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Der Berg als Sperre
Der Horizont als Hoffnung
Der Ausblick Ansporn

Lange wéachst der Baum,
Bis dass er stark und kraftig;
Die Zeit lasst reifen.

Das Grol3e zeigt sich
Im Kleinen, aber Kleines
Hat groflRe Wirkung.

Alles, was du machst
Ist richtig, denn es fordert

Deine Entwicklung.

Grole Schritte sind

Gut flr das Selbstbewusstsein.

Kleine fiir’n Erfolg.

In Allem Denken
Steckt die Kraft es bewegen

Und tun zu kénnen.

Ube Arbeit und
Geduld — so wirst Du reiche

Ernte einfahren.

The hill as edge
The horizon as hope
The prospect cheering

The tree grows along,
Until he’s robust and strong;

The time lets ripen.

The large shows in
The minor, but the minor

Has a big impact.

All, what you do is
Right, because it supports

Your evolution.

Big steps are good
For your self-confidence.
Small steps for success.

The power is in
All your thoughts to move and

Act successfully

Cultivate work
And patience — you will reap
Wealthy harvesting.

All dicta are written by Christian Hellwig in 2004 and translated into English in 2013. As
style the Japanese poetic form haiku was chosen which consists of 17 syllables in total com-
posed in the traditional “5-7-5" form.
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List of abbreviations

EC Ethylene carbonate

EMC Ethylene methylene carbonate
ES Energetically excited state
DMC Dimethyl carbonate

DOD Depth of discharge

FP Iron phosphate, FePO,
HFR High-frequency range

LFP Lithium iron phosphate, LiFePO,
LFR low-frequency range

Li Lithium, Lithium atom

Li* Lithium ion

LiyFePO, L FP, with0 <x<1

LiFP LixFePO,4, with 0 <x <1
MFR Medium-frequency range
ocv Open circuit voltage

OCP Open circuit potential

PC Propylene carbonate

PD Particle distribution

SEI Solid electrolyte interphase
SOC State of charge

SOH State of health
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Symbol Unit
a,-i -

A —

A m2/m3
AI\j:P,FP m?/m3
AY m2/m?3
b _

Co kg/m3
C; kg/m3
cgﬁ J/kg/K
coem J/mol
C, F/m?2

5i m/s?
D, m/s?

e C

E i

= v
Eo V
Eact J/mol
freI -
f(ci) -

= mol/C
f —_

AG J/mol
AH J/mol
[ A/m2

Description

Activity coefficient of species i

Pre-exponential factor (Warburg impedance)

Electric capacity area per volume due to double-layer
Active interface between LFP and FP

Initial active interface

Source term due to diffusion and chemical reactions of charged
species
Reference or initial concentration

Concentration of species i

Effective heat capacity

Chemical potential of species i

Electric capacity per area due to double-layer

Chemical diffusivity of species i
Diffusion coefficient of species i

Elementary charge (1.6 - 10 *° C)
Cell potential

Cell potential at equilibrium
Reference half-cell potential at equilibrium

Activation energy

Relative sensitivity factor

Activity coefficient dependent on concentration of species i
Faraday’s constant

Function depending on other parameters

Free Gibb’s reaction enthalpy

Reaction enthalpy

Current density
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iy Alm? Exchange current density

iy Alm3 Volumetric faradaic current density
i A/m3 Volumetric current density due to double-layer
Ji A/m? Current density of species i

Kp JIK Stefan Boltzmann constant

L m Length

I m Hopping length

M; g/mol Molar mass of species i

n - Crystallinity

P; - Model parameter, value

p;° - Model parameter, reference value
P - Model parameter, value variation

q; C Electrical charge of species i

o W/m3 Heat source per volume

r m Radius of particle

R J/mol/K  Ideal gas constant

Rsel Q Resistance due to SEI

S m?2 Contact area between electrolyte and sample
AS JIK/mol  Entropy

AgS J/IK/mol  Reaction entropy

Si JIK/mol  Molar entropy of species i

s mol/m3/s  Volumetric source term of species i
t S Time

ts - Transference number of cations

T K Temperature

Tq K Glas temperature

Teen K Temperature of cell

Tenv K Temperature of environment

u - Displacement vector

Vi m3/mol Molar volume

X m Location, direction

X, - Stoichiometry of intercalated lithium in bulk
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Xk - Molar fraction of species k

y m Location, direction

z - Number of transferred electrons
Zi - Number of electrons of species i

Greek letters

Symbol Unit Description

a W/m?/K  Heat transfer coefficient

a, - Anodic symmetry factor

a, - Cathodic symmetry factor

€ - Porosity

£ - Vacuum permittivity

&, - Relative permittivity

n \Y/ Overpotential

Vi - Thermodynamic factor

7. - Activation coefficient of positive or negative charged species
s - Activity coefficient of Lithium vacancies in bulk
K 1/Q/m Electric conductivity

A5 W/m/K  Effective heat conductivity

1 J/mol Electrochemical potential of species i

yn J/mol Chemical potential of species i

ul J/mol Standard chemical potential of species i

v Hz Hopping frequeny

v, - Stoichiometry factor of reaction correlated to species i
¢ \% Electric potential

A \/ Potential difference

ol kg/m3 Density of species i

oi S/m2 Conductivity of species i
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Indices

act
an
bulk
ca
conc
dl

el
€q

Li
max
ohm
pol

res

Activation

Anode

Bulk, solid-state phase
Cathode

Concentration

Double-layer

Electrode (anode and cathode)
Electrolyte

Equilibrium

Faradaic

Species i

Lithium

Maximum

Ohmic resistance
Polarization

Resistivity

Stoichiometry range 0 <x <1

Initial, reference or base value
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Summary

Summary

In this thesis the modeling and simulation of a LiFePOy-based lithium-ion battery was pre-
sented. For a better understanding of the behavior of the cell, a model was developed which

allows a detailed insight into occurring processes during operation.

Modeling framework. A multi-scale approach was used to describe physico-chemical
processes occurring on different time and length scales. It includes transport processes within
active materials and in a liquid electrolyte. Furthermore, a phase transition in the active mate-
rial of the cathode, LiFePQO,4, was included. Electron-transfer processes on particle surfaces
were considered which were coupled with incorporation of lithium ions into the active materi-
als. Structural information of a repeat unit was resolved. This enables the prediction of tem-
perature variation within the whole battery across the windings during operation. Besides Ki-
netic effects, the model includes thermodynamic information about the active materials of
both electrodes. It was separated into an enthalpy and entropy contribution as a function of
lithium concentration within the active material. Furthermore, a complex intercalation mecha-
nism was proposed for the cathode material. It describes the phase transition between
LiFePO, and the de-lithiated form FePO,. The results were separated into two parts: the mac-
ro-model is based on global kinetics and describes the electrochemical and the thermal behav-
ior of a complete battery. The micro-model focuses on the influence of the phase transition on

the electrochemical performance.

Experimental work. For model parameterization and validation, experiments were per-
formed using a LiFePO,-based lithium-ion battery of the company A123 systems with a nom-
inal capacity of 2.3 Ah. The focus of investigation was the electrochemical performance
(charge curves, discharge curves, electrochemical impedance spectra) and the heat production

and temperature variation under various conditions (current and ambient temperatures).

Macro-model. The macro-model showed a very good agreement with the experiments.
Discharge and charge simulations for different C-rates reproduce the experimental electro-
chemical behavior of the battery. This means that the thermodynamic properties of both elec-
trodes were correctly chosen from literature. Thermal simulations showed good agreement
with experimental temperature behavior at various ambient temperatures and C-rates. The

model allows the predictions of the internal temperature. Depending on applied current and
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Summary

ambient temperature, simulations predict that the temperature at the center of the battery is up
to 3 °C higher than at the surface. The internal temperature and the temperature distribution
during operation depend on the boundary conditions of the experimental setup. Heat produc-
tion and temperature variation correlate depending on applied current and ambient tempera-
ture. A general trend could be concluded: At high ambient temperatures, thermodynamic ef-
fects dominate the heat production. At low ambient temperatures, mainly kinetic effects affect
the heating. Additionally, an increasing current leads to an increase of heat production due to
a stronger kinetic contribution. While Kinetic effects always lead to a positive heat production,
heating due to thermodynamic properties depend on the current direction. As the electrode
reaction entropies exhibit sign changes, complex heating and cooling effects were observed.
The variation of temperature during cycling was successfully predicted. Regarding impedance
spectra, the macro-model predicts different behavior compared to the experimental results.
Although results are in a correct order of magnitude, the macro-model fails in reproducing

time-resolved processes correctly.

Micro-model. Motivated by the need for a better agreement with the experimental im-
pedance spectra, a more detailed model on the electrode scale was developed. It includes ad-
sorption reactions on particle surfaces, intercalation reactions and bulk diffusion of lithium
ions. Additionally on the cathode side, a phase transition was included to describe the charac-
teristic behavior of LiFePO,. Using this model, an improved agreement was obtained with
experimental impedance spectra and discharge and charge curves up to 1 C. To achieve
agreement for higher C-rates, the LiFePO,—FePO, interfacial area had to be modeled as cur-
rent and state-of-charge dependent. This shows that the interfacial processes are complex and
govern the cell behavior. We conclude that the interface functions as a buffer for lithium ions

depending on current and state of charge.

Conclusion. The main focus of this work was to describe and understand the electro-
chemical performance and the temperature behavior of a LiFePO4-based lithium-ion battery
under different ambient temperatures and applied currents. The developed macro-model was
shown to be sufficient for reproducing discharge and charge curves and thermal behavior of
the battery, while impedance spectra could not be fully reproduced. The developed micro-
model contains additional detailed information on the elementary kinetic level regarding in-
tercalation reactions and phase transition. Based on this model, it could be shown that the in-
terface of the LiFePO4—FePO, system acts as buffer for lithium ions.

13
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Compared to previous publications, for the first time this work shows the contributions of
thermodynamics and kinetics at different ambient temperatures and current requirements. For
the first time discharge / charge curves and impedance spectra of a full LiFePO,-battery are
shown comparatively and interpreted on the base of thermodynamic and kinetic effects of the

elementary kinetic micro-model and of the global kinetic macro-model.

Outlook. This work is a base for further investigations. A coupling of both models over
all scales is strongly recommended. This would enable the prediction of temperature distribu-
tion and electrochemical performance based on elementary kinetics. The assumed elementary
reactions on the cathode side could be further improved by assuming an energetically excited
state as interface. This could allow a more correct correlation between phase transition and
current requirement. Furthermore, the idea of an energetically excited state may be transferred
to the anode, too. This would open up the possibility to reproduce the behavior at different
states of charge and volume changes. Additionally, the current model with its elementary re-
actions forms a base for including further side reactions, such as SEI formation or lithium
plating. This will lead to a better understanding of aging and degradation behavior of a battery

cell.
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Zusammenfassung

In dieser Arbeit wurde die Modellierung und Simulation einer LiFePOy-basierten Lithium-
lonen Batterie vorgestellt. Fir ein besseres Verstandnis des Zellverhaltens wurde ein Modell
entwickelt, welches einen detaillierten Einblick in die wahrend des Betriebes ablaufenden

Prozesse ermdglicht.

Modellierung. Es wurde ein Multi-Skalen-Ansatz verwendet, um die physikochemi-
schen Prozesse, welche auf unterschiedlichen Zeit- und Langenskalen ablaufen, beschreiben
zu konnen. Er berlcksichtigt Transportprozesse in Aktivmaterialien und im flissigen Elektro-
Iyten. Desweiteren wurde der Phaseniibergang des kathodischen Aktivmaterials eingearbeitet.
Ebenso wurden Elektronentbertragungsprozesse berticksichtigt, welche mit der Einlagerung
der Lithium-lonen in das Aktivmaterial gekoppelt wurden. Auch die strukturellen Informatio-
nen einer Wiederholungseinheit wurden aufgeldst. Das Modell ermdglicht die VVorhersage von
Temperaturvariationen innerhalb der gesamten Zelle, welche wéhrend des Betriebes auftreten.
Neben kinetischen Einflissen beriuicksichtigt das Modell thermodynamische Informationen
uber die Aktivmaterialien beider Elektroden. Diese wurden in einen Enthalpie- und einen Ent-
ropieanteil als Funktion der Lithiumkonzentration in den Aktivmaterialien separiert. Deswei-
teren wurde ein komplexer Einlagerungsmechanismus fir das Kathodenmaterial vorgeschla-
gen. Es beschreibt den Phasenilibergang zwischen LiFePO,4 und der delithiierten Form FePO,.
Die Ergebnisse wurden in zwei Abschnitte unterteilt: Das ,,Makro-Modell“ basiert auf einem
globalkinetischen Ansatz und beschreibt das elektrochemische und thermische Verhalten der
gesamten Batterie. Das ,,Mikro-Modell* setzt den Schwerpunkt auf den Phaseniibergang und

dessen Einfluss auf die elektrochemische Arbeitsleistung.

Experimente. Zur Parametrierung und Validierung des Modells wurden Experimente
an einer LiFePOg-basierten Lithium-lonen-Batterie der Firma A123 systems mit einer Nenn-
kapazitat von 2.3 Ah durchgefiihrt. Der Fokus der Untersuchung bestand in der elektrochemi-
schen Leistung (Ladekennlinien, Entladekennlinien, elektrochemische Impedanzspektren) und
in der Warmeproduktion und Temperaturvariation unter verschiedenen Bedingungen (Strom

und Umgebungstemperaturen).

Makro-Modell. Das Makro-Modell zeigt sehr gute Ubereinstimmungen mit den Experi-

menten. Simulationen von Lade- und Entladevorgéngen bei verschiedenen C-Raten reprodu-
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zieren das experimentelle elektrochemische Verhalten der Batterie. Das bedeutet, dass die
thermodynamischen Eigenschaften korrekt aus der Literatur ausgesucht wurden. Thermische
Simulationen zeigen eine gute Ubereinstimmung mit dem experimentellen thermischen Ver-
halten bei verschiedenen Umgebungstemperaturen und C-Raten. Das Modell erlaubt die Vor-
hersage der Temperatur im Inneren der Batterie. Abhdngig vom angelegten Strom und der
Umgebungstemperatur sagt das Modell vorher, dass die Temperatur im Zellinneren bis zu
3 °C hoher als an der Oberflache sein kann. Die Vorhersage der inneren Temperatur und der
Temperaturverteilung wahrend des Betriebes hangt von den Randbedingungen des experi-
mentellen Aufbaus ab. Wéarmeproduktion und Temperaturvariation korrelieren miteinander,
was vom angelegten Strom und der Umgebungstemperatur beeinflusst wird. Eine generelle
Tendenz kann gefolgert werden: Bei hohen Umgebungstemperaturen dominieren thermody-
namische Effekte die Warmeproduktion. Bei niedrigen Umgebungstemperaturen beeinflussen
hauptséachlich kinetische Effekte die Erwarmung. Zusatzlich fuhrt ein erhohter Stromfluss
wegen eines starkeren Beitrags der Kinetik zu einer Steigerung der Warmeproduktion. Wéh-
rend kinetische Prozesse immer zu einer positiven Warmeproduktion fuhren, wird die Erwar-
mung, bedingt von den thermodynamischen Eigenschaften, von der Stromrichtung mitbeein-
flusst. Weil die Entropien der Elektrodenreaktionen einen Vorzeichenwechsel durchlaufen,
wurden komplexe Erwdarmung- und Kuhlungseffekte beobachtet. Die Temperaturvariation
wahrend des Zyklisierens wurde erfolgreich wiedergegeben. Betrachtet man die Impedanz-
spektren, gibt das Makro-Modell ein anderes Verhalten wieder als die experimentellen Ergeb-
nisse. Obwohl die Ergebnisse in der korrekten GréRenordnung liegen, ist das Makro-Modell

nicht in der Lage, zeitaufgelOste Prozesse korrekt zu reproduzieren.

Mikro-Modell. Motiviert von dem Ziel, eine bessere Ubereinstimmung mit den experi-
mentellen Impedanzspektren zu erhalten, wurde ein detaillierteres Model auf der Elektroden-
skala entwickelt. Es beinhaltet die Adsorptionsreaktionen auf Partikeloberflachen, Interkalati-
onsreaktionen und Festkorperdiffusion von Lithium-lonen. Zusétzlich wurde auf Kathoden-
seite ein Phasenwechsel miteingebunden, um das charakteristische Verhalten von LiFePO,
wiederzugeben. Die Anwendung dieses Modells fiihrte zu einer verbesserten Ubereinstim-
mung mit Experimenten in Bezug auf Impedanzspektren und Entlade- und Ladekennlinien bis
zu 1 C. Um Ubereinstimmung mit hoheren C-Raten zu erhalten, wurde die Grenzflachen-
schicht strom- und ladungszustandsabhéngig modelliert. Das zeigt, dass die Grenzflachenpro-
zesse komplex sind und das Zellverhalten beeinflussen. Daraus kann gefolgert werden, dass
die Grenzflache als Puffer fir Lithium-lonen fungiert, welche vom Strom und Ladungszu-
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stand abhangig ist.

Ergebnis. Der Hauptfokus dieser Arbeit war es, das elektrochemische Verhalten und das
Temperaturverhalten einer LiFePOg-basierten Lithium-lonen-Batterie bei verschiedenen
Temperaturen und angelegten Strémen zu beschreiben und zu verstehen. Es wurde gezeigt,
dass das entwickelte Makro-Modell ausreicht, um Entlade- und Ladekennlinien oder thermi-
sches Verhalten der Batterie wiederzugeben, wéhrend Impedanzspektren nicht reproduziert
werden konnten. Das entwickelte Mikro-Modell beinhaltet zusétzlich detaillierte Informatio-
nen auf der elementarkinetischen Skala, bezlglich Interkalationsreaktionen und Phaseniber-
gang. Mit diesem Modell konnte gezeigt werden, dass die Grenzflache des LiFe-
PO,—FePO,—Systems als Puffer flr Lithium-lonen agiert.

Im Vergleich zu friheren Arbeiten zeigt diese Arbeit erstmals die Beitrdge von Thermodyna-
mik und Kinetik bei verschiedenen Umgebungstemperaturen und Stromanforderungen. Erst-
mals werden Kennlinien und Impedanzen einer ganzen LiFePO,-Batterie gleichzeitig auf Ba-
sis von thermodynamischen und kinetischen Effekten des elementar-kinetischen Micro- und

des global-kinetischen Macro-Modells vergleichend dargestellt und interpretiert.

Ausblick. Diese Arbeit stellt die Grundlage fir weiterfihrende Untersuchungen dar. Das
Verknipfen beider Modelle tber alle Skalen hinweg wird stark empfohlen. Das wirde die
Vorhersage von Temperaturverteilung und elektrochemischer Leistung auf Basis von Elemen-
tarkinetik ermdglichen. Die angenommenen Elementarreaktionen auf Kathodenseite kénnen
durch die Annahme eines energetisch angeregten Zustands an der Grenzflache weiter verbes-
sert werden. Der Zusammenhang zwischen Phaseniibergang und Stromanforderungen kénnen
damit besser dargestellt werden. Desweiteren kann die Idee eines energetisch angeregten Zu-
standes auch auf die Anode Ubertragen werden. Das wirde die Maoglichkeit er6ffnen, das
Verhalten bei verschiedenen Ladungszustdnden und Volumenanderungen zu reproduzieren.
Zusétzlich bildet das derzeitige Modell mit seinen elementarkinetischen Reaktionen eine
Grundlage fur die Erweiterung um weitere Nebenreaktionen, wie SEI-Bildung oder Lithium-
ablagerung. Das wird zu einem besseren Verstdndnis vom Verhalten bei Alterungs- und

Schadigungsvorgangen der Batterie flihren.
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Introduction

1 Introduction

In the recent years, lithium-ion batteries became more and more important. They are used in
laptops, mobile phones and, lately, in cars or even in airplanes. They offer electrical energy
storage with high efficiency. In spite of the daily use, the behavior of a lithium-ion battery is
not entirely understood today. Besides capacity losses and cycling degradation with operating
time, accidents were also reported wherein batteries caught fire caused by side reactions. The-
se thermal run-away events initiated detailed research investigations in science and industry in
order to tackle safety issues. Also, an ongoing task is the estimation of the state of charge
which depends on charge-discharge history and the battery age expressed as state of health.
Further understanding of processes occurring within the battery is necessary to improve bat-
tery lifetime and cycling performance.

Batteries have been known and used for over two hundred years. Volta discovered the princi-
ple of the electrochemical cell already in 1799 [1]. Around twenty years ago the importance
of batteries increased immensely. For portable electronic applications batteries were needed
with more power, higher capacity and less weight. To satisfy the rising energy demand, many
investigations were dedicated to different battery types. Already 100 years ago the lead-acid
battery was in use. Despite several advantages, like low material and production cost, it offers
only a low energy density. Figure 1 shows the different battery types and the development
towards higher volumetric and gravimetric energy density, which means an improvement to-
wards smaller sizes and lighter weights [2]. To increase the energy density, different battery
types were developed, including Ni-Cd- and Ni-metal-hydride-batteries. Today the highest
energy density is offered by lithium-ion batteries. Lithium is the lightest metal with a molar
weight of 6.94 g/mol and the most electropositive element with a voltage of —3.04 V versus a
standard hydrogen electrode. It has a density of only 0.53 g/cm? which makes it favorable for
high-energy-density batteries. The existing challenges concern further improvements of life-
time, safety, reliability and cost. Current batteries loose capacity and power during their life-
time caused by aging mechanisms, e.g., formation of a solid electrolyte interface or lithium
plating. These aging mechanisms may affect other side reactions which can lead to dangerous
reactions like thermal runaway, internal short circuit, etc. These mechanisms are strongly
temperature dependent and not well understood. To avoid safety risks, not only applied cur-

rent and temperature, but also the state of a battery plays an important role.
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Figure 1: Comparison of different types of batteries with their volumetric and gravimetric
energy densities, based on Tarascon et al. [2]. In contrast to the other battery types, a
plastic lithium-ion battery (PLiON) does not contain free electrolyte.

Modeling and simulation of batteries offer more detailed insight into processes which are dif-
ficult to measure experimentally. Detailed information can be obtained regarding occurring
processes or side reactions taking place. Furthermore, prediction of battery behavior under
extreme conditions, such as thermal run-away, is possible.

This work contributes to these topics by focusing on the electrochemical and thermal perfor-
mance of a LiFePO4-based lithium-ion battery. The aim is to reproduce charge / discharge
curves, impedance spectra and thermal behavior using the developed models to obtain a better
understanding. In chapter 2 a general overview of batteries, their construction and materials,
and their electric and thermal behavior is given. This chapter ends with an overview of the
recent research investigations in literature concerning modeling and simulations of batteries.
For validation experimental work has been performed which is presented in chapter 3. In
chapter 4 the development of two models is presented. The first model, called macro-model,
is used and discussed in chapter 5. The second model, called micro-model, is an extended
model of the macro-model. Results are presented in chapter 6. The thesis is closed by a sum-
mary.
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2 Background

2.1 Overview

In this work a commercially available 26650-size LiFePOj-based lithium-ion battery pro-
duced by A123 with a nominal capacity of 2.3 Ah is studied. In the present chapter a general
introduction about lithium-ion batteries is given. It treats the function, construction and typi-
cal behavior of batteries. This is followed by a special focus on graphite and LiFePO,4, where
a general explanation of the materials and their typical behavior is given. Additionally, aging
mechanisms, like solid electrolyte interface growth or lithium plating, are mentioned, which
may occur during usage. Closing this chapter a general overview on the literature is given

concerning modeling and simulation of batteries and their compounds.

2.2 Lithium iron phosphate based lithium-ion battery

2.2.1 Motivation

The motivation for using lithium iron phosphate based lithium-ion batteries is due to the cath-
ode material lithium iron phosphate (LiFePO,4, LFP). This material offers lower production
costs due to the use of iron instead of other metals like Co, Ni, Mn, etc. An important aspect is
also the intrinsic safety of the host material, which is FePO,4 (FP). FP is an intercalation com-
pound which stores lithium ions and has a stable configuration independent on the lithium-ion
concentration. The stability of other materials depends on the lithium-ion concentration, e.g.,
lithium cobalt oxide (LiC0O,) is stable at room temperature but not in its pure form of CoO..
Only 50 % of the lithium-ion concentration can be extracted from the host material yielding
LigsC00,. Further extraction, as would happen upon overcharge, will lead to heavy exother-
mic reactions and, therefore, to a destruction of the battery. This already happened to some
batteries applied, e.g. in laptops and cars, which caught fire within minutes. LFP does not
show such behavior and, therefore, it offers more safety in battery technology.

2.2.2 General design and functionality

Lithium-ion batteries have different setups depending on their application. The pouch cell,
also called coffee bag cell, is flat and offers a good possibility for stacking, e.g. in cars. The
most popular and well known batteries are the cylindrical and prismatic cells used in mobile
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Figure 2: Construction of a cylindrical cell with the order of sheets of a repeat unit.
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Figure 3: Repeat unit of a battery.

phones or cameras. All have in common that the construction consists of different sheets
stacked together. These sheets build a repeat unit which are winded, or stacked, and packed in
a container. The construction of a cylindrical cell and the order of sheets of one repeat unit are
shown in Figure 2. In Figure 3 the construction of a repeat unit is shown in more detail. A
repeat unit consists of an anodic current collector connected to the anodic electrode, a separa-
tor, the cathodic electrode and a cathodic current collector (Figure 3). All sheets are wetted

with liquid electrolyte containing a conducting salt. Due to this stacking compact construc-

tions are possible.

In the battery investigated in this work, the negative current collector consists of copper. It is

connected to graphite which is the active material of the anode and is represented in Figure 3,
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by showing few graphene layers to illustrate the coordination of lithium ions. The positive
current collector consists of aluminum, and the active material LiFePO, forms the cathode.
Here, the crystal structure of LiFePO, is used to illustrate the coordination of lithium ions.
Between anode and cathode a separator is implemented to avoid direct contact of both elec-
trodes (cf. Figure 2). The whole repeat unit is filled with liquid electrolyte containing salt to
ensure the ionic conductivity. Here, often LiPFs is used. The function of a battery is quite
simple and is shown in Figure 3, too. During the discharge process the electric current flows
from the current collector of the anode to the current collector of the cathode through an ap-
pliance, e.g. a light bulb. Keeping the charge balance, lithium-ions have to move from anode
to cathode crossing the separator. The transport can be described in the following way. Lithi-
um ions are intercalated within the matrix of the graphite structure at which Lithium is stored
as ion between the graphene layers and the electron is delocalized in the conjugated z-system
of the graphene layers. Applying an electric current, the lithium ions move to the particle sur-
face where they are solvated by molecules of the liquid electrolyte. Then they diffuse and
migrate through the separator to the cathode. On the surface of a cathode particle the interca-
lation of lithium takes place while losing of the solvation shell. To be more specific, the elec-
tron is transferred to the iron ion changing the oxidation state. This leads to a structural rear-
rangement due to the change of electron density around the iron ion. Then the insertion of
lithium ions occurs. The latter can be also used as description for the lithium-ion transport in

LiFePO,4. While charging the battery, the process converts into the opposite direction.
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Figure 4: Generalized half-cell potentials of different materials depending on their capaci-
ty, based on Tarascon et al. [2].
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This procedure and construction, described above, is nearly the same for each type of lithium-
ion battery. They mainly differ in a use of various active materials. Each active material has a
different half-cell potential and, therefore, an influence on the cell potential. The cell potential
is the difference of the half-cell potentials of each electrode. Due to this fact the cell voltage
depends on the active material. In Figure 4, a generalized overview of active materials is giv-
en [2]. It shows that pure lithium metal provides the best capacity (ca. 4000 Ah/kg) and half-
cell potential (0 V per definition) of anodic active materials. Unfortunately pure lithium metal
is not easy to handle while producing cells. Here, use of graphite or other carbon compounds
provide advantage over lithium in terms of handling and lower costs. They have less capacity
compared to pure lithium metal and slightly higher half-cell potentials. The active materials of
the cathode show high half-cell potentials which are around 3 — 5 V. Usually, lithium-metal-
oxides are used with elements like Fe, Co, Mn, Ni, etc, or mixtures of these compounds. The
capacity of around 200 Ah/kg is small. Due to this fact the cathode is the limiting compound
in the battery concerning capacity. Therefore, the current focus of the investigations in the
battery research community is on the cathode in order to compensate the small capacity while

increasing the half-cell potential and the energy density.

2.2.3 Anode materials and properties

On the anode side three types of active materials are used: pure lithium metal, lithium alloys,
and graphite. Lithium metal is the lightest element and the most electropositive vs. a standard
hydrogen electrode. It has the highest capacity of ca. 4000 Ah/kg [2]. This makes it favored as
anode active material. In the battery community, pure lithium metal is also used as standard
reference electrode. Therefore the half-cell potential is set to 0 V per definition. The handling
of pure lithium during battery manufacturing is difficult due to strong reactions with oxygen
and water. This increases the cost of production. Further safety aspects forbid the use of pure
lithium metal, like dendrites growth, which is explained in more detail in chapter 2.4.

Therefore, nearly every commercial battery consists of graphite, which is less expensive and
easier to handle. Other materials are lithium metal alloys consisting of Sn and other main
group elements. Compared to graphite they show higher capacities. However, these alloys
tend to volume change during insertion of lithium ions. Due to this effect lithium alloys are

rarely used usually.
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Figure 6: Half-cell potentials of different anode-types used in literature [3-6].

The most common material is graphite, as mentioned above. It offers a low half-cell potential,
is cheap and easy to handle in production. Unfortunately the capacity of around 400 to
600 Ah/kg is low [2]. Generally, there are two different types of graphite: natural graphite and
synthetic graphite. They show characteristic half-cell potentials which are explained in detail
in the following. In Figure 5, the half-cell potential of natural graphite is shown with its char-
acteristic shape [3]. It can be noticed that the half-cell potential changes with stoichiometry.
Stoichiometry is the amount of intercalated lithium over the maximal amount of lithium
which can be stored and has a value between 0 and unity, corresponding to x in LixCs. At a
stoichiometry towards O the half-cell potential is quite high with around 0.7 V. With increas-
ing stoichiometry the potential decreases to nearly 0.1 V. The progressive form shows signifi-
cant potential changes depending on stoichiometry x. This can be explained by a lithium-
concentration change in the graphene layers [7]. The intercalation proceeds over several re-
gions of continuously declining potential (Figure 5) [3,8]. The sharp discontinuities indicate
phase transitions, e.g. LiC1, — LiCg. The first stage transition is around x = 0.08 which corre-
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sponds to high-order stage transfer. The succeeding transitions are around x = 0.26 and x =
0.55 which correspond to lower-order stage transition from stage 111 to stage Il and stage 1l to
stage |, respectively. Depending on the production process, the stage transitions are more or
less intense [9]. Especially synthetic graphite shows a smoother distribution of the half-cell
potential [4]. Such comparison is given in Figure 6. It shows the half-cell potential of natural
graphite and synthetic graphite (MCMB 750) measured by Reynier et al. [3,4]. Additionally,
two polynomial expressions are shown which are used in models by Doyle et al. and Sikha et
al. [5,6]. It is worth noting that these expressions neglect the typical phase transitions. Espe-
cially the work of Doyle shows that the expression was fitted to experimental data of natural
graphite.

