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Chapter 1

Introduction

1.1 Introduction and Motivation

Our daily life is governed by modern electronic devices and an increasing demand for
mobility. One of the main concerns of engineers and researchers is therefore to improve
our possibility to store and provide electrical energy wherever it is needed. The inven-
tion of batteries made it possible to develop mobile phones, pacemakers, digital cam-
eras, electric vehicles and many other devices which depend on mobile power supply.
Rechargeable batteries, also termed secondary cells, have been developed over decades
to give higher voltages and capacities as well as improved cyclability. For mobile appli-
cations the gravimetric capacity, i.e. capacity per weight, is especially important and
numerous efforts have been made to find lightweight materials with high capacities.

In modern devices the lithium ion battery (LIB) has become the most important recharge-
able battery type. It exceeds because of its high cell voltage, high gravimetric capacity
and excellent rechargeability. The development began in the 1970’s when the Li TiS,-
phase was discovered as a possible intercalation cathode material [1, 2]. Since then
various cathode materials have been developed to achieve higher cell voltage and capac-
ity, where the most successful are LiFePO, and transition metal oxides based on LiCoO,
or LiMn,0,.

Although metallic lithium is a very appealing anode material due to its low standard
potential and its low density, it shows poor cyclability because of dendritic Li-deposition
during discharge. Only the discovery of graphite as a Li-intercalation anode [3, 4] en-
abled the construction of LIBs with acceptable cyclability and capacity. For the anode
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side carbon based materials are still the most common but metal based anodes are in

development. In 1990 the first commercial LIB was announced by Sony, Japan [1].

A major challenge, besides improved electrode materials, is to find electrolytes which
are stable against oxidation and reduction at the working potentials of the battery elec-
trodes. This stability region is often called the electrochemical window of the electrolyte.
Especially the low potential of the anode excludes any protic solvents. The electrolyte
should also have sufficient ionic conductivity and be inert towards the battery compo-
nents. As later discovered, the reactivity of the electrolyte towards the graphite anode
is of special importance, as it forms a protective layer, termed solid electrolyte inter-
face (SEI), on the electrode which prevents further electrolyte decomposition [5]. Most
electrolytes which are in successful commercial application for LIBs consist of Li-salts
dissolved in a mixture of organic solvents, the most prominent being linear and cyclic
organic carbonates and ethers. The improvement of electrolyte stability is a major issue
concerning battery safety. The solvents used are usually highly flammable and in case
of battery failure their highly exothermic combustion leads to the evolution of toxic and
flammable gases. Especially the so-called thermal runaway, where a self accelerating re-
action cascade can lead to explosions of the battery, was investigated intensely. Modern
batteries have several built-in fail-safe systems to prevent accidents but safety on the
chemical level is still the most important issue.

In the last years several reports about cellphone batteries and also batteries of electric
cars involved in accidents catching fire became public news [6]. While the fires from
cellphone batteries usually stay under control, the large battery packs in electric vehi-
cles can pose a dangerous threat. To ensure the success of electric vehicles we have to
improve the safety of LIBs and to better understand the processes which occur before

and during battery failure.

The goal of this work is to develop a method for the in-situ characterisation of gaseous
emissions from LIBs. For this purpose a device for the collection of the evolved gases from
a LIB during the charging procedure was connected to a gas chromatography /mass spec-
trometry instrument (GC/MS). Later the setup was completed by connecting a Fourier
Transform Infrared Spectrometer (FTIR) for simultaneous measurement. This configu-
ration combines the complimentary features of both instruments. GC/MS is suited for
the identification and quantification of complicated analyte mixtures over a wide range

of concentrations. Unfortunately its time resolution is rather low since a measurement
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takes typically between 10 and 20 minutes. FTIR lacks the low detection limit and the
ability to distinguish complicated mixtures but its temporal resolution is in comparison
only limited by the desired spectral resolution. A partial least squares regression (PLS)
correlates the FTIR signal with the GC/MS data and allows the quantification of the
FTIR signal.

With this, to our knowledge, unprecedented setup I examined the gas evolution from
a commercial high power LIB as well as from coin cell type batteries. The coin cell
approach allows the variation of the cell composition to investigate the influences from
different electrolyte components and electrode material separately. A special challenge

was the detection of the small amounts of gases evolved from the coin cells.

1.1.1 Timeline

The practical aspects of this work have been conducted between 15* October 2013 and
30" May 2014 (Figure 1.1).
2013 2014

October November December January February March April May

Acquisition of Basic Techniques

Establishing In-situ for coin cells

GC/MS FTIR Installation
Installation and Coupling

FIGURE 1.1: Approximate timeline of this thesis.

1.2 Chemistry of Lithium Ion Batteries

State of the art LIBs are constructed by the so-called rocking-chair principle. In contrast
to Lithium Batteries which contain a metallic Lithium anode, in Lithium Ion Batteries
both electrodes are comprised of Li-intercalation compounds. During charge and dis-
charge Li ions are moving from the cathode to the anode and vice versa. On the anode
side graphite is the most common material, while transition metal oxides are used for
the cathode. By applying an external voltage to the electrodes the electrode potentials
are shifted and lithium ions are extracted from the cathode material and intercalated

in the anode active material, while electrons flow through the outer electrical circuit to



maintain charge balance (Figure 1.2) [7]. The transition metal ion (M) in the cathode
materials is oxidised during this reaction (1.1) and the graphite is reduced (1.2). The
Gibbs energy change AG of this reaction is positive thus work has to be performed on
the system. During discharge the reverse reaction takes place which has AG < 0 and
therefore can perform electrical work on an external circuit, hence work as a battery.

The overall cell reaction is given by equation (1.3).

e
- Supply

charging

o
discharging

Cathode Material | | Anode Material
(e.g. LiCoO,) Electrolyte (e.g. Graphite)

FIGURE 1.2: Scheme of the LIB operation mode, showing the de-/intercalation of Li
(blue/grey spheres) in the electrodes. Figure retrieved from [8].

LiMO, == Li; MO, +xLi" +xe” (1.1)
xCg +xLit + xe” = x LiCq (1.2)
x Cg + LIMO, = x LiC;4 + Li;_ MO, (1.3)

The open circuit voltage Eoc of a battery is directly related to the molar Gibbs energy
change AG,, of the cell reaction by equation (1.4), where z is the number of electrons
transferred in the reaction and F' Faraday’s constant. This voltage corresponds to the

difference of the chemical potentials of Li in the cathode uf, and the anode pu$, (1.5)



which comprise the chemical potential of the Li* ion and the electron (1.6, 1.7).

AG,, = —2FFEpc (1.4)
Bii — Bl

Foo = ——+*—"*+ 1.5

oc F (1.5)

Hii = Mo + Mo (1.6)

WLi = Wi + He- (L.7)

The value of ;.. depends mainly on the site energy of the Li* ion in the intercalation
materials and 1 corresponds to the Fermi level [9]. The electronic and crystal structure
of the host materials are therefore the properties which determine the achievable cell
voltage. To obtain a high open circuit voltage Foc a cathode with a low pr; and an

anode with a high pur; are combined.

