. 

 

It has been reported that non-uniform conditions affect battery 

performance and ageing [41, 67, 68]. Troxler et al. reported that thermal 

gradient across a cell decreases the cell impedance compared to that of the 

average uniform temperature [67]. Klein et al. [41] reported that the current 

distribution between cells connected in parallel and individually kept at 

different temperatures is less uneven at a higher average temperature. 
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Fleckenstein et al. [68] modeled the effect of temperature gradient on 

battery ageing in the high energy prismatic cell (60 Ah) used in vehicle 

powertrains and reported that the thermal gradient did not cause additional 

acceleration of ageing. Offer et al. [69] compared the effects of surface 

cooling and tab cooling on the performance degradation of a 5 Ah pouch cell 

and reported that surface cooling caused higher useable capacity loss than 

the tab cooling when cycled at a higher C rate. The difference was attributed 

to the direction of thermal gradient being perpendicular to the layers of the 

pouch cell in the surface cooling case that led to inhomogeneous behavior 

and higher cell impedance, causing the voltage cut-offs reach earlier during 

operation and hence reduced usable capacity. With regard to pressure 

distribution, inhomogeneous lithium plating in cylindrical cells has been 

linked to a non-uniform compression in the cell leading to extensive plating 

at the characteristic locations following the pattern of the current tabs [62]. 

It has been claimed that the higher capacity fade under higher external 

compression is related to a non-uniform closure of separator pores leading 

locally inhomogeneous lithium plating and acceleration of the capacity fade 

[70]. 
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2 Scope of the thesis 
 
 

The aim of the work reported in this thesis has been to investigate the 

effects of charging rate and protocol, external compression, and 

inhomogeneities on lithium-ion battery ageing under fast charging 

conditions. The application in mind is electric vehicles, and both large-

format cells and small single-layer pouch cells have been used. Large-format 

prismatic and cylindrical cells were used to investigate the ageing 

phenomena in a context relevant to electric vehicles. Small single-layer 

pouch cells were employed to understand the ageing and non-uniformities 

observed in the large-format cells in a controlled manner. NMC-based cells 

were used as their demand is increasing, especially by the automotive 

industry. The cell chemistry has a good combination of energy density, 

power density, thermal stability, and longer lifetime. Material 

characterization (SEM and EDS) and electrochemical techniques were used 

as tools for the investigation. 
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3 Experimental  
 
Both commercial large-format cells (Papers I-II) and laboratory-scale single-

layer pouch cells (Papers III-V) were used. The commercial cells can be 

directly relevant to electric vehicle applications, whereas the laboratory-

scale cells are better for a more controlled testing. Electrochemical and 

material analyses techniques were used. Overviews of the materials, test 

set-up, ageing conditions, and analyses techniques are given here. Details 

can found in the appended papers.   

3.1 Materials 
Three types of cells have been used. 

Prismatic cell: A commercial 25 Ah energy optimized cell with a NMC (111) 

positive electrode and a graphite negative electrode was used. The 

dimensions of the cell were 148 x 26.5 x 91 mm (W x D X H).    

Cylindrical cell: A commercial (INR 18650 Samsung SDI) 1.5 Ah power 

optimized cell with a NMC-LMO mixed positive electrode and a graphite 

negative electrode was used.  

Single layer pouch cell: Laboratory-scale single-layer pouch cells constructed 

with NMC (111) and graphite electrodes were used. The electrodes were 

optimized for power (paper III) and energy (paper V) supplied by 

ElectrodesAndMore (USA). The separator used was a trilayer 

polypropylene/polyethylene/polypropylene Celgard 2320 with a thickness 

of 20 µm and a porosity of 39 %. The capacities of the cells used were either 

10.17 mAh (paper III) or 13 mAh (paper V).    

3.2 Test set-up 

3.2.1 Pressure and temperature control 

The pressure and temperature of the single-layer pouch cells were 

controlled by a rig developed in this work and shown in Fig. 3.1. The rig 

consists of a heat-resistant block made from polyether ether ketone (PEEK). 

High precision springs (Lesjöfors AB) were used to control the external 

compression on the sandwiched pouch cell by tightening it with nuts and 

bolts to a displacement of the spring corresponding to the required force. 

The force constant of the spring was 50 N/m. The temperature was 
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controlled by integration of a thermocouple, heating elements (Firerod 

cartridge), and a feedback proportional-integral-derivative (PID) control 

system that heated the block when the battery surface temperature was 

below the set temperature and stopped heating when it was above the set 

temperature.   

  

 
Fig. 3.1. Diagram of the cell temperature and pressure control rig. 

3.2.2 Current distribution 

The current distribution in a parallel cell configuration was measured by 

connecting a 5 mΩ shunt resistor (PRC 7, USA) in series with each member 

cell and measuring the voltage drop across the resistor with a differential 

multimeter (Keithley 2770, DMM). The current across each cell was then 

calculated from the quotient of the measured voltage drop and the 

resistance. 

3.3 Ageing conditions 
Prismatic cells (Paper I): Cells were cycled between 20 – 80 % SOC at 

charging rates of 1, 2, 3, and 4C corresponding to 25, 50, 75, 100 A, 

respectively. The corresponding upper and lower cut-off voltages for the 

given SOC range were based on the reference C/4 capacity value 

continuously updated after each reference test performed during the 
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cycling. In all cases, the discharging was done at 1C (25 A). The cells were 

kept in climate chambers set to 34 ± 1 °C during cycling. 

 
Cylindrical cells (Paper II): Cells were cycled with three different charging 

protocols between 2.6 – 4.2 V, as shown in Fig. 3.2. In all cases, the 

discharging was performed at 1C with 5 minutes rest between each 

charging and discharging period.    

Fast-partial charging: Cells were charged at 1.5C constant current. 

CCCV-standard: Cells were charged at 0.5C constant current followed by a 

constant voltage charging at 4.2 V until the current dropped to 0.1 A.  

CC-standard: Cells were charged at 0.5C constant current.   

 
Fig. 3.2. Charging protocols used to cycle the cylindrical cells. [Note that the charging 
started at about 3.25 V after the previous discharge and rest time which are not 
shown here]. 

 
Single-layer pouch cells:  
Pressure and pressure distribution study (Paper III): In order to investigate 

the effect of external compression on the ageing of single cells, four cells 

each subjected to 0.66, 0.99, 1.32, or 1.98 MPa external compression were 

cycled separately. In order to study the effects of the pressure distribution 

on ageing, two cells, one being subjected to 1.32 MPa and the other to 0.66 

MPa compression, were connected in parallel and cycled. The result was 

compared with the cycling of a control group of parallel-connected cells, 

where both cells were subjected to 0.66 MPa compression. In all cases, 

cycling was performed between 3.445 – 4.1 V (25 – 85 % SOC based on C/25 
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cell capacity) at a 3C charge-discharge rate and at room temperature (24 - 

28 °C).  

Temperature and temperature distribution study (Paper V): Cells were cycled 

either between 3.445 – 4.1 V at a 1C charge-discharge rate or between 3.545 

– 4.0 V at a 3C charge-discharge rate with 5-minute rest in all cases. The 

cells were cycled at 32, 36, 40 °C as single cells or connected in parallel with 

three cells at the given temperature levels and at the controlled 

compression pressure of 0.66 MPa.   

