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Abstract

Nowadays, Lithium-ion batteries (LiBs), due to the high energy density, long cycling life and
the maturity in manufacture, are widely adopted as electrical energy storage systems for
stationary applications, portable electronic devices, as well as electric vehicles (EVs). However,
safety issues of LiBs raise concerns regarding the daily usage of battery powered devices. For
instance, EVs catching fire when parking and charging were repeatedly reported in recent years
[1, 2]. In order to improve the electrochemical performance as well as the safety of the
batteries, the thermal properties and thermal behavior of LiBs have to be investigated
thoroughly.

The thermal stability of LiBs can be improved internally and externally. Internal development
implies the development of battery design and components, especially the positive electrode.
External development implies the development of a thermal management system, such as
temperature monitoring or a cooling system. In respect to the internal development, in this
work NMC positive electrode materials were intensively investigated in terms of varying
chemical composition and thermal properties of delithiated positive electrode materials.
Regarding external development, the thermal behavior of NMC-based LiBs during cycling and
thermal runaway were investigated, which can provide useful experimental data that can be
utilized for thermal management systems.

LiNixMnos«C00.0> (x=0.4, 0.5, 0.6, 0.7, 0.8) series positive electrode materials were
synthesized using the sol-gel method. The calcination temperatures were optimized and the
electrochemical properties of LiNig.sMno.4C00.,0, (NMC442) positive electrode materials were
tested and compared with commercially available NMC442 material. In order to obtain
different Li contents, chemical delithiation was performed by using (NH4).S:0s solution as
oxidizing agent. With different solution amounts and various reacting times, various Li
contents in samples were achieved. Along with extraction of lithium, transition metals were
also dissolved in oxidizing agent. The thermal properties of selected specimens with
compositions of LiyNigsMno4C00,0, (y=1.11, 0.76, 0.48) were studied in regard to phase
transitions and formation enthalpies. The phase transitions are accompanied with gases
release and were investigated using simultaneous thermal analysis (STA) and mass
spectroscopy. The formation enthalpies were measured by high temperature oxide melt drop
solution calorimetry.

Furthermore, thermal behavior and thermal runaway events of commercially available coin
cells with LiNig.sMno2C00.,02 (NMC622) positive electrode material were investigated using a
Tian-Calvet calorimeter (C80) and an accelerating rate calorimeter (ARC). Heat flow rates of
coin cells with NMC622 during charging and discharging at various C-rates were investigated
using the C80 calorimeter. Heat generation from LiBs during cycling consists of reversible heat
contributions, which can be correlated to reversible reactions and irreversible heat
contributions, which can be correlated to internal resistances and irreversible reactions. The
internal resistances were investigated using galvanostatic intermittent titration technique

(GITT) measurements, and the reversible entropy change was determined by measuring the
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dependence of open circuit voltages (OCVs) on temperatures. Consequently, the total
generated heat could be calculated based on the experimental results. As the heat flow rates
during cycling at 25 °C and 30 °C were measured directly by a C80 calorimeter, the total heat
generation can be determined by integration of measured heat flow rate over time. The
difference between the calculated and measured heat was compared and discussed. Thermal
runaway events observed in the ARC were analyzed from component to complete cells from
room temperature to thermal runaway. This work presents a whole picture of the thermal
runaway event, which might contribute to the development of thermal management systems.



Zusammenfassung

Heutzutage werden Lithium-lonen-Batterien (LiBs) aufgrund ihrer hohen Energiedichte, ihrer
langen Lebensdauer und der Herstellungsreife zunehmend als Energiespeicher in stationaren
Anlagen Elektrofahrzeugen (EVs) und tragbaren elektronischen Gerdten eingesetzt. Jedoch
gibt es weiterhin Bedenken hinsichtlich der Sicherheit von LiBs. In den letzten Jahren wurden
in den Medien regelmdfig Fille bekannt, in denen Elektrofahrzeuge beim Parken oder
wahrend des Ladevorgangs in Brand gerieten [1,2]. Aus diesem Grund sind die thermischen
Eigenschaften und das thermische Verhalten im Rahmen der Entwicklung von
SicherheitsmaBBnahmen fiir LiBs sehr interessant, um die elektrochemische Leistung sowie die
thermische Stabilitdt zu verbessern.

Die thermische Stabilitdt von LiBs kann durch interne und externe Entwicklungen verbessert
werden. Interne Entwicklungen implizieren die Verbesserung des Batteriedesigns und der
Komponenten, insbesondere der positive Elektrode. Bei externen Entwicklungen handelt es
sich um die Entwicklung eines Warmemanagementsystems, unter anderem durch eine
Temperaturiiberwachung oder durch ein Kihlsystem. In Bezug auf interne Entwicklungen
wurden in dieser Arbeit NMC positive Elektrodenmaterialien intensiv hinsichtlich der
chemischen Zusammensetzung und der thermischen Eigenschaften delithiierter positiver
Elektrodenmaterialien untersucht. In Bezug auf externe Entwicklungen wurde das thermische
Verhalten von LiBs wahrend des Zyklierens und des ,Thermal Runaway” untersucht. Die
gewonnenen Daten kdnnen zum Beispiel als Eingangsdaten fir ein Warmemanagementsystem
dienen.

Zundchst wurden NMC Elektrodenmaterialien mit den Zusammensetzungen LiNixMngg.
«C00,20> (x=0,4; 0,5; 0,6; 0,7; 0,8) unter Nutzung der Sol-Gel Methode synthetisiert. Die
Kalzinierungstemperaturen wurden optimiert, die elektrochemischen Eigenschaften von
LiNio,4Mng,4C00,202 (NMC442) getestet und mit kommerziellem NMC442 Material verglichen.
Weiterhin wurden NMC-positive Elektrodenmaterialien unterschiedlicher Lithium-Gehalte
durch chemische Delithiierung unter Verwendung von (NH4),S,0s-L6sung als Oxidationsmittel
durchgefiihrt. Durch Verwendung unterschiedlicher Losungsmengen und Reaktionszeiten
konnten aus dem Delithiierungsprozess Materialien mit unterschiedlichen Lithium-Gehalten
erhalten werden. Neben der Extraktion von Lithium wurden auch Ubergangsmetalle im
Oxidationsmittel gelost. Die thermodynamischen Eigenschaften von Proben ausgewahlter
Zusammensetzungen LiyNio4sMno4C00.0, (y=1,11; 0,76; 0,48) wurden hinsichtlich der
Phaseniibergdange und Bildungsenthalpien untersucht. Die Phasenlibergdnge, bei denen Gas
freigesetzt wird, wurden durch Simultane Thermische Analyse (STA) und Massenspektroskopie
untersucht. Die Bildungsenthalpien wurden mittels Hochtemperatur-
Einwurflosungskalorimetrie gemessen.

Darliber hinaus wurden das thermische Verhalten und der ,Thermal Runaway” von
handelstiblichen Knopfzellen mit LiNiosMno2C0020, positive Elektrodenmaterial mit einem
Tian-Calvet Kalorimeter (C80) und einem Accelerating Rate Calorimeter (ARC) untersucht.

Dabei wurde die Warmeentwicklung aus reversiblen Warmebeitragen, welche aus reversiblen
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Reaktion resultieren, und irreversiblen Warmebeitragen, die aufgrund von Innenwiderstanden
und irreversiblen Reaktionen entstehen, untersucht. Die Innenwiderstande wurden unter
Verwendung von Galvanostatischer intermittierender Titrationstechnik (GITT) untersucht, und
die reversible Entropieanderung wurde durch Messungen der Abhangigkeit der
Leerlaufspannungen (OCVs) von den Temperaturen ermittelt. Daraufhin konnte die gesamte
Warmeentwicklung aus den durchgefiihrten experimentellen Ergebnissen berechnet werden.
Da die Warmestromraten wahrend des Zyklus bei 25 °C und 30 °C direkt mit einem C80-
Kalorimeter gemessen wurden, kann die gesamte Warmeerzeugung durch Integration der
gemessenen Warmestromrate liber die Zeit bestimmt werden. Die Differenz zwischen der
berechneten und der gemessenen Warmeentwicklung wurde ermittelt und diskutiert. Mittels
ARC wurde der ,Thermal Runaway” ausgehend von den einzelnen Komponenten bis hin zur
vollstandigen Zelle untersucht. Diese Arbeit zeigt somit ein Gesamtbild des ,Thermal Runaway*,
das zur Entwicklung von Warmemanagementsystemen verwendet werden kann.
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1 Introduction

Most international metropolises benefit from the urban population growth but also suffer by
related environmental problems. One of the most important issues is high emission of air
pollutants. In Germany, for instance, the emissions of carbon monoxide (CO) and nitrogen
oxides (NOy) are the main air pollutants. The emissions of CO and NOx due to motor traffic
contribute more than half the total emissions in Germany [3].

The increasing pressure of replacing the fossil fuels drives the booming growth of “green
energy”. Alternatives for road transport are hybrid electric vehicles (HEVs) and electric vehicles
(EVs). For the interest of long time development, several countries put the popularizing of EVs
as a policy in schedule. Netherlands’ and Norway’s government plans are to ban the sale of
internal combustion engine vehicles by 2040. In 2020, EV market of Europe grew to the largest
in the world. High specific energy, long durability and reliable safety performance are critical
properties for power sources of EVs and HEVs. Lithium-ion battery (LiB) fulfills the most
requirements. In the year 2030, the total LiB market is predicted as large as 390 GWh/y, in
which road-transport market consumes 245 GWh/y [4].

Positive electrode materials are crucial for the electrochemical performance and thermal
stabilities of LiB. In Fig. 1.1 [4], five commercially applied positive electrode materials are
compared regarding affordability, energy, power, safety, performance, durability, materials and
maturity. LiCoO, (LCO) is the first positive electrode material applied in commercialized LiB,
which is now widely used in computer, communication and consumer electronic (3C) products.
However, as the Co consumption growing and the limitation of Co source, the raw materials
price of Co is increasing dramatically. Layered structured Li(Ni, Mn, Co)O, (NMC) and Li(Ni, Co,
Al)O; (NCA) due to their outstanding performance, spinel type materials LiMn,0, (LMO) and
olivine type materials LiFePO,4 (LFP) due to their low costs, are alternative positive electrode
materials for commercial LiB [5-11]. The LMO battery has a low internal resistance, leading to
a relatively high power. The thermal stability and cycle life of LMO are also excellent. However,
its energy density is notably lower than energy density of NMC and NCA, which is the main
problem for LMO application. The LFP battery has the best safety performance and its raw
materials are environment friendly and abundant in resources. Similar to LMO, energy density
of LFP needs to be improved. The Ni-based layered positive electrode materials such as NMC
and NCA are the most promising candidates thanks to their high capacities and low cost
comparing with LiCoO; [7-9], which currently dominate in EV and HEV’s batteries market. The
increasing of Ni content in NMC can improve the specific capacity effectively. Since the
synthesis process of NMC/NCA is similar to LCO, the materials’ production is highly
industrialized, comparing to other positive electrode materials. Hence, Ni-rich NMC/NCA
positive electrode materials are especially attractive in large-scale automotive applications.
Despite their outstanding electrochemical performances, the thermal stability, in aspect of
safety issue, remains to be the main drawback in the use of Ni-rich NMC/NCA materials as
presented in Fig. 1.1, which has been discussed in some literature [12-13].
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Fig. 1.1: Spider diagrams of main characteristics of commercial Li-ion batteries [4].

As shown in Fig. 1.1, layered materials LCO, NMC and NCA have safety issues in comparison to
LMO and LFP. For instances, laptop on fires [14], airplane transport incidents [15] and Tesla
Model S safety event [16], have raised the concerns for our daily applications. In some abusive
situations, e.g. short circuit, fast charging, and working at high ambient temperature, the
exothermic reactions could be triggered. These will cause an overheating and/or thermal non-
uniformity in the battery pack, which can lead to a thermal runaway, fire and finally to an
explosion [17-25]. In addition, thermal behavior during operation of the battery is important
knowledge to design “thermal management systems” for regular use of the batteries.

In order to understand and solve the safety problems, the intrinsic properties, thermal
behavior and the battery thermal simulation are investigated and developed in this work. A
comprehensive and better understanding of thermal properties of LiB with positive electrode
materials Ni-rich NMC aims to be achieved. The thermal behavior of LiB during operation, is
analyzed and computed under different scenarios, which is a rudiment of battery thermal
management. Safety issues related to Lithium-ion battery are analyzed in this work step by
step according to the production structure in Fig. 1.2. Firstly, the materials manufactures
produce positive/negative electrode materials etc.. In the cell component’s level,
positive/negative electrodes are produced after slurry preparation, coating, and calendaring.
Furthermore, components are assembled to single cell then to battery pack. Thus, the key
properties showed in Fig. 1.1 can be addressed at three levels: inherent materials, cell design,
and battery management system (BMS).
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Fig. 1.2: Production structure of the Li-ion battery industry [4].

This work mainly focuses on the problem in inherent materials level, and the results can
contribute to BMS design. First of all, on inherent materials level, NMC positive electrode
materials should be synthesized and chemically delithiated to investigate the thermal stability
of NMC with selected delithiated states. Exothermic reactions can take place accompanying
with heat generation and gases production which will increase the temperature and internal
pressure of the batteries. Secondly, on components level, the early stage of thermal runaway
have to be investigated in aspects of cell components, such as electrodes, electrolyte and
separator. Thirdly, on cell’s level, the thermal runaway events should be analyzed on cells with
various SOCs. Thermal properties such as enthalpy change and entropy change are of interest
for tested cells. In addition, the internal resistances cause thermal effects, which are also
critical in operation. Heat effects during cycling should be measured by a Tian-Calvet
calorimeter, and heat development to be calculated based on the thermal properties. The
experimental determined thermal properties can be used as input values in thermal
management systems.

On the material’s scale, following experiments have to be performed:

e  The cathode materials LiNixMng s.xC00.0, (x=0.4, 0.5, 0.6, 0.7, 0.8) are synthesized via sol-
gel method. The calcination temperatures need to be adjusted in consideration of Ni
content.

e Chemical delithiation on cathode materials NMC is performed with various oxidizing
agent amounts and operating times.

e  The formation enthalpies of selected delithiated samples should be measured by a high
temperature oxide melt drop solution calorimeter.

e  The thermal stability of NMC with different delithiation degrees are investigated by a
simultaneous thermal analysis calorimeter. Simultaneously, the gases development are
analyzed.

In the scope of cell components, the early stage of thermal runaway should be investigated in

detail by the calorimeter on electrodes, separator and electrolyte. Full cells experiments are

designed as following:

e The cells with selected SOCs to be tested under thermal abuse conditions in an
accelerating rate calorimeter. The temperatures and temperature changes are measured
during thermal runaway events.

e  The early stages of thermal runaway are analyzed with a Tian-Calvet calorimeter.

e  Entropy changes and enthalpy changes during reversible reactions of LiB have to be

determined experimentally. The heat generation due to internal resistances are studied
3



based on various resistances' sources.
Calorimetric study on heat generation during LiB’s cycling, and the heat development
should be calculated with help of the thermal properties' parameters.



2 Fundamentals and principles

2.1 Working principle of a Lithium-ion battery

A battery converts chemical energy into electric energy. Secondary batteries enable the
conversion process in both directions [26], as the electrochemical reactions are reversible. LiB
is one of the successfully commercialized secondary batteries, due to its high energy density
and stable performance.

During LiB’s charging, an external power source drives the electrons flowing from the positive
electrode to the negative electrode through an external circuit. Meanwhile, Li ions move from
positive electrode to negative electrode internally through electrolyte. The term "delithiation"
describes the process of extracting Li ions from positive electrode during charging. Due to the
Li ions movement similar to a rocking chair, this reaction is called "rocking chair" reaction,
visualized in Fig. 2.1. A characteristic value "state of charge" (SOC) defines the available
capacity in percentage, i.e. SOC100 is fully charged state.
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Fig. 2.1: Schematics of a Li-ion battery during charge [27].

In discharge process, reduction reaction takes place on positive electrode in Fig. 2.1, which
represents a layered structure material. The negative electrode active materials are oxidized
simultaneously, representing graphite in Fig. 2.1. The most commonly used electrolyte is an
organic solvent containing Li salt, which enables the movement of Li ions between positive
and negative electrodes. The separator is a porous membrane, normally consisting of polymer
film which separates the negative and positive electrodes but allows ions to flow through it.
During the first cycle, a solid-electrolyte layer (SEl) is formed at the interface of the negative
electrode and electrolyte. Although the formation of SEl causes initial capacity loss, SEI
stabilizes the battery by preventing further interface reactions between negative electrode
and electrolyte. According to international convention the terms “anode” and “cathode” are
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used for cell discharge situation. The oxidation reaction takes place on anode, while,
reduction reaction on cathode in this case.

2.2 Positive electrode material LiNixMn,Co.0>

As mentioned in Chapter 1, layered structure NMC materials are promising candidates for LiB’s
positive electrode materials. In the following text, pros and cons of lithium transition metal
oxides LITMO; (TM = Co, Ni, Mn) are explained in detail. At the end of this section, advantages
of the combination of these three transition metals are discussed.

LiCoO; is a successfully commercialized positive electrode material for LiBs, with reversible
capacity 140 mAh/g - 145 mAh/g and charge voltage 4.1 V - 4.2 V. However, one drawback is
its poor thermal stability especially under high SOCs. The reactivity of the material arises from
uncharged considerably to higher delithiation degree. Therefore, an overcharge must be
carefully avoided [28]. With high octahedral-site stabilization energy, Co has excellent
structural stability [29]. Fig. 2.2 shows the number of states N(E) of some redox couples, whose
energy bands (E) lie between Li/Li* and O% energy bands. Co**/**: t,, band overlaps with 0%
band, causing the oxidation of 0% when the positive electrode materials are delithiated to
more than 50 %, which ends up in release of oxygen [30]. Additionally, problems such as high
cost, toxicity and child labour in cobalt mines, limit the application of LiCoO; [31].

LiNiO; has relatively high specific capacity (185 mAh/g at 4.1 V, or 210 mAh/g at 4.2 V), and
lower cost than LiCoO,. However, the synthesis of LiNiO; is problematic since a second phase
nickel over-stoichiometry with formulation Lii-sNi1+50>, is prone to appear in the sample [28].
The lack of lithium in cathode material results in poor electrochemical performance and poor
reversibility. Moreover, the capacity of LiNiO; batteries fades dramatically with cycling. The
thermal stability problem is another critical barrier for the application of LiNiO,. The oxygen
release from delithiated nickel-rich sample Lio3NiO, took place at 150 °C [32]. As shown in Fig.
2.2, Ni**/** band locates just above 0% band. Since Ni** has octahedral-site stabilization energy
higher than Mn3* but lower than Co?%, stability of Ni is ranking between Mn and Co in both
structural and chemical stabilities. Unlike Co®, Ni** can be fully oxidized to Ni** without the
loss of oxygen. However, at deep charge, significant amount of lithium ions will be removed
from lattice due to phase transition. Ni** is highly oxidizing and reactivity to electrolyte leading
to the formation of a thick SEI, rising the impedance as well [29].

LiMnO, has a reversible capacity of 132 mAh/g and charge voltage reaches the range of 3.5 V
-4.0V. Comparing with the above two materials, its chemical stability is outstanding. As shown
in Fig. 2.2, the Mn3*"%*: e, band lies well above 0%: 2p band [29]. As Li ions are intercalating
into the orthorhombic structure, a second phase with spinel structure appears and
subsequently grows. There is thus a continuous one-phase plateau at 3 V, followed by a two-
phase voltage plateau at 4 V for LiMnO; battery due to structural change [28, 33]. This non-
continuous manner and multi-phase reaction hinder its practical application. Since Mn3* has
low octahedral-site stabilization energy, LiMnO; suffers structural transition [29].
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Fig. 2.2: Positions of the various redox couples relative to the oxygen 2p band [29].

NMC Since these three materials LiCoO,, LiNiO,, and LiMnO, have essentially similar crystal
structure, the LiNixMnyCo,0, (NMC) solid solution can optimize the performances in regard of
the thermal stability and specific energy. NMC crystallizes in the space group R3m (No. 166)
with the a-NaFeO, structure. Lithium, transition metal and oxygen occupy the Wyckoff
positions of 3a, 3b, and 3c, respectively. The octahedral sites are alternatively occupied by
lithium cations and transition metal cations, which are the face-centers of oxygen anions in
cubic array (Fig. 2.3). Along the [111]gcc direction, LiO, and MO, sheets are stacking regularly
[34], demonstrated in Fig. 2.3 for LiNi1sMn1/3C01/302 (NMC111). The oxidation states of Ni, Co
and Mn are 2+, 3+ and 4+. After delithiation, the oxidation states of Ni and Co increase to
3+/4+ and 4+, respectively; and Mn remains 4+.
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Fig. 2.3: Ideal layer structure of NMC111 (space group R3m).

As shown in Fig. 2.1, during charging, the oxidation reaction takes place at positive electrode
side:

0<x<2 LiNi$"Mnttcoit0, — xLit — xe”
<3 1 Mn;"Coy

3 3 3
(2.1)
SLip,Nif* NiZ¥**Mnt*coito,
37 3 3
2_ . LiN*Mni*Co}t0, — xLit — xe~
3~ i 3 3
— Li;_»Nii"Mn1*Coi* Cof*0, (2.2)

3 3 372

In equation 2.1 and 2.2, y and z represent the amount of oxidized Ni cations and oxidized
Co cations, respectively. x is the amount of Li ions de-intercalating from NMC. The oxidizing
reaction of TMs takes place in the order of Ni?* to Ni**/**, and then Co3* ions were oxidized to
Co*, during delithiation in low Ni content NMC [35]. Ni** is an unstable state, so in equation
2.2, all Ni** ions were oxidized to Ni*. In equation 2.1, the ratio of Ni**/** cations is difficult to
be determined. With increasing Ni content, the energy bands of Ni and Co begin to overlap
and it’s difficult to distinguish the contribution for the capacity. At high voltage > 4.7 V in half
cell with NMC111, anion redox reaction is tending to occur, leading to oxygen gas release [36].
During charging, at negative electrode side, the following reaction occurs:

6C + xLi* + xe™ > Li,Cq (2.3)
Thus, the overall redox reaction during charging is expressed:

LiTMO, + 6C — Li;_,TMO, + Li,Cq (2.4)



Table 2.1: Comparison of the characteristics of Mn, Co, and Ni in NMC active materials of
positive electrode [30].

Parameter Trend

Chemical stability Mn>Ni>Co
Structural stability Co>Ni>Mn
Electrical conductivity Co>Ni>Mn
Abundance Mn>Ni>Co
Environmental benignity Mn>Ni>Co

Table 2.1 qualitatively compares the chemical stability, structural stability, electrical
conductivity, abundance and environmental benignity of Mn, Co and Ni. Ni has the
performance between Co and Mn in all aspects [30]. Additionally, with higher Ni content
capacity increases. Although high Ni content is favorable, there are a lot of challenges to
overcome.

With higher Ni content, the cation mixing of Ni cations (with ionic radius of 0.69 A) and Li
cations (with ionic radius 0.76 A) is prone to take place severely. Especially, when Li is absent
in positive electrode material during delithiation, 3a sites will be occupied by Ni cations. The
cation intermixing is suggested to be the main cause for the poor electrochemical performance
of high Ni content NMC [37-38]. To inhibit these structural disorders in initial materials, the
annealing temperature and duration must be carefully controlled. Another important role is
the proportion of transition metals. In addition, the electrochemical and thermal stability
decrease [37, 39], and the synthesis with increasing Ni content becomes more and more
difficult. Dahn's group investigated the influence of Co content in the solid-solution LiNixCo1-
»Mn0, with 0<x<0.5. With increasing Co content (above 20 at.%), the cation mixing is
suppressed effectively [35]. Moreover, according to the investigation of Shizuka et al. [40], the
cell performance was improved effectively with 20 at.% Co substitution. Therefore, this work
investigated the compositions LiNixMngs«C00.20, (x=0.4, 0.5, 0.6, 0.7, 0.8) with increasing Ni
content up to 80 at.%, illustrated in Fig. 2.4. One dotted line indicates the NMC with constant
Co content of 20 at. %. The investigated compositions are LiNigsMng4C00,0, (NMC442),
LiNio.sMno 3C00.202 (NMC532), LiNig6Mno.2C00.,0; (NMC622), LiNio.7Mng1C0020, (NMC712) and
LiNio.sC00.20, (NMC802). To maintain the electron neutrality of NMC, the oxidation states of Ni
cations increase with decreasing fraction of Mn cations. The other dotted line shows the
variation of the overall compositions when LiCoO; is mixed with LiNigsMngsO. The positive
electrode material LiNip4Mno.4C0020; on both dotted lines, is further chemically delithiated
and compared with commercial materials LiNip.4sMn4C0020,. The classical material
LiNio.33Mno.33C00.330; is on the vertical line too.
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Fig. 2.4: Locations of NMC compositions on the Gibbs triangle, showing 20 at.% - LiCoO, and
LiNio.sMno 50, concentration lines.

2.3 Thermodynamic principles of LiB operation

As described before in equation 2.4, the redox reaction during charging is:
LiTMO, 4+ 6C - Li;_, TMO, + Li, Cq (2.4)

To analyze the reaction with respect to thermodynamics, some thermodynamic parameters
and relations need to be introduced firstly. Gibbs free energy of the full-cell reaction AG gives
the maximum amount of chemical energy that can be converted into electrical energy in the
battery, and vice versa. The relation between equilibrium voltage and AG can be described
as:

AG(x, T) = —nFU°(x,T) (2.5)

where n represents number of exchanged electronic charges, F is Faraday constant, 96485
Coulomb per equivalent. An equivalent is one molar (Avogadro's number) of electronic charge.
U° represents equilibrium voltage of the cell in unit Volt. An open-circuit voltage (OCV)
displays the difference between the negative and positive electrode chemical potential. The
chemical potential is a function of the composition x, pressure P, and temperature T.
Pressure normally doesn't vary, hence, the equation 2.6 has two variations x and T.
According to the laws of thermodynamics, if the reactants and products are all in their
thermodynamic standard states, the Gibbs free energy of the reaction is:

AG(x,T) = AH(x, T) = T - AS(x, T) (2.6)
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The enthalpy of reaction AH characterizes the enthalpy difference between reactants and
products. The product of temperature and entropy change T - AS represents the energy loss
or gain in form of heat under equilibrium condition in the chemical or electrochemical process.

2.4 Heat effects during LiB’s operation

As described in Chapter 1, in LiB, electrical energy is converted from chemical energy of
reactants. Beside expected reactions, cycling process also involves side reactions and Joule
heating. Overall heat effects of the cell consist of heat generation within the cell and heat
dissipation to the environments. The temperature change AT of the cell indicates the
correlation between heat generation Qge, and heat dissipation Qg;5s, determined by
following equation:

M= Ceey - AT = Qgen — Qaiss (2.7)
The temperature change rate equals to the heat flow rates’ difference divided by heat capacity:

daT . . (2.8)
m:- Ceept E = Qgen — Quaiss

where m, Cel, Qgen and Qg;ss stand for mass of the cell, specific heat capacity of the cell,
generated heat rate and dissipated heat rate between the cell and surrounding environment,
respectively.

2.4.1 Heat generation during LiB’s operation

Heat generation consists of two parts [41]:
e The reversible heat effect, caused by electrochemical reactions in cells, is one of
thermodynamic parameters, which is introduced by equation:

Qrep =T AS (2.9)

where T and AS represent temperature and entropy of the reactions, respectively.

e The Jjrreversible heat effect is caused by current flow through conducting objects,
including the positive and negative electrodes, electrolyte and separator. The polarization
against the external electrical field is also part of internal resistance R; (the sum of
ohmic, activation and diffusion polarization resistances). A voltage disparity between
open circuit and under current potentials can be observed in electrochemical cells. Fig.
2.5 shows galvanostatic intermittent titration technique (GITT) measurements for LiFePO4
half-cell, establishing the voltage curves under current pulses. In Fig. 2.5, the black and
red dash lines are the voltages measured when no current applied, known as equilibrium
states. The solid lines are the voltages measured under current. The black lines are
measured voltages during charging, while red lines for discharging process.
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Fig. 2.5: An example of charge/discharge GITT curves [42].

e The generated heat is proportional to the voltage difference:
Qirr = AU - i (2.10)

Where Q;,,: generated heat rate due to irreversible reactions (W), AU: voltage difference of
under current status and open circuit (V), i: current (A). This irreversible heat effect is named
Joule effect or Joule heating, which is the irreversible energy loss to the system.

Therefore, the total heat generation rate Q,,; during battery's cycling consists of irreversible
heat flow rate Q;,, and reversible heat flow rate Q,., [26]:

Qtot = Qreu + Qirr (2.11)

Reversible heat effect

Reversible heat effect can be the heat absorption or heat emission, accompanying with
electrochemical reactions. This heat effect is independent from charge/discharge rate, and is
defined to be proportional to entropy change (equation 2.9). From the equation 2.5 and
equation 2.6, following relationships are derived:

oU® 1 0AG 1 9d(AH —TAS) (2.12)
9T~ nF aT  nF aT '

where the charge number n equals to 1 for Li*. The following equation 2.13 is yielded from the
equation 2.12. Combining equation 2.12, 2.13 and 2.14 is obtained [41, 43-44]:
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AS(x) = F - U (x, T)

(x) = <T x) (2.13)
U (x, T)

AH(x) =F-<—U°(x,T)+T-T ) (2.14)

aU°(x,T)
oT

According to equation 2.13, | denotes the slope of U° changing with temperatures
X

at constant composition x, which enables to determine entropy and enthalpy change via
measurements. At constant composition x of electrode materials, the temperature
dependence of open circuit voltage OCV (U°) can be experimentally determined. The total
change in entropy during delithiation/lithiation process between compositions x; and x,
can be obtained from integration of AS from composition x; to x, according to the
following equation 2.15 [45]. Similarly, the total enthalpy change of the cell reaction between
compositions x; and x, can be obtained from integration of equation 2.14 [44]:

X 2 9U°%x, T)
ASlxi =F- f T ~dx (2.15)
X1 x
X2 oU°(x, T
AH|;§ =F f <—U°(x, T)+ T-# -dx) (2.16)
X1 x
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Fig. 2.6: Entropy of lithium intercalation into LixCoO; [44].

From equation 2.9, the reversible heat flow rate Qm, is given by the following equation [41,
43]:
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Qrev =T-AS % (2.17)

Thus, the reversible heat Q,..,, generated between composition x; and x, equals to the
integration of the reversible entropy change AS from composition x; to x, multiplying
with temperature according to equation 2.9 and 2.15:

Qrevljcci =T- AS|§Z (2.18)

For example, Fig. 2.6 establishes an entropy change curve in discharge process versus various
Li content in positive electrode material LixCoO,. When Li content is changing from 0.7 to 0.8,
normalizing the electrode composition to the full compositional range Li=1, the total entropy
change during the process AS|8;§ is showed as the blue area. The reversible heat during
lithiation x from 0.7 to 0.8 equals to AS|8:§ multiplying with temperature (equation 2.18).
For the measurement of OCVs at different temperature, potential error sources are: side
reactions, conductor resistances and chemical depletion. In order to define the composition
accurately, especially the Li content, the side reaction such as self-discharge must be carefully
avoided [44]. Osswald et al. [45] had the similar observation: when ambient temperature is
higher than 40 °C, the ageing process was accelerated due to side reactions. Therefore the
temperature of measurement is adjusted carefully in this work.

Irreversible heat effect

Irreversible heat flow rate Q;, is generated due to the internal resistance R; (the sum of
ohmic, activation and diffusion polarization resistances), which is proportional to the voltage
difference as showed in equation 2.10.

To avoid the positive/negative values in voltage differences during discharge / charge process,
the absolute voltage difference is taken in equation 2.19:

Qirr =AU -i = |U; — OCV| i (2.19)

where U; (V) represents the voltage under current i (A), and the irreversible heat flow rates
Qi are given in Watt.

The voltage disparity exits in both charging and discharging processes. The voltage
drops/jumps during charging/discharging in Fig. 2.5 indicate the related irreversible heats:
U; — OCV in equation 2.19. Therefore, the irreversible heats for both processes are not
identical, when the voltage disparities during charging/discharging are not identical. There are
several reasons. The electron-active ions and related atomic species are transported for
charging and discharging in opposite direction, resulting in different impedances. Furthermore,
the impedance exists in the time—dependent reactions because of solid state diffusion [26],
which also varies from charge/discharge process. Therefore, the voltage difference should be
defined corresponding to charge and discharge process. Under constant current i, the voltage
difference U; — OCV as showed in Fig. 2.5 are varying all the time. Therefore, the irreversible
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heat Q;-, which is generated in the period of t; to t, is obtained by integration of heat
flow rates over time:

tz
Qirr = f (lUl - OCVD ~dt-i (2.20)
t

1

Electrochemical impedance in LiB

When the current flows through an electrochemical cell, the voltage diverges from OCV,
because of the resistances of electrolyte to ionic transport, electrodes, and
electrode/electrolyte interfaces. Instead of "resistances", the term "impedance" can better
identify the time-dependent and composition-dependent manner of resistances. Under DC
conditions, the impedance is equivalent to resistance, and the electronic impedance Z. can be
calculated by following equation [26]:

Ze = appl/Ie (2.21)

Eqpp1 represents a voltage applying on the circuit elements, and its corresponding current I,
across the circuit elements.