1.2.1 Characteristic Parameters

To characterise and compare the properties and performance of LIBs several parameters

have been established. Some of the most important are:

Nominal Voltage The battery’s reported voltage.

Cut-off Voltage The discharge voltage limit which is recommended for safe use of the

battery [10].

End-of-charge Voltage The charging voltage limit which is recommended for safe use

of the battery.

Specific Capacity Q,, The charge stored per g of battery mass or electrode mass.
Qin = % mAh/g

Energy Density W, The energy stored per g of battery mass or electrode mass [10].
Win = EF5E mWh/g

C-Rate The charge/discharge current at which the battery would be charged/dis-

ei1le 1
charged within #— - hours.



1.2.2 Battery Design

A battery is made of two electrodes which are electronically insulated from each other by
a separator but in contact with an electrolyte that ensures ionic conductivity. The elec-
trodes usually consist of a metal foil as current collector on which a composite material
containing the active constituents is coated. This composite is prepared as a slurry from
the active material powder, a carbon additive to enhance electronic conductivity and
a binder like polyvinylidene fluoride that increases the mechanical stability. There are
several popular cell geometries depending on the application of the battery (Figure 1.3).
In coin cells, also known as button cells, the circular electrodes are stacked inside a
metal cup which is then closed tightly by crimping a metal cap on top. These metal
parts serve also as connecting leads. Coin cells are easy and cheap to assemble and typi-
cally used for non-rechargeable batteries. Cylindrical cells are made from long metal foil
bands which are coated on both sides with active mass and serve as current collectors.
The two electrodes are separated by a separator band and rolled up to a tight bundle
which is inserted in a metal can. This design has good mechanical stability and the tight

stacking of the electrodes provides a high capacity per volume.

Anode terminal

Anode

|__Separator + Electrolyte
— Insulating packing

i A ——— Cathode
Cathode terminal

FIGURE 1.3: Construction schemes of (a) cylindrical cells and (b) coin cells. Repro-
duced from [11] and [12], respectively.

1.2.3 Cathode Active Materials

Cathode materials of widespread commercial use are LiCoO,, LiMn,O, and LiFePO,.

Li; ,CoO, was used in the first commercial LIB and has a theoretical capacity of
274mAh/g with an average voltage of 3.9V versus Li/Li". Yet the practical capacity is
merely around 130 mAh/g because only about 50 % of the contained Li can be extracted

6



reversibly (1.8). Overcharging beyond 4.2V can lead to structural instability and the
material becomes prone to the release of oxygen (1.9) which can react with the electrolyte
[1, 13]. LiCoO, has a hexagonal crystal structure which consists of alternating layers of
Co and Li ions which are octahedrally coordinated by oxygen. The toxicity and high
price of Cobalt are the main drawbacks of this cathode material. Layered structures

containing also Ni, Mn and Al have been developed with improved capacity and stability

[14].

LiCoO, == Li;, ,CoO, +xLiT +xe” (1.8)

3Co0, = Cos0, + 10, (1.9)

Li;_,Mn,O, shows a higher nominal voltage than LiCoO, but its practical capacity is
only around 100 - 120mAh/g. Li' ions can be intercalated in the tetrahedral (1.10) and
octahedral sites of the spinel structure, but only the former ones give the high voltage
of 4.1 V. The excellent high rate performance and the availability and low toxicity of
manganese make up for the low capacity [14]. Problems are associated with self-discharge
due to Mn?*dissolution in the electrolyte and also oxygen release, although at higher

voltages than LiCoO,, [15].

LiMn,O, = Li;  Mn,O, + xLi" +xe” (1.10)

LiFePO, is also a low cost and low toxicity material. Its excellent high rate performance
makes it popular for power tools. In contrast to Li; ,CoO, and Li; Mn,0O,, in which
Lit is intercalated gradually, a phase transition from FePO, to the olivine structure
LiFePO, occurs upon LiT insertion. It provides a stable discharge voltage of 3.45V.
With a theoretical specific capacity of 170mAh/g and a high stability against oxygen

release the low electronic conductivity is its main disadvantage [14].

1.2.4 Anode Active Materials

Metallic Lithium would be an excellent anode material due to its low standard
potential (E° = —3.045V vs.standard hydrogen electrode) and its low density
(6 = 0.534g/cm? )[16]. Unfortunately Li is forming dendrites during redeposition on



the anode side. This causes internal short circuits due to dendrites growing through the
separator and also reduces the capacity when the dendrites break and lose electrical con-
tact with the anode. Hence metallic lithium anodes are mainly used in non-rechargeable

cells [17].

Graphitic carbons are the prevalent anode materials in commercial cells. On charging
lithium ions are intercalated between the layers over several steps up to LiCy (1.11). The
potential vs. Li/Li* ranges from ~ 0.8V (for z < 0.1 in Li,Cg) to ~ 0.1V (z = 1) with
a theoretical capacity of 372mAh/g [18].

Li,C, = xLi" +xe” +C, (1.11)

The low potential of the graphite anode leads to the reduction of solvent species and the
formation of a passivation layer on the surface during the first charging cycle. This layer
was termed solid electrolyte interface (SEI) as it is an ionic conductor but an electronic
insulator thus allowing the diffusion of Li* to the graphite but preventing the further
reduction of the electrolyte. It forms around 0.8-2V and has a complex composition
of inorganic and organic decomposition products like Li,COg, Li alkyl carbonates and

polymerisation products of the electrolyte [19].

Intermetallic anodes are very promising for future batteries at they have theoretical
capacities which are a multiple of graphite. The most promising amongst them is sili-
con which has a theoretical capacity over 4000 mAh/g. The huge volume change upon
lithiation is still troubling though and prevents a capacity retention over many cycles

[20].

1.2.5 Separators and Current Collectors

To avoid an internal short circuit the electrodes are separated from each other by an ion
conducting membrane. The separator should have high mechanical, thermal and chemi-
cal stability and provide sufficient conductivity for the Li salt while being electronically
insulating. It should be able to retain the electrolyte solution without swelling. Sep-
arators made of porous polyethylene or polypropylene sheets, which are soaked with

electrolyte, are popular in commercial LIBs. They are usually designed with a so-called



shut-down-fail safe mechanism. If the temperature in the battery exceeds a certain
threshold, usually around 130 °C, the pores of the membrane close and interrupt the
internal current flow [21]. Current collectors made of copper and aluminium foil are
used for the anode and cathode side, respectively. The stability of Al at high potentials
was explained by the formation of Al halide layers which passivate the surface against

dissolution [22].

1.2.6 Electrolytes

Commercial liquid electrolytes for LIBs, omitting polymeric electrolytes and solid elec-
trolytes, consist of a Li salt dissolved in a mixture of organic solvents. A suitable solvent
requires a range of properties which are often hard to achieve by a single component and
reasonable compromises have to be made [5]. Protic solvents are inapplicable as they are
not stable against reduction at the anode leading to decomposition and H, evolution.

The following criteria have to be considered during the design of a LIB electrolyte:
Liquid Range The temperature range between the liquidus temperature and the boil-
ing point of the electrolyte.