3.4 Sample location 
In order to investigate the spatially inhomogeneous ageing, samples were 

taken from different locations of the electrode jellyroll. Fig. 3.3 shows the 

locations investigated for the fast charging study (Paper I) (a) and for the 

curvature study (Paper IV) (b). Samples were designated as shown in Fig. 

3.3a with reference to the location first along the jellyroll length and 

secondly along the jellyroll width. For example, a sample taken the half-way 

along the length and in the middle along the width is designated halfway-

middle.    

 
Fig. 3.3. Definition of sample locations for a prismatic cell jellyroll a) face view  
b) edge view. 
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3.5 Analysis techniques 

3.5.1 SEM and EDS 

SEM images of the positive electrode, the negative electrode, and the 

separator were obtained in order to investigate the surface morphological 

changes induced by the ageing. A Carl Zeiss Sigma VP with accelerating 

voltage of 3 kV under vacuum (Paper I) or a Hitachi S-4800 field emission 

SEM (10 kV for the NMC/LMO electrode and 3 kV for the graphite electrode 

in paper II; 1 kV for the separator in paper III) equipped with an energy 

dispersive X-ray diffractometer (EDX) was used. 

3.5.2 Electrochemical measurements 

3.5.2.1 Capacity measurement 
The capacity of full cells and half cells was measured at a low C-rate (≤ C/20, 

full discharging in 20 hours or more). Lithium foil was used as a counter 

electrode in the half cells (NMC/Li or Graphite/Li).   

3.5.2.2 EIS measurement 
Measurements were performed in symmetric cells of NMC/NMC and 

graphite/graphite constructed from electrodes obtained from half cells set 

to 3.95 V vs. Li/Li+ for NMC and to 120 mV (Paper I) or 0.86 V vs. Li/Li+ 

(paper II) for the graphite. In paper III, the electrodes for the symmetric 

cells were obtained directly from full cells set to a cell voltage of 3.665 V 

(50% SOC based on the C/25 cell capacity). EIS was measured in the 

frequency range of 100 kHz – 5 mHz by applying a 5 mV AC sinusoidal 

perturbation under open circuit condition.   

3.5.3 Cell voltage fitting analysis 

 
The ageing modes of a lithium-ion battery with regard to lithium inventory 

and active material losses can be diagnosed either with post-mortem 

experimental measurements or non-destructive online diagnostic 

techniques. The online diagnostic techniques have the advantage of 

minimizing the sampling bias in a large sample and avoiding the material 

disturbances which arise during post-mortem analysis, and they are also 

capable of tracking changes with time throughout the life of the battery. 

Their disadvantage is that they are limited in information. Different types of 

diagnostic techniques such as differential voltage analysis (dV/dQ, DVA), 



 

 16 - Experimental  

incremental capacity analysis (dQ/dV, ICA), differential thermal 

voltammetry (dT/dV), and cell voltage fitting have been used by different 

authors [71-74]. In the present work presented in this thesis, the voltage 

fitting technique was used for a quantitative analysis of the ageing mode. 

 

The voltage fitting was performed by opening a non-cycled cell, 

representative of the beginning of life (BOL) conditions, and building small 

half cells from it for each electrode to be used as input to the cell discharge 

curve fitting. The method of the fitting follows a similar principle described 

by Honkura et. al. [74, 75]. Fig. 3.4 shows the parameters of the fitting.  

 

 
Fig. 3.4. Diagram of the cell discharge curve fitting technique. 
 

The cell voltage is (Vcell) equal to the difference in the electrode potentials of 
the positive (Vpos) and the negative electrode (Vneg).  
 
                ( )      ( )      ( )                          (   ) 

where Q is the capacity of the cell discharged at a certain time t after the 

beginning of cell discharging between fully charged and fully discharged 

state.  

When the cell is at Q, the potential of the positive electrode Vpos(Q) is equal 

to its potential Vpos(Qpos),  when the electrode capacity is at Qpos defined by 

the half-cell measurement. Since the electrode potential is independent of 

the size of the electrode, a small portion of the electrode (10 mm diameter 
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for instance) that can be characterized in separate half-cell measurement for 

capacity vs. voltage curve vpos(qpos) can be considered.     

 

              ( )      (    )      (    )                                              (   ) 

 
Similarly, for the negative electrode: 
 

              ( )      (    )      (    )                                               (   ) 

 
Substituting equations 2.2 and 2.3 in equation 2.1 gives 
 

               ( )      (    )      (    )                                                 (   ) 

 
Q can be defined in terms of the scaling factor Spos (where Spos is the ratio of 

the mass of the active positive electrode material in the cell jellyroll to that 

of the 10 mm diameter positive electrode taken for the analysis) and the 

positive electrode shift δpos (unused capacity of the positive electrode before 

the start of the cell discharge): 

 

                                                                                (   )  

 
So that: 
 

               
       

    
                                                                                        (   )             

 

Similarly, for the negative electrode 

 

               
       

    
                                                                                        (   )   

 
Substituting equations 2.6 and 2.7 in equation 2.4 gives for the fitting: 

 

               ( )      (
       

    
)       (

       

    
)                                    (   )  

 
Equation 2.8 is fitted the experimental cell voltage curve using half-cell 

measurements. The fitting provides optimized values of the shifts (δpos, δneg) 

and scaling factors (Spos and Sneg), and these parameters are used to track 

changes with ageing. 
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The decrease in the active material of the positive electrode (Loss of active 

cathode material, LACM) is calculated by taking the ratio of the scaling 

factor at the EOL (Spos,EOL) to that at the BOL (Spos,BOL).  

 

              ( )      (
        

        
)                                                              (   )   

 
The loss of the negative electrode active material (Loss of Active Anode 

Material, LAAM) is obtained in an analogous manner 

 

              ( )      (
        

        
)                                                              (    )  

 
The loss of lithium inventory (LLI) due to cycling is estimated by the integral 

of the difference in the amount of lithium that leaves the negative electrode 

but does not enter the positive electrode during the cell discharge. The rate 

of lithium that leaves the negative electrode is Sneg*dqneg/dt and that enters 

the positive electrode is Spos*dqpos/dt, and the difference is: 

 

          
 

  
(   )       

 

  
(    )        

 

  
(    )                                   (    )   

 

Which leads to: 

 

          
 

  
(   )   

 

  
(          )       

     

  
        

     

  
           (    )    

 

Integrating equation 2.12 gives the loss of lithium inventory in the time 

interval between t1 and t2, where the reference performance tests were 

performed.  

 

               (     (  )       (  ))  (    (  )       (  ))         

(    (  )       (  ) )          (    (  )       (  ) )                 (    )                

 

where <qneg> and  <qpos> are the average values of the electrode capacities 

in an area with 10 mm diameter in the cycled cell between time t1 and t2. 