2.4.2 Heat dissipation during LiB’s operation

In general, heat dissipates into surrounding via the three paths: thermal conduction, radiation
and air convection. Heat dissipation affects the measurement system dramatically, which will
be discussed in Section 2.6. In coin cells’ cycling tests, cables have to be used in the
measurement system. The heat transfers mainly through air convection, which is discussed
further in Chapter 5. Following equations have to be considered:
1. Heat dissipation rate by thermal conduction can be described as:
4Q _k-A-AT (2.22)
dt L
k stands for thermal conductivity of coin cell shell W/(m-K). A indicates surface area of
coin cells in m?, and L is the thickness of the coin cell shell in unit m. AT characterizes
the temperature difference between contacted interface in K.
2. Heat dissipation rate by radiation according to Stefan-Boltzmann law can be described as:

dq
E=£'O"(T_§”f

~ Tlp) (2:23)
o represents the Stefan-Boltzmann constant 5.67x 10 W/(m?K*). ¢ is the emission
ratio of the cell surface comparing with black body (&ysuai container materiai =
0.95, €piack boay = 1). Tsyrs is surface temperature of cells, and T, represents
ambient temperature.

3. Heat transfer rate by air convection from known surface area:

d
—Q=h-A-AT (2.24)
dt
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h stands for heat transfer coefficient, W/(m?K), and A indicates surface area in unit m2.
AT represents difference of temperatures between the solid surface and air, K.

2.5 Thermal runaway of LiBs

For daily application of LiBs, short circuit, high temperature circumstances, and failure of a
single cell etc., could lead to catastrophic hazardous events, such as violent venting, smoke,
fire or explosion [23, 46-48]. Thermal runaway is described as the event in which the cell
generates a significant amount of heat and gases due to exothermic reactions. It could be
extremely dangerous when the thermal runaway on a single cell causes the thermal runaway
of neighboring cells in a battery pack [49-50]. With growing thermal runaway incidents,
involving airplanes, automotive and batteries' storage or transport [47] the safety issues
become more and more urgent to be solved.

The temperature, caused by the heat balance between dissipation and generation, affects the
thermal runaway conformation and its process extremely. When the temperature of a cell is
higher than the onset temperature of thermal runaway reactions, the exothermic reaction
enhances the temperature, which accelerates the reaction rate in return. Furthermore, the
heat generation exceeds the heat dissipation capacity, then the thermal runaway event is
under a quasi-adiabatic condition.

To visualize this temperature change process, Semenov plot [51] is introduced in Fig. 2.7, which
demonstrates that the heat generation (curve 4) due to the exothermic reactions follows the
exponential function (assuming Arrhenius law), while the heat dissipating lines (line 1, 2 and
3) are linear functions according to Newton'’s law of cooling at different coolant temperatures
A, B and C. Three lines indicate three possible relationships of heat generation/dissipation
rates: intersection, a tangent and non-intersection. For line 1, two intersection points E and F
are stable and unstable isothermal operation, respectively. If the temperature is lower than
point E, the heat generation rate is higher than heat dissipation, which rises temperature to
point E. When temperatures is between point E and F, cooling rate is higher than heating rate,
resulting in a temperature decrease to point E. Above point F, the heat generation rate
increases fast and the thermal runaway is inevitable at temperature Ti. For line 2, Tyg means
the "Temperature of No Return", since it is above the tangent point D, where is the critical
equilibrium, the thermal runaway would take place. The temperature B is defined as the self-
accelerating decomposition temperature (SADT) [23, 52]. The temperature C has totally no
cooling impacts on the system.
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Fig. 2.7: Heat balance between heat due to an exothermic reaction and heat loss from a
vessel, at variant ambient temperatures A, B, and C [51].

Comparing the energy balance of the thermal runaway event with LiB's cycling, the additional
part is the heat generated rate from abuse chemical reaction Qgp—chem inside a unit volume
[23, 53-55]:

3(p " pare* T) _ ‘ o
% = —V(k-VT) + Qap—chem + Qoute + Os + Qp + Qe + -+ (2.25)

Where p: the average mass per unit volume of the battery (g/cm?), cpqs: the specific heat
capacity of the battery (J/(g-K)), T: the temperature (K), t: the time (s), k: the thermal
conductivity of the studied unit (W/(cm-K)). Q;oy¢: Joule heating rate in the battery (W), Qs:
the heat rate due to entropy change (W), Qp: the heat rate due to over-potential effect (W)
and Q,,: the heat exchange rate between the surrounding and the system (W).

The exothermic reactions include the decomposition of solid electrolyte interface (SEl), the
inter-reaction of electrodes and electrolyte and the decomposition of electrodes. The detailed
description will be given later. The heat generation for an individual exothermic reaction is
defined as following [23, 561]:

Qab—chem—indiuidual = (Z_IZ =AH-M"-A-exp(— % (2.26)
where AH is the individual reaction heat. M is the mass of reactant in the individual reaction,
and n is the individual reaction order. A is a pre-exponential factor of individual reaction. E,
is activation energy of the individual reaction and R is gas constant. Qgp—_chem 1S the summary
of all reactions. The Joule heat is generated when a current flows through conductive
components. Therefore, the overall Joule heat is the summarized value in all phases as:

Q]oule = Z]_|®j ' ij| (2.27)

where @;: electric potential in phase j (V), i;: current density in phase j (A/ecm?).
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2.6 Measurement condition in calorimeters

To study the thermal behavior of the battery, it is essential to define the operating conditions
in the calorimeter. The adiabatic, isoperibolic and isothermal conditions are introduced. The
term “scanning” regarding calorimeter operation is explained in this section, which is
controlled by heating system. Simutaneously, the temperature in a calorimeter needs to be
controlled carefully, so that the measuring system is under isothermal or adiabatic condition.

The adiabatic condition

The adiabatic condition refers to operation in an adiabatic manner when no heat exchange
between measuring system and surrounding exists. Fig. 2.8 illustrates a measuring system and
surroundings. No. 1 is environment. No. 2 represents furnace, which is the surrounding for
measuring system with temperature Te. No. 3 is the measuring system with temperature Tw.
Under ideal circumstances, no heat exchange whatsoever occurs between the measuring
system and its surroundings: Te = T m. In reality, the measurements in calorimeter can create
an adiabatic condition through following three ways [57]:

1. The sample reacts so rapidly that no appreciable quantity of heat released or
absorbed during the measuring interval.

2. The thermal resistance Ri (No. 4 R in Fig. 2.8) between surroundings and the
measuring system is infinitely large.

3. The temperature of surroundings is controlled in every moment to be equal to the
measuring system Tg(t)=Twm(t).

In this work, accelerating rate calorimeter (ARC), is the one we used as a quasi-adiabatic
calorimeter having a large thermal resistance and heating jacket to minimize the temperature
difference between surroundings and measuring system. Moreover, "thermal runaway"
measurements even satisfy point 1., in which heat generation in battery increases fast. Thus,
the thermal balance cannot be reached and all generated heat remains within the battery,
which indicates the following relationship for dissipation heat rate from the battery to
surrounding:

deiss
dt

=0 (2.28)
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Disturbances

Tm  Temperature of the measuring system
Tr  Temperature of the furnace

4 Isothermal condition:
a -- G Rt very small
Tr = Tm = constant
[— Adiabatic condition:
-3 Rin  very large
Tw B Te =Tm
Isoperibol condition:
= ‘A = - @ Rin  Defined
N TrF = constant
[ Tm =Tm(t)
/

/ ‘ ‘ ‘ \‘ )

(D Environment, @ furnace (surroundings), ®measuring system, (4) thermal resistance

Fig. 2.8: Schematic design of a calorimeter and its surroundings under
isothermal/adiabatic/isoperibolic conditions [57].

The isoperibolic condition

The isoperibolic condition describes a measuring system with possible temperature changes
while the temperature of the surrounding maintains constant. As in Fig. 2.8 shown, during the
measurement, the furnace temperature Te is kept constant. The measuring system’s
temperature Ty is a function of time, Tw=Twm(t). In this work, the isoperibolic condition is
adopted in measurements of heat generation during cell’s cycling in a Tian-Calvet calorimeter
(C80). The temperature of measured cells are varied with charge/discharge process. The
surrounding temperature is controlled by furnace and thermal resistance, so that there are no
disturbances to measuring system. The heat flow rate between the measuring system and the
reference can be measured, and higher accuracy is achieved.

The isothermal condition

The isothermal condition refers to that the surroundings and the measuring system have the
same constant temperature, which means: Te=Tu=constant as written in Fig. 2.8. The
description of the isotherm state in phenomenological thermodynamics is: the heat exchange
between system and surroundings takes place via an infinitesimally low thermal resistance R
and surrounding has an infinite heat capacity. Strictly saying, there are no truly isothermal
conditions, since no heat transport would be possible when no temperature difference occurs.

The scanning condition

“Scanning” refers to the condition in which the temperature of the surroundings or of the
measuring system is changed according to a set temperature program with respect to time. In
Fig. 2.9, the conditions for a scanning case are listed. A defined thermal resistance R, and
furnace temperature Tr is controlled by a scanning rate B. For instance, the furnace
temperature is increased with heating rate B (constant scanning rate), therefore: Te=Tgni+pB-t.
Teini denotes the initial temperature of furnace. t refers to the time. In this work, the
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temperature calibration of C80 calorimeter and the investigation for early stage of thermal
runaway events on cells and components are performed under scanning operation.

Scanning condition:
Rin small, but defined
Tr =Tr(t) = Tr, ini + B-t

TF Temperature of the furnace

Tr.ini Initial temperature of the furnace

Tm  Temperature of the measuring system
Rin  Thermal resistance

B Scanning rate

t Time

Fig. 2.9: Schematic design of a calorimeter under scanning operation [57].
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3 Characterization and measurement methods

3.1 Characterization methods

In this work, several physical, chemical and electrochemical analyses were performed. The
crystal structure, composition and morphology of samples were investigated by X-ray
diffraction measurements, inductively coupled plasma with optical emission spectroscopy and
scanning electron microscopy. In order to determine the irreversible heat, the impedance and
resistance are investigated by electrochemical impedance spectroscopy and galvanostatic
intermittent titration technique.

3.1.1 X-ray diffraction (XRD)

X-ray diffraction is commonly utilized in crystalline phases identification and analysis. It can be
also applied in details investigation such as strain state, crystallographic texture and grain size
[58]. The results after carefully refinement, can provide the information of lattice parameter
and phase amount.

The high-energy electromagnetic waves of X-rays ranges from 103 nm to 10 nm wavelength.
Since X-rays have a much shorter wavelength compared to visible light, the diffraction of X-
rays can be observed when applied on periodic planes of crystals. The behavior of waves
diffraction obeys the Bragg's law proposed in 1912:

2d-sinf =n-1 (3.1)

Where A represents wavelength, and 6 denotes the Bragg angle. n is an integer
representing the order of the diffraction peak and d is inter-plane distance of atoms, ions or
molecules, respectively. As the values of wavelength and the scattering angle are known, the
inter-plane distance d is determined by equation 3.1.

In this work, for the phase and structure identification, the samples were measured by using
powder X-ray diffraction (powder-XRD) using a D8 Advance flat-plate Bragg-Brentano
diffractometer (Bruker-AXS GmbH, Germany) with a copper target X-ray tube.

3.1.2 Inductively coupled plasma with optical emission spectroscopy (ICP-OES)

The chemical compositions of solid/liquid specimens are quantitatively investigated by
Inductively Coupled Plasma with Optical Emission Spectroscopy (ICP-OES). The segmented-
array charge-coupled detector is equipped on an OPTIMA 4300 DV (Perkin Elmer) with an
Echelle spectrometer. Echelle based spectrometers provide high spectral resolution and high
light throughput. Argon gas is ionized by the electromagnetic field, which is created by high
frequency current applying on the torch tube. Then plasma is generated with high electron
density and temperature (6000 - 8000 K). The component elements (atoms) in analytic
solution are excited in the inductively coupled plasma, and then the excited atoms turn back
to low energy level. The emission rays are detected and the elements are identified via
characteristic emission spectrum and the intensity of emission lines exhibit the amount of the
elements.
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Fig. 3.1: Solid/liquid specimen’s preparation for ICP-OES measurements.

In this work as shown in Fig. 3.1, solid specimens were mainly NMC active materials of positive
electrode, and liquid specimens were reagent solution from chemical delithiation. The
preparing procedure for solid specimens, included adding HCl and HNOs, storing at 80 °C for
4 h, diluting and adding internal standard solution. Liquid specimens were acidized using HCI
in order to dissolve MnO, powders. The diluted solid/liquid specimens were tested. Two to
three different wavelengths were applied in ICP-OES measurements to define elements.

3.1.3 Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is a useful material analysis method to produce images
of a sample's surface by focused beam of electrons. When the beam is scanning the surface of
the sample, the electrons interact with atoms to produce secondary electrons. The detector
will collect the signals, and the intensity depends on specimen topography. The resolution can
be better than 10 nm.

In this work, a FEI XL30S (Philips, Netherlands) was utilized to investigate the morphological
properties of separator samples of tested cells. The separator was specially prepared by
sputtering with gold before the measurement. The negative and positive electrodes were
observed by a JEOL JSM-840 scanning electron microscope with a tungsten cathode.

3.1.4 Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy is used to study kinetics of electrode processes and
complex interfaces between electrodes and electrolyte. EIS measurement can reveal physical
properties of electrodes, the structure and the chemical reactions of interfaces.

When a sinusoidal alternative potential or current applied on a battery, the responding current
or potential would have a phase shift. When the frequency changes, the frequency-dependent
impedance can be analyzed from the response. Different processes dominate the
electrochemical reactions for a frequency range. Fig. 3.3 shows an interface of electrode and
electrolyte, where a double layer is formed, illustrated by the inner Helmholtz plane (IHP) and
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outer Helmholtz plane (OHP). When the electrons are transferred across the interface, both
faradaic and nonfaradaic components exist. The faradaic part is due to an appropriate
activation barrier of the reactions, known as polarization resistance (Rp). The uncompensated
solution resistance (Rs) also has to be overcome as an energy barrier. The double-layer
capacitor (Cq) leads to the nonfaradaic component. Another key process is the mass transfer,
which determines the rate of the charge transfer [59, 60]. Warburg impedance Z, refers to the
impedance in diffusion process. An electrical equivalent circuits is developed from the EIS
results showing in Fig. 3.2 a) and b). WE and CE stands for a working-electrode and a counter-
electrode, respectively.

a IHP OHP Diffusion layer b

j{

Electrode

o Cation
° Electron

. Solvent
. Adsorbent

7

=}

Fig. 3.2: Interface of electrode and electrolyte: a) Schematic diagram of double-layer
structure. b) An electrical equivalent circuit accordingly [59].

In this work, the coin cells were firstly fully charged by CCCV method with 42.5 mA (0.5 C)
current, then relaxing for 3 h to reach a stable open circuit potential. Afterwards, EIS
measurement was carried out by electrochemical analysis instrument (Gamry, Canada) at
ambient temperature. The impedance was measured by 140 YA alternating current with
frequency ranging from 20 kHz to 0.01 Hz. The cells were discharged by 85 mA (1 C) for 6
minutes to measure impedance for every 10 % SOC, and the procedure was repeated until the
cells were fully discharged. The corresponding voltages were measured, and then Nyquist
plots were analyzed to determine the ohmic resistance.

3.1.5 Galvanostatic intermittent titration technique (GITT)

Another method of analyzing the internal resistances and separating the contributions is
galvanostatic intermittent titration technique (GITT). As shown in Fig. 3.3, a 42.5 mA (0.5 C)
current was applied on the cells for 12 minutes, and the potential increases instantaneously.
The IR drop is the sum effect related to the ohmic resistance (Rq) and charge transfer resistance
(Rcr). Since the ohmic overpotential is the product of the resistance and applied current, the

charge transfer overpotential is yielded by [61]:
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Ner = Mr— Na = Mr—["Rg (3.2)

Then the potential decreases relatively slowly due to the time-dependent diffusion at
interfaces, in electrolyte, and bulk. The diffusion overpotential 7 is thus determined, as
shown in Fig. 3.3 (a measurement from this work).

Comparing to the elements in Fig. 3.2, overpotential 7q is the driving force for Rs and R,.
Overpotential np is for Warburg impedance, and n¢t is mainly for capacitance. Unlike EIS
measurements, GITT measurement supplements the impedances under operating current
(not small current as in EIS measurements).
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Fig. 3.3: Charging pulse followed by a relaxation time of 3 h in this work [62].

3.2 Calorimetric methods applied in this work

The thermal properties and thermal behaviors of LiBs and their components are investigated
by means of C80 calorimeter (Setaram, France), accelerating rate calorimeter (THT, England),
high temperature oxide melt drop solution Alexsys-1000 calorimeter (Setaram, France) and
simultaneous thermal analysis (NETZSCH, Germany).

3.2.1 C80 3D Tian-Calvet calorimeter

Introduction to a C80 3D Tian-Calvet calorimeter

In year 1948, Calvet extended the design of Tian's calorimeter (1923), which has two equal
systems in an isothermal block instead of a single system. C80 calorimeter is adapted to
isothermal calorimetry, mixing calorimetry and temperature scanning calorimetry, which was
designed to study the sample's thermal properties or reactions over the temperature range
from ambient temperature up to 300 °C.

24



15

16
18
17

19

14

Front (measurement)

Rear (reference)

N -

N WA N =S O

Fig. 3.4: Internal view of C80 calorimeter, detailed information for all the sections is
introduced in the appendix.

The functional principle of C80 is similar to differential scanning calorimetry (DSC), as shown
in Fig. 3.4. No. 1 and 2 are measurement and reference fluxmeter respectively. No. 3 is the
calorimetric block, which is the thermostat. A sleeve (No. 6) surrounds it, and around No. 6,
No.7 is a heat insulator. Inside the sleeve, cooling air can circulate, pulsed by a fan. Between
No. 3 and No. 6, there is a peripheral heating element (No. 5). No. 4 is a Pt100 platinum
thermal sensor to measure the calorimetric sample’s temperature with an accuracy of £0.1 °C
and a precision of #0.05 °C. Another thermal element Pt200 platinum locates in the block to
control the temperature. No. 8, 9, 10 and 11 are upper sections of the block, a cover, screws
and two support guides. No. 13, 14 and 15 are cylindrical space, heat insulating stopper and
two wells, respectively. No. 19 are two metallic tubes which connect directly the upper plate
to the No. 11. The thermic plugs in Fig. 3.6 are used in the two tubes to insulate fluxmeters.
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Other parts are listed in the appendix.

The advantages of C80 calorimeter over DSC is the application of the latest evolution of the
Calvet design calorimetric detector. All heat evolved (or adsorbed) including radiation,
convection or conduction can be detected. The design of 3D heat flow sensor is shown in Fig.
3.5. Each fluxmeter is surrounded by 3D heat flow sensor. The sensor is formed by 7 rings, and
each ring has 19 thermal couples. These Calvet detectors can measure the heat flow rate with
an efficiency of 94 %. Whereas, this value of typical plate DSC amounts to 20 - 40 %.

3D Design Sensor

Fig. 3.5: 3D heat flow sensor of C80 calorimeter: each sensor with 19 thermocouples; two
identical systems.

The heating rate of C80 calorimeter can be controlled in extremely small range -- from
0.001 °C/min to 2 °C/min, and the resolution is 0.10 pW. The twin-type design of the
fluxmeters, has the decisive advantage of excluding the disturbances such as temperature
variations and compensating the difference between the individual signals [63]. The quantities
that can be determined by C80 calorimeter, are temperature (e.g., of transition or fusion),
enthalpy (e.g. of transition or fusion) and heat flow rate (e.g., for determination of the heat
capacity of a substance and its change with temperature or for studies of reaction kinetics).
Hence, the calibration is performed to calibrate temperature measurements, enthalpy
measurements and heat flow rates, which is described in this section.

Two set-ups for C80 measurements used in this work are shown in Fig. 3.6. Set-up 1 was
adopted in specific heat capacity measurement and early stage study for thermal runaway.
These measurements don’t need to connect with cables using set-up 1. For the measurements
of heat flow rates during cycling, set-up 2 were used. For set-up 1, the thermic plugs fill the
space of two tubes (No. 19 in Fig. 3.4) to insulate the measuring part from surroundings. The
thermic plug of set-up 1 sitting above the vessel has three heat shields. A stainless steel vessel
is a container for samples, putting in fluxmeters. This design helps to reduce the heat exchange

between the chamber and the ambient. Set-up 2 in Fig. 3.6 b) has a special hollow design,
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which allows introducing cables into the vessel, but having lower insulation performance.
Since the part placing above vessel is designed by Setaram, 60/0519 the name is adopted from
Setaram handbook. Thermic plug and 60/0519 in principle have the same function to prevent
the heat exchange between sample and surrounding. In Fig.3.6 a), set-up 1, is adopted for the
thermal properties' measurements and other measurements which don't need to introduce
cables into the vessel. While, Fig. 3.6 b), set-up 2, is used for the batteries' cycling
measurements to connect the coin cell with cycling device outside C80 calorimeter. Since the
heat exchange of these two set-ups may be different, calibration is performed on both set-ups.
Additionally, a Joule effect calibration is performed to determine the calibration factor to
exclude the heat effect of cables under current. Details and results are discussed in following

text.
L it
a) T b) l
Al 1T, holl.ow
thermic 60/0519 - design
Il |
1&
R
vessel 7 vessel L]

Fig. 3.6: Two set ups for C80 measurements: a) set-up 1 for no cable measurements, b) set-
up 2 for cable needed measurements.

Sensitivity calibration of C80 calorimeter

The term sensitivity refers to the transformation of original outputs (voltages in uV) of C80
calorimeter to heat flow rate in mW. The value of sensitivity factor is the reciprocal of
calibration factor [57], which equals to 1/K with unit of pV/mW. Sensitivity calibration is
performed by the supplier Setaram before shipping. They assume a C80 calorimeter as a Joule
Effect calibration module, which can emit a perfectly calibrated impulse. The applied power is
the upper curve shown in Fig. 3.7. Simultaneously, C80 calorimeter outputs voltages, which
are the measuring signals. The corresponding voltages curve are plotted below in Fig. 3.7.
Knowing voltages and time, energy is calculated, which is proportional to heat. The sensitivity
factors under selected temperatures can be immediately determined by comparing the values

of energy and heat. Furthermore, a calibration polynomial is developed as shown in Fig. 3.8.
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The coefficients in polynomial function are embedded in the software of C80 calorimeter.
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Fig. 3.7: Applied power externally and corresponding voltages outputs of C80 calorimeter

against time.
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Fig. 3.8: Sensitivity factors under selected temperatures and polynomial fitting.

Reference materials

Since the operating temperature range of C80 calorimeter is from ambient temperature to
300 °C, and the adopted measuring vessels can withstand till 220 °C, calibration temperature
range is from ambient temperature to 220 °C. Beside the temperature range, other essential
properties should be fulfilled by reference materials [64]:
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e Represent a fixed point of phase transition/melting which is thermodynamically well
defined.

e  Available in high purity (at least 5N).

e Chemically and physically stable. There should be no reaction with atmospheric moisture
or the carrier gas, especially with crucibles and C80 chambers.

e  Easy to handle and of low toxicity, which should be recognized as physiologically safe.

According to these requirements, Ga, KNOs and In (Table 3.1) are selected as reference
materials for temperature and enthalpy calibration.

Table 3.1 Reference materials: the transition temperatures Tys and enthalpies Awsh in J/g and
AusH in J/mol.

Ga [65-68] KNOs [69] In [65-68]
Molar mass (g/mol)  69.723 101.103 114.818
Tus (°C) 29.7646 12942 156.5985
Awsh (J/g) 80.07+0.13 48.49+1.26 28.62+0.04
AvwsH (J/mol) 558319 49021127 328715

Temperature calibration for C80 calorimeter

The aim of temperature calibration is to determine the temperature correction in operating
temperature range. Temperature correction refers to the difference between the measured
temperature and the "true" temperature. Firstly, the onset temperature of transition or fusion
should be carefully defined. Fig. 3.9 shows a typical measurement in temperature scanning
calorimeter, from which the critical terms are well defined [68, 70-71]:

Tse: starting temperature, where the temperature program starts.

Tena: ending temperature, where the temperature program ends.

T;: initial peak temperature, where the curve of measured values begins to deviate
from the interpolated baseline.

T: final peak temperature, where the curve of measured values meets the final
baseline.

T,: extrapolated peak onset temperature, where the auxiliary line (the inflectional

tangent) of the ascending peak slope intersects the linear baseline.
B: heating rate, increasing/decreasing of the temperature with time.

Fig. 3.9 shows the heat flow and temperature program against time during the measurement.
The temperature was set a constant value, and then heating with a steady scanning rate. At
end, the temperature was hold at a higher constant value. The heat flow doesn’t change when
the temperature was constant. The heat flow increased at the beginning of the temperature
increase and then stabilized under a constant scanning rate till a reaction took place. The peak
indicates the thermal effect during reactions. At ending of the reactions, the heat flow rate
curve was stable again. When the temperature program switched from increasing to a
constant value, the heat flow rate changed from one stable value to another.
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Fig. 3.9: Definition of terms for describing measured curves with the peak representing a
transition or reaction in the sample (subscript ‘meas’ denotes measured
guantities) in a plot of heat flow rate and temperature against time, [68] page
1460.

The reaction temperature is determined usually by the extrapolated onset temperature T,,
where the auxiliary line (the inflectional tangent) of the ascending peak slope intersects the
linear baseline. There are two reasons for choosing T, over T; as onset temperatures. First
reason is that the detectable deviation from baseline T; varies from observers, the absolute
value hard to be determined. Second reason is that T, depends less on sample parameters
(thickness, mass etc.). However, in Boettinger's opinion, picking the T; temperature actually
has a smaller deviation from the true melting point and smaller heating rate dependence than
the T, [72]. This method specially suits alloy studies, because alloy usually has a melting
range instead of melting with a linear section. Therefore, they used the first detectable
deviation from baseline T; for the calibration.

In this work, the tested coin cell and its components are neither a simple substance nor an
alloy. The investigation focuses on the overall thermal properties, reactions, and thermal
behavior. The measured heat effects are the results of all interactions not a single reaction. T,
is considered as onset temperature for the measurements as well as for temperature
calibration. The peak area A is determined for the enthalpy calibration (Fig. 3.9).

As the heating rate increases, the measured onset temperature increases linearly. The
temperature correction term (AT, ) is obtained by subtracting the measured onset
temperature of transition T, (B—0) from the true transition temperature Ty, [68, 71].

ATeorr = Ters — Te(B — 0) (3.3)

where B refers to heating rate.
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In order to perform the calibration at ambient temperature, the start temperature must be
much lower. C80 calorimeter is thus put in cooling incubators (BINDER GmbH, Germany),
which is set at 10 °C. Each reference material is measured twice to determine the mean onset
temperatures with three heating rates.

Calibration with In

Fig. 3.10 shows the heat flow rate versus temperatures during the phase transition of In at
heating rate 0.1 K/min. The heating range is from 30 °C to 170 °C. A tantalum crucible is used.
The masses of two samples are 1027.8 mg and 1023.1 mg. The sample was taken with a mass
of the value calculated from the product of heat (similar value as the heat effects in coin cells’
investigation) divided by material’s specific heat capacity, so that the heat of In calibration is
in the same range. With the evaluation software provided by Setaram, T,, and the enthalpy
of phase transition are determined. In Fig. 3.10, the software interface is shown, where heat
amount can be integrated, and T/t represents the temperature/time for phase transition.
Temperature of peak maximum and the peak height are given too. Onset/offset
temperatures/times are determined, and the mass of sample is shown.
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Fig. 3.10: Interface of Setaram software for evaluation of heat flow rate (subtracted
baseline).

The onset temperatures T, at other heating rates are likely measured for set-ups which are
introduced in Fig. 3.6. A linear relationship between T, and heating rates is found, and the
intercept of the y axis is obtained (Fig. 3.11). In Fig. 3.11, onset temperatures T, are plotted
against heating rates. The blue points and green points are measured by set-up 1 and set-up
2, the corresponding fitting curves in blue and green, respectively.
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Fig. 3.11: Extrapolated peak onset temperature T, as a function of heating rate § and
measured T, values of In for both set-ups.

The temperature correction term of C80 is yielded by equation 3.4:
AT prr = 156.6 °C — (156.6 £ 0.4)°C =0+ 0.4 °C (3.4)

The results of two set-ups show no detectable difference in In temperature calibration.
Setaram has calibrated C80 calorimeter with In before shipping, hence, in our calibration the
temperature correction term equals to zero. This C80 calorimeter demonstrates a good
operating state and stable performance. Moreover, another measurement on In with mass
433.8 mgin Al crucible is performed to investigate the stability of C80 calorimeter against the
change of crucibles and mass. The comparison is shown in Fig. 3.12, which compares to the
measured temperatures of Al/Ta crucible with different masses. These results indicate a
relatively small influence on the temperature determination. The uncertainties were from the
deviation of three repeated measurements.
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Fig. 3.12: Measured temperatures and their uncertainties of In calibration with different
masses and crucibles.
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Calibration with KNOs

The similar calibration is carried out on approximately 540 mg potassium nitrate (KNOs). The
extrapolated peak onset temperatures for both set-ups are determined under heating rate 0.1
K/min, 0.3 K/min, and 0.5 K/min (Fig.3.13). In Fig. 3.13, onset temperatures T, vary with
heating rates linearly. The fitting functions are plotted in blue and green for set-up 1 and 2,
respectively. Similar to In calibration, the temperature correction term AT,,,, is obtained by
equation 3.5:

AT,prr = (129 £ 2)°C — (129.2 £ 0.6) °C = —0.2 + 2.6 °C (3.5)
132.5
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Fig. 3.13: Extrapolated peak onset temperature T, as a function of heating rate  and
measured T, values of KNOs for both set-ups.

Calibration with Ga

As introduced before, C80 calorimeter has only a fan to cool down, so the lowest operating
temperature for measurements is ambient temperature. Since the transition temperature of
Ga is approximately 29 °C, the ambient temperature has to be as low as 10 °C - 15 °C. To create
such surroundings, a cooling incubator (Binder GmbH, Germany) is used to place C80
calorimeter. In Ga calibration, the heating rates have to be lower than for In and KNOs, due to
the small temperature difference between T, and T,, Otherwise, Ga calibration method is
same as for In and KNOs. The mass of Ga is chosen to perform similar heat effects as cell
cycling’s heat effects.

The transition of approximately 250 mg Ga is measured to calibrate in temperature range of
15 °C to 40 °C. The heating rates are selected: 0.01 K/min, 0.05 K/min, and 0.1 K/min. Ta
crucible is used in the calibration. Onset temperature T, versus heating rates and the
corresponding linear fittings are exhibited in Fig. 3.14. Blue and green results represent
measurements of set-up 1 and 2, respectively. In comparison with other two materials’
calibration, the two curves of two set ups derive from each other more. That indicates the C80
calorimeter at low temperature range is not as stable as at high temperature range. Similar to
In calibration, the temperature correction term AT,,,,. is obtained by equation 3.6:
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AT.prr = 29.8°C — (29.6 + 0.7) °C = 0.2 + 0.7 °C (3.6)
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Fig. 3.14: Extrapolated peak onset temperature T, as a function of heating rate 8 and
measured T, values of Ga for both set-ups.

Enthalpy calibration

In Fig. 3.9, the peak area is integrated and conversed to the enthalpy change by a conversion
factor. This factor is obtained through a calibration with reference material by comparing the
measured peak area to the known enthalpy. The enthalpy calibration of In has been done
before shipping, so a factor is set in the evaluation software of C80 calorimeter.

In this work, C80 calorimeter is applied to measure the heat generation during coin cell's
cycling as well as the heat effects due to the reactions of coin cell's components. In order to
achieve reliable results, the measured enthalpy changes are carefully calibrated according to
the methods proposed by Della Gatta [68]. Enthalpy and temperature calibration with In, KNOs,
and Ga are performed simultaneously. The enthalpy calibration factor Ky at the transition
temperature Ty, is yielded by equation 3.7.

Ky (Ters) = AgrsH /DApeasH (3.7)
where A4 sH and Ay,..sH denote the known transition enthalpy and measured enthalpy

change respectively. As the measured enthalpy change might change with different heating
rates, Ky(T.s) for different heating rates are shown in Fig. 3.15.
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Fig. 3.15: Enthalpy calibration factor plotted against the transition temperature T, for two
set-ups, and a Kp(T) function of the transition temperature.

In Fig. 3.15, the calibration factors determined at about 30 °C (Ga calibration) and 156 °C (In
calibration) are in good agreement. However, the measured enthalpy changes of KNOs
calibration at about 130 °C, are scattering points. The calibration material KNOs3 has the solid
phase transition at 129 °C, and the accuracy is not as good as solid-liquid phase transition,
such as In and lead [73]. KNOs calibration has scattered calibration factors. The development
of a linear fitting is more reasonable than non-linear fitting, which indicates the mean values
of the repeated calibration at different temperatures. In addition, the heat flow rate calibration
is carried out for specific heat capacity measurements, which is introduced in Chapter 5.
Therefore, the calibration factors are determined by linear function (dash line in Fig. 3.15).

