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Motivation:

Our planet is facing environmental problems andahimo contribute to the
solution of these problems by developing technoltiggt helps to keep a balance
between comfort and nature. The increase of wodgdufation and urbanization can
represent a threat to the global environment asldogtage of limited natural resources
if appropriate measures are not taken.

The combination of natural sources of energy witbrgy storage devices is an
excellent alternative to reduce the emissions geeerby traditional power generation
systems. Li-ion secondary cells have dominatedfitid of advanced power sources
and have replaced the use of other batteries,cphatly in the case of powering large
applications such as electric vehicles (EV) or iyletectric vehicles (HEV).

A wider spread use of EVs and HEVs depends on déveldpment of Li-ion
secondary cells. These cells require a long cyntk @lendar life, high performance
and safe operation. The safety of the cells shoatdbe influenced by the degradation
of these, but there are still some concerns regarth the performance of degraded
Li-ion cells.

This research studies the electrochemical and tiepmoperties of different
types of Li-ion secondary cells with the aim of depéng safe Li-ion cells with a long

calendar life and high performance.

v



Preface:

In this work, the electrochemical and thermal praps of single Li-ion
secondary cells are analyzed by using electroctenmmpedance spectroscopy (EIS)
and accelerating rate calorimetry (ARC). EIS iadestructive method that allows the
in-situ analysis of electroactive materials of ani cells. By carrying out EIS
measurements at different temperatures and statehafges using Li-ion cells
incorporating a reference electrode, kinetic patamseof Li-ion insertion/deinsertion
reactions are analyzed. The thermal behavior ofi-#or. cell is dominated by
exothermic reactions between the electrolyte amdtedactive materials, the use of
ARC allows to analyze the thermal behavior of thesactions. By using ARC, the
thermal behavior of Li-ion cells using differenttltade materials is analyzed at
different state of charges, including over chamyen-self-heating, self-heating and

thermal runaway regions are identified as a funabbtemperature and state of charge.
Chapter 1 provides a general background for Li-ion secondaalis. It describes the
development, configuration and materials for Li-iaells. Electrochemical and

accelerating rate calorimetry techniques usedsearch are explained in this chapter.

Chapter 2. The experimental methodology is described in¢hepter.



Chapter 3 analyzes graphitized-carbon-based electrode (anmebetions of Li-ion
secondary cells incorporating a reference electemdenalyzed before and after cycling
degradation by carrying out electrochemical impedanspectroscopy (EIS)

measurements at different SOCs and temperatures.

Chapter 4 analyzes Li-ion insertion/deinsertion reactions La€oO, and LiMnO4

cathode materials are analyzed by carrying outreleltemical impedance spectroscopy
(EIS) measurements at different SOCs and tempesatl€inetic parameters of the
Li-ion insertion/deinsertion reactions are obtaimed compared with crystal structural

of LiCoO, and LiMn,O4 cathode materials.

Chapter 5 compares the thermal runaway behavior of two wideted cathode
materials in commercial Li-ion cells, LiCe@nd LiMn,O,, at different state of charges
including overcharge (120% SOC), using 18650 Li-ioells and carrying out
accelerating rate calorimetry measurements. In llparavith the calorimetry

measurements, the internal resistance and openitcwoltage of the cells were

monitored.

Chapter 6 analyzes the thermal runaway behavior of 1865@mhicells before and
after storage and cycling degradation at high teatpees. The thermal behavior of the
cells is analyzed using accelerating rate calomméton-self-heating, self-heating and
thermal runaway regions of the cells as a funatibstate of charge and temperature are

identified and compared among the cells.
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Chapter 7 compares the thermal behavior of small and laegeinated Li-ion cells
using accelerating rate calorimetry.

Chapter 8. This chapter describes the general conclusiotisi®fesearch.
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Chapter 1 “Introduction”

1.1 Lithium-ion secondary cells

A battery stores chemical energy that is conveitéd external electrical
energy on discharge. In a rechargeable (secondally)the internal chemical energy is
restored on charge by the application of extertetecal energy, which means that the
chemical reactions inside the battery must be sgvier[1].

Research into lithium cells began in the 1950s whewas noticed that
Li-metal was stable in a number of non-aqueoustreligtes such as fused salts, liquid
SO, or organic electrolytes such as LiGI( propylene carbonate. The formation of a
passivation layer that prevents the direct chenmeattion between lithium metal and
the electrolyte but still allows for ionic transpas the origin of the stability of
non-aqueous electrolytes [2-3].

The concept of lithium-ion cells (or lithium rockjrchair cells) was proposed
in the late 1970s, when different intercalation poomds were used as positive and
negative electrodes, in the so-called rocking chuttery the lithium ions being
transferred from one side to the other [4]. Thisaapt has gained renewed attention
following the success of Japanese industries. Ebipdpithe idea for large scale
production, Sony Energytec Inc., commercialized June 1991 a Li-ion battery
including a LICoQ cathode and a non-graphitic carbon anode. Li-igis hiave been

marketed by several battery companies in the w@jrd [



1.1.1 Development of Lithium-ion secondary cells

Lithium-metal anode primary batteries based on goeaus electrolytes such
as propylene carbonate-lithium perchlorate and uithinegative electrodes were
developed in the early 1970s, with Matsushita inioddg a lithium-carbon
monofluoride (Li-CK) primary cell in 1973, followed by Sanyo which comrcialized
lithium-manganese dioxide primary cells (Li-MgOn 1975. These cells were used for
LED fishing floats, cameras, and memory backup iagpbns. A strong research effort
then was mounted to convert lithium primary cehli$oirechargeable cell with high
energy density. In the 1970s and 1980s most eféortsentrated on the development of
inorganic cathode compounds [1-4].

The early rechargeable lithium cells were plaguéti safety problems caused
by the tendency of lithium-metal anodes to form ditesl and power deposits on
recharging. In 1989, Moli Energy had the heat gatnan related to lithium metal in an
AA-size cell. There was a shift to Li-Al alloy anedor improving the safety in coin
cells [4]. However, the metallurgy of the alloy peaivunacceptable for wound AA-size
cells. The lithium metal rechargeable cells now rasricted mainly to small capacity
coin cells.

Since lithium metal constituted a safety probletterdgion shifted to the use of
a lithium intercalation material as an anode. Iketl&anyo was the first to patent an
intercalation material in an organic solvent suskhgeaphite in June 1981. Kuribayashi
and Yoshino developed a new cell design using agrdalation carbon anode and
LiCoO, cathode and filed patents worldwide. Using a pidé&nt developed for
rechargeable Li-Mn@cells, Sony Energytec Inc., began to produce comiaie cells

(called the Li-lon Battery). They also introduced electronic circuitry to control the
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charge-discharge, the use of a current interrupicdeto interrupt current flow on
buildup of excessive internal cell pressure, and tise of a shut-down polymer
separator [5].

The name “lithium-ion” now is accepted by the batteommunity worldwide,
although there is no lithium metal in the cell. Hewar, very often lithium metal
deposition occurs during charging with the graplamede and it may cause the many
troubles on the lithium ion batteries. Both eled&s operate by intercalation of lithium
ions into the structure of the active materials.

Figure 1.1 describes the increase in capacity efciflindrical 18650 cell (18
mm in diameter and 65 mm long) from 1992 to 200®e Early lithium ion batteries
had a capacity of 800 mAh and end of charge oW4The initial cells used hard carbon
anode materials which has a capacity of about 28B/g) and LiCoQ has a capacity of
nearly 130 mAh/g due to 4.1 V charging voltage. Haly lithium ion cells used
propylene carbonate based electrolyte. The enexggity of lithium ion cells improved
rapidly and increased on average by 10% per yehihas approached 2.6 Ah in 2005.
Responding to pressure from device manufacturessaheapacity improved through
engineering and the introduction of graphite anpéeproved LiCoQ-based cathode

materials, and the introduction of graphite addgi{#.
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Fig. 1.1 Capacity increase resulting from changasaterials and charging procedures.
Nowadays, the lithium ion secondary cells are wred as one of the most
promising energy storage devices for many eledtragaplications. However, the

commercialized cells have to be much improved ideprto satisfy the future

challenging requirements.
1.1.2 Configuration of Lithium-ion secondary cells

A lithium ion rechargeable cell, which is also kmoas a swing battery or
rocking chair battery, since two way movementsitfidm ions between anode and
cathode through the electrolyte occurs during aheagd discharge processes. The
mainly components of lithium ion cells are the rtegaelectrode, positive electrode,
electrolyte and the separator.

As it is shown in Fig. 1.2, during charging undeppked voltage,

deintercalation of some of the lithium ions frone tbathode (LiCog) into electrolyte
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liquid occurs and simultaneously and equivalent amhaaf lithium ions from the
electrolyte intercalate into the carbon anodes.ifgudischarge, the reverse reaction
proceeds spontaneously. On both charge and disghahgrge compensation occurs

through the external circuit.

. . (L. b
Anode reaction:  Li(C) I Li"+e

Cathode reaction: L+ e + CoQ o LiCoO,

0 fie
Total reaction:  Li(C) + Co® Bl LiCoO,

charge

Li-ion Secondary Cell

Discharge Charge
_— - |

Positive
Electrode

Negative / .
Electrode

Electrolyte

Separator
Electroactive Electroactive
Material Li,C, Material Li; ,MO,

Fig. 1.2 Principle of lithium ion secondary cell.



1.1.3 Materials of Lithium-ion secondary cells

Intercalation compounds have been using in lithiton secondary cells
marketed now, these compounds have shown exceligle life and usually no

morphology modifications are observed.

Table 1.1 Electrochemical equivalents of negatinel @ositive electrodes used in
lithium ion secondary cells.

Material Molar weight Density Specific capacity
(g/cm®) (mAh/g)
Negative electrodes
Li,Cs (C) 72.06 2.0 186
Li,Cs (9) 72.06 2.25 372
WO, 215.8 12.11 124
MoO; 127.9 6.47 105
Positive electrodes
LiMn 0, 180.8 5.16 148
LiCoO, 97.9 4.28 137
LiNiO, 97.6 4.78 192

Table 1.1 gives some examples of negative andipestectrode materials which are
used in lithium ion secondary cells. There aredhpeomising cathode materials for
lithium ion secondary cells: LICoQLINIO, and LiMn,O4. They are lithiated materials
synthesized in the discharge state. These compa@redsr and water stable and exhibit
potential at about 4 V vs. Li/Li LiCoO, and LiNiO, have a rhombohedral structure,
shown in Fig. 1.3, the rhombohedral unit cell h@gametric feature that has three axes
of an equal length, and that each angle betweervangxes is the same [6-7]. Usually,
this cell unit is expressed by the hexagonal stnectLiMn,O,4 has a spinel structure and

can be viewed as a combination of the rock saltzamcblende structure, Fig. 1.4.
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Fig. 1.3 Relation between rhombohedral cell and
hexagonal cell.

Fig. 1.4 LiIMn,O4 structure. The green atoms correspond to lithitve pink atoms to
manganese and the red atoms to oxygen.



This spinel compound exhibits a high conductiveeptl, this is attributed to
the multiple oxidation states of manganese. The rk®4 structure consists of
manganese atoms octahedrally coordinated to sixgems/ and lithium atoms
tetrahedrally coordinated to four oxigens [8].

One of the most common anode materials usedhiuiit ion secondary cells
are carbonaceous materials. Graphite is the mosmituynamically stable form of
carbon structure. The graphite possess many adyemtauch as a good thermal and
electrical conductivities, low density, adequaterrasion resistance, low thermal
expansion, low elasticity, low cost and high puritgarbonaceous materials are
generally constituted from repeating $nding C-C atoms, which construct the planar
hexagonal networks of C atoms called graphene dayeach graphene layer can be
considered to be a superconjugated macromolecale.dér Waals force stacks these
sheets into ordered structures. The crystal streatigraphite is shown in Fig. 1.5 [9].
Insertion and extraction intercalation reactiondithium atoms into graphite occur at

potential of 1.0 — 0 V vs. Li/Li according to the follow reaction:

=+ - (L. .
6 C + xLi +xe I LixCs [0<x<1]

The electrolyte of a lithium ion secondary cell da® a non-aqueous liquid
electrolyte, a polymer or a solid fast ionic contucThe electrolyte has to have a high
ionic conductivity over a wide range of temperatanel an electrochemical stability in
the voltage range of 0-5 V vs. Li/LiA typical electrolyte consists of a lithium salt

dissolved in aprotic solvent mixture [10-12].



The separator in a lithium ion secondary cellyjsidally a thin microporous
polypropylene film. It prevents the electrodes framorting directly or through Li
microdentrite growth on overcharge and it also sea® a thermal shut down safety
device. When heated above 160the separator melts and its pores close, thus

preventing current flow and thermal runaway [13:15]

67084 .g’ -,\:‘—:‘ @B

246124

Fig. 1.5 Crystal structure of graphite.

1.2 Accelerating rate calorimeter

The accelerating rate calorimeter (ARC) is an laalia calorimeter for hazard
evaluation of reactive chemicals. Its primary fumctis to permit a sample to undergo
thermal decomposition due to self-heating whileording the time, temperature and
pressure relationships of the runaway process.

The key factor in the design and constructiorhefARC is the maintenance of
near perfect adiabatic conditions. To accompliss, tiie sample holder is placed inside
a nickel-plated, copper jacket that is equippedhwhermocouples and heating elements
to produce a uniform jacket temperature and to ramintero temperature difference

between the sample holder and jacket [16].



