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Abstract



Abstract

Nowadays, with the deployment of clean technologies, in order to reduce air pollution
and greenhouse gas emissions, energy storage technologies play an important role
in energy transition. Electrical Energy Storages (EES) convert energy from one
form, usually electrical one, to another form, storing it in various medium. When
users need energy, it is converted back in electricity.
Battery electric vehicles (BEV) are integrated in a lot of cities as a result of
legislative measures taken to reduce environment pollution. This work is focused
on high energy density lithium-ion batteries, suitable for automotive sector. The
high capacity cathode taken into account is Ni0.6Mn0.6Co0.2O2, instead two types
of anode are exploited, graphite, one of the most common carbonaceous anode
material, and lithium metal, for the lowest redox potential (-3.040 V vs standard
hydrogen electrode) and its considerable capacity (3860 mAh g−1).
In particular, the work is divided into two parts. The former has the aim to
evaluate, both for graphite/NMC622 and lithium/NMC622, capacity fade and
degradation mechanisms over storage periods. Ageing mechanisms are investigated
alternating an electrochemical characterization procedure with storage periods.
The goal is to collect data on ageing at different storage conditions. The procedure
is composed of 4 steps, a capacity test, a micro rate test, a pulse test and an
electrochemical impedance spectroscopy test. The impedance curve obtained is
fitted by an equivalent circuit, determining parameters of the circuit model. These
parameters will give information about ageing states and capacity fade.
The second part is the implementation of an electrochemical and thermal model
using a finite element package Comsol Multiphysics 5.5, an useful tool to gain
insights to cells internal phenomena, forecast their operation and optimize cell
design parameters. The approach used in this study is the P2D model, giving
the possibility of putting micro and macro scale together. Micro scale processes
are related to diffusion through active material surface. Instead, macro scale
phenomena are connected to transfer processes, predominantly, unidirectional.
These two realms are linked by law of species conservation. Exothermic reactions
occurring inside cell generate a system over heating, causing dangerous thermal
runaways, faster ageing and capacity fade. In order to avoid these unwanted



phenomena and better design the batteries, a 3D thermal model has been coupled
to P2D electrochemical model. This final model has been validated with cells
assembled in laboratory. Such an accurate model could be used as predictive
instrument to reduce the number of experiments.

ii



i





This work was part of the project THERMODEL BAT "Development of inno-
vative thermal model to predict ageing of high energy batteries for EVs" between
Stellantis and Politecnico di Torino.





Table of Contents

List of Tables vii

List of Figures viii

Acronyms xi

1 Introduction 1
1.1 Principle of Lithium-Ion batteries . . . . . . . . . . . . . . . . . . . 2
1.2 Anode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Lithium metal as anode . . . . . . . . . . . . . . . . . . . . 4
1.3 Cathode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3.1 Focus on NMC . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Batteries under study . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4.1 Coin cell 2032 . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4.2 T-cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Steps of the work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

I Experimental part 13

2 Calendar ageing 14
2.1 Ageing mechanism in lithium-ion batteries . . . . . . . . . . . . . . 14

2.1.1 Ageing of graphite . . . . . . . . . . . . . . . . . . . . . . . 15
2.1.2 Ageing of NMC . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.1 Reference characterization procedure . . . . . . . . . . . . . 18
2.2.2 Electrochemical impedance spectroscopy (EIS) . . . . . . . . 19

iv



2.2.3 Equivalent circuit model . . . . . . . . . . . . . . . . . . . . 21
2.3 Calendar ageing tests . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Calendar ageing results and discussion . . . . . . . . . . . . . . . . 25

2.4.1 Series resistance . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4.2 Parallel resistance . . . . . . . . . . . . . . . . . . . . . . . . 28
2.4.3 Depression factor . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4.4 Mean time constant . . . . . . . . . . . . . . . . . . . . . . . 29

2.5 Cycle ageing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

II Modelling 33

3 Electrochemical-thermal modelling 34
3.1 The electrochemical model . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 A model for predicting capacity fade due to SEI layer formation

with negative graphite electrode . . . . . . . . . . . . . . . . . . . . 40
3.3 Thermal modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 Geometric parameters . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5 Electrochemical parameters . . . . . . . . . . . . . . . . . . . . . . 46

3.5.1 Equilibrium electrode potential . . . . . . . . . . . . . . . . 46
3.5.2 Entropy coefficient . . . . . . . . . . . . . . . . . . . . . . . 48
3.5.3 Volume fraction of the active material in the electrode . . . 48
3.5.4 Diffusion coefficient . . . . . . . . . . . . . . . . . . . . . . . 49
3.5.5 Exchange current density . . . . . . . . . . . . . . . . . . . . 52
3.5.6 Particle radius . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.5.7 Parameters from literature . . . . . . . . . . . . . . . . . . . 54

3.6 Thermal parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.7 Model results and validation . . . . . . . . . . . . . . . . . . . . . . 56

3.7.1 Electrochemical validation . . . . . . . . . . . . . . . . . . . 56
3.7.2 Thermal validation . . . . . . . . . . . . . . . . . . . . . . . 58

4 Other tests 62
4.1 T-cell results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Conclusions 64

v



Bibliography 66

vi



List of Tables

2.1 Number of cells tested and their combination . . . . . . . . . . . . . 25
2.2 Total cells assembled . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.1 Graphite/NMC cell Geometric parameters . . . . . . . . . . . . . . 45
3.2 Lithium/NMC cell geometric parameters . . . . . . . . . . . . . . . 46
3.3 Fitting results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.4 Parameters from literature and Comsol library . . . . . . . . . . . . 55
3.5 Parameters from literature and Comsol library . . . . . . . . . . . . 55
3.6 Thermal conductivity of graphite/NMC622 components . . . . . . . 56
3.7 Thermal conductivity of lithium/NMC622 components . . . . . . . 56
3.8 Density and heat capacity of both lithium/NMC622 and graphite/NMC622

components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

vii



List of Figures

1.1 Comparison of different storage technologies . . . . . . . . . . . . . 2
1.2 Representation of a lithium-ion battery . . . . . . . . . . . . . . . . 3
1.3 Dendrite growth and Li "dead" formation . . . . . . . . . . . . . . 6
1.4 Qualitative comparison between different lithium-ion batteries . . . 8
1.5 MBraun UNIlab GloveBox . . . . . . . . . . . . . . . . . . . . . . . 9
1.6 Schematic representation of a coin cell 2032 . . . . . . . . . . . . . 9
1.7 Roll of graphite and NMC622 . . . . . . . . . . . . . . . . . . . . . 10
1.8 Scratching away a NMC622 layer . . . . . . . . . . . . . . . . . . . 11
1.9 T-cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Changes at the anode/electrolyte interface . . . . . . . . . . . . . . 16
2.2 Overview of the main causes of NMC ageing . . . . . . . . . . . . . 18
2.3 Graphical representation of a Li-ion cell EIS . . . . . . . . . . . . . 21
2.4 Calendar aging model . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.5 Relative capacity trend . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.6 Graphite/NMC622 discharge curve at C/10 . . . . . . . . . . . . . 26
2.7 Lithium/NMC622 discharge curve at C/10 . . . . . . . . . . . . . . 27
2.8 Relative series resistance . . . . . . . . . . . . . . . . . . . . . . . . 27
2.9 Relative parallel resistance . . . . . . . . . . . . . . . . . . . . . . . 28
2.10 Depression factor trend . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.11 Mean time constant trend . . . . . . . . . . . . . . . . . . . . . . . 30
2.12 DOD100 C/2 D1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.13 DOD100 C1 D2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.1 Schematic of li-ion battery . . . . . . . . . . . . . . . . . . . . . . . 35

viii



3.2 Cracks formed in the micro porous SEI layer due to expansion of
the graphite particle . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.3 OCV curves of graphite and NMC622 half cell . . . . . . . . . . . . 47
3.4 NMC622 entropy coefficient . . . . . . . . . . . . . . . . . . . . . . 48
3.5 Voltage response of a GITT experiment. Red line divides the graph

into two parts. The first one refers to discharge pulse and the second
one to relaxation period . . . . . . . . . . . . . . . . . . . . . . . . 50

3.6 Diffusion coefficient dependence on temperature . . . . . . . . . . . 52
3.7 Equivalent circuit used to fit reaction rate data . . . . . . . . . . . 53
3.8 Impedance variation with temperature . . . . . . . . . . . . . . . . 54
3.9 Model and experimental voltage profiles at C/10 . . . . . . . . . . . 57
3.10 Model and experimental voltage profiles at C/5 . . . . . . . . . . . 57
3.11 Model and experimental voltage profiles at C/2 . . . . . . . . . . . 58
3.12 Temperature distribution after a cycle at C/10 . . . . . . . . . . . . 59
3.13 Temperature distribution after a cycle at C/5 . . . . . . . . . . . . 60
3.14 Temperature distribution after a cycle at C/2 . . . . . . . . . . . . 60
3.15 Graphite/NMC-Temperature trend over time . . . . . . . . . . . . . 61
3.16 Lithium/NMC-Temperature trend over time . . . . . . . . . . . . . 61

4.1 Impedance measurements after 1st, 5th and 10th cycle . . . . . . . . 62
4.2 EEC used to fit T-cell impedance data . . . . . . . . . . . . . . . . 63
4.3 Fitting results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

ix





Acronyms

BEV

Battery Electric Vehicle

BMS

Battery Management System

CAES

Compressed Air Energy Storage

DOD

Depth of discharge

EEC

Electrical Equivalent Circuit

EES

Electrical energy storage

EFC

Equivalent full cycle

EIS

Electrochemical Impedance Spectroscopy

EV

Electrical vehicles

xi



GITT

galvanostatic intermittent titration technique

ICE

Internal Combustion Engine

KMC

Kinetic Monte Carlo

LCO

Lithium Cobalt Oxide

LMO

Lithium Manganese Oxide

NMC

Nickel Manganese Cobalt

OCV

Open Circuit Voltage

P2D

Pseudo Two Dimensional

PHES

Pumped Hydroelectric Energy Storage

RES

Renewable energy system

SEI

Solid electrolyte interface

xii



SMES

Superconducting magnetic energy storage

SOC

State of charge

SPM

Single Particle Model

xiii



Chapter 1

Introduction

Nowadays, power generation is dramatically changing due to the need to reduce
environmental pollution and greenhouse gas emissions. Factories based on fossil
fuel and internal combustion engine (ICE) vehicles are the main causes of CO2

emissions and global warming. These targets could be achieved increasing the use
of renewable energy systems (RESs), but some of those are susceptible to daily and
seasonal variations such as wind or solar energy. Researchers are turned towards
electrical energy storage (EESs), which are a good solution to ensure electrical
energy when it is needed [1]. In fact, this technology converts energy from one
form, usually electrical one, to another form, storing it in various medium. When
users need energy, it is converted back in electricity.
One of the first and most common storage technology is pumped hydroelectric energy
storage (PHES) [2] which use the difference in altitude of two reservoirs. Currently,
new and advanced systems have been designed. Compressed air energy storage
(CAES), chemical batteries, flywheels, super capacitors, load acid, superconducting
magnetic energy storage (SMES) and so on. An overview of the main EESs and a
comparison between them is displayed in the Ragone plot, Fig. 1.1.
Battery market is undergoing a large expansion due to the increasing demand of
electrical vehicles (EVs), mobile devices and energy storage systems. Lithium-ion
batteries, for example, are considered one of the most promising energy conversion
and storage devices due to their high energy density, high efficiency, superior rate
capability and long cycling life with respect to other kind of batteries [3].
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Introduction