A practical electrode consists not only of active material, but also of additional components
such as carbon black and binder. The latter is necessary to fix the particles and to keep the
structure. Carbon black is added to ensure a good electric conductivity. It can be assumed that
also carbon black contributes to lithium storage due to adsorption on carbon black surfaces
and, therefore, it influences the half-cell potential, too. In this work it is assumed, that the total
contribution is due to the active material, which is graphite, and not due to added carbon
black. Unfortunately for most commercial cells, including the one investigated in the present
work, it is unknown which type of graphite is used. Therefore comparisons of different graph-
ite types were performed using half-cell potentials and scanning electron microscopy pictures
of Wissler et al. [9]. In this work, it is assumed that natural graphite is used. Further infor-

mation is given in chapter 3.

2.2.4 Cathode materials and properties

Many different cathode materials, including LiCoO; and LiFePOy,, are being used in lithium-
ion batteries [2]. For these materials the half-cell potential is high and around 3—5 V vs. Li/Li*
(Figure 4). There are two kinds of electrodes: intercalation and conversion electrodes. The
intercalation electrodes are materials which function as a host material where lithium ions can
intercalate. A typical example is LiCoO,. This compound and its derivatives, which include
other metals like Ni, Co, Al (NCA) or Ni, Mn, Co (NMC), are the most used cathode materi-
als. They offer a high half-cell potential and a higher energy density compared to LiFePO,.
Usually, these intercalation materials show a characteristic half-cell potential which is de-
pendent on the concentration of intercalated lithium. With increasing discharging the half-cell
potentials of intercalation materials have a negative slope. This is shown in Figure 7 a) for

LiCoO, [10]. Due to this the determination of SOC is easy and exact. However,
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Figure 7: Characteristic half-cell potentials of a) LiCoO, and b) LiFePO, versus stoichi-
ometry [10,11].

this can be a detriment requiring constant voltage. A change in crystal structure accompanied
by a volume change can be observed due to insertion or extraction of lithium [9,10]. Addi-
tionally, the crystal becomes unstable due to structural changes. This means that not the whole
amount of lithium can be used. In case of LiCoO, only 50 % of lithium can be extracted form-
ing LipsCoO; (cf. Figure 7 a).

Conversion electrodes do not show such a behavior. During the process of charging or dis-
charging two different phases are coexistent. This results in a half-cell potential which is near-
ly constant over a wide range of SOC. LiFePO, has a half-cell potential of around 3.4 V vs.
Li/Li* and is given as an example in Figure 7 b) [11]. Although, FePO, is a host material for
lithium intercalation forming LiFePO, and, due to this, it can be counted to the intercalation
electrode materials, it shows a half-cell potential behavior of a conversion electrode (Figure
7 b). This relatively flat discharge curve can be explained due to this fact that two phases,
LiFePO, and FePO,, are coexisting [14]. Both phases are stable therefore the total range of
stoichiometry can be used. It means that the complete amount of lithium is available for
charge-transfer processes within the battery.

In this work the active cathode material of the battery consists of lithium iron phosphate (LFP,
LiFePQO,). LFP has a capacity of 170 Ah/kg and a half-cell potential around 3.4 V vs. lithium
metal. In Figure 8 the crystal structure of LFP is shown [15]. The blue shaded sites are octa-
hedra, occupied by Fe ions, and the green shaded tetrahedral, occupied by P atoms. Lithium
ions occupy octahedral sites and are shown in yellow-red circles. Black lines represent the
elementary unit cell. Along the c-axis the 1D-diffusion path of lithium ions can be seen. As
mentioned above, LFP and the de-lithiated form FePQO, (FP) are both stable. Both phases have
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Figure 8: Crystal structure of LiFePO, along the c-axis [15].

olivine-type orthorhombic structures. LFP has the triphylite phase and FP the heterosite phase
[16]. During charging and discharging both phases coexist within one particle [14]. However,
there is no agreement about the interface between these phases in literature. Also, the occur-
rence of an interfacial zone is controversially discussed [17]. Dodd et al. made further investi-
gations in different LFP phase compositions [17]. They observed a disordered phase which
consists of LiyFePO,4 with x between zero and one. Additionally, they showed the temperature
dependence of the phase formation during manufacturing. This disordered solid solution of
LixFePO,4 occurs above around 200°C. Between 200 and 300°C a mixture of the disordered
solid solution and either a heterosite or triphylite is present. Above 300°C only the phase of
disordered LixFePQO, exists [18]. This shows that the manufacturing of LFP particles (size,
temperature, solvent, etc.) can have an immense effect on the behavior measured later on.
Also, the transport of lithium within the interfacial zone is not clarified. Delmas et al. con-
cluded that LFP is a 1D-lithium-conductor along the c-axis of the elementary cell, and lithium
transport takes place in the interfacial zone, where the lattice parameters changes depending
on lithium chains [14]. But Li et al. reported that lithium diffusion along the b-axis is possible,
too [19]. The distances of hopping places are nearly the same. This means that it is not clear if
LFP isa 1D or a 2D conductor.

The phase-front propagation during cycling is not really understood. Delmas et al. proposed
that the propagation is perpendicular to the lithium diffusion [14]. On the other hand Sriniva-
san et al. developed a model which describes the propagation in parallel to the lithium diffu-
sion [20]. This model is known as shrinking core model. Here, it is assumed that the particles
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are spherical and the complete surface is active for intercalation reactions. During discharging
the phase-front propagates coming from the surface creating a shell of a lithium-rich phase
which surrounds a lithium-poor core. In the reverse process, i.e. charging, a shell of lithium-
poor material surrounds the lithium-rich core. It can be visualized like a tree-ring structure.
This proposal is in strong contrast to the presentation that LFP is a 1D-lihtium conductor.
Concerning the stability of these coexisting phases Dreyer et al. proposed that two phases
within a particle are less stable than a single phase [21]. Due to this it is assumed that one
particle after another is filled instead of all particles in parallel. In case that some particles are
not completely filled, for reaching equilibrium it is proposed that a rearrangement occurs
leading to particles consisting of either a lithium-poor or a lithium-rich phase.

Additionally LFP shows an asymmetry in charge and discharge behavior. The half-cell poten-
tial while charging is higher than while discharging. This effect can also be seen at very small
currents. Morgan et al. explained it due to different diffusion velocities and calculated hop-
ping energies of 270 meV for LFP and 200 meV for FP [22]. This confirms the multi-particle
model of Dreyer et al. Another challenge when using LFP is the low intrinsic electrical con-
ductivity [18]. To improve the electrical performance, Li et al. propose to minimize the parti-
cle size, to add carbon coating and to dope this material with supervalent cations [23]. Also
Dominko et al. concluded that carbon coating has an immense influence on the performance
of the battery. They showed that the thicker the coating is, the worse the recovered capacity
will be [24]. In this work we assume that the particles are carbon coated because no graphite
particles were visible in scanning electron microscopy pictures explicitly. The particle con-

glomerates are fixed with polymer. Further information is given in chapter 3.

2.2.5 Separator, electrolyte, current collector, container and pole caps

The separator has the important role within the battery of excluding a direct contact between
anode and cathode. Besides, many other conditions are required [24,25]. To ensure a good
lithium-ion transport, which results in a low ohmic resistance, the thickness of the separator
should be very small while keeping mechanical stability. Additionally, necessary for a good
transport is a well-defined pore size with a large porosity and high permeability. Also, the
separator should wet easily in the electrolyte and retain the electrolyte permanently for in-
creasing cycling life. Safety issues are present permanently. It has to be ensured that the mate-
rial is chemically stable against electrolyte and electrode materials and under strongly reduc-
tive and oxidative reactions. Also thermal stability is necessary to avoid shrinkage or melting

of the separator which can result in a direct contact of the electrodes. This temperature de-
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pendence can be used otherwise to improve safety in form of a shutdown mechanism. This
means that the transport of lithium ions is blocked due to melting of the polymer reaching its
melting temperature. For example, polyethylene-polypropylene (PE-PP) bilayer separators,
which are used currently in batteries, have ~130 °C shutdown temperature (melting point of
PE) and ~165 °C melting temperature (melting point of PP). This combination provides a
shutdown mechanism without losing mechanical integrity. In theoretical studies it is assumed
that the separator has no influence on diffusion and no interaction with charge transport.
However, it could be shown that the conductivity of electrolyte also in the separator region
can be improved by adding ceramic crystallites like sand (soggy sand). It is assumed that the
surface of these particles improve the rate of transport of lithium ions due to movements at
grain boundaries [24,25]. In this work the separator was extracted from the battery and was a
white sheet of a polymer. No coating with ceramics was observed. For further information see
chapter 3.

The electrolyte has a very important role to fulfill. It has to conduct the ions for charge trans-
fer from electrode to electrode, has to be stable over a wide range of potentials, and has to
solvate the ions in such a way that the ion pair is separated, but not too strongly to ensure a
good intercalation reaction at the electrode surface by opening the solvation shell [26]. The
most popular electrolyte materials in literature are ethylene carbonate (EC), dimethyl car-
bonate (DMC) and diethyl carbonate (DEC) and their mixtures [27]. In commercial batteries
additives are added to the electrolyte solvent. These additives have several functions [28].
One is that additives are more unstable against strong potential differences. This means that
these additives react first in side reactions instead of electrolyte molecules ensuring the integ-
rity of the electrolyte. In this case the additives react to gaseous CO or CO, which can be let
out with pulps. In every electrolyte a leading salt is dissolved. In literature LiPFg is used usu-
ally. LiBF, or others are well known, too. It is important that the negative charge of the anion
is widely distributed within the molecule or sterically shielded that ion aggregation does not
occur and the whole amount of lithium ions contributes to conductivity. In the present work
all sheets are wetted with liquid electrolyte with a composition of 4:6 EC:EMC. The conduct-
ing salt is LiPFg with a concentration of 1.2 mol/l [29].

The current collector on the anode side is copper leading to the negative pole where a safety-
vent is implemented. The current collector on the cathode side consists of aluminum and is

directly connected with the positive pole cap. Further information is given in chapter 3.
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2.3 Thermal behavior of a battery

In the recent years lithium-ion batteries are largely used in mobile or portable applications,
such as laptops, mobile phones or even in electric-driven cars. The increasing demand on this
battery type leads to research in materials gaining improved capacity and cycle life and max-
imizing power and energy density [30]. Also, thermo-management is an important topic for
car and plane industries. Due to higher power and energy densities, property hazard and safety
issues have to be considered. Especially thermal run-away is a major problem which must be
solved. Thermal run-away means strong self-accelerating heating, which is caused by an exo-
thermal reaction that involves the electro-active material, binder and organic solvent [31].
This may happen when the ambient temperature rises or the heat conduction out of the cell is
not efficient enough. Unfortunately, the reason for thermal run-away is not fully understood.

Many investigations were performed in order to understand and to predict the temperature
behavior of a cell during operation [30,32,33]. For example Hatchard et al. performed oven-
exposure tests to simulate high environmental temperatures [34]. Not only inner temperature
leads to fatal effects. At high ambient temperature the occurrence of side reactions, like solid
electrolyte interface formation, is increased. They lead to an enhanced aging of the battery,
which results in capacity losses and lower cycle life [26,35]. For cooling batteries to avoid
these effects, several techniques are applied, like cooling the outer shell or the terminals of a
battery [36]. Also, low ambient temperatures have an effect on the performance of a battery.
Due to higher internal resistances, a loss of capacity can be observed during operation [35].
By rising the ambient temperature, the capacity can be reproduced reversibly. But due to
slower kinetic reactions, other side reactions may occur, like lithium plating which result in
aging of the battery, too. Being aware of the temperature dependence of a battery, companies
give a temperature range for usage where side reaction may not have big influences on per-

formance and aging. Therefore the temperature control of batteries is an important task.

2.4 Aging mechanisms

2.4.1 Overview

During operation batteries undergo many processes leading to capacity loss and higher inter-
nal resistances. These phenomena are summarized as aging. Many aging mechanisms are
known but they are not well understood yet. Most of them appear during operation and be-
come more dominating with time. There is solid electrolyte interface (SEI) formation occur-

ring at the very first cycles mainly. Lithium plating can be named occurring at lower tempera-
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tures. These two aging mechanisms are important; therefore, more information is given in the
next subchapters. Other side reactions may occur, too, like forming gas due to electrolyte de-
composition or separator shrinking which can lead to direct contact of both electrodes causing
an internal short circuit. Also known is the fact that the particles crack due to inner lattice
forces. The result is a worse connection to electronic conducting materials like carbon black
and, therefore, a loss of available host material for intercalation, which means a loss of ca-
pacity. Further mechanisms can be found in literature [26,35].

2.4.2 SEI formation

SEI formation is a side reaction occurring especially at the beginning of the first charge pro-
cess. SEl is the abbreviation for solid electrolyte interface. It describes that a thin film precipi-
tates on the electrode surface (Figure 9) [26]. Usually, this is observed on the anodic elec-
trode. The reaction mechanisms and the structure and composition of the SEI are not com-
pletely understood. It is known that the half-cell potential is not within the potential range in
which the electrolyte keeps stable. This leads to a decomposition of the electrolyte and then to
a production of a particle-covering surface film. It is assumed that this interphase production
is due to a radical mechanism [28,37,38]. Wang et al. proposed that the lithium ion is solvated
by a shell of electrolyte molecules [39]. This shell has to be opened when the ion adsorbs on
the electrode surface. During intercalation of the ion into the graphene layers, in case of
graphite as anode material, the distance of the layers increases. Then, it is possible that some
electrolyte molecules may enter and react forming radicals and creating the SEI. This for-
mation occurs in the first cycle and grows in every cycle reducing the capacity slowly. It can
be noticed that this results in a capacity loss due to consumption of lithium ions and to an in-

crease of the resistance due to a worse transport towards the anode and blocked adsorption

sites.
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Figure 9 : SEI formation due to solvent decomposition at anode surface, based on Vetter
et al. [26].
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2.4.3 Lithium plating

Lithium plating is a side reaction on the anode side which may occur at temperatures below
0°C. It means that pure lithium metal precipitates on the surface of the particles (Figure 10).
This precipitation leads to dendrite growth which is a dangerous side reaction. These den-
drites may grow through the separator and may contact the cathode material. The result is an
internal short circuit which can destroy the battery immediately. This is a reason for a thermal
runaway.

The mechanism and the occurrence of lithium plating are not fully understood. It can be as-
sumed that at lower temperatures the intercalation reaction is the rate-limiting step. Depend-
ing on the applied current, and mostly at higher C-rates, the electron demand has to be ful-
filled and the electron transfer reaction becomes more evident than the intercalation reaction.
In this case surface-adsorbed lithium-ions are reduced immediately instead of intercalating
into the host material. When the first lithium metal occurs on the surface the intercalation sites
are blocked and the lithium plating becomes dominant. In parallel to this metal production,
the SEI formation increases, too, because the metal creates new reactive surface sites to de-
compose electrolyte molecules.

Until now no efficient mechanism is found to avoid or minimize this effect. To circumvent
plating the batteries should not be charged at low temperatures under high current conditions.
To reduce the dendrite growth polymer electrolytes can be used. Due to the polymer with its
diffusion pathways the dendrites have to grow along these channels, which make it more dif-
ficult to reach the cathode material.
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Figure 10: Lithium plating due to metal deposition accompanied by SEI formation, based
on Vetter et al. [26].

32



Background

2.5 Modeling and simulation

2.5.1 History of battery modeling

Although batteries are known for more than hundred years (Volta invented the first battery in
1799), many processes are not really understood. With increasing importance of mobile and
portable electric applications, the need of batteries is still growing. Many investigations were
carried out to understand the battery behavior over different time and size scales. However
experimental research is difficult to carry out in-situ and is limited in resolution, depending on
the experimental setup. To understand the battery in a theoretical way, based on equations
describing physical and chemical behavior, models were presented already in the 1970s.

In 1973 Newman reviewed the current developments of porous electrodes surrounded by lig-
uid electrolyte with regard to simulate primary and secondary batteries, adsorption of ions,
double-layer charging and flow-through electrochemical reactions [40]. Based on their work,
many groups published further investigations regarding reactions and transport in electrolyte
and electrodes. Still up to now Newman’s investigations are the base for current battery simu-
lations. Newman investigated a model based on porous electrode theory which is a macro-
homogenous approach. The material balance is described using concentrated solution theory
within the liquid phase and assuming Fickian diffusion in spherical coordinates in the solid
phase [41].

Doyle et al. used Newman’s approach to simulate galvanostatic discharge of lithium-ion cells
based on an isothermal electrochemical model [42—44].

Later Newman’s model has been extended by Pals and Newman, Song and Evans and Wang
et al. to include an energy balance for thermal calculations predicting cell temperature
[45,46]. Pals and Newman used an averaged heat generation method while Song and Evans
modeled the heat generation locally. Doyle combined his electrochemical approach with the
local heat generation of Song and Evans and Wang et al. to be more accurate in predicting cell
temperature.

Today Newman’s model is a base for further understanding of processes inside of the battery
and creates a platform for discussions and comparisons. For example, Lai et al. compared
Poisson-Nernst-Planck equation with Newman’s model showing only equations without any
simulations [47]. Also, Botte et al. made a summary of battery modeling, comparing different
model approaches and mathematical solutions [32]. Santhanagopalan et al. made a review on
models for predicting the cycling performance of lithium batteries [48]. Fuller et al. modeled

relaxation phenomena for cells with lithium foils as anode [49]. Later they extended their
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model by replacing the lithium foil by an intercalation material like graphite [50]. Further
developments of models needed the incorporation of more specific behavior of the active ma-
terials, like conduction phenomena. This was reviewed by Park et al. concerning lithium-ion
batteries [51]. Even step by step the material’s behavior was investigated and could be in-
volved in battery models. The time-resolved history of new approaches, concerning cathode
materials and their behavior, is given in the review of M. S. Whittingham [52].

Due to the complex processes occurring inside the battery at different times and different lo-
cations, multi-scale approaches are necessary to describe the complete battery. The tempera-
ture variation during cycling can be described on macro-scale. The micro-scale is necessary to
get the contributions of generated heat and transport phenomena between the electrodes. On
the atomistic scale reactions take place, for example adsorption on the surface of particles and
the intercalation into the host material. The first models were simply developed using lithium
metal as anode electrode, where intercalation can be neglected and surface reaction assumed
to be very fast. Later graphite as anode material was modeled with one-electron step as trans-
fer mechanism which can be described with the Butler-Volmer equation. Here the adsorption
and intercalation reaction are lumped together into a single step. Recent results show that the
intercalation process is more complex. Colclasure et al. proposed that the reaction on the sur-
face of each particle should be described with elementary kinetics instead of the Butler-
Volmer expression [53].

As the computer performance is continuously improving, it allows to calculate more complex
systems and to obtain results in shorter times. Further investigations must be done to improve
the understanding of the electrochemical and thermal behavior of a battery under normal con-

ditions right up to extreme situations like thermal runaway due to side reactions.

2.5.2 Electrolyte

The liquid electrolyte with its conducting salt LiPFg is responsible for mass and charge
transport between the active materials of each electrode. To describe the transport phenomena

a set of equations are used in literature [47]:

D‘migr,eff
J. =-D"v¢, —— ' (1)
z,F
oc,
L =_VJ. 2
p . (2)
0= z7¢ . (3)
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In equation 1 the flux J; of species i is described using Nernst-Planck equation, where z; is the
charge of species i, F is the Faradaic constant, D is the effective chemical diffusivity, ¢ is
the concentration, D™"*" is the effective migration diffusion and ¢ is the electric potential.

This equation expresses the transport via diffusion (gradient of the concentration) and migra-
tion (gradient of the potential). The continuity of species i is given in equation 2, where the
concentration variation with time depends on the ionic flux of species i. Usually electro-

neutrality is assumed to determine the electric potential using equation 3, where z; is the
charge of species i. In dilute solutions the migration coefficient D™ is given as a function of
the diffusion coefficient D, according to [47]

Dimigr = ici Di . (4)
RT

The theory of concentrated solutions assumes interactions between anion and cation, and

therefore it requires more parameters. Restricting to binary salts ( z, :|zf|) with a single cati-

on and single anion without convection, it can be described by the equations [47]:

oc it,
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In the continuity equation 5 the concentration changes depends on the diffusion term with the
diffusion coefficient of LiPFs D, and an additional term consisting of the transfer number
of the cation t, and the current i. The current is described in equation 6 depending on the lo-
cal electric potential ¢ and the chemical potential ,, of the cation, where o is ionic conduc-
tivity.

In literature many measurements and simulations can be found concerning liquid electrolytes.
Variation of components of electrolytes, conducting salts and their concentrations were per-
formed to estimate the influence on the performance on a cell. Therefore full cells or half-
cells were investigated. In theoretical work equations of the concentrated solution theory are
used frequently [8,32,40,42-44,46,47,49,53-64]. For example, Nyman et al. regarded the
mass transport only in the electrolyte [62]. To characterize the mass transport, measurements
on concentration cells and galvanostatic polarization experiments were performed supported
by electrochemical impedance measurements. Due to the fact that the diluted solution theory

assumes an ideal behavior, the use is less often compared to the concentrated solution theory.
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For example, Danilov et al. shows in his work the concentration gradient of the conducting
salt in the region of the separator [65,66]. In this model the domains of anode and cathode are
not resolved. Independent on the theory, which is used, all simulations show a concentration
gradient occurring along the transport direction increasing with time of operation. The
transport is influenced by the composition of the electrolyte, the choice of conducting salt and
its concentration, respectively. Table 1 shows a choice of the diffusion coefficients which
were measured or calculated in literature. It can be seen that the values spread over a wide

range of magnitude.

Table 1: List of diffusion coefficients of lithium-ion salts within liquid electrolytes

Range of used diffusion

coefficients /m2/s Salt Electrolyte Temp./K  Comments Ref.
1.07-10° - 8.06:10"*  LiN(CF3SO;), EC/DEC 238 — 343 EXp. [67]
110 —1-107° LiPFe EC/DMC 293 Sim. [68]
4.112-10°° LiPFg EC/DMC 293 Sim. [68]
2-107 LiPFe Not specified 298 Sim. [65]
1.07-107 LiPFe Not specified 298 Sim. [65]
410°-410" LiPFe EC/EMC 298 Sim. [62]
4.2:107" LiBF, EC/DMC 299 Sim. [39]
54107 LiBF, EC/EMC 299 Sim. [39]
3.1.107"% LiBF, EC/DEC 299 Sim. [39]
1100 - 7107 LiPFs EC/EMC 333 Sim. [69]
510" -2-107"° LiPFe EC/DEC 273 Sim. [69]
75107 LiPFe EC/DEC 298 Sim. [70]
5.34-10"*exp(—0.65c) LiPFg EC/DEC - Sim. [70]
75107 LiPFe EC/DEC 298 Sim. [71]
1.27-107" LiClO, PEO 393 Sim. [72]
2.6:107"° LiPFg EC/PC 298 Sim. [5]
2107 LiPFg EC/DMC - Sim. [73]
2.7.107"° LiPFg EC/DMC — Sim. [73]
23107 LiPFg EC/DMC - Sim. [73]
335107 LiPFe EC/DMC 294 Sim. [74]
265107 LiPFe EC/DMC 294 Sim. [74]
1.85-10°%° LiPFg EC/DMC 294 Sim. [74]
1.2-107%° LiPFg EC/DMC 298 Sim. [75]
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2.58:107"° LiClO, EC/DMC 298 Sim. [75]
8107 LiCF3SO5 PEO 363 Sim. [45]
2.6:107° LiBF, PC 298 Sim. [76]
2.6:107° Not ?E?f)iﬁed Not specified - Sim. [77]
1.9-10" - 7-107™ LiPFe PC 298 Sim. [41]
510" —1.71-107"° LiPFg PC 298 Sim. [41]
2102 - 2.6:107 LiPFs PC 298 Sim. [41]
3.510 " -9.2-10™ LiPFe EC/DMC 298 Sim. [41]
910" —25.3-107" LiPFg EC/DMC 298 EXp. [41]
6.1-10 " - 24.1-107" LiPFg EC/DMC 298 Sim. [41]
22610 - 31.1-107™ LiPFg EC/DMC 298 Exp. [41]
210 -3.410" LiPFs EC/DMC 298 Sim. [41]
7.5107"° LiPFe EC/DMC 298 Sim. [63]
5107 LiCF;SO; PEO - Sim. [60]
75107 Not specified Not specified 298 Sim. [48]
11107 - 1.3-107° LiBF, PC 295 EXp. [78]

2.5.3 Electrode materials

2.5.3.1 Introduction

The behavior of a battery strongly depends on the active materials used as electrodes. There-
fore it is necessary to know the corresponding thermodynamic and kinetic parameters quite
well. Unfortunately these parameters are difficult to measure or to gain and the half-cell po-
tential does not simply correlate between potential and state-of-charge. The following chapter

will present some handlings and solutions in literature how to deal with these challenges.

2.5.3.2 Graphite-based anodes

In literature different approaches for the anode electrode can be found. This depends on the
active material. There are pure lithium metal or combinations of diverse graphite types, which
results therein, that, for example, the half-cell potential shows different behavior.

In some literature the anode is treated as pure lithium-metal anode [5,58-60]. If done so, rate-
limiting reactions due to transport phenomena within the anode particles and concentration
limitations can be neglegted. In these papers, the surface morphology is assumed to be ideal

and changes due to rough structures or blocking of adsorption sites are neglected. The main
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advantage of this approach is the constant half-cell potential, which is 0.0 V versus Li/Li".

Graphite as active material, instead, shows a distinct behavior in the half-cell potential which
can be explained with its structure. This special behavior is visible in the discharge curves.
The potential does not change continuously with state-of-charge (see chapter 2.2.3). To simu-
late the half-cell potential of this material accurately, different possibilities were taken: Using
a look-up table, where experimental data were deposited and other required values were inter-
polated. With this method the code stays very flexible for simulating different active materi-
als. Additionall values, like half-cell enthalpy and entropy, can be included as it is done in this
work. Also the use of polynomial expressions can be found in literature [63,79]. Mostly these
expressions are complicated and contain an exponential term and a polynomial of higher or-

der. Also these methods fit well to the experiments. Colclasure et al. used the Redlich-Kister
expansion to fit the half-cell potential E;} assuming that both vacancies and intercalated lithi-

um have an activity which is not ideal (not unity) [53]:

1-x ., v
EEQ — AG + RT In ( Li )yLI . (7)
ref F F
XLi')/LiV

Here y .. is the activity of the lithium vacancies and x , the stoichiometry of intercalated

Li'
lithium.

The most important electrochemical step in the battery is the mass and charge transfer at the
electrode surface. Therefore equations are needed which treat mass and charge transfer. Usu-
ally a correlation between mass transfer and charge transfer in form of current is used. Due to
the fact that lithium has only one electron, most processes on the surface can be assumed as

one-step electron transfer processes. The rate of charge transfer is usually modeled with the

o F F
1=l '(exp[cli{_.rnact}_exp(_i;—.rnact jJ . (8)

Here is i the current density, ip the exchange current density, a, the anodic and o the cathodic

Butler-Volmer equation.

symmetry factor, 7. the activation overpotential, F the Faraday constant, R the ideal gas con-
stant and T the temperature. For an elementary reaction the sum of the symmetry factors is
unity. The first exponential term represents the anodic reaction, i.e. producing electrons, and
the second term the cathodic reaction, i.e. consuming electrons, respectively. This formulation
represents a global kinetic reaction which means, that a single rate-limiting step is assumed.
Competitive, parallel occurring reactions cannot be regarded.

Modeling charge transfer chemistry with elementary kinetics enables the incorporation of

multiple parallel pathways. With this, combinations with other side reactions, like SEI for-
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mation or Li plating, are possible.

After the charge transfer reaction and the intercalation reaction, the lithium ions move within
the particle. This movement can be assumed to occur via a hoping mechanism [80,81]. First-
principles calculations get different energy barriers depending on the structure of the host ma-
terial. Regularly the movement of lithium ions is modeled assuming simple diffusion due to
concentration gradient as driving force and using Fick’s diffusion law [53]. There is much
literature estimating the diffusion coefficient. Frequently it is assumed to be constant. Some
literature shows a dependence on stoichiometry. But no homogenous consequence can be
drawn concerning different velocity of migration of lithium ions within the particle due to
different experimental setups, different production processes of graphite (natural or synthetic)
and their particles (size). A list of different diffusion coefficients in literature is given Table 2.

Table 2: List of diffusion coefficients in anodic active material

Range of used diffusion

coefficients / mz/s Graphite type comments Ref.
110" — 1107 MCMB [68]
1013 _ 1.10-14 . Different measurement
1-10 1-10 Natural graphite techniques [51]
10 " —1-10 .
11071 15 MCMB Different measurement [51]
techniques
221078 MCMB [82]
1.12:107% Grap(g'_tzeu‘?:]’;"’der at 25 °C SOC 0% [83]
6.51-107%5 Gra“g'_tzeu'?g;"’der at 25 °C SOC 30% [83]
135107 Gra‘zrl"_tzeu‘?;’;"’der at 55 °C SOC 0% [83]
1107 - 1.8-107" Petroleum coke [83]
1-107° - 1-107™ Carbon fiber [83]
1110 -1-10" Pith-based carbon fiber [83]
1-107 — 11074 Carbon fiber [83]
1-107%° - 1-107* Artificial graphite [83]
1107 Carbon fiber Sim. [83]
55107 MCMB [5]
3.9-107 MCMB [84]
2107 MCMB 25-28 [74]
22107 Carbon fiber [46]
Py MCMB 25-10 petrole-
3.9-10 m coke [75]
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1110 -1-107"° MCMB
3107 graphite
9-107 Graphite

3.9-107™ Graphite
2107 Graphite
1-107 Graphite
5107 Graphite

3.89-107" Graphite
1-107% MCMB 25-28
510" MCMB 6-10

3.9-107™ Graphite
4107 MCMB

2.5.3.3 LiFePO;-based cathode

Due to the scientific impact of LiFePO,4-based batteries, many models concerning LiFePO,4

(LFP) were presented in literature in the recent years. This section gives a short overview on

existing modeling activities.