The ARC is also equipped with a means of heatifgchv is used to
automatically step the temperature up to a valuerevtiee self-heat rate is detectable.
Once a self-heat rate is detected above a pretsdlethreshold the sample is
automatically maintained under adiabatic conditifurghe duration of the exotherm. A
pressure sensor permits the measurement of the esgrgdsure. From recorded data,
various relationships may be obtained such asbat@temperature rise, temperature
of maximum self-heat rate, time to maximum selftheate, self-heat rate vs.
temperature, pressure vs. temperature, presserggatemperature and pressure rate vs.
temperature rate.

Further post-run calculations can then be usechd&e predictions about the
behavior of the isolated chemical as well as theabm®r of the chemical in other
environments. In addition, the various Kkinetic paesers which describe the
decomposition reaction may be determined. For nbremalyses the ARC is fully

automated, and for special analysis needs, maoua#iat of the ARC is possible.

1.3 Electrochemical measurements

1.3.1 Electrochemical impedance spectroscopy

By carrying out the electrochemical impedance spscopy (EIS)
measurements, it is possible to record spectrdiysisaon the lithium ion secondary
cells electrodes by using an alternating curregnadiof a wide range of frequency. The
impedance spectrum of a lithium ion secondary agflears in the frequency region of
100 kHz — 0.1 kHz, which can be analyzed quantighyi according to an equivalent
circuit. The analysis of the impedance spectra gaésns useful to investigate the

electrode reaction processes, and by using a lithimnsecondary cell with a reference
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electrode it is possible to study the anode anldlock# reactions in a separate way [17].
The shutdown behavior of the cell separator is stigated by measuring the

cell impedance changes, at 1 kHz, dependent onaietype.

1.3.2 Current-potential curves (€)/dE vs.E curves)

The analysis of the electrochemical measurementiseopositive and negative
electrode materials is very interesting. Converailyn the reactions of the electrode
materials using a single particle measurement ndedimol electrostatic spray deposition
(ESD) have been carried out ex-situ. However, thesthods do not necessarily
measure the reactions that are occurring in-sitipdrticular, it is difficult to evaluate
and analyze the degradation of the cell under ceaditions using a half-cell. The
In-situ measurements mean that the electrochemmeasurements are conducted for the
Li-ion cell without any disassembling procedure. Huese proposes, the use of a cell
with a reference electrode is essential. The usthede types of cells is attractive in
order to separately analyze the positive and negatlectrode reactions, thus these
reaction analyses can be carried out using techsisueh as cyclic voltammetryQ®E
vs. E curves, chronopotentiometry, etc.

Consistent with the above discussion, using aulithiion secondary cell
incorporating a reference electrode, tig/dE vs. E curves of the anode and cathode
active materials can be obtained and compared teadheentional half-cell that have

been reported.
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Chapter 2 “Experimental Methodology”

2.1 Lithium ion secondary cell charging/dischargingnethods

Lithium ion secondary cells were charged/dischdrgesing a battery
charging/discharging equipment, PFX2011 manufadting KIKUSUI. The states of
charge (SOC) adjustments were carried using the esamquipment.

Charging/discharging tests and SOC adjustments caare at 25 °C.
2.1.1 Charging

Normally, the charging tests of the lithium iorceedary cells are carried out
using a constant-current constant-voltage (CC/C¥}hod, where a constant current
rate is applied to the cell under charge until th&ximum voltage is reached. Li-ion

cells charging conditions are described in theesponding chapter.
2.1. 2 Discharging

The discharging tests of the lithium ion secondaels are carried out using a
constant current (CC) method, where the cell ishdisged at a constant current rate
until reaches the lower voltage value. Li-ion abficharging conditions are described in

the corresponding chapter.

2.2 Electrochemical measurements

2.2.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) isrecige method for
studying electrochemical kinetics. The impedancdaBned by the term of the ratio
between an input voltage and alternating currel8.dfudies the system response to the
application of a periodic small amplitude ac signiaé measurements are carried out at

different ac frequencies. The analysis of the systesponse contains information about
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the interface and reactions taking place there.

The impedance is divided into real and imaginary ponents, according to the
following equation:

Z=27+jZ"

The real part, Z', is plotted on the X axis and ittn@ginary part, Z”, on the Y
axis. The resulting complex plane is known as a Mgquiot. Notice that in this plot,
the Y axis is negative and that each point on tliguit plot is the impedance at one
frequency. The EIS data are commonly analyzedtbgdithem to an equivalent circuit
model. Most of the circuit elements in the mode&l eommon electrical elements such
as resistors, capacitors and inductors. To be Ligk&uelements in the model must have
a basis in the physical electrochemistry of thdesys The figures 2.1 and 2.2 show an
example of an impedance spectrum (Nyquist plot) amd equivalent circuit,

respectively.

$=
Charge transfer control Diffusion control
o=2nf
w— <o
>
/ f Zfi
Rs RQ + Rct

Fig. 2.1 Example of an impedance spectrum.
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Fig. 2.2 Equivalent circuit example.

Rs corresponds to the electrolyte resistarCgrepresents a double layer capacitance
that exists at the interface between an electrodeita surrounding electrolyt®. and

Z, are components of a Faraday impedarie,corresponds to the charge transfer
resistance in the electrode interface aidis known as Warburg impedance that is
created by a diffusion. Each component of the edgmiacircuit is described in the
impedance spectrum, Fig. 2.1. The electrochemiecaitiks is studied by analyzing the
spectra changes and correlating the impedancewdtitahe corresponding equivalent

circuit.

2.2.2 EIS measurements of Li-ion Secondary Cells Incorgating a
Reference Electrode

By using a lithium ion secondary cell incorporatmgeference electrode, it is
possible to analyze the anode and cathode readaifaie cell in a separate way. A lot
of phenomena take place when the lithium ion igriigg into the active materials. In
order to analyze these phenomena, EIS measurearentsirried out using Li-ion cells
incorporating a reference electrode at differen€CS@nd temperatures.

EIS measurements are carried out using a frequeesponse analyzer
(Solartron 1260) in combination with a potentiogtaolartron, 1286 Electrochemical

Interface), shown in Fig. 2.3. The applied frequerenge and AC voltage were 100

16



kHz-10 mHz and 5 mys respectively. Before recording the EIS measuremeéehne cell

was charged to the desired SOC using a batterygicggdischarging equipment
(KIKUSUI, PFX2011). The cell was tested inside ahstant temperature chamber
(FL414P). The tests were carried out at 20, 30arh 60 °C, there was a waiting time
of 1 h after setting each temperature. In orderobdain the spectra between
anode-reference and cathode-reference, the coangctf the potentiostat were
configured in a special way. The spectra obtaineckeMitted according to an equivalent

circuit.

Temperature chamber
(HP 120-25, ISUZU)

A

/ Thermocouple

4 )

Potentiostat
(Solartron, 1286 Electrochemical

\interface) y
( FRA )

(Solartron,1260 Frequency

response analyzer)
. J

Fig. 2.3 Schematic illustration of the potentiostatombination with a frequency
response analyzer and temperature chamber.
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In order to get the cathode and anode spectra separate way, the potentiostat
connections have to be configured in certain walgewn in Fig. 2.4.

RE2 RE2
CE WE WE CE
RE1 RE1
I— I—
Reference Reference

(a) (b)

Fig. 2.4 Potentiost connections (a) cathode configuration (b) anode configfiguration.

2.3 Accelerating rate calorimeter (ARC) measuremeist

By using the ARC is possible to identify and azalyhe exothermic reactions
of lithium ion secondary cells, as well as analyhe temperature dependency on

electrochemical measurements.

Fig. 2.5 Accelerating rate calorimeter.
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2.3.1 Thermal runway tests
Thermal runaway tests are carried out inside th&€€ ARhe cells were placed

inside the ARC cavity, being first charge to theigsd SOC, as seen in Fig. 2.6.

Heaters
Electrometer

(Keithley 610 C) \ {
N

Lithium ion
Milliohnmeter secondary cell

(Agilent 4338B)

~ Thermocouple

/[

— Ice Point
reference

ARC controller

Fig.2.6 Schematic diagram of ARC.

The temperature inside the ARC was raised accortbng method called
Heat-Wait-Search mode. During the heating mode, ARe€rior is heating up until
reach the target temperature. In the wait modeettsea waiting period of 30 min. In
the search mode, if the heating rate of the cajfrémter than 0.05 °C per minute, it is
considered an indication of the onset of an exatiereaction (self-heating). When the
self-heating is observed, the ARC shuts down thating and tracks the cell

temperature until the end of the thermal runawag@ss. The thermal runaway analysis

19



is carried out until the cell surface temperat@ached 200 °C. Besides, the open circuit
voltage (OCV) was measured using an electromet&-i6¥A, HOKUTO DENCO)
connected to a multimeter (KEITHLEY 2100) and theadsvere recorded by a
KEITHLEY data acquisition software. The internasistance of the cells was measured
with a milliohnmeter (Agilent 4338B), the data weeeorded by a program developed

in Agilent VEE Pro 9.3.

Cell temperature dT/dt > 0.05° C/min

Cell temperature

Exothermic reaction — ARCcavitytemperature
I e
180 |
(@)
°
~. 160 |
()
—
=5
ey
© 140 |
()
Q J
§ 120 The ARC cavity temperatureis
increased in periods of 5°C
100 1 1 1 1 1 1
20 22 24 26 28 30 32
time/ h

Fig. 2.7 ARC Heat-Wait-Search mode.

2.4 Lithium ion secondary cell chronopotentiometricmeasurements

A Li-ion cell incorporating a reference electrogdas placed inside a constant
temperature chamber (HP120-25, ISUZU), the temperatias fixed at 20 °C. In order
to monitor the potential changes of the cathode amatle electrodes during charging

and discharging, two electrometers and two mul&émsetvere connected to electrodes,

as is shown in Fig. 2.8.
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MULTIMETER MULTIMETER
(2000, KEITHLEY) (2000, KEITHLEY)
| 1
ELECTROMETER ELECTROMETER
(HE-104A HOKUTO DENCO)| (HE-104A HOKUTO DENCO
VA 1

Temperature chamber

(HP120-25, |suzu)\

Charging/discharging :
equipment | | :
(PFX2011,KIKUSUI) | Svie.:~

Fig. 2.8 Schematic diagram of the equipment usedefmrding choropotentiometric
tests.

Before recording the chronopotentiometric measurgspehe cell was cycled
using a CC/CV and CC methods, in order to deterrtiaecell capacity. After obtaining
the capacity of the cell, a constant current charging and dischargingwest carried
out. The charging and discharging conditions weteas 0.2 C current rates, using the
charging/discharging battery equipment (PFX2011KW3$UI). During the charging
and discharging, the potential changes of the catlamdl anode were monitored using
the electrometers and multimeters. The data weserded using a KEITHLEY data
acquisition software. By plotting the potenti&l) @nd the capacityq) vs. time, dQ/dE

vs. E curves were obtained.
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2.5 Types of lithium ion secondary cells tested

Different types of lithium ion secondary cells wensed in the tests. Li-ion
laminated cells incorporating a reference electno@dmufactured by ENAX Co., Ltd;
18650 and laminated Li-ion secondary cells manufact by Shin-kobe Electric
Machinery Co., Ltd; 18650 Li-ion cells manufactut®dPanasonic. The details of each
cell are shown in the tables 2.1-2.4.

Table 2.1 ENAX Co Li-ion cells incorporating a reface electrode.

LCO cell LMO cell

Cathode material LiCoO,-based LiMROs-based
Anode material Graphite-based Graphite-based
Reference electrode material Lithium foll Lithium foil
1 M LiPFs 1 M LiPFg
Electrolyte Ethylene carbonate : Diethyl Ethylene carbonate : Diethyl
carbonate = 1:1 carbonate = 1:1
Dimensions (mm) 65x 70 65 x 70
Capacity (mAh) 20 20

Fig. 2.9 Li-ion cell incorporating a reference ¢tede.
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Negative electrode

Copper fail
e é
Lithium foll

(Reference electrode)

Separator

! — .
Positive electrode Copper foil

Fig. 2.10 A schematic diagram of a Li-ion cell ingorating a reference electrode.

Table 2.2 Shin-kobe Electric Machinery 18650 L gecondary cells.

LCO-Gr cell LMO-Gr cell
Cathode material LiCoO,-based LiMnO,-based
Anode material Graphite-based Graphite-based
Dimensions (mm) 18 x 65 18 x 65
Capacity (mAh) 854 739

'NUT3—C0—O?l W 'NUT4—1—8;
(a) (b) (©)

Fig. 2.11 18650 lithium ion secondary cells (a) L:GOcell (b) LMO-Gr cell (c)
LMO-Gr cell with anti-flammable agent.

Table 2.3 Shin-kobe Electric Machinery Laminatedian secondary cells.

LCO-Gr cell LCO-Gr cell
Cathode material LiCoO,-based LiCo@-based
Anode material Graphite-based Graphite-based
Dimensions (mm) 30 x 45 30 x 45
Capacity (mAh) 30 700
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(b)

Fig. 2.12 Shin-kobe Electric Machinery 30 mAh (a§i&00 mAh (b) Laminated Li- ion
secondary cells.

Table 2.4 Panasonic 18650 Li- ion secondary cells.