Viscosity Low viscosity increases the ionic conductivity but comes often only with low

polarity of the solvent.

Permittivity Polar solvents show good solubility for the Li salts used and enable high

concentrations.

Ionic conductivity It depends on the concentration and mobility of charge carriers,

i.e. ions, in the solvent.

Electrochemical Window The electrolyte components should be stable, thermody-

namically or kinetically, against oxidation or reduction at the electrodes.

Thermal stability The components should not decompose at the working or storage

temperatures of the battery.
Toxicity Highly toxic substances should be avoided.

Flammability To avoid fires or explosions in cases of battery failure low flammability

is desirable.



As can be seen from the values given in Table 1.1 solvents with high relative permittivity,
i.e. high polarity, often have high melting points and are rather viscous, while solvents
of low viscosity have low permittivity which goes with low salt solubility. Practical elec-
trolytes are therefore a mixture of low and high polarity solvents.

Cyclic ethers were found to be resistant against reduction but are oxidised at Pt-
electrodes around 4.0V and at real cathode materials at even lower potentials. Cyclic
carbonates like ethylene carbonate (EC) and propylene carbonate (PC) show stability
against oxidation up to 5V and are stable towards the anode due to SEl-formation. PC
is well established with metallic Li anodes but is incompatible with graphite anodes.
It was found that the PC molecules intercalate in the graphite leading to destruction
of the layered structure by ezfoliation [5]. EC on the contrary forms stable SEIs with
good ionic conductivity. To improve the low temperature behaviour of EC it is used in
a mixture with linear carbonates like dimethyl carbonate (DMC) [23]. This lowers the

solidification temperature and viscosity with only a small trade-off in polarity.

Several Li salts have been examined for the electrolyte but up to now LiPFy has proven
to be the most suitable. The salt should be highly soluble in the used solvent, show
high ion mobility and the anion has to be inert against the electrodes and the solvent
itself. This rules out most candidates like Li halides which are either not soluble enough
in organic solvents or easily oxidised at the cathode. Salts based on Lewis acids are
prevalent in commercial LIBs. The anions can be seen as Lewis acids e.g. PF; which

are complexed by a Lewis base like F~ (1.12).
LiF + PF; — Li" + PF,~ (1.12)

While Al based anions are too reactive and cause corrosion in the cell, milder Lewis acids
like LiBF,, LiPFg, LiAsFy and LiClO, have been investigated for their use in LIBs.
LiClO, shows high conductivity and high anodic stability. Also the SEI formed with
LiClO, was found to have especially low resistance as no HF is generated. Its strong
oxidation power causes high reactivity with the solvent and it is only used in laboratory
applications due to its low price and easy handling.
LiAsFg is like LiClO, stable at high potentials and rather resistant against hydrolysis.
A cathodic reaction resulting in the formation of the highly toxic AsF; gas excluded this
salt from commercial use.
LiBF, finds new popularity as a replacement for the thermally instable LiPFy while
10



mainly its moderate conductivity, due to the low dissociation constant, prevents its ad-
vance.

LiPFg is the prevalent salt in commercial electrolytes. Although it does not outper-
form the other candidates in their particular properties, it has the best balance of all
required features. The biggest drawbacks are the high sensitivity towards moisture and
the low stability against thermal decomposition. The equilibrium of reaction (1.13) is
shifted to the right side due to the formation of the gas PF; which begins at rather
low temperatures (cf. Table 1.2). This also interferes with the ability to dry the salt.
Solvents which show high solubility mitigate reaction (1.13) since the rate depends on
the concentration of the undissociated LiPF species. Already small amounts of water
cause the formation of corrosive products (1.14, 1.15) which attack the organic solvent
and decrease battery life. The production of high purity salts with low water content

has been crucial to the success of LiPF [5].

LiPF6(S) = LiF(S) + PFs(g) (1.13)
LiPFs + Hy,O <= LiF + 2HF + POF, (1.14)
PF,; + H,0 <= 2HF + POF, (1.15)
TABLE 1.1: Physical properties of solvents at 25°C (unless noted). From ref. [5, 24].
Solvent Melting Point  Boiling Point ~ Rel. Permittivity Viscosity
Ethylene- 36.4°C 248°C 89.78 (40°C) 1.9¢P (40°C)
carbonate
Dimethyl- 4.6°C 91°C 3.11 0.59¢cP (20°C)
carbonate
Diethyl- -74.3°C 126°C 2.81 (20°C) 0.75cP
carbonate
Ethylmethyl-  -53°C 110°C 2.96 (20°C) 0.65cP
carbonate
Propylene- -48.8°C 242°C 64.92 2.53cP
carbonate
Diethylether -116.3°C 34.55°C 4.23 0.242cP
Dimethoxy- -58°C 84°C 7.2 0.46 cP
ethane
Tetrahydrofuran -108.5°C 65.97°C 7.43 0.459 cP

Typical commercial electrolytes are a mixture of several solvents like DMC, EC, EMC,
DEC or PC where a good balance between conductivity, thermal properties, stability and

SEI formation has to be found. As a salt LiPFy is used typically with concentrations
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TABLE 1.2: Properties of common Li salts. Collected from ref. [5]

Salt TDecomp, solv. Al-corrosion Conductivity
(1.0M, EC/DMC,
25°C )

LiClO, >100°C No 8.4mS/cm

LiAsFg >100°C No 11.1mS/cm

LiBF, >100°C No 4.9mS/cm

LiPFy >100°C No 10.7mS/cm

of 1mol/L. Standard electrolytes for R&D are LP 30 (DMC/EC 1:1 by weight, 1M
LiPF,) or LP 40 (DEC/EC 1:1 by weight, 1 M LiPF,).

1.2.7 Electrolyte Additives

Do mitigate the deficits of the electrolytes, additives have been investigated to improve
the properties of the anode passivation layer (SEI), for cathode protection, overcharge
protection as well as wetting agents and flame retardants.

Vinyliden carbonate (VC) greatly improves the properties of the anode passivation layer.
It even enables the use of PC as electrolyte. The lowest unoccupied molecular orbital
of VC is of lower energy than for other solvents due to the double bond. It is reduced
at higher potentials than the solvent, forms the SEI and avoids the reduction of EC
and gas evolution. Also S-containing compounds like ethylene sulfite, propylene sulfite
and diethyl sulfite have been investigated as SEI forming additives [30]. Biphenyl was
found to act as a overcharge preventing additive as it polymerises on the cathode surface

around 4.75V forming an isolating film [31].