Usually, all the terms on the right-hand side of equation 2.12 are negligible 
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except for the first term. The loss of lithium inventory between times t1 and 

t2 can thus be approximated by: 

 

                     (  )       (  )       (  )       (  )                  (    )  

 

The total LLI from any time ti to a given time tj is calculated as the 

summation of ΔLLI between the two times. 

              ∑     
  
  

                                                                                      (    )  
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4 Results and discussion  
 
This section summarizes the main results of the papers appended to the 

thesis. It is divided into three parts: effects of charging rate, of compression 

pressure, and of inhomogeneity on lithium-ion battery ageing. The effects of 

inhomogeneity include those caused by curvature in the prismatic cell and 

by uneven current distribution in the parallel-connected single-layer pouch 

cells. The uneven current distribution covers that caused by uneven 

distribution of temperature and of external compression pressure.  

4.1 Effects of charging rate on ageing 

4.1.1 Capacity fade  

The capacity fade as a function of equivalent full cycle is shown in Fig. 4.1a 

for the prismatic cells cycled at 1C – 4C charging rates. It can be seen that 

capacity fade increased with increasing charging rate except at 2C which 

showed a slower fading than the 1C. The slower ageing in the case of 2C 

charging is associated with its shorter calendar time at a certain equivalent 

cycle during cycling compared to the 1C. When the capacity fade is plotted 

as a function of time in Fig. 4.1b, the 1C charging shows a slower capacity 

fade.  

 

Three distinct stages of capacity fading, also reported previously [76-78], 

can be observed in Fig. 4.1. Stage 1 includes a high rate capacity fading from 

the beginning of cycling for a certain number of cycles followed by a 

decelerating capacity fade in stage 2. In stage 3, the cells show an 

acceleration of the capacity fading. Cells cycled at 1C - 3C show stage 1 that 

can be explained by a fast lithium-ion loss to surface film formation (ex. 

SEI). As the film grows thicker, its passivating property decreases the rate of 

lithium ion loss in stage 2. The cell cycled at 3C charging rate additionally 

shows stage 3, which has been suggested to be a sign of lithium plating or a 

change of the limiting electrode from the anode to the cathode during cell 

discharge [62, 76, 77]. Significant lithium plating was observed in this work 

in the cell cycled at 3C. The cell cycled at a 4C charging rate showed a 

distinct behavior – stage 1 for a short number of cycles after which it 

jumped directly to stage 3, and eventually to sudden death after about 300 
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full equivalent cycles. The sudden death was due to activation of the current 

interrupt device (CID) which irreversibly disconnected the positive tab from 

the jellyroll. The CID is activated by a high internal cell pressure as a result 

of excessive gas evolution. The excessive gas evolution and high internal 

pressure are indicated by the large swelling of this cell from a thickness of 

27 ± 1.5 mm at the BOL to 40 mm at the EOL, compared with ~32 mm for 

the other cells.  

    

 
Fig. 4.1. Normalized C/4 capacity fade of the prismatic NMC/graphite cell cycled 
between 20 and 80% SOC at 34 ± 1 oC as a function of a) equivalent full cycles ( 50 
Ah capacity throughput)  b) time (days). 
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4.1.2 Comparison of fast charging and full charging  

It is common to carry out fast charging only to a partial state of charge (~ 

80% SOC) at public charging stations, since charging the last ~20% to full 

capacity (100% SOC) takes a disproportionately longer time because of the 

significant reduction in charging current beyond ~ 80% SOC. In contrast, 

charging at home overnight is performed at a slow rate and commonly to 

100% SOC. It is interesting to compare these two charging methods to see 

which factor, higher SOC or higher charging current, has the greatest effect 

on the ageing. Fig. 4.2 shows the capacity fade of the 18650 cylindrical cell 

(1.5 Ah) cycled according to the different charging protocols shown in Fig. 

3.2. It can be seen that fast charging to a partial SOC level shows the least 

rate of capacity fade while the slow charging to 100 % SOC shows the fastest 

rate. The cell charged at 0.5C constant current (CC standard) has an 

intermediate ageing rate. This indicates that full charging was in this case 

more detrimental to the battery life than the fast charging. This result is 

supported by Tanim et al. [44] who compared the ageing of single cells at 

~2C fast charging with the ageing at a slow charging at ~0.14C, charged to 

100 % SOC in both cases, and reported that the fast charging had similar 

capacity fading to the slow charging.  

 

 
Fig. 4.2 Capacity fading of 18650 cylindrical cells cycled according to the three 
different charging protocols shown in Fig. 3.2.  
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In order to investigate the reason for the faster ageing in the cases of slower 

charging (0.5C CC charge and 0.5C CCCV charge), calendar ageing of cells at 

50% and 100% SOC was performed (Supplementary information in Paper 

II). The results show capacity fade with calendar ageing was negligible 

compared to that due to the cycle ageing. The observed trend could not 

therefore be due to the calendar time. Another difference between the cells 

during cycling was the cell temperature due to self-heating. Even though the 

cells were cycled in a climate chamber set at 25 °C, the cell temperature was 

different from that of the surrounding environment. The maximum 

temperature measured on the cell surface during cycling at 0.5C and 1.5C 

were 26.5 and 30 °C, respectively. It may be claimed that the higher cell 

temperature during the fast charging facilitates lithium intercalation and 

deintercalation, but the EIS performed at 26.5 and 30 °C showed only 4% 

difference in impedance at 10 mHz frequency (123 mΩ at 26.5 °C and 118 

mΩ at 30 °C). The higher temperature also facilitates side-reactions other 

than lithium intercalation and deintercalation. Hence, the temperature could 

not be the reason for the observed trend in ageing, and only the state of 

charge range (ΔSOC) was thus probably be the main reason. This claim is 

supported by the non-linear accelerated ageing above 90% SOC reported for 

NMC cells by Bendikt et al. [79].     

 

From the results of the prismatic cell and cylindrical cell studies, it appears 

that the ageing of commercial NMC cells is less sensitive to fast charging up 

to a certain C rate, for instance 2C in the tested cases. Instead, other factors 

such as the SOC range determine the rate of ageing. This applies only to 

single cells. In EVs that use multiple cells in a battery pack, thermal issues 

can arise and fast charging at about 2C may show faster ageing than a 

slower charging. For instance, Tanim et al. [44] reported a significant 

difference in capacity fade between 2C and 0.14C charging when a pack was 

tested but not when the test involved only a single cell. They attributed this 

difference to thermal issues in the battery pack due to self-heating at the 

high charging rate.     

4.1.3 The dominant capacity fading mode 

A voltage-fitting analysis was carried out in order to quantify the ageing 

modes non-destructively in terms of LLI, LACM, and LAAM. Fig 4.3 (a-b) 

shows the results for the prismatic and cylindrical cells, respectively. The 

cell capacity loss and the LLI were similar in the two cases, indicating that 



 

 24 – Results and discussion 

the LLI is the dominating mode of ageing which determines the cell capacity 

loss. Although there is some loss of active material, this does not affect the 

cell capacity loss because excess material is present at the end of charging 

or discharging at both the BOL and EOL of the cycled cells. In addition, LACM 

is higher than LAAM, which indicates that the positive electrode is 

important for the loss of active electrode material.  