Panasonic LCO

Cathode material LiCoO,-based + additives
Anode material Graphite-based
Dimensions (mm) 18 x 65

Capacity (mAh) 2550

Fig. 2.13 Panasonic Li-ion secondary cell

24



References

[1] E. Barsoukov and J. R. Macdonald (200®)pedance Spectroscopy Theory,
Experiment and Applications.

[2] C. Julien and Z. Stoynov. (199®)aterials for Lithium-ion Batteries.

[3] H. Maleki, Jaosn N. Howard, J. Power Sourt68 (2006).

25



Chapter 3 “Kinetic Analysis of Graphitized-Carbon-Based Electrode Reactions in
Lithium-ion Secondary Cells Before and After Cyclirg Degradation”

3.1 Introduction

Electroactive materials play an important role @il performance, but, when a
Li-ion is inserted into an electroactive materiahng reactions take place [1]. The
crystal structure of the electroactive materiatedteto change with the state of charge
(SOC) of the cell, and the resulting changes afflet Li-ion insertion/deinsertion
reactions [2-4]. Since the analysis of the electtiva materials is essential to design
Li-ion cells with high performance, the technigudes evaluating the reactions of the
electroactive materials are extremely important.niMafforts have been made to
analyze the process of Li-ion insertion into eleattive materials using techniques
such as XRD, cyclic voltammetry and single partietdtammetry [5-8]. However,
these studies have been carried out using hal;aalid did not necessarily measure the
reactions that are occurring in situ. Therefore, development of a method that allows
the in-situ analysis of the electroactive matergctions of a Li-ion cell is necessary,
and is crucial to the analysis of the dependentkeoélectroactive material reactions on
the SOC. For that purpose, the use of a Li-ion wéh a reference electrode is very
helpful to analyze the positive and negative eteldrreactions, separately.

Electrochemical impedance spectroscopy (EIS) is amsitu and
non-destructive method that allows the analysishef electrode reactions of a Li-ion
cell [9, 10]. Some kinetic studies dhe characterization of the electrochemical
properties of Li-ion secondary cell electrodes héeen reported, where the Li-ion
insertion/deinsertion reactions are analyzed &miht SOCs [11-18]. But, these studies

were carried out using half-cells and other spem#ls that do not essentially measure

26



the reactions that are occurring in situ.

In this work, the term “Li-ion secondary cell inporating a reference
electrode” refers to a sealed Li-ion cell that eomé a positive electrode, a negative
electrode and a reference electrode. The use sé thells allows in situ analysis of the
interfaces between the electroactive materialsedaxtrolyte in a separate way. So far, a
few EIS studies that use Li-ion secondary cell®iporating a reference electrode are
reported. M. Dolle et al., carried out EIS usingiaon secondary cell incorporating a
reference electrode, they compared the impedanesuraments of the electroactive
materials with the impedance measurements of tHec@ll, validating the use of a
Li-ion cell incorporating a reference electrodeat@lyze the electroactive materials in a
separate way [19]. J. Y. Song et al., carried d8tfBeasurements using half-cells and a
Li-ion cell incorporating a reference electrode andthpared the results among the cells
[20]. However, these works did not analyze the tkinef the electroactive material
reactions and their dependency on the state ofehar

In this chapter the graphitized-carbon-based aldetr(anode) reactions of
Li-ion secondary cells incorporating a referenacebde are analyzed before and after
cycling degradation by carrying out electrochemicapedance spectroscopy (EIS)
measurements at different SOCs and temperaturesed@yding EIS measurements at
different temperatures and SOCs, it is possiblarnalyze the kinetic of the anode
reactions and the dependency of these on the SOGndlyze the electrochemical
behavior of the process of the Li-ion insertionfdeirtion into a graphitized carbon
electrode, and to evaluate how the structural obsired graphitized carbon affect the
Li-ion insertion/deinsertion process, the kinetichéa@or of the anode reactions are

compared with the anod&€XtE vs.E curves.
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3.2 Experimental methodology

3.2.1 Cell specifications
We tested a laminated lithium ion secondary cefitaming a reference electrode. A
schematic illustration of the cell is shown in F&1. The cell consists of a negative
electrode, a separator, a reference electrode,aapdsitive electrode. The size and
position of the reference electrode were optimigedhat it does not affect the charge
and discharge performance of the cell. This cekdugithium cobalt oxide and
graphitized carbon as the cathode and anode majer@spectively. The positive
electrode consists of a mixture of an active makean electroconductive material, and
a binder resin, at a weight ratio of 90:3:7. Thgaiwe electrode consists of a mixture
of an active material and a binder resin, at a iateigtio of 90:10. The capacities of the
anode and cathode active materials were 1520 af® h2Ah cn?, respectively.
Lithium foil was used as the reference electrodbiclv was inserted between the
positive and negative electrodes. The electrolygatained 1 mol dm LiPFs, the
solvent was ethylene carbonate: diethyl carbonafe3=volume), and the size of the
cell electrodes was 46 mm x 46 mm (including theitete package). The capacity of
this lithium ion secondary cell with the refereratectrode was 20 mAnh.

Negative (o  Copper foil
electrode
| l 41 mm Separator
Lithium foil f - ) .
Reference electrode <)p_
( ) 5 (\!\Copper foil
mm| (5 mm
<——— Separator

Positive T mm
electrode

Tmm

€ Separator

1T mm /’_'\ S "’\ 1T mm

Fig. 3.1 Schematic illustration of a Li-ion secondaell incorporating a reference
electrode.
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3.2.2 Cycling degradation

A Li-ion secondary cell incorporating a referendeceode was charged and
discharged in a thermostatic chamber (ETAC, FL41atR35 °C. The cell was charged
following a constant current / constant voltagecpss with a charging current of 10 mA,
maximum voltage 4.2 V and a constant voltage tifng . The cell was discharged to
25% depth of discharge (DOD) following a constantrent process with a discharging
current of 10 mA. The total charging/dischargingleg were 94.

3.2.3 Electrochemical Impedance Spectroscopy measunents

Electrochemical impedance spectroscopy (EIS) measemts were carried out
using a frequency response analyzer (Solartron)lidGmbination with a potentiostat
(Solartron 1286), the frequency range and AC anomiditwere 100 kHz-10 mHz and 5
MVms, respectively. Before recording the EIS measuresyehe cells were charged at
the desired SOC using the battery tester. The eoellse tested inside a constant
temperature chamber (ETAC, FL414P). The tests warded out at 20, 30, 45 and
60 °C, so that the reaction kinetics could be evwatliaccurately by using the proposed
equivalent circuit. All measurements were carriagt after the Li-ion cells were

activated (aging by potential cycling).

3.3 Chronopotentiometric measurements, Q/dE vs.E curves

To obtain the capacity of the lithium ion secondastl incorporating the
reference electrode, the cell was cycled usingteettyatester (KIKUSUI, PFX2011).
The cell was charged using a constant currenttetd® V at a rate of 4.2 mA followed
by a constant voltage step of 1 hour 30 minutee @&ll was discharged using a

constant current process at a rate of 4.2 mA tmgil7 V.
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After obtaining the value of the capacity C of ttedl using the above method,
a constant current charging and discharging tests waarried out. The
charging/discharging conditions were set at 0.20Ctfie current and 2.7 V for the
discharging voltage.@dE vs. E curves were obtain by plotting the electrode pidén
(E) and the electrode capacit)(

dQ/dE vs.E curve represents the change of the crystal strictuthe electrode
active material. @/dE is equal to the currenk)(divided by (dE/dt), as it is shown in the

following equation:

dQ do/dt d(t)/de I
dE ~ dE/dt  dE/dt  dE/dt

Therefore, it is possible to obtain a pseudo-voftergram. @Q/dE vs. E curves of cell
before and after cycling degradation were obtained.

Fig. 3.2 shows the potential profile at a const@ntent versus time for the
anode of the lithium ion secondary cell with a refeee electrode that does not contain
any deterioration. These data can be analyzedtail dg/ analyzing the change in the
capacity Q) vs. the potential @dE, and by plotting these values versus the electric
potential E), then the curve of @dE vs. E can be obtained. This plot is shown in Fig.

3.3.
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Fig. 3.2 Charging/discharging potential profiletbé anode of a Li-ion secondary cell
incorporating a reference electrode before cydliegradation
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Fig. 3.3 d)/dE vs. E curve of the anode of a Li-ion secondary cell ipooating a
reference electrode before cycling degradation
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Fig. 3.4 Cyclic voltammogram of graphite singletpze

Figure 3.3 shows the anode dQ/dE vs. E curve ofithiem ion secondary cell. The
characteristic peaks a-e during the charging caattbbuted to the structural changes in
the graphite incorporated in the anode. Compatiegrésults with a reported ex-situ
voltammogram, Fig. 3.4 [2, 7, 21], in the electrqu#ential range of 0.3~0.22 V vs.
Li/Li ¥, the Li ion density in graphite is very low, thé ions are randomly inserted
between all layers, and the graphite structure ffoas the dilute stage-1 to stage-4 [2,
7, 21-25]. In the range of 0.18 ~ 0.22 V vs. Li/La clear phase transition from stage-4
to stage-3 did not occur at peaks b and c. Theeptraasition from stage-3 to stage-2
occurs at peak d, and the phase transition frogestato stage-1 occurs at peak e. By
using a lithium ion secondary cell with a referemtectrode, it is possible to obtain

in-situ results that were similar to the half-attsitu results [7].
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Fig. 3.5 d)/dE vs. E curves of Li-ion secondary cells incorporating eference
electrode before (black) and after cycling degradaforange)

Table 3.1 Comparison ofQdE vs. E curves of the cells before and after cycling
degradation.

AEp(a-a)/Vv Qc’/Qc
Peak a Peaks b, c,d, e
Without degradation 0.018
Cycling degradation 0.042 0.700 0.568

Figure 3.5 shows theQIdE vs. E curves of Li-ion secondary cells incorporating a
reference electrode before and after cycling dedrawl. In the case of the cell after
cycling degradation, peaks b and c became too smdltannot be observed. Peaks a, b
and e shifted to the negative potential side. Tabldists the difference in the oxidation
and reduction peak potential&Ep (a - a’), and the charge coulomb ratio of the
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degradatiorQc’/Qc. Qc expresses the quantity of coulombs for the reduacteaction
peaks after degradation, ait expresses the ones before degradation. Afterngycli
degradationAEp (a - a’) increased, indicating that the revelisjbis reduced due to a
possible damage in the crystal structure of thetlactive material. The reduction in
the coulombic capacity of the charging peaks afyeting degradation is likely due to
the decrease of Li-ion inventory contained in tHecteolyte. During the cycling
degradation test, the electrolyte reacts with tleeteactive materials which generate
the formation of a resistant film on the electroactmaterial causing a decrease of

Li-ion inventory.

3.4 Electrochemical impedance spectroscopy measurents at different electro
potentials and temperatures

EIS measurements at different temperatures and S@@s carried out. Since
a laminated Li-ion secondary cell incorporatingeference electrode was used, it is
possible to obtain the impedance spectrum for theda@ electroactive material vs.
reference electrode and cathode electroactive rabws: reference electrode, shown in
Fig. 3.6 (a). To confirm the effectiveness of thE$8 measurements, the sum of anode
vs. reference electrode and cathode vs. referelectrade impedance measurements
with the full-cell impedance spectra (anode-cathadere compared, shown in Fig. 3.6
(b). Less than 2% difference was found betweerstimes of electroactive materials vs.
reference electrode impedance measurements anckfulimpedance measurements in
the real part (Z') and less than 9% in the imagingaurt (Z”). The difference found
corroborates that the position of the referencetedde does not affect the performance
of the cell, and it is possible to analyze the rpit@ase between the electroactive

materials and the electrolyte in a separate way.

34



'25 I I I I
a
a Cathode-Ref @)
2} O Anode-Ref i
X Cathode-Ref + Anode-Ref (b)
2} | ¢ Cathode-Anode 4
| 0.01 Hz i
o -1.5 $
N L |
-05F .
0
0 5

Z'lQ
Fig. 3.6 (a) Impedance spectrum of the cathodeeete and anode-reference; (b)
comparison between the anode-cathode spectra arslitheof cathode-reference and
anode-reference impedance measurements of the LiGagphite Li-ion cell at 20
and at 50% SOC.

Figure 3.7 shows the impedance spectra for theeanbthe lithium ion secondary cell
before and after cycling degradation at 0, 25,70and 100% SOC, and at 20, 30, 45
and 60 °C. The size of the semicircles tends toedse with the temperature. The

spectra exhibit three semicircles and a straigiet liaving an angle of 45°, Fig. 3.8.
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Fig. 3.7 Before and after cycling degradation immpesa spectra for the anode
electroactive material vs. reference electrodénefliiCoQ-grahite Li-ion cell at 0, 25,
50, 75, 100% SOC and at 20, 30, 45 and 60 °C.
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Fig. 3.8 Impedance spectra for the anode eleciv@antaterial vs. reference electrode
of the LiCoQ-grahite Li-ion cell at 50% SOC and 20 Ry, Ry andR; correspond to
lithium ion conduction, lithium ion desolvation ancharge transfer resistances,

respectively.

