
UPTEC K 17032

Examensarbete 30 hp
November 2017

Simulating Li-ion battery ageing 
through solid electrolyte interphase 
growth in graphite/NMC cells 

Anna Berglund



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Simulating Li-ion battery ageing through solid
electrolyte interphase growth in graphite/NMC cells

Anna Berglund

Ageing mechanisms of graphite/NMC Li-ion batteries have been studied 
using computational methods. The purpose of the project
was to investigate solid electrolyte interphase (SEI) formation and 
growth during cycling of the battery. The SEI layer formation was 
considered to be a reason for capacity fade of the battery. 
Irreversible consumption of cyclable Li-ions and increased resistance 
in the layer was considered to be the result of solid electrolyte layer 
formation and these two effects were studied more closely using cell 
modelling.

The battery cycled with three cases of fast charge rates (2C, 4C and
6C) and the same discharge rate (1C) showed a thick film formation on
the anode side and a higher film resistance when compared to the
battery cycled with the same charge/discharge rate (1C).

All investigated batteries were affected by the studied ageing 
mechanism, and in the case of batteries cycled with fast charge rates, 
the ageing was even more pronounced. The report includes a general 
description of Li-ion battery functionality, a summary of ageing 
mechanisms and a mathematical description of the electrochemistry 
governing the battery and implemented in the software.
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Populärvetenskaplig sammanfattning 
Under de senaste decennierna har uppladdningsbara Li-jon batterier fått stor uppmärksamhet och 

etablerat sin plats på marknaden. De används dagligen i hemelektronik, mobiltelefoner och inte minst i 

elbilar. Framgången kan tillskrivas deras stabila batterikemi, höga energidensitet och låga grad av 

självurladdning. Anodmaterialet är oftast grafit, men när det kommer till katodmaterialet har man 

tillgång till ett antal alternativ som erbjuder möjligheten att skräddarsy batteriet efter önskat 

användningsområde.   

Trots batteriets popularitet och vinnande kemi med förmågan att återuppladda och på så sätt 

återanvända batteriet, finns det en rad utmaningar som skapar vissa förutsättningar för hantering och 

användning av batteriet. Det är, till exempel, specifika temperatur- och spänningsområden som dikterar 

användarvillkoren och som förkortar batteriets livslängd avsevärt om de inte följs. Det finns även andra 

fenomen, av mer elektrokemisk karaktär, som försämrar batteriets prestanda. Dessa fenomen är olika 

åldringsmekanismer som sker både i samband med användning och även under lagring av batteriet. Den 

mest utmärkande åldringsmekanism är bildningen av SEI (solid electrolyte interphase) lager och dess 

tillväxt på ytan av anodmaterialet.  

SEI-lagertillväxt bidrar till batteriets sjunkande prestanda genom att konsumera Li-joner i elektrolyten 

och låta de vara en del av SEI-lagret. Förlusten av dessa joner kompenseras av Li-joner som tas från 

katodmaterialet. Li-joner transporterar laddning i batteriet och, tillsammans med den elektrokemiska 

drivkraften vid elektroderna, möjliggör batteriets användning efter en återuppladdning. Genom att 

konsumera mobila Li-joner under reduktionsreaktionen av elektrolyten på anodytan, minskar tillgången 

på laddningsbärare och batteriets kapacitet sjunker.  

Studier om orsaker bakom batteriers försämrade kapacitet eller kollaps görs oftast genom laborativt 

arbete och kräver tid och resurser. För att spara tid kan olika mjukvaror användas. Dessa program kan 

bland annat simulera både batterikemi och batteriets åldring. Fördelarna är många, men även nackdelar 

finns. Då dessa program bygger på matematiska beskrivningar av ett batteri och dess funktion kan vissa 

kemiska processer vara svåra att beskriva. Termodynamiken och kinetiken som styr batteriets funktion 

blir endast så bra som beskrivningen matematiska formler kan åstadkomma. Även med detta som en 

stor begränsning kan dock intressanta resultat fås och man kan få en uppfattning om vilka faktorer som 

påverkar batteriets prestanda.  

I detta projekt studeras åldringen av ett Li-jon batteri med NMC (LiNi0.33Mn0.33Co0.33O2) som 

katodmaterial och grafit som anodmaterial. Studien är gjord genom simulering av batteriet och dess 

åldring i ett mjukvaruprogram kallad COMSOL Multiphysics. Detta mjukvaruprogram erbjuder 

uppsättningar av ekvationer inkorporerade i olika moduler som gör det möjligt att utföra 

batterisimuleringar. Ytterligare ekvationer kan läggas till för att utöka modulens funktion, och eftersom 

det mesta av data kommer från laborativa experiment finns det inget behov för kompletterande 

empiriska studier, utan batteriet kan simuleras direkt.  

Det erhållna resultaten visade att alla batterisimuleringar, både de som byggde på snabb uppladdning 

och långsammare urladdning och de som byggde på samma hastighet på uppladdning och urladdning, 

blev påverkade av den studerade åldringsmekanismen. Både tjockare SEI-lager och ökad resistans i SEI-

filmen kunde påvisas i studierna. Batteriets sjunkande kapacitet på grund av konsumtion av Li-joner 
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kunde också studeras i modellen. Även om åldringen kunde ses i alla studerade simuleringsfall, blev den 

mer markant i fallet med snabb uppladdning. Detta stödde hypotesen om att en icke uniform 

battericykling utsätter batteriet för större påfrestningar och resulterar i snabbare åldring i form av 

sjunkande kapacitet.    
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1. Introduction 

1.1 Why Li-ion batteries? 
The increasing demand for advanced technology has created a need for high energy density, high power 

density, long life and environmental friendly solutions in batteries that turn chemical energy into 

electrical energy. The Li-ion battery offers all that and more by giving the flexibility to choose the 

suitable cell chemistry.  Additionally, the Li-ion battery offers promising future outlooks, not least in the 

automobile industry.  The Li-ion battery does however have certain weaknesses, including challenges 

that different chemical compositions of the cathode material can bring. Another widely studied feature 

of the operational and storage life of the Li-ion battery is the potential for capacity fade due to ageing 

mechanisms that occur not only through usage but also during storage of the battery. More 

understanding of the reasons behind malfunction and capacity fade of the battery is gained every day, 

making it possible to create more stable batteries that can be used for their existing purpose and 

limitless future possibilities.  

1.2 Scope of the thesis 
The scope of this thesis is to study capacity fade of the battery cycled both symmetrically (same 

charge/discharge rates) and asymmetrically (different charge/discharge rates). The capacity fade is 

assumed to be caused by SEI (solid electrolyte interphase) layer formation and growth on anode side of 

the battery during the cycling event. Through this ageing mechanism, an increase in resistance appears 

on the surface layer of the anode, making the diffusion of Li-ions through the formed layer slower. The 

formation of the SEI layer and its growth is also assumed to consume part of the cyclable Li-ions, which 

will contribute to capacity fade of the battery. Hypothetically, the less uniform cycling conditions will 

contribute to a more prominent capacity fade of the battery, or in other words, asymmetric battery 

cycling is likely to accelerate the ageing of the battery. The battery, its function and ageing mechanism 

are studied by computational methods.  