3.2.2 Accelerating rate calorimeter (ARC)

ARC was firstly developed in the 1970's by the Dow Chemical Company of Midland, Michigan,
USA. It was designed to meet the potential needs for hazardous runaway reactions that may
occur during the chemical processing, to detect and record the measurement values of time-
temperature-pressure. Furthermore, ARC provides a safe and adiabatic environment for the
operation and storage. To get better adiabatic conditions, the temperature of the reaction
chamber is controlled to be the same as the temperature of the sample.

As shown in Fig. 3.16 a), ARC consists of three parts: containment vessel (with associated
hardware and the calorimeter vessels), electronics enclosure (including the PC/work-station),
and user interface (monitor, keyboard and mouse). Containment vessel is where the reaction
takes place and made of steel. It will be locked during the experiments to ensure the safety in
laboratory. Fig. 3.16 b) indicates the internal view of set up in coin cells' tests. Tested coin cell
is fixed on the steel holder on the lid, so that tested coin cell is located in the middle of the
chamber. Bomb sensor is a thermal element fixed on surface of cells, which indicates the
temperature of sample. Top sensor measures the temperature near the lid, and middle sensors
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measured the temperature around chamber. Bottom sensor measures the temperature near
the bottom. All temperatures are monitored, so heaters will work to eliminate temperature

differences in the chamber.

Top Sensor
Bomb Sensor

Middle Sensor
Bottom Sensor

Fig. 3.16: Accelerating rate calorimeter: a) overview; b) Internal view of the calorimeter’s

chamber.

Heat-Wait-Seek Method

The “Heat-Wait-Seek” (HWS) mode was applied in the thermal runaway measurement. The
measurement process is shown in Fig. 3.17, which switches from Heat mode to Wait mode
and then to Seek mode. When there is no reaction taking place, the HWS-HWS loop will
continue. In Heat mode, the temperature increases almost linearly until reaching “Start
Temperature” (manually entered into the set-up software), then slow down linearly to zero.
From “Start Temperature”, the heater will work to reach each “Temperature Step” e.g. 5 °C.

<l Idle

If T>Teng
Heat
dT/dt< Temperature Wait Cool
Rate Threshold y
Seek
dT/dt< Temperature dT/dt> Temperature
Rate Threshold Rate Threshold
Exotherm

Fig. 3.17: Processes of heat-wait-seek method in ARC.

End test

If T>Teng

When temperature span is reached, the Wait mode will be activated till reaching thermal
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equilibrium over a certain time. After reaching thermal equilibrium, the system switches to
Seek mode, which detects the temperature change rates (dT/dt in Fig. 3.17). When an
exothermic reaction takes place (dT/dt > Temperature Rate Sensitivity), HWS loop will stop,
switching to exotherm mode instead of Heat mode. Exotherm mode means the measuring
system switching to a quasi-adiabatic condition, and more measuring data of the temperature
rates and temperatures are recorded. Temperature Rate Threshold is the threshold
temperature rate considering exothermic reaction occurring. Temperature drift exits during
measurements in ARC, which will lead to faults of detecting temperature changes and
temperature rate. Therefore, a calibration test is necessary to be performed.

Calibration

The calibration is performed to ensure the stability of ARC system when no reaction takes place.
After Wait mode, the system is supposed to reach the thermal equilibration, therefore, all
thermal sensors should show same temperature value. However, there sometimes exits
temperature drift/offset larger than the “Temperature Rate Threshold”. The aim of calibration
is to determine the temperature drift and minimize or even eliminate the temperature drift.
The temperature drift might not be below the sensitivity after one time correction, thus an
iteration is designed for calibration test. That means, after determination of an offset/drift,
the correction is applied to measure the temperature drift again. Only when the temperature
drift is smaller than “Temperature Rate Threshold”, a further small modification will be applied
to reduce the drift closer to zero. When these two consecutive drifts are both lower than the
sensitivity, next heat step will occur. The calibration is performed on a dummy cell, and the
dummy cell is the coin cell after thermal runaway test in this work. The dummy cell should
have replicate mass and dimensions of tested cell and no reaction occurring during the
calibration. “Temperature Rate Sensitivity” of calibration is set as 0.01 °C/min, which is the
half value of the measurement (0.02 °C/min), so that a good thermal stability is achieved in
measurements. The calibration is in temperature range from 50 °C to 250 °C. Since the
maximum operation of coin cells are 60 °C, no reaction should take place below 60 °C, so the
beginning of calibration is set as 50 °C.

3.2.3 High temperature oxide melt drop solution calorimetry

A Setaram Alexsys-1000 Tian-Calvet calorimeter was used to measure enthalpies of drop
solution in oxide melts. This high temperature oxide melt drop solution calorimetry is
constructed according to the specifications introduced by Navrotsky [74, 75]. The schematic
diagrams (Fig. 3.18 a), b), c)) demonstrate the internal structure of Alexsys-1000 calorimeter,
which consists of an isoperibolic twin calorimeter system (right and left identical measurement
cells) of Calvet-type. The blue part and red part in Fig. 3.18 a) represent isolator and heating
elements of the chamber, respectively. In order to heat the system equally, the furnace (red
part) is separated to three-zone heaters: upper, middle and lower heating elements. The
yellow part in the middle of calorimeter consists of three parts too, which are thermal block
cover, thermal block body and thermal block at bottom. The thermal blocks serve to stabilize
the measurement environment, where two thermopiles with 8 rings are set. The thermal
signals are detected by the thermopiles around the reference and measurement cells. Each
ring has 8 thermal couples connected in series in a star-like form as shown in Fig. 3.18 b).
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c) AlzOs3 plug

SiOz glass dropping tube for
sample introduction

Platinum tube for bubbling gas
introduction

Platinum crudible where solvent
is introduced

SiOz glass crucible

SiOz2glass liner

Inconel protection tube

Fig. 3.18: Alexsys-1000 calorimeter (a) internal view, (b) schematic diagram of one
thermopile with 8 rings, surrounding by 8 Pt-Pt13Rh-thermal couples (c)
enlargement diagram of calorimeter cell [76, 77].

As established in Fig. 3.18 c), the Al,Os plug isolates the solvent from the surrounding. The SiO>
glass dropping tube is used to introduce the samples from top of the calorimeter into the
solvent. The glass tube avoids the dissipation via thermal radiation. The yellow tube is
platinum tube inserting in solvent to introduce bubbling gas to stir the solvent, which helps to
dissolve the sample homogeneously during measurements.

In order to ensure the stability of the measured heat flow signal, the calorimeter is installed
carefully in a thermally-stable and no rapid airflow room. For this three-zone furnace, the set-
point temperatures are adjusted to keep a flat temperature profile, which has an average
temperature of 701 °C in the 10 cm length platinum crucibles in the calorimeter. The oxide
solution is prepared firstly by thoroughly mixing sodium molybdate dihydrate (Na;Mo00Q4:2H-0)
and molybdenum (1V) oxide with the amount so that the final molar ratio of Na,O and MoOs3
is 3:4. Then the mixture is melted at 700 °C in air for 5 h. Furthermore, the mixture is cooled
down in furnace and grounded into powder. Approximately 28 g of sodium molybdate powder
(3Na20-4Mo0:s) is used in platinum crucibles for each side of twin calorimeter [78]. The
chemicals are listed in Table 3.2 with purity and producers.

Table 3.2 Chemicals table of high temperature oxide melt drop calorimeter’s measurements.

. Chemical Initial mass
Raw material Source . .
formula fraction purity
Sodium molybdate dihydrate Na,MoOu-H,0 Merck KGaA >0.99
Molybdenum trioxide MoOs Merck KGaA >0.99
Sapphire spheres Al,0; Alfa Aesar 0.9999
Argon Ar Air Liquide 0.99999°

2 Purity expressed in mole fraction.

39



Moreover, before the high temperature drop solution measurements, both sides are calibrated
using sapphire spheres of approximately 7 mg with diameter of 1.5 mm (seeing Table 3.2). The
sapphire spheres are dropped from ambient temperature into the empty platinum crucibles
at 701 °C [78]. Argon atmosphere is adopted as flush gas in all measurements to maintain a
constant environment above the oxide solution. The enthalpy of drop solution of specimens
are measured on both sides, which is described in Chapter 4.

3.2.4 Simultaneous thermal analysis (STA)

Generally speaking, Simultaneous Thermal Analysis (STA) denotes a combination of differential
thermal analysis and thermogravimetric analysis. The heat fluxes and mass changes are
measured simultaneously by STA calorimeter. Fig. 3.19 shows the internal schematic view of
STA 449 F3 Jupiter (NETZSCH, Germany). The atmosphere in the oven can be controlled and
defined for various measurements, as shown in Fig. 3.19 b). The protective gas can be
introduced from yellow screw on the back side of STA, as shown in Fig. 3.19 a). The gas gets
out from the top of STA, which is the green part in Fig. 3.19 a). Under the same temperature
program, the temperature difference between the reference and sample is detected by
thermal couples, which are located in the bottom of the crucibles, shown in Fig. 3.19 b). DTA
signals are collected by the thermal couples. The heating elements are located around the
crucibles. Twin-crucibles system is built ideally symmetric, and the thermal radiation from
surrounding must be prevented by radiation shield, seeing Fig. 3.19 a) and b). Therefore, when
an endothermic or exothermic reaction takes place, the signals of heat fluxes which are
proportional to temperature differences, are plotted against time or temperature.

With help of thermogravimetric analysis, the mass changes of samples are measured by
balance in the bottom of system seeing Fig. 3.19 b). There are always gases involved in the
reactions, either gases releasing leading to a mass loss or a mass gain due to oxidation. At end,
a mass change curve can be obtained versus time or temperature by collecting the TGA signals.
In conclusion, STA calorimeter, combination of DTA and TGA, is a very effective and multi-
functional method to investigate phase transitions and reactions, especially when gases are
involved in reactions.

The specimens are heated from ambient temperature to 800 °C with heating rate 5 K/min, and
cooled down at same rate. Ar gas with purity of 99.9999 % was adopted as protection gas,
flowing rate 50 ml/min. The protective gas is introduced through the protective at bottom
behind and goes in arrows direction out from gas outlet on the top of STA, as described before.
In this work, a simultaneous TG-DTA apparatus was used to investigate thermal characters of
the delithiated specimens. The produced gases in the reaction were collected and analyzed by
a mass spectrometer (QMS 403C, NETZSCH Germany). Since the oxygen releasing from active
materials of positive electrode is essential to trigger thermal runaway, the released oxygen
was investigated by an extra sensor as oxygen detector (SGM 5T, Zitrox Sensoren und
Elektronik GmbH Germany) beside mass spectroscopy.
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Fig. 3.19: Schematic views of simultaneous thermal analyzer STA-449 F3 Jupiter: (a) the
internal sectional view, (b) combination of DTA and TGA simplified schematic

diagram.
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3.3 Evaluation of uncertainties

For a measurement, the objective is to determine the value of the measurands. In fact, the
measurement result is only an approximation or estimation of the true value. Here the true
value denotes the value with a quantity that is believed to satisfy fully the definition of the
measurand [79]. In order to complete the measurement results, the uncertainty of the
estimate must be given. The definition of uncertainty of measurement, according to literature
[79], is "parameter, associated with the result of a measurement, that characterizes the
dispersion of the values that could reasonably be attributed to the measurand". Uncertainty
of measurement is the sum of many evaluations in aspects of i.e. the statistical distribution of
the results of series of measurements or systematic effects. In order to evaluate the
uncertainty, two types "A" and "B", both based on probability distribution were proposed by
recommendation INC-1 (1980) of the Working Group on the Statement of Uncertainties [79].
Type A standard uncertainty is yielded from a probability density function derived from an
observed frequency distribution. Type B standard uncertainty is evaluated by an assumed
probability density function, which is based on the degree of belief that an event will occur
[79]. Following text, these two methods to evaluate standard uncertainty as well as the
methods adopted in this work for uncertainty determination of calorimetric studies (specific
heat measurement) are introduced.

3.3.1 Type A evaluation of standard uncertainty

In a measurement to determine a quantity X, the estimates x; from n independent
observations are obtained under the same conditions. Thus, the arithmetic mean or average
X; isyielded by:

(3.8)

The individual observation x; varies due to random effects, and the probability distribution
of X can be obtained via the experimental variance s? of the observation:

1 n
s? = — 1Z(xi —x)?
i=1

The best estimate of the variance is the mean value, hence, a Type A standard uncertainty

(3.9)

u(x;) equals to the experimental standard deviation of the mean s(X), which is given by:

3.10
s2(x;) ( )

n

s(x) =

Since the standard deviation has the same dimension as the quantity x, the standard
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deviation serves as the standard uncertainty in practice rather than the more fundamental
quantity s2(x). The more observations are done, the better estimate and lower uncertainty
would be achieved. In this work, the measurement were performed normally for three times,
thus, the Type B evaluation is more reliable based on a comparatively small number of
statistically independent observation [79].

3.3.2 Type B evaluation of standard uncertainty

The non-statistical Type B evaluation, also known as systematic uncertainty, is evaluated by
scientific judgment, based on all of available information except statistics. This includes
information from past experience of the measurement, from the behavior and properties of
relevant materials and instruments, from manufacturer's specifications, from calibration and
other certificates, and from handbooks or other published information [79]. In Section 3.3.3,
the evaluation method is introduced step by step with an evaluation of specific heat capacity
measurement by means of a Tian-Calvet C80 calorimeter.

3.3.3 Combined uncertainty example: an uncertainty evaluation for a specific heat
capacity measurement

The procedure to determine uncertainty of specific heat capacity results performed on a Tian-

Calvet C80 calorimeter, consists of four steps:

1. Consider all relevant physical quantities and based on their relationship develop the
function to calculate the specific heat capacity of the sample, commercial coin cells in this
work. Since the measurement consists of the empty(0), calibration sample (Ref), and
sample (S) measurements, capacity of sample’s function is given by [63]:

Dg(T) = Po(T) Mpe
Brer(T) — o (T)

Cp,S (M = Cp,Ref(T) (3.11)

® stands for heat flow rate, in equation heat flow rate of reference (®g.r), empty (D)
and sample (D). The main sources of uncertainty can be identified: masses of sample mg
and mass of calibration material Mpef, heat flow rates of all three measurements, and
the specific heat capacity of the calibration material cgp..

2. The uncertainty contributions u(x;) of the relevant physical quantities X; must be
identified, which are the uncertainty of analytical balance, the uncertainty of cg.r from
literature, and the uncertainties of heat flow rates measured by C80 calorimeter.

3. Calculation of the specific heat capacity of sample and the uncertainty propagation to

. . . ]
determine the standard uncertainty u;(cs) according to u;(cs) =§- u(x;) . For
I

uncorrelated quantities X;, the combined uncertainty is calculated by following equation
[79]:

(3.12)

N
0
ues) = | Gy ul)?
i=1
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4. After repetition of the measurement on other samples, the average value of specific heat
capacity as well as the corresponding uncertainty should be calculated.

(3.13)

u(cs,mean))z — (u(cs,l))z + (u(cs,z))z + (u(cs,3)
Cs,mean Cs,l Cs,2 Cs,3

( )?
In order to enlarge the range of confidence of the uncertainty, an expanded uncertainty U is
obtained by:

U = k- u(csmean) (3.14)
where k is a coverage factor. Most commonly, the overall uncertainty by the coverage factor

k=2 is used, which gives a level of confidence of 95 percent. For other measurements, the
uncertainties are evaluated according to the same process.
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4 Positive electrode material NMC synthesis and

chemical delithiation

4.1 Literature review

As introduced in Section 2.2, Fig. 2.4, the composition x= 0.4, 0.5, 0.6, 0.7, 0.8 for LiNixMngs-
«C00.20; are synthesized through sol-gel method in this work. There are different approaches
to synthesize LiNixMnosxC0020;. This literature review demonstrates sol-gel method, solid-
state reaction and co-precipitation method, which is summarized in Table 4.1. Table 4.1
establishes composition, first discharge capacity, capacity retention, particle sizes of end
products, synthesis approaches and raw materials.

The very first synthetic pathway was solid-state reaction. The raw materials (Table 4.1) were
mixed and calcinated. Mixing step takes about 48 h. With this method, the stoichiometry and
cation arrangement are extremely difficult to control, depending on temperature, residence
time and oxygen partial pressure [80]. Later, "soft chemistry" methods were developed, which
have the advantages of better stoichiometry control, end products with smaller particle size
and particle size in narrow distribution. In Caurant et al’s work [81], the synthesis of LiNixCo;-
«O2 materials for positive electrode were performed by the classical powder mixing ceramic
method and the soft chemistry route, which was based on hydroxides co-precipitation
followed by heat treatment. Similar electrochemical properties were achieved via both
methods, but soft chemistry method was improved by shortening the synthesis time. For the
samples with increasing Ni content, heat treatment had to be in strong oxidizing atmospheres
to maintain the oxidation states of Ni and lower temperatures to avoid the cation mixing.
Higher temperature will intensify the exchange of Li ions on 3a sites and Ni cations on 3b sites.
Moreover, at higher temperature ( 2800 °C ) the substantial micro-strain was formed due to
anisotropic volume variation in positive materials LiNig76Mno.14C00.1002 [82]. Sol-gel process is
another generally adopted method to prepare NMC active materials of positive electrode [83-
87]. The particle’s diameters of LiNiisMn1/3C01/30, (NMC111) were between 300 nm to 400
nm, smaller than the particles prepared by co-precipitation method, which were 1 um - 2 um
[83] (seeing the data in Table 4.1). NMC111 with smaller particle sizes demonstrated a higher
discharge capacity but poorer capacity retention [83]. The smaller particle sizes result in higher
surface area, which leads to shorter diffusion length but increasing side reactions. The
calcination process and heat-treatment temperature were found to affect the crystal structure
and particle formation. NMC111 active material of positive electrode were prepared via sol-
gel method followed by pre-calcination at 700 °C, 800 °C, 900 °C and 1000 °C, respectively for
24 h and subsequent heat-treatments at 1100 °C [88]. In their research, the crystallization of
NMC111 was developed better at higher temperatures, but the particle distribution was in a
wide range. At lower temperature calcination, the opposite phenomenon was found: not-well
crystallized but homogeneous distribution. The comparisons of NMCs’ prepared by different
methods were summarized in aspects of capacity retention and first discharge capacity and
particle’s size in Table 4.1. The sol-gel made NMC111 positive electrode material in Ref. [85]
shows the highest specific discharge capacity of 200.67 mAh/g and a high coulombic efficiency
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of 93 %. Another sol-gel made in Ref. [84] had a comparably high specific capacity of 198
mAh/g and a low capacity retention of 58 % after 10 cycles due to the partial reduction
reactions and Jahn-Teller distortion of Mn. The NMC622 active materials of positive electrode
prepared by solid state reaction show a relatively low specific capacity of 142 mAh/g [89],
while the sol-gel made and co-precipitation samples had a higher capacity of 158 mAh/g and
168 mAh/g, respectively [83].

Sol-gel method is a low cost, easy preparation method to obtain homogeneous and spherical
as well as faceted growth of well-defined shapes particles [83-84]. Therefore, sol-gel process
is utilized to prepare NMC with various transition metals (TM) composition, and the sintering
temperature is optimized for varying the stoichiometric proportions.

In this work, as in Fig. 2.4 established, LiNixMnosxC00.,0; active materials of positive electrode
were synthesized, where x varies from 0.4, 0.5, 0.6, 0.7 to 0.8. SEM, XRD and ICP-OES were
used to analyze the samples' morphology, crystalline structure and composition. The
electrochemical properties of sol-gel made and commercial NMC442 powders were
investigated by half cells.
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Table 4.1 Characteristics of NMC prepared by different synthetic pathways.

Composition of end synthetic Raw materials Particle’s Voltage 1st discharge capacity retention
product pathway Transition metal (TM) and Li source  diameter window capacity (%) at cycl. No.
Vv (mAh/g)
Liz.0sNi1sMny/3C01/30; Sol-gel Mn(CHsCO0),-4H-0, 300-400 2.5-4.3 168 87 (50 cycl.) [83]
Ni(CH3CO0),"4H,0, nm
Co(CH3C00),"4H,0,
Li(CHsCOO0),-2H,0
Liz.0sNi1;sMn1/3C01/30; Co- Mn(CH3COO0),"4H,0, 1-2 um 2.5-4.3 158 95 (50 cycl.) [83]
precipitation Ni(CH3COO),*4H,0,
Co(CH3C00)y'4H,0, LiOH/NH40OH
0.4|_iNio_375Mno_375C00_2502- SOl—gel Mn(CH3COO)24H20, NI(NO3)26H20, - 2.0-4.8 198 58 (10 cycl) [84]
0.6Li(Li1sMny/3)0; Co(NOs),"6H,0, Li(CH3C0O0),:2H,0
LiNiz;sMn1/3C01/30; Sol-gel Mn(CH3COO0),"4H,0, 200 nm 2.5-4.6 200.67 92 (8 cycl.) [85]
N'(CH3COO)24HZO, CO(N03)2'4H20,
Li(CHsCOO0);,-H,0
LiNi1sMn1/3C01/30; Sol-gel Mn(CH3CO0),"4H,0, 100-200 2.5-4.6 129.3 86 (200 cycl.) [86]
Ni(CH3CO0),-6H,0, nm
Co(CH3C00),'6H,0, CH3COOLiI
LiNi1sMn1/3C01/30; Sol-gel Mn(CH3CO0),"4H,0, 300-500 3-4.2 149 97 (10 cycl.) [87]
Ni(CH3CO0),"4H,0, pm
CO(CH3C00)2'4H20,
Li(CHsC0O0),-2H,0
Li1.2Nig.6Mng2C00.202+5 Solid-state MnO3, NiO, Cos0,, Li,CO3 - 3-4.4 170 97 (40 cycl.) [89]
reaction
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As described in Section 2.2, the delithiation process takes place on the positive electrode
during charging.

In this process, lithium cations are extracted from 3a positions (in space group R3m) and the
other atoms maintain their positions. In two dimensions, the lithium cations hop between
octahedral sites through an intermediate tetrahedral site. The activated tetrahedral sites share
the face formed by oxygen ions with the adjacent transition metal octahedron [90], as
schematically shown in Fig. 4.1.

Fig. 4.1: Schematic diagram of Li* movement’s path in electrochemical delithiation process [90].

Vice versa, during discharging, lithiation process occurs on the positive electrode. The state of
charge (SOC), which indicates the degree of delithiation on the positive electrode, represents
the percentage of the stored energy in the battery. The thermal stability of LiBs is significantly
affected by SOCs [91-92]. Moreover, the oxygen produced from phase transition of delithiated
active materials in positive electrode plays an important role in thermal runaway events. In
the year of 1994, Dahn et al. proposed a typical reaction of delithiated layered LixCoO; ( x<1)
[32] at high temperatures:

1—x 1—x
Co30,4 + xLiCo0, + 0, (4.1)

Li,,CoO, —

This reaction was optimized with more detailed investigations by Sharifi-As| et al. [93]. They
proposed that the decomposition of delithiated layered LixCoO, is expressed by the following
reactions:

>100°C
Li, CoO, (layered) —— aLi, CoO, (layered) + (1 — a)Li, Co3_, 0, (spinel) + €0,
>250°C
—— bLi, Co0,(layered) + cLi,Co3_,04(spinel)
+ (1 —b — ¢)Li,Co;_,0 (rock — salt) + 60, (4.2)

The parameters a, b, c in equation 4.2, indicate phase formation taking place partially. The
phases can be co-existing. Values of € and § are affected by the surface fraction and the
morphology [93].

Bak et al. [94] utilized the synchrotron X-ray diffraction and mass spectroscopy to scrutinize
the phase transitions of charged NMC positive electrode with a series of compositions, as
demonstrated in Fig. 4.2. When heating up to 600 °C, the phase transition took place
accompanied by oxygen release. As Fig. 4.2 shows, onset temperature and the amount of
oxygen production were impacted by the nickel content considerably, and higher Ni content in
NMC active materials show worse thermal stability with lower onset temperature of phase
transition and larger amount of O; released. The NMC532 composition positive electrode
material might be the optimized composition in terms of thermal stability and electric capacity.
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Fig. 4.2: Above: during measurement, the pressure of oxygen was measured and analyzed by
mass spectroscopy; below: the phase transition temperatures were defined by in
situ time-resolved X-ray diffraction (TR-XRD) measurements [94].

Delithiation methods

Beside electrochemical delithiation, chemical delithiation is another method to extract Li from
active materials in positive electrode. After electrochemical delithiation, the dissembled
positive electrode is mixed with carbon black and binder, which cannot be separated or
washed from active material, e.g. NMC. In this work, the electrochemical delithiated positive
electrode is unfortunately not ideal for further investigations, such as STA and DSC. Thus, we
attempted to obtain the delithiated positive electrode active material (NMC442) via chemical
delithiation. Besides pure delithiated active material can be obtained, another benefit of
chemical delithiation is that larger amount of delithiated specimens can be achieved by
chemical delithiation than electrochemical delithiation. The delithiated specimens would be
investigated by using simultaneous TG-DTA apparatus (STA) and high temperature oxide melt
drop solution calorimeter (Alexsys-1000), respectively.

In general, there are two approaches to preparing delithiated specimens via chemical methods:
one utilizes acids via ion exchange reactions and the other utilizes redox reagents via redox
reactions. In the former approach, undesired hydrogen ions could be introduced into the
specimens. In the latter method, a number of candidates could serve as oxidizing reagent, both
organic and inorganic reagents [95-97]. In the present work, (NH4);S,0s was adopted as
oxidizing reagent [95]. Initially, the chemical delithiation on NMC is assumed to be similar to
LCO, in which only Li was extracted. But for NMC samples in this work, the transition metals in
NMC samples were dissolved in oxidizing reagent meanwhile. The redox reaction of chemical
delithiation on LCO is supposed to be as follows [97]:
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2LiC00, + (1 — x)(NH,),S,0¢
- 2Li,C00, + (1 — x)(NH,),S0, + (1 — x)Li, SO,

4.2 Synthesis of LiNixMno.gxC00.202

(4.3)

4.2.1 Synthesis of LiNixMng_s.xC00.202 (x=0.4, 0.5, 0.6, 0.7, 0.8)

LiNixMno s.xC00.20 series samples were synthesized via sol-gel process in following manner.
Firstly, stoichiometric amounts of lithium acetate di-hydrate, nickel acetate tetrahydrate,
manganese acetate tetrahydrate and cobalt acetate tetrahydrate, adipic acid powders were
dissolved in distilled water. Since adipic acid powder was relatively difficult to dissolve,
deionized water had to be heated to 40 °C in advance. As Li tends to be lost significantly during
synthesis [98], the amount of raw material was designed to be 3 at.% extra Li to compensate
the loss. After proper mixing the solution, the pH value was adjusted to 7.0 with ammonium
hydroxide. The solution was stirred and heated to 80 °C until gel formation. Gel was dried in
vacuum condition at 120 °C for 12 h. Afterwards, the sample was grounded and pre-calcined
at 450 °C, heating from room temperature at 2 K/min. The residential time was 3 hours,
samples cooling in furnace. Before and after calcination the powder was grinded. The sintering
process was performed at 800 °Cto 900 °Cfor 12 h in air, and then the samples were quenched
to ambient temperature. The origin and purity of the chemicals are listed in following Table
4.2.

Table 4.2 Chemicals of NMC synthesis via sol-gel method in this work.

Raw material Chemical formula Source In|t|a‘l mass .
fraction purity
Lithium acetate di-hydrate  Li(CH3COO),-2H,0 Alfa Aesar >0.999
M Il
anganese (ll) acetate Mn(CHsCO0),-4H,0  Merck KGaA >0.99
tetrahydrate
Nickel acetate . . .

. - >
tetrahydrate Ni(CHsC00),4H,0  Sigma-Aldrich =0.99
Cobalt acetate Co(CHCO0),4H,0  Merck KGaA >0.99
tetrahydrate
Adipic acid CeH1004 g:gk Schuchardt >0.99

|CP-OES, SEM and XRD measurements

The electrochemical characterization of sol-gel made and commercial NMC442 powders were
examined in a CR2032 type coin cell with Li metal negative electrode. The positive electrode
and a lithium metal negative electrode (99.9 %, Sigma Aldrich, Germany) separated by glass
separator (GF/A filtration, diameter: 15 mm, thickness: 260 um, Whatman, Great Britain) were
assembled in glovebox (MBraun, Germany, O, < 0.1 ppm, H,0 < 0.1 ppm). The electrolyte was
1 M LiPFg in 1:1 (by weight) ethylene carbonate (EC)/ dimethyl carbonate (DMC) (LP30, BASF,
Germany). The slurry of sol-gel made positive electrode consisted of mass ratio 70 % NMC442
powders, 20 % carbon black and 10 % polyvinylidene fluoride (PVDF) on aluminum foil. While,
mass ratio of active material versus carbon black versus PVDF was 85:7.5:7.5 for the
commercial NMC442 powders. In comparison with commercial coin cells, the mass ratio of sol-
gel made NMC materials is lower because of the no coating or doping applied in sol-gel sample
and to achieve functional coin cells more conductive agent and binder were needed. The
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powders were dissolved in the solution of N-methyl-pyrrolidinone (NMP). The mixture was
stirred overnight. With help of a coating machine (Coatmaster 509 MC, Erichsen, Germany),
the slurry was homogeneously coated on Al foil. Firstly, the vacuum pump of coating machine
was turned on so that Al foil fixed on the platform. Then the slurry was placed in the middle
of it. After adjusting the coater with thickness of 150 um, the coating was done by pushing the
coater forward on the Al foil. The electrode sheet was dried in vacuum oven at 120 °C for 24
h. The positive electrode sheet was cut into round form with diameter of 13 mm. One piece
of lithium metal with diameter of 13 mm was punched on a steel disc. After placing separator
on negative electrode, 45 pL electrolyte was added by a pipette. The cells were cycled with a
current of 34 YA in voltage window of 3 V - 4.3 V using an Arbin battery testing system.

Influence of sintering temperature on NMC synthesis

As mentioned before, after pre-calcination of the samples at 450 °C, all compositions were
calcinated at 800 °C. SEM images show in Fig. 4.3, with increasing Ni content, the samples were
better crystallized and the particles grew larger. This phenomenon is also confirmed by the
observation in XRD measurements (Fig. 4.4).

Fig. 4.3: SEM images of specimens sintering at 800 °C: a) NMC442 b) NMC532 c) NMC622 d)
NMC712 e) NMC802.
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In Fig. 4.4, the black curve for NMC442 material shows an unfully developed structure, (018)
and (110) reflexions merging to one. So do the red pattern of NMC532 sample and the blue
pattern of NMC622 sample. The pink pattern of NMC712 sample and green pattern of NMC802
sample show well developed R3m layered structures. The high intensity and sharp reflexions
in XRD pattern of NMC802 sample imply that calcination temperature 800 °C is very suitable
for NMC802 materials. The calcination temperatures have to be optimized especially with low
Ni content. For nickel-rich samples, the temperature is lower to prevent lithium deficiency and
cation mixing [82].
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Fig. 4.4: XRD patterns of NMC specimens calcination at 800 °C with increasing Ni content
NMC442 to NMC802.

Since the crystallization degree decreases with lower Ni content in NMC materials for
calcination at 800 °C, the calcination temperatures are raised for lower Ni content NMC
materials. The selected calcination temperatures are 900 °C for NMC442 sample, 875 °C for
NMC532 sample, 850 °C for NMC622 sample, 825 °C for NMC712 sample and 800 °C for
NMC802 sample, respectively. Similar synthesis processes are performed for all compositions.
The XRD results in Fig. 4.5 establish obvious improvements in aspect of crystallization for all
samples. The reflections (006)/(012) and (018)/(110) are splitting clearly for all compositions
NMC442, NMC532, NMC622 and NMC712, which suggests a better crystallized structure. The
reflexions of all optimized samples have higher intensity and sharp form, which also implies
that calcination step is improved. When the ratio of the reflection (003)/(104) is lower than
1.2, it indicates the undesirable Li (3a site)-Ni (3c site) cation mixing. That indicates a high
structural deviation from hexagonal towards cubic symmetry [99]. For NMC442 sample,
NMC532 sample and NMC622 sample, the ratio of the reflection (003)/(104) enhances, which
indicates a better layered ordering with less inter-layer mixing. NMC712 material presents
more inter-layer mixing at 825 °C than at 800 °C. Ni occupying Li position might be due to Li
loss, which is found by ICP-OES in Fig. 4.7 b).
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Fig. 4.5: XRD patterns of specimens after calcination at 800 °C and optimized calcination a)

NMC442 samples at 900 °C and 800 °C, b) NMC532 samples at 875 °C and 800 °C, c)
NMC622 samples at 850 °C and 800 °C, d) NMC712 samples at 825 °C and 800 °C.

Rietveld refinement was carried out to analyze the XRD patterns in Fig. 4.5, and the lattice
parameters are listed in Table 4.3 and visualized in Fig. 4.6. The lattice parameter c decreases
significantly with the decline of Mn content and the rise of Ni content. As Fig. 2.3 shows, TM
layers and O layers are alternatively placed in the NMC's structure, and lattice parameter c is
determined by layer distance. As Mn* content declining, Ni ions must have higher oxidation
state 3+ to maintain the electroneutrality. Increasing amount of Ni** ions from NMC442 to
NMC802, results in the decrease of TM/O layers’ distance (decline of lattice parameter c) due
to a smaller diameter of Ni** ions (0.56 A) than Ni** ion (0.69 A). The lattice parameters a of all

compositions are similar and after optimization there is no big change.