1.2.8 Thermal Runaway and Safety Precautions

If the temperature inside the battery is too high, due to wrong charging or other influ-
ences, a cascade of self-accelerating reactions can start along with extreme heat evolu-
tion. This was named a thermal runaway. In the worst case this leads to the ignition or
explosion of the battery. The initiation is suspected to originate from the destabilisation
of the SEI film at the anode and subsequent direct reaction of the electrolyte with the
anode. This was observed at temperatures below 100°C. The transition metal oxides

are also prone to release oxygen at higher temperatures which fuels the reactions. Most
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TABLE 1.3: Electrochemical stability of solvents. Collected from references [25-29].
AC: Activated Carbon. GC: Glassy Carbon

Solvent Salt Working electrode Anodic Limit Cathodic Limit
DMC LiClO, Au 1.32'V [25]
LiClO, GC 57V [26]
LiPFg GC ~ 6.3V [27]
LiPFg LiMn,O, ~ 4.2V [27]
DEC LiClO, Au 1.32V [25]
LiClO, GC 5.5V [26]
EMC LiPFg GC ~ 6.7V [27]
LiPF LiMn,O, ~ 4.5V [27]
EC LiClO, Au 1.36 'V [25]
Et;MeN*PF. GC 6.70V 0.11V [27]
Et,;MeN*PF, AC 4.60V 1.94V [27]
PC LiClO, Au 1.0-1.6 'V [25]
Et;MeN1TPF. GC 598V 0.23V [27]
Et;MeNTPF, AC 4.42V 2.25V [27]
LiClO, GC 5.8V [26]
LiClO, GC 5.3V [28]
LiClO, Pt 5.3V [28]
VC LiClO, Au 1.40V [25]
EC/DMC Et;MeNtPF. GC 6.69V 0.15V [27]
Et;MeN*PF; AC 4.52V 2.03V [27]
LiPFg LiMn,O, ~ 6.0V [27]
LiPFg Pt ~ 6.5V [27]
LiPFg GC ~ 6.5V [27]
LiPF Au 3.55V [29]
LiPFq Pt 345V [29]
LiPF Al 3.3V [29]
LiAsF Au 3.55V [29]
LiAsFg Al 34V [29]
PC/DMC Et;MeNTPF,~ GC 5.78V 0.18V [27]
Et;MeNTPF," AC 410V 2.20V [27]
EC/EMC Et;MeNTPF. GC 6.68V 0.10V [27]
Et;MeNTPF~ AC 4.58V 2.06V [27]
PC/EMC Et;MeNtPF. GC 6.20V 0.11V [27]
Et,;MeNtPF. AC 4.24V 2.03V [27]
EC/PC LiClO, GC 5.8V [26]
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of these reactions lead to gas evolution and an internal pressure build up in the cell. If
the pressure gets too high the battery explodes and vents the hot flammable gases were
they can react with the atmospheric oxygen. The main energy contribution of these

reactions is the combustion of the organic electrolyte [32].

Batteries contain several non-chemical safety features that come into play to avoid bat-

tery failure:

PTC A positive temperature coefficient switch which increases its resistance above a

certain temperature to disrupt the circuit.

CID Circuit interrupt devices which interrupt the electrical circuit if the internal pres-

sure is too high.
Safety vents which open to release evolved gases in a controlled way.

BMS The battery management system monitors temperature and charging state of
the battery amongst other parameters. It controls the charging and discharging

processes and intervenes in the event of a failure.

1.3 Electrolyte decomposition and gas evolution

1.3.1 Determination of the electrochemical stability

The electrolyte stability problem is known in the field of LIBs since the introduction
of the lithium metal anode. Many scientists have investigated the stability regions of
common electrolytes but the literature data are sometimes ambiguous or contradictory
and different values have been published for the same system. This is mainly due to
the fact that the electrolyte stability limit depends on many factors. The type and
concentration of the salt, the level of impurities and the working electrode material have
been found to influence the onset potential of decomposition reactions tremendously
— compare Table 1.3. Also the experimental approach to these values accounts for
their large variations. Although it was stated by many authors that electrolyte stability
limits should be evaluated at actual LIB electrodes only few authors have reported such
values [27]. The onset potential is usually determined by cyclic voltammetry (CV) and
differences in the data evaluation give rise to values which can be hard to compare. In
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some papers [26, 29], the onset of the decomposition reaction is given by the intersection
of two tangents at the i = 0 base line and the slope of the peak. As elaborated in ref.[33]
this intersection can change strongly with the choice of the current range. The second
popular method is to define it as the potential where the measured current density ¢
reaches a predefined value. The somewhat arbitrary choice of this cut-off current —
values from 10 pA/cm? to 1mA /cm? have been reported — results in differences of the

stability data [27].

All these variables influence the reported stability values and data from different sources

should thus be evaluated with caution.

1.3.2 Decomposition under oxidative conditions

There is significantly less literature available on the oxidation of organic carbonates and
the generation of decomposition products than for the reduction process, which may
be attributed to the fact that the reduction forms prevalently volatile gases and sur-
face films while the oxidation products are usually soluble in the electrolyte and not
easy to detect [24]. All the more the detailed investigation of electrolyte oxidation pro-
cesses needs to be promoted. The decomposition pathways and mechanisms described
in literature which are reproduced below — as reported in literature — are sometimes
ambiguous and the data to support these mechanisms hard to find.

Arakawa et al. investigated the oxidative decomposition of PC and EC with LiClO,
on graphite via in-situ mass spectrometry and GC/MS in galvanostatic and potentio-
static mode. They proposed the formation of CO,, propanal and 2-ethyl-4-methyl-1,3-
dioxolane from propylene carbonate which is initiated and catalysed by an intercalation
of the salt anion X into graphite C, (1.16-1.19). For ethylene carbonate they found
the evolution of CO, and other unidentified products at an electrode potential over 5V

[34].
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The influence of overcharge for different cathode materials with DEC/LiPFy was ex-

(1.19)

amined by Kong via GC/MS. Under normal cycling conditions the same compounds,
CO, CHy, C,H,, C,Hg, C,HF, C3Hy and C;Hg, were found for LiCoO,, LiMn,0O, and
LiFePO,. Unexpectedly, CO, was only found with LiMn,O, and LiFePO, but not with
LiCoO,. Overcharging up to 5V lead to increased amounts of the observed gases. With
LiCoO, as electrode material CO, was now also observed and C,H, was generated on
LiMn,O, and LiFePO,. The authors mainly hold the O, generated from the cathode,
analogue reaction (1.55), responsible for the CO, evolution (1.20). Also the reaction
of Li alkylcarbonates with HF (1.21) and H,O (1.22) is assumed to generate CO, be-
sides ethanol, although it is unclear whether ethanol actually was detected. A formation
mechanism for C,H.F from ethane was proposed (1.23). The absence of C,H,, gener-
ated by oxidation of C,H, (1.24), is explained by enhanced O, evolution from LiCoO,
which reacts with C,H, according to equation (1.25) [35].

O
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o 0 (1.22)
_Ht —2e— -
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—2H+ —2e~
C,H, ——— C,H, (1.24)
C,H, 4+ 30, + 2H" — 2CO, + 2H,0 (1.25)
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Similar experiments were performed by Kumai et al. for LiPFy in PC/EMC/DEC/DMC
in a LiCoO,-graphite cell. In the normal charging range mainly CH,, C,Hy and C;Hg
were detected. Cells which where overcharged contained mainly CO, and CH, while
in overdischarged cells also CO was found. In general the gas volume generated was
approximately four times higher in the overdischarged case. Their explanation of the
gas generation is in accordance with Gachot [36] for the overdischarged cells and Kong
[35] for the overcharged cells [13].