 

2. Background 

2.1 How does Li-ion batteries work? 

2.1.1 Basic elements 
The basic elements of a Li-ion battery are the cathode, anode, electrolyte, separator and current 

collectors. The cathode and anode generally consist of materials that can undergo intercalation and de-

intercalation reactions. Intercalation is the insertion of ions, in this case Li+, between layers of a host 

structure of for example a metal oxide or graphite, while de-intercalation is the opposite; i.e. the 

extraction of Li+ ions from a layered structure of metal oxide or graphite.   

The electrolyte consists of a solution of Li salt and has the function as ionic carrier. The cathode, in turn, 

is a solid host network which allows guest ions to be inserted and removed reversibly. Li-ion is the guest 

in this case, and the host network can consist of metal chalcogenides, transition metal oxides or 

polyanionic compounds. These compounds can be divided into classes depending on their crystal 

structures, for example layered, spinel, olivine and tavorite structures [1]. For the anode, the most 

common material is graphite. Graphite can intercalate up to 1 Li atom per 6 C atoms. The battery 

separator between the electrodes consists of a microporous membrane that enables ions to travel back 
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and forth between anode and cathode and prevents a short circuit between the electrodes [1-2], see 

Figure 1 for simplified picture of a Li-ion battery.  

2.1.2 Charging 
During charging, that is driven by a battery charger, Li+ goes from the positive electrode to the negative 

electrode through the electrolyte. Electrons also go parallel from the positive to the negative electrode 

during charging, but through an outer circuit. When the battery is discharging, Li+ goes from the 

negative (anode) to the positive (cathode) electrode, where they intercalate into the cathode structure. 

In the same manner as during charging, the electrons move from negative to positive electrode through 

the outer circuit.  

The driving force for the function of the battery is governed by kinetics and thermodynamics. The 

reactions that occur inside the battery are governed by electrochemistry. Here, the reduction reaction 

takes place at the positive electrode (see reaction (1)), and the oxidation reaction occurs at the negative 

electrode (see reaction (2)), giving rise to the overall reversible redox reaction (shown in reaction (3)), 

MO denotes metal oxide [2-3].  

 

𝐿𝑖1−𝑥𝑀𝑂 + 𝑥𝐿𝑖 + 𝑥𝑒−  → 𝐿𝑖𝑀𝑂          (1) 

𝐿𝑖𝐶6  → 𝑥𝐿𝑖 + 𝑥𝐶6 +  𝑒−           (2) 

𝐿𝑖𝐶6 + 𝑀𝑂 ↔  𝐶6 + 𝐿𝑖𝑀𝑂          (3) 

Figure 1 shows a graphic description of the battery, it’s simplified chemistry and it’s function.  

 

Figure 1: A simplified description of Li-ion battery functionality with intercalation/de-intercalation 

reactions, exemplified by a graphite/ LiCoO2 cell chemistry. The illustration is published with permission 

from Johnson Matthey Battery Systems. 

2.2 Most important components of the Li-ion battery 
The electrolyte in a Li-ion battery is a non-aqueous solution containing Li salts, typically LiPF6, dissolved 

in linear and cyclic carbonates such as dimethyl carbonate and ethylene carbonate [4]. The 

concentration is usually 1 to 1.5 M [5].  
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The anode material in a Li-ion battery is usually graphite. Graphite forms good 2D mechanical stability 

due to its layered structure. The most important features of graphite when it comes to Li-ion battery 

functionality are high Li diffusivity, high electrical conductivity and comparably low volume change 

during intercalation/de-intercalation reactions. 

When it comes to cathode material, several material options can be used in a Li-ion battery depending 

on what properties are most desirable for the specific case. The summary below explains the most 

common types of Li-ion battery cathodes. Each type has its advantages and drawbacks, including lithium 

nickel manganese cobalt oxide (‘NMC type’), the cathode type that is studied in this master thesis.  

The first cathode material in this summary is LiCoO2 (LCO). It is one of the first commercially successful 

Li-ion battery materials. LCO has a layered structure, as illustrated in Figure 2, which makes it 

comparatively easy to reversibly insert and remove Li-ions. LCO is still one of the popular types of 

cathode materials used in Li-ion batteries due to material stability, good ionic conductivity, low self-

discharge, high discharge voltage and good cycling performance [6]. However, the drawbacks are its low 

thermal stability and the high cost for Co. The low thermal stability for LCO is due to an exothermic 

reaction that occurs when the cathode material is heated above a certain point, resulting in a release of 

oxygen and leading to a runaway reaction in the cell and possible combustion [7]. The typical 

temperature of the exothermic reaction referred to for LCO is approximately 200 °C [6]. The runaway 

reaction can be explained from a heat and charge current point of view. It is important to control 

temperature and both voltage and current while charging the battery. If this is not controlled, a battery 

can increase in temperature, which will lead to a lower internal resistance to the charging current. This 

will permit more current to pass through and will create more heat. When certain amount of heat has 

been created, the battery can catch fire. 

 

Figure 2: An illustration of the layered structure of LCO. This figure is published with permission from 

Cadex. 

Another cathode material used in Li-on batteries is LiNiO2, also referred to as LNO. It is a cathode 

material with significant resemblance of the LCO type. The crystal structure is the same, and the 

theoretical specific capacity is close to LCO (275 mAh/g for LNO and 274 mAh/g for LCO). The major 

problem with a pure LNO structure is the fact that Ni2+ can readily substitute the Li+ in the crystal 

structure during synthesis or de-lithiation, thereby making it difficult for Li-ions to diffuse in or out of the 

electrode [6]. LNO as a cathode material can be made more stable (the cationic disorder will be 

reduced) by substituting some of the Ni by Co [8] and by adding small amounts of Al, which would 

improve the electrochemical performance [9].  
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Improvements made to the LNO cathode material generated the cathode type that can be found in 

Tesla’s cars, namely LiNi0.8Co0.15Al0.05O2, also called NCA. Compared to other Co-based oxide cathode 

compounds, NCA has a long storage calendar life but can at the same time show severe capacity fade at 

elevated temperatures (40-70 °C) [10-11].  

Another promising cathode material for Li-ion batteries is LiMn2O4, also called LMO. Batteries utilizing 

this material have been on the market for some time now. Part of their success can be attributed to Mn 

being cheaper and less toxic than Co and Ni. Just as with previous types of Li-ion batteries, LMO has a 

layered structure, as shown in Figure 3. LMO has its drawbacks, though. The major one is dissolution of 

Mn from LMO during battery cycling. The dissolution of Mn takes place when Mn3+ ions undergo a 

disproportionate reaction with Mn2+ and Mn4+ as products. Mn2+ has a tendency to dissolve into the 

electrolyte and thus participate in progressing the formation of the SEI on the anode side during battery 

life, which leads to capacity fade of the battery [6].  

 

 

Figure 3: Illustration of the three-dimensional framework structure of LMO. The figure is published with 

permission from Cadex. 

Further research studies led to novel types of Li-ion battery cathodes, including LiNi0.5Mn0.5O2, also 

called NMO. This kind of Li-ion battery material has similar energy density as LCO and furthermore, the 

presence of Ni allows for higher Li extraction capacity [6]. However, the less desirable feature of this 

type of cathode material is low Li diffusivity due to cation mixing, meaning that Li atoms can come to 

occupy Ni and Mn sites in the crystal structure, and Ni and Mn atoms can occupy Li sites [12].  