Table 4.3 Lattice parameters of sol-gel made NMC materials with various compositions.

Lattice o o o Unit volume
parameter a(A) b (A ¢ (A%

NMC442 800 °C  2.8777(0) 14.2672(3) 0.2017(0) 102.32199(8)
NMC442 900 °C  2.8774(3) 14.2762(3) 0.2015(5) 102.3654(3)
NMC532 800 °C  2.8761(7) 14.2482(5) 0.2018(6) 102.0754(6)
NMC532 875 °C  2.8774(4) 14.2539(1) 0.2018(7) 102.2058(9)
NMC622 800 °C  2.8743(0) 14.2108(0) 0.2022(6) 101.6745(3)
NMC622 850 °C  2.8767(8) 14.2371(4) 0.2020(6) 102.0392(0)
NMC712 800 °C  2.8741(8) 14.1870(3) 0.2025(9) 101.4959(8)
NMC712 825 °C  2.8764(8) 14.2243(5) 0.2022(2) 101.9259(4)
NMC802 800 °C  2.8690(1) 14.1782(1) 0.2023(5) 101.0685(9)
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Fig. 4.6: Rietveld refinement results of specimens after calcination at 800 °C and optimized
calcination a) lattice parameter a, b) lattice parameter c, c) crystal unit volume.

Fig. 4.7 a) shows the composition of samples after pre-calcination at 450 °C. The ICP-OES
results reveal that the composition of samples after pre-calcination maintain the
stoichiometric proportion well. Fig. 4.7 b), c), d) and e) establish the ICP-OES results, which are
listed in Table 4.4. Table 4.4 lists Li content and transition metals’ (TM) contents in the samples.
The Li content is calculated with assumption of composition of TM=1 in the samples. In Fig.
4.7 a) and Table 4.4 shown, Li content after calcination decreases especially in Ni-rich samples,
because Li is prone to form Li,CO3; and LiOH on particle’s surface. Lithium deficiency is found
to be more severely with nickel content, which can be improved by increasing the oxygen flow
in the oven [81]. The Ni/Mn/Co contents in Fig. 4.7 c), d) and e) and Table 4.4 are in good
agreement with the initial composition. In conclusion, the optimization on calcination
temperature improves the crystalline growth of NMC442 samples, NMC532 samples and
NMC622 and NMC712 samples. However, NMC712 samples represent more Li loss when
calcination at 825 °C than at 800 °C, which may need more excess of Li.
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Fig. 4.7: Li and TM contents measured by ICP-OES of specimens: a) Nominal stoichiometry of
samples after pre-calcination at 450 °C. Samples of various compositions after
calcination at 800 °C and optimized calcination: b) Li contents, c) Ni contents, d) Mn

contents, e) Co contents.
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Table 4.4 Nominal stoichiometry of NMC materials with various compositions.

Nominal Li content Ni content Mn content Co content
stoichiometry

(sum TM=1)

NMC442 800 °C 1.03 0.40 0.40 0.20
NMC442 900 °C 1.00 0.40 0.40 0.20
NMC532 800 °C 1.04 0.50 0.30 0.20
NMC532 875 °C 0.98 0.50 0.30 0.20
NMC622 800 °C 1.03 0.60 0.20 0.20
NMC622 850 °C  0.98 0.60 0.20 0.20
NMC712800°C 1.01 0.70 0.10 0.20
NMC712825°C 0.92 0.70 0.10 0.20
NMC802 800 °C  0.96 0.80 0 0.20

4.2.2 Comparison with commercial LiNig.sMno.4C00.202 (NMC442)

In regard of composition, crystal structure and electrochemical performance, the sol-gel made
NMC442 powders are compared with commercial NMC442 (MTI, USA) material.

Composition and crystal structure

In Fig. 4.8, XRD patterns of both commercial and sol-gel made NMC442 samples demonstrate
a well-developed a-NaFeO, type structure with the space group R3m. The ratio of reflection
(003)/(104) of commercial sample is higher than sol-gel made sample, indicating less cation
mixing of Li and Ni [99-100]. The lattice parameters are obtained by Rietveld refinement, listed
in Table 4.5, which are considerably similar. The chemical analysis results were used to
calculate molar ratio in solid specimens. Li content is shown as a ratio of Li atoms/ the sum of
TM atoms. The Ni, Mn, Co molar ratios are also calculated and listed in Table 4.5. 11 at.%
exceeding Li is found in commercial sample, while only 2 at.% exceeding Li in sol-gel made
samples. Co content of commercial NMC442 sample, however, is slightly lower than sol-gel
made materials.

25000 | (503 —— commercial NMC442
5 20000 -
S 104
15000 (104)
‘G 10000 - (101)
s 1 (006) (015) (018) (110)
£ 5000 lf(om) (107) 1\ f113)
0 | A A M_A A

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

25000 - | (003) (104) —— sol-gel made NMC442
'S 20000 -
5
> 15000
@ 10000 - (018)(110)
g 5000 (015)  (107) (113)
0 st

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2-Theta

Fig. 4.8: XRD pattern of commercial NMC442 and sol-gel made NMC442.
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Table 4.5 The lattice parameters and analytical compositions of commercial and sol-gel made
NMC442 active materials of positive electrode.

Lattice parameter Commercial NMC442 Sol-gel made NMC442

a (A) 2.8701(1) 2.8774(3)

c (A) 14.2495(7) 14.2762(3)

volume (A3) 101.6553(0) 102.3654(3)

Chemical analysis results

Li wt.% 7.68+0.27 7.2410.25

Ni wt.% 24.4+0.6 23.8+0.6

Mn wt.% 22.5£0.6 22.610.6

Co wt.% 10.1+0.3 12.1+0.3
Molar ratio in solid specimens

Li/sum TM 1.11 1.02

Ni/sum TM 0.42 0.40

Mn/sum TM 0.41 0.40

Co/sum TM 0.17 0.20

Electrochemical performance

As described before, CR2023 coin cells were built to test the electrochemical performance of
both NMC442 positive electrode materials. 3 cells for each sample were cycled between 3.0V
-4.3V at 36 pA (0.05 C) for 5 cycles. The average specific discharge capacities are 161 mAh/g
and 154 mAh/g for commercial and sol-gel made NMC442, materials, respectively (Fig. 4.9),
the commercial cells show larger capacities. In Fig. 4.9 a), voltages of coin cells are plotted
against specific capacity for charging and discharging. The sol-gel cell has lower specific
capacity in both charge and discharge processes. The black curves represent charging and
discharging curves of commercial NMC442 positive electrode materials, and red curves for sol-
gel made materials. The comparison of 3 coin cells is shown in Fig. 4.9 b). All commercial cells
(black points) show slightly higher capacity than sol-gel made cells (red points).
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Fig. 4.9: Electrochemical tests on commercial and sol-gel made NMC442: a) Typical charge-
discharge characteristics of commercial and sol-gel made NMC442, b) Cycle
performance of commercial and sol-gel made NMC442 at 0.05 C.

The three coin cells with commercial NMC442 positive electrode materials were continuously
cycled at various C-rates (0.05 C, 0.1 C,0.2 C, 0.5 Cand 1 C), and the cycle retentions are shown
in Fig. 4.10. Cell 1 (black points) and cell 3 (red points) failed at 51 st and 38 th cycling
respectively, and the coulombic efficiency of the last cycle was 83.7 % which dropped from
98.5 %, the coulombic efficiency of one cycle before. Comparing the specific discharge capacity
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in last cycling with first cycling, the retention were 82 %, 96 % and 91 % for cell 1, cell 2 (blue
points) and cell 3 respectively.

180
0.05C 0.1C
mmN OZC 010
160 :=l=!::::==::lul| 0.5C 1C .“.0._.2.C“::
B 140 - T L e
D 140 4 1] et ]
.C
( | |
£ 120+
=
‘G 100
(4y]
% 4
O 80 4
a) B
o
o 60
i -
8 .
° 40—- = celll
07 - cell2
' . cell3
0o+
0 10 20 30 20 o -

Cycle number

Fig. 4.10: Cycle retention of coin cells with commercial NMC442 positive electrode material
at various C-rates.

As chemical delithiation on NMC samples demands a large amount of powder in order to
produce adequate delithiated samples to investigate the thermal properties etc., the
commercial NMC442 materials were used in the following experiments.

4.3 Chemical delithiation of NMC442 positive electrode materials

In order to investigate the thermal stabilities of delithiated LiNip4Mng4C0020,, chemical
delithiation was performed on sol-gel made and commercial NMC442 powders. The
compositions of delithiated samples were determined by ICP-OES, and the crystal structure
was investigated by XRD. Based on these results, some samples were selected, whose
composition doesn’t deviate from atomic ratio Ni: Mn: Co of 4:4:2 (nominal deviation < 2 at.%)
and the crystal structure maintains a-NaFeO, type structure. The formation enthalpy and
phase transition of selected samples were measured by Alexsys 1000 and Simultaneous
Thermal Analysis (STA), respectively.

4.3.1 Chemical delithiation process and characterization
Chemical delithiation process

The origin and purity of commercial Li1.11Nio.42Mno.41C00.1702, (NMC442) and the oxidizing
reagent are listed in Table 4.6.
The oxidizing reagent was prepared by dissolving (NH4)2S,0s powders in distilled water, with a
density of 0.5 mol/L. The commercial NMC442 positive electrode materials were chemically
delithiated by immersing the powders into oxidizing reagent with various amounts for selected
reaction times [95]. The reaction times were setas4 h, 16 h, 24 h, 48 h, 72 h, and 96 h.
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Table 4.6 Chemical specification: commercial NMC442 positive electrode materials and
oxidizing reagent (NH),S:0s.

Raw material Chemical formula Source Initial mass
fraction purity

Lithium nickel

. Li1.11Ni0.42Mn0.41C00.170: MTI 0.9776
manganese cobalt oxide

Ammoniumpersulfat (NH4)2S,0s Alfa Aesar 0.98

1 g specimens were immersed into 250 mL and 500 mL oxidizing reagent, which are termed as
one- and double-portion delithiation, respectively. After the redox reactions, the products
were filtered from oxidizing reagent, and then washed 3 times with distilled water, and at the
end, dried in a vacuum oven at 120 °C for 24 h. By changing the reaction time, different degrees
of delithiation were achieved. In addition, in order to quantify the influence of water on the
delithiation process, the same delithiation experiments were performed by using water
instead of oxidizing reagent as the solvent, where the amount of Li concentration in the water
was measured.

The compositions of the delithiated specimens as well as the oxidizing reagent filtrate were
quantitatively determined by ICP-OES measurements. Thermal characters of selected
delithiated specimens were investigated by simultaneous thermal analysis (STA) and the
Alexsys 1000 calorimeter. Since the oxygen release from positive electrode materials is
essential in phase transitions, a high oxygen-sensitive sensor technique was employed instead
of mass spectroscopy.

Characterization methods

ICP-OES analysis

For solid specimen, the analytic solution was prepared as follows. Approximately 5 mg solid
specimen was dissolved in 6 mL hydrochloric acid, 2 mL nitric acid at 80 °C for four hours. To
measure the contents of transition metal elements (Ni, Co and Mn) and lithium, the chemical
digestion solution was diluted and thereafter an internal standard solution was added. For
each element analysis, a calibration curve was adopted, which was determined by four
selected concentrations. The calibration was done within one decade.

Two to three wavelengths of each element have been used for the analysis of the composition.
In this work, the components of the oxidizing reagents' filtrate were also measured by ICP-OES.
The oxidizing reagents were firstly acidified with HCl and then the measurement for Li and
transition metal elements took place analogously to the solid specimens.

XRD analysis

The measurements were made in the 26 angle range of 10 ° - 110 °, with a step size increment
of 0.02, and the data was collected in every 6 s. Rietveld profile refinements were carried out
using the software Maud and Jade.

Simultaneous thermal analysis and oxygen release study

The phase transition of the specimens was studied by using a combination of simultaneous
thermal analysis (STA, NETZSCH, Germany), mass spectroscopy, and oxygen detector (SGM 5T,
Zitrox Sensoren und Elektronik GmbH Germany). Ar gas (purity 99.9999 %) with a flow rate of
50 mL/min was adopted as protective gas. The produced gases and Ar were collected and
investigated by a mass spectrometer (QMS 403C NETZSCH, Germany) and an oxygen detector
(SGM 5T, Zirox Sensoren und Elektronik GmbH, Germany). The specimens were heated up to
800 °C with 5 K/min. The masses of the selected specimens LiyNMC442 with Li content x=1.11,
x=0.76, and x=0.48 were 58.62 mg, 56.90 mg, and 59.59 mg (+0.005 mg), respectively.
Alexsys-1000 calorimeter measurement

As described in Section 2.5, the measurements for the enthalpies of drop solution of lithiated
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and delithiated specimens were performed by Alexsys-1000 calorimeter. 5 mg - 8 mg powder
specimen was pressed into pellet with a diameter of 3 mm. The mass of the specimen was
carefully controlled to ensure the heat effects in the range of 5J - 10 J, where one drop took
approximately 45 minutes. Between drops it would take about 1.5 hours for the stabilization
of the baseline [78]. The specimens were dropped right and left alternately from the ambient
temperature to 701 °C. At meantime, Ar gas was introduced as a flushing gas to maintain a
constant atmosphere with a flow rate of 40 mL/min. Moreover, Ar gas was also used to stir the
solution and to prevent the local solvent saturation by bubbling into the solution with a flow
rate of 5 mL/min.

4.3.2 Results and discussion
ICP-QES analysis

The following Table 4.7 tabulates the results of the ICP-OES measurements for one portion
delithiated NMC materials, where TM stands for transition metals. The metals’ contents and
measured compositions of samples with selected reaction times are listed, and plotted in Fig.
4.11. Since molar ratios can indicate Li loss as well as TM loss clearly, Li content was calculated
with assumption of atomic sum of transition metals (TM=1).

Table 4.7 Analytical composition of LixNi,Mn.,CosO, delithiated by one-portion oxidizing
reagent, and measured composition was nominalized by the assumption sum of
transition metals equaling to 1 (sum TM=1).

Reaction Molar ratio in solid specimens Nominal stoichiometry
time

[h] Li/sum TM Mn/Co Mn/Ni Co/Ni

0 1.11 2.35 0.96 0.41 Li1.11Ni0.42Mn0.41C00.1702.08
4 1.01 2.36 0.91 0.41 Li1.00Nig42M no_4oC00.17on
16 0.88 2.35 0.96 0.41 Lio.ssNi0.42Mno.41C00.170
24 0.87 2.40 0.99 0.41 Lio.s7Ni0.42Mno.41C00.170
48 0.83 2.51 1.06 0.42 Lio.s3Nio.aoM no_43COo,170n
72 0.76 2.60 1.11 0.43 Lio.76Nio.3sM no_44COo,170n
96 0.74 2.57 1.09 0.43 Lio.7aNig.a0M no_43COo,170n

In Fig. 4.11 a), the Li/TM ratios in samples with different reacting times are plotted. With
further delithiation, a decrease of Li ions in NMC442 sample is clearly observed. The
delithiation in first 4 h is most effective, about 10 at.% Li extracted. For 16 h delithiation, about
23 at.% Li is extracted from NMC442. However, in long term delithiation from 24 h to 96 h, the
delithiated amount rises relatively slow. Li content in 96 h sample is 0.74, extracting 35 at.% Li.
In Table 4.7 the molar ratios between TM elements were shown: Mn/Co, Mn/Ni and Co/Ni
ratios of samples with different reacting times. The molar ratios of TM can help to compare
the losses of Mn, Ni and Co with initial composition. The initial ratios of Mn/Co Mn/Ni and
Co/Ni are 2.35, 0.96 and 0.41. The molar ratios of Mn/Co, Mn/Ni and Co/Ni maintain the same
as initial ratios in 4 h and 16 h samples. However, in 24 h, 48 h, 72 h, and 96 h samples, TM
ratios derive, especially Mn/Co and Mn/Ni shifting to higher values. That implies Mn ions were
dissolved less than Ni and Co ions. Therefore, there are higher Mn contents in the samples for
24 h, 48 h, 72 h and 96 h, than initial composition.
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Fig. 4.11: Delithiated specimen by one-portion oxidizing reagent a) molar ratio of
Li/summation of transition metals versus delithiation time. b) Molar ratio of Mn/Co,
Mn/Ni and Co/Ni versus delithiation time.

As can be seen in Fig. 4.11, with the delithiation time rising from 4 h, 12 h, 24 h, 48 h, 72 h to
96 h, the amount of Li ions extraction soars. Moreover, the chemical delithiation also affects
the content of transition metals in the samples, as depicted in Fig. 4.11 b). The molar ratios of
Mn/Co are presented by black points, Mn/Ni red points and Co/Ni blue points. The molar ratios
of the transition metals indicate the loss of transition metal elements in samples. For instance
the 96 h sample, Mn/Co (black points) and Mn/Ni (red points) increase from 2.35 to 2.57, and
from 0.96 to 1.09, respectively. In long chemical delithiation, TM is prone to dissolve. There is
no clear relationship between TM dissolving and chemical delithiation. The 72 h sample has
the largest deviation from initial ratios of Mn/Co (black points) and Mn/Ni (red points), and
molar percentage of Mn in 72 h samples is the largest among all delithiated samples. As Co/Ni
(blue points) ratios remain the initial ratio between 0.41 - 0.43 over delithiation time, it
suggests that both Ni and Co ions are dissolved in solvent in similar amount. The molar ratio
of Ni:Mn:Co deviates from initial ratio, especially in long term delithiation.

In water dissolvent, only 0.001 at.% Li ions were found, and transition metals were dissolved
even far less than Li ions. This observation indicates that commercial NMC442 positive
electrode materials were not dissolved in water. Table 4.8 demonstrates the molar ratios of
the composition for the selected delithiation times. Besides Li, the transition metal elements
Ni, Co and Mn were also found in the oxidizing reagent filtrate. This phenomenon was reported
in Ref. [101] as well. In their research, Li element was chemically extracted from LiCoO; by
various oxidizing reagents Cl, Brs, |; and acid treatment, and the specimen was found to be
dissolved during chlorine oxidation. By using (NH4),S,0s solvent as oxidizing reagent in this
work, the dissolving of not only Li ions but also transition metal ions occurred during chemical
delithiation. Three Li cations at 3a positions were extracted accompanied by one transition
metal cation dissolving from 3b positions, since molar ratios of Li/sum TM are about 3 in all
three samples. In Table 4.8, molar ratios of Mn/Co and Mn/Ni for 4 h filtrate are 2.45 and 1.00,
respectively which are larger than initial 2.35 and 0.96, indicating Mn dissolving more than Ni
and Co in first 4 h. With longer reaction time, the dissolving amounts are Ni>Co>Mn for long
term delithiation, and the comparison is based on the deviation from initial ratios. The small
amount of Mn dissolved in the oxidizing reagents can be due to the MnO, formation, which
could be too small amount to be defined by XRD analysis.

The oxygen contents in selected samples are measured. As Table 4.7 for one-portion
delithiation, Table 4.9 demonstrates the molar ratios of Li and TM elements, as well as
measured compositions of samples delithiated with double-portion oxidizing reagent.
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Table 4.8 Analytical composition of the oxidizing reagent filtrate.

Reaction Molar ratio in solid specimens

[h] Li/sum TM Mn/Co Mn/Ni Co/Ni
4 2.90 2.45 1.00 0.41
16 2.87 2.40 0.97 0.40
48 3.06 1.94 0.74 0.38

Table 4.9 Analytical composition of LixNiyMn,Cos0, delithiated by double-portion oxidizing
reagent, measured composition with assumption sum of transition metals equaling
to 1 (sum TM=1).

Reaction Molar ratio in solid specimens Measured composition
time

[h] Li/sumTM Mn/Co Mn/Ni Co/Ni

0 1.11 2.35 0.96 0.41 Li1.11Ni0.42Mn0.41C00.1702.08
4 0.90 2.32 0.94 0.41 Lio.ooNi0.42Mno.41C00.170
16 0.80 2.55 1.06 0.42 Lio.soNio.aoM no_43COo,170q
24 0.72 2.54 1.07 0.42 Lio.72Nio.2oM no_43COo,170q
48 0.61 2.76 1.20 0.43 Lio.61Nio.3sM no_45COo,1soq
72 0.60 2.50 1.04 0.42 Lio.eoNio.a1M no_42COo,170q
96 0.48 2.83 1.23 0.43 Lio.agNio.3sM no_45COo,1soq

Comparing with one-portion delithiation, more Li ions are extracted for same reaction time,
seeing Fig. 4.12 a). Comparing between Li content’s curves in Fig. 4.11 a) and Fig. 4.12 a), the
shapes are similar. For first two experiments 4 h and 16 h delithiation, Li ions were extracted
in amounts of 10 at.% and 21 at.%. The delithiation process slows down from 24 h delithiation
till 96 h delithiation. As mentioned before, the initial ratios of Mn/Co, Mn/Ni and Co/Ni are
2.35, 0.96 and 0.41. With more Li extracted from NMC materials, transition metals are
dissolved more severely. The samples of 48 h and 96 h have molar ratios Mn/Co (black points
in Fig. 4.12 b)) of 2.76 and 2.83. The ratios of Mn/Ni are 1.20 for 48 h and 1.23 for 96 h,
deviating from initial value 0.96 mostly. For 48 h and 96 h delithiation, Mn ions were dissolved
much less than Ni and Co. In summary, the relative dissolving amounts are Co>Ni>Mn for long
term delithiation, and comparison is based on the deviation from initial ratios.
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Fig. 4. 12: Delithiated specimen by double-portion oxidizing reagent. a) Molar ratios of
Li/summation of transition metals versus delithiation time. b) Molar ratios of
Mn/Co, Mn/Ni and Co/Ni varying with delithiation time.
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Fig. 4.12 b) visualizes the values of molar ratios, and ratios of Mn/Co and Mn/Ni (black and red
points) are mostly larger than initial ratio’s values. That suggests Mn element dissolving less
than Ni and Co, same as one-portion experiments. Only for 4 h delithiation, Mn is dissolved
more than Ni and Co, which is observed in Fig. 4.11 b) as well as Mn concentration in filtrate
in Table 4.8. For double-portion delithiation, the ratios of Co/Ni are similar to one-portion,
relatively stable in between of 0.41 to 0.43.

XRD analysis

One-portion delithiated specimen

The XRD patterns of commercial samples, which are chemically delithiated for the selected
times, are shown in Fig. 4.13 and Fig. 4.14. The structure was refined in a hexagonal lattice of
a-NaFeO; type structure with the space group R3m (No. 166). Li, the transition metal ions (Ni,
Mn, Co), and O are located at Wyckoff positions 3a, 3b and 6c, respectively. The XRD patterns
in Fig. 4.13 show that the chemical delithiated NMC remains the layered structure. Oxygen
anions at 3c positions might be lost during chemical delithiation as well, engendering oxygen
vacancies. The black curves in Fig. 4.13 are XRD patterns, and red curves are plotted according
to Rietveld refinement. The lattice parameters of delithiated samples are plotted in Fig. 4.15.
The intensity ratio of (003)/(104) in Fig. 4.13 d) indicates a layered mixing (about 1 at.%)
between 3a and 3b sites. loo3)/l(104) is considered as a sensitive parameter to determine the
cationic distribution [99]. When Li ions were chemically extracted from the NMC powder, a
change in the oxidation state of the transition metals took place.
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delithiated commercial NMC442 materials by one-portion oxidizing reagent (black
curve: measured, red curve: refined): a) pristine material; delithiated samples: b) 4

h,c) 16 h, d) 24 h, e) 48 h, f) 72 h, g) 96 h.

Enlargement specimens' XRD patterns of the reflection (003) are exhibited in Fig. 4.14 a). As
the chemical delithiation proceeds with time, the reflection (003) shifts towards lower 26
angles. The shifting of (003) is related to the increase in chex, caused by the repulsion between
the oxygen layers. In addition, the increasing FWHM of (003) suggests a decline in the particle
size. In Fig. 4.14 b), with further delithiation, the splitting of the (018) and the (110) reflections

reveals an increase in ¢/a ratio, and the similar results were obtained in Ref. [102].
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Fig. 4.14: Comparison of local XRD patterns for pristine and chemically delithiated
commercial NMC442 by one-portion oxidizing reagent: a) selected 26 regions of

the reflection (003), b) selected 26 regions of the reflections (018) and (110).
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Fig. 4.15: The lattice parameters of delithiated commercial NMC442 samples by one-portion
oxidizing reagent: a) ane varying with the chemical delithiation time. b) chex varying
with the chemical delithiation time. c) c/a ratio versus chemical delithiation time.

Fig. 4.15 a), b) and c) demonstrate the changes of lattice parameters a, ¢ and ratios of ¢/a
against chemical delithiation time, which are in good agreement with previous work [103]. In
pristine NMC442 sample, the oxidation states of Ni, Mn, and Co in the compound are 2+, 4+,
and 3+, respectively. During charging, the redox process is assigned to the Ni?*/**/** couples at
a relatively low voltage and then to the Co*/**couples at a higher voltage [35]. In Abdel-Ghany
et al’s work [104], they found Co3* was oxidized only at very deep delithiation and oxidation
of Ni?* was the mainly redox reaction. Similarly, in the chemical delithiation, a redox process
occurs and oxidation states of transition metal increase, leading to a decrease in their ionic
radius. The removal of Liions can also cause an enlargement in the repulsion between adjacent
oxygen layers. Both effects result in a variation in the lattice parameters [34].

Fig. 4.15 a) shows that the metal-metal distance, indicated by anex, decreases when the Liions
were chemically extracted. With delithiation proceeding, Ni?* ions are oxidized to Ni**/** ions,
therefore, the ionic radius is decreasing (radius of Ni?* : 0.83 A, radius of Ni**: 0.62 A). In Fig.
4.15 b), the increase of chex upon chemical delithiation might be due to the increase in the
electrostatic repulsion between the oxygen layers [105]. In Fig. 4.15 c), the ratio of ¢/a is
increasing during chemical delithiation as analyzed from the reflections of (018) and (110).
Double-portion delithiated specimen

In order to compare with the one-portion solution, the XRD patterns and refinement results
of double-portion are shown in Fig. 4.16. In the XRD patterns of the delithiated specimens for
16 h, 24 h, 48 h and 72 h, a second phase is observed, which is determined to be NiCo,S4 by
the Jade (XRD analysis software) database. The main phase is of layered structure type with
space group R3m. The loss of the element Ni in NMC442 sample is also observed in ICP-OES
measurements, and the following reaction is supposed to take place.
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[Ni(NH3)4]2* + 2[Co(NH3),]?* + 452~ - NiCo,S, + 12NH;

(4.4)

Moreover, in the 96 h delithiated specimen, there is a shoulder at 26 of 19.327 °, and the
second phase is Lio3sMnO; according to the Jade database. In the deep delithiated samples for
72 h and 96 h, the main phase remains the layered structure, but with much lower intensities
than other samples. The change in unit cell might be caused by Li vacancies. Since TM metals
are dissolved severely in long term delithiation, the crystal size could be smaller, which leads
to lower and wider reflexions. Additionally, element Ni is extracted more in the deep

delithiation, which might be due to the cation

mixing, and Ni is extracted from 3a positions.
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Fig. 4.16: The XRD patterns and Rietveld refinement curves of pristine and chemically
delithiated commercial NMC442 by double-portion oxidizing reagent (black curve:
measured, red curve: refined, *: NiCo,S4): a) pristine material, b) 4 h delithiated
sample, c) 16 h delithiated sample, d) 24 h delithiated sample, e) 48 h delithiated
sample, f) 72 h delithiated sample, g) 96 h delithiated sample.

Selected specimens for thermal properties investigation

Reimers and Dahn [106] observed an order/disorder phase transition with
hexagonal/monoclinic structures during charging of LixCoO> by in-situ X-ray diffraction. The
phase diagram in terms of temperature as well as cell voltage is shown in Fig. 4.17. As
delithiation proceeding, phase | transfers to phase Il partly. In region 0.75<x<0.93, LixCoO; has
both phases | and Il. With further delithiation, phase | transfers to phase Il completely. When
0.45<x<0.55, the monoclinic phase exists.
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In delithiation process, phase transitions of NMC442 materials are similar. Fig. 4.18
demonstrates XRD patterns of a) pristine commercial material sample
Li1_11Ni0,42|V|n0,41C00_1702_os, b) medium degree delithiated sample Lio_76Nio,41Mno_42COo_17Oz_1o,
which was prepared with one portion for 65 hours, and c) high degree delithiated sample
Lio.agNio.38Mng.46C00.1602.07 (see Table 4.11). The reflections (003) have shoulders in Fig. 4.18 b)
and c), which implies a second phase, and the lattice parameters and percentages of phases
are listed in Table 4.10. The XRD patterns were further refined by Maud to define the
hexagonal (space group R3m) and monoclinic (space group No. 28 P2/mb) phases. The
parameters are listed in Table 4.10.

Fig. 4.17 shows co-existing phase | and phase Il in LCO when x = 0.75 - 0.93. However, in
delithiated sample Lio.76Nio.41Mng.42C00.1702.10, there exist hexagonal and monoclinic phases.
One reason could be the different redox reactions in NMC and LCO. In NMC materials, Ni%* is
oxidized instead of Co? in early delithiation. As further delithiation taking place, Co?* in NMC
will be oxidized and the phases are similar to delithiated LCO. Comparing the phases in sample
Lio.agNio.38MnNo.46C00.1602.07: hexagonal and monoclinic phases, to the phases in Fig. 4.17, when
x=0.48 at 25 °C, it matches to each other perfectly. The boundary of hexagonal and monoclinic
phases indicates a co-existing phases area, where the point with x= 0.48 at 25 °C exactly
located. But one should be very cautions to compare phases diagram from electrochemical
delithiation and chemical delithiation.

In Table 4.10, the first column lists Li contents in three samples. The space groups, percentages
of phases and the lattice parameters are listed. The values of lattice parameters a (A) and ¢ (A)
of layered structure are pristine sample > medium delithiation sample > high delithiation
sample. The second phases are found in both medium and high delithiation samples of 15.5
wt.% and 13.6 wt.%, respectively. The lattice parameters a (&), b (A) and ¢ (A) of monoclinic
structure of medium delithiation sample are larger than high delithiation sample.

Table 4.10 Rietveld refinement for X-ray diffraction of the commercial NMC442 and selected
delithiated specimens LixNMC442.

Li content x Space Lattice parameters Phase

group wt.%
a (A) b (A) c(A)

1.11 R3m 2.8769(7) - 14.2922(0) -

0.76 R3m 2.8606(8) - 14.2926(7) 84.5
P2/mb 5.5284(8) 2.9837(7) 5.13120(6) 15.5

0.48 R3m 2.8562(2) - 14.2722(5) 86.4
P2/mb 5.2134(2) 2.7321(5) 4.7694(1) 13.6

71



(003) a)

(104)
(101)
|12y (018) (110)
(o) | (100
A A '; ; i ;‘;; u;%L B T
| —t S
‘(003) b)
et
i I
i (104)
A-(‘]O‘])
012) |
! 5(036) ), (105)  (107)(018)(110)
;’L Jul Jle i, A o (113) <
| ORI i 3 ESTONE
¥ |
c)
| (003)
i Ha (104)
(101) ‘
012) | (018)(110
: (;OOé) ;(105) (107) ((1)13)
EE o Wk ] I VS VS N ——

2Thwta degrees]

Fig. 4.18: The experimental and calculated XRD patterns of pristine and chemically
delithiated commercial Lik\NMC442: a) x=1.11, b) x=0.76, c) x=0.48.

Table 4.11 shows the chemical analysis for the three samples, including ICP-OES results of
elements in weight percentages. Based on these results, molar ratios of Li and TM and
measured composition are calculated with assumption of TM=1. TM ions were partially solved
in oxidizing agent along with O, since the O content in pristine and delithiated samples kept
same.
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Table 4.11 Chemical analysis of the pristine and selected delithiated commercial NMC442
samples. The nominal stoichiometry was calculated based on transition metals'
cations equaling to 1 in composition (sum TM=1).