 

In Fig 4.3a, there is a significant difference in active material loss between 

that calculated from the voltage fitting and that experimentally derived from 

the post-mortem analysis. The discrepancy in the NMC electrode could be 

due to the fact that the samples analyzed were not fully representative of 

the entire cell. For instance, if there was a partial loss of contact between the 

active electrode layer and the current collector, this would not be evident in 

the experimental measurement. When the prismatic cells were opened, 

considerable layer delamination was observed, but the samples were taken 

only from locations where there was no significant active layer 

delamination, and an external clamping load was applied during the 

capacity measurement. These two factors could cause the experimentally 

measured capacity loss to be lower than the calculated values, leading to the 

discrepancy evident in Fig. 4.3a. The calculated value should be more 

representative of the average of what is actually happening in the cell, since 

it includes material losses not observed in the post-mortem analysis. In case 

of the graphite, it was brittle and fragile and some of the material may thus 

have been lost during the electrode cutting to make the half-cells for the 

capacity measurement. The measured capacity loss in graphite may thus be 

slightly higher than the calculated value. The discrepancy in the LACM 

observed in the prismatic cell was much lower in the case of the cylindrical 

cell as shown in Fig. 4.3b. This could be due to the more compact design of 

the cylindrical cell or to a manufacturing quality difference between the two 

types of cell. When the cylindrical cell was opened, the positive and negative 

electrode jellyrolls were relatively intact. The above results demonstrate the 

significance of the non-destructive technique in determining the internal 

state of battery health to complement a post-mortem analysis.   
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Fig. 4.3.  Capacity fading modes of a) the prismatic and b) the cylindrical cell. 

 

4.1.4 Impedance rise 

 
Fig. 4.4 shows the 2 ms direct current internal resistance (DCIR) as a 

function of equivalent cycle number for pairs of cycled prismatic cells. The 

order of impedance rise follows the same order as that of the capacity fade 

(Fig. 4.1) viz. 2C < 1C <3C <4C.  
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Fig. 4.4. 2 ms direct current internal resistance as a function cycle number for pairs 
of prismatic cells that were cycled at a charge rate of 1C – 4C.   

 

The impedance of electrodes was measured in a symmetric cell set-up in 

order to investigate the contribution of the electrodes to the total rise in cell 

impedance. Fig. 4.5 (a-b) shows the impedance change of the NMC/NMC and 

graphite/graphite symmetric cells, respectively, taken from the prismatic 

cell. The impedance of both electrodes increased with cycling, contributing 

to the rise in cell impedance. The notable change in the NMC electrode 

impedance was in the diameter of the high frequency semi-circle in the 

frequency range from 100 KHz to 2 Hz. The impedance in this range is 

usually attributed to surface film resistance to ionic migration, to contact 

resistance between the current collector and the active electrode layer, and 

to contact resistance among electrode particles themselves or with the 

carbon conductive additive. The width of the semi-circle and the diffusion 

length in the Nyquist plot for the graphite electrode in Fig 4.5b increases 

with cycling, indicating an increase in both the charge transfer and diffusion 

resistance. Both the NMC and the graphite electrodes taken from the 4C cell 

show lower increase in impedance than the electrodes taken from the other 

cells cycled at charging rates of 1C-3C. This is in contrast to the order of the 

cell impedance rise, where the cell cycled at a charging rate of 4C showed 

the greatest rise in impedance. This could be due to some factors that 
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cannot be identified in the post-mortem analysis on the electrodes such as 

ionic transport restriction due to gas bubbles trapped between the 

electrodes in the jellyroll or even to electrolyte evaporation induced by the 

higher joule heating in the cell.   

 

 
 
Fig. 4.5. Nyquist plots of a) NMC/NMC and b) graphite/graphite symmetric cells 
taken from the prismatic cells that were cycled at charging rates of 1C, 2C, 3C, and 4C 
between 20 and 80 % SOC at 34 ± 1 °C.  
 

Fig. 4.6 (a-b) shows the electrochemical impedance of the positive 

(NMC/LMO) and negative (Graphite) electrodes taken from the cylindrical 

cells. The total increase in impedance at EOL (~ 15 % capacity loss) is 

similar in the two electrodes irrespective of the charging protocol, 

indicating that the ageing mechanism is possibly independent of the path to 
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the EOL. Furthermore, the change in the high-frequency semi-circle for the 

NMC/LMO electrode taken from the cylindrical cell after cycling (Fig. 3.6a) 

was much lower than that of the NMC electrode taken from the prismatic 

cell (3.5a). Since the impedance in this region is strongly related to the 

contact between the current collector and the active electrode, this may 

imply that the cylindrical cells have a good performance in limiting the 

contact loss due to its compact geometry.   

 

 
 
Fig. 4.6. Nyquist plots of a) the positive and b) the negative electrode symmetric cells 
taken from the cylindrical cells cycled according to the three different protocols 
shown in Fig. 3.2.  [a) □ represents 50 Hz, 1 Hz and 10 mHz. b) □ represents 1 Hz and 
10 mHz.]. 

 

4.1.5 Main ageing mechanisms 

Fig. 4.1 shows that a charging rate higher than 2C significantly shortens the 

battery life, below the acceptable cycle life of 4000 or more cycles. In order 

to help push the limits of charging capability beyond 2C, while achieving the 

minimum cycle life requirement, it is necessary to identify the ageing 

mechanism that leads to premature failure of the battery. 

 

Extensive gas evolution and subsequent activation of the CID leading to the 

irreversible rupture of the positive tab from the jellyroll was observed with 

the aggressive charging rate of 4C. The rupture caused the cell to die and no 

further charging and discharging of the cell was then possible. Gas evolution 

can originate from either the positive or the negative electrode. 

Overcharging the cell can produce gas due to oxidation of the electrolyte 
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and the shut-down additives if present in the electrolyte. The results of the 

cell voltage fitting analysis and of the post-mortem analysis of the electrodes 

showed however that gas evolution from the positive electrode probably did 

not occur in our case. A cyclic voltammetry test performed NMC/Li half-cell 

using the electrolyte taken from an opened cell showed an oxidation peak at 

~4.5 V vs. Li/Li
+
. During the cycling, the cell voltage was never allowed to be 

above 4.15 V and cell voltage fitting showed that the positive electrode 

potential was limited to below 4.2 V vs. Li/Li
+
. Local hotspots and 

inhomogeneities are expected, but overpotentials of more than ~0.3 V that 

can initiate the oxidation are not expected. Gas evolution has been linked to 

a fast cyclable lithium loss and active material loss (graphite exfoliation) in 

literature [10] which were both seen in the cell cycled at 4C. The 4C cell lost 

21% of the C/4 capacity in less than 300 equivalent full cycles compared to 

about 27% for the other cells cycled with charging rates of 1C, 2C, and 3C in 

about 4750, 3750, and 2000 equivalent full cycles, respectively. Graphite 

exfoliation can be seen from the SEM micrograph in Fig. 4.7d. The 

corresponding graphite active material loss has also been seen (Paper I, Fig. 

7d). The loss of accelerated cyclable lithium loss and of graphite active 

material (graphite exfoliation) points to the graphite electrode as the source 

of the gas evolution. However, no further study was conducted to confirm 

this.   