As can be noticed throughout the short review of battery cathodes above, all major drawbacks have led 

to the development of new and better Li-ion batteries. By adding Co to NMO, the structural stability 

could be improved without worsening the theoretical specific capacity, or raise manufacturing costs. 

The addition of Co led to the cathode material LiNixMnyCozO2, also called NMC. NMC is the cathode 

material that is studied in this master thesis. More precisely, the cathode composition of 

LiNi1/3Mn1/3Co1/3O2 is studied in this master thesis. LiNi1/3Mn1/3Co1/3O2 is the most common form of NMC 

and is widely used in commercial Li-ion cells, not least for vehicles [6]. 

2.3 The graphite/NMC battery 
This thesis investigates a battery that consists of NMC, nickel manganese cobalt oxide, as cathode, 

graphite as anode, and LiPF6 in 1:1 EC:DEC (ethylene carbonate:dimethyl carbonate) as electrolyte. The 

composition of NMC, as it already has been mentioned, is LiNi1/3Mn1/3Co1/3O2. The NMC material is a 
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transition metal oxide with layered crystal structure, relatively high capacity (160 mAh/g) and an 

average voltage of 3.7 V vs Li+/Li [1][6][13]. The major use of the graphite/NMC battery is in electrical 

vehicles and compared with, for example NCA, NMC offers better thermal stability and a discharge 

capacity relatively close to NCA (approximately 200 mAh/g) [6]. An enhanced structural stability due to 

the addition of Co makes this kind of Li-ion battery a good choice, because a stable structure is an 

important feature for good battery capacity and long operational life. N. Yabuuchi and T. Ohzuku 

determined during their study of NMC, with a similar metal oxide composition as used in this master 

thesis, that addition of Co made it possible for unit cell volumes to remain almost constant during a 

charge-discharge cycle [14]. If one considers the large material stress under which intercalation and de-

intercalation reactions place in the electrodes, structural stability is key to avoid immediate micro-cracks 

and undesired modifications and distortions of the crystal structure. Another positive feature with this 

type of battery is that it is relatively low cost, because less Co is used in the cathode material 

composition than in LCO (the amount of Co is 1/3 of the total amount of transition metals present in the 

cathode).  

3. Ageing of the battery 
All batteries undergo ageing, even those that are operated under perfect conditions: symmetric and 

low-current cycling (i.e., constant and equal charge/discharge currents), and good working conditions 

including reasonable temperatures and no overcharging of the battery. Batteries that have to operate in 

real life conditions age much faster. Li-ion batteries are complex systems, and the ageing processes are 

complicated. Power fading and capacity decreases are usually caused by several ageing mechanisms that 

interact with each other, and one has to study several mechanisms at the same time in order to obtain 

reliable and realistic results.  

3.1 Ageing mechanisms 
All secondary batteries degrade with time and usage. Degradation can be seen as capacity fade and loss 

of energy [15]. A Li-ion battery is regarded to have reached its EOL, end of life, when the capacity has 

reached 80% of original value [16].  

Ageing mechanisms at the anode and cathode differ significantly. Ageing of the anode appears to be the 

primary reason for battery failure, and is therefore studied to a larger extent than ageing of the cathode 

(see Figure 4 for an overview of ageing mechanisms on the anode side of the battery [16-19]). The 

ageing mechanisms that are responsible for failure depends on battery chemistry and operating 

conditions, but some general effects can still be distinguished. Many scientists consider side reactions at 

the negative electrode/electrolyte interphase to be the major reason behind ageing of the anode. This is 

due to that the anode in the Li-ion battery operates at voltages that are outside the electrochemical 

stability window of the electrolyte components [17]. This can/will lead to chemical reduction reactions 

that are undesired for long battery life.  
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Figure 4: An overview of ageing mechanisms at the anode side of the battery. The figure is published 

with permission from Elsevier. 

After assembly, the Li-ions in the battery are present in both cathode material and in the liquid 

electrolyte. During cycling of the battery, starting with the first charge, decomposition of electrolyte 

accompanied by the irreversible consumption of Li-ions that are present in the electrolyte will take place 

at the anode electrode/electrolyte interface. The products from the electrochemical reduction of the 

electrolyte by the anode will lead to two ageing phenomena. First, the decomposition layer will grow 

and give rise to an increased internal resistance. Second, the reduction processes contribute to a 

capacity fade of the battery by loss of cyclable Li [16-17]. For every reduction reaction on the anode 

surface (acceptance of an electron from the anode), the charge balance is kept by extraction of lithium 

from the cathode – which is then lost. The reason behind the capacity fade of the battery is thus 

reduced access to cyclable Li, since cyclable Li is lost into formation of the decomposition layer, which 

leads to less Li-ions that can migrate in the battery to act as charge carriers.  

Loss of Li is explained in more detail in Figure 5.  

 

Figure 5: Overview of the mechanism that governs loss of Li in a Li-ion battery. 
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The capacity of a Li-ion battery is dependent on the amount of Li that can be stored in the electrode 

materials. Consequently, reduction of solvent (S → S-) at the anode and formation of stable Li-containing 

phases (LiS) consumes electrons which are compensated by delithiation at the cathode. Also, when Li 

starts to leave the cathode, less charge can be produced through the external circuit and the battery 

loses its ability to deliver the desired amount of current.  

Interestingly, the presence of the SEI layer is not entirely negative. The layer will primarily form during 

the first cycles, will cover the surface of the anode and be permeable for Li-ions, but at the same time 

not letting other components or electrons through. In other words, the layer will protect the electrode 

from further corrosion. The SEI itself thus acts as a protector for both the negative electrode and in a 

way for the electrolyte, by slowing down its reduction on the anode surface. The problem arises when 

the SEI layer gets thicker and grows during battery life with consumption of cyclable Li as consequence, 

which in the end leads to capacity fade of the battery [16-17].  

Beside SEI layer formation, which will affect the inventory of cyclable Li, there are other ageing 

mechanisms that take place at the anode side of the battery. Among them are graphite exfoliation, Li 

plating and corrosion of the electrode. Graphite exfoliation is caused by solvent co-intercalation into the 

material. Reduction reactions will lead to development of gas, which will lead to expansion of graphite 

layers and cracking of the particles. Li plating is another ageing mechanism that can cause malfunction 

of the battery. It can lead to growth of dendrites that can cause a short circuit in the battery when they 

reach the cathode. Li plating origins from corrosion of the anode that takes place when the graphite 

material reach very low potentials, see Figure 5 [17].  

When it comes to the positive electrode, contribution to capacity fade of the battery has two main 

origins. The first is ageing effects that contribute to malfunction of the cathode itself and the second is 

ageing effects that occur at the anode but result in failure of the cathode (see Figure 6 for an overview 

of ageing mechanisms at the cathode side of the battery [16], [20]). The first origin includes ageing 

effects such as degradation of active material or changes in electrode components like conducting 

agents, binder, corrosion of current collector, oxidation of electrolyte components and surface film 

formation. The second origin refers to SEI layer formation and growth with irreversible consumption of 

Li-ions on the anode side. In order to compensate concertation gradient of Li-ions in electrolyte, Li-ions 

in cathode material will leave the electrode leading to worsened performance of cathode and eventually 

the capacity fade of the battery [17]. In the end, the operational conditions of the battery will dictate 

the overall ageing and speed with which the cathode will fail, just as with the anode.  
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Figure 6: An overview of ageing mechanisms at the cathode side of the battery. The figure is published 

with permission from Elsevier. 