Moshkovich et al. investigated the oxidation of DMC, DMC/EC and DEC/EC with
several salts on Au, Pt and Al electrodes by in-situ FTIR, NMR and GC/MS of the
solutions. They proposed possible oxidative reaction pathways for DMC and EC. After
the initial oxidation of DMC (1.26) the intermediate can react with another molecule
of DMC (1.27) or a DMC radical (1.28). The formation of more volatile compounds
like CO, formaldehyde and CO, is proposed by reactions (1.29, 1.30). The initiation
step for EC is analogous (1.31) but in contrast to reaction (1.29) no volatile aldehyde
is formed in (1.32). Also the formation of CO, (1.33), CO, ethanedial and 2-hydroxy-
acetaldehyde (1.34) are suggested. The reaction with another EC molecule leads to
the formation of oligo ether-carbonates (1.35). Although the reactions given in this
publication are conceivable, some of them seem to be unlikely. It is noteworthy that
Ohsaki and co-workers found evidence that during the overcharge of a LiCoO,—carbon
LIB with an EC/EMC/LiPF electrolyte CO and CO, were generated at the cathode
while H,, CH,, C,H,, C,H;, CO and CO, were formed at the anode side [37]. This is an

indication that not only the cathode is involved in the gas evolution during overcharge.
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1.3.3 Decomposition under reductive conditions

The mechanism for the complex reductive decomposition pathways is generally believed
to be initiated by an electron transfer to an organic carbonate like EC (1.36, 1.37) or
DMC (1.38, 1.39). The exact details of the reaction cascade of this initiation are still
under debate. Especially the discrimination between electrochemically and thermally
induced reactions is difficult.

The reduction of EC leads to the formation of solid precipitations of Li carbonates and
alkyl carbonates on the electrode surface and gaseous compounds like ethylene. It is
also the source for a series of soluble and insoluble oligomeric compounds based on the

[-CH,—CH,—0O—] unit.
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It was suggested that Li methanolate (MeOLi), which is the main product from DMC
reduction besides CO, and CO (1.38, 1.39, 1.40), induces a whole series of secondary
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reactions which cause a broad spectrum of products [38]. Once formed it readily reacts
with EC to produce a series of oligomeric alkyl carbonates (1.41). The successive re-
actions of the derived products lead to a variety of compounds which are categorised
according to Figure 1.4 [39]. Dimethyl-2,5-dioxahexane carboxylate (DMDOHC) was
the first of these reported. Examining the effect of MeOLi addition Tarascon and co-
workers found an increased amount of dimethyl ether and CO,, presumably formed by
reaction (1.42). They also propose a mechanism for the formation of alkyl fluorides and
POF, from the reaction of an Li alkoxide with PF; (1.43). Due to traces of H,O in
the electrolyte the formation of methanol is often observed (1.44). The radicals formed
in the electrochemical initiation step (1.38, 1.39) are believed to form methyl acetate

(1.44), methyl formate (1.46), methane (1.47) and ethane (1.48) [36].
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FIGURE 1.4: Series of oligomeric decomposition products reported in literature.
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CH,OLi + H,0 — CH,OH + LiOH (1.44)
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H + CHz — CH, (1.47)
2 CHs = CaHe (1.48)

Most of the literature deals with the decomposition of DMC and EC but it is likely that
other carbonates react similarly. It is a general trend that the decomposition products
from linear carbonates are often volatile while cyclic carbonates lead to low volatile and
insoluble compounds.

There have been reports that mixtures of carbonates change their composition during cy-
cling. A transesterification reaction was proposed by Yamachi et al. (1.49) [40] whereas
Ogumi and co-workers assume the participation of Li alkoxide species [38] and also the

formation of EMC from EC and DMC was reported (1.50, 1.51) [13, 36].
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1.3.4 Thermally induced reactions

Laruelle and co-workers investigated the thermally induced electrolyte degradation and
the influence of LiPF;-addition by GC/MS. An enhancement of the DMC decomposition
to CO, and dimethyl ether (1.52) by addition of LiPF was observed. This corroborates
the hypothesis that PF; reacts with water traces under the formation of HF and POF,
(1.15) which then attacks the solvent molecules (1.53,1.54). In contrast to DMC the

reaction of EC produces no volatile alkyl fluorides [36, 39].
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The decomposition and oxygen release (1.55, 1.56) from overcharged Lij;CoO, was
found to happen around 140°C and may be enhanced if solvents are present [41]. The
generated oxygen then readily reacts with the present solvents (1.57) to form CO, and
H,O. Roth and co-workers also propose a PF ;-activated ring-opening (1.58) of EC which
then either decomposes to CO,, CyH,, C,HF or reacts with solvent molecules to form

a series of linear oligo ether-carbonates (1.59).

Lij ;C00y 2% 11iC00, + 1Co,0, + 10, (1.55)
EC + 20, — 3CO, + 2H,0 (1.57)
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The thermally initiated reactions of DEC with LiPF over 140°C have been investigated
by differential scanning calorimetry [42]. A reaction cascade initiated by the Lewis acid
PF. was suggested (1.60,1.61). The intermediate then decomposes into POF;, CO,,
C,H,, HF and C,H.F (1.62,1.63). However the authors of this study did not find any
evidence for the analogous reaction (1.60,1.61) of DMC. They also concluded that traces
of water are involved in the generation of alcohols from lithium carbonate species in the

SEI (1.65) and subsequent ether formation (1.64).
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In a recent publication Gachot et al. have analysed the gaseous decomposition products
via gas chromatography where a parallel FTIR and MS detector was used to disam-
biguate the indentification. From a charged anode heated with an ED/DMC/LiPF
electrolyte they identified CO, CO,, C,-C, hydrocarbons and fluorine compounds, lin-
ear ethers, formaldehyde as well as methyl formate, methyl acetate and their derivatives.
The gases of a swollen LIB were found to contain CO, CO,, saturated C,~C, hydrocar-

bons and furthermore their fluorinated analogues [43].

1.3.5 Techniques for the analysis of evolved gases from lithium ion

batteries

As elaborated by Gachot and co-workers [36] the elucidation of electrolyte decomposi-
tion mechanisms is a challenging task which cannot be done by gas analysis alone. Many
studies have dealt with the soluble products and solid precipitations formed in LiBs. The
combination of many techniques can form a better understanding of the decomposition
processes going on in a cell. The analysis of evolved gases is, however, of particular
importance in this context. On one hand side the evolution of highly flammable and
potentially toxic gases in LIBs is a big safety issue and in contrast to soluble products
gases are volatile and cause a pressure increase in the cell. On the other hand gas anal-
ysis is a handy way to monitor reactions in batteries of most types in-situ and without
disturbing the cell chemistry too much.

The techniques established to analyse the gases evolved in LIBs can be divided in two
categories. Ez-situ or post-mortem analysis is the most used approach. Mostly cylindri-
cal cells, like the 18650-type, or pouch cells are prepared and undergo a certain charging
program or temperature treatment. Afterwards the cell is opened or pierced with a
device that allows the quantitative collection of the generated gases which are injected
in the analysis instrument (GC/MS or GC/MS/FTIR [43]) afterwards. This approach
has the advantage of easy accessibility and the analysis of large gas volumes giving high
sensitivity. The obvious drawback is the lack of temporal resolution to monitor the
reactions during the charging or temperature program.