Core-shell model. The first continuum model was reported by Srinivasan and Newman
[90]. It is based on the core-shell concept, initially proposed by Padhi et al.[91]. This model
describes the growing of LFP (Li-rich phase) which surrounds a shrinking core of FP (Li-poor
phase). Lithium diffusion through the growing outer-shell and a fast lithium transfer across

the phase boundary were considered. The authors describe the diffusion in a spherical particle

using

Z_D,.

ot

Where the initial and boundary conditions are set as following

c=c,at t=0
x_1 atr=r,
Hor F T

C=Cq at r=r(t)

where c is the concentration of lithium in the bulk and cy is the initial concentration, Dy is the
diffusion coefficient, r the radius of the particle, F means the Faradaic constant, i the current,

Ceq IS the concentration at equilibrium. It has to be noted that the half-cell potentials were giv-
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en as polynomial expression. Srinivasan et al. report that their simulations suggest the need of
a current dependent-diffusion coefficient, which was suggested in other publications, too
[74,90,92,93]. Two possible reasons for this phenomenon are a diffusion coefficient which is
a function of concentration, which manifests itself as a rate-dependent diffusion coefficient, or
the existence of a particle size distribution. A concentration dependent diffusion coefficient

was introduced:

c

D, =(D, - DJ(%J D, (13)
where D; and D, are constant diffusion coefficients of lithium which were fixed at the con-
centration limits. Cmay is the maximum concentration in the LFP lattice and ceq the concentra-
tion in the shell at the phase-interface. Despite of using a flexible diffusion coefficient, the
simulations could not match the experiments well. Good agreements with experiments up to
65 A/m2, which corresponds to around 5C, were only found using a particle-size distribution.
Also Striebel et al. studied LFP from different sources using the core-shell model of Newman
and a binary diffusion coefficient [94]. They observed a strong variation of the discharge be-
havior of a cell. They concluded that the carbon coating is very important as well as the car-
bon material itself. Wang et al. presented their work using the COMSOL multi-physics pack-
age (Version 3.2) for Li/PEO-LIiClO4/LiMn,04-battery [95]. This battery model consists
mainly of the work of Newman et. al [55]. Yamada et al. confirm the shrinking core model of
Newman and Srinivasan using crystallographic data from X-ray diffraction (XRD) of
LiyFePO, phases with 0 < x <1 [96]. In contrast to Yamada et al., using the Avrami-Johnson-
Mehl-Eroofev equation, Allen et al. determined an Avrami exponent which supports a linear,
1D-growth mechanism instead of a 3D shrinking core model [97]. Their analysis of the Av-
rami exponent suggests a phase boundary controlled mechanism. For the nano-scale material

they estimate an activation energy of around 13 kJ/mol.

Domino-cascade model.  The present work supports another approach, which focuses on
the idea of a 1D-transport mechanism of lithium-ions: the domino-cascade model by Delmas
et al. They examined nano-sized particles evaluating X-ray diffraction and electron microsco-
py measurements [98]. They observed two coexisting single phases of LFP and FP [99]. In
order to describe this phenomenon, they developed the so-called domino-cascade model. This
describes the movement of the phase front through the particle. Due to the fact that LFP is a
1D-lithium-ion conductor, lithium ions diffuse along one of the cartesian coordinates (in [010]

b direction). Along this axis lithium ions diffuse from the center to the surface of the particle.
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This leads to a crystal-monolayer of FP. First of all this monolayer has to be freed of lithium
ions. Then the monolayer next to the freed one will be emptied. This means that the area of
the phase front propagates perpendicular to the diffusion direction. This proposition is sup-
ported by the work of Islam et al. [100]. They predict that the lowest lithium ion migration
energy of 0.55 eV is found for the pathway along the [010] direction. This means that this
direction should be preferred to other ones. This is in agreement with the experiments of
Delmas et al. (domino-cascade model) [14]. Also Laffont et al. examined a LFP crystal using
high-resolution electron energy loss spectroscopy [99]. Like Delmas et al., they found that the
crystal contains both single-phases, LFP and FP. In contrast to Delmas et al., who suggest that
between these pure phases no stoichiometric mixture of LFP and FP exists, Laffont et al. pro-
pose that the interface of these phases consists of LixFePO4 which is the superposition of these
two end members rather than a solid solution. This result could explain why a current depend-
ence for different discharge rates can be found and why the shrinking core model and the cas-
cade model cannot describe the behavior by themselves alone.

Ramana et al. invalidates both the core-shell model and the domino-cascade model [101].
Using high-resolution transmission electron microscopy and Raman spectroscopy structural
properties of LFP were studied. They found that LFP and FP phases exist concurrently in the
shell at a delithiated state of 50 %.

Multi-particle model. Dreyer et al. add a further model to these two competing models
[21]. They postulate another scenario for lithium extraction from a Li-rich phase. Usually in
literature it is widely accepted that slightly delithiated particles are stable. Dreyer et al. predict
that this slightly delithiated particle is unstable. A rearrangement takes place where the lithi-
um content is distributed to particles that are totally filled and other particles that are totally
unfilled. It should be noted, that this mechanism may be valid for scenarios near equilibrium,
this means for extremely low discharge rates.

Safari et al. presented a model based on Subramanian et al. and Santhanagopalan et al.
[48,58]. Additionally they introduced a four-particle model at the cathode which represents
particles that are connected differently with an electron conducting material [102—-104]. Using
normal Butler-Volmer kinetics, polynomial half-cell potentials and a current correction factor

they achieved a good agreement with the experiments for discharge rates up to 1C.

Phase-field model. A common method to describe phase transitions is the phase-field
model. Tang et al. describes the phase transition introducing a diffusive interface (phase field)

42



Background

model [105,106]. Here, the total free energy of a cathode particle can be expressed as a func-
tional of electric potential @, concentration c, crystallinity n and a displacement vector u. The
general equation is given as:

F(c,nu,¢)=A+B+C, (14)
where A is the chemical free energy which depends on concentration, crystallinity, electric
potential and temperature, B is the elastic strain energy, which depends on concentration,
crystallinity and the elastic strain tensor, and C is the chemical and structural gradient ener-
gies which depend on concentration and crystallinity gradients along the radius of the particle.
With their work they obtained three central conclusions: The first conclusion is that an initial-
ly crystalline phase may undergo amorphization during cycling. The second one is that ap-
plied electric overpotentials have an immense influence on the phase stability and on the
phase transition pathways of small particles. The third one is that the tendency of amorphiza-
tion depends on the amount of misfit strains between lithiated and delithiated crystalline phas-
es.

Using a spherical particle they confirm the approaches of Newman that an amorphous phase
may occur. Also Han et al. used a phase field model for electrochemical modeling of an inter-
calation process in LFP [107]. They measured the diffusion coefficient depending on stoichi-
ometry between 110 ™ and 310" m?%s using GITT and PITT. Chiang et al. propose a mech-
anism change in transition of FP to LFP [108]. Using phase field modeling they showed that
under moderate overpotentials (e.g. 25 mV) misfit stress causes LFP to grow along the longi-
tudinal direction [100] which is perpendicular to the fast-diffusion direction. Another behav-
ior is seen at increasing overpotentials like 100 mV. They show that the particle will be filled
in [010]-direction which has the highest Li-ion diffusion. This is indirectly supported by Islam

et al. who calculated the energy for every migration direction [100].

Atomistic model. Morgan et al. calculated the activation barriers of lithium-ion motion
and estimated the lithium-ion diffusion constants using first-principles methods [109]. Their
conclusion is that the rate problems in LFP materials are due to electron-conductivity limita-
tions. Interestingly the differences between the olivine materials LIMPO4 (M=Fe, Mn, Co, Ni)
are very small. For LFP they estimated a diffusion coefficient of 110> m%s and an activa-

tion energy of 270 meV using following equation:

-E
D=1%v-e =¥ 15
0 Xp( kaj )

where D is the diffusion coefficient, v is the hopping frequency from a filled to a vacant site, |
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the hopping length, E,: the hopping activation energy, k, the Boltzmann constant and T the
temperature. Beside the discussion of the coexistence of two phases the stability of the single
phases is studied, too. Tang et al. reports that LFP is more stable than FP or lithium metal
using electron density calculations [110]. Zhou et al. reports on a significant failure of the
local density approximation (LDA) and the generalized gradient approximation (GGA) to
reproduce the phase stability and thermodynamics of mixed-valence LisFePO, compounds
[111]. They concluded that there is no phase separation.

Harinipriya et al. used a Monte Carlo strategy to simulate the performance of LFP based cath-
ode batteries [112]. Their methodology takes into account micro-scale properties, e.g. diffu-
sion of spherical electrode particles, solvation effects, diffusion coefficients and concentration
gradient to determine the diffusion of Li ions. For LFP they are using a diffusion coefficient
of 810 m?s.

Semi-empirical models. Roscher et al. published an electric equivalent-circuit model
using an analytical approach for the 1D-movement of lithium-ions within particles where the
particle shape and size distribution are taken into consideration [113]. They demonstrated the
shell development which is dependent on adjusted currents, period durations and tempera-
tures. Especially at low temperatures the influence of the shell development on the internal
resistance becomes more and more important. Schmidt et al. performed impedance spectros-
copy on LFP and compared it to results from equivalent circuit simulations [114,115]. They
postulated three main losses: The first loss is the solid-state diffusion or intercalation. The
second loss is the charge-transfer at the cathode/aluminum interface. The last loss is probably
the charge transfer at the cathode/electrolyte interface. Unfortunately the frequency domain,
where diffusion processes can be regarded, cannot be simulated.

Many investigations were performed to describe the diffusion correctly via using a diffusion
coefficient. To describe discharge curves of LFP, Pasquali et al. fitted data (diffusion re-
sistance of electrolyte, exchange current density and constant diffusion coefficient in LFP) to
EIS and CV spectra gaining good agreements up to 30C [116]. They used the Nernst equation
with an additional term which depends on the diffusion resistance. Using impedance meas-
urements, Joachin et al. calculated diffusion coefficients for different SOC [117]. They spread
from 2.46:10 % m%/s (SOC 0 %) up to 1.26'10 *® m%s (SOC 40 %) followed by a decrease to
8.57°10 *® m?/s (SOC 100 %). Using the following equation

o= se &) &
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where Dy; is the diffusion coefficient, Vi, the molar volume of the active material, S the con-
tact area between electrolyte and sample, F Faraday’s constant, dE/dx is the slope, obtained
from the plot of lithium content versus open-circuit voltage, and A is the pre-exponential fac-
tor calculated from the Warburg-impedance. Using this equation proposed by Ho et al. the
deviation of the diffusion coefficient from low to high SOC shows nearly the reciprocal be-
havior which Safari et al. measured [103,118]. Prosini et al. determined the diffusion coeffi-
cient depending on the stoichiometry of LyFP using GITT measurements and the equation

derived by Weppner and Huggins using the following equation

(17)

A A3

Li_ﬂ' SF aiE ]

oVt
where V,, is the phosphate molar volume (44.11 cm?® mol ™), S the contact area between elec-
trolyte and sample (14.38 cm?), F the Faraday constant, I° the applied constant electric current

and JE/ox is the slope of the coulometric titration curve while 5E/st"2

is the slope of the short-
time transient voltage change [119,120].

Beside the transport properties within the particles, the flat half-cell potential, due to two ex-
isting phases, is tried to be considered in different approaches. Prosini et al. modeled the volt-
age profile for LFP using a general equation based on a model requiring phase segregation,
with the delithiated phase inside the grain and with electronic diffusion lower than ionic diffu-
sion [121]. They separated the discharge curve into three domains: Domain | contains the first
drop from OCV to the plateau, domain Il is the flat plateau and domain Ill shows the drop
from the nearly constant voltage to the switch-off-voltage at 2.0 V. For each domain they de-
fined an equation to describe the potential variation. They concluded that the slow electronic
diffusion is responsible for the decrease of electro-chemical performance of the material with
increasing currents. Their model is able to describe the behavior of the insertion of Li in FP
up to 10C rates. Kasavajjula et al. presented a discharge model for LFP accounting for solid
solution range [122]. They assume three different domains of discharge. The first domain de-
scribes the voltage loss coming from the OCV to the constant voltage. The second domain
describes the constant voltage. The last voltage drop is described by the third domain. For
each domain they use a polynomial expression to fit the experiments. Simulations match ex-
periments very well from 0.1C to 20C. Originally described by Wang et al. this model is ex-
tended by adding diffusion to both phases (LFP, FP) [95,123].

Diffusion model. Independent of the assumed models in literature, many investigations
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were carried out to estimate the diffusion coefficient of lithium in FP or LFP, respectively.
Unfortunately the diffusion coefficients spread over a wide range this means ca. five orders of
magnitude. This is due to the experimental setup and the investigation method. In Table 3
different diffusion coefficients from literature are shown.

It has to be mentioned that the diffusion coefficient is mostly assumed to be constant. In few
published papers it can be found that the diffusion coefficient changes with stoichiometry.
Safari et al. measured the diffusion coefficients with GITT or PITT and achieved a correla-
tion, which is shown in Figure 11 [103]. There it can be seen that the diffusion coefficient is
very low within a stoichiometry range of 0.1 and 0.9. At the outer-shell areas the diffusion
coefficient rises extremely over around two orders of magnitude. It has to be mentioned that
this behavior may be influenced by the phase-change of LFP. Then the low diffusion coeffi-
cient can be interpreted as a very slow phase-change reaction, which is rate-determining. This
is acceptable, because the titration technique only regards the concentration of ions at the sur-

face.

3-\ LiFePO,
1E-18 ER
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1E-20 - \/ -
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Figure 11: Diffusion coefficient of the cathode depending on the stoichiometry measured
by Safari et al. [103].

Interestingly Joachin et al. show values at different SOCs and therein a reciprocal behavior
compared to the results of Safari et al. [103,117]. The fastest diffusion is observed near SOC
50 % and the lowest at SOC 0 % or SOC 100 %. In contrast, Safari et al. measured that at the
boundary of SOC the diffusion is the fastest. Between SOC 10 % to 90 % the diffusion is very
slow. The diffusion coefficients, measured by Prosini et al., show the same order and behavior
along SOC like those in the work of Safari et al. [119].

It can be concluded that further investigations have to be done explaining the transport of lith-
ium in LFP. A few models were presented but unfortunately none of them can explain the

behavior in all variations (different currents, capacity losses, etc.). The most controversially
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discussed model is the one of Newman et al. based on the core-shell assumption. Also the

domino-cascade model seems reasonable. The phase field model is also common as well as

other research based on semi-empirical expressions.

Table 3: List of different diffusion coefficients for LiFePO, in literature

Diffusion coefficient / m#/s Comments

1.8-10 8 (LFP) — 2.2-10 ? (FP) GITT measurement

9.13-107" Li, \FePO,, x=0.1, GITT

9.32:107% Li, \FePO,, x=0.2, GITT

6.48-107% Li, \FePO,, x=0.4, GITT

4.47-107% Li, \FePO,, x=0.5, GITT

4.97-107% Li, \FePO,, x=0.9, GITT

1.29-107*® Li; ,FePO,, x=0.1, 1S

1.08-107" Li, \FePO,, x=0.2, IS

7.68:107% Li; ,FePO,, x=0.4, 1S

7.39-107% Li; ,FePO, x=0.5, IS

1.91:107" Li,_.FePO,, x=0.9, IS

1.0-107*® —8.0-10* Averaged values

1.6:107* LiFePO,, [001], ¢ direction at 147 °C, DC-polarization
<1.0-107™ LiFePO,, [100], a direction at 146 °C, DC-poarization
24107 LiFePO,, [010], b direction at 146 °C, DC-polarization

4.97-10°-9.13-10™"

1.91:107° - 1.29-107"
1.0-107"

~1.0-10"" = ~1.0-107*°

Li, \FePO,, 0.1<x<0.9, GITT
Li,_\FePO,, 0.1<x<0.9, EIS
LiFeO.25M n0_25C00.25N i0.25PO4, GITT

LiFe,_\Mn,PO,, 0<x<0.2, CV
Al-doped LiFePQ,, [001], c direction at 180 °C, DC-

—12

Gl polarization

101072 Al-doped LiFePOy,, [100], a direction at 180 °C, DC-
’ polarization

70102 Al-doped LiFePO,, [010], b direction at 180 °C, DC-
’ polarization

2910 % - 1.1-107"

Li,_.FePQ, / C composite, 0<x<1, EIS

1.27-107% C-coated Li,FePO,, x = 0, EIS
8.82:107% C-coated, Li,FePO,, x = 0.9, EIS
5.95-10 % C-coated, Li,FePO,, 5" cycle, EIS
5.44-107% C-coated, Li,FePO,, 50" cycle, EIS

47

Ref.
[119]
[119]
[119]
[119]
[119]
[119]
[119]
[119]
[119]
[119]
[119]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]

[51]



Background

1.0-107% DFT-Sim. [100]
1.8107%8 GITT [100]
8.0-107" Sim. [70]
1.0-10 — 1.0-107* Impedance technique [70]
2.7-10% - 8.1-10°% FePO,, GITT [70]
1.0-10 Y - 1.0-107*® LiFePO,, GITT [70]
5.0-107"° Sim. [70]
8.0-107*° Sim. [112]
3.2:10 2 -8.0-107 Sim. [122]
1.0-10 - 1.0-107% Sim. [109]
8.0-107* Sim. [124]
3.8107" Sim. [87]
8.0-107" Sim. [125]
2.46:10 % Li,FePO,, x =0 [117]
1.49-107* Li,FePO,, x=0.18 [117]
1.26-107° Li,FePO,, x=0.36 [117]
6.35-107" Li,FePO,, x=0.55 [117]
3.32:10°% Li,FePO,, x=0.73 [117]
8.57-10 % Li,FePO,, x=0.91 [117]

2.5.4 Thermal behavior

Thermal management is very important for performance and aging of the battery. In case of
abuse or uncontrolled operation malfunctions may occur. The risk of thermal runaway is
known latest from the time when the first accidents with fire occurred in laptops caused by
malfunction of batteries. Due to this, controlling of the battery in terms of current, voltage and
temperature is an important task. For an adequate controlling, a better understanding of the
reasons for thermal runaway is necessary. Therefore many investigations were performed
experimentally and theoretically to get further indications preventing accidents caused by
thermal runaway.

Nearly all thermal models applied to batteries use following classical equation to treat energy
conservation:

p.cp-%=z.VT+Q, (18)

where p is the density, c, is the heat capacity, T is the temperature, t is the time, 4 is the
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heat conductivity and Q is the heat source term. This equation accounts for heat accumulation

on the left hand side and on the right hand side the heat conduction and heat generation, re-
spectively. The latter can be distributed into heat sources due to ohmic resistance of current
collectors and electrolyte, due to kinetic processes, like electron-transfer reactions and diffu-
sion processes, and due to reversible entropy contributions of the thermodynamics caused by
the active materials.

In literature many models can be found focusing on different battery types. Already 1994
Chen et al. presented a 3D-model of a simplified pouch cell containing graphite as anode ma-
terial and TiS; as cathode material [126]. Although their model does not regard electrochemi-
cal processes, it gives the same tendencies like model including electrochemistry. They show
anisotropic thermal conductivity within the cell, which has an important influence on the cell
performance: the thermal conductivity is low through the layers and is large along width and
height directions. As consequence, they predict that heat removal is more effective using latter
directions. In 1995, Pals et al. presented a 1D model of a battery containing lithium metal and
TiS, [127]. Their model is coupled with detailed electrochemistry developed by Doyle et al.
[42]. They show that the cell voltage rises with increasing temperature along with the active-
material utilization at the interrupting voltage. Also they demonstrate that the heat generation
decreases with increasing temperature. They predict that cells, used above 90 °C, operate iso-
thermally and are limited ohmically.

Especially LiCoO,-containing lithium-ion batteries have been in the focus of research. Al
Hallaj et al. presented a 1D-model of a Sony US 18650 cell [128]. They demonstrate that at
low rates the temperature distribution is uniform. At higher rates all temperatures rise signifi-
cantly, risking thermal runaway. Chen et al. showed a 3D-model, in which each material has
its own value for density, heat conductivity and heat capacity [129]. They also claimed that
the heat conduction through the sheets is less than in the other directions. Additionally they
showed the temperature variation at different convection conditions. Under natural convection
conditions the temperature rises nearly linearly. Increasing of the convection leads to a strong
decrease of the maximum temperature and a more distinguished temperature variation. Guo et
al. modeled a battery pack of eight coupled cells including detailed electrochemistry [130]. In
this model self-balancing of the batteries is implied. The results show that by parallel connec-
tion the SOC becomes uniform only at the surface sheets, but the deviation in individual elec-
trode surfaces is not necessarily reduced. Kumaresan et al. published a combined electro-
chemical and thermal model using concentrated solution theory for transport properties within

the liquid electrolyte [131]. For isothermal simulations they achieve a good agreement with
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experiments at different temperatures. Among other, they compared the temperature depend-
ence of some parameters and their influence on discharge curves for non-isothermal condi-
tions. They show that the thermodynamic factor, the diffusion of ions within the electrolyte
and the solid state diffusion of lithium within graphite have an effect on discharge curves
leading to a better performance of the battery, except the ionic conductivity, which has no
visible influence. Kim et al. presented a 3D-model using the finite volume method applied on
a LiCoO,-battery [132]. They predict a significant heat accumulation within the center core of
the battery, which can lead to thermal runaway. Hatchard et al. presented a 1D-model for cy-
lindrical and prismatic cells using properties of LiCoO, and LiMn,0O, as cathode material to
investigate the behavior while an oven exposure is applied [34]. Huang et al. measured exper-
imentally enthalpy and entropy contributions in a potentiostatic mode [133]. They observed
that the cathode side has a small exothermal effect in opposite to the anode, which has a small
endothermal effect. They show that the cathode has a three times larger heat production than
that of the overall battery reaction. In comparison to this, Williford et al. published a 1D-
thermal model of a prismatic cell using entropy values for different active materials [134],
which were measured by Viswanathan et al. for different SOC [135]. They state that the en-
tropy contribution has an immense effect on the thermal management of a battery. They show
that the positive terminal has a higher temperature than the negative terminal, which is in
agreement with the statement of Huang et al. They also demonstrate that the use of a battery-
averaged entropy overestimates the predicted temperature compared to the use of individual
entropies for anode and cathode. Srinivasan et al. published a 2D model coupled with detailed
electrochemistry applied to a LiMn,O4-based battery [30] . They claimed that the reversible
heat is important for all C-rates. Especially at high rates, the non-uniform reaction distribution
is significant, which in turn introduces error in estimating the heat generation based on the
averaged cell voltage and OCV. Concerning the same active material, Somasundaram et al.
presented a 2D-model for a cylindrical cell [136]. Their results show the total heat generation
split in their contributions due to reversible or irreversible heat and ohmic resistance. Also the
heat contribution separated in the different layers is shown. It could be concluded that the
active materials contribute the most to the total heating. At low C-rates the influence of the
reversible heat is more significant that at higher rates, where heat generation due to ohmic
resistance dominates. Unfortunately a comparison with experiments is not carried out. Their
work is in agreement with the reports of Williford et al., Pals et al. and Ye et al. The latter
examined a LiMn,O,4 containing battery, too [137]. Using a coupled electrochemical and
thermal model, they concluded that at high temperatures the reversible heat has more influ-
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ence on the performance of a battery than at low temperatures, where the gradient of lithium-
ions within the liquid electrolyte dominates. At high C-rates the reversible heat can be ne-
glected, because the kinetic contribution domiates the total heat generation.

In the recent years LiFePO, as cathode material has come into the focus of research. Guo et
al. published a 3D model of a cylindrical cell using a finite element method without a detailed
electrochemical model [138]. They studied the thermal abuse of this battery and concluded
that the gradient, occurring along the thickness of the battery, has the most important effect on
heating. The other directions have a higher thermal conductivity, so that they are not the limit-
ing factor. This is in agreement with other reports, like those of Chen, S. et al. and Chen, Y. et
al. Also Forgez et al. examined a LiFePO4 battery with a 1D or 2D model, unfortunately
without detailed electrochemical behavior [36]. They show that the temperature increases
while discharging from 25 °C to 45 °C. Their model fits well to the experiments taken at the
surface of the battery. They predict that the internal temperature is around 10 °C higher than
the surface temperature. Other materials were examined, too, like Ni-MH battery by Gu et al.
and CaCrO4 by Freitas et al. using a CFD software, but which are not explained in detail here
[61,139]. Finally Botte et al. gives a nice overview over thermal and electrochemical models

including governing equations and methods to solve these equations [32].
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3 Experiments

3.1 Motivation

Experimental data of LiFePO4-based batteries are sparse. The data sheet of the battery used in
the present work, which is given by the producing company, does not contain a lot of infor-
mation about the performance of the battery. In this work, experimental investigations were
performed. It allows specifying definite operation conditions, such as applied current or ambi-
ent temperature, which were needed to validate the model exactly. Therefore, a wide range of
operation conditions can be investigated which may also include extreme situations in which a
battery normally is not used. Furthermore, experimental results provide a basis for compari-
son with simulations under different conditions. Occurring agreements or differences between

them can be used to optimize the model and to improve the understanding of a battery.

3.2 Investigated cell

The investigated cell in this work is a LiFePOg4-based lithium-ion battery of the company
A123 systems (Figure 12). It is a 26650 cylindrical high-power cell with a nominal capacity
of 2.3 Ah and a nominal cell voltage of 3.3 V. Further information is given in the official data
sheet of the company A123 systems in Figure 13.

Figure 12: Investigated cell of the company A123 systems. Declaration “A9” is for DLR-
internal investigation record.
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High Power Lithium lon ANR266507#27A

A123Systems’ lithium ion rechargeable ANR26650#27A cell is capable of very high power, long cycle and
calendar life, and has excellent abuse tolerance due to its use of patented Nanophosphate™ technology

21290
Nominal capacity and voltage 2.3Ah, 3.3V .
Internal impedance [1kHz AC) 8 mQ typical o
Internal resistance (104, 1s DC) 10 mQ typical @ 25.85* :%gg
Recommended standard charge method 3Ato 3.6V CCCVY, 45 min
Recommended fast charge current 10Ato 3.6V CCCV, 15 min
Maximum continuous discharge 70A
Pulse discharge at 10 sec 120A 6515 " 220
Cycle life at 10C discharge, 100% DOD Over 1,000 cycles
Recommended pulse charge/discharge cutoff 3.8V to 1.6V
Operating temperature range -30°Cto +60"C
Storage temperature range -50°C to +60°C 15.00

DIMENSIONS IN MM
*with sleeve 26.62
+/-0.50mm

Core cell weight 70 grams
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40

3.5 e

=N

———  25dep(,23A
10 -

30

2.5

20

Voltage (V)
Voltage (V)

15

OdegC23A e L0 — 1A — 30 A

s - 20 deg €, 2.3A 05 1] oo J0A  mm— g e ——— ———

05

0.0 T T T T 1 0.0 T T T
0 20 40 60 80 100 00 0.5 10 15 2.0 25

Capacity (%) Capacity (Ah)

Cycle Life Performance, 100% DOD, Various Temperatures
100+
90
80
70
60
50

e 25 deg C, 2.3A charge/2.3A discharge

45 deg C, 3Acharge/5A discharge
60 degC, 3Acharge/5A discharge

Discharge Capacity (%)

30 -
20 -

10

0 I I 1 I 1

0 200 400 600 800 1,000
Cycles

A1235ystems, Inc. I"
321 Arsenal Street, Watertown, MA 02472 L]
www.a123systems.com A1 23

‘may vary depending on use conditions and application. SYSTEMS
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Figure 13: Data sheet of a 26650 LiFePO,4-battery of A123 systems, downloaded in 2009.
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3.3 Discharge / charge measurements

To characterize the cell electrochemically, charge and discharge measurements were per-
formed using a Zahner IM6 frequency response analyser [140-142]. The measurements were
taken in a climate chamber to ensure constant ambient temperature. Two different conditions
were chosen. The first set of charge / discharge curves was taken at room temperature apply-
ing different currents. The second set was performed at different temperatures using one de-
fined current (1C rate®). For the first set at room temperature, discharge measurements were
performed using constant current in a range of 0.23 to 23 A after constant-current constant-
voltage (CC-CV) charge. To set the same initial conditions, always a charge current of 1C
(2.3 A) at room temperature was chosen, also a cut-off-voltage of 3.6 V for changing into the
constant voltage mode. This voltage was kept until the current reduced to 0.1C (0.23 A). Then
the load was turned off and the charging was finished. After a rest of minimum 60 minutes the
measurements were taken. The charge curves were performed after reaching the initial point
of a fully charged battery described above and discharging with 1C rate to the cut-off voltage
of 2 V. Then it was charged with different currents in the range of 0.23 A to 10 A. The second
set of charge and discharge curves was taken using 1C rate for different temperatures in the
range of — 10 °C to 50 °C. Reaching a comparable starting point, same conditions were taken
as described above, in addition that the temperature was returned to room temperature while
returning to the starting point.

In Figure 14 a) a set of discharge curves at room temperature is shown. The open-circuit volt-
age (OCV) is around 3.6 V (not visible in the figure) and the cut-off voltage is 2.0 V. The
capacity is around 2.3 Ah which is reached by all curves. All curves have in common that
between a capacity of 0.25 Ah and 2.0 Ah the voltage is nearly constant which is due to the
behavior of the cathode material. This plot shows the current dependence of the discharge
voltage. The higher the applied current is, the lower the cell voltage is.

In Figure 14 b) a set of charge curves at room temperature is shown using different charge
currents from 0.1 Cto 5 C (0.23 A to 11.5 A). The curves start at around 2.4 V (not visible in
Figure 14 b) which correlates to the relaxed cell potential after discharging with 1C, reaching
the cut-off voltage of 2.0 V and switching off the current immediately. After the charge pro-
cess and reaching 3.6 V the voltage was kept constant until the current dropped down below

0.1C (0.23 A). It can be seen that the charge voltage depends on current, too.

1 Discharging with a 1C rate means that the battery is discharged after 1 h. The applied current depends on the
capacity. For example, a battery with 2.3 Ah is discharged within 1 h applying a current of 2.3 A.
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Figure 15: Discharge and charge curves at different temperatures at 1C [141,142].