Figure 1.1: Comparison of different storage technologies

1.1 Principle of Lithium-Ion batteries

The energy storage mechanism of lithium-ion batteries is quite linear. The energy is
stored in negative and positive electrode made of lithium-intercalation (or insertion)
compounds in which oxidation and reduction reactions occur. These two are
electrically insulated from each other by a separator. A medium conducting only
lithium ions (electrolyte) is placed in between the two electrodes, it may be a
liquid, a gel, a solid polymer or an inorganic solid; whereas electrons generated
from the reaction pass through an external circuit to do work. An illustration of a
lithium-ion battery may be seen in Fig. 3.11.

In general, during discharge the negative electrode is referred as anode and the
positive electrode as cathode, but during charge phase the names are interchanged,
therefore for reducing misunderstanding, in this work positive and negative termi-
nology has been adopted.
The lithium insertion into negative electrode occurs during charging at higher
voltages than lithium deposition. The issues related to lithium deposition will be
seen later.
The charge and discharge reactions taking place at graphite electrode, which is the
most common negative electrode material, are shown below:

Lix−yC6 + yLi+ + ye− charge=⇒ LixC6 (1.1)

2
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Figure 1.2: Representation of a lithium-ion battery

LixC6
discharge=⇒ Lix−yC6 + yLi+ + ye− (1.2)

The amount of lithium ions intercalating into graphite is extracted from the positive
electrode during charging. Regarding positive electrode materials, high potential
vs. Li+/Li positive electrode are preferred, but actually the working potentials are
often limited by electrolyte stability. The reactions at the positive side are:

LixMp
charge=⇒ Liz−yMp + yLi+ + ye− (1.3)

Liz−yMp + yLi+ + ye− discharge=⇒ LixMp (1.4)

1.2 Anode materials

Historically, due to its low cost, great availability and possibilities of modification,
carbon was used as anode in the first commercial Li-ion batteries. Alternative
forms of carbon materials and new nanomaterials and their corresponding reaction
mechanisms and surface effects have been investigated since the early 1990s [4].
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Graphite is the most common anode material, the doping of graphite with lithium
produces the graphite intercalation compounds whose formula is LixC6(x<1). The
substitution of lithium by a carbonaceous material as negative electrode led to
the creation of the "rocking-chair" battery commercialized by Sony Corporation
in 1991, avoiding the issues related to formation of dendrites and getting major
safety. Moreover, the lower safety, linked to the much higher reactivity of Li metal,
especially when cycled, remains a very difficult issue. Obviously, other metallic alloy
were taken in account in order to substitute pure lithium but with little success.
The first important problem run into is the volume variation between charge and
discharge. This volume changing, unfortunately, produces solid electrolyte interface
(SEI) grains fragmentation, hence an amount of cycling lithium is used to repair
SEI. Some effects are capacity drop and poor cycle life [4].
Another issue is the working voltage of the new negative electrode versus Li metal.
In most of the cases, the working potential is higher than Li, so the cell potential
is reduced, which reduces the energy density.

1.2.1 Lithium metal as anode

Since li-ion batteries are widely used for portable electronic devices and are emerging
into transportation and grid applications, it is interesting to look at alternative high-
capacity anodes. Among these, lithium metal battery is a good option considering
its ultra-high capacity (3860 mAh g−1) and very low redox potential (-3.040 V vs
standard hydrogen electrode). Keeping in mind that traditional graphite-anode-
based li-ion batteries gets a limited specific capacity (the theoretical one is about
386 mAh g−1) and have almost reached their theoretical specific energy density
(350 Wh kg−1) and these values are not enough to satisfy market’s demand [5].
In spite of these advantages, unfortunately, there are still a lot of obstacles hindering
this technology and its applications: dendrite growth, lithium metal high reactivity
and infinite volume changes of Li metal. The low reduction potential of the metallic
lithium makes it highly reactive, reducing almost every type of electrolyte on its
surface, generating the solid electrolyte interface, SEI. Li passivation, made possible
by the SEI, allows the cell to operate in a such reductive environment and extend
the voltage window to 4 V and above. Anyway, SEI behaviour will be explain
better in the next chapter.
The infinite volume change can break the fragile SEI during Li plating/stripping,
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promoting the dendrite growth through the cracks. The uncontrolled dendrite
growth could generate internal short-circuit, heat generation and, in the worst case,
also battery explosion. During Li stripping, volume contraction further fractures
the SEI, while stripping from kinks in a dendrite or from its roots can break the
electrical contact and produce ‘dead’ Li, decreasing the coulombic efficiency and
reducing the battery life, as well. After ongoing cycling, a porous Li electrode will
be produced, with a thick accumulated SEI layer and excessive dead Li, leading to
blocked ion transport and capacity fading [6]. Fig. 1.3 summarizes the processes
explained above.
Some electrolyte additives, especially gaseous molecules, 2-methylfuran, organic
aromatic compounds, vinylene carbonate and various surfactans, have been seen to
improve the performance of Li anodes. A big challenge for researchers is to develop
an advanced solid electrolyte to prevent dendrite growth and they can be divided
mainly into two groups: inorganic ceramic electrolyte and solid polymer electrolyte.
The first one gets a ionic conductivity also higher than most of liquid electrolyte
but a consideration has to be made about elastic modulus and surface adhesion
with Li metal. Inorganic ceramic electrolyte elastic module ranges from tens to
hundreds of gigapascals, good for preventing dendrite growth. But, high-modulus
materials do not often show a good adhesion, increasing interfacial resistance during
cycling. Thus, a trade-off between these two aspects has to be done. Solid polymer
electrolytes, on the other hand, present a lower ionic conductivity compared to
liquid electrolyte and also a lower elastic modulus than ceramic. However, their
adhesion is better and as well as polymer electrolytes exhibit a good flexibility [7].
Li metal battery is a field actively studied since this technology could bring
significant advantages, as said before, considering also the rapid market evolution
and high required performances.

1.3 Cathode materials

The basic difference among different kind of lithium-ion batteries is in the material
used as cathode electrode, especially. In this section, an overview about different
cathode materials is presented.
The traditional cathode material in lithium ion battery is LiCoO2 (LCO) [8]. LCO
is a good cathode material but it is not stable as other cathode materials and if

5



Introduction

Figure 1.3: Dendrite growth and Li "dead" formation

overcharged could degrade, for these reasons some alternatives are being developed
with a better stability and lower cost. Cobalt degradation is probably due to its
dissolution in the electrolyte during charging, when the positive electrode is delithi-
ated; as consequence during discharging less lithium manages to be intercalated [9].
In addition, a lattice parameter variation with changing in lithium concentration
can lead to micro-cracking of the cathode particles. And finally, other transition
metals are more available than cobalt, such as manganese, nickel and iron.
LiNiO2, chemically, has the same structure of LCO and has a lower cost and an
higher energy density, but is less stable and ordered. For increasing the degree of
ordering, cobalt is added [10]. Thus, LiNi1−xCoxO2, typically containing mostly
nickel (x Ä 0.8), has been used to take advantage of the low cost and higher capacity
of nickel compared to cobalt.
LiMnO2 has, instead, a monoclinic structure. Thanks to the addition of nickel
or, in most cases, both nickel and cobalt, the same structure of previous ones is
obtained [11]. The most commonly used Li(Ni,Mn,Co)O2 composition contains
equal amounts of the three transition metals, i.e. Li(Ni1/3Mn1/3Co1/3)O2 (NMC),
and has high capacity, good rate capability and can operate at high voltages. A
higher charging voltage increases the capacity, but also leads to faster loss of ca-
pacity. Adding a major amount of cobalt helps to improve capacity, increasing the
conductivity and improving the structural stability of the cathode. Although nickel
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has been shown to stabilize the structure during delithiation and thus improve
cycling performance.
Another promising cathode material is LiMn2O4, one of the most used oxide in
LMO batteries, cheaper and safer than LCO, but with a lower capacity with respect
to cathode materials described above. A challenge is the phase changes which can
bump into during cycling.
Nickel is used to be added to LiMn2O4, which decreases the lattice parameter and
the electrical conductivity of LiMn2O4. The capacity increases with increasing
manganese content and a 3:1 Mn:Ni ratio is the most common in the market.
LixNi1−xO can cause cell performance degradation, thus cobalt could be partially
substitute nickel [12].
Other two type of cathode materials are V2O5 and LiV3O8. These electrodes have
high capacities, but relatively low voltages (typically 3V or less). Another promis-
ing class of cathode materials are phosphates (LiMPO4). The phosphate most
commonly used for the cathode is LiFePO4, which shows tolerance if overcharged
and gets good performance along all SOC range; its specific energy is lower with
respect to other materials and electronic conduction is relatively low (10−9 S cm−1

for pure LiFePO4). Conductivity can be improved by heat treating to increase the
hole conductivity, but the addition of a conductive phase is generally needed. Other
phosphates used for cathodes are LiMnPO4 and LiCoPO4 which have higher open
circuit voltages (4.1 and 4.8 V, respectively) than LiFePO4 (3.5 V), but have lower
capacities. Also mixtures of phosphates, LiMnPO4 or LiCoPO4 with LiFePO4,
have been used. In such mixtures, the operating voltage increases with increasing
manganese content, while capacity increases with increasing iron content [13].
A qualitative comparison between different technologies is shown in Fig. 1.4.