This master thesis treats aging of the battery during its operational life but even calendar aging appears 

during storage of the battery. The aging phenomena cannot be escaped but rather be prolonged by 

keeping potential and charging/discharging rates under control.  

4. Method  

4.1 Mathematical description of Li-ion batteries 
The Li-ion battery function is governed by an interaction of several factors that are linked to and operate 

in parallel with each other. Those factors are migration and diffusion, both in solid state as in electrode 

particles, and liquid state, as in electrolyte between electrode particles, and between electrodes. Other 

factors are electrode kinetics and ionic conductivity in the electrolyte. To be able to simulate the battery 

and study effects including, for example, ageing in a modelling software such as COMSOL Multiphysics, 

the battery chemistry has to be described mathematically. This means that all important effects that 

govern the function have to be described with equations. This leads to the first limitation with 

computational methods, which is the difficulty of correctly describing the battery with equations, where 

all aspects of the chemistry are taken into account. The second limitation is that not all effects can even 

be described mathematically and be incorporated into the software model. The most important aspects 

are, though, present in most of today’s computational and modelling softwares.  

The theory that governs the mathematical description in most battery models today can be accounted 

to Newman et al., 2002. The basics of Newman’s theory consists of two pieces: porous electrode theory 

and concentrated solution theory [5]. Porous electrode theory accounts for the porous microstructure 

of the active material. The surface of the particles in the active material is considered to be a location 

where the electrochemical reaction occurs with a distribution over the entire surface and variation 

across the depth of the electrode due to interaction of potential drop and concentration changes in both 

liquid and solid phases within the electrode. Concentrated solution theory includes interactions of all 

materials present in the solution and accounts for transport of ions in the electrolyte, in this particular 

case Li+ and PF6
-.  
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The battery is considered to consist of five regions: negative current collector, negative electrode, 

separator, positive electrode and positive current collector, and have four boundaries (see Figure 7): 

(i) 0 < x < δcc : Negative current collector 

(ii) δcc < x < δn : Negative porous electrode (graphite) with thickness 55μm 

(iii) δn < x < δp : Separator (1 M LiPF6 salt in 1:1 EC:DEC as electrolyte) with thickness 30 μm  

(iv) δp < x < δcc : Positive porous electrode (NMC) with thickness 55 μm 

(v) δcc< x < 1 : Positive current collector 

Furthermore, several basic equations govern the mathematical description of the battery. Those 

equations are necessary to describe the electrochemical performance of the battery [5].  

The first one describes the potential of the electrolyte, where both electrolyte properties between 

electrodes and the liquid phase in the porous electrodes are considered. 

∇𝛷2 =  −
𝑖2

𝜅
+  

2𝑅𝑇

𝐹
(1 − 𝑡+

𝑂) (1 +
𝑑𝑙𝑛𝑓±

𝑑𝑙𝑛𝑐
) ∇𝑙𝑛𝑐        (4) 

∇Φ2 is the gradient of the potential, i2 is current density (A/m2) in the electrolyte, κ is effective ionic 

conductivity, 𝑡+
𝑂 is ion transport number of positively charged species in the electrolyte, 𝑓± is the 

average molar activity coefficient of an electrolyte and c is the salt concentration in the electrolyte. 

When it comes to the liquid phase in the porous electrode, the conductivity will take a slightly different 

form, since the available cross section for diffusion and migration is smaller than for the free electrolyte, 

because the distance for ionic movement is smaller due to the electrode particles. The Bruggeman 

relation can correct for this: 

𝜅 =  휀1.5𝜅∞              (5) 

where ε is the volume fraction of the electrode particle, 1.5 is the Bruggeman coefficient (in this case 

the number is associated with spherical particles) and 𝜅∞ is the conductivity in the bulk electrolyte.  

The second equation describes the potential in the porous solid electrode and origins from Ohm’s law: 

𝐼 − 𝑖2 =  −𝜎∇𝛷1         (6) 

I-i2 is the current in the electrode phase. Also here the electronic conductivity of the bulk solid is 

corrected for the volume fraction of the electrode by the Bruggeman relation:  

𝜎 =  𝜎∞(1 − 휀)1.5         (7) 

 The conductivity of the nonporous electrode is 𝜎∞. Just as for the case with equation (5), the value of 

1.5 corresponds to spherical particles.  

The third equation describes transport in the solid phase. Li-ions and electrons stand for the transport: 

𝜕𝑐𝑠

𝜕𝑡
=  

1

𝑟2

𝜕

𝜕𝑟
(𝐷𝑠𝑟2

𝜕𝑐𝑠

𝜕𝑟
)             (8) 

where cs is the concentration of lithium in the solid electrode, r is the radial position across a spherical 

particle and Ds is the diffusion coefficient of lithium in the solid phase of the electrode.  
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The fourth important equation is the Butler-Volmer reaction rate equation. This equation is required to 

determine the dependence of the local electrochemical reaction rate on concentration and potential at 

the electrode surface:  

𝑖𝑛 =  𝑖0 (exp (
𝛼𝑎𝐹(𝛷1 − 𝛷2 − 𝑈)

𝑅𝑇
) − exp (

𝛼𝑐𝐹(𝛷1 − 𝛷2 − 𝑈)

𝑅𝑇
))            (9) 

in is the current normal to the surface of the active material (A/m2), i0 is exchange current density, αa is 

the anodic transfer coefficient, αc is the cathodic transfer coefficient and 𝛷1 − 𝛷2 − 𝑈 is the surface 

overpotential with U as thermodynamic potential measured with respect to a lithium reference 

electrode.  

Equations (4), (6), (8) and (9) can be seen as a summary of Newman’s theory, where they stand for 

fundamental aspects in the Li-ion battery functionality when described mathematically. The illustration 

in Figure 7 summarizes the description of the Li-ion battery by the equations above. 

 

Figure 7: Summary of mathematically described events that take place in the Li-ion battery. 

As mentioned earlier, all the mechanisms need to take place at the same time, in parallel with each 

other, in order to keep the function of the battery. The Li-ions diffuse across the electrode into the 

electrolyte, either through the particles (solid state diffusion) or between the electrode particles 

(diffusion in liquid state) into the bulk electrolyte. Further, they go through the microporous separator 

and reach the surface of the other electrode, where the reaction rate at the electrode surface is 

governed by the Butler-Volmer reaction. Li-ions intercalate into the anode material where they stay 

until de-intercalation takes place during discharge. At the same time, electrons travel through the outer 

circuit and reach the anode material. Same processes happen when Li-ions de-intercalate from anode 

material and intercalate into cathode material, with Butler-Volmer reaction that govern the reaction 

rate at cathode surface.  
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4.2 Mathematical description of the implemented ageing mechanism  
With a mathematical description of the Li-ion battery, where the background consists of Newman’s 

model, further model developments can be made. The development in this case concerns ageing 

mechanism simulations with SEI layer formation, that consume cyclable Li, as the possible cause for 

capacity fade of the battery.  