 

Extensive lithium plating was observed in the cell cycled at a charging rate 

of 3C, as shown in Fig. 4.7c. The lithium plating was observed visually 

showing gold like deposits on the unwound jellyroll. The fact that extensive 

lithium plating was observed at a charging rate 3C but not at 4C is 

interesting and may indicate that lithium plating has occurred later during 

battery cycling. Fig. 4.5b shows that the graphite taken from the 3C cell had 

much larger impedance than that taken from the 4C cell after the long-term 

cycling. If the impedance of the graphite is larger, it is expected to be more 

susceptible to lithium plating, especially during fast charging.  

 

Fast-charging is also expected to accelerate the particle cracking of positive 

electrode due to the diffusion-induced stress. In our case, however, particle 

cracking was observed even at the lower charging rates of 1C and 2C in cells 

that were cycled for the acceptable number of cycles (Fig. 4.7f)  but not in 

the cell charged at 4C (Fig. 4.7h). Cracking was also observed after both the 
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slow charging at 0.5C and the fast charging at 1.5C in another publication 

[80]. This indicates that particle cracking is not dependent on fast charging 

rate but can even occur during slower charging.  

 

It appears that cyclable lithium loss, gas evolution, and lithium plating are 

the main ageing mechanisms that limit fast charging in terms of battery life. 

In order to push the limits of charging to higher charging rates, 

consideration must primarily be given to these mechanisms that limit the 

cycling performance. 

 

 
 
 
Fig. 4.7 SEM images of (a-d) negative electrodes and (e-g) positive electrodes. a) 
Calendar-aged (cal) showing the Al2O3 coating; b) surface structure found on cal, 1C 
and 2C (picture taken from 1C); c) Li-plated surface structure on 3C; d) Exfoliation 
on 4C; e) Typical particle agglomerates on cal, 1 and 2C (picture taken from 1C); f) 
cracked particles found on 1 and 2C (picture taken from 1C); g) ”naked” particles on 
3C and h) covered particle without cracks on cal. and 4C (picture taken from 4C). 
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Overall, the capacity and impedance of both the NMC-based positive 

electrode and the graphite negative electrode are affected by the cycling. 

This is different from the LFP-based commercial cells where only the 

graphite electrode was usually reported to be significantly affected by 

cycling [48, 81-83]. This shows that shifting from LFP to NMC-based lithium 

ion commercial batteries shifts the focus of ageing from only graphite to 

both the positive and the negative electrodes.  

4.2 Effects of compressive pressure on ageing 
The electrode jellyrolls in the different cell formats are subjected to 

compression pressure from the cell casing, from an externally applied 

compression, or from the dead weight of stack of cells. This pressure can 

increase as the cell swells due to electrode swelling, SEI growth, and/or gas 

evolution inside the cell. Such pressure on the jellyroll may affect the 

performance and ageing of batteries and requires further investigation. 

4.2.1 Initial performance  

The cell impedance is shown as a function of external compression pressure 

in Fig. 4.8. Fig. 4.8a shows that the impedance of the full cell increases with 

increasing applied pressure. The change in diameter of the semi-circle and 

in length of the Warburg tail indicates that the external compression affects 

the kinetics and mass transport properties of the cell. This can be due to a 

decrease in porosity and to a lowered contact between the electrolyte and 

the electrode particles under a high pressure. The semi-circle width 

changed almost linearly with increasing pressure, as shown in the inset of 

Fig. 4.8a. Impedance tests performed on symmetric NMC/NMC and 

graphite/graphite cells (Fig. 8 b-c) indicated that both the NMC and the 

graphite electrode contribute to the change in impedance with pressure, but 

that only graphite contributes to the change at the Warburg tail of the full 

cell. In Fig. 4.8, the impedance where the imaginary part of the impedance 

crosses the real axis, referred to as the high frequency resistance (HFR), 

does not change with pressure, except for a slight change at 1.98 MPa. This 

indicates that the pressures applied were all sufficient to make good contact 

between the different battery components. At these pressure levels, EIS on a 

cell consisting of an electrolyte-soaked separator sandwiched between two 

planar copper foils showed that the increase in the HFR at 1.98 MPa was due 

to the separator. The HFR in the separator cell changed only slightly under a 

pressure of 1.98 MPa (Paper III).    
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Fig. 4.8 Impedance as a function of pressure for a) a full cell (inset: impedance at 10 
mHZ frequency as a function of pressure.) b) a NMC/NMC symmetric cell c) a 
graphite/graphite symmetric cell. [The full cell was at 50% SOC (3.665 V), the 
electrodes in b-c were taken from two duplicate full cells at 50 % SOC].      
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4.2.2 Cycling 

4.2.2.1 Capacity loss 
Fig. 4.9a shows the change of the normalized discharge capacity with 

cycling. The highest (1.98 MPa) and the lowest (0.66 MPa) applied pressures 

increased the rate of capacity loss, whereas the medium pressure levels, 

especially 1.32 MPa, were beneficial in reducing the rate of capacity loss. 

Since the 3C discharge capacity measured during cycling is highly influenced 

by cell impedance, the low rate (C/25) capacities of the cycled cells were 

measured at the EOL and the results are shown in Fig. 4.9b. It shows that the 

cell cycled under 1.32 MPa compression retained the maximum capacity at 

the EOL compared with the other cells.    

 
Fig. 4.9 a) Normalized 3C discharge capacity as a function of cycle number for cells 
subjected to cycle ageing under compression pressures of 0.66, 0.99, 1.32, and 1.98 
MPa. b) C/25 discharge capacity of a fresh cell and of the cycled cells aged under 
0,66, 0.99, 1.32 MPa, 1.98 MPa at the EOL. 
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Fig. 4.10 shows the capacity of (a) NMC and (b) graphite electrodes taken 

from a fresh and the cycled cells. The capacities of the NMC and graphite 

electrodes cycled under various pressure levels are similar at the EOL, 

regardless of the pressure applied during the cycling, showing that the 

difference in capacity loss is due not to a difference in the loss of active 

materials from the positive and negative electrodes. On the other way, this 

indicates that the difference was rather due to the cyclable lithium loss. It 

can thus be concluded that the optimum pressure is beneficial to the battery 

life by reducing the loss of the cyclable lithium. The fact that the optimum 

pressure reduces the loss of cyclable lithium and not the loss of active 

material is an indication of a coupling between the electrochemistry and the 

mechanics.  

 

 
 

Fig. 4.10 Specific capacities of electrodes taken from the fresh and cycled cells of a) 
NMC b) Graphite. 
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One important implication of the existence of an optimum pressure that 

extends battery life is that it can explain some of the discrepancies in the 

ageing trends reported by different authors [48, 62, 66]. Some authors have 

reported an increasing ageing while others a decreasing ageing towards the 

core along the jellyroll length of a cylindrical cell. If the pressure levels in 

the cell were less than the optimum, a decreasing ageing could be observed 

towards the core, but if the pressure levels in the cell were higher than the 

optimum, an increasing ageing could be observed.    