As already known, the temperature influences the performance of the battery immensely. In
Figure 15 a), a set of 1C discharge curves at different temperatures in the range of —10 °C to
50 °C is shown. The most immense effects are the increase of overpotentials and the loss of
the capacity with decreasing temperature.
At lower temperatures the curves show more smooth behavior, due to Kinetic effects, than at
high temperatures, e.g. 50 °C. At lower temperatures the overpotentials become higher and
cover the characteristics of the thermodynamics. At high temperatures the overpotentials are
lower and the thermodynamics of the half cells becomes more important.
In Figure 15 b) a set of 1C charge curves at different temperatures is shown. The initial OCV
is around 2.2 V. The cut-off voltage is 3.6 V. The charge curves show a temperature depend-
ence with the same characteristics as in the discharge mode, such as the intensification of
overpotentials and increasing smoothness of curves with decreasing temperature.
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3.4 Impedance measurements

Electrochemical impedance spectra (EIS) give more detailed information about processes
occurring within the battery. Due to time or frequency dependence, respectively, information
about relaxation times of processes and, depending on the magnitude of resistance, the im-
portance can be estimated. Two representations are typically used, either the Bode plot, which
shows the spectra versus the frequency separated in the real part and the imaginary part or the
magnitude and phase of the signal, or the Nyquist plot which displays the real part versus the
imaginary part. All electrochemical impedance spectra were recorded in potentiostatic mode
with 2 mV excitation amplitude in the frequency range of 1.2 mHz — 100 kHz. A four-wire
setup was used. All measurements were performed at room temperature using a Zahner 1IM6
frequency response analyser [140-142].

Impedance spectra were measured at different states of charge (SOC?). To ensure the repro-
ducibility in obtaining defined SOC, the following methodology was used. The climate cham-
ber was brought to 20 °C and the battery was charged with 1 C (2.3 A) till the voltage of 3.6
V was reached. Then the voltage was kept constant until the current dropped below 0.1 C
(0.23 A). For relaxation of inner-gradients a rest of minimum 60 minutes was added. After-
wards the battery was discharged with 1C (2.3 A) at 20 °C to the chosen SOC. After an addi-
tional rest of 60 minutes the impedance measurement was taken. For each SOC the methodol-
ogy was repeated starting with charging with 1C at 20 °C to a SOC of 100%.

In Figure 16 a) and b) the Bode plot of the impedance spectra for different SOC are shown.
The real part of the resistance versus the frequency is shown in Figure 16 a). The lowest im-
pedance can be found at a frequency of 10* Hz. At a frequency of around 10° Hz an increase
of the resistance is assumed due to inductance. Going to lower frequencies, further increases
of the impedance can be observed. The next important increase of the resistance is at around
10? Hz which results from electron transfer reactions. At a low frequency of 10 Hz an im-
mense increase of the impedance occurs. This can be attributed to slow processes like diffu-
sion or phase transition.

The imaginary part of the impedance versus the frequency is shown in Figure 16 b). In the
range of 1 Hz to 10° Hz the imaginary part is nearly constant. At higher frequencies it de-
creases for all SOCs equally. This can be attributed to induction. At lower frequencies the

impedance increases depending on the SOC. The SOC of 90 % to 30 % show nearly the same

2 The state of charge (SOC) describes the loading of a battery. A full battery has the SOC of 100 %, an empty
one has a SOC of 0 %.
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Figure 16: Impedance spectra vs. frequency (Bode plot) [141,142].
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Figure 17: Nyquist-plot of an impedance spectra [141,142].

increase, compared to the SOC of 100 %, 10 % and 0 % which show an immense increase.

The rise is caused by capacitive behavior.

In Figure 17 a Nyquist plot of the same impedance spectra is shown. Here, the imaginary part

of the impedance is displayed against the real part. The curves for different SOC all show

different behavior, but they have in common that at around 8 mQ the imaginary part cross-

es 0.0. Afterwards a stretched semi-circle occurs which is due to electron transfer processes of

both electrodes. Then starting around a real part of 12 mQ the real and imaginary part in-

crease nearly equally. Due to the fact that the other curves do not show this behavior, and es-

pecially the curves of SOC 30 % — 70 % show a beginning semi-circle, it can be assumed that

another slow reaction takes place, e.g. phase transition.
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3.5 Thermal measurements

Temperature measurements were also performed. During cycling of the battery, the tempera-
ture of the battery surface was recorded. Therefore, the plastic envelope of the cell was re-
moved on one side creating an area of ca. 1 cm? of pure container metal. On this area the tem-
perature sensor (TP100) was installed. At room temperature different C-rates were applied
and the temperature change was recorded. Also at different ambient temperatures the battery
was cycled and its temperature change on the surface was measured. As experimental setup a
multi-channel battery cycler Evaluater B from FuelCon and a climate chamber WK 360/40/5

from Weiss GallenKamp were used [141,142].

3.6 Computer tomography

For determination of macro-structural parameters, X-ray computer tomography (CT) was per-
formed using a Phoenix v-tome-x L450 with a nominal voxel size of 5 um [143]. The practi-
cal resolution in the current experiments was around 8 um. Results of the measurements are
shown in Figure 18 and Figure 19.

In Figure 18a, a cross section of the complete battery is shown. On the left side there is the
cathode pole cap and on the right side the anode pole cap. In this picture the inner design can
be analyzed. The gray rectangular regions are the windings of the repeat units and its active
materials. Within these windings some bigger current collector stripes are included to improve
the electric current to the pole caps. On the cathode side the current collector consists of alu-
minum which is displayed in gray in the picture and can be found on the left side above. On
the anode side the current collector is consisting of copper, on the right side below. For each
electrode there is more than one current collector leading to the pole caps. In Figure 18b, a
zoom of picture a) shows the domain of the anodic current collector. At three different posi-
tions current collectors, leading to the pol-cap, are inserted into the repeat units. The brighter
lines represent the current collectors of a repeat unit. The gray areas represent the active mate-
rial. Due to resolution and nearly the same gray values, not all sheets of the repeat unit can be
resolved.

Figure 19 shows three cross sections parallel to the pole caps. In panel a) the cross section of a
whole battery, parallel to the pole caps near the anode pole, is shown. The construction shows
a spiral configuration of the windings. The bright lines represent the current collectors which
are inserted into the windings. In panel b) a zoom of the outer-shell was taken. The gray dis-

played areas are the active materials; the bright lines are the current collectors. At the end of
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the windings the active material ends while the distance decreases. A short distance remains,
which is due to the existence of the separator. In panel c) a zoom of the inner-section was tak-
en. In the dark region the end of the active material is visible. In dark gray the separator can

be observed which continues into the center hole of the cell.

—

Figure 18: Computer tomography measurements. a) Cross section perpendicular to pole
caps, b) zoom [143].

(b)

Figure 19: Computer tomography measurements. a) cross section parallel to pole caps, b)
zoom of outer shell, ¢) zoom of inner shell [143].
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3.7 Scanning electron microscopy

For more detailed information about the construction and particle sizes, scanning electron
microscopy measurements were performed using a Zeiss ULTRA plus scanning electron mi-
croscope [144]. For measuring the thickness of the sheets, a current collector, coated with
active material on both sides, was prepared by fixing it in a polymer and polishing the cross
section.

For estimating the averaged particle size, SEM-pictures of a cross section and of the surface
of the active material were used. To determine the porosity of each electrode, a simple gray-
value method was applied. The procedure was the following: a SEM-picture was taken and
converted into three different gray-value types (white, gray and black). To be more exact and
to get clearer phase borders, the fields with the same gray-values were homogenized [145].
The pixels of the picture with the same gray-value were counted. It was assumed that the
darkest gray-value (black) represents the holes and the pores within the electrode. The per-
centage of this contribution is used as porosity. It has to be noted that SEM measurements are
surface-specific measurements. However, depending on the energy of the electrons used in
the setup, the depth of penetration of the electrons changes. This results in the effect that par-
ticles below the observed surface are assumed being on the surface due to a brighter reflection
within the picture. With the gray-value method these particles are counted to the surface and
therefore the porosity depends on the SEM-measurement parameters.

In Figure 20, a cross section of the anode current collector is shown. It can be seen in the cen-
ter of the picture as a big white bar. Below and above, the current collector is coated with ac-
tive material. Within the active material layers, particles of different sizes are visible. Some of
them have a size up to 10 um, while others are very small with around 4 pum. The thickness of
the electrode is 35.5 um. For estimating the averaged particle size, Figure 21 was used which
shows a zoom of the cross section. The averaged particle radius was estimated as 2.46 um.
The porosity was estimated with 33 % using the gray-value method described above.

In Figure 22 a cross section of the cathode electrode is shown. Within this picture the current
collector is on the bottom, and the porous electrode fills most of the picture. The thickness of
the electrode is around 79.5 um. For estimating the averaged particle size Figure 23 was used.
A radius of 36.5 nm was estimated, which is consistent with measurements of Safari et al.
[103]. Also this picture was used to determine the porosity with the gray-value method de-

scribed above. The porosity was estimated to be 33 %.
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Figure 20: Cross section of an anodic current collector coated with active material [144].
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Figure 22: Cross section of the cathode [144].
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Figure 23: LiFePQ, particles used as cathode active material [144].

3.8 Opened battery

For the determination of some parameters, like thickness of electrodes, particle sizes and po-
rosity, the battery was opened [141]. Figure 24 shows the battery without the cylindrical can.
From the left to the right the construction can be observed. The cathode pole cap, consisting
of aluminum, is connected to the big current collector stripe of aluminum which is led through
a plastic holder. Afterwards the “heart” of the battery consists of the windings of repeat units.
The separator is the white foil overlapped by an electrode sheet. The latter is covered by the
black active material. While opening the battery, the outer-windings are affected which can be
seen as a cut in the center of the battery. To the right the anode current collector consisting of
copper leads through a plastic holder to the anode pole cap. The contact of the pole cap with
the current collector is different for both electrodes. The contact on the cathode side is very
simple. The pole cap and the current collector are pressed together. On the anode side it is
more complex due to the usage of a vent. In Figure 24 on the right side of the picture the vent

can be seen as small blue dot within the pole cap of the anode.

Figure 24: Opened battery without container. [141]
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4 Modeling and simulation

4.1 Simulation methodology

The electrochemical and thermal behavior of a cell is based on processes which occur at dif-
ferent time and length scales. A multi-scale approach for modeling is used to describe this
behavior, which is shown in Figure 25. The atomistic structure represents the lowest scale.
Here, information about binding and activation energies can be used for simulations on higher
scales. The next higher scale is represented by the particle. Here, lithium diffusion within the
bulk material, (de-)intercalation and surface reactions take place. The next level is represented
by the composite electrodes consisting of different phases or materials which influence the
behavior of a cell, too. The repeat unit represents the next scale where all processes between
the electrodes are considered, in particular mass and charge transport. All repeat units com-
bined form the single cell where temperature gradients occur. They influence all lower scales
due to the fact that all processes are temperature dependent. The highest scale, presented in
Figure 25, is a battery pack used in mobile applications. On this scale further requirements are

regarded such as cooling or heating, concepts, electrical connections, battery management

system, etc.
m A Battery pack
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S400
® Single cell battery
= pack
°
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Figure 25: Different time and length scales of processes occuring in a battery. The pic-
ture of the battery pack is taken from literature [146].
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In this work all scales are considered except the atomistic scale and the battery pack. In Figure
26 the three important scales are shown. On the first scale is the single cell (mm — cm). On
this scale the thermal behavior of the battery is simulated. The thermal behavior and its tem-
perature contribution depend on the transport processes on this scale and on the heat sources
coming from lower scales. Therefore, this scale is coupled to a smaller scale (um) which is
represented by a repeat unit. On this scale mass and charge transport mechanisms are consid-
ered, like diffusion and migration of lithium ions within the liquid electrolyte. For describing
the thermal and electrochemical behavior of a battery, the (de-)intercalation process and the
lithium storage within the active material of both electrodes must be considered. Therefore,
the smallest scale in this work consists of spherical particles surrounded by liquid electrolyte
and an electron-conducting material (like particles coated with carbon black). On the surface
of these particles the electron-transfer reaction takes place which involves the (de-)
intercalation of lithium ions. Additionally the transport of lithium within the particles is de-
scribed by an ordinary Fickian diffusion. Due to (de-) intercalation and transport of lithium
within the particles the concentration of lithium changes with operating time. This has a
strong influence on the thermodynamics of each active material, i.e., the thermodynamics are
not constant. Depending on the intercalated concentration of lithium the thermodynamics
change which results in different enthalpy and entropy contributions. Due to this the total cell
voltage has a characteristic shape depending on the state of charge. All these effects are de-
scribed in more detail in the following subchapters.

In general, this work is separated into two model approaches depicted in Figure 26. The first
model contains the largest scale of a full battery, where a temperature gradient along the
windings occurs. It is coupled to the scale of a repeat unit. There, lithium ion diffusion in the
liquid electrolyte takes place as well as lithium intercalation into the active materials. This
model is called “macro-model” and it describes the thermal and electrical behavior of a cell,
based on global kinetics.

The second model is called “micro-model”. Here, the scale of a repeat unit and the scale of
particles are coupled. The particles are assumed to be spherical and they are surrounded by
electronically conductive coating. Processes such as lithium diffusion or phase transition are
described occurring within the particles. The micro-model describes the electrical behavior of
an isothermal cell based on elementary Kinetics.

A list of the model equations are given in Table 4.
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Figure 26: Three main scales are represented in this work. The lowest scale describes
spherical particles. The next scale represents the repeat unit. The largest scale is used to
represent a complete single cell.
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Physicochemical process
Thermodynamics

(anode and cathode)
Half-cell equilibrium potential

Kinetics
(anode and cathode)
Butler-Volmer kinetics

Exchange current density

Activation overpotential
Potential step
Concentration overpotential

Total current density

Current density due to
electrochemical double-layer
Cell voltage

Cell voltage

Solid-state transport
Spherical diffusion in
anode particle

Fickian diffusion in
cathode particle

Interfacial area

£V, x,)=|7.0-10°-

Electrolyte transport
(diluted solution theory)
Mass conservation

Migration coefficient

Charge conservation

Table 4: List of model equations
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4.2 Electrochemistry

4.2.1 Thermodynamics

The cell voltage of the battery is mainly influenced by the half-cell contributions of both elec-
trode materials. With changing lithium content within the active material, the half-cell poten-
tials are not constant over the whole range of discharge or charge operation. Each active mate-
rial has its own characteristics which contribute to the total behavior. This has to be consid-
ered. As mentioned above, LiCoO, as cathode material shows a stronger slope in the half-cell
potential than LiFePO, does. Usually the half-cell potential itself is used in literature to de-
scribe the contribution of the electrode to the complete battery. In this work the separation of
the half-cell potential into an enthalpy and entropy contribution is preferred in order to de-
scribe the electrochemical performance of a battery and the thermal behavior additionally
[147]. This can be done using the following expression

A¢eq (CLi) Z_AGZ(IfLi) Z_AH (CLi)Z_FTAS(CLi) ’ (19)

where Ag,, (cy;) is the equilibrium half-cell potential which depends on the concentration of

intercalated lithium, AG(c,;) is the Gibbs Energy, z the number of transferred electrons, F the

Faradaic constant. The half-cell potential can be derived by dividing the negative Gibbs ener-
gy by z and F. Using the Gibbs-Helmholtz equation, the Gibbs energy can be separated into

two contributions: the enthalpy AH(c,;) and entropy contribution AS(c,;), which also depend

on the concentration of intercalated lithium.
In the following subchapters the half-cell potentials and their enthalpy and entropy contribu-

tions are derived, based on available literature.

Anode. In this work the active material of the anode is graphite. As already shown, the half-
cell potential of the anode varies depending on the graphite material. It is assumed that in the
experimental A123 battery, natural graphite as active material is used which shows best
agreement with experimental data as compared to other graphites. The half-cell potential of
the anode versus the stoichiometry is shown in Figure 27. The half-cell potential shows char-
acteristic potential changes which correlate to a change in the occupied sites in the host mate-
rial (see chapter 2.2.3). The first change is at a stoichiometry of around 0.08, followed at 0.2,
0.5 and 0.6. These potential changes can be observed in the experimental measurements, too.
Due to the fact that the half-cell potential of LiFePO, is nearly constant over a wide range, the
voltage changes can be mainly attributed to the anode material. To obtain a good agreement
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between simulation and experiments concerning these characteristic potential steps, the range
of stoichiometry was restricted. This means that not the full range of stoichiometry is used,
which would be here from x = 0.0 to around x = 0.8. A good agreement was achieved using
the range of x = 0.01 to x = 0.57 (cf. chapter 5.1) [148].
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Figure 27: The half-cell potential Ag., of the anode versus stoichiometry x in LixCs is
used in the simulations.
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Figure 28: Enthalpy and entropy contribution versus the stoichiometry [3,102].

To obtain the enthalpy and entropy contributions, the half-cell potential, which was measured
by Safari et al. [102], was converted to the Gibbs energy. From this the entropy contribution
measured by Reynier et al. [3] was subtracted, yielding the enthalpy contribution using equa-
tion (19). Both contributions are shown in Figure 28.

The enthalpy contribution shows no further relevant characteristics apart from the potential
steps. The entropy contribution shows two relevant features. The first one is the sign change
of the absolute entropy value when going from low stoichiometry to a higher one (x = 0.0 to

0.2). The second feature is at around x = 0.5 where the entropy increases again and keeps
69



Modeling and simulation

nearly constant going to higher stoichiometry of 0.8. This change around a stoichiometry of
0.5 can be correlated to the stage change of intercalation (LiC1, to LiCg), which was reported
in chapter 2.2.3. These two effects have a strong influence on the heat generation during oper-
ation and can be used as explanation for the temperature contribution shown in experimental
measurements.

It has to be noted that the sign change of the entropy is due to the measurement of this active
material versus pure lithium metal using a half-cell set-up. This effect is widely discussed in
the paper of Reynier et al. [3]. They concluded that lithium ions within the active material
have a higher order than lithium metal and therefore the entropy contribution becomes nega-

tive.
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Figure 29: Half-cell potential of LiFePO, used in the simulations.
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Figure 30: Enthalpy and entropy contribution versus stoichiometry for LiFePO, [11,103].

Cathode. The active material on the cathode side is LiFePO, (LFP). As mentioned in
chapter 2.2.4, LFP acts like a conversion material due to the fact that a phase change from
LFP to FP occurs. The structural rearrangement is mainly caused by the electron-transfer re-
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action of Fe(ll) and Fe(l11) accompanied by the (de-)intercalation of lithium. This behavior is
visible in the half-cell potential which is shown versus stoichiometry in Figure 29. The half-
cell potential starts at around 3.9 V vs. Li/Li*, decreases to around 3.4 V, and stays nearly
constant over a wide range of the stoichiometry (x = 0.1 — 0.8). Then the voltage drops down
to around 2.6 V. This half-cell potential was measured by Safari et al. and used in this work
[103]. In order to separate into enthalpy and entropy contributions, the entropy versus stoichi-
ometry, measured by Dodd et al. [11], was used to determine the enthalpy contribution using
equation (19). Both contributions versus stoichiometry are shown in Figure 30. As seen in
Figure 29, the half-cell potential slightly decreases with rising stoichiometry. The enthalpy
contribution in Figure 30 shows a slightly different behavior. In the stage of the plateau, this
means between the stoichiometry of 0.1 and 0.8, the enthalpy decreases with rising stoichi-
ometry. This might be due to the converting calculations getting the enthalpy contribution.
But it could be reasonable as Dreyer et al. suggested that there is a slope in the thermodynam-
ics [21]. Important to emphasize is the behavior of the entropy contribution. With rising stoi-
chiometry the entropy decreases. At a stoichiometry of around 0.2 a sign change occurs. This
has a strong effect on the heat generation during operation which leads to a characteristic
temperature behavior as seen in experiments. As in the case of graphite, the entropy of LFP is
measured against pure lithium metal. Due to the fact that lithium has to be included into a

well-ordered structure, the entropy decreases [3].

4.2.2 Kinetics

The cell voltage is determined by the half-cell potentials with the following correlation [147]:
E(i)= oo — b (1) = Eq —11(i) (20)

where E is the cell voltage, ¢, and ¢,, the electric potential of the cathode or the anode, re-

spectively. ¢, is set to zero as reference while ¢,, depends on the current which is applied to

the battery. The dependence can also be described with the difference of the equilibrium cell

voltage E,, and the overpotential 7. The equilibrium cell voltage E,, is the difference of the
equilibrium half-cell potentials Ag,, (c ;) of both electrodes which are defined in equation 19.
To obtain all kinetic contributions the potential step at each electrode is given by

AP = eide = eyt » (21)
where ¢,,, and ¢, are the potentials of the electrode or electrolyte, respectively. Further,

especially for using the Butler-Volmer equation, the activation overpotential 7,, is defined
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using the following expression:
Nact = A¢ - A¢eq (CLi )_ Heconc (22)

while the concentration overpotential 7., due to electrolyte transport is defined as

Hoame = %m[%} , (23)
where R is the ideal gas constant, T the temperature, ¢, is the reference concentration of lithi-
um ions in the electrolyte and c(t) the concentration at a certain time-step.
The thermodynamics of the active materials influence the behavior of the cell strongly which
can be seen in discharge or charge curves at low currents. However, with increasing current
the performance and behavior of a cell change due to the kinetics which become more im-
portant. The most important reaction step is the intercalation of lithium into the active materi-
al. This can be described by a global kinetic expression like the Butler-Volmer equation
where an exponential correlation between current and overpotential is assumed and forward
and backward pathway of this reaction is considered. This simple global reaction can be split
into a number of elementary reactions, like the adsorption of lithium ions from the electrolyte
on the particle surface and the intercalation reaction. In the next subchapters both, global and
elementary kinetic models are described in more detail.
In general, the total current of a porous battery electrode is calculated using the following
equation published by Bessler et al. [149]

i = Lemei;’+i3’,)dy , (24)
y=0

where i is the total area-specific current, I¢ the volumetric faradaic current, iy is the volumet-

ric current coming from the electrochemical double-layer and y is the distance depending on
the discretization.
The double layer current is determined by

50 = A Catap) 222 @5)
where A} is the volumetric surface area, C, the double-layer capacity, A¢ the potential
step and t the time.

In this work, i;’ is differently calculated depending on the applied model. In case of the mac-

ro-model, the current is expressed as global kinetics while the current in the micro-model is

due to elementary kinetics. This is described in more detail in the following.
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Macro-model. The most important electrochemical step in the battery is the charge
transfer at the electrode surface. Therefore equations are needed which treat charge-transfer
reactions. Due to the fact that lithium has only one electron in its outer shell, most processes
on the surface can be assumed as single electron transfer reactions. On the anode side the re-

action can be described as followed [147]
LiCe = Cs+Li"+e (26)
On cathode side the following reactions takes place [147]:
Li* + e + FePO, = LiFePO, (27)

The rate of a charge transfer process is usually modeled with the Butler-Volmer equation:

- - aF CF
IIY =lp- (exp[i;—-rnactj_exp(_oé_.rnact jJ (28)

Here, i is the current density, ip the exchange current density, a, the anodic and a. the cathodic
symmetry factor, 7, the activation overpotential, F the Faraday constant, R the ideal gas con-
stant and T the temperature. For an elementary reaction the sum of the symmetry factors is
one. The first exponential term represents the anodic reaction, i.e., producing electrons, and
the second term the cathodic reaction, i.e., consuming electrons. This formulation represents a
global kinetic reaction which means that a single rate-limiting step is assumed. Competitive
parallel reactions are not considered.
The Butler-Volmer equation needs to be extended to include the influence of changes in the
solid-phase and liquid concentrations which leads to following equation:
Eat

o =lo0 " Cliel 'Cllzi,bulk'(l_CLi,bulk)c 'e[RiTJ , (29)
where g is @ constant, c ;e the dimensionless, relative concentration of lithium ions within
the electrolyte solution and ciipuk the dimensionless, relative concentration of lithium at the
particle surface [53]. The term (1 — cijpux) describes the vacancies in the particle bulk. The
factors a, b and c are constant parameters which are fitted for reproducing experimental re-
sults. The factor a is set to 0.5 according to literature [53]. The factors b and c are set to 0.1.
Furthermore, Eq Is the activation energy, R the ideal gas constant and T the temperature. The
parameters are given in Table 5. For some simulations the Butler-Volmer equation was modi-
fied to include other effects causing additional ohmic resistances like the existence of a solid
electrolyte interface (SEI) [150]. Then the equation is given as

] ] F ) F ]
'él =l '[eXp(T;_T(Uact — Rsgy ";/)j_e)(p(_os_.r(ﬁact — Rsgy ';/)D ) (30)

where Rsg is the ohmic resistance of the SEI. This added resistance influences only the cur-
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rent distribution and not, for example, the SEI-layer thickness which, in turn, changes the dif-
fusion process. So, it is not an appropriate way to describe further processes affecting addi-
tional ohmic resistances. It has to be noted, that resistances can also be caused by other effects
apart of the SEI. Nevertheless using the Butler-Volmer equation is appropriate to model pure
metal surfaces where only adsorption of ions and electron transfer take place. If intercalation
materials as electrode are used, then the Butler-Volmer equation has to be modified with the
result that all other occurring processes, such as ion diffusion in crystal lattice or phase transi-
tion, are lumped into the single kinetic expression. To improve the understanding of all these
processes the contribution of each occurring reaction in form of elementary kinetic mecha-

nisms can be considered.

Table 5: Macro-model related parameters used in the Butler-Volmer equation

Parameter Anode Cathode Ref.

ioo (A/m2) 3.12:10%"™ 1.79017-10%" [148,151]

E.t (3/mol) 53411.0 " 41367.0" [148,151]
a 05" 05" [42,148,151]

*f means fitted and | means literature.

Micro-model. Modeling charge transfer chemistry with elementary kinetics enables the
incorporation of multiple sequential and / or parallel pathways. In this work, CANTERA, de-
veloped by Goodwin et al., is used to evaluate thermodynamic properties and reaction rates of
elementary reaction mechanisms [152]. On the anode side two reactions are assumed: the ad-
sorption of dissolved lithium ions onto the anode surface (31) and the intercalation within the

active material (32),

Li;] + Vsufan + € = Lisurfan (31)

Lisurf,an + Vbulk,an = Vsurf,an + Libulk,an . (32)

Parallel to the adsorption process the electron transfer takes place, where Li, is the lithium-

ion solved in the electrolyte, Van IS the vacancy for adsorption on the particle surface, e is
the transferred electron and Lisyan IS the adsorbed lithium atom on the particle surface. After
the adsorption the intercalation occurs, where Vpukan 1S the vacancy within the particle and
Lipukan 1S the lithium atom occupying the host lattice space. These two reactions were also
postulated by Colclasure et al. [53]. The parameterization is given in Table 6 and Table 7.
This formulation allows further implementation of side reactions like lithium plating or SEI-

formation starting from adsorbed species.

74



Modeling and simulation

On the cathode side we have developed a model inspired by the work of Delmas et al. [14].
They developed a so-called domino-cascade model which describes the phase-change from
LFP to FP within a particle. In Figure 31 the domino-cascade model with its phase-front
propagation is shown. The main assumption is that lithium-ions diffuse into the material per-
pendicular to the phase-front propagation. This is very important, because the first guess
would be that the diffusion direction is parallel to the phase-front propagation, due to the fact
that LFP, or FP respectively, is a 1D-conductor. The second assumption is that only at the
interface (dark-blue) between LFP (green) and FP (light-blue) lithium ions are intercalated
accompanied by the electron-transfer reaction (red arrows). For representing this behavior, the
following model is developed. As shown in Figure 32 there are two bulk-phases LFP and FP,
respectively. Between them an interface is assumed. Within this interface lithium diffusion is
assumed using an ordinary fickian diffusion approach. This implies that the transport of the
lithium atoms depends on a concentration gradient along the diffusion direction. The electron-
transfer reaction occurs only at the boundary between liquid electrolyte and FP/LFP interface

which can be described as followed:

I—i; + Veurfcat € = Lisurfca s (33)

where lithium-ions from the electrolyte Li, react with a vacant interface site Vgyca t0 an

interfacial species Ligufca. After this reaction the diffusion into the bulk material takes place

where the bulk reaction i.e., phase-change reaction, occurs. This is described as:

Lisurf.ca + Vibulkea = Vsurfea + Libulkca » (34)
where lithium of the internal surface Ligfca reacts with a vacancy of bulk FP Vpyk ca to form
LFP Lipuikca and a free interfacial site Vs ca. The parameterization is given in Table 7.

It can be seen that there is a strong correlation between diffusion and creating or consuming
free vacancies by phase change reaction along the diffusion pathway. This method offers an
improved understanding of this material’s behavior by separating electron transfer and

transport processes from the phase-change reaction.

Table 6: Micro-model related parameters

Parameter Anode Cathode Ref.
Active surface area (m2/md) 4.02-10°% 6.7-10%¢
Three phase boundary length (m/m3)  1.0-10"¢ 3.72:10¢
Site density (mol/crm?) 2,610 2.6:10°" [53]

*e means estimated and | means literature.
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Lithium and electron
de-intercalation

FP

interface

Figure 31: Phase-front propagation from FP (light-blue) to LFP (green) where lithium
and electron de-intercalation (red arrows) take place into the distorted region (dark-blue).
This domino-cascade model is inspired by the work of Delmas et al. [14].
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Figure 32: The modeled elementary reactions occurring at the phase boundary of
LiFePO, (LFP) and FePO, (FP) and an interface, where lithium transport into the bulk
material takes place.

Table 7: Elementary reaction mechanisms of micro-model

Preexponential Activation

Reaction factor energy / J/mol Equation
Lig + Varsan + € 2 Lisutan 5.010™" 9200.0* (31)
Lisutan + Vioukan © Vsurfan + Libuikan 2.34-10* 2450.0* (32)
Lig * Viutea + € 2 Lisurtca 4.0-10' 1.0 (33)
Lisurfca + Viulkea ® Visurtea + Llbuikca 8.010°" 1.0 (34)

*The activation energies of the anode reactions (Egs. 31,32) are given by Colclasure et al. [53].
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Table 8: List of parameters

Parameter Anode Separator Cathode Ref.
Geometry
Thickness current collector (um) 15 ™ 5™
Thickness of active material (um) 355 ™ 20.0 ™ 795 ™
Porosity / Tortuosity 033™/12¢ 05™/1.0° 033™/12°¢
Density (kg/m?3) 2420.0" 1440.0 ©
Particle radius (nm) 3580 ™ 37.0™
Electrolyte
Initial concentration LiPFg (mol/l) 1.2" 1.2" 1.2" [29]
Double layer capacity (F/m3) 2.0-10*™ 1.0.10°™
Global parameters
Serial resistance (Q-m?) 5.0-10*"
Inductance (Q-cm?:s) 1.510*"

*m means measured, e means estimated, | means literature and f means fitted.

Both models presented here use the same parameter set for the battery construction and other
global settings, such as initial salt concentration, double-layer capacity, etc. These parameters

are given in Table 8.