Solid Electrolyte Interface (SEI)

-Charge transfer (R,,)
-Electric double layer (CPE)

\

-Li* desolvation (Ry,)
-Electric double layer

» Li* conduction (R,;;)
- Electric double layer (CPEg,)

Carbon

Li*Difusion(Z,)

Current collector

Fig. 3.9 Single particle model of the interphasact®ns around solid electrolyte
interphase.
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Three main reactions take place on the solid @bté interphase (SEI)
generated around the electroactive material, showfig. 3.9.Rs corresponds to the
resistance of the electrolytBq; is the resistance of Li-ion conduction in the Sfid
CPE: represents the space charge capacitance of theRgHE the resistance of the
Li-ion solvation/desolvation, andCg, corresponds to the solvation/desolvation
capacitanceR corresponds to the charge transfer resistandeeaurface of the anode
active material, and CPE is a constant phase elermbe CPE was used to take into
account the roughness of the anode material surfAgerepresents the Warburg
resistance due to the Li-ion diffusion in the anpaeticle. Electrochemical impedance
spectra fittings were carried out using the eqeinatircuit shown in Fig. 3.10. During
the impedance spectra fitting, we followed a rigronethod to obtain the best possible
fit from the experimental data. Zview 2 softwareri{Bner Associates Inc.) was used to
carry out the impedance spectra fittings. The dhiased function)f) delivers a good
indication of the quality of the fitting [26]. Thg® values of 13 — 10* show a

reasonably good fit. The values;dfin this study were in the range of 10

Rs,Il RS|2 Rct

Fig. 3.10 Equivalent circuit used for the anode eéagnce spectra fittingRs, Rsi1, Rz
and R correspond to electrolyte, lithium ion conductidithium ion desolvation and
charge transfer resistances, respectively.
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3.5 Kinetic analysis of the anode reactions beforend after degradation

Based on the proposed equivalent circuit, the atitm energy and
pre-exponential factor of the anode reactions wbtained by using the expression (1)

91,

RT
nFRTCt

= kjexp (=2) ()

RT

whereE, is the activation energ¥o is the pre-exponential factdR. is the reaction
resistancen is the reaction electrodé&; is the Faraday constarni, is the absolute
temperature anR is the gas constant. Arrhenius plots are made Ibyting the
resistance values obtained from the experimentiglgd data at different temperatures,
and then the activation energy of each resistam@dtained from the Arrhenius plots.
Figure 3.11 shows Arrhenius plots for Li-ion contloie, Li-ion solvation/desolvation
and charge transfer resistances of the anode actaterial before and after cycling
degradation at 50% SOC. The slope of the linesesponds to the activation energy,
defined by Eq. (1). The activation energy and pqeeaential factor of the reactions
were obtained at 0%, 12%, 25%, 33%, 42%, 50%, &8%4, 85% and 100% SOCs for
the cell before degradation. For the cell afterrddgtion the kinetic parameters were
obtained at 0%, 25%, 50%, 75% and 100%. Anode piatexi the Li-ion cell versus the

reference electrode was measured at each SOC.
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Fig. 3.11 Arrhenius plots of Liconduction Ryy), Li* solvation/desolvationRg,) and
charge transfeiR;;) before (a) and after (b) cycling degradationG#5state of charge.

Figure 3.12 shows the activation energy of andgxm@enential factor of charge transfer
(R.)) before and after cycling degradation as a functbanode potential. The change
of the activation energy and pre-exponential faatan be analyzed in detail by
considering the changes in the graphite structliie.analyze the change of the
activation energy based on the Li-ion insertionidertion mechanism into graphite, the
graphite staging process is highlighted by vertioaés in Fig.3.12. The activation
energy and pre-exponential factorRf tend to decrease with the potential, indicating
that the staging phenomenon of graphite affectshiaege transfer process. In the case
where the Li-ions can be inserted anywhere in tia@lytized carbon, the magnitude of
the activation energy is relatively low. Howevern istage-1, the Li-ion
insertion/deinsertion accompanies a large structin@nge, where the activation energy
iIs comparatively high. The behavior of activatiamergy and pre-exponential factor
after degradation tend to decrease and increas®utifollowing any clear tendency,
and this is likely due to a possible damage ofgtaphite crystal structure caused by

cycling degradation, which may affect the Li-ios@ntion/deinsertion reactions.
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Fig. 3.12 Pre-exponential factdip(c) and activation energyef, ) of charge transfer
reactions before and after degradation as a fumcti@node potential.

Figure 3.13 shows the change in the activationggneand pre-exponential factor of the
Li-ion conduction reactionsR;) before and after cycling degradation as a functb

anode potential. Before degradation, the activagioergy and pre-exponential factor of
Rsg1 shows a nearly constant behavior, some slightlyngba are observed. This

suggests that the solid electrolyte interphase)(Sfeinerated around the anode active
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material, remains almost constant and does not ehefity the state of charge. After
degradation, the behavior of activation energy medexponential do not follow a clear
tendency. This irregular behavior suggests thatSiBegenerated around graphite after
cycling degradation tends to grow irregularly, effieg the Li-ion conduction reactions,

where a partially solvated Li-ion moves through 8td, shown in Fig. 3.14.
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16 1 1 1 1

[ —
(@)
T
e}
1

logky o, / C st

oSO N M O
T
1

60 p .

/ kJ mol %
O

a, sl

40

E

20

O [ [ [ [
0 005 01 015 0.2 0.25
Evs. (Li/Li")/V

Fig. 3.13 Pre-exponential factoko( s1) and activation energyE{, ) of Li-ion
conduction reactions before and after degradasaamfanction of anode potential.
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After cycling degradation
Solid Electrolyte Interface (SEI)

Carbon

Current collector
- Li* conduction (Ry;,)

<> Solvent @ Dipole

Fig. 3.14 Single particle model of Li-ion conductiteaction after cycling degradation.

Rs1 and R; describe the resistance of Li-ion conduction ie 8EI and the charge

transfer resistance at the surface of the anodeeaontaterial, respectively. These
reactions occur in the interface between the SHledectroactive material. Meyers et al.,
developed a mathematical model to describe the dampee response of a single
intercalation particle surrounded by a resistarnloe [27], they established that charge
transfer and double layer charging across eacHawet (particle/film and film/solution)

must be considered. Siné&; corresponds to the charge transfer resistanceebeatw
graphitized carbon and SEI, consequern®y, corresponds to the resistance of Li-ion

solvation/desolvation between the SEI and eledkeoly
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Fig. 3.15 Pre-exponential factoko( sp) and activation energyE{, s2) of Li-ion
solvation/desolvation reactions before and aftegragation as a function of anode
potential.

Figure 3.15 shows the activation energy and pre+sspioal factor of Li-ion
solvation/desolvationR;,) before and after cycling degradation as a fumctbanode
potential. The activation energy and pre-exponéifdietor of Rs, before degradation
shows a practically constant behavior before dedrad, this kind of behavior is

expected since the Li-ion solvation/desolvationutiacnot change with the potential.
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However, the behavior of activation energy and expenential after degradation does
not follow a constant tendency, this suggests lthain solvation/desolvation reactions
occurring at the interphase of electrolyte and &tel affected by cycling degradation,

where Li—ions are partially solvated/desolvatedwshn Fig. 3.16.

After cycling degradation
Solid Electrolyte Interface (SEI)

|-

Carbon
Current collector :

| -Li* desolvation (R,,) |

<> Solvent @ Dipole

Fig. 3.16 Single particle model of Li-ion solvatidesolvation reactions after cycling
degradation.

3.6. Comparison of the activation energy

To compare the activation energy with those preslipueported, the overall
activation energy of the anode reactions has tolained. By adding the resistance
values of the charge transfer, Li-ion conductiord dr-ion solvation/desolvation
reactions, a total resistance value is obtaifeg,). The overall activation energy of the
anode reactions is obtained by making Arrheniussplsing theRy values. Figure

3.17 shows the activation energy R before and after cycling degradation as a
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function of anode potential. The activation eneofR:a €Xhibits a constant behavior
and does not change with anode potential. The aaiv energy oR IS CONsistent
according to the data that has been previouslyrtegpdor graphitized carbons [9, 28].
Consequently, by recording EIS measurements,pbssible to independently
analyze Li-ion solvation/desolvation, Li-ion condioa and charge transfer reactions

from the anode of a Li-ion secondary cell incorpioiaa reference electrode.
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Fig. 3.17 Pre-exponential factoky) and activation energyef) of the overall anode
reactions before and after degradation as a fumcti@node potential.

46



3.7 Conclusions

The process of lithium-ion insertion/deinsertiornoirgraphitized carbon was
analyzed at different temperatures and state ofrgehaby carrying out EIS
measurements using a Li-ion secondary cell incatpay a reference electrode. The
activation energy of Li-ion conduction, Li-ion dégation and charge transfer reactions
were analyzed before and after cycling degradati®ra function of SOC and anode
potential. The results were evaluated using thgirsigprocess of graphite.

Charge transfer, Li-ion conduction and Li-ion dgation/solvation reactions
originating from SEI were analyzed as a functiors@fC and anode electrode potential.
The activation energy of charge transfer dependsSQC and anode potential,
indicating that the staging process of graphitafiecting the charge transfer reaction.
On the other hand, the activation energies of Li-ioonduction and Li-ion
solvation/desolvation are independent on SOC amdi@mpotential, showing that the
staging process of graphite does not affect theori-conduction and Li-ion

solvation/desolvation reactions.
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Chapter 4 “Kinetic Comparison of LiCoO;, and LiMn20 4 Cathode Material
Reactions in Li-ion Secondary Cells Incorporating eReference Electrode”

4.1 Introduction

Electroactive materials are a critical part of arisecondary cells and these
play an important role in cell performance [1]. Bange of Li-ions between the
electroactive materials occurs at the electrodet@lyte interface, so the performance
of Li-ion secondary cells strongly depends on tHecteochemical properties,
morphology and microstructure of electroactive male [2-4]. The kinetic analysis of
the Li-ion insertion/deinsertion reactions, anddependency on electroactive material
structural changes, is very important to desigihsceith a high performance. Many
efforts have been made to analyze the Li-ion ims@deinsertion reactions in
electroactive materials using many techniques a&lXRD and cyclic voltammetry
[5-8]. But these studies were carried out usinig-¢ells or single particle electrodes,
and did not measure the reactions that are ocguimisitu.

The reactions of two different cathode materiaisgisealed Li-ion secondary
cells incorporating a reference electrode are aealyLiCoQ and LiMnO,4 are widely
used in commercial Li-ion cells, the lattice of $hematerials experience significant
volume changes and phase transformation during Lifien insertion/deinsertion
process, which could induce stress resulting iottr@ inside the electroactive material,
and it is known that a mechanical damage of elactree materials leads to the
degradation of cell performance and life [9]. A qmarison of the kinetic characteristics
of electroactive materials and is important foresghg an electroactive material for
specific uses. Electrochemical impedance spectrgs¢&pS) is a non-destructive

method that allows the in situ analysis of eleattive materials [10, 11]. By obtaining
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dQ/dE vs. E curves, the structural changes of relactive materials can be analyzed
[12]. In this work, the activation energy, frequgrfactor and reaction rate constant
dependency of the Li-ion insertion/deinsertion tiess on the structural changes of
LiCoO, and LiMn,O, are analyzed by carrying out EIS measurementsfataht state

of charge and temperatures.

4.2 Experimental methodology

4.2.1 Cell specifications

Two laminated lithium ion secondary cells containmgeference electrode
with different cathode electroactive materials wasted. One cell used LiCo@s
cathode material, and the other one Lyn Both cells used graphitized carbon as
anode material. The cells consist of a negativetrelde, separator, reference electrode
and positive electrode. A schematic diagram ofddlés is shown in Fig. 4.1. The size
and position of the reference electrode were opgohiso that it does not affect the
charge and discharge performance of the cell. withfoil was used as the reference
electrode, which was inserted between the posiénd negative electrodes. The
electrolyte contained 1 mol diLiPFg, the solvent was ethylene carbonate: diethyl
carbonate = 7:3 (volume), and the size of the eldttrodes was 46 mm x 46 mm
(including the laminate package). The capacityheke lithium ion secondary cells with
the reference electrode was 20 mAh.

4.2.2 Chronopotentiometric measurements (@/dE vs.E curves)

To obtain the capacity of the lithium ion secondastl incorporating the
reference electrode, the cell was cycled usingteettyatester (KIKUSUI, PFX2011).

The cell was charged using a constant currenttetd® V at a rate of 4.2 mA followed
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by a constant voltage step of 1 hour 30 minutee @&ll was discharged using a
constant current process at a rate of 4.2 mA tmgil7 V.

After obtaining the value of the capacity C of ttedl using the above method,
a constant current charging and discharging tests waarried out. The
charging/discharging conditions were set at 0.20Ctfie current and 2.7 V for the
discharging voltage.@dE vs. E curves were obtain by plotting the electrode pixaén
(E) and the electrode capacit)(

dQ/dE vs.E curve represents the change of the crystal strictuthe electrode
active material. @/dE is equal to the current)(divided by (dE/dt), as it is shown in the

following equation:

dQ do/dt d(t)/de I
dE ~ dE/dt  dE/dt  dE/dt

Therefore, it is possible to obtain a pseudo-voftergram. @Q/dE vs. E curves of cell
before and after cycling degradation were obtained.