4.2.2.2 Mechanism of capacity loss 
During battery cycling, a loss of cyclable lithium has been associated with a 

cracking of the SEI layer as the volume of the graphite particles changes 

during lithiation and delithiation, continuously exposing new graphite 

surfaces for contact with the electrolyte and the growth of SEI as a result. 

Several techniques such as aluminium coating that limit SEI cracking has 

been suggested to stabilize the SEI layer [84-88], and an externally applied 

compression may have the same effect as well. This hypothesis is supported 

by the fact that the optimum pressure extends the cycle life by reducing loss 

of cyclable lithium which is the main effect of SEI growth. Nevertheless, a 

pressure higher than the optimum decreases the battery life. This can be 

due to the retarded electrochemical reaction and mass transport at the 

highest applied pressure, which facilitates side-reactions instead of the 

normal lithium intercalation and deintercalation in the graphite. On the 

other hand, Arnold et al. [45] have claimed that the greater loss of capacity 

at the higher pressure is due to locally non-uniform closure of the separator 

pores, which accelerates lithium plating due to the high overvoltage close to 

the closed pores. In our case, non-uniform pore closure has been observed, 

as shown in Fig. 4.11(a-d). In order to see whether the non-uniform pore 

closure is the cause of or the result of the ageing, the HFR of separators 

taken from the aged cells was measured. The HFR in Fig. 4.10f more or less 

follows the capacity loss, indicating that the pore closure was the result of 

the capacity loss and not the reason for it. If the pore closure were the 

reason, the HFR would directly increase with increasing pressure.      

 



 

 36 – Results and discussion 

 
 
Fig. 4.11. SEM images of separators taken from cells cycled under pressure of: a) 
0.66 MPa b) 0.99 MPa c) 1.32 MPa d) 1.98 MPa.  e) SEM image of separator taken 
from a fresh cell. f) Increase in the HFR of separators from the cycled cells with 
respect to the HFR of a fresh separator.      

 

4.3 Inhomogeneous ageing  
Usage of a large-format cell and their interconnection involves the effects of 

inhomogeneous distribution of mechanical constraint, temperature, and 

current. This inhomogeneity may lead to non-uniform ageing in the large-

format cell or in the group of connected cells. Non-uniform ageing along the 

length and width directions of a prismatic cell jellyroll has been observed 

after cycling the prismatic cells and the result is shown in Fig. 4.12. More 

ageing is seen going from the cell skin towards the core of the jellyroll. Such 

differences could be due to spatial differences in temperature and pressure 

during cycling. The following sections present the results of non-uniform 

ageing caused by jellyroll curvature in a prismatic cell and by current 

distribution. The current distributions are in these cases caused by 

temperature distribution and pressure distribution. 
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Fig. 4.12 Nyquist plots showing impedance of symmetric cells for locations defined 
in Fig. 2.1 a) NMC/NMC b) Graphite/graphite. [Samples for the test were taken from 
the prismatic cell cycled at 1C charging rate].  

4.3.1 Effects of jellyroll curvature 

Mechanical constraints can originate from the geometry of the cell. For 

instance, the bending of the jellyroll following the curvature of a prismatic 

cell casing induces a bending stress which does not exist in the flat regions. 

Fig. 4.13 shows the impedances of samples taken from different locations of 

the prismatic cell (Fig. 3.3) that was cycled for about 4000 cycles at a 1C 

charge-discharge rate between 20 and 80 % SOC. It can be seen that the 

impedance at the outer radius of curvature in the curved region is 

significantly greater than that of samples from the internal radius of 

curvature and from the flat regions. The most notable difference was 

observed in the semi-circle at high frequency. In the literature, the 

impedance in this frequency range has been attributed to the resistance of 

the surface film to ion migration and to the contact resistance between the 

current collector and the active electrode layer or within the active layer, 

between active particle to active particle or active particle to conductive 
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additive [89-93]. The difference decreases from the cell core (Fig. 4.13a) 

towards the skin (Fig. 4.13b) with a larger radius of curvature along the 

jellyroll length, indicating that the curvature effect is pronounced at the 

core. 

 

 
 
Fig 4.13. Nyquist plots of NMC/NMC symmetric cells taken from a) the core (radius 
of curvature = 9 mm) and b) towards the cell skin (radius of curvature = 12 mm) of 
the prismatic cell jellyroll.   

 
In order to investigate the reason for the impedance rise at the high 

frequency semi-circle and the variation of the impedance depending on the 

location, impedance measurements were made under various compression 

loads and at different temperatures in the case of the curvature samples 

taken from towards the cell skin (Fig. 4.13b). Varying the compression load 

and temperature makes it possible to see whether there is a contact loss at 

any of the material interfaces. It is expected that a contact between different 

materials will change with compression load but that it will be less sensitive 
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to temperature variations. Fig. 4.14 (a and b) show the impedance under 

different compression loads and temperatures, respectively. It can be seen 

in Fig. 4.14a that the diameter of the semi-circle at the high frequency (2h1) 

changed significantly with compression, especially for the sample at the 

outer radius of curvature, indicating that it is the contact loss that causes the 

sample to have the largest impedance. Fig 4.14b shows that 2h1 changes 

little with temperature compared to the change with changing compression 

load, supporting the conclusion that the high impedance of the sample at the 

outer radius of curvature is primarily due to contact loss. However, 2h1 

increase to some extent with decreasing temperature in Fig. 4.14b, 

indicating that the impedance in the high frequency semi-circle has some 

contribution from other sources, such as ionic migration resistance through 

the electrode surface film [89], although it is dominated by the contact 

resistance.    

 

The contact loss can occur at different material interfaces between: the 

current collector and active layer, active particle and carbon additive, and 

active particle and active particle contacts. Measuring the electronic 

conductivity of the active layer on samples taken from different locations 

can show whether the difference is within the active layer with particle-to-

particle contact. The electronic conductivity of the active layer delaminated 

from the current collector at different locations is shown in Fig. 4.14c. There 

was no significant difference in electronic conductivity at different locations, 

showing that dependence of the contact loss on the location should be 

related to the region between the current collector and the active layer. It 

can thus be concluded that the large impedance at the outer radius of 

curvature in the curved region is due to a loss of contact between the active 

layer and the current collector. In order to determine whether or not this is 

caused by cycling, EIS tests were performed on the samples taken from the 

non-cycled cell at different locations, and the results of 2h1 are shown Fig. 

4.14d. There was no significant effect of the location, revealing that the 

effect is a consequence of the cycling in combination with curvature. This 

study showed that cycling a prismatic cell leads to a significant loss of 

contact and increase in the impedance at the outer radius of curvature of the 

jellyroll in the curved region compared to the other locations, i.e. the inner 

radius of curvature or flat regions. This can partly explain the discrepancy in 

the loss of active NMC material between that calculated from the full cell and 
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the measured values from small samples taken from the jellyroll in the post-

mortem analysis described in section 4.1.3.  

 

 

Fig. 4.14. EIS of the samples taken from the curved locations a)as a function of 
external compression b) as a function of temperature ( insets show the diameter of 
the high frequency semi-circle (2h1) and the mid-frequency semi-circle (2h2)). c) 
Four-point probe electronic conductivity of active layer coatings taken from 
different locations. d) Variation in 2h1 with external compression at 25 °C for 
samples from the calendar-aged cell. Samples in a-d were taken from locations 
toward the cell skin.  
 