Analyzed . Medium degree High degree delithiated
Pristine sample s
elements delithiated sample sample
Li 7.68+0.16 5.33+0.11 3.40+0.07
ICP- Ni 24.40+0.37 24.37+0.37 22.4310.34
OES Mn 22.501+0.41 23.3010.42 25.9010.47
wt.% Co 10.10+0.19 10.13+0.19 9.7510.19
0 33.604£2.99 34.0043.00 33.7043.00
Li/sum 1.11 0.76 0.48
™
Ni/sum  0.42 0.41 0.38
™
Molar Mn/sum 0.41 0.42 0.46
ratio TM
Co/sum 0.17 0.17 0.16
™
O/sum 2.08 2.10 2.07
™
Measured Li1.11Ni0.42Mn0.41C00.1702.08  Lio.76Ni0.41MnN0.42C00.1702.10  Lio.48Ni0.38MN0.46C00.1602.07
composition
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Simultaneous thermal analysis and oxygen release study

Pristine commercial NMC442 materials and selected delithiated commercial NMC442
specimens are investigated in regard of thermal properties by the simultaneous TG-DTA
apparatus and mass spectroscopy (STA & MS) combined oxygen detector (SGM 5T, Zitrox
Sensoren und Elektronik GmbH Germany) and high temperature oxide melt drop solution
calorimeter (Alexsys-1000). The research aims were to reveal the influence of the delithiation
degree on the thermal stability. Even though TM ions were also extracted during chemical
delithiation process, some tendencies can be derived for electrochemically delithiated
samples. The heat flow signal and thermogravimetric analysis of the samples with
compositions of Li1,11Nio‘42Mn0‘41COo,1702,og, Lio,75Nio,41|V|no,42COo.170z.1o and
Lio.agNio.38MnNg.46C00.1602.07, are depicted in Fig. 4.19. The mass loss increases with an increase
in the delithiation degree significantly. However, the DTA signals (black curves) in Fig. 4.19 b)
and c) for materials with different delithiation degrees are in same range and showing similar
multi-reactions. The red curves in Fig. 4.19 are the derivatives of DTA signal, which indicate the
heat flux changes. As shown in Fig. a), the differential of heat flux is flat, indicating no reaction.
Comparing with the delithiated samples, the pristine sample has the most stable thermal
property at high temperatures with only 0.2 % mass loss. This loss might stem from the
impurity of the commercial powders, and the purity is listed in Table 4.6. For the delithiated
samples in Fig. 4.19 b) and c), there are several peaks on the differential of heat flux. For
medium degree delithiated sample, the multi reactions took place at 101 °C, 308 °C, 365 °C,
477 °C and 659 °C, indicated by DTA peaks. The reactions at 308 °C and 477 °C are
accompanying with oxygen release, where the phase transitions (equation 4.5 on page 76)
occurred. For high degree delithiated sample, the first reaction was at 73 °C, and
corresponding mass changes are also observed at approximately 71 °C (Fig. 4.20, when x=0.48).
In Fig. 4.20, the blue curves show oxygen concentration measured by oxygen detector, and
dash black curves are the differential of mass change. At approximately 218 °C in Fig. 4.20
x=0.76, mass decrease occurs due to oxygen release in both delithiated samples. Fig. 4.20
portrays the first derivative of the mass change percentage versus temperature, and in Fig.
4.20 x=0.76, onset of the peaks at 158 °C and 218 °C indicate reactions with two mass losses
accompanying thermal effect in Fig. 4.19 b) on red curve at 101 °C. The peaks at 320 °C and
555 °C are the heat caused by phase transition (equation 4.5) where the oxygen concentration
increases (Fig. 4.20, when x=0.76). In Fig. 4.19 c), the reactions at 363 °C, 485 °C and 717 °C
are related to phase transition with O, release. Beside the phase transition (equation 4.5),
there are other reactions, due to the second phase involved reactions or the impurity
introduced by oxidizing agent.
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Fig. 4.19: Simultaneous thermal analysis for pristine and chemically delithiated commercial
LixNMC442 samples: a) x=1.11, b) x=0.76, and c) x=0.48.
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Fig. 4.20: Comparison of selected delithiation degrees by using the first derivative of the mass
change percentage with time for commercially available LixNMC442 samples,
regarding the mass loss and oxygen concentration measured by oxygen detector.

From the onset temperatures, rate of mass change and oxygen releasing, the sample with
higher delithiated degree is less stable and more oxygen was produced. That indicates
according to equation 4.5, as further delithiation, more materials in layered structure phase
transfer to spinel and even rock-salt type phase. Similar to equation 4.2, the following phase
transition took place [37]:

high temperature

Li, TMO, layered(R3m) TM;0, spinel(Fd3m) + €0,

increasing temperature

TM;0, spinel(Fd3m) > TMO rock — salt(Fm3m) + €0,

(4.5)
In addition, Zheng et al. [107] studied the thermal stability of chemically delithiated NMC
samples by ab-initio computation and experimental methods TGA and XRD. They focused on
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the formation of oxygen vacancies, proposing the reaction: LixTMO, — LixTMO.s +6/2:0,.
Since pressure P and volume V changes of solids in the equation G=E+P-V-T-S are negligible
[108], the Gibbs free energy equation can be simplified by following reaction:

AG ~ AH — T - AS ~ —E°(Li, TMO,) + E®(Li,TMO,_s) + 8 /2E*(0,) = T - AS (4.6)

Here, E° and E* are compound’s Gibbs energy at 0 K and at 298 K, respectively. These
calculations were performed at 0 K, but the standard formation enthalpy were obtained at 298
K. Therefore one potential source of error of this calculation is the enthalpy differences of
metal oxides between 0 K and 298 K. This error has been reported to be negligible [108]. They
calculated the formation enthalpy of an oxygen vacancy and found that the formation enthalpy
is closely correlated to the local coordination structure unit (LCSU), as demonstrated in Fig.
4.21. Fig. 4.21 a) establishes the studied compositions NMC333, NMC622, NMC532, and
NMC442. One fully lithiated unit is shown in Fig. 4.21 b), which has one oxygen atom in center,
three Li atoms, two Ni atoms and one Co atom around. When the positive electrode charged,
Li atoms are extracted from NMC materials, so the Li-O bindings will reduce. The unit of an
oxygen and TM bonds are shown in Fig. 4.21 c). For instance, when delithiated, oxygen atom
can be surrounded by two Li atoms, and three Ni atoms, which is group named “NNN-2Li"” in
Table 4.12. Table 4.12 lists onset temperatures and mass losses for LCSU groups’
decomposition in different compounds.

| 1C00,
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b eo_0 °O°°°
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Fig. 4.21: Zheng et al. studied NMC materials: a) compositions in phase triangle, b) schematic
illustration of NMC532 structure, and enlargement of one unit with O in center; c)
the oxygen and TM bonds in NMC materials. The corresponding names are used in
Table 4.12 [107].

In Table 4.12, onset temperature for NNC-2Li group in Lio.7sNMC442 is 280 °C with mass loss
1.4 %; for LipsoNMC442 is 260 °C with mass loss 2.0 %. The mass losses mentioned here is
relative to the NMC materials, while the mass loss ratio in Table 4.12 are relative to the total
oxygen content in NMC materials. Since NNC-2Li and NNC-Li groups are energy favorite LCSU,
other LCSU groups will decompose following with mass loss and heat release. In Fig. 4.19 and
4.20, the onset temperature of Lip7;6NMC442 and LioasNMC442 are 158 °C and 71 °C
respectively, lower than the prediction in Table 4.12. The decomposition of the energy favorite
LCSU could be one of the reactions corresponding to mass losses and thermal effects at 280 °C
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for Lio.76NMC442 and at 260 °C for Lip.4sNMC442. Therefore, heat flux and mass loss in this work,
indicate multi-reactions. The accompanying mass change of Lip 76 TMO; and Lip.4sTMO; are 6.0 %
and 11.9 %, as illustrated in Fig. 4.19.

Table 4.12 A summary of energy favorite LCSU, corresponding to onset temperature (TG) and
weight loss (mass loss ratio relative to the total oxygen content in NMC materials)
of the first stage of oxygen loss at SOC25 and SOC50.

. NMC Compounds
HyTMO, 333 442 532 622

LCSU group NCM-2Li NNC-2Li NNM-2Li NNN-2Li
X"=0.25 TG (°C) 315 280 250 205

mass loss ratio 0.024 0.042 0.045 0.054

LCSU group NCM-Li NNC-Li NNM-Li NNN-Li
X"=0.5 TG (°C) 310 260 210 190

mass loss ratio 0.042 0.061 0.085 0.115

The produced gases are measured by the mass spectrometer, and the results are presented in
volume percentage in Fig. 4.22. Some nitrogen and oxygen are observed at the beginning of
the pristine sample measurement, as air may be introduced in the calorimeter. These results
measured by MS correspond well to the oxygen concentrations showing in Fig. 4.20, which
were measured by oxygen detector. During the course of heating, there are two oxygen peaks
detected in both delithiated samples. For Lio7sNMC442, the maximum values of oxygen
concentration peaks are 0.06 ppm at ~380 °C and 0.05 ppm at ~674 °C in Fig. 4.20 b). In Fig.
4.22 b), the peak of oxygen volume percentage were 6.3 % at 377 °Cand 5.2 % at 672 °C. While,
for Lio.ssNMC442 sample, the maximum values of oxygen concentration peaks are 0.10 ppm at
~407 °C and 0.09 ppm at ~742 °C in Fig. 4.20 c), where the oxygen is produced continuously
till the terminal of the measurement. In Fig. 4.22, oxygen peaks with volume percentage 11.3 %
and 8.7 % were observed at 405 °C and 749 °C. These results by measured MS and Zirox are in
very good agreement. Two oxygen peaks are corresponding to the route of the structural

variation from layered to spinel structure and from spinel to rock-salt structure (equation 4.5).
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Fig. 4.22: Mass spectroscopy analysis for pristine and chemically delithiated commercial
LikNMC442 samples: a) x=1.11, b) x=0.76, and c) x=0.48.

Since Ni* and Co* are the electrochemically active ions in NMC442 positive electrode
materials, their oxidation states in the delithiated samples are Ni**, Ni**, and Co*. Upon
heating, oxygen vacancies are formed in the structure, and TM cation is reduced to lower
oxidation states, in order to maintain the overall charge neutrality [94]. The thermal stability
of the NMC442 materials is significantly affected by the amount of Ni** and Ni*, which
increases with the degree of delithiation. This is the underlying reason of the appearance of a
large amount of oxygen vacancies at a high degree of delithiation. However, with additional
loss of TM during chemical delithiation, this is all just qualitative explanation.

Complementary results are obtained from XRD investigation to determine the phases of the
specimens after STA/MS measurement. Fig. 4.23 shows the results of Rietveld refinement: a)
the pristine commercial NMC442 maintains the layered structure. Comparing to the
commercial NMC442’s structure before STA/MS measurement, the coalescence of the
(006)/(012) and (018)/(110) peaks indicate an increase in the lattice parameters a and a
decrease in c. The lower intensity ratio of (003)/(104) implies a less cation mixing after heat
treatment up to 800 °C. b) Three phases with layered structure (space group R3m), spinel
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structure (space group Fd3m), and rock-salt structure (space group Fm3m) are found to be
coexistent in the sample. The previous chemical delithiation probably proceeds as an onion
model, and the Li ions in core are not extracted, so that the layered structure maintains,
qualitatively similar to pristine powders. The intensity of the reflection (111)spinet and (200)rock-
sat demonstrates the proportion of spinel and rock-salt structures, which are approximately
50 % and 46 %, respectively. c) For the deep delithiated sample, spinel structure and rock-salt
structure were found, and the maximal reflection (003 )iayereq totally disappeared. The reflection
(200)rock-sait has a much higher intensity than (111)sine, indicating that rock-salt phase
proportion increases. The formation of rock-salt phase is positively proportional to the
delithiation degree, accompanying with oxygen release.
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Fig. 4.23: The XRD patterns and Rietveld refinement curves of pristine and chemically
delithiated commercial Lik\NMC442 after STA/MS measurement with maximum
temperature 800 °C (black curve: measured, red curve: refined): a) x=1.11 b)
x=0.76 c) x=0.48.
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Enthalpy analysis for NMC442 and chemical delithiated NMC

The enthalpy of the drop solution is listed in Table 4.13, with corresponding uncertainties.
Enthalpies of the drop solution are increasing with further delithiation in specimens, which
are 100.82+0.86 kJ/mol, 101.92+0.77 kJ/mol and 107.56+1.84 kl/mol for pristine, medium and
high degree delithiated specimens, respectively. To calculate enthalpies of formation from the
oxides, the oxidation state of TM have to be determined firstly.

Koyama et al. [109] used the first principle to calculate the oxidation states of transition metals'
changes when Li is extracted from the positive electrode material. They reported that the
oxidation reactions proceeded three stages depending on the Li content x in Liix
[Ni1/3C01/3Mn1/3]0,: 0<x<2/3, redox couple Ni?*3*, Ni**/** (Ni** is an unstable interphase); and
2/3<x<1, redox couple Co*/**. Kim and Chung [110] experimentally investigated the same
issues, demonstrating that Ni>* was oxidized to Ni** at around 3.75 V and the oxidation
reactions of Co®*/** seem to occur in the entire range of charging. Their experimental results
could partially prove Koyama's calculations. The disagreement between the experimental and
calculated results is because the assumption for the calculation deviates from the actual state
of particles, which are in a non-equilibrium heterogeneous state instead of the homogeneous
state. The difference is understandable and both could be considered as references.

With increasing Ni content i.e. LiNigsMng3C00,0, the transition metal redox evolution in
electrodes was found to be similar: charging to 4.2 V, both Ni?*/>*/4* and Co**/** redox couples
involved; and further charging to 4.5 V, only oxidation of Co*/** was observed. At 4.5 V, there
remained approximately 20 % of Ni?* on the electrode surface [111]. In this work, the oxidation
states of Ni and Co in pristine NMC442 sample are considered as 2+ and 3+. The oxidation
states of Ni in delithiated samples are simplified to the mixture of 2+ and 4+. As shown in
thermodynamic cycle Fig. 4.24, the enthalpy of formation is calculated based on the oxygen
content (measured by ICP-OES). Since C0,03 (Co*) and Ni,Os (Ni**) are unstable under normal
conditions, the parameters of CoO (Co?*), CoO, (Co*), MnO, (Mn*), Li,O (Li*) and NiO (Ni?*),
NiO; (Ni*) are used in calculation.

The enthalpy increment from room temperature to 974 K, is calculated using Gibbs energy,
according to the calculation for pure elements [112]. For composition Lii-«Nig.4aMng4C00.20,
when x=0, the equation for enthalpy of formation from the oxides and elements are
summarized in equation 4.7 and 4.8, respectively:

0,oxide
AfH

Lij_xNig4Mng4C0q20;
1—x
= "AgsH(1i,0) + 0.4 - AgsHnioy + 0.4 AgsH (Mno,)

02 . 974
+ 2 ' (AdSH(COOZ)-l_AdSH(COO)) + 2 f CP(OZ)
298

- AdSH(Ll'1—xNio.zLIV’no.zt C0g207)

(4.7-1)
0,element
ArHL Nighin, coso,
_ 0,oxides a 5
= A Hpj Nighiny cos0, T 5 " BrH w00 B - AHwioy 7 - AHuno,) +5
*(ArH(co0,) A H (co0))
(4.8-1)

Assuming x=0.8 in Lip2Nio.4Mno4Co0, material, Ni** ions are completely oxidized to Ni**, which
ends up with Li*o2Ni*04Mn*(4C0%*,0, materials. When x>0.8, CoO, will replace CoO partially
in equation 4.7 and 4.8. When 0<x<0.8, NiO; will replace NiO partially. For example, the
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medium degree delithiated sample Lio.76Ni0.41Mng.42C00.1703.10, will be
Li*0.76Ni**0.12Ni%*0.20Mn*0.42C03*0.170, (equation 4.7-1) and (equation 4.8-1) are corresponding
calculations:

0,0xide
' Lig.76Nip.41M1N0.42C00,1702.10

= T . AdSH(LiZO) + 029 * AdSH(NiO) + 012 * AdSH(NiOZ)
0.17
+0.42- AdsH(MnOz) + T ’ (AdsH(COOZ)‘l'AdsH(CoO))
974

0.76
+ [2.10—(—+0.29+0.12'2+0.42'2+0.17' 1.5)] f C n
2 298 p(EOZ)

- AdSI-I(Lio.761\’io.41Mno.ztz(500.1702.10)
(4.7-2)
The enthalpy of formation from elements was calculated by using the following equation:

A He,elements
f 7 Lig76Nig.41MNg 42C00.1702.10

; 0.76
_ 6,oxides
— AfH t + . AfH(LiZO) 4+ 0.29 - AfH(NiO)

Lip76Nig.41MMN0.42C00.1702.10 2

0.17
+ 0.12 " AfH(NiOZ) + 0.4‘2 " AfH(MnOZ) + _2 " (AfH(COOZ)-l_AfH(COO))
(4.8-2)
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Fig. 4.24: Thermodynamic cycle. First line: the formation enthalpy of various NMC composition from the binary oxides and oxygen. Second line: the
measured enthalpies of drop solution of the binary oxides. Last line: the (oxidation) states of the species in the molten solution at 974 K [113].
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Table 4.13 Enthalpies of drop solution, enthalpies of formation from the oxides and from the
elements at P=0.1 MPa of the investigated specimens, as well as enthalpies of drop

solution of binary oxides from literature.

Nominal stoichiometry

Enthalpy of drop
solution (kJ/mol)

Enthalpy of

formation from

Enthalpy of
formation from the

the oxides elements (kJ/mol)
(kJ/mol)
Li1.11Ni0.42Mng.41C00.1702.08 100.82+0.86 -75.88+1.61 -769.46%2.11
LiNio.4sMno.4C00.20- 98.86+1.09(18)¢ -75.35+1.65¢ -726.59+1.72°¢
Lio.76Ni0.41Mn0.42C00.1702.10 101.92+0.77 -61.88+1.24 -675.95+£1.59
Lio.4gNio.3sMnNo.46C00.1602.07 107.56+1.84 -57.57+1.97 -607.44+2.08
Li.O -93.0242.24% -597.935+0.334°¢
MnO; 128.92+0.91¢ -521.493+0.836°¢
NiO 35.73+0.95° -239.743+0.543°¢
NiO> 20.98+0.69 -449.166f
CoO 15.35+0.462 -238.906+1.255°¢
Co0O, 70.9+0.8° -44.6%1.0° -283.506+2.255*

The expanded uncertainties U were given behind the symbol , which is calculated as U=ku.

Here, u is the standard uncertainty and the value of the coverage factor k is 2. Therefore, the
confidence interval of U is 95 percent. ?[114] *[115] ¢[116] ¢[117] ¢[113] f[118], * calculated by
the data from literatures [115] and [116].
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Fig. 4.25: Enthalpy of formation from a) oxides and b) elements versus delithiation degrees,
in comparison with *Masoumi et al.'s work [113].

In Fig. 4.25, the enthalpies of formation from oxides and elements are demonstrated, which
are in good agreement with Masoumi et al.'s [113] experimentally measured and the ab-initio
calculated results [113]. The further delithiated specimens have less negative enthalpy value,
which is considered to be less stable. The oxidation states of Ni and Co are complex in thermal
cycle’s calculation, and introducing different oxides reflects the real energetic trend.

4.4 Conclusion

Synthesis of LiNixMno.g-xC00.202

LiNixMng s.<C00.20; particles in nano-meter scale were synthesized via sol-gel method. With this
method the content of transition metals in samples were well controlled, however, Li loss was
found in Ni-rich samples. The calcination temperature was optimized by increasing the heat
treatment temperatures with Ni content rise. An improvement of crystallization was observed
although losing more Li in the samples.
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Evaluation of chemical delithiation with (NH4)25:0s

It is noteworthy to point out the difference between chemical delithiation and electrochemical
delithiation. The pH value of the solution is heedfully controlled to 7, since it impacts the
oxidation potential of the redox couples. The redox couple S,05*/2504% has a standard
oxidation potential 5.05 V versus Li*/Li, which is much higher than the operating potential 4.2
V. The large over potential is prone to extract Li ions severely, leading to local “Li ions vacuum”
and inhomogeneous concentration, which contributes to the particle level heterogeneity
according to Ref. [119]. As the NMC particles were immersed in the oxidizing reagent solution,
the delithiation process is limited by the bulk diffusion, engendering a uniformity at the bulk
level as well. The Ni/Li cation mixing in the pristine specimen might be the reason for Ni cations
dissolving in the oxygen reagent. Therefore, the composition of the samples prepared via
chemical delithiation depart from the electrical delithiation. Our investigation based on the
chemical delithiation samples can only reflect the tendency of thermal stability during
chemical delithiation.
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5 Thermal behavior studies of LiB under normal
operation and thermal abuse scenarios

To improve the thermal stabilities of LiB, the thermal behavior is studied in this chapter. In first
part, the specific heat capacity of investigated cells was determined. After that, the thermal
behavior under normal operating scenario at different charging/discharging rates was
investigated, which deepens the understanding of the heat generation in LiB during cycling. In
the last part, thermal runaway measurements were performed to investigate the thermal
behavior of LiB under thermal abuse scenario. The experimental determined thermal
properties can be used in thermal management system.

5.1 Literature review

The heat generation of LiB during cycling can be separated as reversible and irreversible heats.
The reversible heat is generated due to the entropy effects in reversible reactions. The
irreversible heat is generated due to the irreversible reactions and impedances during cycling.
In the literature review, some researches in this field are introduced. In addition, the thermal
runaway measurements are also introduced under thermal abuse conditions. There are some
calorimetric studies on the whole cells such as thermal runaway tests, and the calorimetric
studies on the components such as electrolyte and electrodes of LiB.

5.1.1 Heat generation and entropy measurements

Saito et al. [120] studied thermal and chemical properties of a lithium secondary battery with
LiCo0O; as positive electrode active material using a Tian-Calvet C80 calorimeter. Commercially
available cells with a nominal capacity of 500 mAh were investigated. The specific heat
capacities of the cell at selected SOCs were measured by the scanning method. The selection
of the SOCs was based on the measured curves of the heat flow rate during discharge at critical
positions such as a maximum or a minimum, which is demonstrated in Fig. 5.1. Fig. 5.1 shows
the heat generation curve of a Lithium-ion battery during discharge under a constant current
of 50 mA.
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Fig. 5.1: Heat generation curve of a 500 mAh LiB during discharge at 50 mA (C/10 rate) constant
current. Q means quantity of electricity discharged from full charged state of the battery.
Symbols € on curve are plotted at Q where the apparent specific heat capacity of the battery
is evaluated: (a) 0 mAh (SOC100), (b) 40 mAh (SOC92), (c) 80 mAh (SOC84), (d) 110 mAh
(SOC78), (e) 130 mAh (SOC74), (f) 160 mAh (SOC68), (g) 190 mAh (SOC62), (h) 230 mAh

(SOC54), (i) 300 mAh (SOC40), (j) 400 mAh (SOC20), and (k) 480 mAh (SOC4) [120].
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Fig. 5.2 depicts heat flow rates and voltages change against time for cells at various states of
charge under same temperature program [120]. Fig. 5.2 (a)-(k) are corresponding to selected
points in Fig. 5.1. The cells were measured under a scanning rate of 0.1 K/min in the
temperature range of 303 K - 343 K. Endothermic peaks (marked by O in Fig. 5.2 (d) and (e))
at positions in (d) and (e), were observed in the heat flow rate curve. Based on the research of
Reimers and Dahn [106], Saito suggested that the positive electrode material LiCoO; had the
monoclinic structure at states (d) SOC78 and (e) SOC74. With increasing temperature, the
monoclinic structure transformed to the hexagonal structure. Endothermic peaks observed in
Fig. 5.2 (d) and (e) indicate this phase transition. The voltage (dot line) has a linear relationship
against time, seeing the red line in Fig. 5.2 (b) SOC92. At same time, the temperature is
increasing with scanning rate 0.1 K/min. Except at the positions (a) SOC100, (j) SOC20 and (k)
SOC4, all voltages decrease linearly with increasing temperature. Since AV and AT have a linear
relationship, the value of AV/AT is constant. The value of AV/AT implies the entropy change of
reversible reactions, according to equation (2.11). At states (a), (j) and (k), a non-linear
behavior is observed because the influence of the lithium ions diffusion dominates at states
(a), (j) and (k), where relatively large amount of lithium ions intercalate into or deintercalate
from the electrodes.
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Fig. 5.2: Heat flow rate and its voltages at SOC (a) 100, (b) 92, (c) 84, (d) 78, (e) 74, (f) 68, (g)
62, (h) 54, (i) 40, (j) 20, and (k) 4, and last diagram shows the temperature program
[120].
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Schmidt et al.'s research [121] also met these difficulties to measure the entropy of the cell at
low SOCs, which was due to sluggish diffusion kinetics in their opinion. They measured A123
cells with LiFePO,4 and graphite. Murashko et al. [122] explained this phenomenon by the
difficulty to reach equilibrium state at low SOCs, since the diffusivity of the Li* ions in graphite
was increasing with decreasing SOC. A 2.3 Ah A123 cylindrical cell was tested with active
materials of LiFePO,. In this work during entropy measurement, it was also observed at high
SOCs (100 % and 90 %) or low SOCs (0 % and 10 %), after a 24-hours relaxation that the quasi-
equilibrium conditions cannot be reached. Besides all the above causes, Li diffusion was
strongly influenced by located lithium concentration at fully charged or fully discharged states
[120]. The entropy measurements are performed in the range of SOC80 to SOC20 with an
interval of 10 %.

Osswald et al. [45] measured the entropy of commercially available 18650 cells with
LiNi1;sMny/3C01/302 and LiNigsCoo.15Alo.0s02 at a main operating temperature of 30 °C. The
relaxation voltages (15 minutes) were measured at temperatures of 25 °C and 20 °C. At
temperatures higher than 40 °C, the ageing process was accelerated due to the side reactions
[123]. The cells were discharged from SOC100 with C/10 for 15 minutes, the interval thus was
2.5 % of the nominal capacity. A fast methodology for entropy measurements was proposed
by subtracting the baseline from OCV curves. The voltages at 30 °C were connected to build as
baseline (Fig. 5.3). Fig. 5.3 shows the relaxation behavior of cells at SOC100, SOC87, SOC57
and SOC20. The OCVs were plotted at different temperatures. So the slope AV/AT was
determined. In this work, the baseline subtraction was done to reduce the effects of non-
equilibrium conditions.
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Fig. 5.3: Relaxation behavior of the cell voltage for NMC cell a) SOC100, b) SOC87, c) SOC57,
and d) SOC20 including the voltage response of temperature changes to 25 °C and
20 °C respectively plotted with the mathematical fitted background. In e), f), g), h),
the resulting subtraction of the measured voltage and the calculated relaxation
background for the respective state of charge is shown [45].

Yazami [44] investigated the entropy change of carbonaceous negative electrode materials and
LiCoO, (LCO) and LiMn,0O, as positive electrode materials by an electrochemical
thermodynamic measurement system (ETMS). Half cells with metallic lithium as reference
electrode were assembled in an argon glove box. The half cells were either fully charged for
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carbon negative electrodes or fully discharged for positive electrodes as the initial state for
entropy measurements. The entropy change curve of the natural graphite during discharge
and the LCO positive electrode during charging are shown in Fig. 5.4 and Fig 5.5, respectively.
In later researches [43, 126], the combined entropy changes were calculated for different
positive/negative electrodes combinations based on half cells’ entropy change.
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Fig. 5. 4: Entropy and OCV of lithiation during discharge of natural graphite [44].
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Fig. 5. 5: Entropy of lithium intercalation into LixCoO; [44].

In another publication of Maher and Yazami [124], the entropy change of full cells of LiBs with
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graphite negative electrode and lithium cobalt oxide (LCO) positive electrode were studied.
2032 coin cells with capacity of 44 mAh were tested under C/4 rate current. The cells at
different overcharge degree (4.3V,4.4V,45V,4.6V,4.7V, 4.8V and 4.9 V), were investigated
through thermodynamic measurements. The entropy profiles are shown in Fig. 5.6. From fully
discharged state (2.75 V), the cells were charged with 5 % SOC increments by applying a 6 mA
constant current for 20 minutes at the ambient temperature. The relaxation time was not
mentioned. When a constant OCV was reached, the temperature was decreased from 25 °C to
10 °C in step of 5 °C. The entropy and enthalpy changes of different overcharged cells (with
cut-off voltage (COV): 4.3V, 4.4V,45V,4.6V, 4.7V, 4.8V and 4.9 V) in the full range of SOCs
were compared. In Fig. 5.6, the maximum entropy shifts to lower SOCs as COV goes higher.
The entropies at SOCO increase with increasing COVs. Both phenomenon indicate that the
entropy curves are shifting to lower SOCs as COV increasing.
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Fig. 5. 6: Entropy profiles of 2032 coin cells with capacity of 44 mAh (LCO/graphite) at
different charge cut-off voltage (COV) [124].

Viswanathan et al. [43] investigated the entropy change of half cells with LiFePO,4 (LFP) as
active material of positive electrode against Li and lithium titanate (LTO) as positive electrode
against Li. After 3 cycles, the cells were fully discharged to start the entropy measurement at
35 °C. The charge process was also performed and stabilized at 35 °C. After equalization at
35 °C, 25 °C, and 15 °C, the OCV was defined at the end of the relaxation. They simulated the
combined entropy change by the measured results of the negative and positive electrode in
half cells.

Williford et al. [125] compared half cells with active materials of LCO and NMC. Similar to Ref.
[126], the entropy measurements were performed. The voltages were measured after 15
minutes relaxation at 35 °C, 25 °C and 15 °C to determine entropy change. Fig. 5.7 and 5.8
compare entropy changes versus SOCs of LCO and NMC from the same manufacturer. Two
curves as shown in Fig. 5.8 where two entropy measurements carried out on different days,
were in good agreement. In conclusion, LCO was found to have a much larger entropy than
NMC. NMC was much more thermodynamically stable than LCO.
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Fig. 5.7 Entropy changes for commercially available LiCoO; positive electrode (LICO
Technology Corporation) [125].
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Fig. 5.8 Entropy changes for commercial available LiNixCo,Mn,0O; (LICO Technology
Corporation). The agreement between two runs (shown as two separate curves in
the figure) on different days for the same cell is reasonable good [125].

Murashko et al. [122] determined the entropy change profile of A123 System 18650 cylindrical
LiBs with LFP positive electrode (nominal capacity 2.3 Ah) by the potentiometric method and
by a heat flux sensor. The cell was first discharged to determine the discharge capacity. After
the cell was fully charged at 24 °C, the cell was discharged with a constant current of 3 A for
264 s. After reaching the selected SOCs, the relaxation time was 12 h. The OCVs were measured
at 30 °C, 25 °C, 20 °C, and 30 °C. For the gradient heat flux sensor (GHFS) method, the cell
relaxation period was only 30 min between charging and discharging pulses. The current
pulses were charging and discharging 264 s under 3 A. They assume the irreversible heat was
identical during charging and discharging. Therefore, based on total heat generation during
charging/discharging, equation 2.11: Q.or = Qep + Qirr, the reversible heat flux is half value
Qdis—CQch

of the difference of heat fluxes of charging and discharging (Q,¢, = T). The temperature

changes on cell’s surface was measured. Moreover, the thermal diffusivity inside the
cylindrical cell was calculated by integrating the gradient heat flux (GHF). Based on the
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reversible heat flux, the entropy change can be estimated using equation (2.17) Qe, = T -
AS - % The results from the two methods showed a good agreement (Fig. 5.9).
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Fig. 5.9: Entropy change of 18650 cells with capacity of 2.3 Ah (LFP positive electrode)
measured by the potentiometric method and by using the gradient heat flux
sensor (GHFS) [122].

Jalkanen et al. [126] studied the entropy change influence on the thermal behavior of a
LFP/graphite LiB at different SOCs. The tested cells were one prismatic, pouch-type cell with a
nominal capacity of 42 Ah, LFP half cells and graphite half cells. The entropy changes of full
cells and half cells were measured at 20 °C. After achieving the desired SOC, the cell was
stabilized for 20 h at 20 °C. Afterwards, the temperature was increased in steps of 10 °C from
0 °C to 40 °C. For each temperature step, a stabilization time of 1.5 h was chosen, and the
average voltage value for the last 30 minutes was used in later calculation, as shown in Fig.
5.10. The entropy change of half cells and full cells were compared in Fig. 5.11. The full cell
entropy change can be calculated based on half cells’ entropy change:

ASfull cell discharge = A‘S‘LFP,Teduction + ASgraphite,oxt’datian (5-1)
= ASLFP,reduction - ASgraphite,reduction
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Fig. 5. 10: Potentiometric measurement of pouch cell with a capacity of 42 Ah (LFP/graphite)

at SOC70 plotted as open circuit voltage (OCV) vs. time [126].
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Fig. 5. 11: Entropy changes for the pouch cell with a capacity of 42 Ah (LFP/graphite), LFP half
cell and graphite half cell [126].
5.1.2 Thermal runaway studies

Another important issue for the application of LiBs, is the thermal runaway event. Short circuit,
overcharging, fast charging/discharging or high ambient temperature can cause uncontrolled
self-heating of LiBs [17-19], which is known as a thermal runaway event. In a thermal runaway
event, the reactions and their onset temperatures are proposed to be the following [18, 127]:

e 90-120°C decomposition of the SEI layer

e >120°C exothermic reactions between the electrolyte and the intercalated Li-ions
from the negative electrode

e +130°C melting point of separator material polyethylene (PE)

e +168°C melting point of separator material polypropylene (PP)

e >170°C exothermic reactions between the electrolyte and the positive electrode

e >200°C decomposition of the electrolyte.

The anode solid electrolyte interface (SEl) layer mainly consists of e.g. lithium carbonate Li>CO;3,
lithium methyl carbonate (LMC), and lithium ethylene dicarbonate ((CH,OCO,Li),, LEDC), LiF,
and lithium alkyl carbonates (LIOCOzR). Spotnitz and Franklin [18] proposed two possible
reactions on the metastable composition LEDC:

1
(CH,0CO,Li), — Li,CO5 + C,H, + CO, + 502 (5.2)

or

2Li + (CH,0CO,Li), — 2Li,CO5 + C,H, (5.3)
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Fig. 5. 12: Decomposition reactions of anode solid electrolyte interphase (SEl) components
with LiPFs [128].