H. Ekström and G. Lindbergh [22] derived a kinetic expression for the SEI layer formation reaction which 

is used in the model in this master thesis. The cyclable Li is then assumed to be lost in forming the SEI 

layer, and contribute to thickness growth. Participation in SEI layer growth leads to capacity fade of the 

battery, since the capacity will be dependent on the access of cyclable Li-ions.  

The expression for the SEI forming reaction is derived from several equations, where an expression for 

the limiting current due to diffusion through the SEI layer is one of them. The assumption is that the 

limiting current will be proportional to the loss of cyclable Li.  

The SEI layer is not homogenous. It displays variations in both morphology and composition, and cracks 

will form in the layer during charging of the electrode due to expansion of the graphite particles during 

the intercalation reaction. Those cracks will offer more surface for the SEI layer to form and grow on, 

making the layer thicker. This will lead to continuous SEI layer formation throughout the battery cycling, 

with a somewhat faster layer formation rate in the beginning due to lack of the protective layer that 

usually forms during the first cycles.  

There are several possible reaction mechanisms between the graphite electrode and electrolyte that will 

lead to the formation of the SEI layer. It depends primarily on what type of electrolyte is used [23]. Since 

ethylene carbonate is used in the model here, it can be assumed that the simplest reaction mechanisms 

that accounts for SEI layer formation is reduction of ethylene carbonate, and the reaction can therefore 

be expressed as:    

𝑆 + 2𝐿𝑖+ + 2𝑒−  →  𝑃𝑆𝐸𝐼           (10) 

Where S is the ethylene carbonate solvent and PSEI is the product formed during this parasitic reaction.   

It is further assumed in the model that reaction (10) occurs only during charging of the battery. No side 

reactions that would lead to capacity fade are assumed to occur during discharging.  

When a reaction mechanism for electrolyte reduction is chosen, the next step is to incorporate the 

kinetic expression, which will account for the SEI layer forming reaction in the model. The following 

kinetics expression for the local current density on the particle surface, iloc,SEI, describes the kinetics of 

the parasitic reaction [22], [25]:  

𝑖𝑙𝑜𝑐,𝑆𝐸𝐼 =  −(1 + 𝐻𝐾)
𝐽𝑖𝑙𝑜𝑐,𝑟𝑒𝑓

exp (
𝛼𝜂𝑆𝐸𝐼𝐹

𝑅𝑇 ) +  
𝑞𝑆𝐸𝐼𝑓𝐽
𝑖𝑙𝑜𝑐,𝑟𝑒𝑓

           (11) 

In the expression above, iloc, ref stands for local current density, HK is a dimensionless graphite expansion 

factor function (which is zero during de-intercalation), J is the exchange current density for the parasitic 

reaction, α is the transfer coefficient of the electrochemical reduction reaction, ηSEI is the over-potential 

(assuming an equilibrium potential of 0 V vs Li), qSEI is accumulated charge of Li lost in the battery due to 
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side reactions and f is a parameter based on the properties of the SEI film. This kinetic expression 

accounts for loss of cyclable Li by incorporating following expression: 

𝑞𝑆𝐸𝐼 =  
𝐹𝑐𝑆𝐸𝐼

𝐴𝑣
         (12) 

Where Av is the area of particles on the electrode surface. qSEI is directly proportional to cSEI, which is the 

concentration of formed SEI layer:  

𝜕𝑐𝑆𝐸𝐼

𝜕𝑡
=  −

𝜐𝑆𝐸𝐼𝑖𝑙𝑜𝑐,𝑆𝐸𝐼

𝑛𝐹
          (13) 

Equation (13) makes it possible to keep track of the formed SEI concentration, cSEI (mol/m3). 

There are two other important equations that are incorporated into the model. One of them calculates 

the thickness of the SEI layer from the SEI concentration (14) and another calculates the resistance, with 

respect to ion conductivity, of the SEI layer (15): 

𝛿𝑓𝑖𝑙𝑚 =  
𝑐𝑆𝐸𝐼𝑀𝑃

𝐴𝑣𝜌𝑃
+  𝛿𝑓𝑖𝑙𝑚,0           (14) 

where MP is the molar weight, ρP is the density of the product formed during the side reactions and δfilm,0 

is the initial film thickness at t=0 (assumed to be 1 nm in the model). The film resistance is then 

calaculated as: 

𝑅𝑓𝑖𝑙𝑚 =  
𝛿𝑓𝑖𝑙𝑚

𝜅
         (15) 

The initial resistance of the SEI layer formed during the beginning of cycling is 2 Ω cm2. The resistance is 

expected to increase when the SEI layer gets thicker.  

Typically, a battery needs many cycles to show prominent capacity loss and one can assume that the 

differences in behavior cycle-to-cycle is very small. Further, the assumption can be made that every 

simulated cycle represents an average ageing behavior for a larger number of cycles ‘τ’. The capacity loss 

can be accelerated by the rewritten SEI forming reaction where τ is a time accelerating factor, which 

represents the amount of real cycles each simulated cycle corresponds to. In this model τ is 250. Li(s) in 

equation (16) represents Li that comes from cathode material and compensates the concentration 

gradient of Li-ions in the electrolyte.  

(𝜏 + 1)𝑆 + 𝐿𝑖+ +  𝑒− + (𝜏 − 1)𝐿𝑖(𝑠) →  𝜏𝑃𝑆𝐸𝐼          (16) 

References [22-25] are used in the model set-up and give a more extensive explanation of the 

equation’s origin. Figure 8 shows a simplified SEI layer growth mechanism during cycling. 
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Figure 8: SEI layer growth on the surface of particles in the graphite electrode during cycling. 

4.3 Model inputs  

4.3.1 Benchmarking of the battery 
The battery was modeled in one dimension (1D) and edge effects in the length and height were 

therefore neglected. Instead, the following domains were used: negative porous electrode 55 μm, 

electrolyte 30 μm and positive porous electrode 55 μm. The parameters that were required for the 

model can be found in Table 1. They are a mixture of constants, thermodynamics, kinetics, geometrics 

and transport, all of which govern the function of the battery in the model. 

To be able to simulate ageing of the graphite/NMC battery, a basic battery model set-up was built, and 

compared to empirical battery (a battery build and studied in laboratory environment) cycling data 

(Figure 11), with the cycling data obtained from the COMSOL Multiphysics program, (Figure 10). The 

empirical battery was a graphite/NMC battery with LiPF6 in 1:1 EC:DEC as electrolyte. The simulated and 

the real battery cycling data showed similar behavior and the decision was therefore made to use the 

chosen model set-up for further simulations with addition of the mathematical description of the ageing 

mechanism to the model.  
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Table 1: Parameters used for the basic Li-ion battery model set-up. 