4.2.3 Electrochemical Impedance Spectroscopy measunents

Electrochemical impedance spectroscopy (EIS) measemts were carried out
using a frequency response analyzer (Solartron)liaG@mbination with a potentiostat
(Solartron 1286), the frequency range and AC anmbditwere 100 kHz-10 mHz and 5
MVms respectively. Before recording the EIS measuresyehe cells were charged at
the desired SOC using the battery tester. The eedlse tested inside a constant
temperature chamber (ETAC, FL414P). The tests warded out at 20, 30, 45 and
60°C, so that the reaction kinetics could be evaluatsmirately by using the proposed
equivalent circuit. All measurements were carriatt after the Li-ion cells were

activated (aging by potential cycling).
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Fig. 4.1 Schematic illustration of the Li-ion secang cell incoporating a reference
electrode.

4.3 Results and discussion

4.3.1 dQ/dE vs. E curves

Fig. 4.2 shows the cathode dQ/dE vs. E curve ofLii@»O,-graphite cell
incorporating a reference electrode. The charatiepeaks are attributed to the crystal
structural changes of LiCaOduring lithium ion intercalation/deintercalatioifhe
obtained cathode dQ/dE vs. E curve is comparablle aireported LiCo® half-cell
ex-situ voltammogram [6]. By analyzing the chardste peaks of the cathode dQ/dE
vs. E curve with reported X-ray diffraction stud@dithium intercalation in LICo@|[3,
13], four different structural regions are observedthe first region, 3.8-3.91 V vs.
Li/Li *, a Hexagonal-l structure predominates. In the skaegion, 3.91-3.96 V vs.
Li/Li ¥, a structural transition phase between HexagomalHexagonal-Il is observed.
In the third region, 3.96-4.1 V vs. Li/lia Hexagonal-1l structure predominates. In the
fourth region, 4.1-4.18 V vs. Li/lj the crystal structure goes from Hexagonal-ll to

Monoclinic.
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Fig. 4.2 Cathode@/dE vs.E curve of LiCoQ-grahite Li-ion secondary cell.

Fig. 4.3 shows the cathode dQ/dE vs. E curve ofLiMn,O4-graphite cell
incorporating a reference electrode. Li@3 has a cubic spinel structure. The
characteristic peaks are attributed to the lithiomintercalation/deintercalation due to
the redox of MA"*" in the spinel structure [14]. The obtained dQ/dE E curve is
comparable with a reported a reported Lpdp half-cell ex-situ voltammogram [14].
According to X-ray diffraction studies, lithium iansertion and extraction in LiM,
occur in two phases, both phases having the sametwse with different lattice

parameters, which produce dQ/dE vs. E curves withgeaks [15].

56



SOC (state of charge)
0% 25% 50% 75% 100%

400 . | . | .
200 | A 5 ]
8 2
c
<
S 0
L
32 W
O
A
© 200 | B’ ]
_400 [ [ [
3.9 4 4.1 4.2 4.3
E/Vvs. LilLi"

Fig. 4.3 Cathode@/dE vs.E curve of LiMnO,-grahite Li-ion secondary cell.

4.3.2 Electrochemical Impedance Spectroscopy measunents

Fig. 4.4 (a) shows impedance spectra of the LiCa@d LiMnO, cathode
materials vs. reference and anode vs. reference@le at 20C and 50% SOC. Since
we used Li-ion secondary cells incorporating a rexfee electrode, it is possible to
obtain the impedance spectrum of each electroactnagerial. To confirm the
effectiveness of these impedance measurementsompared the sum of anode vs.
reference electrode and cathode vs. reference@dectimpedance measurements with

the full impedance spectra (anode-reference), #i.(b). For the LiCo@Graphite
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Li-ion cell, a difference of 1.93% was found betwethe sums of electroactive

materials vs. reference electrode impedance measate and full cell impedance

measurements in the real part (Z’) and 8.53% inithaginary part (Z"). For the

LiMn ,O4-Graphite Li-ion cell, a difference of 1.19% and&d were found in the real

part and imaginary part respectively.
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Fig. 4.4 (a) Impedance spectra of the cathode reledive material vs. reference
electrode and anode electroactive material vs.reebe electrode; (b) comparison

between

the anode-cathode spectra and

the sum tfodeareference and

anode-reference impedance measurements of the LiGo&phite Li-ion cell and
LiMn ,O4-Graphite Li-ion cell at 20 and at 50% SOC.
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Fig. 4.5 Impedance spectra for the cathode elettiv@amaterial vs. reference electrode
of the LiCoQ-grahite Li-ion cell and LiMpO4-graphite Li-ion cell at 25, 50, 75, 100%
SOC and at 20, 30, 45 and'60
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Fig. 4.5 shows the impedance spectra for the LiCadl LiMn,O,4 cathode
materials vs. reference electrode at 25, 50, 7518@% SOC and at 20, 30, 45 and
60°C. Three main reactions take place on the solidtrelgte interphase (SEIl)
generated around the electroactive material, showfig. 4.6.Rs corresponds to the
resistance of the electrolytBq; is the resistance of Li-ion conduction in the Sfid
CPE: represents the space charge capacitance of theRgHE the resistance of the
Li-ion solvation/desolvation, andCg, corresponds to the solvation/desolvation
capacitanceR; corresponds to the charge transfer resistancéeatstirface of the
cathode active material, and CPE is a constantepslasnent. CPE was used to take into
account the roughness of the cathode material curig, represents the Warburg
resistance due to the Li-ion diffusion in the anpdeicle.

Impedance spectra fittings were carried out usnegequivalent circuit shown
in Fig. 4.7. During the impedance spectra fittimgg followed a rigorous method to
obtain the best possible fit from the experimemtata. Zview 2 software (Scribner
Associates Inc.) was used to carry out the impeslapectra fittings. The chi-squared
function 6(2) delivers a good indication of the quality of fiténg [16]. Thex2 values of
10° — 10* show a reasonably good fit. The valueg‘oin this study were in the range

of 104,
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Fig. 4.6 Single particle model of interphase reaxti around solid electrolyte
interphase.

Rsll RS|2 Rct

Fig. 4.7 Equivalent circuit used for the cathod@éaance spectra fittingRs, Ryj1, Rsi2
and R correspond to electrolyte, lithium ion conductidithium ion desolvation and
charge transfer resistances, respectively.

4.3.3 Kinetic Analysis of LiCoG and LiMn ;0,4 cathode materials

Figure 4.7 shows the Arrhenius plots of tdnduction Rg;), Li* desolvation
(Rsz) and charge transfeR{) reactions at 50% state of charge of LiGo@) and
LiMn,0O, (b) cathode materials. Arrhenius plots are madeplojting the resistance
values obtained from the experimentally fitted dattalifferent temperatures using the

expression (1) [10]

() o

RT
NFRyct
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whereE, is the activation energ¥o is the pre-exponential factdR. is the reaction
resistancen is the reaction electrodé; is the Faraday constari, is the absolute
temperature andR is the gas constant. Kinetic characteristics of th€oO, and

LiMn O, Li-ion insertion/deinsertion reactions were obgminat different SOCs. The

cathode potential of the Li-ion cells versus refieee electrode was measured at each

SOC.
—e—Rsl1
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Fig. 4.7 Arrhenius plots of Liconduction Rg1), Li* desolvation Ry2) and charge
transfer R reactions at 50% state of charge of LiGd@) and LiMnO, (b) cathode
materials.
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Fig. 4.8 Pre-exponential factor (a) and activagoergy (b) of charge transfer reactions
of LiCoO, and LiMn,O,4 cathode materials as a function of cathode patenti

Fig. 4.8 shows the pre-exponential factor and atitm energy of charge
transfer reactions of LiCofand LiMn,O, cathode materials as a function of cathode
potential. The behaviors of activation energy and-g@ponential factor of LiCoO
change in a similar way. In the potential rang8.680 — 3.95 V vs. Li/L, the activation

energy and frequency factor change without anyrdeadency, while they remain
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constant in the potential range of 3.95 — 4.10 VIA.i*. The crystal structure of
LiCoO, was reported to change from hexagonal-l to hexdgbm@ming an unstable
transition phase, whereas the crystal structureaisnhexagonal-Il in the potential
range of 3.95 - 4.10 V vs Li/Li[3]. The constant behavior of the activation egexgd
pre-exponential factor between 3.95 and 4.10 Wi/ki * seems to reflect the stability
of the crystal structure of hexagonal-1l. As in tbase of LiCoQ the behavior of
activation energy and pre-exponential of L3 changes in a similar way. In the
potential range of 4.01 — 4.07 V vs LilLithe activation energy and pre-exponential
remain constant. In the potential range of 4.1194/ vs Li/Li", the activation energy
and pre-exponential tend to change in two waysohiinsertion/deinsertion reactions
in LiMn,O, appear to occur in two stages due to the formatfdwo phases, where the
lattice parameter of LiMiO, tends to change in two ways [15]. The formatiorihafse
two phases affects the kinetic behavior of Li-ingsdrtion/deinsertion reactions.

Fig. 4.9 shows the frequency factor and activaéinargy of Li-ion conduction
reactions of LiCo@and LiMn,O, cathode materials as a function of cathode patenti
The frequency factor and activation energy chang wathode potential without
following a clear tendency. Since the solid eldgtinterphase (SEI) generated around
the cathode materials is thinner, comparing witht thenerated around the anode
materials [17], the change with potential of theqgftency factor and activation energy
of Li-ion conduction in LiCoQ@ and LiMn,O, cathode materials, suggests that the

structural changes of the cathode materials afffect.i-ion conduction reactions.
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Fig. 4.9 Pre-exponential factor (a) and activatemergy (b) of Li-ion conduction
reactions of LiCo@and LiMn,O4 cathode materials as a function of cathode patenti

Meyers et al., developed a mathematical model sordee the impedance response of a
single particle surrounded by a resistance filn],[ff&y established that charge transfer
and double layer charging across each interfaagi¢jegfilm and film/solution) must be

considered. Charge transfer and Li-ion conductmmespond to the reactions that occur

in the interface between cathode electroactive maddeand SEI, therefore, Li-ion
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solvation/desolvation correspond to the reactionthe interface between the SEI and
electrolyte. Fig. 4.10 shows the pre-exponentiatdiaand activation energy of Li-ion
solvation/desolvation of LiCofand LiMn,O,4 as a function of cathode potential. The
frequency factor and activation energy of LiGoé@nd LiMn,O4 tend to follow a
constant behavior. A nearly constant behavior igpeeted due to the Li-ion

solvation/desolvation reactions are not affectedhieychange in cathode potential.
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Fig. 4.10 Pre-exponential factor (a) and activati@mergy (b) of Li-ion
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Fig. 4.11 Reaction rate constant of Li-ion condutiLi-ion solvation/desolvation and
charge transfer reactions of LiCp@nd LiMn,O, cathode materials as a function of

cathode potential.

Fig. 4.11 shows the reaction rate constants ofohi-conduction, Li-ion
solvation/desolvation and charge transfer reactwin&iCoO, and LiMnO, cathode
materials as a function of cathode potential. Téaction rate constants were obtained
by using the Arrhenius equation (2)

(2)

wherek is the reaction rate consta, is the activation energk is the frequency

k=K oexp(E/RT)
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factor, T is the absolute temperature aRdis the gas constant. The reaction rate
constants were obtained at 20, 30, 40 an€ 6The reaction rate constant of Li-ion
conduction reactions of LiCaoQOis larger than that of LiMi©,4, the SEI generated
around LiCoQ electroactive material seems to be more thernsalhsible than the one
generated at LiMyO,. The reaction rate constant of Li-ion solvatioslgation
reactions does not show big changes with temperatutomparison with that of Li-ion
conduction. The reaction rate constants of chargester reactions of LiCoOand
LiMn,O, electroactive materials change in a similar wéygse do not exhibit big

changes with temperature in comparison with thati-@dn conduction reactions.

4.3.4 Comparison of the cathode apparent activatiornergy of LiCoGO,
and LiMn 0, electroactive materials

Cathode apparent activation energy of LiGo&ahd LiMnO, electroactive
materials is obtained by making Arrhenius plotsigsa total resistance valuB,) of
each electroactive materidkq, IS obtained by adding the resistance values ofgeha
transfer, Li-ion conduction and Li-ion solvationsiévation reactions. Fig. 4.12 shows
the cathode apparent activation energy of Lig@Dd LiMnO, both electroactive
materials exhibit a nearly constant behavior. Theskies of activation energy are
consistent with data that has been previously teddior LiCoQ and LiMnO,4 [11,

19].
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Fig. 4.12 Cathode apparent activation energy of olO&Graphite and
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4.4 Conclusions

By carrying out EIS and chronopotentiometric measwents, using Li-ion
secondary cells incorporating a reference elecirade kinetic characteristics of
LiCoO, and LiMn,O, at different SOCs and temperatures were studiedvak to
analyze kinetic characteristics of LiCp@nd LiMn,O, as a function of cathode
potential. The kinetic behavior of Li-ion conductjda-ion solvation/desolvation and
charge transfer reactions of LiCg@nd LiMn,O, and its dependency on the structural
changes of cathode materials are studied. The ehaagsfer and Li-ion conduction

reactions exhibit a dependency on the structurahgbs of cathode materials, while
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Li-ion solvation/desolvation reactions do not.
According to the behavior of reaction rate constfort Li-ion conduction
reactions of LICo@ and LiMnO,4, the SEI generated around LiCp®lectroactive

material seems to be more thermally sensible thammmhe generated at LiMD,.
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Chapter 5 “Cathode Material Comparison of Thermal Runaway Behavior of
Li-ion Cells at Different State of Charges Includirg Over Charge”

5.1 Introduction

The use of Li-ion cells has been growing globaliyhva large number of cells
powering a wide range of applications in differenvironments, and there have been
several reported incidents raising safety conce®osne of the cases have been related
to overheating (thermal runaway) of Li-ion cellBadliing to possible fire and explosion.
The thermal behavior of a Li-ion cell is dominatgdthe exothermic reactions between
the electrolyte and electroactive materials [1-Bjermal runaway occurs when the
exothermic reactions go out of control, thus tHélseating rate of the cell increases to
the point that it begins to generate more heat wiaat can be dissipated [4, 5].