4.3 Mass and charge transport

4.3.1 Electrolyte

Diluted concentration theory.  Within the liquid electrolyte the transport of ions takes
place. We use the Nernst-Planck-equation to describe the transport process by coupled diffu-
sion and migration [147]. A general multi-component formulation is developed that can ac-
commodate spatially varying diffusion coefficients. As common in computational fluid dy-
namics approaches, the mass density p (kg/m3) instead of concentration ¢ (mol/m3) as conser-
vation variable is used.
The Nernst-Planck equation describes ionic transport based on diffusion and migration,
% =V(D"Vp, )+ V(DM V )+ M;sY, (35)
with
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z,F
=2 D p,, 36
AT D A (36)

where ¢ is the porosity (depending on the location within the repeat unit), Di" is the effective

migr, eff
Di

migr,eff

diffusion coefficient of the species i, Dj the effective migration coefficient, z; the charge

of species i, F the faradaic constant, R the ideal gas constant, T the temperature, ¢ the electric
potential, M; the molar mass and $ a chemical source term due to lithium (de-)intercalation

or chemical reactions in the electrolyte (e.g., ion association, SEI formation). For n species,
there are n equations (35), but n+1 unknowns (n densities p; plus the electric potential ¢). In
order to close the equation system, we assume charge neutrality [147]

> (egiz;)=0. (37)
For charge conservation, we use

V(eVg)=b , (38)
where o is the ionic conductivity of the electrolyte and b is a source term due to transport and
chemical reactions of charged species [147]. Thus, we have mathematically cast the charge
neutrality condition into a form that can be easily implemented into simulation software. The
derivation is given in Appendix 7.1. Note that this formulation (equation 35 and 38) is appli-
cable to multi-component mixtures of both charged and uncharged species. For uncharged
species (z = 0), the Nernst-Planck Equation is reduced to an ordinary diffusion equation and
the charge conservation equation is unaffected.
In case of diluted solution theory, the effective diffusion coefficient is described as followed:

D = %ip | (39)

i
i 2 i
i

N

where ¢ is the porosity, 7 the tortuosity and D the diffusion coefficient of species i. Also, the

effective conductivity depends on porosity and tortuosity according to
=—0;, (40)

where ¢ is the conductivity of species i, which is given by the left-hand side of equation 37.
The implementation is done to ensure the most flexibility in enabling to give the diffusion
coefficient as constant of as function depending on concentration, which is read in as look-up
table.

Concentrated solution theory. In case of high concentrations of conducting salt, the
ions interact with each other resulting in different diffusion behavior [153]. Therefore, also

using the equations 35 and 38 as in diluted solution theory [154], we consider the change of
78



Modeling and simulation

diffusion using dependencies of a Bruggemann coefficient # and an effective ionic conduc-

tivity o5 according to

t, of
ff _ B + D
Di - gelyt Delyt + ZiF Ci (41)

Here, the diffusion coefficient depends on the transference number t additionally (thereby is
t =1-t.and Li* 2 +and PFs 2 —) [154]. Also, a change of the migration coefficient is con-
sidered yielding [154]:
DMt — p e e (42)
B z,F
The effective ionic conductivity of diffusion derives from the partial derivation of the chemi-
cal potential by the electrolyte concentration of the dissolved species according to

eff 2RT eff d In Vi
= o (t, -1 1+ = 43
O-D F o (+ ) d In Celw ( )

where y. is the activity coefficient describing the deviation from the ideal behavior which in
turn is no interaction between ion and electrolyte molecules [154]. The effective ionic con-

ductivity is calculated by

JEff — gﬂk(f , (44)
using the ionic conductivity ¢ [154]. The diffusion coefficient Dey is calculated by
In(D(c,T))=D,(T)+D,,,(T)-c withi=0,1, (45)

depending on concentration ¢ and temperature T [69,151]. The temperature dependent diffu-

sion coefficient is described as

D, (T) =Dy + . (46)

T _(Tgo _Tglc) ’

where Ty is the glass temperature [69] [151]. The conductivity is given by
\/Hc,_ﬂzaciiauc‘ﬂ . (47)
i—0 j=0
The activity coefficients of the ions is calculated using the following equation
In(;/+):ﬁ ;E_ajo(u a,(T-293)k'? (48)
where t, is the transference number of the positive ion [69,151]. The parameters that are used
to calculate the coefficients of diffusion, conductivity and activity are given in Table 9

[69,151].
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Table 9: Concentrated solution theory [69,151]
Parameter Value

Diffusion coefficient/ (m, s, mol, I, K)

Doo -4.4310™

Doy -54.0-10"*

D1o -2.2:10°®

Dy 0.0

Ty 229.0

Ty 5.0

t, 0.38

Pe 1
Activity coefficient / (mol, |, K)

ago 0.601

ao 0.0

aio -0.24

an 0.0

a 0.0

ay 0.0

aso 0.982

B ~5.2:1072
lonic conductivity / (€2, m, mol, |, K)

000 —1.05

on 741072

o0z —6.96-10°°

o10 6.68:10

o1 1.78:10°°

o012 2.80-10°°

020 4.9410°2

o1 -8.86:10°

092 0.0

B 1.0
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4.3.2 Particle

Anode. The active-material particle plays an important role in the transport of lithium
ions towards or away from the surface where the electron-transfer process takes place. To
describe the transport within this particle, further assumptions are necessary which are applied
in the micromodel. In this work the particles are assumed being spherical and having the same
particle size. The complete particle surface is active for (de-)intercalation of lithium-ions.

To describe the transport of lithium within the particle a simple Fickian diffusion is assumed

according to:

opy _ 1 0, Py
Pu _ = O repy ) Pu | 49
ot r? ar[ () or (49)

It describes the change of the density of lithium p.; with time t depending on the diffusion in
radial coordinate r and the diffusion coefficient D which depends on the stoichiometry. The
stoichiometry describes the amount of intercalated lithium relative to the maximum concen-
tration and has values between 0 and 1. As boundary condition a source term is used:

&V _
YgF

i (50)
which is valid for the position z = 0 and describes the (de-)intercalation of lithium ions at the
particle surface. At the center z = r, the source term is per definition 0.

As shown in previous chapters, the diffusion coefficients within particles reported in literature
are mostly assumed to be constant. Few studies reported a change of the diffusion coefficient
depending on the stoichiometry for both electrode materials. In this work stoichiometry-
dependent diffusion coefficients are used, because constant diffusion coefficients did not rep-
resent the impedance behavior correctly. They are extracted from literature and used in form

of a look-up table with interpolation between given entries.

IE Graphite
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Figure 33: Diffusion coefficient of the anode depending on the stoichiometry measured
by Levi et al. [155].
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Using the macro-model (cf. chapter 5.2.1), processes within the particle are neglected. Only in
case of using the extended macro-model (cf. chapter 5.2.2) and the micro-model (cf. chapter
6), the diffusion coefficients of Levi et al. were used to describe the transport within particles
on the anode side [155]. These are shown in Figure 33. It can be seen that the diffusion coef-
ficient decreases with increasing stoichiometry and rises again when the stoichiometry reach-
es one. Interestingly at a stoichiometry of around 0.5, the diffusion coefficient increases short-
ly but over a range of one order of magnitude. This correlates with the stoichiometry point in
the thermodynamics. At this point the potential of the anode (Figure 27) shows a characteris-
tic step, which is very well to see in the thermodynamics, especially in a change of the entro-
py contribution at this stoichiometry in Figure 28. This characteristic potential step is more
concise in the half-cell potential of natural graphite (Figure 5). In this work the diffusion coef-
ficient of the anode is linearly interpolated between x = 0.02 (D = 2.5e-9 m?/s) and x = 0.11

(D = 5.5e-10 m?/s) to improve the numerical stability of the calculations [148].

Cathode. Using the extended macro-model (cf. chapter 5.2.2) and the micro-model (cf.
chapter 6), processes within the active material are considered. Only the general macro-model
neglects transport properties within the active material. In case of the extended macro-model,
the bulk diffusion is described as on the anode side using equations (49) and (50). The diffu-
sion coefficient is assumed to be stoichiometry dependent as described in chapter 2.5.3.3, sec-
tion “diffusion model”. The values are taken from Safari et al. (cf. Figure 11) [103].

In case of the micro-model the diffusion of lithium and the phase-transition reaction are con-
sidered. The diffusion takes place at the FP-LFP interface and not in a spherical particle as it
is assumed on the anode side (Figure 31, Figure 32). For diffusion, two assumptions are
made. The first one is that the diffusion can be expressed as simple Fickian diffusion in the

following form:

2
op\; -_D 0" py; (51)

ot 0z°

where D is the diffusion coefficient, p,; is the density and z the diffusion direction. The dif-
fusion coefficient is assumed to be constant. The second assumption is that the interfacial area
between the LFP and FP phases A ., changes depending on the current iV and on the stoi-

chiometry of lithium x.; in order to investigate the size flexibility and size growth of the FP-

LFP interface. Therefore, following expression is used:
AIXZP,FP = on : f(iV’XLi) | (52)
where A describes the initial interfacial area, or expressed in other words, it describes the
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interfacial area at equilibrium. The change, depending on current and concentration, is ex-

pressed as:
2

iV iV
+0.02-

s A . A
100 s 100 s

£iv,x,)=|7.0-10*. +1.0 (53)

.XL

where X ; takes values between zero and one. This will be discussed in more detail in chapter
6.2.

4.4 Heat transport

4.4.1 Model equations

Only a part of the energy that is stored in the active material can be used as electric energy.
The difference between theoretically possible (AH) and actually used energy (AG) is released
in form of heat, besides heat due to kinetic contributions. This heat accumulates within the
battery and dissipates at the battery surface. This results in a temperature gradient within the
battery. This temperature gradient depends on the heat transport through the battery and is
modeled with the following equation [151]:

Pt % — V(2T )+ Y aY | (54)

p .
j

eff

where p™ is the effective density of the material, cgﬁ the effective specific heat capacity, T

the temperature, t the time, 2" the effective heat conductivity and dg,,; the volumetric heat

source. As initial condition for t = 0, the internal temperature equals the ambient temperature.
The heat release at the boundaries cell center “0” and battery surface “s” is described by
Neumann boundary condition. The cell center equals the left boundary of the heat release re-

sulting in a conductive heat flux according to

n'qcond|0 :_)I’Eﬁ VT|0 =0, (55)
On the right hand side, the heat flux equals the heat release at the battery surface caused by
convection and radiation, according to

n- qcond|s = _ﬂ'eﬁ VT|5 = aconv(Ts _Tamb)+ gskB (Ts4 _Ta?nb) , (56)

where «,,, is the convective heat-transfer coefficient, ¢, the electro-magnetic emission coef-

conv

ficient, k, the Stefan-Boltzmann constant, and Ts and Tamp are the temperature of the battery

surface or the ambient temperature, respectively.
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On the left hand side of equation 54 the heat accumulation is described which depends mainly
on the effective specific heat capacity. The change of the thermal energy with time is de-
scribed on the right hand side. Three main processes affect temperature variation: the heat
conduction through the cell, the heat generation and the heat dissipation in form of radiation
or convection at the outer-shell of the battery. The latter one is strongly influenced by the
temperature difference between surface and environment. The heat generation can be formu-
lated as a sum over all processes taking place which consume or produce heat. The sources
for heat can be split into different contributions.
The reversible heat due to electrochemistry can be described with the following equation:
-V
qY, :;—F[zej(—T -ARs;“)j with e = [an, cal, (57)

where iV is the volumetric current, z the transferred electrons, F the Faradaic constant, T the

temperature, ¢y, the reversible, volumetric heat source term and A.S." the molar reaction

ref
entropy of anode or cathode, respectively. These entropies depend on the stoichiometry of
lithium ions within the active material and show sign changes depending on stoichiometry (cf.
chapter 4.2.1). Consequently, a change of the temperature gradient within the battery occurs.

Furthermore, there are irreversible heat sources which contribute to heat generation. These are

due to overpotentials, such as activation overpotential 77,, and concentration overpotentials

Meone» Which are directly dependent on current. The heat source due to polarization can be

described with

q;\)/ol = iV[Z(nact,e + nconc,e )j Wlth €= [anv Ca]' (58)
Reversible heat and polarization heat can be described in a combined way according to
2V _ AV VvV Vv AH H h —
Oeheme = Grevie + Opote =1 F+A¢e with e = [an, ca], (59)

where Ag, is the half-cell potential of the anode (an) or cathode (ca), respectively. This ex-

pression is used in this work applying the macro-model. The details of the derivation can be
found in the Appendix.

Further heat generation is due to resistivity within liquid electrolyte and due to ohmic re-
sistance within the current collectors. The heat source due to resistivity can be described

therefore as
gy = iV(Z(n,es‘h)J with h = [an, sep, ca], (60)
h
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where the resistivity depends on the location within the battery. The metal components only
have an ohmic resistance which can be handled separately:

Gohm = iV(Z(nohm,l )j with I = [ac, cc]. (61)

This is valid for the current collectors on the anode (ac) or cathode side (cc).

4.4.2 Model reduction and implementation

In the present work, two different implementations of the heat transport equation (54) are
used, a full model and a reduced model [151]. Both approaches are shown in Figure 34. They
have in common that the heat source comes from the repeat unit which represents the micro-
scale behavior with its different heat sources (electrochemistry, ohmic resistance, etc.). The
difference between them is the number of used repeat units to get the correct heat and temper-
ature contribution. This is explained in more detail in the following section.

In Figure 34 a) a battery cell is shown. To resolve the temperature distribution across the
windings, the full model is used first which is shown in Figure 34 b). Using the heat sources
coming from the repeat unit, the temperature can be calculated using the equation (54) shown
above.

In general, only one single repeat unit could be used for the calculation of the heat source. But
this implies that the heat source is averaged over the complete cell. To avoid this, more repeat
units are necessary. But due to the fact that the repeat unit is very small compared to the radi-
us of the battery and the heat source is volumetric, it is necessary to use all repeat units to
represent all existing windings within the battery which are electrically and thermally cou-
pled. Then the number of repeat units increases to around 37. Unfortunately this leads to very
time-consuming simulations. Due to this, the effective number of repeat units has to be re-
duced without losing information about the heat or temperature contribution. The developed
reduced model only needs few repeat units (around 7) to gain the same agreement and infor-
mation density as the complete set of repeat units. For this, an additional dimension was in-
cluded which is the w-dimension, as shown in Figure 34 c). This dimension can be highly
discretized gaining a smooth temperature curve compared to the scale of the heat sources.
Both scales have the same dimension (radius of the battery) and direction (from the inner
shell to the outer shell of the battery). To correlate both scales, it is assumed that all grid
points (nw) of the temperature scale (w-scale), occurring in a grid point (nx) of a heat source

scale (x-scale), have the same heat production.
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a) Battery b) Full model ¢) Reduced model
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Figure 34: Comparison of two thermal models: a) Cylindrical battery cell, b) full model
with macro scale x and c) reduced model with an additional macro scale w [151].

Assignment of scales. To calculate the energy-balance equation (54), it must be assigned
a temperature in the w-scale T(w) for each grid point nw and a correlated heat source of the x-

scale G (X) [151]. An exact determination of the correlating positions is required to couple

heat production and heat transport yielding a smooth temperature profile along the macro-
scale w. The coupling includes four calculations steps.

To determine the exact position of a nx grid point, after definition of the number of nx grid
points to calculate the heat sources, their exact positions on the x-scale have to be determined.
Therefore, all layer thicknesses I, of elements m to nx are summed. Due to the evaluation of
all state variables in the grid-point center (finite-volume approach), the half thickness of the
regarded grid point nx has to be subtracted after summing according to

X, = rr2‘;0”1)—% with nx =[1...nx™. (62)
After determination of the exact position of grid point nx, a temperature must be given to cal-
culate the heat source. The heat balance can be solved only by computation of a correlating
heat source of the x-scale for each temperature of the w-scale. Due to different discretizations
of both scales, the temperatures on the x-scale have to be interpolated. The linear interpola-

tions is carried out by knowing the temperatures of the adjacent grid points of the w-scale
86



Modeling and simulation

(T(Wnw-1), T(Wnw)) yielding the temperature T(Xnx). The exact positions of two adjacent temper-
atures were calculated according to

m<nw

Wy, = (Im)—l”7W with nw = [1...nw™]. (63)
m=1

All layer thicknesses were summed up until the condition ([wWnw < Xnx]) is no longer fulfilled.
To convert the temperature from the w to the x-scale, while being flexible in discretization of
scale, the determination of the temperature of a nx-grid point is carried out by linear interpola-
tion, in general ([Wnw-1 < Xnx < Wny]) according to

T (an) -T (an—l)

T (an) =T (an—l) + ) (an - an—l) : (64)

ow ~ Waw1
In case of a left border that the nx-element is smaller or similar to the first nw-grid point
(Dox < Wnw=1]) we use
T (%) =T (Wyya) - (65)
In case of a right border that the postion of a nx element is bigger or similar to the last nw-
grid point ([Xnx > Wnw=nw 1), it follows:
T (%) =T (W) - (66)
To convert the heat source of the x-scale into the w-scale, the heat source ' (T(X,,)) at posi-

tion Xnx is determined. Here, a coupling of the micro-scale y and macro-scale x takes place.

The following applies
ay (T (%,)) = (dy (T(x,))) - (67)

The produced heat per volume of a nx grid point equals the averaged value of heat sources of

different repeat-unit layers. Here, the heat source within a nx-grid point is constant and the

determined point nw is located there, it also follows

Ay () =0, (T(x,,)) =d,, (T(W,,,)) - (68)
Now, the temperature T(wyy) and the correlating heat source are determined. The energy bal-

ance is solved for each time step.

Parameterization.  To simulate the heat transport on the macro-scale, four parameters

eff . eff

have to be defined [151]. On the left-hand side of Eq. 54 the volume-specific parameter p™" C,

consisting of the effective heat capacity c;“ and the effective density p°", can be estimated

with the arithmetic average of volume-specific heat capacity of each compound using:
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Zlk(pkcp,kgk +pelytcp,elyt(1_gk ))
peffceff — k , (69)

P
2
k

where ¢ is the porosity of each compound k and I the length. Due to the fact that all porous

components are saturated with liquid electrolyte, its properties must be also taken into ac-
count. Using the parameters given in Guo et al. [138], pe“c;ff can be estimated as
1.85:10° J/(m3-K).

Also the heat conductivity has to be defined. In case of a cylindrical battery the heat flows
orthogonal to the windings. This means that the transport resistance is dominated by the com-

pound with the lowest heat conductivity. Therefore a harmonic average is used instead of an

arithmetic one:
2N
k

l,

Zk:[zkgk + Ay (L= & )J |

where A*" is the effective heat conductivity and 4, is the heat conductivity of each compound

A = (70)

k. Hence A°" has the value of 1.02 W/m/K using values of each component published by Guo
et al [138].

The emissivity of the battery is estimated as 0.8 [138]. For typical steel casing the literature
values spread between 0.7 and 0.9 [136,138,149]. Therefore the mean value is chosen.

The last parameter for the heat transport which has to be defined is the heat transfer coeffi-
cient acony. Usually this value can be estimated roughly using semi-empirical approaches like
the Nusselt correlation. In this work this methodology cannot be applied due to the unknown
flow properties inside the cell test bench. Therefore this parameter is fitted to the experimental
data to achieve a good agreement with measured surface temperature. Here a value of
55 W/m2 was found. Usually, lower values are reported in literature (5 — 10 W/m2 assuming
natural convection [156]). Higher values stand for forced convection. For the high value ob-
served in this work there are two possible explanations. The first explanation could be that the
model in this work only includes heat transport across the windings and heat emission to the
ambient atmosphere at the battery surface. Kim et al. report that a significant part of the heat
is dissipated by the current collectors and the pole caps [132]. This possible heat transfer is
not included in our model and has to be compensated by a higher radial heat loss. The second
explanation could be that this high value is due to the experimental setup. The battery is cy-
cled in a climate chamber of that comes with a ventilator to ensure constant temperatures. We
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have not investigated how strong this fan works and how it affects higher heat flow on the
battery surface. Probably both explained effects contribute to the thermal characteristics
which are found in this work. A summary of the parameters used in thermal simulations are

given in Table 10.

Table 10: Heat-related parameters

Parameter Value Reference
AT 1 Wim/K 1.02°¢ [138,151]
pes 1ImK 1.85-108¢ [138,151]
Qconv { W/m? 55 f [151]

Equrt |~ 08" [138,151]

*& means estimated, f means fitted and | means literature.

4.5 Simulation tool DENIS

The detailed models and numerical simulations, described in this section, are implemented in
the software package DENIS (Detailed Electrochemistry and Numerical Impedance Simula-
tion). This in-house software was developed by Bessler et al. and is described in detail in their
papers [149,154]. It describes physicochemical processes needed to simulate the behavior of
fuel cells or batteries regarding thermodynamic properties, phase change management, differ-
ent transports in solid, liquid or gaseous phases in form of mass or charge, etc. To convert the
PDEs occurring in the transport models to a DAE system, finite-volume discretization is used
in each scale (x-, y-, z- and w-dimension). To solve the equations, the LIMEX solver devel-
oped by Deuflhard et al. is used [157]. Analytic expressions for specific boundaries (Egs. 52,
53) are evaluated using muParser [158].

In case of elementary kinetics, CANTERA, developed by Goodwin et al. [152], is used which
is coupled to DENIS. Chemistry source terms for surface reactions are calculated by given
chemical reaction mechanisms (pre-exponential factors, activation energies, thermodynamic

properties).
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5 Macro-model: Results and discussion

5.1 Parameterization

The experimental charge and discharge curves show a characteristic temperature and current
behavior. Therefore, it is necessary to take the temperature influence on electrochemical reac-
tions and on transport processes into consideration. Isothermal simulations at various tem-
peratures build the base for model parameterization. Here, adjustments are presented concern-
ing thermodynamics and kinetics to achieve a good agreement with the experimental results in
charge and discharge curves for different C-rates and different ambient temperatures [148].

Thermodynamics. The battery consists of two electrodes. The active material of the
anode is graphite and of the cathode is LFP. Unfortunately, the exact composition of both
electrodes is not known. Therefore, it is assumed that on the anode side natural graphite is
used as active material. Comparing different half-cell potentials, the best agreement was
found using natural graphite. Usually, different graphite compounds are mixed to ensure good
electric conductivity and best possible lithium storage. In this work, the half-cell contribution
of the anode is assumed to consist only of one active material. On the cathode the active mate-
rial is LFP. Usually the particles are coated with graphite compounds, such as carbon black, to
enhance the electric conductivity. The active material in this work is assumed to be well-
connected to the current suppliers. Also, it is assumed that pure LFP is used as active material
which is not doped with other rare metals.

As already discussed in chapter 4.2.1, the half-cell potential is separated into enthalpy and
entropy contributions. The latter contributes to the temperature behavior of the cell and it is
not available for electric work. For the anode the entropy values are used from Reynier et al.
and the enthalpy values from Safari et al. [3,102]. For the cathode the entropy values are used
from Dodd et al. and the enthalpy contribution is used from Safari et al. [11,103].

Stoichiometry range. The discharge curves are influenced by both electrodes. Both are indi-
vidually restricted by the lithium stoichiometry which is used during operation. It is assumed
that the fine structure of the discharge curve is due to the anode. The cathode shows the char-
acteristic behavior of a phase change material which is a constant voltage plateau. Therefore
the slope variations must be due to the anode. The stoichiometry range of the cathode is set
between 0 and one which means that the full range is used. This is reasonable, because LFP

and FP are both stable phases. With this assumption, the anode range can be adjusted at low
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Figure 35: Differential cell voltage of experiment and simulation at different C-rates.
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Figure 36: Arrhenius fit to determine the activation energy of the electron transfer reac-
tions at anode (a) [148] and cathode (b) [151].

C-rates. While applying low currents, the discharge curve shows characteristic behavior due
to the thermodynamics. At higher currents, the kinetic becomes dominant which results in
smooth discharge curves without any characteristic slope variations. To estimate the stoichi-
ometry of the anode, the stoichiometry of the cathode was kept constant and the derivative of
the voltage with capacity (dE/dC) was calculated to achieve best agreement with the experi-
ments. The results are shown in Figure 35 for different C-rates. The tendency is that less slope
variation is recognizable for higher C-rates. The best agreement was achieved by using a stoi-
chiometry range of the anode between 0.57 and 0.01 [148].

The evaluation of the stoichiometry has a strong impact not only on half-cell potential or full-

cell potential, but also on heat production due to entropy contributions.

Electron-transfer process. The electron-transfer reaction takes place at the surface of
the particles. It is coupled with mass transfer in order to incorporate lithium ions into the ac-
tive material, or the other way round, to release lithium ions from the host material. Therefore,
this process influences the kinetic and the thermodynamic behavior. The kinetic behavior is
influenced by this reaction due to the appearance of the activation overpotential. If the elec-
tron-transfer process is decelerated, the activation overpotential becomes higher leading to
lower cell voltages in case of discharge. If the battery is charged, the cell voltage becomes
higher due to this effect. Furthermore, this reaction contributes to heating due to the change of
the reaction entropy. The latter depends on the entropies of each species included in the reac-

tion according to,
AgS=Dvis, , (71)
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where s, is the molar entropy of species i and v, the correlating stoichiometry factor. The

molar entropies are given for each half-cell material in chapter 4.2.1.

In case of using global reaction kinetics, the adjustment of the exchange current density igo
and the activation energy Eq is done by the following procedure. First, the exchange current
density is fitted to the experimental discharge curves at room temperature for all C-rates. Only
when a good agreement was found, the parameters were made temperature dependent. At
each temperature, varying between —20 °C and 50 °C, the exchange current density for both
anode and cathode are fitted to get the best agreement with the experimental discharge curves.
Here, the 1C discharge curves at different temperature were used. Obtaining different values
for each temperature and each electrode, an Arrhenius ansatz is chosen to estimate the activa-
tion energy (cf. Figure 1 and Figure 32). The results for each electrode are shown in Figure 36
[148,151]. The parameters are given in Table 5.

It has to be mentioned that all effects, such as surface adsorption, bulk diffusion or phase tran-
sition, are lumped into the electron-transfer reaction. This is an appropriate method if only
global behavior is relevant, like discharge curve or thermal characteristics. However if all
effects should be reproduced time-resolved, as in the case of impedance spectra, then all ef-

fects have to be described individually and coupled.

Electrode balancing. The battery has a capacity of 2.3 Ah. The electrodes must be bal-
anced to obtain the same capacity. The density of each active material is used as adjustable
parameter while the state of charge (SOC) suits as checking parameter. The value must fulfill
the condition that at the beginning of the simulation the SOC is 100 % and reaches the 0 % at
the end of discharge. This must be valid for anode and cathode. Therefore the density of the
anode was found to be 2420 kg/m? and of the cathode 1440 kg/m3. In literature the value of
the graphite’s density varies from 2250 kg/m? for natural graphite to 1800 — 2100 kg/m? for
amorphous graphite [159]. The value of the simulation is slightly higher. This can be ex-
plained by the fact that a mixture of carbons is used in the electrode of the anode, such as nat-
ural graphite, MCMB 750 and carbon black. This means that lithium can be stored by inser-
tion into the electrode and by adsorption onto surfaces of various carbons. Due to this the
storable amount of lithium increases, compared to the value of the literature. For the cathode
different values can be found in literature. For FP the density spread between 2740 kg/m? and
2580 kg/m3 [159]. For LFP the density is given as 3600 kg/m3 by Li et al. [16]. The value in
the simulation is lower than in literature. Higher values and values from literature were tried

but it resulted in an ending of the discharge curve at a capacity over 10 Ah. Other parameters
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were changed while keeping density values from literature to decrease the capacity. But no
parameter was found to compensate this effect. A possible explanation for this might be the
limited utilization of a particle. Not all particles or crystals are well connected to electron-
leading graphite. Additionally, there is a size distribution of particles within the electrode.
This means that not all particles are used equally due to the internal composition of the parti-
cles. The minor particles are used within the whole range of SOC in contrast to the major par-
ticles. They consist of an agglomeration of crystals and inner boundaries due to crystal
growth. Particle fragments which are inside of the major particles and are not connected to the

electron-leading material do not contribute to the lithium storage.

Electrolyte. The discharge behavior is influenced by the transport properties of the elec-
trolyte. As shown in chapter 2.5.2, the diffusion coefficients of electrolytes spread over a wide
range depending on electrolyte composition, lead salt and its concentration and temperature.
To describe the transport processes within the liquid electrolyte, concentrated solution theory
was used. Parameters of Valoen et al. were chosen as listed in chapter 4.3.1 [69]. It has to be
mentioned that the exact composition of the electrolyte solution is unknown. The main com-
ponents are EC:EMC with a ratio of 4:6 and the conducting salt is LiPFg with a concentration
of 1.2 mol/l [29]. But further additives are not known as well as their influence on transport
processes. An estimation of the influence is not possible and is not available in literature. In
general, additives are oxygen-containing molecules which may bond or surround the lithium
ions. This leads to different solvation shells and therefore to other diffusion behavior. Also the
opening of the solvation shell at the electrode surface to undergo the electron-transfer reaction
is influenced by the solvating molecules regarding activation energy to open the shell. This
effect influences the electron-transfer process itself. In this case the parameters of the elec-
tron-transfer reaction within the current model must be modified. It shows that various pa-
rameters depend on each other. If one parameter changes, other parameters must be adjusted.
To avoid this, various parameters were fixed using literature data being aware that uncertain-

ties remain.

Diluted and concentrated solution theory. In this work concentrated solution theory
(CST) was used to describe the transport of lithium within the liquid electrolyte. It contains
interaction between ion and solvent which influences the transport depending on ion concen-
tration and temperature. In previous studies, the diluted solution theory (DST) was used which
neglects ion interaction by assuming constant diffusion coefficients. At room temperature and
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C-rates up to 2 C no relevant differences between both theories within this simulation could
be observed. The discharge curves were nearly the same, in shape and in reaching full capaci-
ty. Differences were at higher C-rates. Using DST, the discharge curve had a stronger slope
and a slight capacity loss compared to the simulations with CST. Also in impedance spectra a
difference was noticeable. Within the frequency range of 10! Hz to 1 Hz the agreement be-

tween experiments and simulation was better using CST than DST.

Bulk diffusion. In case of isothermal simulations of the macro-model, additional inves-
tigations were performed regarding bulk diffusion in combination with particle-size distribu-
tion (cf. chapter 5.2). As described in chapter 4.3.2, constant diffusion coefficients and diffu-
sion coefficients depending on stoichiometry were used. It has to be mentioned that the stoi-
chiometry range must be the same as it is used in the thermodynamics (cf. section “stoichiom-

etry range”).