 

4.3.2 Effects of current distribution 

4.3.2.1 Initial performance  
Unevenly distributed compression pressure and temperature can exist 

across the jellyrolls of a large-format cell or among cells connected in 

parallel in a battery module/pack. This can lead to a spatially non-uniform 

impedance and to the development of an uneven current distribution during 

battery operation. For instance, Fig. 4.15a shows the cell impedance at 
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different temperatures, where the impedance decreases at the higher 

temperature. Since the current is inversely proportional to impedance, such 

an uneven temperature distribution will lead to uneven currents during 

operation. The corresponding current distribution for three cells at 32, 36, 

or 40 °C and connected in parallel is shown in Fig. 4.15 (b, c) during 

charging at 1C and 3C rates, respectively. During 1C charging, an uneven 

current distribution is mainly seen for about the first 6 minutes, after which 

the current distribution becomes more or less uniform, even though a small 

reversal of the current distribution is seen towards the end of charging. Fig. 

4.15 c. shows the current distribution during charging at 3C in a shorter SOC 

range, where the uneven current distribution is wider than at 1C. The high 

charging rate increases the difference between the currents passing through 

each cell at the beginning of charging in absolute terms and narrowing the 

SOC range stops the charging before the self-balancing occurs, resulting in a 

more uneven current distribution compared to the 1C charging in a 

narrower SOC range. High charging rate over a narrower SOC range thus 

widens the uneven current distribution caused by an uneven temperature 

distribution.    

 

An uneven temperature distribution also affects the performance of a cell or 

a module/pack as a whole. Fig. 4.16 compares the impedance of two groups 

of cells: one group consisting of three cells at 32, 36, or 40 °C connected in 

parallel, and a second group with all three cells at 36 °C connected in 

parallel. It can be seen that the impedance with the uneven temperature 

distribution is similar to that with the even temperature distribution at the 

volume average value. This can be explained by the near linearity of the 

change of the real impedance at 10 mHz frequency with temperature above 

room temperature shown in the inset of Fig. 4.16. The impedances of the 

parallel connected cells with the even temperature distribution (Re) and 

with the uneven temperature distribution (Ru) are described in terms the 

slope of the linear change in the impedance with the temperature (m) and 

the cell impedance at 36 °C (R2) by Equations 4.1 and 4.2. 

 

   
  
 
                                                                                           (   ) 
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If the slope m is small, the impedance at the uneven temperature 

distribution should be close to that of the even temperature distribution. 

This effect would be different at a cold average temperature where the 

change in impedance, especially the charge transfer resistance, with 

temperature is greater and highly non-linear. Troxler et al. [67] reported 

that a temperature gradient across a cell leads to a decrease in the cell 

impedance compared to that of the theoretical average temperature of the 

gradient. 

 
 

Fig. 4.15. a) Impedance in Nyquist plot as a function of temperature for a fresh cell. 
The corresponding current distribution in cells connected in parallel at b) 1C 
charging between 3.445 – 4.1 V, and c) 3C charging between 3.545 – 4.0 V. [o in (a) 
represent 10 mHz frequency].     
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Fig. 4.16. Electrochemical impedance spectroscopy in Nyquist plot for a parallel 
group of cells tested at uniform (all at 36 °C) and non-uniform temperature (32, 36, 
40 °C). (Inset:  Impedance (Re(Z)) at 10 mHz frequency at the given temperature 
values.)    

 

4.3.2.2 Cycling  
The uneven current distribution induced by an uneven distribution of 

compression pressure or temperature could lead to non-uniform local 

ageing and accelerate the global ageing of the battery as a whole. This effect 

can be studied by coupling controlled cells at different temperatures and 

pressures in parallel. The capacity fade in the presence of compression 

pressure distribution is shown in Fig. 4.17, where the cell subjected to 0.66 

MPa and coupled to the cell subjected to 1.32 MPa (Group 1) showed a 

capacity fade similar to that of the reference coupled cells both at 0.66 MPa 

and with no current distribution (Group 2). This indicates that the 

distribution of current between the cells does not accelerate battery ageing. 

If the current distribution affected the battery ageing, the cell subjected to 

0.66 MPa pressure in group 1 would show a capacity loss different from that 

of the two cells in group 2.  
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Fig. 4.17 Specific capacity of cells cycled in two groups connected in parallel at the 
end of life. (Group 1: cell at 1.32 MPa connected in parallel with a cell at 0.66 MPa; 
Group 2: two cells each at 0.66 MPa connected in parallel.) 

 
Fig. 4.18 shows the capacity fade of a parallel connected group of cells with 

different temperatures (32, 36, and 40 °C) and cycled at 1C charge-

discharge rate, and of non-coupled single cells cycled at the same charge-

discharge rate and temperatures. The capacity fade of the parallel connected 

group was almost the same as that of the single cell cycled at 36 °C (Fig. 

4.18a), and the C/25 capacity (Fig. 4.18b) of cells in the parallel group 

measured individually as single cells at the EOL had values similar to that of 

cells cycled as single cells at the corresponding temperatures. This shows 

that an uneven temperature distribution which induces only a moderately 

uneven current distribution does not accelerate the global battery ageing 

compared to the volume-averaged mean uniform temperature. This 

conclusion is supported by the modeling work of Filkernstein et al. [68] who 

reported that the capacity fade of a cell under a thermal gradient is similar 

to that of a cell cycled in the same manner but at the volume averaged 

uniform temperature. The data for the single cells shows that the difference 

in ageing between 32 and 36 °C was lower than that between 36 and 40 °C 

for the same 4 °C difference in temperature. This indicates that local ageing 

difference in an uneven temperature distribution depends not only on the 

magnitude of the temperature difference but also on the average 

temperature at which the difference exist.   
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Fig. 4.18. a) Normalized discharge capacity as a function of cycle number during 1C 
charge-discharge cycling between 3.445 and 4.1 V for cells connected in parallel with 
temperature distribution (32, 36, and 40 °C) and for single cells cycled at the same 
temperatures. (Dotted lines are for the duplicate tests). b) C/25 discharge capacity at 
EOL, all measured independently as single cells. (The cycling voltage range, 3.445 – 
4.1 V, corresponds to 11 – 94 % SOC based on the C/25 cell discharge capacity). 
 

Fig. 4.19a shows the normalized discharge capacity in the case of 3C charge-

discharge cycling, where the capacity fade of the cell group connected in 

parallel (32, 36, and 40 °C) was similar to that of the single cell cycled at the 

maximum temperature (40 °C). A comparison of the C/25 discharge 

capacities of the cycled cells at the EOL in Fig. 4.19b shows the capacity of 

the cell cycled at 40 °C in the parallel cell group was lower than that of the 

single cell at the same temperature by about 4.7%. The opposite was true 

for the cells cycled at 32 °C, where the cell in the parallel connection showed 

a capacity of 2.4 % greater than that of the corresponding single cell. The 
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difference in the capacity at the EOL is most likely due to the different 

current experienced by a cell when it is cycled in a parallel connection or as 

a single cell. The cells cycled at 32 and 40 °C experienced smaller and larger 

currents respectively when they were cycled in parallel rather than as single 

cells. The parallel connection seems to have a greater impact at 40 °C, 

probably because of a greater sensitivity of ageing to current above 3C for 

this type of cell.  