Constants Thermodynamic Kinetic Transport Geometric 

Temperature = 
318.15 K 

Initial electrolyte 
salt concentration 
= 1000 mol/m3 

Discharge 
current = 17.5 
A/m2 

Solid phase Li-
diffusivity, negative 
electrode = 3.9x10-

14 m2/s 

Particle radius, 
negative electrode 
= 2.50x10-6 m 

Discharge 
duration =  
2000 s 

Max solid phase 
concentration, 
negative electrode 
= 26390 mol/m3 

Reaction rate 
coefficient 
negative 
electrode = 
2x10-11 m/s 

Solid phase Li-
diffusivity, positive 
electrode = 1x10-13 
m2/s 

Particle radius, 
positive electrode = 
0.25x10-6 m 

Open circuit 
duration = 300 s 

Initial 
concentration, 
negative active 
electrode material 
= 14870 mol/m3 

Reaction rate 
coefficient 
positive 
electrode = 
5x10-10 m/s 

 Solid phase volume 
fraction, positive 
electrode = 0.42 

Charge duration 
= 2000 s 

Initial 
concentration, 
positive active 
electrode material 
= 3900 mol/m3 

Charge current 
= -17.5 A/m2 

 Solid phase volume 
fraction, binder, 
positive electrode = 
0.17 

Solid phase 
conductivity, 
positive 
electrode = 100 
S/m 

   Electrolyte phase 
volume fraction, 
positive electrode = 
0.41 

Solid phase 
conductivity, 
negative 
electrode = 100 
S/m 

   Solid phase volume 
fraction, negative 
electrode = 0.38 

    Solid phase volume 
fraction, binder, 
negative electrode 
= 0.18 

    Electrolyte phase 
volume fraction, 
negative electrode 
= 0.44 

    Cell cross section 
area = 24x10-4 m2 
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4.3.2 Inputs for ageing simulations 
Ageing simulations were performed on the battery model that were described in section 5.3.1. The 

cycling conditions were set-up according to the following sequence of operation modes: constant charge 

at 1C until the voltage exceeded 4.1 V, then constant charge at 4.1 V until the charge current dropped 

below 0.1 A/m2, and then constant current discharge at 1C until the cell voltage dropped below 3.1 V. 

The battery in the model for ageing simulations was cycled both symmetrically and asymmetrically, with 

the same charge/discharge rate in the case of symmetric cycling, and faster charge but the same 

discharge rate in the case of asymmetric cycling. Table 2 presents the charge and discharge rates for 

ageing simulations. 

C-rate is a measure of charging/discharging time. In case of 1C/1C the battery is charged/discharged for 

1 hour. 2C/1C indicates a charge/discharge time of 30 minutes/1 hour, 4C/1C indicates 15 minutes/1 

hour and 6C/1C indicates 10 minutes/1 hour for charge/discharge rate. 

Table 2: Cycling conditions for ageing studies 

 Charge rate Discharge rate 

(i) Symmetric cycling 1C  1C 
(ii) Asymmetric cycling 

set-up I 
2C 1C 

(iii) Asymmetric cycling 
set-up II 

4C 1C 

(iv) Asymmetric cycling 
set-up III 

6C 1C 

 

One of the limitations of the capacity fade model is the need to operate at low charge/discharge rates, 

lower than 1C, in order to obtain results that correspond to experimental work [22]. Experimental work 

has shown that for low currents, the capacity fade of the battery is dependent on diffusion limitation 

through the SEI layer [22]. The model and the equations that govern it should, however, be able to 

handle fast charge/discharge rates and present reasonable results. The charge and discharge rates for 

symmetric cycling was chosen to be 1C and only charge rates for asymmetric cycling were chosen to 

vary. This gave an opportunity to compare asymmetric cycling with symmetric cycling and provide 

insight into whether an asymmetrically cycled battery presents a larger capacity fade due to thicker SEI 

layer formation.  

The above-mentioned set-up is not directly comparable to real life conditions, because discharging of 

the battery is normally not performed evenly with a constant discharge rate, but rather, occur at 

different time periods and using different discharge rates. Since discharging of the battery in the applied 

model does not affect the anode in the same way as charging does, the discharging rates were chosen 

not to vary. 

The parameters that were required for the ageing model set-up can be found in Table 3.  
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Table 3: Parameters used for the ageing model. 

Constants Kinetic Geometric 

Bruggeman coefficient for 
tortuosity in positive electrode = 
2.98 

Reaction rate coefficient negative 
electrode = 2x10-11  m/s 

Particle radius, negative 
electrode = 2.50x10-6 m 

Bruggeman coefficient for 
tortuosity in separator = 3.15 

Reaction rate coefficient positive 
electrode = 5x10-10 m/s 

Particle radius, positive 
electrode = 0.25x10-6 m 

Cell temperature = 318.15 K SEI layer conductivity = 5x10-6 
S/m 

Electrolyte phase volume 
fraction separator = 0.37 

Initial electrolyte salt concentration 
= 1200 mol/m3 

 Length of negative electrode 
= 55x10-6 m  

Molar mass of product of side 
reaction = 0.16 kg/mol 

 Length of separator = 30x10-

6 m  
Density of product of side reaction 
= 1600 kg/m3 

 Length of positive electrode 
= 55x10-6 m  

Initial SEI layer thickness = 1 nm   
Time acceleration factor = 250   
Number of cycles = 2000   
1C discharge current = 15.767 A/m2   
Maximum cell voltage = 4.1 V   
Minimum cell voltage = 3.1 V   
Initial Capacity = 56761 C/m2    
Minimum cell current for constant 
voltage charge = 0.78835 A/m2 

  

 

4.4 Simulation details 
The software used in this master thesis was COMSOL Multiphysics 5.2a. A mesh length of 1.4 x 10-4 m 

was used and the device was divided into 50 mesh elements. A MUMPS (multifrontal massively parallel 

sparse direct solver) solver with 0.001 relative and 0.001 absolute tolerance was used for the time 

dependent equations. This set-up was used for both symmetric and asymmetric battery cycling.  
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5. Results and discussion 

5.1 Benchmarking of the battery 
The cycling curve obtained from empirical cycling data can be seen in Figure 9. This curved was used to 

benchmark the cycling curve obtained in COMSOL Multiphysics model for a Li-ion battery used in ageing 

simulations, seen Figure 10.   

 

 

Figure 9: Empirical cycling data for a graphite/NMC battery. 

 

Figure 10: COMSOL Multiphysics cycling data for a graphite/NMC battery. 

The cycling of the graphite/NMC battery in COMSOL Multiphysics was adjusted to the empirical cycling 

data by changing some parameters in software that did not affect the model set-up, but rather gave an 

opportunity to compare cycling of the COMSOL Multiphysics battery with the empirical cycling of a 
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similar battery. Those parameters were temperature (30 °C, the average temperature during the 

empirical cycling), cycling time (35 hours) and potential window. The cycling was performed by letting 

the charge voltage go up to 4.2 V vs Li/Li+. This is a rather high voltage, which during normal operational 

conditions allows for maximum capacity but shortens the battery life [26]. The battery was then 

discharged deeply to 2 V, a value that during normal operational condition would most certainly damage 

a Li-ion battery [26].  

Only 11 cycles are presented in both figures, a small number but enough to draw conclusions about 

similarities in cycling patterns.  

The similarity was an expected outcome, even though some deviation in the results was expected since 

the graphite/NMC data used in the COMSOL Multiphysics model are taken from other experiments and 

thus not exactly the same system. Moreover, cycling a battery under exactly the same conditions should 

theoretically present the same cycling pattern repeatedly, but there is always a possibility of 

experimental error that can generate deviation in the results.  

In summary, the comparison of battery cycling between data presented by COMSOL Multiphysics model 

and the data presented by experimental work gave the possibility to benchmark the chosen software 

set-up for a graphite/NMC battery, and enabled the continuation of the ageing simulations of this 

specific battery chemistry. 
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5.2 Discharge curve comparison 
Figure 11 below shows cell voltage during discharge of the battery for different cycle numbers, both for 

symmetric and asymmetric cycling.  