1.3.1 Focus on NMC

As said above, nowadays lithiated transition-metal oxides, LiNixMnyCozO2 (NMC)
in particular, cobalt is partially replaced with nickel and manganese, are considered
a new generation of cathode materials [14].
NMC622 is an interesting material (the numbers representing the relative amounts
of each metal in the electrode), especially due to its high Ni content. Batteries
with NMC cathode materials due to their excellent performance, high capacity and
energy density, low cost, good stability and safety are a good option for electric
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Figure 1.4: Qualitative comparison between different lithium-ion batteries

vehicles, portable power tools and electric energy storage system.
The nominal voltage of a NMC cell is 3.7 V and it is usually cycled from 2.5 V to 4.2
V, and vice versa. NMC111 and NMC532 are the most commercial compositions,
but in this work the focus is on the innovative NMC622.

1.4 Batteries under study

In this work, the lithium-ion batteries have been assembled inside a MBraun UNIlab
GloveBox, Fig. 1.5, full of Argon, with a oxygen and moisture concentration lower
than 1 ppm, due to electrolyte high reactivity with oxygen.

1.4.1 Coin cell 2032

For the thesis work, ageing and model validation of lithium-ion batteries, coin cells
2032 have been tested. Fig. 1.6 shows a schematic representation of a coin cell. It
is made up of, from the top: negative case, spring, spacer (0.5 mm of thickness),
anode (graphite with copper current collector or lithium foil), liquid electrolyte

8
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Figure 1.5: MBraun UNIlab GloveBox

EC:DEC 1:1 LiPF6 1M, commercial separator of polypropylene (Celgard 2325 for
Graphite/NMC622 coin cells and Celgard 2500 for Lithium/NMC622), NMC622
as cathode with aluminum current collector, another spacer (always 0.5 mm of
thickness) and, finally, the positive case.

Figure 1.6: Schematic representation of a coin cell 2032
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Graphite and NMC622 have been provided by CRF-Stellantis and have been
obtained from batteries that have already worked. The roll of graphite, Fig. 3.14(a),
is composed of: a graphite layer, the copper layer and another graphite layer. For
coin cells assembly one of the graphite layer has been scratched away, trying to
ruin as little as possible both copper collector and useful graphite. The same has
been done with NMC622, Fig. 3.14(b), in between two NMC layers there is the
aluminum collector.

(a) Graphite (b) NMC622

Figure 1.7: Roll of graphite and NMC622

1.4.2 T-cell

T-cell consisting of a hydraulic connection in polypropylene, a inert material with
respect to electrode and electrolyte, equipped with three 304 stainless steel cylinders
with a diameter of 1 cm acting as electrical connections (current holder). All the
main components can be put into this type of cell, according to the following layout:
anode, separator soaked in electrolyte and cathode. T-cell gets the advantage of
allowing the insertion of a third electrode which is the reference in impedance and
cyclic voltammetry tests.
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Figure 1.8: Scratching away a NMC622 layer

Figure 1.9: T-cell

1.5 Steps of the work

This work is subdivided into two parts, respectively is related to a specific topic,
ageing and modelling.
The aim of the first part is to investigate the degradation mechanisms occurring in
two types of lithium-ion batteries, graphite/NMC622 and lithium/NMC622. The
common approach is to separate between calendar and cycle aging. The first one
refers to degradation mechanisms during storage periods, the second one, instead,
pertains to capacity fade during operation. In particular, the work is focused on
calendar ageing; unfortunately cycle ageing study did not give good results because
of use of poor quality material. The experimental procedure carried out to examine
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calendar ageing, the tools used, as well as test results will be shown.
The second part of the work has the purpose of develop a thermo-electrochemical
model for high energy density li-ion battery. This is a useful tool to design cells,
in order to foresee polarization curves, capacity fade and thermal behaviour. To
reach the goal a Pseudo 2D model has been chosen and the equations operating the
model will be explained, followed by, description of the coupling between thermal
and electrochemical model, the insertion of SEI layer in the general model, the
equations employed to depict its growth over time and the effect of graphite particle
expansion on it. SEI model has been implemented only for graphite/NMC622,
due to lack of information in literature for modelling SEI film on metallic lithium
surface. Successively, experimental tests performed to find model parameters out are
illustrated. And finally, the model has been validated, comparing electrochemical
and thermal results coming out from the model with experimental ones.

12
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Experimental part
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Chapter 2

Calendar ageing

In this chapter both experimental procedure performed to study calendar ageing
and test results are reported.
The approach followed in this work is to distinguish between calendar and cycle
ageing: the former refers to capacity fade during storage periods, while the second
one refers to cell degradation during operation. The aging effects are measured in
terms of capacity fade and power fade. Capacity fade refers to loss in discharge
capacity that a battery demonstrates over time. Power fade is the decrease of the
power capability caused by an increase in the internal resistance/impedance of the
cell.

2.1 Ageing mechanism in lithium-ion batteries

The rapid advance of Li-ion batteries in the market of portable electronic devices,
EVs, temporary storage systems for RESs and also in the market of batteries for
conventional vehicles, requires an improvement of battery life-time. Unfortunately,
lithium-ion batteries are complex systems to understand and the mechanisms of
their ageing are even more complicated. Capacity decrease and power fading do
not originate from one single cause, but from a number of various processes and
their interactions. Ageing mechanisms occur differently at anodes and cathodes,
hence are separately discussed.
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2.1.1 Ageing of graphite

Electrode properties are subject to a modification due to ageing effects. These
properties alteration may occur during storage, thus will affect the calendar life of
the battery, or during working, that will influence the cycle life causing lithium
metal plating or mechanical degradation. Calendar ageing can be monitored by
electrochemical "values" such as capacity loss, impedance rise, potential change,
SOC [15].
The main source for anode degradation, in accordance to many researches, is due
to changes at the electrode/electrolyte interface by reactions of the anode with the
electrolyte [16]. The low reduction potential of the graphite arouses the creation
of a solid electrolyte interface (SEI) over first charging cycles, which passivates
the anode’s surface. In addition, SEI allows an extended battery life and inhibits
further electrolyte reduction. But SEI is not entirely understood and it would
appear to change its structure and composition over ageing [15].
The properties of the SEI layers are unique since they are permeable for lithium
cations but rather impermeable for other electrolyte components and electrons. In
fact, SEI layer protects electrolyte compounds from further reduction and electrode
from corrosion. Of course, a certain amount of irreversible charge capacity is
exhausted in order to build SEI layer and the capacity lost is seen to be dependent on
the specific surface area of the graphite as well as on the layer formation conditions
[17]. Moreover, other charged and neutral species seems to diffuse through SEI and
as a consequence, corrosion of LixC6 and electrolyte decomposition can be seen
throughout the entire battery life [15]. Obviously, it follows that other electrolyte
is lost and additional SEI is formed. On a long time scale, the SEI penetrates into
electrode pores and, sometimes, into separator pores, causing a decrease of the
accessible active area of the electrode.
As said above, monitoring some electrochemical values helps to understand what
happens inside the cell. As an example, an increase in electrode impedance is
considered to be caused by the growth of the SEI as well as by changes of the
SEI in composition and morphology. Another important factor is the SEI thermal
behaviour. It is believed, in fact, that the morphology and composition of the
SEI changes at elevated temperatures [18]. In the worst case, thermal runaway
may cause the cell to catch fire or to explode. The SEI degradation rate, also,
increases with increasing temperature, and other cycling material is employed to
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repair it as the SEI layer starts to break down. In addition, metastable organic SEI
components are converted into inorganic products which are more stable on one
hand, but on the other are less easily penetrable by solvent molecules, reducing
the SEI conductivity for lithium [19].

Figure 2.1: Changes at the anode/electrolyte interface

Low temperatures involve in different challenges. Since, the intercalation poten-
tial of carbonaceous anode materials, like graphite indeed, is close to the potential
of lithium metal, at low temperature two effects are exhibited, metallic lithium
plating and lithium dendrite growth. Subsequent reactions of the Li metal with
the electrolyte induce, or at least accelerate, ageing and, furthermore, deteriorate
safety [15].
It is clear that a stable SEI is basic to enlarge battery life and try to understand
SEI formation mechanism and how its chemical composition evolves during aging
would be already a step forward.
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2.1.2 Ageing of NMC

Cathode materials affect significantly both performance data as well as cycling
and calendar life of lithium-ion cells. NMC has been studied in the last years for
usage in high energy and high power batteries. The mechanisms of capacity fading
and their prevention are still of increasing interest and not completely understood
at the moment. Some changes on the cathode may influence the life-time of a
lithium-ion cell:

• ageing of active material;

• degradation or changes of electrode components like conducting agents, binder,
corrosion of current collector;

• oxidation of electrolyte components and surface film formation;

• interaction of ageing products with the negative electrode.

These effects do not occur separately and can not be discussed independently
from each other. They are very sensitive to individual electrode composition and
are influenced by cycling and storage conditions [15]. In general, charge capacity
fading of positive active material can originate from three basic principles:

• structural changes during cycling;

• chemical decomposition/dissolution reaction;

• surface film modification.

Fig. 2.2 summarizes the main causes of NMC ageing.

2.2 Experimental procedure

In this section, the procedure and tools used for characterizing aging in batteries
are introduced.
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Figure 2.2: Overview of the main causes of NMC ageing

2.2.1 Reference characterization procedure

For both, calendar and cycle ageing, ageing mechanism are investigated alternating
electrochemical characterizations at a reference condition with storage or cycling
periods at predefined conditions. The aim of the reference characterization proce-
dure is to collect data on ageing at different ageing states. The procedure comprises
a capacity test, a micro rate test, a pulse test and, finally, an electrochemical
impedance spectroscopy.
Experimental campaign on calendar aging require very long time tests, the cells are
monitored for one or two years and are subjected to the reference characterization
procedure every month [20]. The cells under study are subjected to the reference
characterization procedure every 6 days due to limited time for this work.
Different reference characterization procedure are available in literature [20, 21, 22].
The procedure, for this purpose an Arbin instrument has been used, followed in
this work consists of these steps:

• The cell is charged using CC charging up to Emax at a current rate of 1 C
followed by CV charging until the current has decreased to 0.05 C (CCCV
charging). Then it is kept at open circuit conditions for 30 min in order to let
transient processes relax.
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• Then, two cycles comprising of constant current discharging to Emin at 1 C
and CCCV charging are carried out. The cell is held at open circuit conditions
for 30 min after every charge and discharge.

• The cell is then CC discharged and CCCV charged at 0.1 C. The battery is
held at open circuit conditions for 1 min after discharge and for 30 min after
charge.The discharge capacity at C/10 Q0.1C is registered for the purpose of
analysing capacity decrease over time.