The second approach is far less used as it requires a high level of technical finesse.
In-situ, measurements are usually done by differential electrochemical mass spectrome-
try (DEMS). The classic DEMS-cell is an electrochemical cell where the working elec-
trode consists of a porous membrane (usually PTFE) which is hydrophobic towards the
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hydrophilic electrolyte. On one side the membrane can be coated with the working
electrode material and on the other side it is connected to the vacuum of the mass spec-
trometer. Products formed in the electrolyte will evaporate through the membrane and
can be detected in the mass spectrometer. It shows a high temporal resolution but the
lack of analyte separation causes a complex overlap of mass spectra and complicates the
interpretation. The cells are often operated with a constant electrolyte exchange flow
[44].

A recently published technique has improved this approach with the construction of a
headspace-cell [45, 46]. This cell consists of two flat plates which are positioned with a
narrow gap in between. The electrode materials are coated on these plates and a steady
electrolyte flow between them is established. The gas space or head space above the
electrolyte level is purged by an inert gas and the evolved gases are transferred into
the mass spectrometer through a capillary. This cell allows for more flexibility of the
experimental design in terms of electrode material and temperature control.

In this work a new approach was developed for in-situ gas measurement. Through com-
bination of a headspace cell and an FTIR-spectrometer coupled to a GC/MS we could
measure the gas evolution in LIBs in conditions which are as close as possible to real
world cells. The physical separation of the cell and the instrument allows more freedom
in choosing the type of headspace cell and provides additional safety for the instrument

in the case of unexpected reactions.

1.4 Gas Chromatography / Mass Spectrometry

Gas chromatography/mass spectrometry (GC/MS) is a powerful tool for the analysis
of complex mixtures. Gaseous or vaporised compounds are injected into the analytical
column where they are separated according to their polarity and volatility. The columns
usually consist of fused silica capillaries that are internally coated with a thin film of
a stationary phase. Leaving the chromatography column the analytes enter the mass
spectrometer where they are ionised by e.g. an electron source. The ionisation leads
also to fragmentation of the compounds and the obtained molecular and fragment ions
are detected according to their mass to charge ratio. Comparison of the recorded mass
spectra with library spectra allows the identification of the compounds. Further details

about this technique can be found in suitable textbooks, e.g. ref. [47].
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1.5 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) has found wide spread use in the char-
acterisation of LIBs. With different measurement geometries it was used to investigate
analytes in solution and on electrode surfaces. With appropriate instrumentation also
the gas phase is accessible. The identification of analytes based on their characteristic
absorption bands is highly successful and extensive libraries are available. The funda-
mental vibrations of organic molecules are typically found in the mid-infrared range —
4000-400 cm™. The applicability of the method can be limited by the high complexity
of mixtures and also the sensitivity is rather low compared to GC/MS. With the de-
velopment of FTIR, infrared spectroscopy has become a very fast method — one scan
typically takes around 300 ms, while several ten to hundred scans are co-added to yield
one spectrum — with high spectral resolution. More information about FTIR can be

found in corresponding textbooks like in ref. [48].
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Chapter 2

Experimental Part

2.1 Materials

2.1.1 Consumables

The following solvents and salts were obtained from the SelectiLyte product line of
Merck (Darmstadt, Germany): Dimethyl carbonate (> 99%, H,O < 20 ppm, methanol
< 30 ppm), ethylene carbonate (> 99%, H,O < 20 ppm, ethylene glycol < 30 ppm), LP30
(DMC/EC 1:1 by weight, 1 M LiPFg, H,O < 20 ppm, HF < 50 ppm). Lithium ribbons
(99.9 % trace metal basis, 0.38 mm thickness) and LiPF salt (battery grade, > 99.99 %
trace metal basis) were purchased from Sigma-Aldrich (St.Louis, MO, USA). Stainless
steel coin cell parts (cases, spacers, wave springs) for 2032-type cells were obtained from
MTI corporation (Richmond, CA, USA), where the cathode side lids were Al-coated.
The precoated LiCoO,-electrodes on Al-current collectors were delivered by Pi-Kem
(Staffordshire, UK) (total thickness: 0.1 mm, current collector: 15pm, 95.7% active
material). Woven polyethylene fiber separators (thickness: 0.1 mm) had been provided
by the company Freudenberg Vliesstoffe (Weinheim, Germany) and circular parts of
diameter 18 mm were cut. Glass fiber separators (diameter: 18 mm, thickness: 1mm)
have been used from stock at the Austrian Institute of Technology.

Glass head space crimp vials and aluminium seals with silicone septa were obtained from
Restek (Bellefonte, PA, USA). All handling of air or moisture sensitive materials and cell
assembly was conducted in a Ar-filled glove box by MBRAUN (Garching, Germany) (O,
< 0.1ppm, H,O < 0.1ppm). The gas sampling cell model ECC-DEMS was purchased
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from the company EL-CELL (Hamburg, Germany). The Swing 4400 batteries from
Boston Power (Westborough, MA, USA) were used for the tests with commercial cells.
All experimental work has been performed at the Austrian Institute of Technology,
Mobility Department - EDT, located at Giefinggasse 2, 1210 Vienna, Austria. The
powder X-ray diffraction and X-ray fluorescence measurements have been conducted by

Raad Hamid from the Austrian Institute of Technology.

2.1.2 Electrodes

The glassy carbon electrodes, also known as vitreous carbon, were obtained from the
company Mersen (Courbevoie, France) (grade V25, open porosity 0 %, sulphur < 50 ppm).
They are widely used as inert working electrodes therefore they were chosen to distin-
guish the influence of the cathode material on the electrolyte decomposition process. The
glassy carbon (GC) discs had a diameter of 15.2mm and a thickness of 1.80-2.15 mm.
Before their use they were polished with sandpaper of grits 320, 600, 2500 and 4000 suc-
cessively. Afterwards they were cleaned in an ultrasonic bath with water and acetone
and then dried.

Precoated cathodes with LiCoO, on Al-foil from Pi-Kem were used as a real cathode ma-
terial. They were calendered from 0.1 to 0.08 mm, cut to circular electrodes of diameter
15 mm, weighted and vacuum dried overnight at 120°C. Circular counter electrodes with
15 mm diameter were also cut from the lithium ribbons inside the glove box. For the
preliminary experiments electrodes were isolated from the Swing 4400 cell. After dis-
charging the battery it was carefully cut open and the electrodes were removed. The
coating was removed from one side of the current collector and again circular electrodes

were cut and dried.

2.1.3 Boston Power — Swing 4400

The Swing 4400 cell from Boston Power, subsequently also called Boston Power Cell
(BPC), has a nominal capacity of 4400mAh at a nominal voltage of 3.7V [49]. The
specified operating temperature range is -10 to 60°C for charging and -40 to 70°C for
discharge with a recommended charging current of 0.7 C up to 4.2'V.