In Fig. 5.12, the results of a recent research about SEI layer decomposition is shown. Parimalam
et al. [128] utilized X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy with
attenuated total reflectance (IR-ATR) combined with nuclear magnetic resonance (NMR)
spectroscopy and gas chromatography with mass selective detection (GC-MS) to study the
decomposition reactions of the SEI layer. With increasing temperature at 55 °C, Li,CO; reacts
with LiPFs in DMC as follows:

LiPF¢ + 2Li,CO5 = 2C0O, + 4LiF 4+ F,PO,Li (5.4)
The thermal decomposition of LMC is a chain reaction at 55 °C:

LiPF, + 3C,H;Li05 — 4LiF + 3C0O, + OPF,(OCH;) + O(CHs),
OPF,(OCH;) + C,H;LiO5 — LiF + CO, + OPF(OCH;), (5.5)

The decomposition of LEDC under heating is more complex. The products: CO,, LiF, CH;0CHs,
OP(OCHs)s, OPF(OCHs);, OPF,(OCHs), and F,PO,Li were observed. Once the SEl layer
decomposes, there is no protection between the electrolyte and the intercalated Li ions.

In this work Section 5.6.2, the early stage of thermal runaway was investigated. There are
multi-reactions observed by thermal effects measured by C80.

Wang et al. [129] studied the thermal behavior of lithiated graphite with 1M LiPFs/EC+DEC by
using a Tian-Calvet C80 calorimeter. For SEI decomposition, besides equation 5.2 and 5.3,
another reaction equation 5.5 was proposed. After the breakdown of SEl layer, electrolyte can
easily reach intercalated Li ions. They defined the following reactions, which generate
flammable gases [129, 130]:

LiPF, © PFg + LiF (5.6)
2Li + C3H,05(EC) — Li,CO5 + C,H, (5.7)

Fig. 5.13 shows three heat flow rate curves from research [129], which are electrolyte (—8—),
electrolyte with lithiated anode ( —A—) and lithiated anode (—o—). The corresponding heat
flow rate curve is represented by “triangle line” with thermic peaks at 101.6 °C, indicating SEI
decomposition where reactions of equation 5.1, 5.2 and 5.5 were considered as main reason
causing heat effects. The thermic peak at 217.5 °Cindicate the reactions between intercalated
lithium and electrolyte, which formed a secondary SEl layer. Equation 5.5 and 5.6 were
attributed in this process. Thermic peak at 233.3 °C was attributed to the secondary SEl
decomposition. Therefore, the intercalated lithium ions reacted with electrolyte again and
PVDF had a minimal effect too. These reactions lead to the thermic peak at 248.2 °C.
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Fig. 5. 13: C80 heat flow curves of lithiated graphite (Lio.s4Cs), 1.0 M LiPFs/EC+DEC electrolyte,
and Lio‘SGCG [129]

With increasing temperature, the separator materials PE and PP start to melt, ending up with
a short circuit. With higher temperatures, more reactions will be initiated.

Wang et al. [130] investigated the thermal behavior of the electrolyte LiPFs/EC+DEC, and the
charged positive electrodes with LiPFs by a C80 calorimeter. They found LiPFsreacts with EC in
an exothermic reaction by cleaving the ring and generating transesterification products at
212 °C. In the temperature range of 225 °C to 280 °C, a polymerization reaction took place with
products of polyethylene oxide polymers and CO, [131-132], which was an exothermic
reaction. The electrode was rinsed by dimethyl carbonate (DMC) to get rid of electrolyte. DMC
could dissolve parts of the organic SEI film.
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Fig. 5. 14: Heat flow curves of 1 M LiPFs in EC+DEC, rinsed and their co-existing system at
0.2 °C:mintin argon [130].
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In Fig. 5.14, the heat flow rate curves of electrolyte (—A— ), rinsed Lip sCoO, (—&— ) and LigsCo0;
with electrolyte (—o—) are plotted versus temperature. The thermal behavior of electrolyte
co-existing with delithiated positive electrode material LiosCoO, was studied. As the curve of
LiosCo0; with electrolyte showing, the reactions began at 130 °C, much lower than the
decomposition of rinsed Lip5Co0, and the electrolyte alone. That may be caused by the
oxidation in the electrolyte solvent to form CoO [133]. The exothermic reactions were
observed and the onset temperature was 170 °C. The decomposition proposed by MacNeil
and Dahn [133-134] was:

: 1 . 1 1
Lip5Co0, — ELICOOZ + gc0304 + 602 (5.8)

When the electrolyte is added into delithiated LipsCo0O,, EC and DEC will react with oxygen
producing CO; and H,0. The onset temperature was measured to be 130 °C followed by three
exothermic reactions (Fig. 5.14). The delithiated positive electrode material's reactions are
described by equation 4.1 and 4.2 on page 48. This triggers the thermal runaway event. Beside
the reactions between released gases and the electrolyte, flammable gases were also
produced from previous reactions. Consequently, a significant amount of heat and an
increasingly amount of gases are produced due to the intensive exothermic reactions. The
internal pressure of the cell is thus growing.

Accelerating rate calorimeter (ARC) was used to investigate the thermal stability of Lios:1Cs in
different electrolyte by Jiang and Dahn [135] (Fig. 5.15). Heat-treated mesocarbon microbeads
(MCMB) were used as positive electrode against lithium metal materials. 1 M LiPFs was
dissolved in EC/DEC (1:2, v/v) to build coin cells. Another electrolyte was 0.8 M LiBOB dissolved
in EC/DEC (1:2, v/v). After fully lithiation of MCMB, the negative electrode was rinsed.
Approximately 100 mg active composite (MCMB, PVDF and carbon black) and the same mass
of DMC, DEC or EC/DEC solvent were tested in the ARC from 110 °C to 350 °C. The heat-wait-
search mode was used from 110 °C to 350 °C. The heat step was 10 °C at a rate of 5 °C/min,
and waiting for 15 min, followed by a 10 min search (self-heating rate sensitivity: 0.04 °C/min).
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Fig. 5. 15: Proposed reactions between Lip31Cs and EC/DEC solvent in the temperature range

between 110 °C and 260 °C correlated to the accelerating rate calorimeter (ARC)
results [135].
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Fig. 5.15 shows two parts of the reaction of Ligs:1Ce with EC/DEC at elevated temperature: (1)
90 °C - 243 °C, Lip.s1Cs and EC/DEC reacting to form Li-alkyl carbonates; (2) > 243 °C, Li-alkyl
carbonates and EC/DEC reacted to form Li,COs.

Besides the investigation on the reactions between the lithiated negative electrode and the
electrolyte, the thermal stability of delithiated positive electrode material Li;-
«Ni1;sMn13C01302 (NMC) and Lii«NiysCoisAl130, (NCA) were also investigated using
accelerating rate calorimeter (ARC) [136]. NMC and NCA positive electrode materials were
used to make 2325-size coin cells with a lithium metal negative electrode. The cells were
charged to 4.2V, and then disassembled in a glove box. The positive electrode was rinsed with
dimethyl carbonate (DMC) solvent and dried. 66 mg of delithiated positive electrode powder
and 20 mg electrolyte were put into measuring tubes. The samples were weighted before and
after measurement to make sure no leak occurred. Since the amount of samples were very
little for ARC measurement, the impurity must be very carefully controlled. The sample tubing
was sonicated in acetone solution two times for cleaning. The self-heating rate (SHR) and the
temperature of exothermic reactions in the temperature range of 100 °C to 380 °C were
measured in the ARC tests. The sensitivity was set as 0.03 K/min. The SHR of the reactions
between NMC and the electrolyte (EC:DEC volume ratio 1:2) with 0.5 M, 1 M and 1.5 M LiPF¢
reached 1 K/min at 250 °C. After that temperature, the SHR increased relatively fast, reaching
the maximum values, as shown in Fig. 5.16.
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Fig. 5. 16: Self-heating rate vs. temperature: ARC results for ground electrode powder of
NMC (66 mg) reacting with 0.5 M, 1.0 M and 1.5 M LiPFs in EC:DEC (1:2 v/v ratio)
electrolyte (20 mg) [136].

The previous thermal stability researches showed that the calorimetric study is a very effective

and sensitive method to study thermal properties of single components or inter-reactions

between components. Delithiated positive electrode and lithiated negative electrode showed

a very unstable thermal performance especially in presence of electrolyte. In this work,
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thermal stability of coin cells as well as components were studied by C80 calorimeter and
Accelerating Rate Calorimeter (ARC). The cells were charged to different states and
disassembled in glovebox. Thermal behavior of the electrodes with electrolyte was
investigated up to 150 °C in C80 calorimeter. Thermal runaway tests were performed on full
coin cells with selected SOCs by ARC.

5.2 Measurements for thermal behavior study

The two types of calorimetric studies in this section aim at first to investigate and understand
the heat generation during cycling; and at second to illustrate the whole picture of thermal
runaway of commercial coin cells.

5.2.1 Heat generation determination

Two different methods to determine the heat generation have been compared. Firstly, the

heat generation was determined experimentally by measuring the temperature change and

the heat flux during cycling. This is achieved by the following procedures:

e measurements to determine the specific heat capacity of coin cells using a C80
calorimeter

e measurements of the temperature change of the whole cells during cycling using a
thermocouple

e measurements of the heat flow rates of the whole cells during cycling using a C80
calorimeter

Secondly, the irreversible and reversible heat generation were calculated by the following

procedures:

e measurements to determine internal resistances

e measurements of the entropy change of the reversible reaction

5.2.2 Thermal runaway measurements

This work combines ARC and C80 calorimeter to investigate the thermal runaway and its earlier

stages by the following procedures:

e measurements of commercial coin cells with SOC0O, SOC50 and SOC100 using ARC in the
whole temperature range of 50 °C to 450 °C

e measurements of the positive electrodes, negative electrodes, separator and whole cells
with SOCO, SOC50 and SOC100 using a C80 calorimeter in the lower temperature range
of 60 °C to 150 °C

5.3 Investigated coin cells

The investigated coin cells are commercially available with a diameter of 14 mm and a height
of 5.4 mm. The negative electrode material is graphite and the positive electrode material is
layered lithium transition metal oxide NMC. The nominal capacity (C) is 85 mAh, which was
determined by discharging at 0.2 C from 4.2 V to 3.0 V at 20 °C. The average weight of cells is
24+0.2¢g.

The standard charge current is 42.5 mA with a constant current constant voltage (CCCV)
method. The coin cells were disassembled in a glove box. The positive electrode, the separator
and the negative electrode are in this order winded in the coin cell, which are shaped in forms
of a long strip and there is a double-sided coating for the electrodes. The chemical composition
of the negative and positive electrode was investigated by ICP-OES, as listed in Table 5.1. The
active material is LiNio.sMno2C0020, (NMC622) with approximately 80 wt.% of the whole
positive electrode. The weight proportion of positive electrode is less than 100 %, because
mass of binder materials was not taken into account.
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Table 5.1 Chemical analysis (ICP-OES) of the positive and negative electrodes in the coin cell.

Components of Analyzed ICP-OES ICP-OES Nominalat. %  Nominal
the electrode elements wt. % at. % Sum TM=100 stoichiometry
Sum TM=1
Li 5.44+1.10 24.14 96 0.96
Rinsed active Ni 28.810.4 15.02 60 0.60
material of Mn 8.88+0.16 4.95 20 0.20
positive Co 9.57+0.18 4.98 20 0.20
electrode 0] 26.612.4 50.91 204 2.04
Sum 79.29+4.24 100 -
Substrate film of Al 5.44+1.1 -
positive
electrode
Conductive C 4.82+0.40 -
material
Weight proportion of all 93.4045.74 -

investigated elements in the
positive electrode

Negative Li 4,13+0.10 -
electrode

Substrate filmof  Cu 28.740.8 -
negative

electrode

Weight proportion of all 32.8310.90 -

investigated elements in the
negative electrode

5.4 Measurements of the specific heat capacity of coin cells

The specific heat capacities are measured by continuous and step methods using C80
calorimeter. The measuring temperature range was from 30 °C to 60 °C. The temperature was
chosen slightly higher than ambient temperature to maintain an isothermal condition and also
below the maximum operating temperature of the tested cells.

The specific heat capacity can be measured by the continuous/scanning method and
discontinuous/step method. The step method can help to obtain acceptable values when the
scanning method failed [137-138]. The performance of the scanning method and the step
method depends highly on the sample's properties. For both methods, an empty
measurement and a measurement on sapphire Al,Os; (SRM 720, NIST) were carried out as
baseline and reference [68, 139], respectively. In this work, both methods were performed to
measure specific heat capacity of LiBs using sapphire as reference.

5.4.1 Continuous method

The measurement procedure started with an isothermal condition at 30 °C for 2 h and then
heating with 0.1 K/min to 60 °C. At last, the temperature was hold at 60 °C for 2 h. The specific
heat capacity at constant pressure of sapphire is given by equation 5.9 [68]:

Cpref(T) = —0.687717 - 10% 4+ 0.7155 - T + 0.145685 - 10° - T2
—0.596292-107°-T3 + 0.16912- 1077 - T*
—0.221044-1071°-T> + 0.144189 - 10713 - T®
—0.378847-10717 - T7
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where temperature T in K, and specific heat capacity in J-K*:mol™. This polynomial function is
suitable for the temperature range 150 K - 900 K. The uncertainty of equation 5.9 for specific
capacity of reference is 0.08 %. The equation 5.10 is calculated by the molar mass of reference
101.9613 g'mol™. The specific heat capacity of the samples at a temperature T and constant
pressure can therefore be calculated by equation 5.10 [140-141]:

O5(T) = Po(T)  Mpes
Pper(T) — Do (T)

Cp,s (1) = " Cp,Ref (1) (5.10)

where ®g(T), ®y(T), and Pr(T) denote the measured heat flow rates of samples,
baseline, and reference material. Cleef(T) is the specific heat capacity of sapphire at the
temperature T. Two cells are measured as samples. The measured heat flow rate curves are
shown in Fig. 5.17.

60 T T T T T T T T T T T T T T
temperature
—— baseline
reference material
50 + cell 1 s
o cell 2 =
o 0y
2 40 <
= i
:
30
- -5
20 . T T T T T T

Time (h)

Fig. 5.17: Heat flow rate curves of baseline, reference material, and samples versus time
measured by continuous method.

The calculated specific heat capacity of the two cells and their uncertainty are depicted in Fig.
5.18. A polynomial Maier-Kelley function proposed in Ref. [142] for the specific heat capacity
of the samples is used to fit the data:

cps=a+b-T—c T2 (5.11)

The deviation of the two cells is smaller than 1.7 %, so the repeat results are in good agreement.
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Fig. 5. 18: Specific heat capacity of two cells and their fitting curves and functions in
continuous method measurements.

5.4.2 Step method

The step method is performed in the same temperature range from 30 °C to 60 °C by increasing
the temperature in 5 °C steps. After reaching the desired temperature, the temperature is held
for 2 h to achieve a stable heat flow rate, as shown with the red curve in Fig. 5.19. Afterwards,
a scanning rate of 0.3 K/min is applied to reach the next temperature level. The calibration of
heat effect for each step is integrated [140] and the specific capacity of the cells is obtained by
equation 5.12, which integrates the heat flow rates of samples and references in same
temperature ranges over time based on equation 5.10:

_ MRef " Cref J (@5 — Dy)dt

5.12
mg J(PRes — Pp)dt 5:12)

Cp.s

The calculated results and the polynomial fittings are plotted in Fig. 5.20, and the deviation of
the two cells is less than 1.7 %. The specific heat capacities of the two cells are in a good
agreement. However, the uncertainty of the measurements is relatively large compared to the
continuous method. The specific heat capacity values at 30 °C are 0.77+0.08 J/K-g and
0.7740.13 J/K-g according to the results from continuous and step method respectively. Both
results are comparable and the continuous method turns out to be more suitable for specific
heat capacity measurements in this case. The heat capacity of coin cell in the small
temperature of 30 °C to 60 °C is relatively stable. Between each temperature step, the heating
step was applied during measurements, and these disturbances may introduce an error into
the measurement.

102



1 L 1 ¥ 1 ) 1 s 1 S 1 s 1 * 4

60 - |[—temperature
=~ Dbaseline
1 [=——reference material
55 —cell 1 B
— cell 2
O 50 0 E
9_) [0}
3 454 2 §
3 [z
2 35 =
E 1 ..(-U‘
o K
35 -
- -6
30
25 . I . T Y T T T T T T 1 v T v ‘8
0 2 4 6 8 10 12 14 16

Time (h)

Fig. 5. 19: Heat flow rate curves and temperature change of baseline and sapphire vs. time
measured by step method.
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Fig. 5. 20: Specific heat capacity of two cells and their fitting curves and functions in step
method measurements.

5.5 Heat generation during cycling

The heat generation during cycling was investigated under various scenarios: operation at
30 °C and 25 °C, cycling with various C-rates, and under adiabatic condition. A Tian-Calvet C80
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calorimeter allowed to measure the heat generation accurately and to control the ambient
temperature very precisely. Besides heat flow rate measurement, the temperature change was
also monitored by additional thermocouples. The thermocouple was introduced into the
sample vessel and measuring the temperature change of cell’s surface. Temperature changes
were measured under isoperibolic condition at 30 °C, while heat flow rates were measured at
both 30 °C and 25 °C. The cells were charged by constant current of 0.5, 1, and 2 C (42.5 mA,
85 mA and 170 mA), respectively, and when reaching 4.2 V they were hold at constant voltage
(CCeV, till current < C/20) and finally they were discharged with constant current. In order to
maintain the measurement temperature at 25 °C, the C80 calorimeter is put in a cooling
incubator (Binder GmbH, Germany).

5.5.1 Heat generation determined by temperature measurement

A K-type thermocouple was attached on the surface of the tested coin cells with an isolated
glass tape, while another thermocouple was fixed at the bottom of the reference side. The
influence of cables on heat flow rate measurements was adjusted by the calibration later. Since
the mass of glass tap is relatively small, the heat absorption of glass tap is negligible. The glass
tape also isolate thermally conductive between coin cell’s surface and the vessel. Therefore,
heat dissipation is considered mainly through air convection. The heat flow rates were
measured by 3D sensors around vessels. Two ceramic discs with similar weight were placed at
the bottom of the sample vessel and the reference vessel respectively to isolate the cells from
the metallic vessel’s bottom. The set-up of coin cell’'s measurement is shown in Fig. 5.21, which
is the set-up 2 in Fig. 3.6 (page 27). Two cables and K type thermocouple are introduced into
the vessel, so the cell is cycling in the vessel measuring the temperature and heat flow rate.

K type thermocouple

Cables connected
to cycler

ceramic
disc -

[:\u.w.vt

Fig. 5. 21: The internal set-up of coin cell cycling in C80 calorimeter: purple line are the cable
connected to cycler, green line represents the K type thermocouple and yellow disc
is ceramic disc on bottom of the vessel.

Firstly, the heat dissipation had to be determined. When the current was not applied on the

cells, the stored heat in the coin cell started to dissipate into the chamber. The stored heat was

the product of the temperature difference and the heat capacity of the cells. The thermal

conduction is negligible since glass tape isolates the conduction between cells and the vessel.

The dissipation via radiation is very small and negligible, thus the heat dissipation is mainly

due to heat convection [143]. This can be described with the following relationship based on
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equation 2.24:

dT
‘cyrdt=—h-A-(T(t) —T, dt ————
m Cp (() env) T(t)_Tenv
=_h-A _dtT(t)—Tem,
m- Cy T; — Tony 513
= P4 ) ar o
= exp —
h-A
= AT; - exp _m-Cp-t

where ¢, denotes the specific heat capacity of the coin cells (J-g*-K1), which was measured
as described before, T is the temperature (K), and t represents time. A and h are the
surface area of the coin cells (m?), and the heat transfer coefficient between cells and
environment (W-m?2-K1). Hence, h can be determined by the exponential function of
temperature and time, which is the cooling curve with no power applied. When stopping to
discharge and no current applied, the temperature of cells will decrease and heat dissipates
from cells to the surroundings. With such cooling curve, the heat transfer coefficient is
calculated. In Fig. 5.22, the temperature difference AT is the temperature curve minus the
base line (30 °C). To simplify the calculation, the mass and heat capacity of glass tape and
connected cables were not considered in the analysis. This influence may introduce errors in
the temperature measurements. The curves are extracted from maximum temperature to the
temperature setting in calorimeter, which is corresponding curve at 22500 s in Fig. 5.23. Fig.
5.22 shows cooling curves at various C-rates and their fitting function, where the constant b
is used to calculate the heat transfer coefficient h, and the results are listed in Table 5.2 with:

_b-m-cp

h=——¢ (5.14)
A
0.35 a)
0-30 Model Exp2PMod1
Equation y = a’exp(b™x)
0.25 4 Reduced 6.31572E-5
Chi-Sqr
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— 0.154 ot a 0.33259 0.00123
< ] b -0.00603  3.15851E-5
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Fig. 5.22: Cooling curves after discharging at various C-rates: a) at 0.5C,b)at1C,c)at2 C
and their fitting functions.

With this heat transfer coefficient, the heat dissipation is obtained by integrating the heat flow
rate over time:

t
Quiss = A" h- f (T = Tepyp) - dt (5.15)
0

As shown in Fig. 5.23, the temperature increases when the current is applied. The total heat
generation consists of the heat stored in the coin cell and the heat dissipated into the
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environment (equation 5.16). The red curves present the temperature increasing and heat
generation was determined by these values on red curves. The black curves are the
temperatures during heat dissipation and cell’s relaxation. The dissipation was determined by
these values on black curves. The blue curve shows the applied currents. The calculated results
are summarized in Table 5.2:

Q¢ = ¢p -m - AT + Qqiss (5.16)
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Fig. 5. 23: Temperature curve when cycling at 0.5 C, red curve represents the temperature
change used in calculation; blue curve represents the applied current.

Table 5.2 The heat transfer coefficients and the calculated heat generation during cycling at
various C-rates.

Current flow C-rates 0.5C(42.5mA) 1C(85mA) 2 C (170 mA)
h (W-m2K?) 20.94 17.12 19.65

Heat generation during charge (J) 12.9+0.5 15.7+1.1 19.7+1.7
Heat generation during discharge (J) 11.2+0.9 15.2+0.8 25.0+1.1

5.5.2 Heat generation determined by heat flow rate measurement

A Joule effect calibration using a standard resistance, was performed before the
measurements on the cells, in order to compensate the effects of cables, which are introduced
into the calorimeter for the cell cycling. In addition, the glass tape with similar mass in
measurements was used too. This means that a defined heat input was applied by a current
flow through a resistor with a resistance of 9.85 Q, measured by a DC resistance digital tester.
The current values are adjusted to cover the same range as the typical heat flow rates of the
cells (Fig. 5.24). The heat dissipated by the resistor is calculated by integration over time and
the comparison with the measured values of the C80 gives the calibration coefficient as the
result. The calibration coefficient is defined by the ratio of the electrical energy to the
measured heat. Since the cables that connect the cells with the potentiostat/galvanostat
Gamry (Reference 3000, C3 Prozess- und Analysentechnik GmbH, Germany) develop heat but
dissipate heat simultaneously, the combined heat effects were analyzed by this procedure. As
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seen in Table 5.3, the calibration coefficient shows a constant value of 1.03, independent on
the current flows. The calibration was repeated three times in order to confirm a good
repeatability. This calibration coefficient was thus used to compensate the cable effect in the
following measurements on the cells, listed in Table 5.3.
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Fig. 5.24: Heat flow rates of joule effect calibration with standard resistance in C80
calorimeter.

Table 5.3 The calibration coefficients for different heat flow rates.

Current flow (A) Power (mW) Joule effect (J) Measured heat Calibration
effect (J) coefficient

0.01 0.99 2.07 2.02 1.03

0.05 24.62 129.17 125.28 1.03

0.065 41.60 366.56 355.57 1.03

The heat flow rates for three cycles with various currents (0.5 C, 1 C, 2 Ci.e. 42.5 mA, 85 mA,
170 mA), as measured by C80 calorimeter, are shown in Fig. 5.25. At the beginning of the
charging at the lowest rate of 0.5 C, a cooling effect is visible. This cooling effect was also
reported in earlier studies [125, 144] and can be explained by the entropy change in early
stages of the Li* de-intercalation of the positive electrode and the following intercalation of
the negative electrode. The beginning and the end of the charging and discharging period,
respectively, are obviously generating discriminable peaks in the heat flow rate. Furthermore,
the difference between the heat flow characteristics on charging and discharging is caused by
the fact that the values of the entropy change and consequently the reversible heat flow rate
changes the sign. With higher C-rate, less peaks can be detected and there is only one peak at
2 C. That indicates that the thermal effects overlap by fast charging/discharging, as the
reactions tend to happen simultaneously under large driving forces. In addition, the reversible
heat effect is usually exceeded by the irreversible heat effect at high current rates, because it
deviates more from equilibrium. The measurements at 25 °C (Fig. 5.26) showed a similar
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thermal behavior as those at 30 °C. The time-dependent factors, such as charge transfer and
solid state diffusion, affect the cycle process increasingly with large current flows.
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Fig. 5. 25: Heat flow rates measured by C80 calorimeter and applied current flows versus
time at 30 °C: a) 0.5 C (42.5 mA), b) 1 C (85 mA) and c) 2 C (170 mA).

The heat generation in charge/discharge process was derived by the integration of the
measured heat flow rate over time. In Table 5.4, the total heat generation at 30 °C and 25 °C
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is compared. Heat generation at 25 °C was always a little higher than at 30 °C. Since a
temperature difference of 5 K has very little effect on the reversible heat generation (equation
2.13), the irreversible heat generation should be critical for the difference. This assumption is
later proven by the internal resistance investigation.
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Fig. 5.26: Heat flow rates measured by C80 calorimeter and applied current flows versus time
at25°C:a) 0.5C(42.5mA), b) 1 C (85 mA) and c) 2 C (170 mA).
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Table 5.4 Measured total heat generation when cycling with various C-rates at 30 °C and

25 °C.

Current flow (1 C = 85 mA) Heat determined via C80 calorimeter (J)
at 30 °C Charge Discharge
05C 23.59t1.64 22.18+2.00
1C 41.6010.42 38.9810.78
2C 65.62+1.54 66.3410.30
at 25 °C Charge Discharge
05C 26.61+1.49 25.351+0.70
1C 44.28+1.14 43.04+0.64
2C 69.6618.08 69.8614.21

When comparing the results obtained by the temperature measurement and in Section 5.51
the heat flow rate measurement (Fig. 5.27), the differences are large, and even larger with
increasing C-rates. In Fig. 5.27, the heat generation measured from temperature
measurements (yellow bars) and heat flow rate measurements (green bars) are compared at
currents a) 0.5 C, b) 1 Cand c) 2 C. The error bar in Fig. 5.27 represents the deviation of the
three tested cells. The value from heat flow rate measurements are always larger than
temperature measurements. There are several reasons. The cables connected with the coin
cells can generate heat as well as dissipate heat, which is not covered by the heat transfer
coefficient. The glass tape was used to prevent short and its mass is about 0.1 g, so the thermal
influence is not considered. AT is defined as the difference between the peak and the starting
temperature. However, the temperature increases all the time in the period of
charging/discharging, which is time-dependent. The integration of temperature over time has
no physical meaning, therefore, a rough calculation is using AT. This effect becomes more and
more obvious with increasing C-rates. On the contrast, C80 calorimeter measures the heat
flow rate all along the measurement with sensitive 3 D Calvet sensor (Chapter 3), which is able
to detect the heat much more accurately than the sample temperature measurement. The
calorimetric study clearly produces more reliable and accurate results. In the following thermal
analysis, the calorimetric investigation results were used.

28
[ | Temperature measurement a)

B Heat flow rate measurement

N
=
1

N
o
1

—
(=2}
1

-
N
1

Heat generation (J)

co
1

IS
I

0.5 C charge 0.5 C discharge

111



[ | Temperature measurement b)
45 |l Heat flow rate measurement|

N w w
[&)] o (5]
1 1 L

Heat generation (J)
N
o

—
w
L
H
H

=y
o
1

4]
1

o

1 C charge 1 C discharge
80

] Temperature measurement
70 | I Heat flow rate measurement c)

Heat generation (J)
w
o

]
o
1

=
o
1 i

2 C charge 2 C discharge

Fig. 5. 27: Comparison of heat generation determined by temperature measurements (Table
5.2) and heat flow rate measurements (Table 5.4) at 30 °C for:a) 0.5C, b) 1 Cand
c)2C.

5.5.3 Measurement of internal resistances
Electrochemical Impedance Spectroscopy (EIS) measurement

EIS measurement was performed on a coin cell, as introduced in Chapter 2. As shown in Fig.
5.28, the polarization due to a combination of kinetic and diffusion processes is represented
at low frequency (right side). The intersection of the diagram with x axis denotes the ohmic
resistance at high frequency, which doesn't vary with the SOC values. In the tested cells, the
ohmic resistance was 402+2 Q. The ohmic resistance consists of the electronic/ionic resistance
of the two electrodes, the electrolyte and the separator, as well as the current collectors, and
the contact resistance between the cells and the holders. The charge transfer resistance and
the interfacial resistance due to the formation of the SEl layer are reflected by the semicircle,
which is larger at low SOCs (e.g. SOCO, SOC10 and SOC20 in Fig. 5.28). The Warburg impedance
corresponds to the nearly straight line at low frequency, which is related to the diffusion of
lithium ions on the interface between the active material particles and the electrolyte. Since
the current applied in EIS measurement was very small, the charge transfer resistance and
diffusion resistance are determined by GITT. The ohmic resistance is used in later heat
generation’s calculation
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Fig. 5. 28: EIS of coin cells with various SOC at ambient temperature.
Galvanostatic Intermittent Titration Technique (GITT) measurement

The Galvanostatic Intermittent Titration Technique (GITT) measurements were performed at
25 °C and 30 °C on three cells for each temperature in charging and discharging process. The
method was already described in Chapter 2. Therefore, the overpotentials due to ohmic
resistance, charge transfer and diffusion are defined via GITT. Fig. 5.29 shows a typical result
of the GITT measurements, which are used to separate contributions of different
overpotentials under a charge pulse. In this work, the charge pulses were 0.5 C (42.5 mA), 1C
(85 mA) and 2 C (170 mA) for 12 minutes, 6 minutes and 3 minutes, respectively. The pauses
were 3 h between the charge pulses, measuring at 30 °C and 25 °C. The IR-drop represents the
sum of the overpotentials ng and n;, respectively, due to the effects of the ohmic resistance
and charge transfer impedance.

Since the total overpotential 1 is caused by ohmic losses, charge transfer resistance and
limitations in the mass transport due to limited diffusion, the irreversible heat generation rate
in cells can be also expressed with the individual contributions:

Qo =1'mg

Qct =T Mt (

; 5.17)
Qp =I'mp

where mq, N and np are the ohmic potential drop, the activation overpotential due to the
charge transfer and the diffusion overpotential, respectively. 1 is the applied current for
charging and discharging processes. According to equation 2.20, the three parts of the
irreversible heat can be determined by integrating the heat flow rate over time.
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Fig. 5. 29: Charging pulse (42.5 mA) followed by relaxation time of 3 h.

The SOC and DOD (depth of discharge) values were defined by comparing with the nominal
capacity of 85 mAh. Before and after the GITT measurements, the capacity of the cells is
determined to be 85 mAh - 87 mAh, and no capacity fade is observed after the GITT
measurements. The irreversible heat flow rates due to ohmic losses, charge transfer and ionic
diffusion during charge and discharge process at 30 °C are shown in Fig. 5.30 a) —f) for different
charging and discharging rates. The heat flow rates over SOCs are plotted in Fig. 5.30 and Fig.
5.31 for 30 °C and 25 °C, respectively. The error bars represent the differences of measured
values for three tested cells. The values of SOC and DOD (depth of discharge) are defined with
respect to the nominal capacity of 85 mAh at equilibrium conditions, i.e. for very low C-rates.
The reachable capacities for 0.5 C, 1 Cand 2 C are reduced to 98 %, 93 % and 85 %, respectively.
In Fig. 5.30 and Fig. 5.31 a), c) and e), the heat is generated sustainedly in the whole SOC range
in the charge process. In Fig. 5.30 and Fig. 5.31 b), d) and f), the diffusion heat flow rates in the
discharge process, however, have a maximum value at the deeply discharged state. The
corresponding maximum heat flow rates for 0.5 C, 1 Cand 2 C are all higher than for the charge
process. Similarly, the charge transfer heat flow rates are also very stable during charging and
reach the maximum values at deep discharged state.