There are safety concerns related to the upsiZingrion cells and the use of
oxide based cathode materials, since oxygen rekeasethe cathode material at high
temperatures can accelerate the combustion reacdtiaghe cell driving its components
into fire or explosion. Therefore, the thermal gse of complete Li-ion secondary
cells is important for ensuring their safety anchiwslity.

The use of accelerating rate calorimetry (ARC) aidive thermal analysis of
Li-ion cells. Many researchers have investigated thermal behavior of different
cathode materials in contact with different solgeahd electrolytes using ARC [2, 3,
5-9], however, a few results on the thermal belrauging complete Li-ion cells have
been reported.

There are a few investigations on the thermal bielhaf complete Li-ion cells
[10, 11], and the analysis of cathode electroactimaterials under outstanding

conditions, as overcharge and high temperaturesn@ortant to determine thermal
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abuse characteristics of electroactive materials@edise risk assessments on Li-ion
cells. In this work, the thermal runaway behavibtveo widely used cathode materials
in commercial Li-ion cells, LiCo® (LCO) and LiMnO, (LMO), is compared at

different state of charges including overchargeDf22SOC), using 18650 Li-ion cells

and carrying out ARC measurements. In parallel itk ARC measurements, the
internal resistance and open circuit voltage (OGMhe cells were monitored. We were
able to identify non-self-heating, self-heating @hdrmal runaway regions of LCO and

LMO cells as a function of state of charge and terajure.

5.2 Experimental methodology

5.2.1 Li-ion cell specifications

Two types of commercial 18650 Li-ion cells with fdilent cathode materials
were used in this work. The first type used LiGo&3 cathode active material and
graphite as anode active material (LCO-Graphitf.cehe second type used LiMD,
(LMO) as cathode active material and graphite aslaractive material (LMO-Graphite
cell). The electrolyte consisted of a solution dlof LiPFs in ethylene carbonate and
dimethyl carbonate (1:1, w/w)he information of the composition of electroactive
materials and electrolyte was taken from the cpoeding Li-ion cell data sheet. The
capacity of LCO-Graphite cell was 800 mAh and thpacity of the LMO-Graphite cell
was 720 mAh.

5.2.2 Accelerating rate calorimetry

Before carrying out the ARC measurements, the ocgfise charged to the
desired state of charge using a battery tester ()W, PFX2011). Thermal runaway
tests were carried out using an accelerating ral@rimeter (ARC) 2000" Columbia

Scientific Industries. The cells were set to theidel SOC and placed inside the ARC
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cavity. It is considered that a cell is full challg&00% SOC, when this is charged to 4.1
V (defined by the cell manufacturer), using a cihgygurrent of 0.2 C and following a
constant current—constant voltage (CC-CV) procéss, 5.1. To set the cells to the
desired SOC, the cells were fully charged and tilisoharged to the corresponding
SOC using a discharging current of 0.2 C followangonstant current (CC) process. In
the case of 120% SOC, the cells were fully chatgedbtain their charging capacity,
and then they were charged 20% according to thegiclgacapacity obtained.

To record the temperature of the cell, a thermolsowas placed on the surface
of this. The calorimetry measurements were condufittowing a Heat-Wait-Search
method. During the heat-step, the cell is heateganods of 5 °C follow by a
waiting-step of 30 min and a searching-step of &.nfi during the searching-step, a
self-heating with a heating rate higher than 0.05nin" is detected, the calorimeter
shifts to adiabatic mode and tracks the cell teaipee until the end the self-heating
reaction. If no self-heating is detected, the reedt-step is immediately initiated. The
thermal runaway measurements were carried out satfiace of the cell reached a
temperature of 200 °C. The ARC measurements wearngedaout at 0%, 25%, 50%,
75%, 100% and 120% SOC.

In parallel with the ARC measurements, the interasaistance at 1 kHz and the
OCV of the cells were recorded using a milliohmmetagilent 4338B) and a

multimeter (Keithley 2100), respectively.
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Fig. 5.1 Charging curves of LCO-Graphite and LMCafrite cells.

5.3 Results and discussion

Fig. 5.2 shows the thermal behavior of the LCO-@itgpcell during the ARC
measurements at 0%, 25%, 50%, 75%, 100% and 120@s.S®temperature drop is
observed at some SOCs, this drop in temperatuilely due to the volatilization of the
electrolyte. A temperature drop is not observedmiine heat generated by the cells is
larger than the heat released by the volatilizadibtine electrolyte. Table 5.1 shows the
onset temperatures of self-heating and thermal aymsactions of LCO-Graphite cell
at different SOCs. The onset temperatures deciaasecreasing the state of charge.
The differences of the onset temperatures of thfeheating reactions are due to the
influence of the state of charge on the thermailstyg of the electroactive materials,

where highly delithiated electroactive materialsdrae more reactive [12, 13]. At 50%,
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75%, 100% and 120% SOCs, self-heating reactions vieiftowed by a thermal

runaway behavior.

200 T T |
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Fig. 5.2 ARC measurements of LCO-Graphite cell at @%86, 50%, 75%, 100% and
120% SOC.

Table 5.1 Onset temperatures of self-heating arefnthl runaway reactions of
LCO-Graphite cells

SOC (%) Onset temperature of Onset temperature of
self-heating (°C) Thermal runaway (°C)
0 165.3 -
25 159.8 -
50 155.1 191.8
75 140.1 189.1
100 124.9 182.2
120 116.5 176.4
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Fig. 5.3 shows the thermal behavior of the LMO-Gitpcell during the ARC
measurements at 0%, 25%, 50%, 75%, 100% and 120%s.S@s in the case of
LCO-Graphite cells, a temperature drop is obseatesbme SOCs. Table 5.2 shows the
onset temperatures of self-heating and thermal aynwactions of LMO-Graphite cell
at different SOCs. At 0% SOC, self-heating and rttedrrunaway reactions are not
observed. Self-heating reactions were followed blyeamal runaway behavior at 75%,

100% and 120% SOCs.
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Fig. 5.3 ARC measurements of LMO-Graphite cell #t, 25%, 50%, 75%, 100% and
120% SOC.
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Table 5.2 Onset temperatures of self-heating andmide runaway reactions of
LMO-Graphite cells

SOC (%) Onset temperature Onset temperature  Onset temperature of
of the first of the second Thermal runaway (°C)
self-heating (°C) self-heating (°C)
0 - - -
25 109.9 160.7 -
50 104.9 156.8 -
75 104.9 146.6 199.7
100 104.9 153.2 196.4
120 99.8 140.1 189.8

By comparing the thermal behaviors of LCO-Graphitd LMO-Graphite cells,
some differences in the onset temperatures of heglfing and thermal runaway
reactions are noticed. These differences are lideg/to the amount of elease by the
cathode electroactive materials, which affectsatmbustion reactions in the cells [7,
14].

Figs. 5.4 and 5.5 show the heating rate vs. tentyreraf the LCO-Graphite
and LMO-Graphite cells at 0%, 25%, 50%, 75%, 100%b 520% SOC. By comparing
the heating rates of both cells, it is observed tha LCO-Graphite cell releases more
heat than the LMO-Graphite cell. The heating rae% SOC cannot be compared
because self-heating reactions are not observitsa5OC. When the heating rate of a
cell is higher than 0.05 °C nifnit is considered that a self-heating reactionstaged.

A thermal runaway behavior takes place when thehsgting rate of a cell is higher
than 1 °C mift [2]. The LCO-Graphite cells exhibited a thermalaway behavior from
50% to 120% SOC, while LMO-Graphite cells exhibigdhermal runaway behavior
from 75% to 120% SOC. In the case of 120% SOC,abzvege, both cells presented a

thermal runaway behavior, but there is a signifilgadifference between the onset
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temperature of thermal runaway. The onset temp@&sf thermal runaway behavior at
120% SOC of the LCO-Graphite and LMO-Graphite ce#tse 176.4 °C and 189.8 °C,
respectively. The results shown in Fig. 4 and 5 gssyg that although the
anode-electrolyte reactions are initiated first,e thkinetic reaction of the
cathode-electrolyte dominates the thermal runawag\Wer of the cells. LMO-Graphite
cells exhibited a better thermal stability thant thial CO-Graphite cells, indicating that
LMO cathode electroactive material is more therynatable than LCO, even at
overcharge conditions, which is consistent withvmes reports [14-16]. The difference
between the thermal stability between LCO and LMihade materials could be due to

LMO tends to release less oxygen at high temperafu4].
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Fig. 5.4 Heating rate vs. temperature of LCO-Grephell at 0%, 25%, 50%, 75%,
100% and 120% SOC.
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Fig. 5.5 Heating rate vs. temperature of LMO-Grépluell at 0%, 25%, 50%, 75%,
100% and 120% SOC.

Figs. 5.6 and 5.7 show the thermal mapping plotsLGD-Graphite and
LMO-Graphite cells as a function of SOC. By summag the ARC results, it is
possible to distinguish non-self-heating (blue paeself-heating (yellow bars) and
thermal runaway (red bars) regions as a functiorteaiperature and SOC. In the
non-self-heating region, any exothermic reactiogueg. In the self-heating region,
exothermic reactions with a heating rate largen 845 °C mif occur. In the thermal
runaway region, the heating rate is larger tha trfin* [2]. These plots are useful to
compare the thermal characteristics of the LCO-Gtapnd LMO-Graphite cells. In
the thermal mapping of LCO-Graphite cell, figuré,3hermal runaway behavior is not
observed at 0% and 25% SOC. It is noticed thabtiset temperatures of self-heating

reactions and thermal runaway decrease by incredseZx@OC, which means that as
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LiCoO; is more delithiated, the cell becomes more thdymaistable [14, 15]. In the
thermal mapping of LMO-Graphite cell, figure 5.7theermal runaway behavior is not
observed at 0%, 25% and 50% SOC and the onset tatapes of self-heating reactions
and thermal runaway are almost constant, even @&0120C, reflecting the thermal

stability of LMO.
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Fig. 5.6 Thermal mapping of LCO-Graphite cell dsirzction of SOC. Non-self-heating
(blue), self-heating (yellow) and thermal runawssd] regions are identified.
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Fig. 5.7 Thermal mapping of LMO-Graphite cell as fanction of SOC.
Non-self-heating (blue), self-heating (yellow) atietrmal runaway (red) regions are
identified.

By comparing the figures 5.6 and 5.7, clear diffiees among the self-heating
regions of LCO-Graphite and LMO-Graphite cells ameticed. In the case of
LCO-Graphite cells a self-heating region is obséra each SOC, and the onset
temperatures of these regions show a dependencySOEL. In the case of
LMO-Graphite cells more than one self-heating regiomobserved from 25% to 120%
SOCs, where the onset temperatures of the firchealing regions are almost constant
and the onset temperatures of the second selfAigeagions present a slightly
dependency on SOC.

Self-heating reactions occur when the SEI begingetxt with the active
material or electrolyte, this process generallyetaklace at the anode at a temperature

above 120 °C [17], then the self-heating behavisr accelerated by the
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cathode-electrolyte reactions and depending onStB€ a thermal runaway behavior
occurs [15, 16], which is consistent with the dedhting regions of LCO-Graphite cell
and the second self-heating regions of LMO-Graptete

Before the SEI begins to decompose and react \Wwihetectrolyte or active
materials, a first transformation takes place atiad 105 °C, where some components
of the SEI like lithium alkyl carbonates and semboaates convert to more stable ones
[18]. The onset temperatures of the first self-imgat regions observed for
LMO-Graphite cells are almost constant, and thessetopoints coincide with the
temperature of the first transformation of the SBtcording to this, the first
self-heating regions of LMO-Graphite cells coulddi&ibuted to two possible reaction
mechanisms: In the first one, when the SEI gengrateund the anode begins to
transform some slightly exothermic reactions betwt#e anode and LMO may take
place. In the second one, the transformation ofSké& generated around LMO may
occur exothermically.

Figs. 5.8 and 5.9 show the OCV and the internalistaasce of the
LCO-Graphite and LMO-Graphite cells as a functioriavhperature at 0%, 25%, 50%,
75%, 100% and 120% SOC. It is noticed that by mwireg the temperature, the OCV
decreases and the internal resistance increaseOCTN and the internal resistance start
decreasing and increasing, respectively, at ardl8fl °C, this is likely due to the
shutting down of the separator located betweercdieode and anode materials [6,19].
A combination of polyethylene (158 °C melting pgimind polypropylene (125 °C)
materials are used as separator in this work [19-P2 separator has many tiny holes
and Li-ions pass through them. A separator shutshdehen the melting point of this is

reached, then the tiny holes of the separator lasee@d and there is no Li-ion transfer
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between the electrodes, which causes a drop i©@¥ and an increase in the internal
resistance [23]. By comparing Fig. 5.8 and 5.9, salifferences in the electrochemical
behavior of the cells are noticed, which suggest the state of charge and the type of

cathode electroactive material are affecting thetstgudown behavior of the cells.
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Fig. 5.8 Open circuit voltage and internal resiseanf LCO-Graphite cell during ARC
measurements as a function of temperature at 0%, 36%, 75%, 100% and 120%
SOC.
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Fig. 5.9 Open circuit voltage and internal resistaotLMO-Graphite cell during ARC
measurements as a function of temperature at 0%, 86%, 75%, 100% and 120%
SOC.