It has a graphitic carbon anode and the cathode active material is a mixture of LiCoO,
and LiMn,O, with an approximate fraction of 78 wt % and 22 wt %, respectively, as was
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determined by powder X-ray diffraction and X-ray fluorescence analysis. The electrolyte
composition was determined by GC/MS analysis of a small amount extracted from an
opened cell which was diluted 1:200 in CH,Cl, on the Rtx-5MS column. A dilution series
of the main components in CH,Cl, was prepared and the quantitative composition of

the electrolyte was determined via a linear calibration over the peak areas.

2.2 Instruments

2.2.1 Electrochemical Equipment

Electrochemical measurements, i.e. cyclic voltammetry and battery charging programs,
were performed on a BioLogic VSP-potentiostat with a VMPS3B-20 booster channel. All
potentials given in this work are defined versus the Li/Li* redox couple, unless stated
otherwise. Following the IUPAC convention cathodic currents are defined with a nega-
tive sign and anodic currents with a positive sign. The onset potential of the reactions
in the cyclic voltammogram was evaluated by the tangent method. This was chosen as
the current signals in the different experiments varied strongly and an estimation via
the current density seemed unreliable.

The constant current cycling of coin cells during the preliminary experiments was per-

formed on an 8 Channel Battery Analyser BST8 from MTI corporation.

2.2.2 GC/MS

A gas chromatograph/mass spectrometer of the model GCMS-QP2010 Plus was pro-
vided by the company Shimadzu (Duisburg, Germany) in the frame of the SiLithium
project. Helium 6.0 was used as a carrier gas and the injection port was equipped with
a heatable automatic 10-port switching valve operated as a 6-port valve (Figure 2.1)
with a sample loop of volume 500 pL. The split/splitless injection port was used with
a splitless deactivated fused silica liner. Initially the gas chromatograph was equipped
with a Rtx-bMS fused silica capillary column from Restek (Table 2.1). This rather ap-
olar column has a poly-dimethyl-siloxane (5 % diphenyl-siloxane) stationary phase and
allows the separation of a wide spectrum of substances.

In the last part of the project the focus was shifted to the permanent gases evolving
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from the cells. As the Rtx-5MS column was not able to separate gases like CO,, O,
CH,, C,Hg the GC/MS was equipped with a new Porous layer open tubular-column
(PLOT) Rt-Q-PLOT MS (Table 2.1). This setup consisted of a guard column in front
of the PLOT-columns and a particle trap installed after the analytical column to protect
the mass spectrometer from dislodged particles. The mass spectrometer was equipped
with an electron impact ion source (70V, 150mA) and a quadrupol mass analyser. In
contrast to argon, the use of helium to purge the analytes into the GC/MS enables the
detection of fragment ions with an m/z even below 10. Unfortunately hydrogen (m/z =
2) is not accessible to measurement using the scanning mode of the instrument without
measuring also helium. It was therefore not determined in the conducted experiments.
To detect it a mass spectrometer program based on selected ion channels could be used.

The parameters of the used GC/MS methods are listed in Table 2.2 — Table 2.4.

The data evaluation was done with the program GCMS Solution using the NIST Mass
Spectral Library, version 11 and the Wiley Registry of Mass Spectral Data, 9" edition.
For identification purposes the mass spectra were averaged over the whole peak and
the surrounding background subtracted. Afterwards the identification was done by
comparison with the results of the built-in similarity search engine. The quantitative
integration of the peaks was done using the signal of a characteristic ion of the analyte,
rather than using the total ion current (TIC) since it gives a better selectivity versus
background influences. Unless it was interfered by an adjacent peak or the background
the ion with the highest intensity was chosen.

For the evaluation of the measurement series of the in-situ experiments a integration

Purge Gas
from Cell

GC Carrier
Gas (He)

GC
Column

F1GURE 2.1: Left side: Photograph of the 10-port sampling valve. Right side: Scheme
of the port connections. The internal switching connections between the ports are
shown for the sample loading position (solid lines) and injection position (dotted lines).
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method was created in the GCMS Solution software which allowed the batch processing

of the large amount of data files. After exporting the chromatogram data to ASCII files

selected data were transferred into a single text file by a short, self-written FORTRAN

program. The peak areas extracted this way were then used to characterise the gas

evolution during the experiment and for developing the multivariate model for FTIR.

TABLE 2.1: Specifications of chromatography columns used.

Columns Stationary Phase Length Inner Diameter Film thickness
Rtx-5MS Dimethylsiloxane 30m 0.25 mm 0.25 pm
(5% Diphenylsil.)
Rt-Q-BOND Divinylbenzene 30m 0.32mm 10 pm
Guard column medium  polarity 5m 0.32mm
deactivated
Particle Trap none 2m 0.32mm

TABLE 2.2: GC/MS parameters of method A

Injection Temperature
Linear Velocity
Column Flow

Column Head Pressure
Purge Flow

Split Ratio

Analytical Column
Oven Program

Ton Source Temperature
Interface Temperature
Detector Voltage

Scan range

200°C

40 cm/s

1.23 mL/min
66.0 kPa
2mL/min

6

Rtx-5MS

40°C (2min) — 30°C/min —

200°C
200°C
1.15kV
10-400m/z

250°C (3 min)

TABLE 2.3: GC/MS parameters of method B

Injection Temperature
Linear Velocity
Column Flow

Column Head Pressure
Purge Flow

Split Ratio

Analytical Column
Oven Program

Ton Source Temperature
Interface Temperature
Detector Voltage

Scan range

150°C

40 cm/s

1.23 mL/min
66.0 kPa

6 mL/min

)

Rtx-5MS

40°C (3min) — 30°C/min —

200°C
200°C
1.2kV
10-300m/z

200°C (4 min)
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TABLE 2.4: GC/MS parameters of method C

Injection Temperature 100°C

Linear Velocity 50 cm/s

Column Flow 2.38 mL/min

Column Head Pressure 75.3kPa

Purge Flow 1mL/min

Split Ratio 8

Analytical Column Rt-Q-BOND

Oven Program 35°C (2.25min) — 20°C/min — 190°C
(7 min)

Ion Source Temperature 150°C

Interface Temperature 130°C

Detector Voltage 1.3kV

Scan range 10-300m/z

2.2.3 FTIR Spectrometer

The spectrometer and wave-guide system was constructed and provided by Wolfgang
Marzinger from the company i-red in the frame of the SiLithium project. It consists of
a electronic control device and an integrated interferometer unit with a globar as light
source. The interferometer optical system is purged with nitrogen gas and connected
to a hollow wave-guide made of a silver halide coated fused silica capillary (length:
1m, ID: 0.5mm) . The light enters the wave-guide trough a MgF,-window at one end
and reaches the peltier-cooled CCD-detector after passing the inner gas volume and the
outlet window. The hollow wave-guide has gas entry ports at both ends which allows
sample or purge gas to flow through the inner waveguide volume. This way the optical
path length of the infrared beam and the sensitivity are maximised even for small gas
volumes. The available spectral range goes from ~ 1500-3600 cm™. The hollow wave-
guide was embedded in a thermally insulating sleeve together with a heating wire to
avoid condensation of products inside the wave-guide and kept at a temperature of
55°C. Based on the GC/MS data a multivariate model for the concentrations of several
analytes was developed by Wolfgang Marzinger which allows to monitor the analyte
concentrations via FTIR with a temporal resolution below 30s. For each spectrum

recorded, 70 interferograms were averaged which gives one full spectrum every 24s.
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2.2.4 Gas Sampling Cells