• After, pulse tests are performed, in particular, a discharge pulse at a current
rate of 2 C for 20 s and a charge pulse at a current rate of 2 C for 40 s. The
resting period after the discharge pulse is 40 s and after the charge pulse is
5 min. The change in the SOC after one discharge and charge pulse is zero.
The pulses applied at each 10 % SOC step between 100 % SOC and 0 % SOC.
The SOC levels set by discharging 10 % of the capacity Q1C at 1 C followed
by a pause of 30 min.

• The cell is CCCV-charged with a current rate of 1 C. Then, 50 % of capacity
Q1C is discharged with a current rate of 1 C so that the cell is at 50 % SOC
at the end of this step.

• For electrochemical impedance spectroscopy (EIS) the Biologic Science In-
strument has been used. 8 points of measurement per decade are taken from
2.0 kHz down to 10 mHZ. The ideal voltage response is set to 10 mV and the
maximum exciting current amplitude is set to 0.2 A.

2.2.2 Electrochemical impedance spectroscopy (EIS)

In this section a fundamental tool, electrochemical impedance spectroscopy (EIS),
for the analysis reported hereafter, is presented. EIS is a non-invasive technique
analyzing material properties and processes occurring at electrode/electrolyte
interface. Additionally, it is a powerful method for evaluating the interface physic
state and/or its ageing over time. The measurement approach typically consists of
applying a sinusoidal current (galvanostatic mode, GEIS) or voltage (potentiostatic
mode, PEIS) of a certain amplitude and frequency, and measuring the amplitude
and phase shift of the output voltage or current, respectively. This procedure is
repeated for a number of frequencies, typically in the kHz to mHz range, thereby
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generating a characteristic impedance spectrum.
Thus if the input and output signals are:i(ω, t) = |i|ejωt

u(ω, t) = |u|ejωt+Φ
(2.1)

where |i| and |u| are respectively AC current amplitude and AC voltage amplitude,
ω is the frequency and Φ the phase angle.
The impedance is given by the ratio of voltage to current, and can be expressed as:

Z(ω, t) = u(ω, t)
i(ω, t) = Re(Z) + jİm(Z) = |Z|ejΦ (2.2)

The impedance unit of measurement is [Ω] and it consists of a real part, called
"resistor", and a imaginary part, "reactance", depending on frequency and material
properties. Re(Z) = |Z| cos Φ

Im(Z) = |Z| sin Φ
(2.3)

The impedance is a transfer function, by definition the ratio between output
signal and input signal, hence is suitable in cases in which a current is applied to
the system as input and a voltage is the signal coming out. Otherwise, for the
purpose, admittance is more appropriate, defined as Y=1/Z.
Features on the resulting Nyquist plot (where the imaginary part of the impedance
is plotted against the real part) and/or Bode plot (where either magnitude and
phase, or real and imaginary parts, are plotted as a function of frequency) enable
parameterisation of the resistance, capacitance and inductance of the various
cell components and processes. The inductive behaviour observed in the upper
frequency range of the spectrum can be caused by cable of the measurement
system. The high-frequency intercept with the real axis corresponds to the sum of
internal ohmic resistances, like the electrolyte, active material, current collectors
and electrical contacts. The semicircles in the mid-frequency range are due to the
electrochemical processes occurring at the electrode/electrolyte interfaces inside
the cell, which combine resistive and capacitive effects. At each electrode, lithium
transport through the SEI occurs in parallel with dielectric polarisation, and lithium
(de-)intercalation occurs in parallel with double layer (dis)charging. Thus there are

20



Calendar ageing

contributions from at least four different processes. The low-frequency tail, instead,
reflects solid state lithium ion diffusion in the active material of the cell electrodes.

Figure 2.3: Graphical representation of a Li-ion cell EIS

2.2.3 Equivalent circuit model

Complex systems, as often happens, can be modelled by circuit. The basic approach
is equivalent circuit model, which consists of electrical circuit elements in series
or in parallel. The most common elements are resistors (R), capacitors (C) and
inductors (L).

• Resistor describes dissipative phenomena and its unit of measurement is [Ω].
The equation describing this impedance type is Eq. 2.4. On the Nyquist plot
this impedance is a point on the real axis.

ZR(ω) = R (2.4)

21



Calendar ageing

• Capacitors give information about electric charge storage in an electric field
and dielectric polarisation. The impedance gets only imaginary part, Eq. 2.5,
in Farad [F = Ω−1 s] and on Nyquist plot is a vertical line growing if frequency
increases.

ZC(ω) = − j

ωC
(2.5)

• Inductors describe electric storage in a magnetic field when electric current
flows through it. As capacitors, the impedance gets only imaginary part in
Henry [H = Ω s]. On Nyquist plot is a vertical line decreasing if frequency
increases.

ZL(ω) = jωL (2.6)

Other two components, constant phase element (CPE) and Warburg element,
describes non homogeneous electrochemical systems, whose phenomena depend on
frequency.

• The CPE is defined by two values, the generalized capacitance K [Ω−1 sn] and
the depression factor n, the phase angle related to n is n · π/2. If n equals
1, the equation Eq. 2.7 is identical to that of a capacitor. If n equals to 0.5,
a 45° line is produced on the complex plane graph. When a CPE is placed
in parallel to a resistor, a ZARC element (depressed semi-circle) is produced.
The constant phase element is used in a model in place of a capacitor to
compensate for non homogeneity in the system. For example, a rough or
porous surface can cause a double layer capacitance to appear as a constant
phase element with a n value between 0.9 and 1. In fact, a capacitor is actually
a constant phase element with a constant phase angle of 90°.

ZCPE(ω) = 1
K n

√
jω

(2.7)

• A Warburg element occurs when charge carrier diffuses through a material.
Lower frequencies correspond to diffusion deeper into the material. If the
material is thin, low frequencies will penetrate the entire thickness, creating
a Finite Length Warburg element. If the material is thick enough so that
the lowest frequencies applied do not fully penetrate the layer, it must be
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Figure 2.4: Calendar aging model

interpreted as infinite. The unit of measurement is [Ω−1 s0.5] and the equation
describing the Warburg element is Eq. 2.8.

ZW (ω) = W√
jω

= W√
ω

· (1 − j) (2.8)

The circuit model (Fig. 2.4) has been thought to represent the cell processes,
related to calendar aging, as a series parallel combination of the above mentioned
elements. ZView software has been used for fitting impedance data and determining
the parameters of the circuit model. To avoid over fitting, only the dominant
processes happening inside the cells are considered during fitting.

For the cells under study, inductive effects are not observed at frequencies
between 2.0 kHz and 10 mHz, therefore the inductor is not put in the model. The
intersection of the curve with the real axis represents mainly ohmic resistance of
the electrolyte (Rs). The dominant processes in the electrode is represented by
ZARC element which is a combination of a constant phase element (CPE) with
resistance in parallel. Representation of the electrode processes using a ZARC
element is accurate as long as the diffusion tail is separated from the charge transfer
loop [23]. A new cell is expected to have a small SEI resistance and thus the
semicircle seen in the spectrum will be due to the charge transfer resistance of
the two electrodes. Hence, in the calendar aged cells, the cell spectra consisted of
mostly only one depressed semicircle. For this reason, only one ZARC element is
used for representing processes for both electrodes. Solid state diffusion process is
manifested as a sloped line in the spectra [23]. Usually, Warburg element is used
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to represent diffusion processes, but this is only valid when the slope of diffusion
tail is about 45°, highlighting a semi-infinite diffusion [21]. The slopes for the cells
tested in this work are greater than 45°, therefore a CPE element represents better
the trend.
The cell impedance for this equivalent circuit is:

Z(ω) = Rs + Rp

1 + (jωτ)αp
+ 1

Kd(jω)β (2.9)

2.3 Calendar ageing tests

In this section the results of calendar aging studies on coin cells 2032 are reported,
focusing on changes of both cell capacity and cell impedance. For the latter,
variation of equivalent circuit parameters are taken in account, linking them with
degradation phenomena occurring inside batteries.
The characterization procedure and the storage duration are not standardized,
changing type of li-ion batteries and their applications. The storage duration varies
from 20 days [24], to 30 [20], to 60 [25]. In this work, due to lack of time, the
batteries have been characterized every 6 days. The results shown are referred to 1
month of observed aging, under ambient temperature. EV’s applications require a
minimum battery capacity loss over more than 10 years, and since it would be a
such extensive test period, usually accelerating aging tests are performed, the cells
are stored at high temperature in order to accelerate degradation. The calendar
aging dependence on temperature has not been tested, but would be interesting
to study in which way the temperature increase or/and decrease it would affect
impedance parameters and capacity fade. In this study, only the dependence on
SOC will be discussed. In particular, after the EIS measurements, performed at 50
% SOC, the cells have been set to a precise state of charge, the cells tested at 50 %
SOC, have not needed to a SOC resetting, instead the 100 % SOC, at 1C up to
maximum voltage.
In order to see statistical effects, each test has been performed with two cells. In
addition, four cells are used as reference batteries for the purpose of evaluating the
influence of characterization procedure on capacity fade.

The same procedure has been done both for graphite/NMC622 batteries and
lithium/NMC622 batteries, thus 16 cells have been assembled in total.
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n◦ of cells
SOC 50 % 100 %

Reference cells 2 2
Cell characterized every 6 days 2 2

Table 2.1: Number of cells tested and their combination

2.4 Calendar ageing results and discussion

In this section the results obtained from the study will be reported and discussed.
First of all, the initial capacity of graphite/NMC622 coin cells is constant enough,
its mean value is 4.89 mAh, with a deviation of about +/- 0.2 mAh. Instead, the
initial capacity of lithium/NMC622, as evidence of what said before, is higher, its
mean value is 5.56 mAh with a deviation of only +/- 0.1 mAh.

(a) Graphite/NMC622 relative capacity (b) Lithium/NMC622 relative capacity

Figure 2.5: Relative capacity trend

The major sources of calendar aging are irreversible side-reactions occurring
especially at negative electrode, causing a cyclable lithium drop, loss of electrode
active material due to particle insulation or other degradation mechanisms [26].
Thus, the main causes of capacity fade are ascribed to chemical reactions rather
than electrochemical ones. The graphs highlight the calendar aging dependence
on SOC. For both, cells stored at SOC 100 % show a capacity degradation more
noticeable than cells stored at SOC 50 %. Keil at all. [27] study reveals a strong
dependence of aging on lithiation level of graphite electrode, so a SOC higher than
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50 % provides a capacity fade acceleration during storage period. The cause is
probably the low anode potential which promotes loss of cyclable lithium, speeding
up electrolyte reduction and SEI growth [20]. Moreover, an important factor to keep
in mind is that graphite electrode is recycled from 500 BEV, thus the degradation
is more relevant than lithium/NMC622 cells. Lithium metal anode gets a potential
lower than graphite but that one used for assembling coin cells is fresh lithium, as
well.
The cells, that have been characterized only at the beginning and after 30 days, show
a capacity fade clearly lower than others, that is the proof that characterization
procedure affects aging. This difference is more evident for lithium/NMC622 cells,
probably for the same reasons before explained. This general trend will be seen
also for equivalent circuit parameters Rs, Rp, αp and τp.