 
 
Fig. 4.19. a) Normalized discharge capacity as a function of cycle number during 3C 
charge-discharge cycling between 3.545 and 4.0 V for cells connected in parallel with 
a temperature distribution (32, 36, and 40 °C) and for single cells cycled at the same 
temperatures (Duplicate tests are performed for the parallel connected cell group 
and the single cell at 40 °C). b) C/25 discharge capacity at the EOL, measured 
independently as single cells. (The cycling voltage range, 3.545 – 4.0 V, corresponds 
to 22 – 86 % SOC based on the C/25 cell discharge capacity). 
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The result that cycling a battery under a high charge-discharge rate in a 

narrow SOC range caused faster ageing of the battery due to the effect of an 

uneven temperature distribution has an implication for the ageing of 

lithium-ion batteries used in the hybrid electric vehicles (HEVs). HEV 

batteries commonly operate at high charge and discharge rate in a narrow 

SOC range, hence, are more susceptible to accelerated ageing caused by the 

uneven temperature distribution.   

 
In conclusion, we have seen that neither compression pressure distribution 

(0.66 and 1.32 MPa) at a 3C charge-discharge cycling nor temperature 

distribution (32, 36, and 40 °C) at a 1C charge-discharge cycling accelerated 

the global battery ageing, since the current distribution was narrow over the 

cycling period. On the other hand, when the current distribution was 

widened by increasing the charge-discharge rate and cycling in a narrower 

SOC range, the current distribution did indeed accelerate the global battery 

ageing. The ageing with the uneven temperature distribution of cells 

connected in parallel was similar to that of the single cell at the maximum 

temperature of the distribution. We can thus conclude that an uneven 

current distribution can accelerate the global battery ageing if its magnitude 

is sufficiently large.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
48 - Conclusions and outlook 

5 Conclusions and outlook  
 

The aim of the work reported in this thesis has been to investigate the 

effects of charging rate and protocol, external compression, and 

inhomogeneities on lithium-ion battery ageing under fast charging 

conditions. Top-down and bottom-up approaches were used in the 

investigation. The performance of large-format prismatic and cylindrical 

cells during cycling were tested at different charging rates and analyzed for 

local variations by post-mortem analysis. Small single-layer pouch cells that 

mimic different locations of a large format cell or their parallel connection 

were used to understand cycling performance and inhomogeneity on a 

larger scale in a controlled environment.  

 

The effect of charging rate on lithium-ion battery ageing was characterized 

in a 25 Ah prismatic automotive cell at charging rates of 1C to 4C. Fast 

charging at a high rate, 3C and higher, accelerates battery ageing. The 

mechanisms that limit the battery life are associated with lithium plating 

and excessive gas evolution. Particle crack often associated with fast 

charging is observed irrespective of the charging rate and is not a 

mechanism that limits the fast charging capability in terms of the battery 

life.  

 

At 2C and lower charging rates, tested on the prismatic and 1.5 Ah 

cylindrical cells, the cell ageing was observed to be less sensitive to charging 

rate and instead dominated by other factors such as the state of charge 

cycling window. Charging above ~80% SOC degrades the battery more than 

the charging rate. The lower sensitivity of battery ageing to charging rate at 

a rate of 2C and below is applicable only to single cell testing. This may not 

be the case in EV applications where multiple cells connected in series and 

in parallel are used. In such cases, thermal issues come into play and the rise 

in temperature induced by a higher charging rate can change the ageing.   

 

In all the cases studied, the loss of lithium inventory is the limiting mode of 

ageing that determines the available cell capacity. Even if the losses of active 

electrode materials occur, they do not affect the capacity.  



 

  Conclusions and outlook - 49 

Ageing analyses results can be different between the full cell and the 

electrode samples harvested therein in the post-mortem analysis. The trend 

of impedance rise with cycling as a function of charging rate in the prismatic 

cells was different from the trend observed during measurement on the 

electrode samples. Additionally, the active mass loss was different between 

that calculated from the voltage fitting in the prismatic cell and that 

measured in the electrode samples. While post-mortem analysis is 

important to get detailed ageing information, some ageing mechanisms such 

as ion transport restriction between the jellyrolls and separator or contact 

loss at the characteristic locations that cause the difference may be 

overlooked by testing small samples taken from opened cells either due to 

the difficulty to measure or the sampling bias. Non-destructive analysis 

techniques such as cell voltage fitting should be used as a complementary 

technique in such cases in order to understand battery ageing mechanisms 

better.    

 

The shift from the LFP to NMC-based commercial lithium-ion batteries also 

shifts the focus of ageing from only graphite to both the positive and the 

negative electrodes. The NMC electrode contributes equally or more than 

the graphite electrode to the cell degradation, especially to increase in the 

cell impedance.  

 

Effects of external compression pressure on the performance and ageing of 

lithium-ion batteries were tested in a single-layer model pouch cell. An 

optimum compression pressure of around 1.3 MPa can extend battery life 

by reducing the cyclable lithium loss. The presence of an optimum pressure 

can explain some of the discrepancies reported in the literature regarding 

the trend of ageing along the length of the jelly-roll, between the core and 

the skin, of large-format cells.  

 

Lithium-ion batteries age non-uniformly. The inhomogeneous ageing 

induced by the geometric design of a prismatic cell during cycling was 

studied by taking samples from the curved and flat regions of the jellyroll 

and making electrochemical impedance spectroscopy studies with varying 

external compression loads and temperatures. The geometric design of a 

prismatic cell is a disadvantage from the point of view of battery durability. 

The curvature regions at the outer radius of curvature of the jellyroll are 
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sensitive to a loss of contact between the current collector and the active 

electrode coating. The sensitivity is greatest towards the core along the 

length of a jellyroll. The bending stress at the outer curvature leads to the 

loss of contact when the battery is cycled for a long time. Cylindrical cell, 

which is geometrically compact, and pouch cell which has no jellyroll 

curvature could have a better performance in this regard.  

 

Unfavorable current distribution due to an uneven temperature distribution 

accelerates the global battery ageing. The effect of an uneven current 

distribution is significant when cycling at a high charge-discharge rate over 

a narrow SOC range. Lithium-ion batteries used in hybrid vehicles, being 

used at a high charge-discharge rate in a narrow SOC range, are susceptible 

to faster battery ageing caused by uneven temperature or pressure induced 

current distribution.    

 

Future work should consider a mechanistic study to examine how the 

optimum pressure reduces the cyclable lithium loss and how external 

compression affects the charge transfer and mass transport properties of a 

lithium-ion battery. Another interesting study could be an investigation of 

the coupled effect of bending stress and diffusion-induced stress at the 

curvature regions of a prismatic cell using a physical model that couples 

electrochemistry and mechanics. 
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