5.4 Conclusions

By carrying out ARC measurements, the thermal behaef LiCoO, and
LiMn 0, was compared using 18650 Li-ion cells. The ARQltesnvere used to make
thermal mapping plots, where non-self-heating, -Beliting and thermal runaway
regions are identified as a function of state ofrge and temperatures. The use of

thermal mapping plots allows a practical comparisbithe thermal behaviors of the
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cells. The cell using LiCoas cathode material was found to be more thermally
unstable than the cell using LiMD,. Both cathode materials exhibited a thermal
runaway behavior at overcharge, however, the oteaperature for LiMpO, was
higher than that of LiCo§) suggesting that LiVi©O, is relatively stable when it is
highly delithiated.

In parallel with the ARC measurements, the OCV iaternal resistance of the
cells were monitored. By increasing the temperatae increase in the internal

resistance and a decrease in the OCV were noticed.
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Chapter 6 “Thermal Runaway Behavior of Degraded andNon-degraded
Commercial 18650 Li-ion Secondary Cells”

6.1 Introduction

The use of Li-ion cells has been growing globaliyhva large number of cells
powering a wide range of applications in differenvironments, and there have been
several reported incidents raising safety conce®osne of the cases have been related
to overheating (thermal runaway) of Li-ion cellBadling to possible fire and explosion.
The thermal behavior of a Li-ion cell is dominatgdthe exothermic reactions between
the electrolyte and electroactive materials [1-Bjermal runaway occurs when the
exothermic reactions go out of control, thus tHélseating rate of the cell increases to
the point that it begins to generate more heat wizat can be dissipated [4, 5].

The use of accelerating rate calorimetry (ARC) afldive thermal analysis of
Li-ion cells [2, 3, 5-9]. There are safety concerefated to the use of damaged or
degraded Li-ion cells. Therefore, the thermal asialyf degraded Li-ion secondary
cells is important for ensuring their safety ankhit®lity. There are a few investigations
on the thermal behavior of degraded Li-ion cell3][1n this work, the thermal behavior
of non-degraded and degraded commercial Li-iorsceglanalyzed by carrying out ARC
measurements. Two different types of degradatiorevamalyzed, storage and cycling

degradation at high temperatures.

6.2 Experimental methodology
6.2.1 Li-ion cell specifications
Commercial 18650 Li-ion cells containing LiCeG additives as cathode

active material and graphite as anode active nahtegre used in this work. The initial
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capacity of the cells was 2550 mAh. The electrobaasisted of a solution of 1 M of
LiPFs in ethylene carbonate and dimethyl carbonate (#/&). The information of the
composition of electroactive materials and elegteoivas taken from the corresponding
Li-ion cell data sheet.

6.2.2 Storage degradation

Li-ion cells were fully charged (4.2 V) and storeda thermostatic chamber
(ETAC, FL414P) at 80 °C for 1 week.

6.2.3 Cycling degradation

Li-ion cells were charged and discharged in a tlostatic chamber at 80 °C
for 1 week. The cells were charged and dischargkoliing a constant current process
with a charging/discharging current of 510 mA. Dgrcharging, the cells were charged
until 4.2 V. The cells were discharged to 25% depttldischarge (DOD). The total
charging/discharging cycles were 48.

6.2.4 Accelerating rate calorimetry

Before carrying out the ARC measurements, the cgise charged to the
desired state of charge using a battery tester ()SHlI, PFX2011). Thermal runaway
tests were carried out using an accelerating ralerimeter (ARC) 2008" Columbia
Scientific Industries. The cells were set to theigel SOC and placed inside the ARC
cavity. To set the cells to the desired SOC, thiés agere fully charged and then
discharged to the corresponding SOC using a digoitacurrent of 0.2 C following a
constant current (CC) process.

To record the temperature of the cell, a thermolsowas placed on the surface
of this. The calorimetry measurements were condufittowing a Heat-Wait-Search

method. During the heat-step, the cell is heateganods of 5 °C follow by a
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waiting-step of 30 min and a searching-step of &.nfi during the searching-step, a
self-heating with a heating rate higher than 0.05nin" is detected, the calorimeter
shifts to adiabatic mode and tracks the cell teaipee until the end the self-heating
reaction. If no self-heating is detected, the reedt-step is immediately initiated .The
thermal runaway measurements were carried out satfiace of the cell reached a
temperature of 200 °C. The ARC measurements warngedaout at 0%, 25%, 50%,

75% and 100% SOC.

6.3 Results and discussion

Fig. 6.1 shows the thermal behavior of the non-aléegd Li-ion cell during the
ARC measurements at 0%, 25%, 50%, 75% and 100% S®@snperature drop is
observed at some SOCs, this drop in temperatuilely due to the volatilization of the
electrolyte. A temperature drop is not observedmiine heat generated by the cells is
larger than the heat released by the volatilizadibtine electrolyte. Table 6.1 shows the
onset temperatures of self-heating and thermal aynkgactions of the non-degraded
cell at different SOCs. The onset temperaturesedser by increasing the state of charge.
The differences of the onset temperatures of thfeheating reactions are due to the
influence of the state of charge on the thermailsty of the electroactive materials,
where highly delithiated electroactive materialsdyae more reactive [11, 12]. At 25%,
50%, 75% and 100% SOCs, self-heating reactions fedoeved by a thermal runaway

behavior.
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Fig. 6.1 ARC measurements of non-degraded celd®@t25%, 50%, 75% and 100%
SOC.

Table 6.1 Onset temperatures of self-heating arefnmthl runaway reactions of
non-degraded cells

SOC (%) Onset temperature of Onset temperature of
self-heating (°C) Thermal runaway (°C)
0 152.1 -
25 130.2 173.4
50 110.7 172.1
75 121.2 165.3
100 100.0 144.9
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Figure 6.2 shows the thermal behavior of the deggtazklls during the ARC
measurements at 0%, 25%, 50%, 75% and 100% SOGk & shows the onset
temperatures of self-heating and thermal runwagtiaas. At 0% SOC, self-heating

and thermal runaway reactions are observed.
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Fig. 6.2 ARC measurements of degraded cells at %, 30%, 75% and 100% SOC.

Table 6.2 Onset temperatures of self-heating aewhtal runaway reactions of degraded
cells

SOC (%) Onset temperature of Onset temperature of
self-heating (°C) Thermal runaway (°C)
0 140.5 168.2
25 120.3 173.9
50 129.8 163.8
75 125.3 167.6
100 115.1 153.4
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Figure 6.3 shows the thermal behavior of the deggtazklls during the ARC
measurements at 0%, 25%, 50%, 75% and 100% SOGk &8 shows the onset
temperatures of self-heating and thermal runwagtiaas. At 0% SOC, self-heating

and thermal runaway reactions are observed.
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Fig. 6.3 ARC measurements of cycling degraded e¢ld90, 25%, 50%, 75% and 100%
SOC.

Table 6.3 Onset temperatures of self-heating angnéderunaway reactions of cycling
degraded cells

SOC (%) Onset temperature of Onset temperature of
self-heating (°C) Thermal runaway (°C)
0 149.2 169.9
25 130.4 171.7
50 124.2 171.1
75 121.7 161.1
100 116.5 148.9
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Fig. 6.4 Heating rate vs. temperature of non-deggtazklls at 0%, 25%, 50%, 75% and
100% SOC.
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Fig. 6.5 Heating rate vs. temperature of degradsis at 0%, 25%, 50%, 75% and
100% SOC.
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Fig. 6.6 Heating rate vs. temperature of cyclingrdded cells at 0%, 25%, 50%, 75%
and 100% SOC.

Figures 6.4 - 6.6 show the heating rate vs. tenwpey@f the non-degraded and
degraded cells at 0%, 25%, 50%, 75% and 100% S@CoBparing the heating rates
of these cells, it is observed that the cells mefitwgradation release more heat than the
cells after degradation. The capacity of the cafiler degradation decreased an average
of 54%, this drop in capacity is probable relatethyihe amount of heat released by the
cells after degradation. When the heating rate adliis higher than 0.05 °C minit is
considered that a self-heating reaction has staRetiermal runaway behavior takes
place when the self-heating rate of a cell is highan 1 °C mift [2].

Non-degraded cells exhibited a thermal runaway Wwehdrom 25% to 100%

SOC, while the cells after degradation exhibitetthexmal runaway behavior form 0%
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to 100% SOC. Fig. 6.7 shows the impedance spettaaloion cell before and after

degradation at 50% SOC. An increase in the sizéhefspectrum is observed after
degradation, indicating that the thickness of sel&ttrolyte interphase (SEI), generated
around the anode electro active material, increafted degradation. At 0% SOC before
degradation, the cell did not go to thermal rungwalyile the cell after degradation

went to thermal runaway. A thermal runway reactiakes place when the exothermic
reactions go out of control, the exothermic readioccur when the SEI reacts with the
electroactive material or electrolyte, this procgesmerally takes place at the anode
above 120 °C [10]. In the case of the cell aftegrddation at 0% SOC, the increment in

thickness of SEI may accelerate the self-heatiagti@ns until thermal runaway.

'0.2 1 1 1
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O Before storage degradation
-0.15 F -
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~ -01rf -
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0 0.05 0.1 0.15 0.2

Z'| Q

Fig. 6.7 Impedance spectra of a Li-ion secondally ate50% SOC before and after
storage degradation.
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Figs. 6.8 - 6.10 show the thermal mapping plotaai-degraded and degraded cells as
a function of SOC. By summarizing the ARC resultsis possible to distinguish
non-self-heating (blue bars), self-heating (yelloars) and thermal runaway (red bars)
regions as a function of temperature and SOC. Innibeself-heating region, any
exothermic reaction occurs. In the self-heatingiaegexothermic reactions with a
heating rate larger than 0.05 °C fhiaccur. In the thermal runaway region, the heating
rate is larger than 1 °C mtr{2]. These plots are useful to compare the thebeakeen

non-degraded and degraded Li-ion cells.
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Fig. 6.8 Thermal mapping of a non-degraded cell asfunction of SOC.

Non-self-heating (blue), self-heating (yellow) atigermal runaway (red) regions are
identified.

99



200 ~

150 - I

100 B Thermal runaway
Self heating
B Non self heating
O m T T T T
0 25 50 75 100

SOC /%

Temperature / °C

(o
(=)
1

Fig. 6.9 Thermal mapping of a degraded cell as atiom of SOC. Non-self-heating
(blue), self-heating (yellow) and thermal runawesd] regions are identified.
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Fig. 6.10 Thermal mapping of a cycling degraded es a function of SOC.

Non-self-heating (blue), self-heating (yellow) atieermal runaway (red) regions are
identified.
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By comparing the thermal mappings before and aftegradation, some
differences are observed at low state of chargés &d 25% SOC). The onset
temperatures of self-heating regions decrease @ffgradation, indicating that the cell

after degradation become thermally unstable.
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Fig. 6.11 Open circuit voltage and internal resistaof non-degraded cell during ARC
measurements as a function of temperature at 0%, 26%, 75% and 100% SOC.
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Fig. 6.12 Open circuit voltage and internal resistaof degraded cell during ARC
measurements as a function of temperature at 0%, 28%, 75% and 100% SOC.

Figures 6.11 and 6.12 show the OCV and the interpaistance of the
non-degraded and degraded cells as a functionngfdeature at 0%, 25%, 50%, 75%
and 100% SOC. It is noticed that by increasingtémeperature, the OCV decreases and
the internal resistance increases. The OCV andnteenal resistance start decreasing
and increasing, respectively, at around 135 °G, ithlikely due to the shutting down of

the separator located between the cathode and amai@eials [6,13]. A combination of
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polyethylene (158 °C melting point) and polypropye(125 °C) materials are used as
separator in this work [13-16]. The separator hasmyntiny holes and Li-ions pass
through them. A separator shuts down when the nggttoint of this is reached, then the
tiny holes of the separator are closed and thereoid.i-ion transfer between the
electrodes, which causes a drop in the OCV andhearase in the internal resistance
[17]. By comparing Fig. 6.11 and 6.12, some diffeies in the electrochemical
behavior of the cells are noticed, which suggest the state of charge and the type of

cathode electroactive material are affecting thetstgudown behavior of the cells.

6.4 Conclusions

By carrying out ARC measurements, the thermal behaf non-degraded and
degraded cells was compared using commercial 186&fh cells. The ARC results
were used to make thermal mapping plots, where setfrieating, self-heating and
thermal runaway regions are identified as a fumctibstate of charge and temperatures.
The use of thermal mapping plots allows a practicainparison of the thermal
behaviors of Li-ion cells before and after degramat Impedance measurements
showed that the SEI increase after degradatiorsimguhat degraded cells become
thermally unstable at low state of charges.