Figure 2.6: Graphite/NMC622 discharge curve at C/10

Fig. 2.6 and Fig. 2.7 display discharge curve at a current rate of C/10 of a
graphite/NMC622 coin cell and a lithium/NMC622, respectively. The discharge
curves have a gradual drift towards left over time, underlining the loss of capacity
occurring.
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Figure 2.7: Lithium/NMC622 discharge curve at C/10

2.4.1 Series resistance

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 2.8: Relative series resistance

The series resistance points to ohmic resistance in the cell, in particular caused
by a worsening in lithium conduction of electrolyte, due to its irreversible reactions
with cyclable lithium. Fig. 2.8 shows a upward trend over time. This aspect is
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clear especially for lithium/NMC622, Fig. 2.11(a) does not show an evident trend,
both by the few available data number and the low quality materials. Probably,
enlarging the storage duration an evident tendency will arise.
In addition, cells stored at 100 % SOC gets growth rate higher than cells stored at
lower SOC, even if this pattern is not obvious in figures reported.

2.4.2 Parallel resistance

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 2.9: Relative parallel resistance

Polarization resistance trend sees a connection with chemical composition vari-
ation, growth of SEI layer, loss of active material of the positive electrode or a
change of crystal structure. Rp may be basically seen as a combination of two
contributions, resistance of SEI layer as well as charge transfer resistance across
positive electrode. These two influences could change with a different rate and this
is probably the explanation for irregular nature of parallel resistance. Surely, the
main contribution is due to RSEI ; the upward trend of series resistance draws the
attention to side reactions, SEI formation, happening at negative electrode, leading
to an electrolyte decomposition. Furthermore, an higher voltage storage, as said,
leads to an increase of electrolyte breakdown and, hence, a strong dependence on
SOC.
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2.4.3 Depression factor

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 2.10: Depression factor trend

Depression factor, αp, gives a measure of electrode uniformity, and thus of its
porosity over time [28]. The depression of the semicircles given by ZARC element
on Nyquist plot provides its numerical value. Depression factor drop is noticed in
Fig. 2.10, sign of an increase of electrode non-uniformity, and probably of electrode
porosity, as well. Particle fragmentation could be a cause of higher porosity and
leads to a resistance growth [29]. So, an increase of semicircle depression points out
a rise of electrodes roughness and a reduction of depression factor values. Moreover,
Fig. 2.10 shows lower depression factor values at higher SOC, likely due to more
irreversible reactions occurring at higher voltage which could produce particle
fragmentation and a more porous material.

2.4.4 Mean time constant

The mean time constant is an ageing parameter which measures the dynamic
behaviour of the cell [30]. Hence, a greater value of τp suggests a slower response
of the battery to a current pulse. This growth is evident, Fig. 2.11, for both type
of batteries, especially, again, for 100 % SOC.
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(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 2.11: Mean time constant trend

2.5 Cycle ageing
Most vehicles are in park mode 95 % of the time during their life. But, studying
the loss of performance by degradation processes occurring over their operation is
interesting, as well. Usually, cycle ageing is studied changing different conditions,
such as temperature, state of charge, depth of discharge (DOD) and current
amplitude, in order to estimate the dependence on these parameters. At higher
DOD, it means that the cells are almost fully charged and discharged up to very
low SOC, higher temperature and at higher current rate, a higher capacity fade is
seen.
As done for calendar ageing, cycling periods have been alternated with reference
characterization procedures. In this document, only 4 cells have been assembled
employing lithium as negative electrode, considering higher performance compared
to graphite. The operating conditions are summarized in the table below

n◦ of cells
DOD100

C/2 D1 2
C1 D2 2

Table 2.2: Total cells assembled

DOD100 means that cells are charged and discharged from SOC 0 % to SOC
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100 % and vice versa, C/2 D1 means that the cells are charged at a current rate of
C/2 and discharged at 1C, hence C1 D1 means that the cells have worked at 1C.
Unfortunately, two cells, one at C/2 D1 condition and one at C1 D2, have given
awful results already during initial characterization procedure, for this reason
results are not reported. The others have finished well the procedure and then
have been cycled until 100 equivalent full cycle (EFC) have been reached. For both
of them, the capacity trend cycle by cycle is shown in Fig. 2.12 and Fig. 2.13. The
initial capacity is a little bit lower than 5.56 mAh because a certain amount is lost
during characterization procedure. From the figures it is possible to notice a fast
capacity decline after few cycles, especially for a higher charging current rate. Cells
charged at 1 C shows a capacity fade of about 2.5 mAh after only 10 EFC. Thus,
cycle ageing is strongly dependent on current rate, an higher ionic current density
demands faster reactions and diffusion, which arouse mechanical stresses, anode
cracks, and as a consequence other cyclable lithium employed to repair SEI, and a
faster degradation [31].
In light of the results obtained any other coin cell have not been assembled for
studying cycle ageing.

Figure 2.12: DOD100 C/2 D1
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Figure 2.13: DOD100 C1 D2
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Modelling
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Chapter 3

Electrochemical-thermal
modelling

The aims of modelling lithium-ion batteries are to gain insights to cells internal
phenomena, forecast their operation and optimize cell design parameters. Various
type of mathematical models have been developed. The simplest one and com-
putationally faster is battery management system (BMS), it performs a number
of critical duties including protecting the battery from misuse, matching power
demands, providing optimal charging profiles and managing cell balancing among
others [32].
The next two levels of modelling, more complex compared to BMS and computation-
ally expensive, are single particle model (SPM) and pseudo two dimensional (P2D)
model. The SPM is a simple model that deems each electrode as a single particle
and looks into transport processes in the solid phase, but leaves out concentration
and potential effects between particles in the solution phase [33]. The P2D model
has a more detailed approach, it takes in account several physically significant
internal variables such as potentials within electrolyte and solid phase and Li+

concentration in both phases. Nonlinear Butler-Volmer kinetics are employed to
model electrochemical system and, additionally, starting from P2D model other
phenomena can be easily added like thermal management or capacity fade. All
these features make P2D a very useful tool, but it has also several drawbacks. The
most important one is its high computational cost, due to the high set of differential
equations, that represent mass balances, charge balances, electrochemical reaction
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kinetics and thermal energy balance, which have to be solved. Finally, kinetic
Monte Carlo (KMC) method is the most complex model and can help to predict
thermodynamic properties of materials or mobility of lithium inside the crystal
structure.

3.1 The electrochemical model

The goal in this chapter is to develop an electrochemical model for forecasting the
behaviour of high energy density lithium-ion battery. The best approach, for this
purpose, is that of developing a P2D model [34]. The most interesting aspect of
this kind of model is the possibility of putting micro and macro scale phenomena
together. As may be seen in Fig. 3.1 porous electrodes consist of active material
particles surrounded by a liquid phase, electrolyte. Micro scale process refers to
diffusion through active material surface. Instead, macro scale phenomena are
related to transfer processes, predominantly unidirectional, along battery thickness;
hence, a 1D mathematical model (x-axis) may be applied. These two domains are
connected by law of conservation of species.

Figure 3.1: Schematic of li-ion battery
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During discharge, Li+ diffuses to negative active material particles surface, here
reacts and then moves to electrolyte phase. By migration and diffusion, convection
is neglected in this model, Li ions are transported through electrolyte towards
inner surface of positive active particles. According Fick’s laws of diffusion, the Li+

concentration into solid phase is described as

∂cs
∂t

= ∇ · (−Ds,eff · ∇cs) (3.1)

where
Ds,eff is the effective Li+ diffusion coefficient in the solid particle (m2 s−1)
with boundary and initial conditions

∂cs
∂r

---
r=0

= 0 (3.2)

−Ds,eff · ∂cs
∂r

---
r=rp

= − JLi
av · F

(3.3)

cs(x, r,0) = cs,0 (3.4)

where
JLi is the current density flux of charges in solid phase (A m−3)
F is the Faraday constant equals to 96485 (C mol−1)
av is the specific inter-facial area (m−1)
Li+ concentration changes in the electrolyte occur due to three processes: diffusion,
related to concentration gradient, migration, caused by potential gradient and
convection, because of pressure differences. The solvent velocity is not substantial
in lithium-ion battery, as a matter of fact convection processes are negligible [35].
Therefore, a mass balance in the electrolyte gives

Ôl · ∂cl
∂t

= ∇ · (Dl,eff · ∇cl) − ∇ · (il · t+

F
) + ∇ · Jl

F
(3.5)

where
Ôl is the volume fraction of the solution phase
Dl,eff is the effective Li+ diffusion coefficient in the electrolyte
t+ is the transference number
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Transference n◦ t+ considers the fraction of the total ionic conductivity carried by
cations only [36].
The boundary and initial conditions are

∂cl
∂x

---
x=0

= ∂cl
∂x

---
x=L

= 0 (3.6)

cl(x,0) = cl,0 (3.7)

Effective ionic diffusion coefficients into solid and liquid phase are related to porosity
of porous media and tortuosity, both of them affect Li+ transport.

τ = Ô1−β, Deff = Dref · Ôβ (3.8)

where β is the Bruggeman coefficient with the value of 1.5 for a porous medium
composed of mono-disperse, non-porous isotropic spherical particles small compared
to the thickness of the porous medium [37].
Along with this, ohm’s law describes charge conservation in the solid phase

is = −σs,eff · ∇ · Φs (3.9)

σs,eff = −Ô1.5
s · σs (3.10)

where
is is the current density in the solid (A m−2)
σs,eff is the effective electrical conductivity in the solid (S m−1)
σs is the conductivity in the solid phase (S m−1)
Φs is the potential at the solid surface (V)
Eq. 3.11 makes boundary conditions at current collectors explicit, being propor-
tional to applied current density.