In Fig. 5.30 and Fig. 5.31 b), d) and f) shown, the maximum heat flow rates due to the charge
transfer are increasing with rising C-rates, and the heat flow rate at deep discharge is critical,
which has a relatively high value. The heat generation caused by ohmic resistance is the Joule
effect, which is proportional to the current flow regardless reaction’s direction. The values for
the heat generation due to the diffusion resistance and the charge transfer increased
dramatically with larger currents. The influences of the current flow on the three heat
generations follow the ordering for both charge and discharge Q.>Qp>Qq. The heat due to
the diffusion resistance dominates at 0.5 C, and shows thermal effects in the same range as
the charge transfer resistance at 1 C. At 2 C, the heat effect due to the charge transfer is even
larger than the effect due to the diffusion resistance in the discharge process (Fig. 5.30 f)). The
heat generation values due to diffusion and charge transfer are extremely different for
charging and discharging. For diffusion heat flow rates during the charge process, there are 3
peaks whose maximum value rise by faster charging/discharging, as listed in Table 5.5.
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Table 5.5 The maximum heat flow rates due to diffusion and charge transfer impedance in
charge/discharge process at 30 °C and 25 °C.

Max. heat flow rate in charge process Max. heat flow rate in discharge

at 30 °C (mw) process at 30 °C (mW)
Current 05C 1C 2C 05C 1C 2C
flow
QD 1.840.3 5.810.4 22.4+2.7 5.5+0.2 15.7+1.2 25.4+3.5
Q.ct 1.0+0.1 5.3+0.2 22.7£3.5 2.40£0.03 9.3t1.6 34.4+6.0
Max. heat flow rate in charge process Max. heat flow rate in discharge
at 25 °C (mw) process at 25 °C (mW)
Current 05C 1C 2C 0.5C 1C 2C
flow
Qp 2.0+0.1 6.9+0.9 21.2+2.3 8.1+1.6 17.4+0.8 30.9+3.8
Q. 1.2+0.2 5.4+0.2 23.0+0.1 2.7+0.1 9.9+1.7 37.0£3.7

At 25 °C, the C-rate influences on the heat generation caused by charge transfer is larger than
at 30 °C. There is less heat generated at 30 °C than at 25 °C. That might be because the process
for diffusion and charge transfer are impeded more at 25 °C than at 30 °C.

In Fig. 5.32 and Fig. 5.33, comparing the total irreversible heat generation at various C-rates,
there is nearly the same trend. Interestingly, the heat flow rate’s curves shift towards lower
SOC/DOD with increasing C-rates for both charge and discharge process. Moreover, the heat
effects are much stronger at high C-rates. It is similar to the differential scanning calorimetry
(DSC) measurement, when with higher scanning rate, the thermal effects will shift and
meanwhile the effects will be larger. In Fig. 5.32 a) shown, the total irreversible heat flow rates
are about 3 mW, 10 mW and 45 mW at 0.5 C, 1 Cand 2 C at 30 °C. The heat flow rates at 25 °C
are in the same range (Fig. 5.33 a)). As shown in Fig. 5.32 b) and Fig. 5.33 b), there will be
dramatically more heat generated at the deeply discharged state. At 2 C-rates, the heat flow
rates during discharge reach a maximum value of ca. 65 mW at 30 °C and ca. 72 mW at 25 °C,
where the DOD are 80 %. The heat flow rates in Fig. 5.32 b) and 5.33 b) at 0.5 C and 1 C- rates
also reach the maximum values at high DODs. Therefore, in discharge process, the irreversible
heat can be effectively reduced by preventing deep discharge.
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Fig. 5. 33: The total irreversible heat flow rates with various C-rates versus SOC and DOD at

25 °C: a) charging, b) discharging.
5.5.4 Measurement of entropy change

At a certain SOC, under ideal conditions, the change of entropy can be determined by
measuring the OCVs under various temperatures according to equation 2.13 in Chapter 2 [41,

43, 44].
x>

The dependence of OCVs on temperature is ideally linear (see e.g. Fig. 5.34 b)). The product of
the slope of this linear function with the Faraday constant is the entropy change at certain SOC.
Analogously, the variation of the enthalpy is obtained by equation (2.14) [41, 43].

oU°(x,T)

= (2.13)

AS(x)=F-<
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(2.14)

AH(x) =F-[-U%x,T T-aUO(x’T)
(x) = (‘ (x,T)+ T)

The total changes in the entropy and enthalpy are achieved via the integration between two
electrode compositions, as described by equation 2.15 and equation 2.16 [44].

*29U%x, T
AS|2=F- f W eT) - dx (2.15)
1 oT
X1 x
x2 oU°(x, T
AH|}? =F f (—Uo(x,T) +T-% -dx> (2.16)
X1 b

As the entropy change will be determined based on the relationship between OCVs and
temperatures, two temperature ranges are carefully compared. One measurement is
performed in large range from 45 °C to 5 °C; the other is in small temperature range of 35 °C -
15 °C.

A S measurement in the temperature range of 45 °Cto 5 °C (large range)

Three coin cells are firstly charged to SOC100 at 25 °C, and OCVs are measured in 10 % SOC
steps. For each SOC step, the cells are relaxed for 3 h at temperatures: 45 °C, 40 °C, 35 °C, 30 °C,
25°C, 20 °C, 15 °C, 10 °C and 5 °C. In order to achieve selected SOCs, the cells are discharged
with 0.5 C for 0.2 h. The OCVs in the last 30 minutes of relaxation, where the voltages are
considered to be in equilibrium, are taken to calculate the average value at selected
temperatures.

Ideally, as the temperature changes stepwise with time, the OCVs should exhibit
corresponding stepwise behavior with linearly visible plateaus, as can be seen in Fig. 5.34 a)
for SOC40. In this case, the dependence of OCVs on temperatures is linear (Fig. 5.34 b)).
According to equation 2.13, the entropy change of reversible reaction at SOC40 is obtained.
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Fig. 5.34: The results from entropy measurements in this work: a) the voltage curve at
various temperatures at SOC40 and b) OCV versus temperature and the fitting
function at SOC40.

Fig. 5.35 is showing the temperature and voltage changes and the corresponding fitting curve
for SOC100. On the contrary to SOC40, at SOC100, the equilibrium states are hard to reach,
since both the charge transfer and the mass transfer are fairly slow. As a consequence, the
measured voltages deviate from the equilibrium values and do not show a stepwise behavior
with plateaus (Fig. 5.35 a)). Hence, in this case, the linearity of the dependence of OCVs on
temperatures (Fig. 5.35 b)) is not as good as that in Fig. 5.34 b). For the convenience of
calculating the entropy change, a linear fit is also adopted for the dependence of OCVs on
temperatures. It is noteworthy that only the temperatures less than 30 °C are employed for
the fitting in this case. In this work, when the voltage drops to less than 0.01V, it is considered
to as reaching an equilibrium from the temperature of 30 °C. The voltages in the first 10 hours
of relaxation are not stable since the higher temperatures accelerate the self-discharge and
side reactions inside cells. As the voltage stabilizes from 30 °C, the OCVs from 30 °C to 10 °C
are used to fit the function. At SOC100, the active materials on the positive electrode are in a
metastable phase due to deep delithiation. At boundary of stable/metastable phase, the
equilibrium is thus relatively difficult to achieve.
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Fig. 5.35: The results from entropy measurements in this work: a) The voltage curve under
various temperatures at SOC100 and b) OCV versus temperature and the fitting
function at SOC100.

122



Voltage (V)

3.440 T : r r 50
a)
3.435
- 40
3.430
- 30
3.425
- 20
3.420
- 10
3.415
3.410 — : 0
305 310 315 320 325 330
Time (h)
3.434
. b)
3.432
|
3.430
— ]
< 3428
3
. |
o
3.426 - S
Equation y=a+b'x
J |Weight Instrumental
Residual Sum 50.67425 =
_| |of Squares
3.424 Pearson'sr  -0.99708
1 |Adj. R-Square  0.99271
Value Standard Erro
3.422 4 Ecell Intercept 3.43958 4.68108E-4 n
ce Slope  -4.26867E-4  163489E-5
I N T T T T T T T
15 20 25 30 35 40

Temperature (°C)

function at SOCO.

123

Temperature (°C)

Fig. 5.36: The results from entropy measurements in this work: a) The voltage curve under
various temperatures at SOCO and b) OCV versus temperature and the fitting

Fig. 5.36 shows the measurement at SOCO, taking longer relaxation time to achieve an
equilibrium than at SOC40. Therefore, the fitting is from OCVs at 40 °C. The results of entropy
change measurements on three cells are demonstrated in Fig. 5.37 a), and the three
measurements are in good agreement. Fig. 5.37 b) demonstrates that the results are very
comparable with Viswanathan et al.'s work [43] and Yazami's work [145], which measured LiBs
with similar positive electrode materials. With help of equation 2.13, the enthalpy change of
the reversible reaction is calculated. Discharging from SOC90 to SOC60, the entropy change
are slightly decreasing, and positive values indicate another order to disorder phase transfer.
Further discharging in SOC60 - 40, the maximal value 20 J/(mol-K) of entropy change is reached
at SOC50, and the minimal value is at about 0 J/(mol-K) at SOC60. The phases are changing



towards disorder phases. In SOC range 0 - 30, the phases in cells are changing towards higher
order. At SOCO in discharge process, the entropy change was negative value indicating
exothermic effects of reversible heat will be observed in cells when cell’s SOC is between SOCO
and SOC30.
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Fig. 5.37: Entropy change vs. SOC: a) the entropy change versus SOC of three cells. b) The
comparison of this work measured in large temperature range with *the results
from Ref. [43] and ** the results from Ref. [145].

An empirical relationship between SOC, entropy change and enthalpy change of the reversible
reaction is proposed by Yazami [145]:

SOC=a+pB-AS+vy-AH (5.18)
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Table 5.6 The fitting parameters and R-square for the function of SOC, entropy change and
enthalpy change, according to equation 5.18.

a B Y R?
-35.53 -1.34 0.64 0.98

These fitting parameters have been determined in this work for the commercial coin cells. The
resulting plot is shown in Fig. 5.38.

T//’/’T\AkﬁExperlmental curve

—a— Fitting of experimental curve

00 \
1 ! ‘b\ —e— AS vs. SOF
' | N —e— ASvs. AH
80 ' —=e— AH vs. SOC
R | ’
H — LN
T
((jj) 60 - / \
[ ]
0 _ l
-~ A

Fig. 5.38: The function of AS, AH, and SOC three-dimensional plots measured in large
temperature range, and the data are listed in Appendix Ill.

AS measurement in the temperature range of 35 °C to 15 °C (small range)

The side reactions, such as self-discharge in LiBs and electrolyte decomposition have a
considerable impact on the entropy measurements when the temperature dramatically
deviates from 25 °C [45, 123]. Hence, entropy change measurement was optimized by
measuring in a smaller temperature range of 35 °C to 15 °C with 5 °C interval. Due to the
difficulty to obtain equilibrium at SOC100 and SOCO, the measuring range was limited from
SOC90 to SOC10. The applied discharge current between the SOCs steps was reduced from 0.5
C to 0.1 C. Since the current is smaller, the disturbance to the system is smaller, so the
equilibrium can be achieved easier and faster. A similar baseline correction as in Ref. [45] was
applied at 25 °C, therefore the OCV at 25 °C was measured 3 times. The baseline is defined by
a function fitting to the OCV curves at 25 °C. The temperature profile is shown in Fig. 5.39,
according to the method proposed by Ref. [43, 45]. Each temperature step will be 3 h.
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Fig. 5.39: The temperature profile for AS measurement.

In ideal case, when the baseline function is perfect fitting the OCVs curves, the baseline
subtraction can help to reduce the potential drift from equilibrium. However, when the
baseline function is not perfect fitting, such as the difference between the red fitting curve
and black measured curve, highlighted by the blue circle in Fig. 5.40 b), an extra error will be
introduced in the measurements.
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Fig. 5.40: The voltage curve under various temperatures with its baseline: a) at SOC90, b) at
SOC40 and c) at SOC10.

Comparing the average AS for three cells, the difference due to subtraction are shown at
SOC10, SOC20 and SOC60 in Fig. 5.41. The high temperature measurement (black curve) is in
a good agreement with the baseline measurement, and the curve lies between the other two
curves with a small uncertainty. The entropy change at SOC60 has a large uncertainty, where
the blue curve deviates dramatically from the others. As Fig. 5.37 shows, the turning point at
about SOC60 shifts, which may relate to a phase transformation. Hence, the results at this
point show a large deviation. Another reason is not reaching equilibrium, which is corrected
by baseline. With baseline correction, the red line is in good agreement with black line.
Therefore, the high temperature measurement results (black line) are used in the later thermal
analysis.
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Fig. 5.41: The comparison of average value of three cells' AS for measurements with/without
baseline subtraction.

5.5.5 Comparison of calculated heat generation with measured data

As the irreversible heat flow rates were determined by using the values for the internal
resistances, the reversible heat flow rates were determined by the entropy change as well.
Using the equation 2.10 and equation 2.16, the total heat flow rates can be computed.
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Qtot = Qrev + Qirr (2.10)
. i
Qrey =T AS- F (2.16)

Here, Q;,,: irreversible heat flow rate; Q,.,: reversible heat flow rate; T: temperature; AS:
reversible entropy change; i: current flow; F Faraday constant (96485 Coulomb per
equivalent).

The total heat flow rates have been computed for the different SOC values at 30 °C and 25 °C
under different C-rates as shown by open symbols in Fig. 5.42 (at 30 °C) as well as in Fig. 5.43
(at 25 °C). These values are compared with the curves from the C80 measurements as solid
curve in Fig. 5.42 (at 30°C) as well as in Fig. 5.43 (at 25 °C). As the heat flow rate in blue circle
in Fig. 5.42 a) showing, an endothermic effect is observed at beginning of the charging process
with 0.5 C, which was also reported by Williford et al. [125] and Hong et al.[144]. This cooling
effect is due to the positive value (endothermic effect) of entropy change in reversible reaction
during charging (opposite reaction in discharge process in Fig. 5.37 page 124) at low SOCs.
When cells are charged at 1 C and 2 C rates, the cooling effect decreases and vanishes (in Fig.
5.42 and 5.43). The reversible heat effect dominates the charging process at low currents. The
standard CCCV method, as mentioned before, was adopted in C80 calorimeter measurements,
while the entropy change and internal resistance were using CC method for reaching each SOC
step. The CCCV in charging process is mainly to compensate for self-discharge, so the total
energy in charging equals to the energy in discharging. Thermal effects in CV phase was
negligible and wasn’t considered in calculation. The computed heat flow rates deviate more
from the measured heat flow at 1 C and 2 C. One reason is that charging with CCCV method
can reach a higher capacity, meanwhile more heat is generated.
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Fig. 5. 43: The comparison of computed heat flow rates from irreversible and reversible heat
flow rates; and the total heat flow rates measured by C80 calorimeter versus
SOC/DOD under different C-rates at 25 °C: a) charging at 0.5 C (42.5 mA), b)
discharging at 0.5 C (42.5 mA), c) charging at 1 C (85 mA), d) discharging at 1 C (85
mA), e) charging at 2 C (170 mA), f) discharging at 2 C (170 mA).

According to equation (2.18) and (2.20), the reversible and irreversible heat can be computed
by integration and the summary of the total heat is obtained.

Qrev =T ASliZ (2.18)
ty

Qo = 10— 0CV1- [ - de (2.20)
ty

Comparing the computed and measured total heat generation, the computed values are
normally lower than the measured values (Fig. 5.44). The total computed heat for discharge
equals to Q. value (green part) minus Q,., value (yellow part). For charge process, the
total heat generation is the sum of the Q.. and 0Q,., values. For discharge process, the total
heat generation is the value of Q.. subtracted Q,.,. In Fig. 5.42 a) and Fig. 5.43 a), the
computed curves in range of SOCO - 10, are clearly lower than the measured results, which
leads to a large deviation of the computed results from the measured data of -9.97 % and -9.62 %
at 30 °C and 25 °C, respectively (Table 5.7). The irreversible heat effect dominates the shape
of the curves with increasing C-rates. The problem is that by Galvanostatic Intermittent
Titration Technique (GITT) the current flow is interrupted and equilibrium states are added
between each SOC step, which is different in comparison to the states under current flowing.
This deviation might be another reason for the deviation of computed heat generation at 0.5
C rate. The computed results show the deviations of -7.50 % and -8.56 % (Table 5.7) at 1 C rate
at 30 °Cand 25 °C, respectively. The deviations become smaller when larger current applied in
charge process. The heat generation during charging can be better predicted at larger currents.
However, in discharge process, the deviations of computed heat are irrelevant to applied
currents.

In Table 5.7, the heat generation values due to charging and discharging are similar, and
increase approximately linear with increasing current flow. On the contrast, the difference of
the heat generation between charge and discharge processes decreases with increasing
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current flow. The reason is that the share of reversible heat is reduced with larger current flows.
Since the reversible heat has opposite signs during charging and discharging, the heat
difference due to charge and discharge process reflects the influence of reversible heat. The
deviations of computed heat during discharging are all lower than 6 %, which is a good
prediction for thermal effects.

Table 5.7 Computed and measured total heat generation when cycling with various C-rates at
30°Cand 25 °C.

Deviation of computed

Current Computed total heat Heat determined via C80

flow generation (J) calorimeter (J) heat from measured
heat (%)

At 30 °C Charge Discharge  Charge Discharge  Charge Discharge

05C 22.35+1.69 23.22+2.40 24.82+1.60 22.34+3.92 -9.97 3.92

1C 64.4015.16 68.20+6.43 64.14+2.87 67.36%£1.28 -7.50 2.54

2C 64.4015.16 68.20+6.43 64.14+2.87 67.36t£1.28 -4.08 1.24

At 25 °C Charge Discharge  Charge Discharge  Charge Discharge

0.5C 24.05+£1.50 25.57+3.25 26.61+1.49 25.35+0.70 -9.62 0.88

1C 40.49+1.30 40.46%+2.55 44.28+1.14 43.04+0.64 -8.56 -6.00

2C 66.77+0.89 67.361+1.13 69.66+8.08 69.861+4.21 -4.15 -3.58

The given standard deviation suggests an expanded uncertainty with 95 % confidence.

As demonstrated in Fig. 5.30 (page 115), the diffusion and charge transfer influence are
especially large at deep discharge, therefore the equilibration of cells needs extremely long
time. This raises the difficulties in the entropy change and internal resistances measurement
at low SOCs as well as high DODs. The accuracy of the thermal behavior analysis strongly relies
on the achieved level of equilibrium. In Table 5.7 and Fig. 5.44, computed total heat generation
is evaluated by comparing with measured heat. The computed values for charging process, are
always lower than the C80 measurement regardless of the current rates. On the contrast, the
values for the discharging process, are always larger than those from the direct measurements.
At 2 C rate, the deviations of computed values for charge and discharge processes reach their
minimum values. Since the reversible heat has opposite heat effect in charge and discharge
process, and the influence of reversible heat effect decreases with increasing current flow, the
deviation of the computed values comes mainly from the reversible heat determination. The
deviation of computed values is less than 10 % at all C-rates, even <5 % at 2 C. The two heats
generation values from the computation and the direct measurements, are absolutely
comparable, especially considering the uncertainty of the measurements, seeing the error
bars in Fig. 5.44 and Fig. 5.45.
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Fig. 5. 44: The comparison of the computed values of total heat generation and those
measured by C80 for various C-rates at 30 °C.
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5.5.6 Conclusion
The heat generation during cycling is determined by calculation and calorimetric study. The

computed heat generations are considerably acceptable to predict thermal behavior with the
deviation less than 10 % at various C-rates. The computed heat flow rates can provide a
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reasonable prediction of thermal behavior during cycling. For the irreversible heat effect, heat
flow rates are separated into heat generation due to charge transfer, ohmic resistance and
diffusion. The diffusion and charge transfer contribute the main part of the irreversible heat.
More irreversible heat is generated in discharge process than charge process. The achievement
of equilibrium is critical to measure the entropy change accurately, which is extremely difficult
at low SOCs. Therefore, the computed heat flows deviate from the measured curves
dramatically at low SOCs or high DODs.

5.6 Combined thermal runaway investigation with ARC and C80 calorimeter

Thermal runaway and early stage of thermal runaway events are investigated via a novel
approach by combining of the ARC and the C80 calorimeter. After charging to selected SOC,
the cells are tested under quasi-adiabatic condition using the heat-wait-seek (HWS) method
in the ARC. As Fig. 5.46 shows, the system is heating stepwise by 5 °C in heat mode. For each
step, the temperature is stabilized for 15 minutes, which is the so-called wait mode. At the end
of the wait mode, the seek mode starts, where the temperature change rate (dT/dt) is detected
and compared with the set sensitivity value of 0.02 °C/min. If the sample temperature is
relatively stable, and dT/dt smaller than 0.02 °C/min, the system will switch back to the heat
mode. The HWS loop will continue until an interruption occurs by either reaching the
maximum temperature of 450 °C or dT/dt exceeding 0.02 °C/min. The system will switch to
cool mode or exotherm mode in the two cases respectively. Cool mode will be activated when
the temperature / temperature rate is higher than set maximum values, in considering the
safety. Exotherm mode will be activated when temperature rate is higher than set sensitivity
value, where is considered as an exothermic reaction taking place. Another special case is not
demonstrated in Fig. 5.46. When temperature drops more than 25 °C, the cool mode will be
activated too, assuming the measurement finished. Under cool mode, the calorimeter is
cooled down by pressurized gas. Exotherm mode is operation under a quasi-adiabatic
condition. During exotherm mode, the temperature difference between the sample and the
calorimeter, which is measured by the bomb sensor and the middle sensor respectively, will
be driven to zero by controlling the heaters around the calorimeter (Fig. 5.47).

If T>450°C

5 °C/step
dT/dt<
0.02 °C/minj

dT/dt>
0.02 °C/min

dT/dt<
0.02 °C/min

If T>450°C

Fig. 5. 46: Schematic illustration of the HWS measurement program with modes and
conditions [146].

By the ARC’s HWS method, the onset temperature and the maximum temperature rate during

thermal runaway are determined. A small temperature drop is observed in the early stage of
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thermal runaway events. The reason could be cell’s venting due to high internal pressure or an
endothermic reaction. However, the ARC is not capable to follow all details in thermal runaway
event completely. Therefore, in a C80 calorimeter, not only the full cells but also the
disassembled components (the positive electrode, negative electrode and separator) were
analyzed with the help of a scanning method. In addition, the morphology of the positive,
negative electrodes and separator of fresh and tested cells are investigated with help of
scanning electron microscope. Furthermore, the microstructure and the chemical composition
of the individual components were investigated by X-ray diffraction (XRD) and inductively
coupled plasma with optical emission spectroscopy (ICP-OES), respectively.

5.6.1 Thermal runaway investigation for a large temperature range using ARC
Experimental

The commercial coin cells are cycled 3 times to determine the capacity. The standard charge
method is adopted, which is CCCV with 0.5 C current charging to 4.2 V. For each selected SOC
(SOCO0, SOC50, and SOC100), three cells are prepared for the thermal runaway measurements.
The temperature range was set between 30 °C and 450 °C. The sensitivity of the detection for
exothermic reactions was 0.02 °C/min.

The set-up for thermal runaway measurements is established in Fig. 5.47, and the coin cell is
attached on the holder with glass cloth tape (3M industrial business, USA) which isolates
tested cell, locating in the middle of the reacting chamber. Since the mass of glass tape is small,
the heat absorption of glass tape is not considered. The N-type thermocouples (Omega
Newport Electronics GmbH, Germany) are used as temperature sensors, attaching on the
surface of coin cells and placing in the top, side and bottom of the reacting chamber. As shown
in Fig. 5.47, there are heaters in top and in the jacket and on the bottom of the chamber. After
the first measurements on cells with SOC100, the start temperature was adjusted to 50 °C,
since cell’s operating temperature up to 60 °C, there should be no reaction below 50 °C.

Top Sensor
Bomb Sensor

Middle Sensor
Bottom Sensor ~]

Fig. 5. 47: Schematic set-up for the thermal runaway measurement in the ARC.

Results and discussion

Fig. 5.48 demonstrates the results of thermal runaway measurements of 3 fully charged coin
cells. All tested cells reach the maximum measuring temperature of 450 °C, therefore the
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cooling mode was activated and stopped the measurement. There are some plateaus, which
have longer waiting and seeking time, caused by temperature drift, so the temperature rate
varies below or higher than 0.02 °C/min. The time difference between cell 1’s measurement
and those of cell 2, cell 3, is due to the heating power in cell 1’s measurement higher than cell
2 and cell 3. The 5 °C steps were faster than cell 2 and cell 3. Since the comparison of cell 1,
cell 2 and cell 3 is based on temperature, the time of each step has no influence on results.
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Fig. 5. 48: Temperature vs. time curves for thermal runaway measurements of three cells
with SOC100 measured by the ARC using HWS method.
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Fig. 5. 49: Temperature rate versus temperature curves for thermal runaway measurements
of three cells with SOC100 measured by the ARC.

From Fig. 5.49, we can see the strongly self-heating exothermic reaction takes place at 164 °C
(cell 1, red points), 157 °C (cell 2, green points), and 161 °C (cell 3, blue points), respectively,
where the system switches to exotherm mode and the temperature rate increased from
threshold sensitivity 0.02 °C/min to over 10 °C/min. Hence, these temperatures symbolize the
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onset of thermal runaway. The measured points of cell 1 (red points) in Fig. 5.49, reveal a
system error caused by the heaters in the ARC from 80 °C to 150 °C, where the heating rate is
detected to be over 0.02 °C/min due to an overshooting of the heaters but not due to self-
heating of the cell. This effect could be reduced by increasing the wait time. The onset
temperature of cell 3, was around 150 °C, where an exothermic effect was observed with
temperature rate larger than 0.02 °C/min, as shown in Fig. 5.49. This could be the
decomposition of solid electrolyte interface (SEI) layer [23] or the exothermic reactions
between electrolyte [147] and electrodes. The hazard reaction of the fully charged cells can

lead to a self-heating up to 480 °C with a maximum temperature rate of 100 °C/min.
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Fig. 5.50: Temperature vs. time curves for thermal runaway measurements of three cells with
SOC50 measured by the ARC using HWS method.

1 . ——
100 D ——

E + cell1 5k ‘a\
= ] cell 2 S h - .
E 1 - cell3 - ., :
"‘E‘ 10 4 - ‘ﬂ‘
&) E LA
o 3 ’-Av‘.—'\-
[0 _f‘"
® &7
= 14
© E
2 ;
® ]
@ 0.1
o E
E -
2 ]

0.01 4
0.001 T : :
150 200 250 300 350

Temperature (°C)

Fig. 5.51: Temperature rate vs. temperature curves for thermal runaway measurements of
three cells with SOC50 measured by the ARC.
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Fig. 5.50 and Fig. 5.51 display the temperature change and the temperature rate for
exothermic reactions of cells with SOC50. Compared with the cells of SOC100, the onset
temperatures are higher, and reach about 208 °C (cell 1, red curve), 180 °C (cell 2, green curve),
and 170 °C (cell 3, blue curve). The maximum temperatures are lower with 250 °C, 300 °C and
320 °C. However, as Fig. 5.51 shown, the temperature rate can increase as fast to more than
100 °C/min.

Three cells with SOCO were tested in ARC and the temperature changes against time were
plotted in Fig. 5.52. There were no dramatically temperature increase in all three tests.
Between 180 °C and 240 °C, exothermic effects were observed. Interestingly, as temperature
becomes higher than 240 °C, no exothermic reaction was observed until the end of tests. The
cells with SOCO have the best safety performance, as is demonstrated in Fig. 5.52. This is not
surprising, because in this case the cells had the lowest delithiation degree of positive
electrode material. Therefore, the phase transition as shown in equation 4.5 (page 76) would
not take place. Cell 2 and cell 3 had plateaus but not cell 1, because the temperature drifts
occurs after long time operation. The temperature drift can be calibrated as described in
Chapter 3. Fig. 5.53 shows the temperature rates of three cells with SOCO. In Fig. 5.53, the
three cells show a similar behavior: the onset temperatures were 180 °C (cell 1, red points),
190 °C (cell 2, green points and cell 3, blue points); the maximum temperature rates of all three
cells were around 1 °C/min.
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Fig. 5. 52: Temperature vs. time curves for thermal runaway measurements of three cells
with SOCO measured by the ARC using HWS method.
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Fig. 5. 53: Temperature rate vs. temperature curves for thermal runaway measurements of
three cells with SOCO measured by the ARC.

Fig. 5.54 shows a comparison of the selected cells with SOCO (cell 3), SOC50 (cell 2) and SOC100
(cell 3). The selected cells for this representation were those, whose curves lie in the middle
among the three cells with same SOC, to represent the thermal behaviors with different SOCs.
In Fig. 5.54 a) shown, the maximum temperatures in measurements are SOC100 (blue curve) >
SOC50 (red curve) > SOCO (black curve). The temperature increases of SOC100 and SOC50
were accelerated due to the self-heating, resulting in two sharp peaks. While, the thermal
runaway of the cell with SOCO shows no peak. In Fig. 5.54 b), the temperature rates are
compared: SOC100 > SOC50 > SOCO. SOCO points show a clearly decrease trend after 210 °C,
which indicates the self-heating was much less severe than that of SOC50 and SOC100.
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Arrhenius equation describes the temperature dependence of reaction rates [92, 148-149] and
the temperature rate under adiabatic conditions can be calculated by:

R
= = ATaqAeRsT - (1 - p1) (5.19)

Where AT.q, Ea, 4 and n represent the adiabatic temperature rise, the activation energy, the
degree of conversion, and the reaction order respectively, and A denotes the frequency factor
of the Arrhenius equation. ks is the Boltzmann constant with a value of 8.6173-10° eV/K. The
values of p are much smaller and negligible, so assuming (1-u)" equals to 1. Thus, the function
for the temperature rate and the activation energy can be simplified as [11, 148-149]:

Eq
k5T

dTr
In (E) ~ InAT,q - A — (5.20)
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Fig. 5. 55: The functions of natural logarithm of temperature increasing rate and reciprocal
temperature, and the E; of reactions is calculated from the fitting slope.

Hence, the slope of the natural logarithm of the temperature rate vs. 1/T is the product of the
activation energy of the reactions divided by ks. In Fig. 5.55, the natural logarithm of the
temperature rates of the cells at SOC0O, SOC50 and SOC100 versus 1000/T are plotted. The
activation energies E, are 1.68 eV (2.69- 1071°)), 2.33 eV (3.73- 1071°)), and 2.62 eV (4.20
10719)), for cells with SOC100, SOC50 and SOCO during thermal runaway, which indicates that
the energy barrier of reactions is increasing with decreasing SOC.

In the early stage of thermal runaway measurements, a possible endothermic reaction was
observed in all three cells. Fig. 5.56 suggests that a temperature decrease happens between
110 °C and 125 °C. The temperature rate decreases to approximately -0.5 °C/min. In Fig. 5.56,
temperature and temperature rate are plotted against time, and a) b) and c) are the
measurements for three fully charged cells by using HWS method in ARC. The negative values
of temperature rate were observed at 1095 min in a), at 1381 min in b) and at 1550 min in c),
where the temperature drop occurred, which implies the endothermic effect. In order to
investigate this phenomenon, the same experiment was conducted on a forth cell and was
terminated at the time where the temperature drops (red line in Fig. 5.57) and the
temperature rate negative (blue points in Fig. 5.57). Then tested cell was disassembled in a
glove box, and its materials were investigated. The XRD analysis revealed the phase
transformation during the thermal runaway events, as shown in Fig. 5.58.
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In the fresh cell with 3.5 V (~¥SOC6), as expected, the positive electrode material exhibits a-
NaFeO, layered structure [105, 106], and carbon black as conducting agent was observed in
the pattern. The XRD pattern of the negative electrode shows that it consists of the graphite
coating on the Cu current collector. When the cell was heated up to 126 °C, no phase
transformation was observed at the positive electrode. After 3 cycles and charged to SOC100,
the Li-ions were found to be intercalated into the negative electrode (Fig. 5.58 b)). Therefore,
the positive electrode was delithiated as LixTMO; (TM represents Ni, Co and Mn) with x<1. In
the thermal runaway measurement, the cells are heated up to 450 °C, and the phase of the
positive electrode material NMC622 is completely transformed from layered structure to rock-
salt structure. Dahn et al. [32] proposed that the delithiated layered structure LixCoO; (x<1)
positive electrode material decomposes to rock-salt structure Cos04 and produces oxygen,
which is already discussed in detail in Chapter 4. With less intercalated Li ions, the positive
electrode material is more prone to release oxygen. This explains the dependence of the
behavior of thermal runaway event on the SOC. Since the cells with SOC100 have the smallest
amount of x, the onset temperature is the lowest and the maximum temperature is the highest.
In LiBs, the thermal stability of the delithiated positive electrode is most essential problem. In
addition, intercalated Li in negative electrode is active too. The decreasing or even vanishing
of the intercalated Li in the negative electrode after thermal runaway measurement is because
of the following reactions [23]:

2Li + C3Hg03(DMC) - Li,CO5 + C,Hq (5.21)

In addition, the SEM images exhibit the morphological properties of the positive electrodes
and negative electrodes in Fig. 5.59 and Fig. 5.60. Comparing the negative electrode materials
in Fig. 5.59 (b) with (a), there are more broken particles than in Fig. 5.59 (a). While, the most
particles in Fig. 5.59 (c) have cracks, which makes the interface between negative electrode
and electrolyte larger. The particles of the positive electrodes crack after heating up to 126 °C,
and more dramatically after thermal runaway measurement. On the other hand, the particles
of the negative electrodes establish a relatively stable form after heating (Fig. 5.60). After
thermal runaway measurement, there are cracks and small particles on the surface, which
might be the products from the reactions as discussed later on page 153 and 155.
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Fig. 5.59: SEM images of the positive electrodes from (a) fresh cell, (b) the cell heated up to
126 °C, and (c) the cell heated up to 450 °C.
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Fig. 5.60: SEM images of the negative electrodes from (a) fresh cell, (b) the cell heated up to
126 °C, and (c) the cell heated up to 450 °C.