In parallel with the ARC measurements, the OCV iaternal resistance of the
cells were monitored. By increasing the temperatae increase in the internal

resistance and a decrease in the OCV were noticed.
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Chapter 7 “Thermal Behavior of Small and Large
Laminated Li-ion secondary Cells”

7.1 Introduction

There are safety concerns related to the upsizingrion cells and the use of
oxide based cathode materials, since oxygen refeasethe cathode material at high
temperatures can accelerate the combustion reaatidhs cell driving its components
into fire or explosion. The thermal analysis ofiti secondary cells with different
capacities is important for ensuring their safetgt eeliability.

The use of accelerating rate calorimetry (ARC) afldive thermal analysis of
Li-ion cells [1-9]. In this work, the thermal behaviof laminated Li-ion cells with

different capacities, 30 mAh and 700 mAh, are aredyat different state of charges.

7.2 Experimental methodology

7.2.1 Li-ion cell specifications

Two laminated Li-ion cells with different capacgievere used in this work.
The cells used LiCofas cathode active material and graphite as ancite anaterial.
The electrolyte consisted of a solution of 1 M aPIE in ethylene carbonate and
dimethyl carbonate (1:1, w/wJ.he capacity of the first cell is 30 mAh and theaezity
of the second is 700 mAh.

7.2.2 Accelerating rate calorimetry

Before carrying out the ARC measurements, the cgise charged to the
desired state of charge using a battery tester ()8, PFX2011). Thermal runaway
tests were carried out using an accelerating ralerimeter (ARC) 2008" Columbia

Scientific Industries. The cells were set to theieel SOC and placed inside the ARC
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cavity. The cells were analyzed at 25% and 75% SOC.

To record the temperature of the cell, a thermolsowas placed on the surface
of this. The calorimetry measurements were condufittowing a Heat-Wait-Search
method. During the heat-step, the cell is heateganods of 5 °C follow by a
waiting-step of 30 min and a searching-step of &.nfi during the searching-step, a
self-heating with a heating rate higher than 0.05nin" is detected, the calorimeter
shifts to adiabatic mode and tracks the cell teaipee until the end the self-heating
reaction. If no self-heating is detected, the reedt-step is immediately initiated. The
thermal runaway measurements were carried out satfiace of the cell reached a

temperature of 200 °C.

7.3 Results and discussion

Figure 7.1 shows the thermal behavior of the 30 ncals during the ARC
measurements at 25% and 75% SOCs. Table 7.1 shwwsriset temperatures of
self-heating reactions of the 30 mAh. The onsepeatures decrease by increasing the

state of charge.

Table 7.1 Onset temperatures of self-heating reestf 30mAh cells.

SOC (%) Onset temperature of Onset temperature of
self-heating (°C) Thermal runaway (°C)

25 172.5 -

75 179.7 -
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Fig. 7.1 ARC measurements of 30 mAh cells at 25&0140% SOC.

Figure 7.2 shows the thermal behavior of the 70thneélls during the ARC
measurements at 25% and 75% SOCs. Table 7.2 shwwsriset temperatures of
self-heating reactions of the 700 mAh. The onselperatures decrease by increasing

the state of charge.

Table 7.2 Onset temperatures of self-heating reestf 700mAh cells.

SOC (%) Onset temperature of Onset temperature of
self-heating (°C) Thermal runaway (°C)
25 144.3 -
75 133.3 189.9
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Fig. 7.3 Heating rate vs. temperature of 30 mAksadl 25% and75% SOC 100%.
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Fig. 7.4 Heating rate vs. temperature of 700 mAls e 25% and75% SOC 100%.

Figures 7.3 and 7.4 show the heating rate vs. teatyre of the 30 mAh and
700 mAh Li —ion cells at 25% and 75% SOC. Li-iodl<evith a capacity of 30 mAh
did not exhibit a thermal runaway behavior. 700 niAdon cells release more heat and
a thermal runaway behavior was observed in the @ag8% SOC. A Li-ion cell goes to
thermal runaway, when this generates more heatvihan can be dissipated [3, 8]. This

results show that capacity of Li-ion cells impdet heat generation of these.
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Fig. 7.5 Thermal mapping of 30 mAh Li-ion cell agiaction of SOC. Non-self-heating
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Fig. 7.6 Thermal mapping of 700 mAh Li-ion cell as function of SOC.

Non-self-heating (blue), self-heating (yellow) atietrmal runaway (red) regions are
identified.
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Figures 7.5 and 7.6 show the thermal mapping @b&) mAh and 700 mAh
Li-ion cells as a function of SOC. By summarizirg tARC results, it is possible to
distinguish non-self-heating (blue bars), self-lmep(yellow bars) and thermal runaway
(red bars) regions as a function of temperature2@Q€. In the case of 30 mAh cells,
self-heating regions are observed without goingheymal runway. In the case of 700
mANh, self-heating regions are observed and a tHeramaway region is observed at
75% SOC. By comparing the onset temperatures thsating reactions of both cells,
it is noticed that the self-heating reactions of0 7Ah tend to start at lower
temperatures than the 30 mAh cells. This indicttas highly delithiated electroactive
materials with high capacities become more reaetnettend to generate more heat that

highly delithiated electroactive materials with loapacities [9, 10].

7.4 Conclusions

By carrying out ARC measurements, the thermal behaf 30 mAh and 700
mAh Li-ion cells was compared. The ARC results wesed to make thermal mapping
plots, where non-self-heating, self-heating andntfad runaway regions are identified as
a function of state of charge and temperatures.

700 mAh Li-ion cells are more thermally unstablentt®® mAh cells. Highly
delithiated electroactive materials with high capes tends to generate more heat than
Highly delithiated electroactive materials with laapacities, and when the a Li-ion
cell starts generating more heat than what canidsgpdted, the cell will go to thermal

runaway.

112



References

[1] I. Uchida, H. Ishikawa, M. Mohamedi, M. Umeda,Power Sources 119-121(2003)
821-825.

[2] J.S. Gnanaraj, E. Zinigrad, L. Asraf, H.E. Giett, M. Sprecher, D. Aurbach,
Schmidt, J. Power Sources 119-121 (2003) 794-798.

[3] B.K. Mandal, A.K. Padhi, Z. Shi, S. Chakrabqr®. Filler, J. Power Sources 161
(2006) 1341-1345.

[4] H. Ishikawa, O. Mendoza, Y. Sone, M. Umeda,Pédwer Sources 198 (2012)
236-242.

[5] C.-Y. Jhu, Y.-W. Wang, C.-Y. Wen, C.-M. Shu, plpEnergy 100 (2012) 127-131.
[6] A. Eddahech, O. Briat, J-M. Vinassa, Energy(8013) 432-439.

[7] P. Roder, N. Baba, H. Wiemhofer, J. Power Sesii248 (2014) 978-987.

[8] R.M. Spotnitz, J. Weaver, G. Yeduvaka, D.H. Qbty, E.P. Roth, J. Power Sources
163 (2007) 1080-1086.

[9] Y. Furushima, C. Yanagisawa, T. Nakagawa, YkIAbl. Muraki, J. Power Sources
196 (2011) 2260-2263.

[10] E. P. Roth, D. H. Doughty, J. Power Source® (2004) 308-318.

113



Conclusions:

Conclusions of chapters 3 to 7 are summarized here:

Chapter 3 “Kinetic Analysis of Graphitized-Carbon-Based Electrode Reactions in
Lithium-ion Secondary Cells Before and After Cyclirg Degradation”

The process of lithium-ion insertion/deinsertiortoirgraphitized carbon was
analyzed at different temperatures and state ofrgehay carrying out EIS
measurements using a Li-ion secondary cell incatpuy a reference electrode. The
activation energy of Li-ion conduction, Li-ion dégation and charge transfer reactions
were analyzed before and after cycling degrada®ra function of SOC and anode
potential. The results were evaluated using thgirsgprocess of graphite.

Charge transfer, Li-ion conduction and Li-ion dgation/solvation reactions
originating from SEI were analyzed as a functior8@fC and anode electrode potential.
The activation energy of charge transfer dependsSQC and anode potential,
indicating that the staging process of graphitafiscting the charge transfer reaction.
On the other hand, the activation energies of Li-ioonduction and Li-ion
solvation/desolvation are independent on SOC amdi@motential, showing that the
staging process of graphite does not affect thaori-conduction and Li-ion

solvation/desolvation reactions.

Chapter 4 “Kinetic Comparison of LiCoO, and LiMn20 , Cathode Material
Reactions in Li-ion Secondary Cells Incorporating eReference Electrode”

By carrying out EIS and chronopotentiometric measwents, using Li-ion

secondary cells incorporating a reference elecirade kinetic characteristics of
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LiCoO, and LiMnO, at different SOCs and temperatures were studiedvak to
analyze kinetic characteristics of LiCp@nd LiMn,O, as a function of cathode
potential. The kinetic behavior of Li-ion conductjdd-ion solvation/desolvation and
charge transfer reactions of LiCg@nd LiMn,O4 and its dependency on the structural
changes of cathode materials are studied. The ehaagsfer and Li-ion conduction
reactions exhibit a dependency on the structurahgbs of cathode materials, while
Li-ion solvation/desolvation reactions do not.

According to the behavior of reaction rate constort Li-ion conduction
reactions of LICo@ and LiMnO,4, the SEI generated around LiCp®lectroactive

material seems to be more thermally sensible thamhe generated at LilyD,.

Chapter 5 “Cathode Material Comparison of Thermal Runaway Behavior of
Li-ion Cells at Different State of Charges Includirg Over Charge”

By carrying out ARC measurements, the thermal behaef LiCoO, and
LiMn 04 was compared using 18650 Li-ion cells. The ARQiltesnvere used to make
thermal mapping plots, where non-self-heating, -Belting and thermal runaway
regions are identified as a function of state ofrge and temperatures. The use of
thermal mapping plots allows a practical comparisbithe thermal behaviors of the
cells. The cell using LiCoas cathode material was found to be more thermally
unstable than the cell using LiMD,. Both cathode materials exhibited a thermal
runaway behavior at overcharge, however, the otesaperature for LiMgO, was
higher than that of LiCo&) suggesting that LiMi©, is relatively stable when it is
highly delithiated.

In parallel with the ARC measurements, the OCV iaernal resistance of the
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cells were monitored. By increasing the temperatae increase in the internal

resistance and a decrease in the OCV were noticed.

Chapter 6 “Thermal Runaway Behavior of Degraded andNon-degraded
Commercial 18650 Li-ion Secondary Cells”

By carrying out ARC measurements, the thermal behaf non-degraded and
degraded cells was compared using commercial 186&fh cells. The ARC results
were used to make thermal mapping plots, where setfrieating, self-heating and
thermal runaway regions are identified as a fumctibstate of charge and temperatures.
The use of thermal mapping plots allows a practicainparison of the thermal
behaviors of Li-ion cells before and after degramat Impedance measurements
showed that the SEI increase after degradatiorsimguhat degraded cells become
thermally unstable at low state of charges.

In parallel with the ARC measurements, the OCV amdrnal resistance of the cells
were monitored. By increasing the temperature,ranease in the internal resistance

and a decrease in the OCV were noticed.

Chapter 7 “Thermal Behavior of Small and Large
Laminated Li-ion secondary Cells”

By carrying out ARC measurements, the thermal behaf 30 mAh and 700
mAh Li-ion cells was compared. The ARC results wesed to make thermal mapping
plots, where non-self-heating, self-heating andntta¢ runaway regions are identified as
a function of state of charge and temperatures.

700 mAh Li-ion cells are more thermally unstablentt® mAh cells. Highly

delithiated electroactive materials with high capes tends to generate more heat than
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Highly delithiated electroactive materials with laapacities, and when the a Li-ion
cell starts generating more heat than what canidsgpdted, the cell will go to thermal

runaway.

In this work, electrochemical and thermal propertédifferent types of Li-ion
secondary cells were obtained at different statdegfradation and state of charges by
using electrochemical impedance spectroscopy arelexating rate calorimetry.

According to the obtained results, the methodoleggd in this research can be
useful to analyze the state of degradation andrtakebehavior of Li-ion cells under
extreme conditions. The proposed methodology caappéied to develop safe Li-ion
cells with improved electrochemical and thermal prtips to power large applications.

Further analysis on the thermal properties of edactive materials should be
carried out to analyze the impact of Li-ion celgdedation on the thermal stability of
these materials. Entropy change analysis of electinee materials before and after

degradation could be useful to study the thernaddisty of these materials.
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Motivation:

Our planet is facing environmental problems andahimo contribute to the
solution of these problems by developing technoltiggt helps to keep a balance
between comfort and nature. The increase of wodgdufation and urbanization can
represent a threat to the global environment asldogtage of limited natural resources
if appropriate measures are not taken.

The combination of natural sources of energy witbrgy storage devices is an
excellent alternative to reduce the emissions geeerby traditional power generation
systems. Li-ion secondary cells have dominatedfitid of advanced power sources
and have replaced the use of other batteries,cphatly in the case of powering large
applications such as electric vehicles (EV) or iyletectric vehicles (HEV).

A wider spread use of EVs and HEVs depends on déveldpment of Li-ion
secondary cells. These cells require a long cyntk @lendar life, high performance
and safe operation. The safety of the cells shoatdbe influenced by the degradation
of these, but there are still some concerns regarth the performance of degraded
Li-ion cells.

This research studies the electrochemical and tiepmoperties of different
types of Li-ion secondary cells with the aim of depéng safe Li-ion cells with a long

calendar life and high performance.
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