 

 
Figure 11: Comparison between discharge curves for (a) symmetric cycling, (b) asymmetric cycling set-up 

(ii) according to Table 2, (c) asymmetric cycling set-up (iii) according to Table 2 and (d) asymmetric 
cycling set-up (iv) according to Table 2.  

 
In Figure 11,constant current discharge curves for the studied battery can be seen. The first cycle differs 

significantly from the last, and for cycles 0 through 2000 there is a gradual decrease of the battery 

voltage and discharge time for each 250th cycle. All four graphs show similar decreasing voltage 

behavior when comparing the first and last cycle.   

The used ageing model is constructed in such way that only the anode side of the battery is considered 

to be causing the aging, but generating a capacity fade of the entire battery cell. Every time the battery 

is charged in the model, the SEI layer builds up. This also affects the battery performance during 

discharge, and contributes to decrease the battery voltage during discharge for every load cycle. One 

can observe the similarity in discharge behavior for asymmetric cycling with set-up III and IV. They seem 

to be almost identical with same pattern from the first discharge curve and with similar capacity fade 

behavior through the entire discharge curve simulation.  

The cell voltage behavior in the battery in the case of symmetric cycling presents a longer period of 

smoother voltage decrease with a shorter period of fast voltage drop towards the end of discharge. The 

last cycle presents a distinct capacity fade compared to the first cycle, and the capacity fade of the 

battery can be seen throughout the whole discharge event.  
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In the case of asymmetric cycling, the cell voltage behavior shows a shorter period of smooth voltage 

decrease and the fast voltage drop starts sooner. The difference between the three cases of asymmetric 

cycling is not very prominent.  

In summary, it can be stated that capacity fade of the battery can be observed in the discharge curves 

for both symmetric and asymmetric battery cycling.  

5.3 Capacity vs cycle number curve based on cyclable Li 
The equational set-up of ageing simulations accounts for worsened capacity of the battery due to loss of 

cyclable Li. Equation (11) incorporates loss of cyclable Li-ions as a cause for capacity fade, which makes it 

possible to create a figure that shows capacity fade of the battery based on loss of cyclable Li; see Figure 

12.  

 

 

 
Figure 12: Comparison between relative capacity versus cycle number curves for (a) symmetric cycling, 

(b) asymmetric cycling set-up (ii) according to Table 2, (c) asymmetric cycling set-up (iii) according to 
Table 2 and (d) asymmetric cycling set-up (iv) according to Table 2. 

 
The most prominent Li-ion consumption can be seen in the beginning of the cycling, up to the 250th 

cycle. This observation is reasonable, since it is known that the SEI layer growth rate is greatest in the 

beginning of operational life of the battery [17]. The consumption of cyclable Li leads to decreased 

access of charge carriers in the battery, thus leading to worsened battery performance. When access to 

cyclable Li becomes limited by the formed SEI layer and when the concentration of cyclable Li decreases 

and continues to decrease along with SEI layer growth, less charge can be transported. This leads to 

limited ability to deliver cell voltage and results in reduced capacity of the battery.  

A number of publications [24, 27-28] treats the area of capacity loss due to loss of cyclable Li. Even if 

cycling conditions are different from case to case and cathode materials differ, it seems to be a general 

trend among Li-ion batteries to lose approximately 15-20% of original capacity for up to 2000 cycles.  
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All four cases of battery cycling are affected in a similar way by loss of cyclable Li with an approximate 

capacity fade of 20 %. Symmetric cycling shows somewhat better results compared to asymmetric 

cycling. The difference is not big, and just as in the case with discharge curves in Figure 11, the 

differences between the asymmetric cycling set-ups is not very big either. It seems that the decrease in 

capacity due to loss of cyclable Li for the case of asymmetric cycling is quite similar between the three 

cycling set-ups, which leads to the conclusion that approximately the same amount of cyclable Li is lost 

during ageing, regardless of charging rate. The model is constructed in such a way that it makes it 

possible for the applied current to affect the growth of the SEI layer, leading to consumption of cyclable 

Li. This is done by making the graphite expansion rate dependent on current. When higher current rates 

are applied, the graphite particles will experience higher expansion rate, leading to particle cracking and 

by that creating more surface for SEI layer to deposit on and grow in thickness. Thus, the assumption is 

that higher charge rates should affect the capacity of the battery as a bigger extent. This can be seen in 

Eq. 11, the kinetic expression for the local current density on the particle surface of the anode. The local 

current density is dependent on HK, a graphite expansion factor function that depends on the state of 

charge (the concentration of intercalated Li-ions). However, this seems not to be the case for the chosen 

charging rates for asymmetric cycling.  

In summary, it can be stated that loss of cyclable Li contributes to capacity fade of the battery, both in 

case of symmetric and asymmetric cycling.   

5.4 Thickness of SEI layer 
Figure 13 shows SEI layer growth with progressing cycling for both symmetric and asymmetric cycling of 

the battery.  

 

   

Figure 13: Thickness of SEI layer plotted for different cycling numbers. 0 value corresponds to initial SEI 

layer thickness that is set to 1 nm. 

The thickness of the SEI layer during symmetric cycling ends up at 290 nm. For asymmetric cycling, the 

values for the SEI layer thickness are 310 nm (1C/2C discharge/charge rate), 340 nm (1C/4C 

discharge/charge rate) and 350 nm (1C/6C discharge/charge rate). The biggest growth rate can be 

observed at the beginning of cycling in all four cases, with a slower growth rate towards the end of the 

cycling.  
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Figure 14:  Thickness of SEI layer for the cycle number 0 through 250. The line for asymmetric cycling II is 

almost identical with line for asymmetric cycling III and is therefore hard to distinguish in the figure. 0 

value corresponds to initial SEI layer thickness of 1 nm. 

In order to study the SEI layer formation and growth in the beginning of cycling, the values for thickness 

was plotted up to the 250th cycle; see Figure 14. As can be seen in Figure 14, the growth rate is very 

prominent in the beginning of the cycling, both for symmetric cycling and for asymmetric cycling. There 

are two aspects of this growth behavior. The first one has to do with the passivating layer that usually 

builds up during the first cycles and have protective properties, and the second one has to do with a 

parasitic SEI forming reaction that builds up the thick SEI layer. When this SEI layer build up does not 

stop after the passivating phase, but rather continue to increase in thickness, the battery performance 

starts to drop. The symmetric cycling shows a somewhat smaller growth rate compared to asymmetric 

cycling. For asymmetric cycling, the 1C/4C and 1C/6C cases show a distinguished behavior with fast SEI 

layer formation. This is observed especially for cycle number 0 through 50. The line for asymmetric 

cycling II is almost identical with line for asymmetric cycling III and is therefore hard to distinguish in the 

figure. 