Fig. 5.61 demonstrates the SEM images of the separator from the fresh cell and from the early
stage of thermal runaway cell. The melting of the separator can be clearly seen in Fig. 5.61(b).
The pores are closed and the particles are attached on the surface due to the decomposition
of the electrode materials.
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Fig. 5. 61: SEM images of the separators from (a) fresh cell and (b) the cell heated up to
126 °C.

The chemical analysis is shown in Table 5.8. In the fresh cell, the voltage was ~3.5 V,
approximately at SOC6. The Li-ions intercalate mostly at the positive electrode, and the molar
ratio of Ni: Mn: Co is 3:1:1, which suggests that the active material is LiNio.sMng2C00.,0; of the
coin cell. The molar ratio remains constant in the tested cells. Since there is no reaction at the
Al current conductor, the dramatically increasing weight percentage from the fresh cell to the
tested cells reveals the consumption of active materials under heating. The tested cells have
more Li-ions intercalated at the negative electrode, because they were in fully charged state.
Vice versa, in the fresh cell, most Li-ions are in the positive electrode rather than in the
negative electrode. The conducting agent material carbon black at the positive electrode
should also participate in the reactions resulting in less content in the tested cell. The carbon
content in the tested cell heated up to 450 °C, was not measured. For the negative electrode,
the sums of the weight percentage of Li ions and Cu are between 33 % and 34 %, and the rest
of the mass, which is the mass of the graphite, changes only by a small amount. Hence,
graphite is supposed to be not involved in the reactions, which is indicated by XRD pattern,
too. The Li-ions content decreases while the Cu content increases with elevated temperature,
and these data reveal that the reaction of intercalated Li-ions proceeds further at higher
temperature, which confirms the observation in XRD measurements.

Table 5.8 Chemical analysis (ICP-OES) of the positive electrode materials and negative
electrode materials in fresh cell and tested cells.

Analyzed Fresh cell Fresh cell Heat up to Heat up to Heat up to Heatupto
elements 126°C 126°C 450°C 450°C
. . Atom
wt.% At?nl\;lfit'o wt. % At‘;:’/lfalt'o wt.% ratio
) ) T™M=1
Positive electrode
Li 5.44+1.10 0.99 2.51+0.06 0.42 3.17+0.08 0.47
Ni 28.810.4 0.60 30.8+0.5 0.60 34.410.6 0.60
Mn 8.88+0.16 0.20 9.69+0.20 0.20 11.00+0.23 0.20
Co 9.57+0.18 0.20 10.2940.22 0.20 11.5040.24 0.20
Al 9.29+0.17 11.5+0.3 12.310.4
C 4.82+0.40 3.51+0.27 -

Continue Table 5.8

Negative electrode

Li 0.598+0.010 4.13+0.10 2.95+0.07
Cu 32.7+0.9 28.7+0.8 31.5+0.9
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5.6.2 Investigation of early stages of thermal runaway using C80 calorimeter
Experimental

To complete the whole picture of the thermal runaway, the early stage of thermal runaway is
studied by a C80 calorimeter. Since the C80 calorimeter has a higher sensitivity, the small
exothermic and endothermic reactions and other details can be investigated. For safety
reasons, the maximum measuring temperature is set to 150 °C, which is just below the onset
temperature of thermal runaway at SOC100. The measurement started at 60 °C with a
scanning rate of 0.1 K/min. A fresh cell was disassembled in the glove box, and separator,
positive electrode and negative electrode were rinsed with dimethyl carbonate (DMC) with
purity of 99 % and dried for 24 h at room temperature under vacuum conditions, to get rid of
electrolyte. Positive electrode or negative electrode with 15 pL electrolyte of 1 M LiPFs in 1:1
(by weight) EC/DMC (LP30, BASF, Germany) are put into Al crucibles in the glove box, and the
Al lids and Al crucibles were sealed by applying pressure on the metal model. To exclude the
possible reactions between negative electrode and Al crucible, the temperature
measurements for the negative electrode from cells with SOCO and SOC100 are repeated with
stainless steel crucibles. A ceramic disc was placed in the bottom of the vessel to prevent the
short circuit of the tested cells. The schematic of the two set-ups is shown in Fig. 5.62.

a) "Jﬂfm b)

 —  —

tested
cell crucible

,:,-V_ ;,-7_
ceramic : ceramic \
disc 4——‘}: disc <«

Fig. 5. 62: Schematic set-ups for the temperature measurement in C80 calorimeter of a) full
cell and b) individual components.

Results and discussion

In temperature 60 °C - 150 °C, multi-reactions are taking place in cells, as introduced in
literature review. Firstly, SEI decomposes, so the protection between negative electrode and
electrolyte vanished. Therefore, intercalated Li in negative electrode starts to react with
electrolyte, which are the main reactions before 150 °C [127, 129-130]. Meanwhile, the
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electrolyte becomes thermal instable. Thermal effects due to the reactions of components on
the inter surface are measured and analyzed in this work.
The produced gases due to the reactions will raise the pressure in the cells, ending up with the
opening of the coin cells. Some studies [11, 150] have revealed the significant impact of gases
releasing during thermal runaway event. After the measurements, the cells were by expanded
20 % in height. Fig. 5.63 and Fig. 5.64 show the heat flow rate for the measurement of three
cells with SOC100 and the comparison of the cells with SOC100, SOC50 and SOCO. There are
clearly endothermic heat effects on the tested cells, and the onset temperature varied from
110 °Cto 135 °C. Produced gases caused cell’s venting, and endothermic effect was caused by
gas releasing. The cell 1 (red curve) in Fig. 5.63 with SOC100 showed a relative large heat effect
compared with the other tested cells, which could reflect the melting of the separator. In Fig.
5.65, the melting of polyethylene (PE) and polypropylene (PP) are observed at 132.4+2.5 °C
and 166.8+0.4 °C, respectively. The melting enthalpies are 33.9+1.9 J/g for polyethylene and
20.3+1.1 J/g for polypropylene. These results are relatively comparable to the literature data:
the polyethylene and polypropylene melting took place at 135+1 °C and 159 °C with the
melting enthalpy of 32.4 J/g and 23.6 J/g, respectively [151]. Hence, materials of the separator
can be defined, which is a trilayer structure PP/PE/PP film.

10

— cell1 ? exo
cell2

— 1

o
1

Heat flow rate (mwW)

L
o
1

-20 T T T T T T T
70 80 90 100 110 120 130 140 150

Temperature (°C)

Fig. 5.63: The heat flow rate of 3 cells with SOC100 vs. temperature.
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Fig. 5.64: The heat flow rate of cells with selected SOCs vs. temperature.
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Fig. 5.65: The heat flow rate during trilayer separator melting vs. temperature.

As shown in Fig. 5.66, the measured heat effects (blue curve) were broken down to multi
thermal peaks (black curves) by modeling with Gaussian peaks. The computed curve (red curve)
fits the measured data very well with R-squared R*=0.97.

First exothermic peak is observed at approximately 73 °C. This reaction is supposed to be SEI
decomposition. One reason is the onset temperature fitting the results from Ref. [129, 130].
Another reason is the cells with SOC100 and SOCO show stronger effects than fresh cell.
SOC100 and SOCO cells have more SEl layer as the SEl layer is growing during cycling [152].
One reaction in the decomposition of SEl is [153]:

CH5;CH,0COOLi + 6Li — C + 3Li,0 + CH;CH,Li (5.22)

The first black peak, which is the exothermic heat due to SEI decomposition is 44.1 mJ/g. The
thermal stability of EC is better than DMC thank to its stronger binding energy of covalent bond
in the cyclic carbonate [154]. The exothermic peaks at 86 °C, 96 °C and 108 °C are supposed to
be the reactions between LiCs and DMC [154]. At approximately 120 °C, the exothermic peak
due to the reaction of intercalated lithium ions and EC is observed, which is in a good

agreement with literature [129]. LiPF¢ salt can also react in the solvent [130]:
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Based on the measured curves, the heat generations in the negative electrode due to reactions

of DMC and EC are 691.6 mJ/g and 341.7 ml/g, respectively.
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Fig. 5.66: The measured heat flow rate (blue curve), the fitting peaks (black curves) and the
computed curve for the negative electrode with electrolyte from a cell with
SOC100 vs. temperature.

Table 5.9 Modeling data for multi thermal peaks in Fig. 5.66.

Peak index Max. temperature Area fit Max. height
°C ml/g mW/g

1 73 44.1 6.85

2 86 30.8 1.88

3 86 303.2 18.53

4 96 60.5 11.67

5 102 146.1 15.60

6 108 151.0 32.23

7 121 341.7 15.71

8 143 3.4575-107 3.07

The heat flow rates of the negative electrodes from fresh cell, the cell with SOCO and the cell
with SOC100 (identical to Fig. 5.66) are compared in Fig. 5.67. Before shipping, commercial
cells are normally cycled to form the SEI layer (formation procedure), and the voltage is
approximately 3.4 V. The onset temperatures of the SEl decomposition are 71 °C for SOCO, and
69 °C for both SOC100 and fresh cell. In the temperature range of 108 °C - 150 °C, there are
many exothermic peaks in the curve for the fresh cell. Since the lithium ion content is lower
than in the fully charged cell, the heat effects are noticeably smaller. In case of the cell with
SOCO, the heat effect can be barely observed.
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Fig. 5.67: The heat flow rate of the negative electrodes with selected SOCs versus the
temperature.

The heat flow rates of full cell, positive/negative electrodes with electrolyte and separator
were measured in temperature range of 80 °C - 145 °C, and plotted in Fig. 5.68. In the full cell
with SOC100 measurement, no exothermic reactions are detected. That might be because the
electrolyte of coin cells is more thermally stable than LP30. The large endothermic heat effect
of the fully charged cell is corresponding to the melting of the separator. Meanwhile, the
opening of the coin cell can also cause an endothermic heat effect. The endothermic heat is
11.53 J/g. This could be the temperature drop detected by ARC in the early stage thermal
runaway. Due to SEl layer decomposition and evaporation of the electrolyte, the produced
gases will raise the pressure inside the cells, ending up with the opening of the cell. No thermal
effect is found on the positive electrode by heating to 150 °C. Another endothermic effect due
to decomposition of separator can be hardly observed, because multi reactions took place.
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Fig. 5.68: The heat flow rate of the components and the full cell at SOC100 vs. temperature.
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5.6.3 Conclusion

This work combined ARC and C80 calorimeter to provide a novel approach to studying the
thermal properties of Li-ion coin cells at high temperature. The tested cells were commercial
coin cells with 85 mAh, and had LiNio.sMno..C00.20; as positive electrode materials and graphite
as negative electrode materials. In the early stage of thermal runaway, the intercalated Li-ions
at the negative electrode dominate the heat generation. On the other hand, the delithiated
positive electrode LixNiosMno2C00,0 is relative stable; no phase transformation and no heat
effect are observed. The melting of the separator could affect the full cell in some cases. The
main reason for the endothermic effect of the cell is the pressure release through the cell's
opening. The separator melting was another endothermic effect which was observed by C80
calorimeter. The thermal behavior in thermal runaway events depends on the state of charge
of tested cells strongly. For the cells with SOC100, the onset temperature is approximately
161 °C in average. During thermal runaway, the phase transformation at the delithiated active
materials layered structure took place, ending with rock-salt structure. Simultaneously, oxygen
was produced accompanied by the heat generation. The cells could self-heat to over 450 °C,
and the maximum temperature rate of could reach 100 °C/min. For the cells with SOC50, the
onset temperature increases to nearly 200 °C. Although the maximum temperature rate
reaches over 100 °C/min. For the cells with SOCO, no thermal runaway event took place. The
temperature increasing rate of the cells with SOCO is even below 1 °C/min. The activation
energy of reactions increases with decreasing SOCs, implying the energy barrier is larger at
lower SOCs.
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6 Summary and outlook

In this work, thermal properties and thermal behavior of LiBs with active materials NMC were
investigated. A novel approach was adopted by combining materials analysis and
electrochemical-calorimetric study. The whole production of LiBs was studied in aspects of
materials, components and cells. The main results are summarized regarding materials and
coin cells.

The first part was the investigation on active material level. For the layered structure NMC with
various compositions, the synthesis and calcination temperature were optimized. In order to
investigate the delithiated NMC active materials, a chemical delithiation were performed on
both sol-gel self-made and commercial NMC442. The samples with different delithiation
degrees and constant molar ratio of transition metals (remaining Ni:Mn:Co=2:2:1) were
selected and their thermal effects and gases releasing during phase transition of selected
samples were analyzed.

The other part of this work is thermal behavior of commercial NMC-based cells during cycling.
The heat flow rates of cells were measured by C80 calorimeter, as well as the thermal effects
of components with increasing temperatures were investigated by C80 calorimeter. Thermal
runaway tests of whole cells were performed by ARC, and the onset temperatures and the
temperature rates were defined. The combination of C80 and ARC gives a full picture of
thermal runaway.

In the outlook, some suggestions to complete or deepen the understanding are given in scope
of this work.

6.1 NMC active material investigations

Series active materials LiNixMno s-«C00.,02, x=0.4, 0.5, 0.6, 0.7 and 0.8 were synthesized by sol-
gel method. When all compositions were sintered at 800 °C, the NMC materials with higher Ni
content show a better crystallization of particles. The particle sizes decrease from NMC802 to
NMC442. With increasing Ni content, the Ni>* migration from transition-metal layer to the
lithium layer will be more critical, since the ionic radius of Ni** (0.69 A) is similar to the ionic
radius of Li* (0.76 A). An appropriate calcination temperature is a compromise between the
suppression of the cation mixing and a good structural crystallinity. The optimized calcination
temperatures for NMC442, NMC532, NMC622 and NMC712 were determined as 900 °C,
875 °C, 850 °C and 825 °C, respectively. Raw materials of Li source were designed to be 3 at.%
extra Li to compensate the loss for the preparation of all samples. The aimed compositions
were achieved and the crystal structure establishes a pure R3m group layer structure.

An attempt to chemically delithiation of NMC442 was performed by utilizing oxidizing agent
(NH4)2S,0s. Various reaction periods and two different amounts of oxidizing agent were
applied on sol-gel made and commercial NMC442 powders. Li atoms were successfully
extracted, however, transition metals were also found to be dissolved in the agent. In deep
delithiated samples, a second phase was found. The delithiated samples were carefully
selected for the further studies. The molar ratio of transition metals should remain, with
derivation < 2 at.% according to chemical stoichiometry formula. Li contents of the samples
were middle delithiation with around 76 at.% and deep delithiation with around 48 at.%. The
structure of delithiated samples were found to be layered and monoclinic structure. According
to the results of Rietveld refinement, lattice parameter a decreased with less Li content.

In STA measurements, the heat flow rates and mass loss were measured in temperature range
of room temperature to 800 °C. The chemically delithiated NMC442 showed a considerably
unstable thermal behavior at high temperature. The deep delithiated sample had the lowest
onset temperature for exothermic reactions at approximately 71 °C, while the onset
temperature of middle delithiated sample was 158 °C. The pristine NMC442 sample was very
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stable in the measurement. Main reactions were supposed to be phase transitions from the
phase with layered structure to spinel and then to rock-salt structure. Simultaneously, mass
loss and oxygen release were observed during the phase transitions. Two oxygen releasing
peaks were corresponding to the two phase transitions. With increasing delithiation states,
more oxygen was released from the sample.

With help of the high temperature oxide melt drop solution calorimetry, the enthalpy of drop
solution for delithiated samples were measured. Based on these results and the
thermodynamic cycle, enthalpy of formation for three NMC442 samples with different Li
contents was calculated. The formation enthalpy was found to decrease with rising of Li
vacancies due to the thermal instability of delithiated NMC. For pristine NMC442, enthalpy of
formation from the oxides and elements were -75.88 kJ/mol and -769.46 kl/mol, respectively.
Middle and deep delithiated samples had -61.88 ki/mol and -57.57 kJ/mol for enthalpy of
formation form the oxides, respectively; and -726.59 kJ/mol and -675.95 kJ/mol for enthalpy
of formation from the elements, respectively.

6.2 Coin cell investigations

The commercial coin cells with NMC622 were investigated. Specific heat capacity of
investigated coin cells were determined by continuous and step method in C80 calorimeter.
The measurements were performed in temperature range of room temperature to 60 °C,
which is maximal operating temperature for the tested commercial coin cells. The results from
the two methods were in good agreement, resulting in 0.77+0.08 J-K'-g"* from continuous
method, and 0.77+0.13 J-K!-g? from step method, respectively. This value was used to
determine the heat generation during cycling based on the temperature change
measurements.
Coin cells were cycled in C80 calorimeter at 30 °C and 25 °C and the temperature changes and
heat flow rates were measured. To stabilize the temperature of measuring system in C80
calorimeter at 25 °C, the calorimeter was put in a temperature incubator. During cycling,
different C-rates 0.5 C (42.5 mA), 1 C (85 mA) and 2 C (170 mA) were used. Charging process
was applied with CCCV method up to 4.2 V, and discharging process was applied with CC
method with lower cut-off voltage 3 V. The cables influence was eliminated by a calibration
coefficient, which was defined via Joule effect at three heat flow rates. The glass tape was used
to isolate thermal and electrical conduction of cells, and its thermal influence was not
considered in the results.
The values of heat calculated from the specific heat capacity and temperature changes, were
much smaller than measured values from the calorimeter measurements. For example, heat
generation for changing at 0.5 C were 12 J determined by temperature change measurements,
and 24 ) determined by heat flow rate measurements. The difference was even larger at higher
C-rates cycling. For 2 C charging, the heat determined by temperature measurements was 20
J, while, 70 J determined by heat flow rate measurements. There are several error resources
in the results from temperature change measurements. Firstly, the specific heat capacities of
glass tape and cables were not considered in heat generation calculation. Secondly, the heat
transfer coefficient was determined only based on geometry of the coin cells, and surface area
and mass of the cables and glass tape were not considered. At last, the temperature was
measured on one surface of coin cell, which was not the average temperature of the whole
cells. On the other hand, C80 calorimeter has 3 D heat flow sensors, and the influences of glass
tape and cables were adjusted in the calculation. Therefore, the calorimetric study provides
an extremely sensitive and precise way to analyze the heat generation during cycling. To break
down the heat flow rates in cycling, the irreversible and reversible heats were analyzed by
internal resistances measurements and entropy measurements.
The reversible heat is generated from reversible reaction, which is the Li intercalation and
deintercalation process. Since there is a relationship between the dependence of OCVs on
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temperatures and reversible entropy change, the reversible entropy changes were determined
at different SOC. Two temperature ranges were used. In addition, in order to achieve the OCVs
under equilibrium, the OCVs at same temperature were measured three times (before/in/after
measurement), so an OCV baseline (at 25 °C) at a certain SOC to be determined. However,
when the function for baseline is not perfect fitting to three OCVs’ curves, an extra error is
introduced. After the optimization of the entropy change measurement, the entropy changes
and enthalpy changes of reversible reaction in charging/discharging process were determined,
and the corresponding reversible heat generation was determined too.

The irreversible heat is generated by internal resistances. Firstly, with help of EIS
measurements, the ohmic resistance of tested cell was determined. Using GITT method, the
internal resistances were measured at 0.5 C, 1 C and 2 C during charging and discharging at
different SOCs. Moreover, the internal resistance were separately investigated for charge
transfer, ohmic resistance and diffusion, and the corresponding heats were determined too.
The heat flow rate as well as the total heat generation at various C-rates in charging and
discharging processes were computed by summarizing the reversible and irreversible heat
generation. The computed and measured heat flow rates had similar shape of curves and in
the same range. The deviation of the computed heat flow rate to measured one varies from
10 % to 0.9 %, and the deviation comes mainly from the inaccuracy of entropy change
measurements and GITT measurements due to the deviation from equilibrium states. The
computed heat flow rate of discharge process fits better than charge process. The total heat
generation from computed and measured results were in very good agreement.

The thermal runaway of coin cells with SOC0, SOC50 and SOC100 were investigated by C80
calorimeter and ARC. Firstly, the components, including negative, positive electrode with
electrolyte and separator were separately investigated in C80 calorimeter to analyze the early
stage of thermal runaway up to 150 °C. Thermal effects due to the reactions in negative
electrode were critical at early stage of thermal runaway, which produce gases. Furthermore,
the opening of coin cells and the separator melting were observed in the measurement of C80
calorimeter.

Secondly, the coin cells were heated to 450 °C in ARC. The endothermic effects were also
observed before thermal runaway, where the temperature rate had a negative value. When
the temperature rates were higher than 0.02 °C/min, exotherm mode would be active, which
is a quasi-adiabatic condition. The heaters worked so that the temperature in chamber was
the same as the cell’s temperature. There was no heat dissipation of tested cells, so the self-
heating could be defined by the value of temperature increase rate. Comparing the
temperature increase rates of SOC100, SOC50 and SOCO against temperature, the
developments of self-heating were very clear: onset temperature, maximal temperature rate,
most severer heat release, etc. The onset temperature for cells with SOC100, SOC50 and SOCO
were around 160 °C, 180 °C, 195 °C, respectively. The maximal temperature rate were
110 °C/min and 1 °C/min for cells with SOC50 and SOCO, respectively. The temperature rate of
cells with SOC100 hasn’t reached the maximal value in measurement because it stopped by
cooling mode at 450 °C. The temperatures for the most severer heat release took place at
270 °C for cells with SOC50 and 210 °C - 220 °C for cells with SOCO. For cells with SOC100, the
heat was released so fast, which heated the cells from 220 °C to over 500 °Cin very short time.
With higher SOC values tend to have a more violent behavior in thermal runaway, showing
lower onset temperatures and higher temperature rate.

6.3 Outlook

In future, for Ni-rich NMC synthesis, the calcination can be optimized by applying an oxygen

atmosphere to suppress the formation of oxygen vacancies and keep Ni at high oxidation state

3+. The influence of calcination temperature on electrochemical performance can be

investigated especially during the growth of primary particles could result in the internal strain.
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The electrochemical performance of sol-gel made NMC materials with different Ni contents
can be compared. Since Ni-rich NMC is very sensitive to humidity, the process of slurry coating
on Al foils should be performed either in a glovebox or in a dry room.

The chemical delithiation in this work extracted not only Li but also transition metals and
removed oxygen. In Sekizawa et als research [155], LiNiosMngsO2 was chemically delithiated
by (NH.),S,0s solution for 0.5 - 4 hours under air. They also found the removal of oxygen.
However, in Chebiam et al’s research [156], the chemical delithiation was performed on
LiCoO; and LiMn,04 with various quantities oxidizing agent NO,PFs or NO,BF4. There was no
oxygen removal took place in LixMn;04. From these results, we know the delithiation behavior
varies by different combinations of a sample and an oxidizing agent. For Ni-rich active
materials, the reaction 2Ni**-> Ni**+Ni%* could occur and Ni?* would dissolved in acid leaching
process [157]. In Ref. [157], LiNiO, was also chemical delithiated by two methods: NOPFs as
oxidizer and acid leaching. With NOPF¢ solution as oxidizer, LiosNiO> was obtained. Further
delithiated samples were LiosNiO, achieved by acetic acid, Lio2NiO, by phosphoric acid and
Lio.1NiO, by sulfuric acid. In other research [101], LiCoO, active materials were chemical
delithiated by Cl,, Bry, |, and sulfuric acid. Cl, was found to be too strong leading to a
dissolution of samples. Sulfuric acid method resulted in a disorder between Li and Co in
samples, and Co was prone to be extracted too. In Ref. [158], layered LiCoO, and LixNi>-xO2
(0.6<x<1) were chemically delithiated by acid. H and Li exchange was found in delithiation
process, ending up with Lii«,H,Co0,sample. For layered LixNi,«O, (0.6<x<1), because of cation
mixing between Li and Ni, partially Ni in LiO,-layer was extracted. In the future work, the
choose of oxidizing agent depends on the aiming delithiation degree, active composition.
When aiming to a low Li content in samples, the acid leaching delithiation is more suitable
than NOBF, or NOPFs solutions. With increasing Ni content in sample, the lower oxidizing
power should be chosen to minimize Ni?* dissolving. According to sample’s oxidation potentials,
the suitable oxidizing power should be chosen.

Intercalated Li in negative electrode material is prone to react with electrolyte, which
contributes to the early stage thermal runaway. Chemical lithiation can be performed on
negative electrode, and the thermal properties of lithiated negative electrode can be
investigated by calorimeters. The interface reactions, such as SEl formation can be investigated
for samples with different Li contents.

To compare with chemical delithiation / lithiation, the cells can be disassembled after cycling.
The reactions between electrochemical delithiated positive electrode materials / lithiated
negative electrode materials and electrolyte can be investigated by STA and MS. The released
gases can be analyzed. Similarly, in the thermal runaway tests, the gases can be collected and
analyzed. Since the micro- strain and micro-cracks in positive electrode material’s particles are
formed during Li intercalation and deintercalation, the reactions between positive electrode
and electrolyte take place. The thermal stability of aging cells is a very critical problem. The
aging cells can be disassembled and the thermal properties of components can be investigated
by calorimeters.

The influence of morphology on thermal stabilities of positive electrode materials can be
investigated in the future. Single crystalline positive electrode materials have lower initial
capacity but longer cycling life and high stability at high voltage than polycrystalline positive
electrode materials [159-160]. Noh et al. [161] reported gradient materials had high energy
and good safety performance. The mechanism of reactions for positive electrode materials
with different morphologies can be investigated by calorimeters.

In aspect of cell’s format influence, for prismatic or pouch cells, the heat flow rates cannot be
measured by C80 calorimeter because of the size. The reversible entropy change and internal
resistance can be determined by entropy change measurements and GITT measurements,
respectively. The computed heat flow rates can give a prediction to find the critical SOC with
the maximal heat flow rate. The total heat generation can also be calculated. From the
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individual cell, these results can be expanded in battery packs. Especially for fast charging
process, the safety problems can be effectively controlled by thermal management system.
To improve the thermal stability, there are different approaches on material’s level, cell’s level
and battery module’s level. In scope of material development, artificial SEI, atomic layer
deposition (ALD) coating and substitution are reported to improve the thermal stabilities [162-
164]. The application of additives in electrolyte, optimization of electrode preparation, format
of cells etc. in cell design are very promising and effect methods too. On battery module’s level,
the thermal management system in BMS can monitor and control the thermal stabilities. The
cooling system, dissipation of battery module and circuit design can be investigated and
improve the thermal stabilities of batteries.

The calorimetric study on LiBs provides a novel approach to investigate the thermal effects
and heat generation. This method can apply on batteries with different materials, helping to
evaluate the performance in consideration of thermal stability and safety. Since fast charging
becomes an urgent demand for electrical devices and EVs, battery thermal management
especially at high C-rates can help to improve the safety of LiBs. Based on the correlation
between thermal properties and electrochemical properties, the thermal behavior of LiBs
could be predicted and the safety issues can be noticed and managed immediately. Moreover,
the storage of batteries should also be carefully monitored and controlled, which needs to
investigate experimentally to understand and prevent battery's self-heating.
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Appendix

Appendix | The parts of C80 calorimeter

PwNRE

U

10.
11.
12.

13.
14.
15.
16.
17.
18.

19.

20.
21.

The "Measurement" fluxmeter

The "Reference" fluxmeter

The calorimetric block which is the thermostat

Pt100 Platinum probe to measure the calorimetric sample temperature; another probe,
a Pt200 Platinum one, to control the temperature, is also in the block

A peripheral heating element

A sleeve surrounding the thermostat block. Inside the sleeve, cooling air can circulate,
pulsed by a fan.

A heat insulator, limited by the external wall surrounding the air circulation sleeve. At the
bottom of the wall, there are air admissions through which ventilation air escapes.

The upper section of the block comprises an internal chamber

A cover

Four (4) screws to fix the cover

Two (2) support guides fitted to the block

Screws to attach the guides to the block. These guides constitute a thermostated buffer
to the area occupied by the cells. They act as thermal protectors and define the
preheating zone when the cells are placed inside.

A cylindrical space above the cover used by the heat insulating stopper.

A heat insulating stopper represented in the figure in the lifted-up position.

Two wells.

An upper plate.

Four (4) knurled screws attaching the upper plate on the outer unit.

Two sliding stops may obturate the wells partially: they are aimed at holding in place rods
or tubes linked to cells.

Two metallic tubes which connect directly the upper plate to the guides (11). Sometimes
(for reversal cells), they are replaced by two long stoppers (not shown in the figure).

A support base, fixed with 6 screws.

At the rear of the body, a device for fixing the calorimeter on the reversal fitting can be
found. A 3-position switch (manual — 0 — automatic) and its light control the fan.
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Appendix Il The raw data of ICP-OES results

Table 1: The raw data for Table 4.4: Measured composition of NMC materials with various

compositions.

Samples Li element Ni element Mn element | Co element
wt.% wt.% wt.% wt.%
NMC442 800°C | 7.30+0.02 23.80+0.12 22.50+0.07 12.10+0.06
NMC442 900°C | 7.09+0.03 23.60+0.02 22.40+0.02 12.10+0.01
NMC532 800°C | 7.24+0.01 29.40+0.02 16.60+0.01 11.90+0.01
NMC532 875°C | 6.960.01 30.00+0.05 17.00+0.01 12.10+0.03
NMC622 800°C | 7.16+0.03 35.30+0.12 11.00£0.05 11.90+0.05
NMC622 850°C | 6.92+0.02 35.70+0.06 11.20+0.05 12.00+0.02
NMC712 800°C | 7.08+0.03 41.4040.23 5.53+0.03 11.90+0.07
NMC712 825°C | 6.59+0.01 42.4040.10 5.65+0.01 12.30+0.03
NMC802 800°C | 6.77+0.03 47.5040.12 <0.4 12.00+£0.05

Table 2: The raw data for Table 4.7: Analytical composition of LixNi,Mn,CosO, delithiated by
one-portion oxidizing reagent, measured composition with assumption sum of transition
metals equaling to 1 (sum TM=1)..

Reaction time Li element Ni element Mn element | Co element
h wt.% wt.% wt.% wt.%

0 7.68+0.01 24.40+0.05 22.50+0.58 10.10+0.07
4 7.07+0.10 24.89+0.04 22.55+0.04 10.25+0.02
16 6.21+0.09 24.67+0.04 23.33+0.04 10.21+0.02
24 6.19+0.04 24.80+0.02 23.02+0.02 10.28+0.01
48 5.84+0.04 24.10+0.02 23.82+0.02 10.16+0.01
72 5.37+0.04 23.50£0.02 24.40+0.02 10.07+0.01
96 5.23+0.03 23.60£0.02 24.14+0.02 10.08+0.01

Table3: The raw data for Table 4.8: Analytical composition of the oxidizing reagent filtrate.

Reaction time Li element Ni element Mn element | Co element
h mg/kg mg/kg mg/kg mg/kg

4 35.1+0.2 42.7+0.1 39.8+0.1 17.41+0.1
16 77.5%0.7 96.2+0.1 87.5+0.1 39.1+0.1
48 88.4+0.3 112.31+0.5 45.0+0.1 96.0+0.1

Table 4: The raw data for Table 4.9: Analytical composition of LixNiyMn,CosO, delithiated by
double-portion oxidizing reagent, measured composition with assumption sum of transition
metals equaling to 1 (sum TM=1).

Reaction time Li element Ni element Mn element Co element
h wt.% wt.% wt.% wt.%

0 7.68+0.01 24.40%0.05 22.50+0.58 10.1040.07
4 6.41+0.02 25.59+0.05 22.60+0.06 10.45+0.02
16 5.69+0.01 24.260.06 24.12+0.05 10.13+0.02
24 5.15+0.01 24.32+0.17 24.25+0.20 10.23+0.05
48 4.35+0.01 22.96+0.23 25.79+0.29 10.02+0.03
72 4.33+0.02 24.64+0.11 24.06+0.02 10.3440.03
96 3.41+0.01 22.45+0.09 25.84+0.04 9.79+0.02
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Appendix Il The raw data of the function of AH, AS and SOCs in Fig. 5.38

AH AS SOC AH in ASin SOCin
fitting curve | fitting curve | fitting curve
kJ/K-mol J/K:mol % kJ/K:mol J/K:mol %
-343.5 -44.1 0 -343.5 -44.1 -2.4
-338.7 -94 10 -338.7 9.4 13.3
-348.0 -12.1 20 -348.0 -12.1 24.1
-346.1 7.8 30 -346.1 7.8 34.3
-346.0 17.3 40 -346.0 17.3 40.3
-349.1 20.4 50 -349.1 20.4 46.5
-364.0 1.6 60 -364.0 1.6 54.4
-372.6 1.8 70 -372.6 1.8 66.0
-380.6 33 80 -380.6 33 77.8
-390.0 3.2 90 -390.0 3.2 90.4
-400.1 5.2 100 -400.1 5.2 105.2
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