5.2 Isothermal simulations

5.2.1 General macro-model

Introduction. This chapter presents the results of the macro-model. Table 11 shows an
overview of macro-model versions. The model “Macro 1” represents the base model which
neglects bulk diffusion or particle size distribution. It is used for thermal simulations which
are presented in chapter 5.3 and 5.4. Further investigations are shown in chapter 5.2.2 de-
clared as extended macro-model (“Macro 2 — 5”). It includes an additional scale (bulk diffu-
sion in a particle and particle-size distribution). The results shown there are a link to the mi-

cro-model which is presented in chapter 6.

Charge and discharge curves. Charge and discharge curves give information about the
maximal capacity and the voltage distribution at different applied currents (C-rates) and tem-
peratures. In this work isothermal and thermal simulations were performed to increase the
understanding of the processes taking place and of their temperature contribution. In this
chapter isothermal simulations were performed. A comparison of experiments and simulations
is shown in Figure 37. The discharge curves start at a voltage of around 3.6 V and end at the
cut-off voltage of 2.0 V. The characteristic shape is nearly the same for all C-rates. After ap-
plying a current, voltage drops down due to the thermodynamics of the cathode mainly and

due to ohmic resistances. Then a flat voltage plateau occurs. This flat voltage characteristic is
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Table 11: Overview of macro-model versions

Model name Anode Cathode Chapter
Macro 1 Without bulk diffusion Without bulk diffusion 521
Used for thermal simulations Used for thermal simulations 53,54
Macro 2 Bulk diffusion, constant Bulk diffusion, constant 5.2.2
Macro 3 Bulk diffusion, SOC dependent Bulk diffusion, 522
SOC dependent
Macro 4 Bulk diffusion, SOC dependent Bulk diffusion, 5.2.2

SOC and current dependent
(Rubber band model)
Macro 5 Bulk diffusion, SOC dependent Bulk diffusion, 5.2.2
Particle size distribution SOC dependent

Particle size distribution

due to the cathode material. Smaller voltage variations are due to the anode material. At the
end of the discharge the curve drops down to the cut-off voltage. The voltage level of the
plateau depends on the applied current: the higher the C-rate, the higher the overpotential and
therefore the lower the voltage plateau. All simulated discharge curves show good agreement
with experiments regarding aspects discussed above. All discharge curves reach the full ca-
pacity of 2.3 Ah. The shape of the curves is nearly the same of the experiments. Nevertheless,
some differences can be observed and shall be discussed here. In general, overpotentials are
marginal at low currents. Hence the shape of the discharge curve is mainly influenced by the
half-cell potentials. The 0.1 C-rate shows a difference in the shape at a capacity between
1.5 Ah and 2.0 Ah. The reason is the half-cell potential of the anode. The real used active ma-
terial on anode side is unknown. Therefore literature values were used which do not complete-
ly fit to the experiments. Further it can be noticed that the shape of the experimental discharge
curves changes with C-rate. This can be seen in particular at a 10 C-rate. The simulation
shows a negative slope overall. In contrast, the experiment shows a voltage increasing be-
tween 0.5 Ah and 1.5 Ah. An explanation for this effect is the temperature rise during opera-
tion. The temperature increases by around 40 °C at this C-rate. This temperature rise influ-
ences all processes within the battery which results in less overpotentials and therefore in a
change of the discharge characteristics (cf chapter 5.3). Furthermore, it can be seen, that the
10 C-rate mismatches the experiment. A possible explanation can be the applied C-rate within
the simulation. There, the current is given as current density in A/m2. To obtain a reasonable

value, the windings were unreeled and the visible surface area was measured obtaining
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Figure 37: Discharge curves (a) and charge curves (b) at room temperature for different
C-rates. Comparison of experiments (symbols) and simulation (solid line).

0.171 m2, With this assumption good agreement is achieved up to 5 C.

The experimental charge curves start at around 2.0 V and end at the cut-off voltage of 3.6 V.
If the cut-off voltage is reached, the charge procedure changed from constant current to con-
stant voltage. This can be seen at a 5 C-rate. The general curve characteristic is the same for
experiments and simulations. They show a strong increase of the voltage followed by the flat
voltage plateau. Then the voltage increases again up to the cut-off voltage. A good agreement
is achieved at 2 C and 5 C. Comparing experiment and simulation, some differences are rec-
ognizable. The simulation shows that the voltage increase at the beginning of the charge is
less intense. Also, it underestimates the overpotentials at low C-rates. Furthermore, it shows a
strong voltage increase near the final capacity. In contrast, the experimental curves show an
earlier and smoother increase of the voltage. Due to the experimental settings, the curves end
at the cut-off voltage of 3.6 V. All these effects can be attributed to the thermodynamics, be-
cause it occurs at all C-rates and especially at 0.1 C which leads to the assumption that this is
not a kinetic effect. Note that the simulation of charge curves neglects the cut-off voltage of
3.6 V. The reason is to show the behavior over the total capacity range predicted by the simu-
lation, and to ensure a comparability of the macro-model and the micro-model. To study the
temperature influence 1C-rate discharge and charge curves were recorded. In Figure 38 they
are shown in a range between —10 °C and 50 °C. The agreement at high temperatures is very
well. Going to lower temperatures, more differences are visible. The experiments show at
10 °C, 0 °C and —10 °C stronger slopes and an earlier voltage decrease to the cut-off voltage
and therefore a capacity loss. In contrast, the simulations do not show such behavior. All

curves reach full capacity. An assumption is that the influence of the transport properties
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within the active material becomes more important at lower temperatures. The deceleration of
the transport towards or away from the particle surface influences the electron-transfer pro-
cess. This leads to higher overpotentials resulting in an earlier decrease of the cell voltage.
Due to the fact that the macro-model neglects transport within the active material, the simula-

tion does not represent this behavior.
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Figure 38: Discharge curves (a) and charge curves (b) at different temperatures at 1 C-
rate. Simulations are shown with solid lines, experiments are in symbols.

The charge curves start at a voltage of 2.0 V. After a strong increase of the voltage, the volt-
age plateau is reached. Depending on the temperature the voltage rises, earlier or later, to the
cut-off voltage of 3.6 V. Also here, the simulation shows the behavior in general as the exper-
iment but with some differences. As already mentioned, the thermodynamic data causes dif-
ferences in the strong voltage increase at the beginning of the charge, in the voltage plateau at
high temperatures and in the voltage rise near the final capacity. The difference in the voltage
plateau at 10 °C, 0 °C and —10 °C are caused by kinetics. Additionally the simulation does not
show an earlier voltage rise due to low temperatures. All curves rise nearly at the same ca-
pacity to higher voltages. The reason is the same as given for the discharge curves described
above.

Concentration profiles. The advantage of simulation is the ability to look at the processes
occuring inside the cell. Figure 39 shows a cross section through a repeat unit. On the left side
is the cathode followed by the region of the separator and completed by the anode. This figure
shows a snap-shot of concentrations at a 1 C-discharge rate, at room temperature and a ca-
pacity of 1.0 Ah. The initial lithium-ion concentration is 1.2 mol/l. It shows that a gradient of

the lithium-ion concentration along the repeat unit occurs. Starting from the initial ion con-
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centration, the gradient becomes stronger with operation time. The characteristic during a
discharge is that the concentration is higher on the anode side and lower on cathode side com-
pared to the initial concentration. Focusing on the process at the anode side first, lithium ions
de-intercalate from the active material. They dissolve in the electrolyte leading to higher con-
centrations. On the cathode side, this process is reversed. The ions, dissolved in the electro-
Iyte, intercalate into the active material. This results in a decrease of the concentration in the
electrolyte. The concentration leads to a diffusion process. The concentration profile shows a
characteristic shape which can be separated into three sections: anode, cathode and separator.
The profile of the latter shows a linear correlation. Here, only diffusion properties influence
the transport of ions. On anode and cathode side, the gradient shows a particular profile. This
is the combined effect of the diffusion process and the mass transfer at the electrode surfaces.
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Figure 39: Concentration profiles through a cross section of a repeat unit are shown.

This ion-concentration gradient in the liquid electrolyte influences the concentration of stored
lithium ions within the active material (Figure 39, black line). There, a gradient occurs along
the electrode thickness, too. The concentration of lithium on the anode side shows a reduced
amount near the separator than near the current collector. On the cathode side it is the other
way round. Near the separator, the concentration is higher compared to the area near the cur-
rent collector. Depending on C-rate, liquid electrolyte composition, initial salt concentration
and temperature, the transport of ions influences the concentration within the active material.
It has to be mentioned that the current distribution (C-rate) also depends on the active surface
area of the particles, the (de-)intercalation and electron-transfer processes on their surfaces
and the transport related parameters such as porosity, tortuosity and diffusion which affect the
actual concentration at a certain area in the electrode. All these processes take place at the
same time, so that a change of only one parameter influences all other parameters and there-
fore the global behavior of a battery cell.
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The observation, that a gradient occurs within the electrode active material along one repeat
unit, has an immense impact on further discussions concerning SOC determination. In gen-
eral, the SOC of a whole battery is measured globally depending on total capacity, (dis)charge
time and applied current. So, the SOC represents the averaged amount of stored lithium which
is available for further discharging. But it does not give any information about the spatial dis-
tribution of intercalated lithium ions. Additionally, the distribution depends on temperature
variation which occurs under operation, too. This influences the kinetic processes, such as
transport and electron-transfer reactions. In turn, they dictate the concentration in the elec-
trodes. For a better visualization an example is given. Regarding a battery cell, different loca-
tions are chosen, e.g., a repeat unit near the battery surface and another one in the center of
the battery. While operation the battery heats up leading to different temperatures at both re-
peat units. The temperature influences the kinetics at both locations differently. So, it causes a
different utilization of both repeat units leading to different amounts of stored lithium in the
active material. The latter can be correlated to the SOC. So in turn, the SOC of both repeat
units is different. Additionally, as already discussed above, the concentration of ions in the
electrolyte influences the concentration of lithium in the active material, too. This means that
the SOC along the thickness of the electrode is different (cf. Figure 39). So, the SOC is a
function of location. Furthermore, the aging of the battery and the cycle history influence the
SOC, but this is not regarded in this work.

In the following, the influence of current on the concentration of lithium in the electrodes is
studied. As already remarked, the balancing of each electrode is important to fulfill few con-
ditions. One condition is that the electrode must start at a certain stoichiometry and end at the
capacity given by the experiments. Figure 40 shows the balancing of the anode (left) and the
cathode (right) at a 1 C discharge at room temperature. The anode stoichiometry starts at 0.57
and reaches the stoichiometry of 0.0 at a capacity of 2.2 Ah. The cathode stoichiometry starts
at 0.0 and reaches the full capacity at 1.0 (cf. chapter 5.1. section “stoichiometry range”). In
Figure 40, different representative compartments along the electrode thickness are shown.
They show a spreading with a characteristic distribution at certain stoichiometry points. At the
anode, changes in the distribution are noticeable at a stoichiometry of around 0.4 and 0.2. For
the cathode, it is at the stoichiometry of 0.9. These changes can be attributed to the thermody-
namics of each active material. At these stoichiometry points, the half-cell potentials of each
material change and thereby the contribution of the activation energy (cf. equation 22). The
latter influence the electron-transfer reaction included in the Butler-Volmer expression.
Hence, the kinetics is coupled with the thermodynamics which results in a merging of the
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stoichiometry of different particles controlled by the thermodynamics. It could be described as
a kind of communication or interaction between particles which was also mentioned by Drey-
er et al. [21].
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Figure 40: Stoichiometry change for anode (a) and cathode (b) during discharge at 1 C.
Seven representative locations for each electrode are chosen.
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Figure 41: : Stoichiometry change for anode (a) and cathode (b) during discharge at 5 C.
Seven representative locations for each electrode are chosen.

To illustrate the characteristic behavior again, the electrode balancing is shown in Figure 41
for a 5 C-rate. The characteristic stoichiometry behavior is noticeable, too. The difference is
the wider distribution due to a higher C-rate of 5 C. Anode and cathode have in common that
the change of stoichiometry is the fastest in the particles near the separator. The wider the
particles are far from the separator the less intense is the change. The reason is the lithium-ion
gradient within the liquid electrolyte with its transport properties. Higher C-rates cause a
stronger gradient. Because the electron-transfer reaction is not the rate-limiting process, the
spreading of the concentration occurs along the electrode thickness.
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Concerning the interaction between mass transfer and diffusion process in the electrolyte,
another behavior can be observed in the simulations. If the electron-transfer reaction is as-
sumed to be not rate limiting and to be very fast, and the diffusion of ions in the electrolyte is
assumed to be very slow, then a starvation process takes place. In case of discharge, this is
observed at the cathode side. The electrode intercalates lithium ions faster than the diffusion
process can deliver. It results in a decrease of the lithium ions in the electrolyte reaching the
concentration of 0.0 mol/l. In doing so, the simulation shows a strong increase of overpoten-
tial which leads to a strong decrease of the cell voltage reaching the cut-off voltage. This im-
plies that not the full capacity can be used for operation. In the experiment, such a behavior
was not observed. It can be assumed that this may happen at very high C-rates and this starva-
tion is a reversible effect. But further statements cannot be given concerning safety, aging and

other undesired reactions.

Overpotentials. During operation, the measured cell voltage is different compared to the
voltage at equilibrium. This difference is described as the sum of different overpotentials due
to diverse kinetic processes. Overpotentials occurring at a 1C-discharge are shown in Figure
42. The overpotential due to ohmic resistance caused by current collectors, contact resistanc-

es, etc. is constant over the whole discharge time.
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Figure 42: Overpotential contributions at 1C discharge versus capacity.

The next overpotential, which is slightly higher, is due to resistivity caused by the ion-

concentration gradient in the electrolyte (cf. Figure 39). Depending on this gradient the over-

potential rises quickly and is nearly constant up to the end of discharge.

More important and contributing to the total overpotential, there is the overpotential due to

kinetic processes at the electrodes. This includes effects due to concentration variations and

electron-transfer processes. The first one is correlated to the concentration overpotential and
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the latter to the activation overpotential. Both combined are named as kinetic overpotentials in
Figure 42. The concentration overpotential at the anode is around 0.4 mV and at the cathode
around 0.8 mV. Due to this small difference, both combined are shown in Figure 42, named
as kinetic overpotentials. Here, the kinetic overpotential of the cathode is immensely more
dominant than that of the anode. The anode shows a nearly constant overpotential. But at the
end of discharge, it rises slightly. The cathode shows the same behavior at the end of dis-
charge which is an increase of the overpotential. But in contrast to the anode, the cathode
shows a decrease of the overpotential at the beginning of the discharge. This relaxation ends
at around 1 Ah followed by an increase lasting to the end of discharge. The relaxation can be
attributed to the gradient of lithium ions in the electrolyte. The transport of the ions and the
electron transfer are strongly coupled. Starting from a homogenous concentration of 1.2 mol/l,
a gradient occurs. Due to the fact that transport of ions in the electrolyte is relatively faster
than the electron transfer, the overpotential is shrinking.

The rise of both overpotentials at the end of discharge (2.0 Ah) is due to the spreading of the
concentrations in the active material (cf. Figure 40). At the end, more and more locations
along the cathode thickness reach the stoichiometry of around 95 % (cf. Figure 40) which
results in a strong rise of the overpotential. This can be explained by the correlation between
the local potential of the bulk material, which depends on stoichiometry, and the activation
overpotential described in equation 22. At this stoichiometry point the potential of one loca-
tion changes. This leads to a decrease of the activation overpotential for this location and
thereby to a decrease of the current at this location described by the Butler-VVolmer expression
in equation 28. To ensure the total applied current, the current distribution must be transferred
to other locations along the electrode whereby their activation overpotentials rise and thereby
the kinetic overpotential in Figure 42. The same explanation is valid for the anode, regarding

the spreading of the concentrations at a capacity of 1.5 Ah (cf. Figure 40).

Impedance spectra. Simulation of impedance spectra enables the opportunity to look at
the occurring processes in more detail. All processes are time-resolved and therefore they can
be attributed to certain processes taking place. Because the SOC plays an important role, im-
pedance spectra are taken at different SOC as described in section 3.4. Simulations were done
at the same SOC and are shown in Figure 43 as Bode plots. The experiments are displayed as
symbols and the simulations are shown as solid lines. Both figures show that a strong differ-
ence between simulation and experiment exists. In general, the impedance spectra can be sep-

arated into three parts regarding the frequency. The first part is the high-frequency range
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(HFR) between 10° and 10° Hz. This part can be attributed to ohmic resistances. The second
part, which is between 1 and 10° Hz and is nominated in following work as mid-frequency
range (MFR), is dominated by the electron-transfer processes. The third and low-frequency

range (LFR), which is lower than 1 Hz, shows slow processes like diffusion.
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Figure 43: Impedance spectra in form of a Bode plot: real part (a) and the imaginary part
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Figure 44: Impedance spectra in form of a Nyquist plot: Comparison between experi-
ments (symbols) and simulations (solid lines).

In principle, the simulation shows the same trend as the experiment. Coming from high fre-
quencies the real part of the impedance increases step by step. The increase is in the same
frequency ranges as the experiment, but the magnitude is overestimated. Compared to the
experiment the ohmic resistance of the simulation is too low in the HFR. In the MFR, the
electron-transfer reactions are not described correctly. In the experiments, a smooth resistance
increase is noticeable coming from higher frequencies. This increase is due to electron-

transfer processes which occur at both electrodes to the same time. This results in an overlap
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of the resistances of both electrodes. A separation of both contributions cannot be done in the
experiments. In contrast, the simulation shows a small resistance increase at around 100 Hz
and a strong increase at 10 Hz. The lower increase can be attributed to the anode, which has a
high value as exchange current density used in the Butler-Volmer equation. The higher in-
crease at around 10 Hz is due to the contribution of the cathode. The exchange current density
is lower compared to the anode. This results in a higher resistance regarding the electron-
transfer process. Here, the simulation predicts a strong increase of the impedance which over-
laps small contributions of other processes. It has to be mentioned that the electron-transfer
reaction on the cathode side is the most dominant parameter in the battery simulation using
the macro-model. This parameter influences the impedance spectra and (dis-)charge curves.
Regarding the discharge curves, it influences the height of the cell-voltage plateau at different
C-rates. This is due to the activation overpotential. The higher the exchange current density is,
the lower is the activation overpotential. If the activation overpotential is too low, the plateau
of all discharge curves at different C-rates shift to higher voltages leading to a smaller spread-
ing of the discharge curves with applied current. Additionally, this parameter influences the
temperature contribution. An increasing overpotential leads to higher heat production and
therefore to higher temperature. Inspite of these lacks described above, the exchange current
density is set to this value obtaining a good agreement in discharge curves and thermal calcu-
lations. In the LFR the simulation shows an additional small increase of the impedance at
around 0.01 Hz. Within this time frame the impedance is dominated by diffusion processes,
which here is the occurrence of a concentration gradient in the liquid electrolyte.

Compared to the real part of the impedance, the imaginary part shows a better agreement with
the experiments. In the HFR the inductive behavior is well described by the model. Differ-
ences are observable at the MFR, where the electron-transfer processes take place. As de-
scribed above, two characteristic peaks visualize the contribution of both electrodes. The peak
at 500 Hz can be attributed to the anode. The more distinct peak at around 100 Hz is due to
the cathode. The height of these peaks correlates to the size of the exchange current density.
The peak decreases with increasing value. Also, this indicates that the influence of the elec-
tron-transfer process of the cathode is more dominant than that of the anode. Analyzing the
LFR, a controversial situation can be found. At a SOC of 100 %, 10 % and 0 %, the simula-
tion predicts the same behavior, as seen in the experiments. The capacitive resistance increas-
es strongly coming from high frequencies. In contrast to the experiments, the other SOC,
namely the SOC between 90 % and 30 %, show no or only a slight increase of the capacitive
resistance at low frequencies, which are lower than 10 % Hz. This effect can be attributed to
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SOC itself. If the electrodes are completely filled or emptied which is the case at 100 % and
0 %, the resistance increases at around 0.1 Hz. Here, the simulation and the experiments show
a good agreement. The effect is due to the thermodynamics that the resistance increases at a
SOC of 10 %. In general, the impedance spectra are sensitive to the slope of the thermody-
namics. The characteristic behavior of a LFP containing battery is the flat cell voltage. Due to
this plateau, all impedance spectra between SOC of 90 % and 30 % have nearly the same
shape. To proof this assumption, simulations were performed wherein the thermodynamics
were changed having a slope instead of a constant voltage. The result was that it also influ-
enced the impedance spectra at the mid-SOC range showing an increase of the resistance at
the LFR.

The same results are shown in Figure 44 but in form of a Nyquist plot. Here, the real and the
imaginary part are plotted against each other. Each occurring process forms a semi-circle. Due
to the same time range in which the processes happen an overlap may takes place. This makes
an interpretation difficult and needs further knowledge coming inter alia from Bode plots,
such as frequencies. It can be noticed that the simulation and the experiments have the same
tendencies. They show a stretched semi-circle at low resistances and a big one at higher re-
sistances. The latter depends clearly on the SOC. Going more into detail, the first semi-cycle
starts at 4 mQ for simulations and at 7 mQ for experiments. This is due to different ohmic
resistances. As already seen in the Bode plots, this leads to a shift of all impedance curves.
The first semi-circle consists of two overlapping semi-circles from the anode and cathode.
This arc can be correlated to the MFR in the Bode plots. The next arc belongs to the LFR.

If the Nyquist plot shows a slope of +45° instead of this semi-circle, it is a so-called Warburg
impedance which describes diffusion processes normally. This behavior is not really distinc-
tive in the experiments and it is not reproduced by the simulation. This means that diffusion
may take place but it is not the rate-limiting process. Therefore, it can be concluded that other
processes are more dominant and are highly SOC dependent. Experimental results show this
SOC correlation which is not the case regarding the simulations. The latter show a big semi-
circle which is SOC dependent, indeed. But the radius of the arc is too small which means that
the resistance is too low. Regarding the impedance spectra, it can be said that all processes are
in the same time range and not far from reality. Further adjustments are necessary to get a

better agreement with the impedance spectra.

Sensitivity analysis. To estimate the influence of parameters on the result, a sensitivity
analysis was performed. This is done for each parameter used in the simulation. The method-

106



Macro-model: Results and Discussion

ology is originally presented by Vogler et al. and applied here [160]. The target parameter was
the cell voltage at a capacity of 1 Ah of a discharge curve with applying a 1 C-rate. Each
model parameter P; was consecutively increased by 0.1 % from its reference value P to P;*.
The resulting relative change in the cell voltage JE = (E* — E°)/E® is related to the relative
change in the parameter 6P; = (Pi+ — P°)/P; = 0.01. The factor f = JE/SP; is the relative sen-
sitivity of the cell voltage with respect to changes in parameter P;. If the relative sensitivity
has a positive sign, this means that the cell voltage is higher than the reference cell voltage. If
the value is negative, this means that the cell voltage is lower compared to the reference cell
voltage. A value of f; = 1 signifies direct proportionality between model parameter and simu-
lation target. A notable sensitivity of the model parameter (say, f > 0.01) means that the as-
sociated physico-chemical process is rate-determining.

In Figure 45 the sensitivity analysis for the macro model is shown. It is separated into three
parts: the anode, the separator and the cathode.

At the anode the most important influence shows the change of the activation energy of the
Butler-Volmer equation (BV). An increase shows a significant decrease of the cell voltage
due to higher activation overpotential. Further negative influences are the change of the fac-
tors b and c of the BV. They also increase the activation overpotential which leads to a de-
crease of the cell voltage. Positive values can be achieved by increasing the stoichiometry
range. Especially the increase of the maximum stoichiometry results in a higher cell voltage,
because the half-cell potential drops down later then. Also a positive result can be achieved, if
the density or the electrode thickness is increased. Both parameters lead to a higher lithium
content and therefore to a slower change of the stoichiometry resulting in a higher half-cell
potential.

At the cathode there is one dominant parameter, which is the activation energy of the BV. The
effect is the same like on the anode side. Beside other parameters, two parameters have a
positive influence, which are the exchange current density and the electrode thickness. The
increase of the first parameter reduces the activation overpotential. This results in a higher cell
voltage. Changing the latter parameter the lithium content increases within the electrode. Hav-
ing a constant density, the stoichiometry changes more moderately resulting in a higher cell
potential. It has to be mentioned that the increase of the electrode thickness leads to a stronger
gradient of lithium ions within the electrolyte. This increases the overpotential, usually. In this
simulation the change is too small that this gradient effect has a consequence on the cell volt-

age. It can be assumed that this will happen if the thickness is increased drastically.
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Figure 45: Sensitivity analysis. BV means Butler-Volmer equation, BC means Bruggeman coefficient.
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Within the region of the separator especially the parameters of the separator itself and these of
the ion transport in the electrolyte are the most important. It can be seen that all parameters
have no strong influence on the cell voltage. The change of the concentration of the lead salt
increases fr, because the conductivity rises. Further changes of other parameters show a
negative influence such as thickness and volume fraction of the separator. Both influence the
transport of ions. Therefore the gradient becomes stronger which results in a decrease of the
cell voltage. Furthermore, changes of parameters belonging to transport, such as diffusion
coefficients and correlating Bruggeman coefficients (BC), reduces the cell voltage by deceler-
ating the ion transport in which the gradient becomes more intense. Furthermore, the increase

of the serial resistance decreases the cell voltage, too.

5.2.2 Extended macro-model

Relationship between impedance and polarization characteristics. The simulation
presented above show good agreement in discharge curves, but it predicts different behavior
in impedance spectra compared to the experiments. Further model variations were performed
to obtain better agreement. The focus was on impedance spectra, because it could be expected
that all discharge curves fit well if all time-resolved processes were reproduced accurately.
Unfortunately, gaining good agreement in impedance simulation was difficult. Regarding the
Bode plot, good agreement could be obtained in the HFR and MFR up to a frequency of 1 Hz.
This includes ohmic resistances and electron-transfer processes. The challenge is the LFR
where slow processes take place, like diffusion. Especially this region shows a strong varia-
tion with SOC. It has to be mentioned that this LFR is difficult to describe, because there is a
transition between a mode of alternating current and a continuous charging-discharging mode.
The Bode plots show that all curves rise to higher resistances at a frequency of 1 mHz. Here,
the duration is 1000 s which correlates to a constant current for around 15 min. Therefore, this
implies a change of the SOC. Again, this has an effect on the electron-transfer process, espe-
cially when the electrodes are nearly filled or emptied. This is observable in the impedance

spectra for the curves at a SOC of 0 %.

Diffusion coefficients. The LFR was in focus of research for a better understanding of
the battery function. Due to the fact that this region can be allocated to slow processes, bulk
diffusion was included into the model on both electrodes [148]. First, a constant diffusion was
assumed (cf. Table 11, “Macro 2”). Using 10 ** m¥s for the anode and 10*® m¥s for the

cathode, no good agreement with impedance spectra could be found and still with a lack of
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agreement in discharge curves. In the impedance spectra, the curves in the LFR showed no
rise to higher resistances and discharge-curve simulations show less overpotentials with in-
creasing C-rate.

Then, diffusion coefficients were chosen that depend on stoichiometry (cf. Table 11, “Macro
3”) [148]. Levi et al. reported such behavior for graphite [155]. This was applied for the simu-
lation. No better agreement was found in the impedance spectra, but the discharge curves
showed a slightly better agreement concerning the slope. With decreasing coefficient the
slope becomes more negative and with increasing the other way round. Due to the fact that the
diffusion coefficient of Levi et al. shows a distinctive dependence on stoichiometry, changes

in the slopes of simulated curves were also recognizable which fitted better to the experi-

ments.
1E-17 4

o E A
o ]

S ]

-

= 1E-18 4

<} E

S ]

= i

3

3 1E-19 3

_E ] increasing current
é i

3 1E-20 E

T T

. — .
0.0 0.2 0.4 0.6 0.8 1.0
Stoichiometry

Figure 46: Sketch of the ,,rubber-band model”.

Also, a stoichiometry depending diffusion coefficient was used on the cathode side. Safari et
al. reported that the diffusion is extremely low (around 10~%° m2/s) in a range between a stoi-
chiometry of 0.1 and 0.85 [103]. Between 0.0 and 0.1 and between 0.85 and 1.0, the coeffi-
cient rises up to 10 *® m?/s. The total change of the diffusion coefficient along the stoichiome-
try can be described having the shape of the letter “u” (Figure 46). Applying this no better
agreement could be achieved neither in discharge curves, nor in impedance spectra. Stretching
the u-shape to lower values, like 102> m?/s at stoichiometry of around 0.5, while keeping the
value of 10 ¥ m2/s at the borders, an agreement could be found for impedance spectra. But
the discharge curves showed at increased C-rates a stronger slope in the region of the plateau.
Furthermore, the total capacity could not be reached, because the overpotentials became too
strong, so that the curve dropped down at a capacity less than 1.0 Ah. At this point, the con-
clusion was that the diffusion coefficient has to be around 10 *® m2/s for discharge curves and
around 10 % m?/s for impedance spectra. To match both specifications, a so called “rubber-

band model” was developed (cf. Table 11, “Macro 4). This is a current-dependent model
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which is sketched in Figure 46. It includes that at low C-rates the diffusion coefficient has an
“u”-shape along the stoichiometry. At high C-rates, the value is constant at 10 m2/s. In be-
tween, the shape of the “u”-form becomes less intense, which means that, with increasing
current, the diffusion coefficient has lower variation. The adjustment of this variation had to
be done in this way that an agreement in discharge curves could be achieved for all C-rates. In
doing so, the result was that the original function of the diffusion coefficient could be used at
0.1 C. For all other C-rates, the diffusion coefficient was nearly constant while obtaining not
the best fits in discharge curves. The behavior could better be described as a switch: currents
above 1C needed constant diffusion coefficient and below a variation. All in all, the conclu-

sion was that there are other reasons for this behavior instead of diffusion.

Particle sizes. Safari et al. reported a particle distribution at the cathode [103]. The parti-
cle size spread over a range between 15 nm and 370 nm. They measured that most particles
have a size of 50 nm. Their dsp-value of this distribution is around 73 nm which means that
this is the average particle size. In our model the size of the particle is 74 nm. Simulations
were performed with different particle sizes combined with various diffusion coefficients (cf.
Table 11, “Macro 5) [148]. In one case, different particle sizes were chosen with constant
diffusion coefficients. In another case, different particle sizes were chosen with stoichiometry-
dependent diffusion coefficients. Furthermore, a particle-size distribution along the cross-
section of the electrode was considered including a stoichiometry dependent diffusion. In that
case, various particle sizes were randomly distributed along the electrode.