The phenomenon of SEI layer growth that can be observed in Figures 13 and 14, displays the expected 

behavior, but the values of SEI layer thickness and the fast SEI layer growth in the beginning of cycling is 

somewhat higher compared to data found in the literature. There have been many studies of forming on 

the SEI layer thickness, where values for the SEI layer are one order of magnitude or half of the obtained 

values [29-30]. Hiearawa et al. performed in situ electrochemical AFM studies on graphite electrodes, 

where they found the SEI layer thickness to be 50 to 70 nm. However, the conditions and chemistry in 

their experiment were different. For example, another electrolyte was used. Still, the obtained results 

differ significantly from the results obtained in this master thesis project. Another study performed by 

Araki and Sato investigated the SEI layer thickness on graphite electrodes at elevated temperatures as 

pre-condition. They found the SEI layer thickness to be 40 to 200 nm. This study was performed ex-situ 

using TEM, SEM and XPS as analytical methods. Considering that these techniques require vacuum 

conditions, which are not the situation in the actual cell, there is a possibility that the actual thickness of 

the SEI layer can be higher if measured in situ.  

In summary, the obtained SEI layer thickness values for symmetric and asymmetric cycling indicate a 

capacity fade of the battery. As it can be seen in Figure 4, the decreasing amount of Li-ions in the 
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electrolyte due to side-reactions will be compensated by Li-ions from the cathode in order to keep the 

charge balance, leading to capacity fade that will be proportional to the thickness of the growing SEI 

layer.  

5.5 The resistance of SEI layer 
The resistance of the SEI layer can be seen in Figure 15.   

    

Figure 15: Resistance in the SEI layer plotted for different cycle numbers. The initial resistance of SEI 

layer is 2 Ω cm2. 

According to equation (15), the resistance in the SEI layer is directly proportional to the thickness of the 

SEI layer and can thus be calculated using the same equation. A thicker SEI layer will lead to larger 

resistance.  

The trend of increasing resistance with increased amount of cycles for the battery can be observed in 

Figure 15. The trend is prominent for both symmetric and asymmetric cycling, even more so for the 

latter case.  

The resistance values are not high when compared to values reported in the literature. Kim et al. found 

the resistance in the SEI layer to be maximum 600 Ω cm2 when they studied the capacity fade 

mechanism in LiNi0.5Mn1.5O4/graphite Li-ion batteries cycled at a constant charge/discharge rate of C/10 

for 200 cycles [31]. The charge rate Kim et al. used were much lower than the ones used in this 

simulation. In addition, the amount of cycles differed as well. Keeping in mind the experimental 

differences, it is possible to compare the obtained values for resistance with those that Kim et al. 

measured and be able to state that the results here are in a reasonable range.  

5.6 Capacity fade of the battery 
The figure below summarizes all contributing factors to battery aging. In this model they are loss of 

cyclable Li ions and increased resistance in SEI layer. Relative capacity (i.e., where the capacity has been 

normalized to 1 for the result of the first cycle) are in Figure 16 plotted against cycle number.  
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Figure 16: An overview of capacity fade for ageing mechanism studies for graphite/NMC type of Li-ion 

battery. 

As mentioned previously in section 3.1, the Li-ion battery is often regarded to have reached its EOL 

when capacity has dropped to 80 % of original value. Figure 16 presents the relative capacity that 

stretches over the complete cycling event. In all four cases, the relative capacity decreased with 

approximately 20 % or more of original value during the simulations performed.  

Capacity can be regarded as a health indicator of a battery. When the capacity decreases, the 

performance of the battery also decreases, since not as much current can be delivered during each 

discharge cycle. The simulations performed in this study indicate that loss of cyclable Li due to SEI layer 

formation and growth due to loss of Li-ions, which is the reason behind capacity drop by 20% or more.     

The model that governs ageing in these simulations is dependent on charge/discharge rates during 

cycling of the battery. By creating fast charge profiles, both availability of cyclable Li and resistance 

variations in the formed SEI layer can be studied. The formed SEI layer plays a key role in the kinetic 

expression that equation (11) represents.  The capacity fade dependency on loss of cyclable Li is 

expressed by the accumulated charge of Li that is lost in the battery due to side reactions which in turn 

form the SEI layer on the graphite electrode. The resistance of the SEI layer is directly proportional to SEI 

layer thickness, equation (15), but its increase has no direct impact on capacity of the battery unless the 

current is high. The impact due to resistance would then be more of indirect nature, by that the voltage 

reach the upper cut-off potential before fully charged.    

In summary, the loss of cyclable Li has been seen to cause capacity fade of the battery in this study. 

When it comes to increased resistance in SEI layer, it is likely that this affects the battery by making the 

voltage during charge reach the upper potential faster, and that it also contributes to energy losses.   
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6. Conclusions 
The graphite/NMC type of Li-ion battery studied in this master thesis was found to be affected by the 

studied ageing mechanism (SEI layer growth) in all four cases of battery cycling. This was seen as a 

decreased amount of cyclable Li-ions, which was assumed to be lost in the SEI layer formation during 

the parasitic Li/solvent reduction reaction that occurred at the anode surface. SEI layer growth also led 

to an increase in resistance in the formed layer.  

Asymmetric cycling has been found to enhance the ageing of the battery by formation of a thicker SEI 

layer and a larger internal resistance as compared to symmetric cycling. Fast charge rates put the anode 

under significant stress conditions, with more intense graphite expansion during intercalation as result. 

This enhances the SEI layer formation and growth during cycling of the battery. The growing SEI layer 

can be observed in all three cases of asymmetric cycling (and, to a lesser extent, for symmetric cycling) 

with a clear capacity decrease linked to increased charge rates. This makes the case of 1C/6C 

discharge/charge rate the one that decreases the capacity of the battery most.    

Many publications confirm the obtained results both in laboratory experiments and in battery 

simulations performed by computational methods [16-18, 20, 23-24, 27, 41-42]. SEI layer formation and 

growth on the anode side of the battery, graphite in this case, is a well studied phenomenon. It is an 

established aging mechanism that in most of the cases causes aging of the battery. When high 

discharge/charge rates are applied, such as those that was studied in this master thesis, it will lead to 

more prominent capacity fade of the battery due to a greater consumption of cyclable Li and larger 

internal resistance [27]. The capacity fade of the battery in this study corresponds very well to obtained 

in other publications results, which leads to conclusion that this study shows most possible outcome for 

graphite/NMC batteries cycled asymmetrically with high charge rates.   

7. The limitations with computational methods 
As was mentioned before, computational methods constitute a good tool for simulations of long battery 

aging processes which cause the failure of the battery. Capacity fade by aging takes time and even if it is 

present in most cases of the battery’s everyday life, the worsened capacity occurs gradually and over a 

long time span. Computational methods can simulate a long-time phenomenon in quite a short time, 

but there are also limitations with this kind of studies.  

One limitation is the mathematical description of the battery. The simulated battery will only be as 

good, or as bad, as the mathematical description allows it to be. Beside the correct description of 

electrochemical reactions and the essential parts of the battery, there are also technical simulation 

aspects that can be challenging when studying battery cycling. This limitation was clearly visible in these 

studies when higher charge rates were implemented, especially 6C. The program collapsed several times 

at the beginning of the SEI layer formation and growth. The solution was to take bigger time 

accelerating steps (t_factor steps) which solved the problem, but at the same time some of the data was 

lost. 

The sensitivity of the program itself is another limitation. It turned out, as the study progressed, that 

solver configurations and result nodes were of high importance. The old data has to be deleted from 

time to time, and if this was not performed regularly, the program collapsed when changing discharge 

rates between different simulation sessions.  
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Even with these limitations, the existing possibility to simulating and studying a battery from different 

points of view is a major advantage, and as long as the shortcomings of the program are kept in mind, 

one can indeed obtain interesting results. 
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