−σs,eff · ∂Φs

∂x

----
x=0

= −σs,eff · ∂Φs

∂x

----
x=L

= iapp (3.11)

−σs,eff · ∂Φs

∂x

----
x=Lp

= −σs,eff · ∂Φs

∂x

----
x=Lp+Ls

= 0 (3.12)
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where Lp and Ls are, respectively, positive electrode and separator thickness.
Charge conservation in electrolyte phase is explained combining Kirchoff’s law with
Ohm’s law

il = −σl,eff · ∇ · Φl + 2 · R · T · σl,eff
F

· (1 − t+) · (1 + ∂ ln f

∂ ln cl
) · ∇ · ln cl (3.13)

σl,eff = −Ô1.5
l · σl (3.14)

where
il is the current density in the liquid phase (A m−2)
σl,eff is the effective electrical conductivity in the electrolyte (S m−1)
σl is the conductivity in the liquid phase (S m−1)
Φl is the potential in the solution (V)
R is the gas constant equals to 8.314 (J K−1 mol−1)
T is the temperature (K)
F is the Faraday constant equals to 96485 (C mol−1)
f is the mean molar activity
The boundary condition is

∂Φl

∂x

----
x=0

= ∂Φl

∂x

----
x=L

= 0 (3.15)

Looking at interface between solid and electrolyte phase, kinetics of insertion
and extraction of Li+ are described by Butler-Volmer equations. In particular, Eqs.
3.16 and 3.17 make clear the rate of reaction occurring at the interface between
these two phases.
In liquid phase

JLi,l = ∇ · il = av · i0 · [exp (αa · F · η

R · T
) − exp (−αc · F · η

R · T
)] (3.16)

In solid state

JLi,s = ∇ · is = av · i0 · [exp (αa · F · η

R · T
) − exp (−αc · F · η

R · T
)] (3.17)

where
i0 is the exchange current density (A m−2)
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av is the specific inter-facial area (m−1)
α is the charge transfer coefficient; subscripts a and c refer, respectively, to anode
and cathode
η is the surface over-potential (V)
The specific inter-facial area of each electrode depends on the spherical particle
radius (rp) of porous electrode and the volume fraction of the solid active material
(Ôs). The relationship is clarified in the Eq. 3.18.

av = 3 · Ôs
rp

(3.18)

The exchange current density is defined as

i0 = F · kαa
c · kαc

a · (cs,max − cs)αa · cαc
s · ( cl

cl,ref
)αa (3.19)

where
k is the rate constant of the electrochemical reaction (m s−1)
cs,max is the maximum concentration of lithium in the solid phase (mol m−3)
cs is the instantaneous concentration of lithium in the solid phase (mol m−3)
cl is the instantaneous concentration of lithium in the liquid phase (mol m−3)
cl,ref is the reference concentration of lithium in the liquid phase (mol m−3)
The exchange current density is the current at zero over-potential, for a redox
reaction at the equilibrium the electrons migrate between electrodes and electrolyte,
in both direction. Thus, if the potential is set more negative, the anodic current will
be higher than cathodic current. This dependence is made explicit through transfer
coefficients, αc and αa. Exchange current density depends also on the lattice sites
in the electrode material left empty, (cs,max-cs). When the concentration in the
solid phase equals its maximum value or is zero, the exchange current density is
null.
Hence, the over-potential is the additional potential producing an increase in
thermodynamic driving force for the processes. It is defined as

η = Φs − Φl − Eeq − Rfilm · i (3.20)

where
Eeq is the equilibrium potential of the electrode material (V)
Rfilm is the film resistance due to SEI layer (Ω m2)
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i is the sum of intercalation/deintercalation current density and current density
caused by parasitic reaction taking place at the anode/electrolyte interface (A m−2)
[38]

3.2 A model for predicting capacity fade due to
SEI layer formation with negative graphite
electrode

A lithium-ion battery feature is degradation occurring over time. Electrolyte
decomposition, loss of active material and loss of cycleable lithium are some aging
phenomena contributing to time degradation [15].
For cells employing graphite as negative electrode, cycleable lithium is lost mostly
due to SEI layer formation on graphite surface. The SEI film is rough in morphology
and non-uniform in composition, including small splits on the surface [39].
The model developed in this work focuses on film formation at C-rates equal to
or lower than 1C, where the main degradation cause is loss of active lithium for
forming or repairing SEI layer at this current range [40]. The expression describing
SEI forming reaction is a cathodic Tafel form, combined with a limiting current
due to diffusion through the SEI, using first order electrolyte solvent decomposition
kinetics and linear solvent diffusion [41]. The model considers that reacting species
pass through SEI micro and macro pores being created over time, as can be seen
in Fig 3.2. If micro pores are always present, macro pores are created by graphite
particle expansion during charge. Thus, the total SEI layer current formation is
the combination of two linear contributions. The former is the SEI current on
the region where the film is intact, the second one is that on the region where
macro pores are formed due to graphite particles expansion. Therefore, iSEI may
be expressed as

iSEI = icov + icrd (3.21)

where
icov is the current contribution related to graphite particles covered by an intact
and micro pores SEI layer (A m−2)
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Figure 3.2: Cracks formed in the micro porous SEI layer due to expansion of the
graphite particle

icrd is the current contribution related to graphite particles covered by a split SEI
layer (A m−2)

As said above, the SEI forming current can be described as a cathodic Tafel
expression, so the current for the covered areas is

ikin,cov = −Ôcov · i0 · exp −α · ηSEI · F

R · T
(3.22)

where
i0 is the exchange current (A m−2)
Ôcov is the porosity of the micro porous part of the SEI layer
α is the cathodic transfer coefficient
ηSEI is the over potential of the SEI forming reaction (V)
The over potential of the SEI is defined as

ηSEI = Φs − Φl − Eeq,SEI (3.23)

The current on parts where SEI layer is cracked gets the same form of icov

ikin,crd = −Ôcrd · i0 · exp −α · ηSEI · F

R · T
(3.24)

where Ôcrd is the volume fraction of the cracks in the SEI layer. For evaluating Ôcrd

a dependence on the graphite expansion rate is assumed

Ôcrd = acrd · Kcrd (3.25)

where
acrd is a proportionality factor
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Kcrd is the graphite expansion function
Kcrd is a piece-wise function and depends in turn on intercalation current and SOC
[42].

Kcrd = −2 · Iical
I1C

Iical < 0 and SOC < 0.3

Kcrd = 0 Iical < 0 and 0.3 ≤ SOC ≤ 0.7

Kcrd = −2 · Iical
I1C

Iical < 0 and SOC > 0.7

Kcrd = 0 Iical ≥ 0

(3.26)

Instead, the limiting current is assumed to be inversely proportional to SEI layer
thickness s, the two contributions are defined as follow

ilim,cov = −Ôcov · c · Dcov · F · A

s
(3.27)

ilim,crd = −Ôcrd · c · Dcrd · F · A

s
(3.28)

where
c is the bulk concentration of SEI forming reactant in the electrolyte
Dcov and Dcrd is the diffusion coefficient respectively in the covering layer and in
the cracked layer
The two diffusion coefficients are associated to tortuosity of macro and micro pores

Di = D

τi
(3.29)

where D is the diffusion coefficient of reacting species in the electrolyte.
Now, defining a dimensionless relative expansion factor for the cracked parts H

H = acrd
Ôcov

(3.30)

it is possible to put in relationship the two current contributions

icrd = H · Kcrd · icov (3.31)
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The SEI current on micro porous film layer is obtained putting in relationship
limiting and kinetic current in this way

ii = ikin,i

1 + ikin,i
ilim,i

(3.32)

Thus,

icov = − J · i1C

exp(α · ηSEI · F

R · T
) + qSEI · f · J

i1C

(3.33)

where J and f are two lumped parameters derived from the model. J is dimension-
less and evaluates as

J = Ôcov · i0

i1C
(3.34)

f is a frequency parameter (1/s)

f = τcov · V · i2
1C

Ôcov · (1 − Ôcov) · c · D · F · A2 (3.35)

Therefore, the SEI current on cracked layer is

icrd = −H · Kcrd · J · i1C

exp(α · ηSEI · F

R · T
) + qSEI · f · J

i1C

(3.36)

so that, the total density current on the particle surface is

iSEI = −(1 + H · Kcrd)
J · i1C

exp(α · ηSEI · F

R · T
) + qSEI · f · J

i1C

(3.37)

qSEI depends on SEI concentration according to

qSEI = F · cSEI
Av

(3.38)

where
Av is the electrode surface area (m−1)
The change in SEI concentration is expressed by differential form of Faraday’s law

∂cSEI
∂t

= −υSEI · iSEI
n · F

(3.39)
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Thus, knowing SEI concentration the thickness of the film can be calculated

δfilm = δfilm,0 + cSEI · MP

Av · ρP
(3.40)

where
Mp is the molar weight of product formed by side reaction (kg mol−1)
ρp is the density of product formed by side reaction (kg m−3)
Finally, after evaluating the film thickness getting greater and greater over time,
the film resistance is found

Rfilm = δfilm
κSEI

(3.41)

where κSEI is SEI layer conductivity (S m−1)

3.3 Thermal modeling

Exothermic reactions occurring inside cell can generate a system over heating
and produce a reactions acceleration between cell components, especially if the
heat transfer towards external environment is not so efficient [43]. Therefore, a
particular attention is directed to how thermal management and temperature
influence thermal runaways, capacity and power fade and packaging. Bandhauer et
all summarise the main thermal issues in this kind of systems [44]. For designing a
safe cell, it is suitable to include heat generation processes and variable dependence
on temperature in the electrochemical model illustrated before. Thanks to P2D
model this coupling between electrochemical and thermal aspects may be easily
done.
The total heat generated is the sum of all the reversible sources or sinks and the
irreversible sources of heat into the cell.

Qtot = Qirr + Qr (3.42)

The irreversible contribution is given by ohmic losses in electrolyte and solid phase,
activation over-potential and mass transport constraints.

Qirr = il · ∇ · Φl + is · ∇ · Φs + (∇ · il) · η (3.43)
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Instead, the reversible contribution is

Qr = (∇ · il) · T · ∂Eeq

∂T
(3.44)

Obviously, heat transfer occurs also with external environment, by conduction,
convection and radiation. The general balance can be expressed as

ρ ·cp · ∂T

∂t
= Qtot+∇· (kT ·∇·T )−∇· (h · (T −Ta))−∇· (σT ·ÔT · (T 4 −T 4

a )) (3.45)

where
ρ is the density (kg m−3)
cp is the specific heat capacity at constant pressure (J kg−1 K−1)
kT is the thermal conductivity (W m−1 K−1)
h is the heat transfer coefficient (W m−2 K−1)
σT is the Stefan Boltzmann constant 5.67 · 10−8 W m−2 K−4

ÔT is the emissivity
Ta is the ambient temperature (K)

3.4 Geometric parameters

For developing accurately the model, some parameters in equations described above
have been acquired from experimental tests, other ones from literature or Comsol
library.
In order to precisely model the geometry, all most relevant geometric parameters
have been measured.