Here, five particles were assumed which alternate in size and location along the cross section
of the electrode. For the anode the particles have a radius of 12 um, 8 um, twice 3.58 um and
2 um. For the cathode the radius of the particles is 20 nm, 27 nm, 37 nm, 37 nm and 50 nm. In
this order, the particles are stringed along the y-axis. When using more than five discretization
compartments the size iterates in the same order. The order of the particles is given in Table
12 for anode and Table 13 for cathode. There, five different particle distributions (PD) are
given exemplarily to vary the location of particles along the cross section. Furthermore, bulk
diffusion is included wherein the diffusion coefficient depends on stoichiometry. Literature
data by Levi et al. for the anode [155] and Safari et al. for the cathode [103] were used which
were described in chapter 4.3.2. To visualize the effects more explicitly, the discretization was
lowered to seventeen compartments per electrode. Using the PD,, A and the PD, A as refer-
ence, the influence of the PD on discharge curves is shown in Figure 47. There, the 0.1 C-rate
is not affected, because kinetic processes are not rate-limiting so that there is the same result
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Table 12: Anode

Position of particle within order [148]

Particle radius / um 12 8 3.58 3.58 2
PDan A 1 2 3 4 5
PD., B 2 3 4 5 1
PD,,C 3 4 5 1 2
PD., D 4 5 1 2 3
PDan E 5 1 2 3 4
Table 13: Cathode Position of particle within order [148]
Particle radius / nm 20 27 37 37 50
PDc A 1 2 3 4 5
PD.. B 2 3 4 5 1
PD. C 3 4 5 1 2
PD., D 4 5 1 2 3
PD.. E 5 1 2 3 4
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Figure 47: Influence of different particle sizes on discharge curves.

as without different particle sizes and bulk diffusion. However, if the current is increased, the
shape of the curves are strongly influenced by the particle size including bulk diffusion. Char-
acteristic voltage losses can be found which results in an earlier achievement of the cut-off
voltage. Furthermore, it can be seen that specific voltage losses are shifting to lower capaci-
ties with increasing C-rate. For example, a voltage loss can be seen at a 1 C-rate at 1 Ah. Ata
2 C-rate, the loss is at around 0.6 Ah and at a 4.6 C-rate, the loss is at 0.5 Ah and so on. Also,
at a 10 C-rate, characteristic losses can be found at 1.2 Ah and at 1.5 Ah. These losses are
recognizable in a 4.6 Ah-curve, too. To clarify the behavior, the PD was changed for one elec-

trode while keeping the PD A of the other electrode.
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Figure 48: The influence of a particle-size distribution for anode (a) and cathode (b) on a
5 C-rate discharge curve.
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Figure 49: Zoom of the discharge curves to visualize differences between PD., C and D.

Applying a 5 C-rate, the results are shown in Figure 48. The simulated discharge curves show
a strong difference to the experiments. They show stronger slopes overall and reach earlier the
cut-off voltage. Also, they show distinctive voltage steps, e.g. at 1.25 Ah. Depending on the
location of the particles, which is defined by using different PD (cf. Table 12 and Table 13),
the curves show a spreading. This is less intense for the anode compared to the cathode. It has
to be mentioned that for both electrodes the discharge curve using PD C is overlapped by the
curve of PD D. There are small differences which are exemplarily shown for the cathode at a
capacity of 1.15 Ah in Figure 49. Depending on location, a turning-point in a discharge curve
occurs. The reason is the correlation between particle size and diffusion. If this process is too
slow to free vacancies for adsorption of lithium ions, the electron-transfer is hindered. This
results in an increase of overpotenials which lead to a breakdown of the cell-voltage. In gen-
eral, voltage losses are higher as the particle size increases. Also, no better agreement for im-
pedance spectra could be found which is not shown here.
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5.3 Thermal simulations

During operation the battery performance is subject to thermal influences. Different ambient
temperatures and internal heating lead to changes of the cell voltage. In the following section
the macro-model considers heat generation in the electrodes, heat transport across the wind-
ings and heat dissipation at the battery surface as described in chapter 4.4 used model “Macro
1”7 in chapter 5.2 (cf. Table 11) [151,161]. Explicitly, bulk transport in active materials is not
included. The conditions and their influence are explained in more detail in the following

chapter.

5.3.1 1 C-rates at different ambient temperatures

The external temperature has a strong influence on the battery performance. In Figure 50,
charge and discharge curves are shown at different ambient temperatures using a 1 Crate.
Simulations look very similar compared to isothermal calculations. Differences can be noticed
at lower ambient temperatures. The thermal simulations show less overpotential. This results
in higher cell voltages at discharging and in lower cell voltages at charging. At —10 °C, the

difference is most pronounced.
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Figure 50: Discharge curves (a) and charge curves (b) at different temperatures ata 1 C-
rate.

Regarding the discharge curves a general tendency is observed concerning the cell voltage at
different temperatures. The lower the temperature is the lower is the cell potential and, even-
tually, the capacity. At high temperatures the overpotentials are less dominant and the cell
voltage is mainly given by the half-cell potentials or the thermodynamics, respectively. With

decreasing ambient temperature the internal resistances increase, leading to higher overpoten-
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tials. These are responsible for a lower cell voltage at lower temperatures. In the experiments,
especially at 0°C and — 10°C, a capacity loss can be observed, additionally. The exact origin
of this capacity loss cannot be given. An assumption is that this effect is based on the interca-
lation reaction at the electrodes. If this reaction is hindered, the overpotential rises and leads
to an earlier decrease of the cell voltage. The intercalation reaction is coupled with other pro-
cesses, such as lithium transport within the electrolyte and within the bulk material, which are
temperature dependent, too. Especially, the bulk transport is the bottleneck in this process
cascade. If it is too slow, the electron-transfer reaction is influenced which increases the over-
potential. Due to the fact that the macro-model neglects bulk-transport properties, all dis-
charge curves reach the full capacity of 2.3 Ah.

The simulations show that heating and ambient temperature influence the performance of the
battery. As already remarked, differences between isothermal and thermal simulations are
visible at —10 °C. The heating leads to faster reactions at the electrodes which results in less
overpotentials. Therefore, the plateau of the thermal discharge curve is above 3.1 V compared
to the plateau of the isothermal simulation which is below this value.

The simulated charge curves fit quite well to the experiments. At high ambient temperatures,
the cell voltage is underestimated by the simulation. Charge curves below 10°C fit well to the
experiments. All simulated curves show an underestimated voltage increase at the end of the
charge progress.

The reason for the underestimation of the cell voltage by the simulation could be identified.
Regarding the curve at 50 °C, the cell voltage is lower compared to the experiments. In con-
trast, the simulation of discharge matches the experiments well at this temperature. Here, an
asymmetric behavior exists. To investigate the reason, the exchange current density of the
Butler-Volmer equation has been changed to get better agreements. Then, an agreement in
charge curves for high temperatures could be achieved. In contrast, the discharge curves did
not fit anymore. So, the conclusion was that the kinetics is not the reason for this behavior.

As already mentioned, the cell voltage at high temperatures is dominated by the half-cell po-
tentials. In case of the cathode, the latter is dominated by the phase transition from FP to LFP
(discharge) or from LFP to FP (charge), respectively. LFP is the more stable compound, be-
cause it has a lower potential. Then, it could be assumed that the transition of LFP to FP has
different energies compared to the transition of FP to LFP. The energies are expressed as en-
thalpy and entropy contributions. Due to the underestimation of the cell voltage by charge
simulations, the assumption is that the correlation between enthalpy and entropy, extracted
from literature, is not really balanced to match the real behavior shown in the experiments.
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Hence, it must be mentioned that some uncertainties remain regarding heating due to thermo-

dynamics.

Thermal behavior. The ambient temperature influences the heating of the battery. The
influence of different ambient temperatures on the average temperature of the battery is
shown in Figure 51. Due to an applied 1 C discharge, the temperature increase is low resulting
in a nearly constant temperature. A difference can be seen at the beginning of the discharge.
At low temperatures, the battery heats up within the first minutes. The higher the ambient
temperature is, the less heat generation at the beginning of discharge can be observed.

In Figure 52, the heat production at different temperatures within the range of —10 °C and
50 °C is shown. The highest heat production can be observed at the lowest temperature. With
increasing ambient temperature the heat production reduces. It even decreases to negative
values at 50 °C. With operation time, an increase of the heating can be observed at all temper-
atures. Up to 1.0 Ah the heating is more or less constant. After 1.0 Ah the heat production
rises.

In the following section, the characteristic thermal behavior is explained in more detail.
Therefore, three ambient temperatures (20 °C, 50 °C and —10 °C) are chosen to explain the

contributions to the heat production and the thermal behavior.
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Figure 51: Averaged temperatures while discharging with 1C for different ambient tem-
peratures.
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Figure 52: Heat productions of 1 C-rates at different ambient temperatures.
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Figure 53: Temperature rise while discharging with a 1 C-rate.

Room temperature (20 °C). To explain the heat contribution and their influence on the
performance of a battery, a 1 C-rate discharge at room temperature is chosen. In Figure 53,
the temperature rise is shown during operation. In total, the battery heats up by around 1.25 K.
The rise is nonlinear and shows characteristic behavior. The experiment shows an increase of
around 0.25 K at around 0.6 Ah. Then, cooling takes place at ca. 0.8 Ah which decreases the
temperature around 0.1 K. Followed by an increase, the temperature of 22 °C (295 K) is
reached at the end of discharge. The simulation shows similar behavior. First, there is an in-
crease of around 0.5 K at a capacity of ca. 0.4 Ah. Secondly, a cooling takes place between
0.5 Ah and 0.6 Ah. Thirdly, a strong increase occurs reaching the final temperature. In Figure
53, three different heating curves are shown. The lowest temperature rise occurs at the surface
of the battery. In contrast to this, the maximum temperature is shown which is around 1 K
higher and occurs in the center of the battery. The average temperature is in between them.

Furthermore, it has to be mentioned that a characteristic temperature rise occurs at around
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2.0 Ah seen in the experiments. The simulation shows the correct behavior qualitatively. It
has the same tendency in cooling and heating as the experiment. Differences may be ex-
plained by the thermodynamic contribution of one of both electrodes.
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Figure 54: Internal temperature distribution along cell radius at 1 C-rate.

The temperature distribution within the battery is shown in Figure 54. With increasing opera-
tion time, a gradient occurs along the cell radius which is caused by two effects. On the one
hand, the heat dissipation at the surface is determined by the heat transfer. It regulates the
temperature difference between surface and ambient atmosphere. On the other hand, the heat
accumulation depends on the heat generation and the heat capacity. Both effects are combined
by heat-transport properties. The result is that the internal temperature is higher than that at
the outer shell. This difference leads to a gradient within the battery which is rising with in-
creasing operation time.

The temperature rise is due to different heat sources which are shown in Figure 55. The total
heat production can be separated into different contributions. The smallest contribution is
shown by the ohmic resistance (gonm) Which is constant and less than 0.1 W/m2. The heat due
to resistivity (Qres) has a small contribution with 0.25 W/m?2, too. The second highest contribu-
tion is due to kinetic processes (0por). The main contribution is the heat production due to
thermodynamics (qrey). It is called the reversible heat, because the heat is due to the change of
entropy due to intercalation of lithium in the host material. The characteristic shape of the
heat production and of the temperature rise is mainly influenced by the entropy change. Dur-
ing discharge, first, a cooling takes place followed by a heating at around 1.5 Ah. This can be
explained by the sign change of the entropy contributions of the active materials (cf. Figure
28, Figure 30).
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Figure 55: Different heat sources contributing to heat production

High temperature (50 °C). At high temperatures the results are different compared at
room temperature, as illustrated in Figure 56. The total heating is around 1 °C after discharg-
ing. The experiment shows a distinct rise of the temperature. After a rise of 0.25 °C to 0.7 Ah,
a cooling takes place of around 0.125 °C to 1.2 Ah. Then, a strong rise occurs at the end of the
discharge reaching the end temperature of 50.7 °C (323.7 K). Also in the last temperature
increase, characteristic fluctuations are recognizable. In comparison, the simulation shows a
similar tendency beside an evident difference. The latter is that a cooling takes place immedi-
ately after starting the discharge. This lasts to 0.2 Ah and then a similar behavior takes place
as seen in the experiment. The temperature rises of around 0.1 °C to 0.4 Ah, shrinks again to
0.7 Ah and starts rising to the end of discharge. The last rise is very strong and reflects the
behavior of the experiment. Unfortunately, the behavior at the beginning up to 1.0 Ah is not
represented correctly. The shape of the simulation can be explained by the entropy contribu-
tions of each active material. A change in the slope of the temperature reflects a sign change
within the entropy contribution of LFP or graphite, respectively. The mismatch can be ex-
plained by several parameter settings. Regarding the cooling process at the beginning of the
discharge, this could be a hint that the stoichiometry of the electrodes is not chosen correctly.
Similarly, the entropy values extracted from literature may not fit perfectly. This may also
explain the minor temperature rise or decrease during discharge. The simulation reproduces
the characteristic peak of the experiment at around 0.7 Ah, but occurrence and height is dif-
ferent. Besides thermodynamic properties, heat capacity and heat conductivity may be a rea-
son for this behavior. In this case, the heat capacity would be too small and the heat conduc-
tivity would be too fast. Changing both parameters, it shows the correct tendency, but it was
not possible to obtain a perfect agreement. In doing so, the first characteristic peak shifted to
higher capacities and rises to higher temperatures, but no match with experiments could be
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achieved. Additionally, the rise at the end of discharge was too large reaching an end tempera-
ture of ca. 56 °C (324 K).

Besides, the evidence is remarkable regarding the heating due to thermodynamics which is
visible in simulations. The characteristic shape of the heat production is shown in Figure 57.
The thermodynamic part dominates the total heat production. Also this contribution is respon-
sible for the cooling effect which lasts up to 1.4 Ah. Then the heat production is positive re-
garding only the thermodynamics. Other heat contributions are less intense and are not able to
compensate the cooling effect. The reason for this low heat contribution is the high ambient
temperature. At these elevated temperatures, all processes are faster resulting in less overpo-

tentials than at room temperature.
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Figure 56: Temperature rise while discharging with 1 C at 50 °C.

The cell temperature along the cell radius is shown in Figure 58. The change in the inner tem-
perature while discharging is shown in more detail in Figure 59. They show that the cell tem-
perature decreases at the beginning of discharge. This implies that a heat flow occurs from the
battery surface to the center. Due to the strong cooling, the gradient becomes more intense
and reaches its maximal shape at around 0.75 Ah. Then, the thermodynamic properties change
leading to an internal heating. This revises the gradient leading to higher temperatures at inner
windings compared to windings at the outer-shell of the battery. Due to that, the spreading of
temperatures, shown in Figure 56, occurs after reaching 1.25 Ah and is less intense.

In total, the conclusion is that at high temperatures the discharge curves are mainly influenced
by the thermodynamics. Hence, heat production is due to entropy contribution of the active
materials. Kinetic effects are less dominant compared to room temperature. Therefore, over-

potentials are small and lead to minor heat production.
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Figure 60: Temperature rise while discharging with 1 C at —10 °C.

Low temperature (=10 °C). At lower temperatures, the experiment shows different
behavior compared to higher temperatures. Compared to the curve at 50 °C, the shape is
smoother and is increasing permanently which is shown in Figure 60. The experiment shows
an increase of around 5 K after discharging with 1 C. The simulation has a similar augmenta-
tion. The difference is a strong temperature rise at the beginning of the discharge. Over a long
time, the temperature is constant and rises then slowly to the end of discharge. The simulation
shows a widening of the temperatures depending on location within the battery. The surface
temperature is ca. 1 K lower than at the center. Also, this is shown in Figure 61. The tempera-
ture increases continuously while discharging with 1 C and the gradient becomes more intense
with time.

The strong rise at the beginning of the discharge is caused by kinetic effects. These dominate
the behavior of a cell at lower temperatures. This can be seen in Figure 62, too. Although the
thermodynamics contribute with cooling to the system, kinetic effects compensate this behav-
ior leading to a strong heating. Two heat sources can be identified which are the heat due to
resistivity and due to polarization. The first occurs in the electrolyte. At these low tempera-
tures, the ion transport is decelerated leading to stronger concentration gradients and therefore
to higher overpotentials which causes higher heating. The latter is caused by the electron-
transfer process at the electrodes. At low temperatures, this reaction is retarded drastically. It
has to be mentioned that the strong increase, shown by the simulations, is due to the activation
energy used in the Butler-Volmer expression. It seems that the activation energy is chosen too
high obtaining good agreement with experimental results. But, if the energy is diminished, it
could be expected that a better agreement could be obtained in heating and temperature pro-
files but not in discharge curves. The reason is that the activation overpotential decreases. The
total heating shows a characteristic behavior while discharging which is mainly caused by the
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resistivity.

During operation the concentration gradient changes with time. Figure 63 shows the averaged
concentrations of lithium ions on anode and cathode side. The gradient can be described as
the difference between these both lines. Starting with a concentration of 1.2 mol/l the gradient
increases drastically, meanwhile the battery heats up. Due to this heating, the transport is ac-
celerated leading to a lower gradient and to less overpotential. Then, the gradient is nearly
constant. At the end of discharge the gradient decreases which is not an expected behavior.
The reason is the influence of the thermodynamics on lithium intercalation which affects itself
the ion concentration within the liquid phase. As shown in Figure 40 and Figure 41, stoichi-
ometry (lithium-ion concentration within bulk material) shows a spreading during operation.
At around 2.1 Ah, the spreading is removed leading to the same stoichiometry in all particles
along the cross section of a repeat unit. At this capacity point, the thermodynamics of the
cathode changes causing this behavior (cf. Figure 30). This leads to lower activation overpo-
tentials why the electron transfer is hindered. Due to this, the concentration gradient decreases
within electrolyte.

5.3.2 Different C-rates at room temperature

At room temperature, thermal effects can be studied applying different C-rates. In Figure 64,
discharge and charge curves are shown. The behavior is similar as in the isothermal simula-
tions (cf. Figure 37). However, there is a remarkable difference concerning the discharge
curve at 10 C. It can be noticed that, after the voltage drop at the beginning, the cell voltage
rises around 0.1 V reaching the maximum at 1.25 Ah. Then the voltage decreases reaching the
cut-off voltage. The voltage rise can also be observed at a 5 C-rate but in a moderate extent.
Compared to isothermal simulations (cf. Figure 37), wherein no voltage rise occurs, it can be
said that this rise is due to heating. This effect can be seen in the experimental 10 C-rate, too.
It is noticeable at around 1.0 Ah. Comparing with experiments, the thermal simulation overes-
timates the heating at 10 C. There are a few possible reasons. First, the validation was per-
formed only for 1 C-rates at different temperatures. Other C-rates were not available for vali-
dation. Therefore the chosen heat capacity could be too high, or the heat transport is too slow.
Secondly, the entropy contribution of the electrodes is too high which results in a too strong
heating. Thirdly, the model excludes heat dissipation at pole caps and heat transport along
windings. Therefore the heat transfer coefficient is very high using 55 W/mz2, also caused by

an unknown impact of a fan in a climate chamber.
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Figure 69: Temperature gradient along cell radius of a 2 C-rate at room temperature.

Thermal behavior. During operation the battery is heated by processes which correlate
with applied current. A general overview of simulated temperature rises and heat productions
are shown in Figure 65 and in Figure 66, respectively. There it can be seen that the heat pro-
duction depends strongly on the applied current. At low C-rates, the temperature rise is mar-

ginal. Applying a 10 C-rate, the temperature increases by around 30 °C. The characteristic
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shape of a 10 C-rate has the same origin as the heat production at —10 °C which is explained

in the section above (cf. Figure 62).

1 C-rate. The results of a 1 C-rate at room temperature have already been shown and

discussed (cf. Figure 53, Figure 54, Figure 55).

2 C-rate. The simulated temperature rise of a 2 C-rate fits quite well to the experiments.
This is shown in Figure 67. The surface temperature reaches nearly the same value like the
experiment does. Also, the characteristic shape of the rise is reproduced. First, it shows an
increase at the beginning of discharge followed by a region wherein the rise is less intense. At
the end the increase becomes more dominant. This can be explained by the heat production
during operation (Figure 68). The combination of heating due to polarization overpotential
and cooling due to thermodynamic properties leads to the first strong rise of the temperature.
The strong rise at the end is due to the dominance of the thermodynamics. In Figure 69, the
occurring temperature gradient along the cell radius is shown. It can be noticed that with in-
creasing time, which is depicted as chosen capacity points, the temperature rises within the
battery. Due to the heat dissipation at the surface of the battery, a heat flux from the center of
the battery to the surface occurs leading to a gradient along the cell radius. At a capacity of
2 Ah, the temperature difference between center and surface is around 1 °C. In Figure 67 it
can be seen that the simulation predicts that an internal temperature of 25 °C is around 1.5 °C

higher than the temperature at the surface. The total internal temperature rise is around 5 °C.

5 C-rate. At applied 5 C, the temperature rise is more intense which can be seen in Fig-
ure 70. The simulations show a stronger temperature rise compared to the experiments leading
to higher temperatures at the end of discharge. Here, the simulation predicts an inner tempera-
ture of around 34 °C which is around 4 °C higher than the surface temperature. The experi-
ment only has an end temperature of 27 °C which is a total increase of 7 °C. Although the
discharge curve, shown Figure 64, matches well the experiment, a difference in the heating
can be observed. A reason for this is the strong polarization overpotential which occurs at this
C-rate. Because this is too high, the heating is too intense. This can be seen in Figure 71. Be-
sides, an important task is to estimate the internal temperature at elevated C-rates. The simula-
tion predicts that there is a gradient occurring during operation (Figure 72). The shape is
steeper compared to the profiles at 2 C. But the temperature difference between center and
surface is only 3.13 °C at a capacity of 2 Ah. The heat transport through the windings and the
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heat dissipation at the battery surface is fast enough to ensure a relatively constant internal
temperature. But it has to be mentioned that the heat transfer coefficient, used in the simula-
tion, is very high. The assumed reason is a working fan in the climate chamber. This means
that under cooling conditions the internal temperature rises less than normally assumed. But it

has to be estimated that higher temperature gradients occur if natural convection takes place.
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Figure 70: Temperature rise of a 5 C-rate at room temperature.
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Figure 71: Heat production of a 5 C-rate at room temperature.
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5.4 Cycling behavior

In this section, cycling of a battery was performed. A full battery was discharged with con-
stant current. After reaching the voltage of 2.4 V, the current was inversed to charge the bat-
tery without any break or relaxation time. The charging was stopped when reaching the volt-
age of 3.6 V. This procedure was performed at different temperatures. Results of experiments,

obtained at 20 °C and 50 °C ambient temperature, are compared with simulations.

1 C-rate. In Figure 73, the results of a cycle at a 1 C-rate are shown. Voltage distribu-
tion and surface temperature variation of the simulation reproduce quantitatively and qualita-
tively the behavior of the experiments. Especially, the characteristic peaks occurring at cur-
rent change show similar behavior. The simulated charge curves show lower cell voltage and
a shift to higher time at both temperatures. The simulation shows higher end-capacity com-
pared to the experiment. This results in a shift of the curves. Also, the overpotentials are
smaller than those of the experiment. Furthermore, as already mentioned, the thermodynam-
ics, obtained from literature and used in simulations, show a small deviation from the experi-
ments at the end of discharge. In Figure 74, a correlation between temperature and heat pro-
duction is shown. The temperature change is smooth in contrast to the heat production. Espe-
cially, this can be seen at the change between discharge and charge. The heat production
changes instantaneously, decreasing to low values followed by a rise of the heat production
again. In contrast, the temperature decreases with a lag of time to lower values before the
temperature rises again. The reason is the specific heat capacity of the battery. The lower the
capacity is the faster is the change of the temperature.

The change from heating to cooling is caused by the change of the reversible heat in terms of
entropy. This effect was already described in chapter 4.2.1 and in the section above. In Figure
75, contributions of heat productions are shown versus time at 1C-rate. It can be noticed that
the heat production due to thermodynamics is symmetric. Due to the sign change of the cur-
rent, the entropy value changes, too. Due to the same applied C-rate, the heat production,
caused by thermodynamics, have the same order of magnitude at both temperatures. In con-
trast to the thermodynamics, heat productions due to kinetic processes always have a positive
contribution. The highest contribution is due to polarization overpotentials at the electrodes.
These contributions are higher at 20 °C than at 50 °C. Due to this correlation between ther-
modynamics and Kkinetics at various temperatures, the consequence is different regarding sur-

face temperature and cell voltage.
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Figure 78: Contributions of heat production simulated versus time at 2C while cycling.
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2 C-rate. Nearly the same behavior can be recognized by applying a 2C-rate at 20 °C
and 50 °C. In Figure 76, a comparison of voltage and surface temperature versus simulation
time are shown. Also here, a good agreement is achieved concerning voltage and temperature
profiles. Applying a 2 C-rate means that the battery is totally discharged after 30 min or
1800 s, respectively.

The experiments reach the cut-off voltage at 1730 s which means that the capacity is 2.25 Ah
instead of the nominal capacity of 2.3 Ah. Probably the battery has aged by the time these
experiments were performed. The simulation time was adjusted in order to change the current
to the same time as in the experiment. So, the simulated voltage is below 2.4 V.

Compared to an applied 1C-rate, the temperature rise is higher due to a stronger heating. This
is depicted in Figure 77. Also here, the delayed rise of the temperature after the heat produc-
tion can be seen. At this 2C-rate, diverse ambient temperatures cause different heat rates. The
temperature rise at 20 °C is around 4 °C and at 50 °C around 2.5 °C. The reason is the heating
due to kinetic effects which dominates at lower temperatures. In Figure 78, the contributions
of heat production are shown in more detail. The contribution due to thermodynamics is near-
ly doubled compared to the contribution at 1C, because the current is twice as high. The heat-
ing due to overpotentials rises at 2C, too. The polarization overpotential causes the highest
heat production, followed by the resistivity overpotential. At 20 °C, both overpotentials are
higher in contrast to the ones at 50 °C. Therefore, the temperature rise and its profile show

differences at diverse temperatures.

Multiple cycles. This section describes the behavior of a battery while cycling with a
5C-rate at 0 °C and 20 °C. This is a representative range for operation at low or moderate
temperatures. Here, the consequences within this temperature range are discussed. In the fol-
lowing, four cycles are shown. Increasing the cycling number was observed to have no further
changes in the battery behavior.

In Figure 79, experimental and simulated results are compared. It shows the cell voltage and
the temperature distribution while cycling with 5C. Differences can be recognized regarding
the time for each cycle. The cycle lasts longer at room temperature than at low temperatures.
This can be seen for experiment and simulation, too. Also, it is noticeable that the experi-
mental cycles have lower cycling time in contrast to the simulations. These deviations are
caused by the simulated discharge. The simulation shows higher cell potential and it achieves
higher end-capacity. Furthermore, the simulation shows smaller overpotentials which result in
longer cycling times. In contrast, the experiment shows a decrease of cycling time which is
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noticeable at 0 °C. Here, the overpotentials rise with increasing cycling number. At 20 °C,
this effect is not remarkable anymore. The simulation, however, does not show such charac-
teristics. It can be assumed that other processes may cause a rise of overpotentials which are
not regarded in the macro-model, such as solid-state diffusion.

Another reason for this deviation between simulation and experiment could be a possible al-
tering of the investigated battery. Although it is a high-power cell, it shows especially at low
temperatures that the cycling time is less than 720 s. The expected capacity is not obtained at
these conditions, although the recommended cut-off voltage and charge current are used (cf.
Figure 13). However, the battery shows a good efficiency at all temperatures and current re-
quirements. The cell voltage falls below the voltage of 2.8 V tardily. Furthermore, the cell
voltage rises with increasing temperature in the first cycle at 0 °C due to a decrease of overpo-
tentials. From this, it can be derived that the internal warming can be used as mode of opera-

tion at low ambient temperatures to increase the battery efficiency.
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Figure 79: Comparison of voltage and surface temperature between experiment and simu-
lation at 0 °C and 20 °C while cycling with 5C.
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The surface temperature rises strongly within the first discharge. Then a cooling occurs while
charging which is due to thermodynamics. After the first cycle, the temperature shows an os-
cillation while cycling. The experiment at 0 °C shows also an oscillation which occurs later
stabilizing around the fourth cycle. With increasing cycle number, the temperature variation
becomes less intense. This can be explained using Figure 80. The change in heat, and there-
fore in temperature, is due to the change of polarization and resistivity overpotentials. Within
the first discharge, the overpotential rises immensely leading to a warming of the battery. The
latter results in less overpotentials which, in turn, produces less heat. A quasi-equilibrium is
reached after the first cycle. At low temperatures, this effect is more distinctive. The reversi-
ble heat production remains the same within all cycles. Due to the dependence on tempera-
ture, the reversible heat source is higher in total at 20 °C compared to 0 °C.
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Figure 80: Heat-source variation during cycling with 5C.
5.5 Conclusions and outlook
Conclusion. The macro-model, presented here, is able to represent discharge curves,

charge curves and thermal behavior in good agreement with experimental results. Especially,
regarding temperature profiles, it is not necessary to go into further details, like bulk diffu-
sion, phase transition, etc. However, because all micro-scale information is lumped into the
global Butler-Volmer equation, electrochemical impedance spectra cannot be reproduced
quantitatively. This motivated the development of the micro-model. Depending on a lithium-
ion concentration gradient within the liquid electrolyte, a concentration variation of lithium in
the active material along a cross section could be observed. Therefore the SOC is time and
location dependent.

It was shown that, in the experimental commercial cell by A123, natural graphite is used as
active material of the anode. The exact composition could not be clarified. Furthermore, it
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was shown that not the total possible stoichiometry range of the anode is used. Only around
50 % of the lithium capacity is used if the battery is in a charged state.

The thermodynamics of the cathode is mainly influenced by the phase transition of LiFePO,
and FePQO,. Although good agreement was achieved in discharge curves at low C-rates and
high temperatures, small distinctions remain in charge curves at these conditions. An exact
reason cannot be given so far. An assumption is that the thermodynamics, extracted from lit-
erature, does not represent the real behavior. Additionally, the exact composition of the cath-
ode, produced by A123 systems, is not known. We assume that the cathode consists of a blend
of different active materials causing different electrochemical behavior.

The macro-model is able to predict the thermal behavior of the battery regarding the tempera-
ture rise during operation at different ambient temperatures and different C-rates. Good
agreements with experiments could be achieved. Two main heating sources could be identi-
fied: thermodynamics and electron-transfer Kinetics. The entropy contributions of both active
materials mainly influence the temperature profile of the battery. Additionally, depending on
current and ambient temperature, the electron-transfer processes lead to an off-set of the heat
production. At low temperatures, the kinetic effects are dominant leading to a strong heat pro-
duction. During operation, the characteristic shape of the heat production is caused by the
thermodynamics. At high temperatures, the kinetic contribution is marginal, so that the heat
production is mainly influenced by thermodynamics.