Material Diameter [mm] Thickness [mm]
Cu 18 0.0143

Graphite 18 0.0691
Celgard 2325 20 0.025

NMC 15 0.06
Al 15 0.018

Table 3.1: Graphite/NMC cell Geometric parameters
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Material Diameter [mm] Thickness [mm]
Li 18 0.03

Celgard 2500 20 0.025
NMC 15 0.06
Al 15 0.018

Table 3.2: Lithium/NMC cell geometric parameters

3.5 Electrochemical parameters

3.5.1 Equilibrium electrode potential

The equilibrium potential, globally, may be seen as the skeleton on which other
resistive contributions are added. Instead, locally, the equilibrium potential is seen
depending on lithiation condition inside the cell [45].
For obtaining the real equilibrium potential curve, small charge and discharge
pulses are applied to the cell and then, the battery rests for a period long enough
to dissipate hysteresis effects. When polarization effects are totally disappeared
the terminal voltage is close enough to open circuit voltage (OCV) [46]. Relaxation
period in order to achieve a complete equilibrium takes a significant amount of
time. So, for reducing time test, the OCV curve is obtained from slow galvanostatic
cycling, C/25 in this case has been considered slow enough to simulate OCV
behaviour [47]. Actually, the curve is defined correctly pseudo-OCV, because the
system is never at open circuit.
First of all, graphite and NMC half cells are assembled; these kind of cells are
composed by metallic lithium, the reference one, as negative electrode for both
of them, commercial Celgard as separator, EC:DEC 1M 1:1 LiPF6 as electrolyte
and graphite gets the role of positive electrode for one cell and NMC622 is the
cathode for the other. Considering that the equilibrium potential of the lithium is
zero, being Li the reference electrode, the measurements achieved are referred to,
respectively, graphite and NMC electrodes. Fig. 3.3 shows equilibrium potential
trends.

The galvanostatic results are put in function of state of charge, because the
equilibrium potential, as said before, depends on lithium concentration. For this
reason the results are plotted against x, which is defined as the ratio between
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Figure 3.3: OCV curves of graphite and NMC622 half cell

lithium concentration in the active material at a certain instant and maximum
lithium concentration. So, when the cell is fully charged the x assumes a value equal
to 0, positive electrode is completely delithiated. During discharge the lithium
concentration in the positive electrode increases up to its maximum value, at this
point the ratio is equal to 1.
Ref. [48] reports graphite equilibrium potential curve whose value are very similar
to that obtained in this work. Instead, any NMC622 equilibrium potential curve
vs state of charge has not been found in literature, thus any comparison could not
be conducted. In the library of COMSOL Multiphysics all data related to graphite
as electrode material are included, therefore those data have been used to simulate
electrochemical behaviour of the cell. The experimental tests for graphite have
been anyway conducted to verify information reported in Comsol library.
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3.5.2 Entropy coefficient

Electrode potentials depend on temperature, according to

ET
eq = Eeq − (T − 298.15)∂Eeq

∂T
(3.46)

where
ET
eq is the electrode potential at a certain temperature (V)

Eeq is the electrode potential at 298.15 K (V)
∂Eeq

∂T
is the entropy coefficient

Entropy coefficient is related to entropy variation by the equation

∂Eeq

∂T
= ∆S

F
(3.47)

∆S values of NMC622, changing with SOC, have been extracted from literature
[49]. By Eq. 3.47 entropy coefficient is derived

Figure 3.4: NMC622 entropy coefficient

3.5.3 Volume fraction of the active material in the elec-
trode

An important parameter to estimate is surely volume fraction of active material
inside electrodes which can take part in the reaction. For both electrode the value

48



Electrochemical-thermal modelling

is appraised by

cs,max · Ôs · d · ∆x · F = i · t (3.48)

where
cs,max is the maximum concentration of lithium in the electrode (mol cm−3)
Ôs is the volume fraction of the solid phase
d is the thickness of the electrode (cm)
i is the current density (A cm−2)
F is the Faraday constant
t is the duration of discharge
The graphite and NMC622 half cells are charged and discharged at a current-rate
of 0.1C. The duration of a discharge is evaluated accurately from experimental test;
regarding the lithium concentration variation ∆x during a completely discharge, x
goes from 0 to 1, hence, ∆x = 1.
Volume fraction for the NMC and graphite electrode are found to be respectively
0.3278 and 0.3335. The metallic lithium volume fraction is supposed to be 1.

3.5.4 Diffusion coefficient

The solid phase diffusion coefficient gets a key role in fast Li-ion transport, it
determines the charge and discharge rate capability directly [50].
A GITT procedure is carried out on NMC half cells, composed as previously
reported, in order to evaluate diffusion coefficient only for NMC electrode. In
Comsol library the graphite diffusion coefficient is already available.
Previously, the cell is fully charged and discharged 3 times for activating it and then
is charged again up to 4.4 V. After these preliminary procedures, GITT technique
is performed, it consists of application of a current transient to change the SOC,
followed by a relaxation period [48]. In this work, the discharge pulse is applied
at 0.05C for 15 min and the rest period lasts 45 min, until the voltage reached its
minimum value.

Fig. 3.5 shows an enlargement of what occurs between discharge pulse and rest
period. At discharge pulse beginning the voltage drop follows a IR evolution, in
this window the voltage rapidly decreases. After that, the decline is less steep.
During the relaxation step the voltage raises again at first proportionally to IR and
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Figure 3.5: Voltage response of a GITT experiment. Red line divides the graph
into two parts. The first one refers to discharge pulse and the second one to
relaxation period

then slower.
As the cell is discharged at constant current, the voltage is function of time. Since
double-layer charging and charge-transfer processes and any phase transformation
are neglected, Ds can be evaluated by Fick’s law [51].

Ds = 4
π

·
3

IVm
zA · F · S

42
·
C

∂E/∂δ

∂E/∂
√

t

D2

(3.49)

where
F is the Faraday constant
S is the interfacial area between the electrode and the electrolyte (cm2)
I is the current applied (A)
zA is the charge number (zA = 1 for Li-ions)
Vm is molar volume of the materials (cm3 mol−1)
∂E/∂δ is the slope of the coulometric titration curve
∂E/∂

√
t is the potential variation over the square root of time

This equation may be simplified considering the use of a low current rate for GITT,
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hence the change of the steady-state voltage over a single galvanostatic titration is
small. Moreover, if ∂E/∂

√
t shows a straight line behaviour over the entire time

period of the current flux, Eq. 3.49 may be re-written as

Ds = 4
π · τ

·
3

n · Vm
S

42
·
C

∆Es

∆Et

D2

(3.50)

where τ is the duration of each discharge step and n is the number of moles.
Furthermore, considering all particles as spherically shaped with an equivalent
radius Rp, the 3.51 gets

Ds = 4
π

·
3

Rp

3

42
·
C

∆Es

∆Et

D2

(3.51)

using the relationship

Rp = 3V

S
= R

3

R
2 (3.52)

where S and V are the average area and average volume of the particles and R is
the radius of each particles.
The GITT is more accurate if the diffusion coefficient is evaluated at 0.2 ≤ δ ≤ 0.5,
where δ is the ratio between the lithium concentration in the porous electrodes and
maximum lithium concentration, out of which the discharge pulse can no longer be
treated as a delta function [52]. By Eq. 3.52 a reference diffusion coefficient related
to a reference temperature, Tref=288.15 K, is obtained. The diffusion coefficient
depends on temperature, since model takes into account the properties dependence
on temperature, its variation is considered. Arrhenius’s equation comes in handy

Ds = Ds,ref exp
C
−Ea

R

A
1
T

− 1
Tref

BD
(3.53)

where Ea is the NMC energy activation whose value is related to a δ=0.5 and equals
to 0.457 eV. The Fig. 3.6 displays diffusion coefficient at different temperatures.
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Figure 3.6: Diffusion coefficient dependence on temperature

3.5.5 Exchange current density

Another important parameter in the P2D model is the exchange current density.
This parameter gives information about rates of electron transfer as the ions migrate
between electrolyte and electrode and is the current measured at zero over potential
as well. The value is obtained from charge transfer resistance whose value is
measured by EIS. Butler-Volmer relationship

j = j0 ·
A

exp
C

(1 − α) · F · η

R · T

D
− exp

5−α · F · η

R · T

6B
(3.54)

can be linearized if the over potential is small. Hence,

j = j0 · F · η

R · T
(3.55)

Charge transfer resistance is defined as

Rct = η

j · S
(3.56)

where S is the electrode-electrolyte interface surface area. Combining 3.55 and 3.56
is found

j0 = R · T

Rch · S · F
(3.57)
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EIS test is performed in potentiostatic mode with a voltage amplitude of 10 mV,
in the frequency range of 10 mHz to 500 kHz. The measurements are carried out
for both electrodes, thus two half cells are assembled. EIS results are recorded at
50% SOC and at different temperatures, 25°C, 30°C, 40°C, 50°C and 60°C. The
curves are fitted using equivalent circuit displayed in Fig. 3.7 where R1 is the
electrolyte resistance that ions bump into, R2 and CPE1 describe charge transfer
through SEI layer, instead R3 and CPE2 fit data related to charge transfer at
active material/electrolyte interface. CPE3 models behaviour at low frequency,
referred to diffusion processes.

Figure 3.7: Equivalent circuit used to fit reaction rate data

EIS measurements are shown in Tab. 3.3. For NMC half cell the first small
semi-circle located at high frequencies does not change a lot with temperature. On
the other hand, the radius of the second one at middle frequencies decreases with
increasing temperature, this is caused by a R3 reduction.

Electrode 25 ◦C 30 ◦C 40 ◦C 50 ◦C 60 ◦C
NMC R3 (Ω) 7.358 3.985 1.021 0.6308 0.578

j0 (A/m2) 4.94 9.27 37.39 62.52 70.23
Graphite R3 (Ω) 124.9 71.88 31.97 16.47 10.11

j0 (A/m2) 0.202 0.357 0.829 1.661 2.789

Table 3.3: Fitting results
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(a) Lithium/NMC622 (b) Lithium/NMC622

Figure 3.8: Impedance variation with temperature

3.5.6 Particle radius

Field emission scanning electron microscopy (FESEM) has been employed to
evaluate particle radius of NMC material. An average value has been deduced
from FESEM picture, considering the heterogeneous pattern material. The particle
radius of the NMC obtained is 6.9 µm.

3.5.7 Parameters from literature

Maximum li-ion concentration in the NMC material and its electrical conductivity
are the ones in [53]. The electrolyte parameters, as transport number, diffusion
coefficient and electrical conductivity are suggested by software Comsol. Moreover,
diffusion coefficient, entropy coefficient and electrical conductivity of graphite
material such as aluminum and copper electrical conductivity proposed by Comsol
are taken in account. The tables shown below summarize some of these parameters

3.6 Thermal parameters

Thermal conductivity (K) is an anisotropic parameter caused by stacking of cell
layers. Eq. 3.58 gives thermal conductivity contribution along surfaces, instead Eq.
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Graphite NMC622 LiPF6 Li
Maximum concentration
[mol m3]

31370 59493 77078

Electrical conductivity [S
m−1]

100 0.17 0.771 10.8 · 106

Initial electrolyte [mol m3] 1000
Transport number 0.363

Table 3.4: Parameters from literature and Comsol library

Aluminum Copper
Electrical conductivity
[S m−1]

3.77 · 107 5.99 · 107

Table 3.5: Parameters from literature and Comsol library

3.59 gives thermal conductivity value along battery thickness.

Kë = LNC · KNC + LNE · KNE + LS · KS + LPE · KPE + LPC · KPC

Ltot

(3.58)

Ltot

K⊥
= LNC

KNC

+ LNE

KNE

+ LS

KS

+ LPE

KPE

+ LPC

KPC

(3.59)

Eqs. 3.58 and 3.59 are a little bit modified for evaluating, respectively, parallel
and perpendicular contribution of lithium/NMC cells. The term related to negative
current collector disappears since copper collector is missing in this type of cell.
Thermal conductivity of components are taken from Comsol library and due to lack
of data in literature about NMC622 as positive electrode in lithium-ion batteries,
NMC811 thermal conductivity is used as it is in software library. The same is done
for Celgard 2325, whose parameters have been supposed equal to Celgard 2500
ones. Thermal conductivity values are shown below (Tab. 3.6 and 3.7).
The density (ρ) and the specific heat capacity (Cp) are measured as a volume
average of the different cell layers.

ρ =
q
i ρi · Vi
Vtot

(3.60)

Cp =
q
i cp,i · Vi
Vtot

(3.61)
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Aluminum NMC622 Celgard2325 Graphite Copper Kë K⊥
Thermal con-
ductivity [W
m−1 K−1]

238 1.58 1.21 4.21 400 54.71 1.46

Table 3.6: Thermal conductivity of graphite/NMC622 components

Aluminum NMC622 Celgard2500 Lithium Kë K⊥
Thermal con-
ductivity [W
m−1 K−1]

238 1.58 1.21 84.8 52.27 2.25

Table 3.7: Thermal conductivity of lithium/NMC622 components

Tab. 3.8 summarizes density and heat capacity of all components.

Aluminum NMC622 Celgard2325 Celgard2500 Lithium Graphite Copper

Density [kg
m−3]

2700 4.87 1043 1043 535 2270 8960

Heat capac-
ity [J kg−1

K−1]

900 840.1 1688 1688 3582 881 385

Table 3.8: Density and heat capacity of both lithium/NMC622 and
graphite/NMC622 components

3.7 Model results and validation
All the electrochemical and thermal parameters evaluated above are inserted in the
Comsol code as input. For comparing model polarization curves and experimental
ones, coin cells have been assembled and cycled at different current rate, specifically
at C/10, C/5 and C/2. The Comsol codes have been runned at the same conditions
in order to compare the results.

3.7.1 Electrochemical validation

Figures below display charge and discharge polarization curve at C/10, C/5 and C/2.
The trend of both curves, experimental and model, is similar enough, especially
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at lower current rate. On the other hand, lithium/NMC622 coin cells cycled at
C/2, Fig. 3.11(b), shows a faster capacity fade and degradation, and in fact the
charge and discharge time is shorter than that of the model, even if the model
initial capacity is the same of experimental one.

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 3.9: Model and experimental voltage profiles at C/10

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 3.10: Model and experimental voltage profiles at C/5
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(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 3.11: Model and experimental voltage profiles at C/2

3.7.2 Thermal validation

In this section the thermal results are analyzed. But first of all, a summary of
main sources of heat inside cells is appropriate. The transport of ions from one
porous electrode to another is the source of irreversible heat. It is interesting to
notice that the heat contribution is different between charge and discharge due
to electrolyte properties dependence on concentration and temperature such as
diffusivity and conductivity. In current collectors region the only source of heat has
an ohmic nature by electrons conduction from tabs to electrodes. In the electrodes
region the heat generation has both reversible and irreversible contribution. The
lithium intercalation and deintercalation bring changes in the electrodes crystalline
structure, but it can be both endothermic and exothermic. The entropy factor
takes into account this phenomenon. The irreversible heat contribution is ascribed
to solid phase diffusion and kinetics of reaction, which are exothermic processes.
In contrast to electrochemical part, it has not been possible to validate the thermal
behaviour. Despite that, it is interesting to analyze thermal results. The cells are
charged and discharged at different current rate, as done in the electrochemical
part. At the beginning the cells are at room temperature, 298.15 K. As boundary
condition a natural air convection cooling ( heat transfer coefficient h=3.5 W m−1

K−1 and air temperature 298.15 K) is simulated.
Looking at Figs. 3.12, 3.13, 3.14, it is clear that the generated heat is less at
lower current rate, leading to a little temperature growth compared to ambient
temperature. At the beginning of graphite/NMC charging a small cooling effect is
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visible, Fig. 3.15. This phenomenon is also reported in other studies [[54], [49]]
and can be explained by entropy change at low SOC during Li+ deintercalation of
the NMC and the following intercalation of the graphite, processes more energy
demanding. Exothermic and endothermic processes do not balance each other
out, but heat sinks seem to prevail for a short period. Irreversible sources due to
diffusion and conduction resistance generate peaks in the heat flow rate at the end
of discharge and in fact a re-increase in temperature can be seen for SOC lower
than 5-10 %.
Reversible heat generated into lithium anode is not an important source of heat,
for this the entropy coefficient has been neglected. Probably due to nature of
the lithium arrangement in NMC622 electrode, the total reversible heat during
charging is more endothermic than discharging, which is more exothermic. So, for
this reason at C/10 and C/5 the temperature decreases for a while, as could be seen
in Fig. 3.16. Since reversible heat does not depend on C-rate, while irreversible
heat increases to C-rate growth, the endothermic effects totally disappear at C/2
and 1C.

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 3.12: Temperature distribution after a cycle at C/10
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(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 3.13: Temperature distribution after a cycle at C/5

(a) Graphite/NMC622 (b) Lithium/NMC622

Figure 3.14: Temperature distribution after a cycle at C/2
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Figure 3.15: Graphite/NMC-Temperature trend over time

Figure 3.16: Lithium/NMC-Temperature trend over time
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Chapter 4

Other tests

4.1 T-cell results

EIS technique is a powerful tool to investigate the relationship between crystal
lattice and electrochemical properties of the cell. A T-cell has been assembled as
explained in subsection 1.4.2, where the lithium foil acts as reference electrode
in impedance measurements. EIS measurements have been carried out after each
full cycle at C/10, in order to evaluate internal changing over operations. The
impedance measurements are performed between 100 kHz and 10 mHz, in whom
main electrochemical processes are visible.

Figure 4.1: Impedance measurements after 1st, 5th and 10th cycle
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The radius of semicircle appeared in the middle-low frequency range, Fig. 4.1,
decreases with the number of cycle, revealing a decrease of the charge-transfer
resistance across electrode materials. One reason applied to explain the phenomena
is that ionic conductivity of the materials increases, probably due to a more stable
SEI. In fact, the difference in radius between the first cycle and the fifth one is
larger than that between the fifth cycle and the tenth, a sign that the passivating
film forms mostly during the first charge/discharge process and is stable during
the latter charge/discharge cycles. Fifth and tenth cycle show at lower frequencies
the beginning of a diffusive tail, related to lithium ion diffusion across cathode
material. Surly, increasing frequency range, all these processes would be better
seen. Moreover, the frequency domain of impedance response of SEI is usually
found to overlap with that of the inductive component, which can not be seen, as
well as the electrolyte resistance. Fig. 4.2 and Fig. 4.3 show, respectively, EEC
used to fitting impedance data and fitting results.

Figure 4.2: EEC used to fit T-cell impedance data

Figure 4.3: Fitting results
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Chapter 5

Conclusions

The goal of this work is that of knowing better and optimizing lithium-ions batteries
technology, in order to boost the deployment of this kind of batteries in the electric
vehicles market.
The capacity fade of commercial NMC coin cells is studied as a function of time and
storage state of charge. In general, a faster degradation and increase in impedance
with time is evident at high SOC. Unfortunately, the temperature effects are
not taken into account due to lack of equipment. Impedance curve is fitted by
an equivalent circuit model whose components represent series and polarization
resistance, capacitive phenomena and diffusion processes. By fitting, the changes
of these parameters with time are evaluated. An increase in ohmic resistance such
as in parallel resistance is seen with storage time. On the contrary the depression
factor decreases because of a growth of the polarization semi-circle as well as an
increase in time constant of polarization. The trend of some of these parameters
is not so clear due to the short analysis time, only 30 days; in literature calendar
aging is studied for certainly longer period. The results of calendar aging have
shown a strong influence by characterization procedure and SOC resetting. In fact,
a faster capacity fade is noticed in coin cells characterized every 6 days and/or
re-charged up to SOC 100 %. Obviously, the real battery lifetime without any
electrochemical characterization is longer than that estimated in this study.
The Comsol model foretells the thermal and electrochemical behaviour of the
lithium-ions battery over a wide range of C-rates and number of cycles. It is
considered a powerful tool for optimizing NMC cells, evaluating cell performances
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and forecasting design or thermal issues before actual creation of coin cells in
laboratory. Moreover, this model could be easily conformed to other lithium-ion
types, changing electrode and electrolyte materials. Due to lack of information
in literature about both NMC622 as cathode and metallic lithium as anode some
approximations have been done for developing this model. Some parameters
referring to NMC662 have been assumed equals to NMC811 ones, material more
employed in lithium batteries market. Regarding metallic lithium, lithium insertion
equations, in place of Butler-Volmer equations, govern particles intercalation at
anodic side. Anyway Li anode is considered as a porous electrode, neglecting
entropy factor changes, but these assumptions have not been possible to compare
with other studies. Two important achievements in this thesis are the integration
of SEI formation and 3D thermal analysis, thanks to them the model gives more
truthful information about actual cell behaviour and takes in consideration the
effects of temperature on cell parameters as well. Finally, future works could
validate thermal analysis and try to include SEI layer growth on metallic lithium
surface.
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