The macro-model predicts only small temperature gradients within the battery. The maximum
temperature difference between center and surface is around 2 °C at an ambient temperature
of —10 °C at 1C discharge. The fitted heat-transfer coefficient is very high for natural convec-
tion (55 W/m2K). We assume that the reason is the experimental setup. The cabin contains a
fan to keep the temperature constant. The position of the battery-tester within this cabin was
located such that a strong air flow cooled the battery.

Due to the fact that all thermodynamic data is extracted from available literature, a subtle dis-
tinction to the experiments can be found in discharge curves and temperature profiles. Never-
theless, it could be shown that the behavior of a battery can be generally reproduced over a

wide range of temperatures and C-rates.

Outlook. The model does not include side or aging reactions, e.g. SEI formation or lithi-
um plating. An implementation of these processes can predict the electrochemical and thermal
aging of the battery. Also, the behavior under various conditions can be studied such as very
high and low temperatures, high applied currents, aging while cycling and thermal run-away.
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Further investigations are recommended regarding the measurements of the thermal battery
behavior. To improve the experimental setup, the battery has to be enveloped to avoid air
flow, e.g. using an aluminum foil. Additionally, to receive more information about the heat
release of the battery, more temperature sensors should be installed at different locations of
the battery including pole caps. It would be illustrative to contact both pole caps comparing

the heat release depending on the electrode.
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6 Micro-model: Results and discussion

6.1 Overview

The micro-model is an extension of the macro-model. Instead of using Butler-Volmer kinet-
ics, elementary reactions are included. In chapter 5.2, discrepancies between experiment and
simulation were reported concerning impedance spectra. The main advantage of the micro-
model is the detailed expression of elementary reactions, instead of lumping all occurring
processes into the Butler-Volmer equation. To recall, two reactions are assumed occurring on
the anode side. Lithium ions adsorb on the particle surface and subsequently intercalate into
the bulk material. On the cathode side, adsorption of lithium takes place, too. After an elec-
tron-transfer process, the lithium atoms diffuse along an interphase to the center of the parti-
cle. Here, a phase transition takes place in which FP is converted to LFP during discharge.

Table 14 shows an overview of the micro-model versions. In the following sections, the re-
sults of the model “Micro 1” are shown and discussed concerning discharge and charge
curves, impedance spectra, concentration gradients and sensitivity analysis. Further investiga-
tions were performed concerning the influence of interphase size and bulk diffusion of the

cathode on charge and discharge curves (“Micro 2 — 4”).

Table 14: Overview of micro-model versions

Model name Interphase size Bulk diffusion cathode
Micro 1 Constant Constant
Micro 2 Constant No bulk diffusion
Micro 3 Varying with SOC and current Constant
Micro 4 Varying with SOC and current No bulk diffusion

6.2 Results and discussion

Discharge and charge curves. Using the micro-model “Micro 17, different C-rates at
20 °C were simulated and compared with experiments. Results are shown in Figure 81. First,
concentrating on discharge in a), a very good agreement is achieved for a 0.1C and 1C. The
slope at the beginning of charge is well matched. The plateau has the same shape. At the end
of discharge, the simulation predicts a stronger voltage decrease compared to the experiments.
Therefore, less capacity is reached. Regarding higher C-rates, such as 2C, 5C and 10C, the

simulated curves drop down nearly immediately after beginning. The reason is the interface
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on cathode side between FP and LFP. The application of higher C-rates leads to a fast filling
of the interface. The intercalation reaction is not fast enough to ensure free vacancies in the
interface. This inhibits the electron-transfer reaction causing an increase of the resistance.

This leads to a starvation of the curve.
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Figure 81: Discharge and charge curves at 20 °C applying different C-rates including
bulk diffusion on cathode side.

To show that this effect is caused by the interface filling instead of a slow diffusion process,
further simulations were performed wherein the diffusion on cathode side is disabled (cf. Ta-
ble 14, “Micro 2”). Results are shown in Figure 82. Also there, a good agreement is achieved
for 0.1C and 1C in contrast to the other C-rates, which show the characteristic behavior, too.
This indicates two things. First, the diffusion is not the dominating process. Second, the filling
of the interface in combination with the intercalation reaction is responsible for the voltage
decrease.

Regarding the charge curves in Figure 81 b) and Figure 82 b), a similar behavior can be ob-
served as in panel a). The rise at the beginning of charge is less pronounced compared to the
experiments. The overpotential of the simulation is underestimated for all C-rates so that the
plateau is below the experiments. The total capacity is not reached. The simulated voltage
rises fast at around 2 Ah. But a difference can be observed between model “Micro 1” and
“Micro 2”. With bulk diffusion, the 2C-rate reaches 3.8 V at 0.3 Ah and the 5C-rate at 0.8 Ah
(Figure 81). More capacity can be reached without bulk diffusion. Here, the 2C-rate achieves
1.6 Ah and the 5C-rate 0.4 Ah (Figure 82). This indicates that the main effect is caused by the
interface and intercalation reaction. Nevertheless, the diffusion process is more dominant than
at discharge. The explanation is that, while charging, the LFP is transformed to FP. This
means that the interface is freed from lithium which diffuse from the center of the particle to
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the surface where the electron transfer takes place. The intercalation reaction is too slow so

that a starvation along the diffusion path occurs. This hinders the electron-transfer process
leading to higher overpotentials with the result that the voltage raises too fast.
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Figure 82: Discharge and charge curves at 20 °C applying different C-rates without bulk
diffusion on cathode side.
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Figure 83: Discharge and charge curves with a variable interface including bulk diffusion
on cathode side.
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Figure 84: Discharge and charge curves with variable interface without bulk diffusion on
cathode side.

Current and SOC dependent interface area. Chiang et al. propose a mechanism
change in transition of FP to LFP [108]. Using phase field modeling, they showed that under
moderate overpotentials (e.g. 25 mV) misfit stress causes LFP to grow along the longitudinal
direction [100] which is perpendicular to the fast-diffusion direction. Different behavior is
seen at increasing overpotentials like 100 mV. They show that the particle will be filled in
[010]-direction which has the highest Li-ion diffusion rate. This is indirectly supported by
Islam et al., who calculated the energy for every migration direction [100]. This means that
the diffusion direction depends on the overpotential. Again, the overpotential depends on ap-
plied current which leads to misfit stresses. Both reports lead to the conclusion that the misfit
stress depends the interface area which we assume in our micro-model. Both models, “Micro
1” and “Micro 27, are able to reproduce the behavior at low C-rates, up to 1C. The observa-
tion that the diffusion is not the rate-limiting process indicates that the interface and the inter-
calation reaction dominate the battery performance at higher C-rates. Specifically, the inter-
face acts as buffer for lithium ions.

As first step towards describing a mechanism change as a function of operating conditions,
the present model was extended by assuming that the FP—LFP interfacial area depends on
current and SOC (cf. Table 14, “Micro 3” and “Micro 4”). An assumed increase in interfacial
area with increasing current can be interpreted as the occurrence of an additional reaction
pathway. The correlation between current, SOC, and interface area is described in chapter
4.3.2 and shown in equations 52 and 53. This model leads to a better agreement in discharge
curves which can be seen in Figure 83 a). Beside the low C-rates, higher C-rates show a good
agreement with experiments, too. The 2C and 5C discharge curve reach the full capacity and
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they show the same plateau as the experiment. The 5C-rate shows a higher reached capacity
than the experiment. Also, the 10 C-rate shows an improvement. The discharge curve ends at
around 2.3 Ah which is the nominal capacity. The plateau shows a characteristic shape. At the
beginning the overpotential is too low, but it rises with operation time. In contrast, the exper-
iment has a high overpotential from beginning, a nearly constant plateau over the total dis-
charge. In between, a small voltage increase can be observed which is assumed to be caused
by heat generation and, therefore, by a decrease of overpotentials. To be sure that the diffu-
sion is not responsible for this effect, the diffusion was disabled (cf. Table 14, “Micro 4”).
The results are shown in Figure 84. The discharge curves are shown in a). Here, no relevant
changes are recognizable. This indicates that the diffusion process has no main influence on
the battery performance.

Another behavior can be seen regarding charge curves of both cases. These are shown in Fig-
ure 83 b) and Figure 84 b). There is no improvement compared to the results without an inter-
face variation. Furthermore, there are the same capacity shifts of various C-rates which are
already attributed to diffusion.
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Figure 85: Concentration gradients along cross section within electrolyte and solid phase.

Concentration gradients. In Figure 85, concentration gradients within electrolyte and
solid phase are shown along the cross section of a repeat unit. It represents a snap shot at a
capacity of 1 Ah at 20 °C after a 1C discharge. The behavior is already known from the mac-
ro-model. The concentration of lithium ions is higher on the anode side and lower on the
cathode side. Compared to the macro-model, which is shown in Figure 39, the gradient is less
intense. The concentration that is reached on the cathode current collector is around
1.18 mol/l in contrast to the macro-model which is ca. 1.17 mol/l. This causes a shift of the
gradient towards the cathode which means that the concentration of 1.2 mol/l is around 60 pm
of the micro-model and ca. 0.75 um of the macro-model. This indicates that the intercalation
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process on the cathode side is faster than that of the macro-model. The concentrations within
the solid phase show a gradient along the cross section, too. A large difference can be ob-
served on cathode side. Here, the concentration is higher with a stoichiometry of 0.8 com-
pared to the macro-model, wherein the stoichiometry is around 0.5. The reason is the interface
of the micro-model. This acts as additional lithium storage leading to slower changes in the
stoichiometry of the bulk species. This is the reason that the discharge curves reach the full

capacity.

Bulk diffusion. Due to bulk diffusion, a gradient along the particle radius occurs. Ap-
plying a 1C discharge using model “Micro 17, this is shown in Figure 86 for different opera-
tion times given as capacity for a better comparison with discharge curves. The radius of
0 um represents the particle surface where the electron transfer and lithium intercalation take
place. In panel a), a particle of the anode is depicted representing a particle from the center of
the anode thickness. Due to discharge, the stoichiometry of the anode decreases. With increas-
ing operation time, the concentration shows a growing gradient which vanishes after 2 Ah. At
0.5 Ah, a small gradient occurs showing a higher concentration at the center of the particle.
The gradient increases to 1 Ah. At 1.5 Ah, the gradient is reduced showing a changing point
at around 1 pm. At 2 Ah, the concentration is constant overall. This correlates to the change
of the diffusion coefficient. With operation time the stoichiometry, or the concentration of
lithium, changes and, depending on that, the diffusion coefficient, too. In Figure 33, the diffu-
sion coefficient changes about one order of magnitude with stoichiometry which results in a
gradient of concentration along the particle radius. On the cathode side (panel b), the stoichi-
ometry rises with operation time. Starting from low stoichiometry values, a gradient occurs
already from the beginning. The intercalation reaction is quite fast so that after only ¥4 of op-
eration time, the stoichiometry is already at around 0.8. The stoichiometry rises not linearly
due to a slow phase-transition reaction. At all operation points, a gradient is observed induced
by diffusion.

Next, a comparison is given to see the influence of an interface variation on the lithium con-
centration within the solid phase material using model “Micro 3”. So in the following, the
interface is current and SOC dependent. Results are shown in Figure 87. The behavior is the
same concerning the anode side (panel a), because no changes were made here. On the cath-
ode side, the behavior is similar compared to the results of model “Micro 1”. Differences in
concentrations along particle radius are recognizable with less steep gradients. In Figure 88,
the rapid rise of stoichiometry directly after starting discharge is shown. Beginning from a de-
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lithiated FP particle, it is filled rapidly reaching a stoichiometry of 0.4 after only 1.4 minutes
(0.05 Ah). That indicates that the electron-transfer reaction is very fast. But, the value of the
electron-transfer reaction is fitted to show good agreement in impedance spectra so that this
value is in the correct order of magnitude (cf. impedance spectra). Therefore, the phase transi-

tion is the rate-determining step.
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cathode side.

Impedance spectra. In contrast to the macro-model, the micro-model considers electron
transfer and bulk transport separately. This gives rise to a more complex impedance behavior.
The results at different SOCs are shown in form of Bode plots in Figure 89. The real part of
the impedance is shown in panel a). Depending on SOC, the simulation shows more or less
good agreement with experiment. The SOCs of 90 %, 70 %, 50 % and 30 % match very well.
In contrast, the SOC of 100 % shows a smaller impedance compared to the experiment in a
frequency range between 1 mHz and 100 Hz. Also, the simulation at 10 % SOC shows a
strong rise of the impedance at a frequency of 100 Hz which the experiment does not. At
0 % SOC, the simulation show a smaller impedance between 5 Hz and 1000 Hz. Also, the
impedance rises at 5 Hz. In panel b, the imaginary part of the impedance is shown for differ-
ent SOC. The same classification in categories can be given here concerning the SOC. The
SOCs between 90 % and 30 % matches well with the experiments except at a frequency be-
tween 1 mHz and 5 mHz. The experiment shows a rise of the impedance, in contrast to the
simulation, which predicts a decrease of the impedance. At a SOC of 100 %, the simulation
shows a strong rise at 50 Hz and also at a SOC of 0 % at a frequency of 100 Hz. At SOC
10 %, the simulation shows an increase of the impedance between 1 Hz and 1000 Hz with a
peak at 100 Hz. Using the same division into three domains, as already described in chapter
5.2.1., it shows the same tendency in increasing of the impedance in the LFR like the experi-

ment.
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Figure 90: Bode-plot of impedance spectra.

Another representation is given as Nyquist plot in Figure 90. With rising real part of the im-
pedance, a stretched semi-circle occurs followed by a strong increase of the imaginary part.
The stretched semi-circle results from the electron-transfer contributions of anode and cath-
ode. The behavior at higher impedance (Z’ > 12 mQ) corresponds to the LFR in the Bode
plots. They show a dependence on the SOC. For SOCs between 90 % and 30 %, the increase
of the imaginary part is less intense than for the other SOCs. Also here, the simulation shows
the same tendency as the experiments for the SOC between 90 % and 30 %. The simulation at
a SOC of 10 % predicts only one big circle while the simulations of SOC 100 % and 0 %
show a strong rise of the imaginary part of the impedance.

The simulations show the same behavior like the experiments at SOC between 90 % and 30 %
in the Bode plot and in the Nyquist plot. The LFR in the Bode plot is dominated by transport,

such as diffusion and phase transition of LFP. The LFR correlates with the domain in the
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Nyquist plot above 2’ =10 mQ. The simulation shows good agreement here. The cathode is
assumed to be slower concerning charge-transfer reaction and to have a lower double-layer
capacity. This results in two characteristic increases of the real part of the impedance in the
MFR (Figure 89a) coming from high frequencies going to lower frequencies. At around
1000 Hz, the increase can be attributed to the charge-transfer reaction of the anode while the
increase of the charge-transfer reaction of the cathode is around 20 Hz. The MFR can be cor-
related to the stretched semi-circle in the Nyquist plot. Here, the corresponding circle of the

anode overlaps with this of the cathode.
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Figure 91: Current relaxation for different SOCs.

The impedance shows a strong dependence on the SOC towards at the limit of the operational
range, i.e., SOC 100 % and SOC 0 %. At these conditions the particles are completely filled
or emptied of lithium, respectively. Depending on the electrode, the extraction or intercalation
of lithium is hindered leading to a rise of overpotentials. This decreases the current which is
recorded in impedance measurements. To visualize the current distribution at different SOC,
the relaxation of the current density versus time after a voltage step is shown in Figure 91.
The SOC of 50 % is shown as reference. With increasing time, the current decreases stepwise
until the current density reaches the value of 0. Strong relaxations occur at around 1 ms, 10 s
and 200 s. The relaxation is less intense between these times. The current density at SOC 0 %
decreases fast within 10 ms reaching 0 A/m2. The deviation from the behavior of the relaxa-
tion at SOC 50 % starts at around 0.1 ms. The relaxation at 10 % shows a similar behavior
concerning the fast relaxation. But a stagnation of the relaxations occurs at around 5 ms. The
current density is nearly constant over a wide time range (5 ms — 10 s) until it decreases to
0 A/m2. The relaxation of the current density at 100 % SOC shows the same behavior as the
reference until 2 ms. Then, it decreases fast within around 50 ms reaching 0 A/m2.

This diagram allows comparing the transferred charges at different SOC by integrating the

area below the curves [A - s = C/s - s = C]. At SOC 100 % and SOC 0 %, the transferred
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charge is less than at SOC 50 %. This confirms the assumption that the electron-transfer pro-
cess is hindered. In general, it depends on the concentration of lithium in the active material.
First, it depends on the initial concentration, because there is a dependence on SOC. Second,
it depends on the concentration while operation, because the concentration is linearly correlat-
ed to the charge transfer. Kinetic processes, such as diffusion, influence the concentration. To
proof this assumption, a parameter variation was performed concerning diffusion coefficient
and diffusion length (particle radius). They show an influence on the impedance, but an im-

provement was not achieved concerning the agreement with experiments.

Sensitivity analysis. The model “Micro 1” was subject to a sensitivity analysis using the
same procedure as described in chapter 5.2.1 to identify physicochemical processes which
influence the voltage and represent rate-determining processes. Results are shown in Figure
92 — 94. It can be noticed that no process has a direct proportionality between model parame-
ter and cell voltage. But a few parameters show an influence on the cell voltage. On the anode
side (Figure 92), these are the stoichiometry range, the density, the electrode thickness and the
volume fraction of the active material. An increase of all these parameters correlates with a
change of the concentration of stored lithium ions in the active material leading to higher cell
voltages. On the cathode side (Figure 93), there are similar parameters causing a change in
lithium concentration, such as electrode thickness, density of FP, LFP and the surface, respec-
tively, and the surface area. Furthermore, an increase of the surface-adsorption coefficient
leads to higher coverage, and therefore, it influences the phase-transition reaction changing
the lithium content in the active material. Another parameter is the total winding area showing
an influence on the cell voltage. This parameter describes the measured total area after unfurl-
ing the sheets. It is not the microscopic active surface area which is unknown. It influences
the cell voltage because current density and capacity are given as surface associated values in
our model, such as A/m? or Ah/m2. E.g. the capacity is given in our model in Ah/m? and is
multiplied by the total winding area, given in m2, to obtain the capacity in Ah. Due to this
simple mathematical correlation, a shift occurs leading to different cell voltages compared to
the reference. The same is valid for the current density given in our model. To apply a 1C-
rate, the current density of 13.45 A/m2 is given, which is the current 2.3 A divided by the total
winding area of 0.171 m2. A change of the area leads to a change of the current density which
is applied to the whole battery model. This application causes a change in overpotentials re-
sulting in different gradients compared to the reference simulation. So, the total winding area

has an influence on the whole simulation and not only on one parameter process. In contrast,
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processes, associated with electron transfer, show no important influence on the cell voltage

by changing only one value. This means that these processes are not rate determining.
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Figure 92: Sensitivity analysis of parameters related to anode. CTR means charge-transfer

reaction.
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Figure 93: Sensitivity analysis of parameters related to cathode. CTR means charge-
transfer reaction.
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Separator / Electrolyte
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Figure 94: Sensitivity analysis of parameters related to separator or electrolyte, respec-
tively. BC means Bruggeman-coefficient.

Compared to the macro-model “Macro 17, the results show similar behavior. Mainly, process-
es are responsible for cell-voltage variations which are correlated to the lithium content. But,
a general difference can be observed between the macro-model “Macro 1” and the micro-
model “Micro 1”. In the latter, electron transfer and bulk transport are explicitly defined, so
all processes can be varied separately. In contrast, concerning “Macro 17, nearly all infor-
mation is lumped into the Butler-Volmer equation. Due to the fact that processes within the
bulk are not represented here, the activation energy of the charge-transfer reaction of model

“Macro 17 is very sensitive to changes.

6.3 Conclusions and outlook

Conclusions. Compared to the macro-model, the micro-model shows an improved
agreement with experiments regarding impedance spectra at intermediate SOC. Due to use of
elementary kinetics in form of different elementary reactions on anode and cathode side, it is
possible to reproduce the processes time-resolved and in a correct weighting. The total fre-
quency range can be distributed into three domains: the high frequency range (HFR), the me-
dium frequency range (MFR) and the low frequency range (LFR). In the HFR, ohmic re-
sistances can be recognized. In the MFR, electron-transfer processes can be observed from

anode and cathode. In case of an LFP battery, the electron-transfer reaction of the cathode is
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slower than that of the anode. In the LFR, the strong resistance increase is attributed to the
phase-transition reaction.

Applying the model to charge and discharge curves, C-rates up to 1C can be reproduced. A
better agreement with experiments at higher C-rates can be obtained only by applying a SOC-
and current-dependent surface area. The results show, that, when discharging, the interface
size is important, in contrast to the diffusion rate. In opposite, when charging, the diffusion
process dominates the curves instead of the interface size. It was concluded that the intercala-
tion reaction is too slow. While discharging, lithium ions must be buffered in the interface.
Therefore, while charging, the interface is irrelevant, because diffusion dominates depending
on lithium concentration in the interface. The latter is significantly dictated by the intercala-
tion reaction. But, if this reaction is accelerated, the real part of the impedance decreases im-
mensely in the low frequency region, so that no agreement with experiments can be achieved.
Especially, the resistance in the LFR is responsible for a correct reproduction of all discharge
curves, charge curves and impedance spectra. The current model predicts that the resistance in
the LFR is due to the phase-transition reaction. For discharging a buffering species is neces-
sary, because the intercalation reaction is too slow. On the other hand, for charging, no buffer-

ing species exist, because the diffusion is too fast and the intercalation reaction is too slow.

Outlook. The micro-model forms the base for further improvements and extensions. One
option is to couple this model with the macro-model. Further information was obtained re-
garding heat production and temperature variation depending on elementary Kinetics.

Going into more detail, it was extended by adding an additional interface including diffusion
which is orthogonal to the current diffusion direction. This idea is inspired by Chang et al (cf.
chapter 2.5.3.3, [108]). This clarifies the spatial growing of the LFP phase, in order to specify
the rate-limiting step.

Furthermore, the transition of FP to LFP, or LFP to FP respectively, was investigated in more
detail. Tang et al. reports that LFP is more stable than FP or lithium metal using electron den-
sity calculations [110]. This is plausible because LFP has a lower potential than FP. This im-
plies that the phase transition has different activation energies which, again, result in different
overpotentials. This explains why the overpotentials are higher at charge than the micro-
model predicts. The phase transition (lithium-ion transport and electron-transfer reaction) in-
cludes structural rearrangement of atoms while an energetically excited state is passed. The
state corresponds to the interface applied in the micro-model, but the further conclusion is that
the diffusion is not the bottle-neck or the rate-determining step. Unfortunately, it cannot be

150



Micro-model: Results and discussion

reproduced by the micro-model that the phase transition has a direct influence on discharge
curve or impedance spectra. This leads to a possible improvement of the current model in this
way: an integration of an energetically excited state (ES) within the intercalation reaction.
Here, the ES reacts as buffering species depending on current demand. The following reac-

tions could be defined:

Discharge:
FP+e =ES, (72)
ES + Lif, = LFP, (73)

and charge:
LFP = ES* +e, (74)
ES" = FP + Lig . (75)

The justification is simple: An additional charge leads to a change of electron-density distri-
bution. This causes repulsion between atoms which is compensated by rearrangement of at-
oms. The change of crystal structure leads to an energetically excited state which is the entatic
state. Having this situation, two possible ways are allowed: Again, a release of the electron
reaching the original state, which is here FP, or, the incorporation of a lithium ion while keep-
ing the positive charge. In total, the acceptance of a lithium ion and an electron sums to a lith-
ium atom. The incorporation of lithium leads to LFP. The reverse reaction is carried out by
release of an electron which again results in an ES. In the following, a lithium ion can be
emitted. The result is that the electron transfer takes place before lithium incorporation or re-
lease, respectively. Following this concept, the interface area acts as a lithium-buffering phase
which widens or shrinks depending on current requirement. Furthermore, it was concluded
that a non-equilibrium state occurs during operation. After operation an internal relaxation
may take place leading to an equilibrium state. It permits a rearrangement of the crystal struc-
ture to minimize misfit stresses.

It has to be mentioned that the assumptions which were made for the cathode here should be
valid for the anode in principle, too. This means that the diffusion can be assumed as nearly
constant. The change of the diffusion coefficient, shown in Figure 33, can be explained by the
change of the structural order of graphite. This is a topic for further development of the model
gaining further understanding of principle mechanisms occurring within the active material on
the anode. Furthermore, the idea of an entatic state may be transferred to the anode, too. This
opens the possibility to reproduce different states of charge and volume changes.

In our model the reactions on the anode side are split into two parts: the adsorption of lithium
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ions on the surface and the intercalation reaction. This splitting allows further connection to
side reactions, like lithium plating, or aging reactions, such as SEI formation. Both are im-

portant topics which should be further investigated.
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7 Appendix

7.1 Derivation of electrolyte-model implementation

To describe the transport of solvated and fully dissociated ions with a continuum ansatz, the
charge neutrality condition

S (e-¢,-2,)=0, (76)

where ¢ is the porosity, C; the concentration of compound i and z; is the charge of the spe-

cies i, has to be fulfilled at each time step ot

G[Z(g-ci .zi)j

ot

= 0. (77)

Replacing the concentration with the density of species i p; devided by the molar mass of the
species i M, it leads to following expression:
{z
——~ = 0. (78)

After rearrangement of this equation to

g
> MiJ_ o (79)

and

Z a(<‘50i)_
ZW—& =0 (80)

the change of the density with time can be replaced with the partial differential equation

—‘3(5”i):-vai + M, (81)
ot
where Vj; is the flux of species i and $" is the source term. This leads to:
Zl\z/l—i(—VJi+Mis'iV) -0 (82)
and after rearrangement, we obtain:
7.
R VA s =0, 83
AR ©
The Nernst-Planck equation relates the flux with the concentration change of the species
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z.F
J.=-D,Vc, ———D. c. Vg, 84
| 1 1 RT [ | ¢ ( )

where the first term of the right hand side describes the diffusion, which depends on the diffu-
sion coefficient D; and the concentration c; of species i, and the second term describes the
migration of species i, where ¢ is the local potential, R the ideal gas constant and T the tem-
perature. Substituting equation 84 into equation 83 yields:

iZ[I\Z/I—iiv(Dini )}rz[l\;— (i; D p,V¢D+ZZ,S, = 0. (85)
Equation 85 is rearranged to

Z(—i (Z F D, ,V¢D =—Z(iv(Dini )j -z, (86)

~\ M, (RT —\ M, i

where the terms which are independent of the potential are separated and put on the right hand

side. After rearranging the left hand side via

i) w3 @
to
’F D.
VZ(ZFI{_T '\./Ip. J ——Z{ ( zby, J] Zz,s, , (88)
and multiplying the whole equation with F, the following expression can be obtained:
2F2 D, D, F .
vE[EE00y) 3 (v 1By | -ylrs)
Equation 89 has now the form of
V(oVg)=b, (90)
with
Z’F? D.p.
= e 91
’ Z[ RT M, j 1)
and
bz—Z(V(ZﬁiFVpiD ~S 7RV (92)

The units are [i} for ¢ and {A} for b.
Q-m m?
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7.2 Derivation of thermal model implementation

Thermal energy is the energy associated with atomic-scale rotational, vibrational and transla-
tional motion of atoms and molecules. The total internal energy of a material also includes the

potential energy stored in the chemical bonds. To describe the energy conservation

dlpe) _dQ  dw
dt dt dt

where e is the specific energy, p is the density, dQ is the heat added to the system and dW is

: (93)

the work done on the system. Replacing the specific energy with the specific enthalpy at a

constant pressure, using h = e + p/ p, where p is the pressure, it follows that

d(ph) _dp  dQ  dw (94)
dt dt  dt dt

In the following, only the enthalpy form will be discussed due to its higher relevance for
chemical systems

A change in energy leads to a change in temperature depending on the heat capacity of the
system. The heat capacity describes the amount of thermal energy that can be stored in a ma-
terial. The specific heat capacity at constant pressure c, correlates with the enthalpy dh as
dh = ¢, dT. Therefore the energy conservation can be written as function of T as

dlee,T)_dp _dQ  aw
dt dt  dt dt

The temperature of a multi-species system depends on occurring chemical reactions. For a

(95)

chemical system the total enthalpy is given as sum of the species enthalpies:
K
h=> XM (), (96)
k

where Xy is the mole fraction of species k, My is the molar mass of species k, hy is the molar
enthalpy of species k and K is the number of species. Then the energy conservation as func-
tion of T can be derived as (cf. Kee et al. [162]):

dlpe,T) dp dQ  dw &
L LN 97
dt dt dt o dt +Zk: S ®7)

where S, is the chemical production rate of species k.

In the case of an electrochemical reaction, a part of the chemical energy is used to perform
external work, which is therefore not available to heating up the system:

dw \ v (AG v (AH-TAS \
—:—E-| = E - I | = —— — N | = ———— N |
i «E-n) (ZF n] ( - nj , (%8)

where E is the cell voltage and iV is the volumetric current density. The cell voltage can be

described as relation between the overpotential # and the Nernst voltage Eo, which is the equi-
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librium voltage. This voltage can be substituted using the free reaction enthalpy AG devided
by the sum of the transferred electrons z and the Faraday’s constant F. The right hand side of
the equation can be obtained using the Gibbs-Helmholtz equation, where AH is the reaction
enthalpy of the electrochemical reaction and AS is the reaction entropy. If we assume that
only one single electrochemical reaction and no other thermochemical reactions take place,

then the heat source term can be set equal to
K iV
h.$, =AH — . 99
2N =aH o (99)

Substituting eg. 98 and eq. 99 into eq. 97 yields

dpc,T) _ dp, dQ TAS. v (100)

dt dt dt zF
This is the standard formulation for heat conservation in an electrochemical system. The en-
tropy term is also referred to as reversible heat. The overpotentials cause irreversible heat due
to several contributions, such as activation overpotential (charge transfer), concentration
overpotential (transport effects) and ohmic overpotential, which leads to Joule heating. If the
overpotential 7 is independent of i, it can also be represented as internal resistance: rin = 7/ i.

In this case, the last term changes to
)bt
dt irreverible

For the formulation used in the present work, we neglect pressure and additional heat sources.

Therefore eq. 97 results in

d(pc,T.) aw &,
= h, S . 102
at at +kZ:1: kSk (102)
Substituting again eg. 98 and eg. 99 into eq. 102, we obtain:
d T iv
90l vianl (103)
dt F
or
d(pc, T
M :iv.(ﬁ_Ej . (104)
dt ZF
This general expression must be applied to both electrodes which results in
d(pc,T v (AH
M =iy - € —A¢, |, withe=[an, ca]. (105)
dt ZF

This formulation is implemented in DENIS.
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