Two different gas sampling setups were designed in order to investigate self-assembled
coin cells and also a high power commercial cell, namely Swing 4400 from Boston Power
(St.Louis, MO, USA). The gas sampling cell for the commercial cell consists of a PTFE
container (height: 10.4cm, ID: 6.2cm) with a screw-on lid (Figure 2.2). The body
has two valves for gas in- and outlet to purge the evolved gases from the cell into the
instrument. A cell holder, suitable for the Swing 4400 cell, is attached to the inner
side of the lid and leads for the electrical connection are passed through the lid. A
type K thermocouple is installed as well to monitor the battery temperature during the
experiment. The inner gas volume of the container, without the battery, is approximately
270 mL. For gas measurements the safety vent of the battery is pierced carefully with a
hammer and a sharp screwdriver in order to provide an opening for the evolving gases.

The gas sampling setup for coin cells is made of two parts. First the coin cell is
assembled, i.e. the counter electrode (or anode) is placed in the cathode cup, then two
layers of separators and the working electrode (or cathode) are placed on the stack. After
each part a small amount of electrolyte is pipetted into the cell. Now the cell is filled up
with electrolyte. Finally a wave washer to ensure sufficient pressure on the components
and the anode lid are placed on top. Four holes of diameter 1.1 mm were drilled into
the lid to allow the escape of the evolving gases. The cell is then crimped shut with a
crimping machine. It should be noted that the anode is placed at the cathode-marked

cup and vice versa. This unusual setting was chosen to ensure that both electrodes are

4

FIGURE 2.2: Photograph of the PTFE gas sampling cell for the BPC. Cell body (left
side) and lid with attached cell and thermocouple (right side).
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submersed in the electrolyte. The second part is a ECC-DEMS cell from the company
EL-CELL, Germany. This cell has a stainless steel body made of a bottom and a top lid.
Both the bottom and the lid have gas connections for purging through gas (Figure 2.3
a). The previously assembled coin cell is placed, with holes upside, on the bottom of
the FCC-DEMS' cell which has circular channels at the base for better gas purging
(Figure 2.3 b). The cell is closed with the upper lid where a gold coated spring ensures
electrical contact (Figure 2.3 ¢). A plastic sealing gasket separates upper and lower
part to prevent short circuiting the coin cell. All other ports of the ECC-DEMS cell
are closed to seal it against the atmosphere (Figure 2.3 d). Figure 2.4 depicts the cross
section of the coin cell gas sampling cell. The inner volume of the ECC-DEMS cell is
approximately 9 mL.

All cell assembling steps described above are performed in an argon-filled glove box.

FIGURE 2.3: (a-d): Assembly steps of the coin cell gas sampling setup. (e): Cell with
gas and electrical connections (red: working electrode, blue: counter electrode, white:
reference electrode).
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FIGURE 2.4: Schematic cross section of the coin cell gas sampling cell. Electrical con-
nections: Working electrode (WE), counter electrode (CE), reference electrode (RE).

2.3 Development of the Gas Measurement Technique

After the startup of the GC/MS instrument first preliminary experiments were per-
formed to explore the potential of the method. The ECC-DEMS cell was cycled and
overcharged with electrodes isolated from the BPC or Li metal and various methods to
extract the evolved gases from the cells and transfer them to the instrument were tested.
Unfortunately no decomposition products could be detected and we assumed that the
products could be trapped in the separator due to the unfavourable ratio of separator
and evolving gas volumes. Indeed upon placing separators in a sealed headspace vial
and heating them it was possible to identify several decomposition products. Using this
product spectrum a suitable GC/MS method for analysis was developed.

To go from ex-situ to in-situ measurements a vacuum membrane pump was connected
to the waste outlet of the 10-port switching valve and a connection leading to the ECC-
DEMS cell to the inlet. This way the gases evolving should be sucked into the sample
loop from where they could be injected into the GC/MS. As it was still not possible
to collect sufficient amounts of gases directly from the ECC-DEMS cell the focus was
shifted to the commercial BPC as larger amounts of gases were expected from the larger
cell. It was indeed possible to collect reproducible data from the BPC in the big PTFE
gas sampling cell during a step wise overcharging program. To avoid dangerous over-
heating the temperature of the cell was monitored with a thermocouple attached to the
cell body. For better reproducibility the setup was changed from sucking the gases to
purging them into the sample loop. The purging gas was later changed from argon to
helium as the former was overlapping strongly with the analytes’ signal in the mass
spectrometer. The purge gas flow was controlled with a needle valve. We decided to

focus our investigations on the highly volatile products like permanent gases and light
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hydrocarbons as they pose the majority of decomposition products and are more worri-
some concerning flammability and toxicity. Therefore the previously installed capillary
column was replaced by a PLOT column which is better suited to separate them. Also
the method was developed further to a continuous purge flow through the gas sampling
cell in contrast to a stop, charge and purge flow.

The gas measurement from coin cells was not possible up to this point and we thought of
ways to increase the electrolyte amount in the cell. The use of more or thicker separators
that could store more liquid was unsuccessful and also the gas inlet at the bottom of the
ECC-DEMS cell prevented excessive electrolyte spillage. The idea to modify the ECC-
DEMS cell setup from scratch came up and eventually a combination of conventional
coin cells with the ECC-DEMS cell was constructed. The relatively large cathode cup is
able to hold large amounts of electrolyte which prevents the cell from drying out during
the experiment and provides sufficient educt for decomposition reactions. The anode lid
was perforated so that the decomposition products could leave the cell and be detected.
The whole coin cell was then placed inside the ECC-DEMS cell which was connected to
the setup and the gaseous cell contents were purged into the instrument. On connecting
the cell to the setup it was crucial to avoid short-circuiting the cell with the metal tubing.
With this setup it was possible to measure the gaseous products even with continuous
flow as the concentrations are high enough. It is important to mention here that the
gas flow has strong influence on the concentration of the measured gases as it dilutes
them. The adjustment of the purge gas flow is a balance between too low gas flow,
which leads to insufficient purge of the sampling cell and analyte concentrations above
the rather narrow dynamic range of the FTIR system, and too high gas flow, resulting
in dilution of the analytes beyond the detection limit. Therefore it has to be regulated
carefully. The FTIR instrument with the hollow wave guide was then connected to the
setup between the gas sampling cell and the GC/MS 10-port switching valve and all
gases passed through the hollow wave guide as well as the sampling valve/loop. With
the time/concentration profile of a series of experiments obtained from the GC/MS and
the simultaneously recorded infrared spectra Wolfgang Marzinger (i-RED) developed a
multi-variate model based on a partial-least-squares regression for the detected analytes.
It was then possible to improve time resolution in the monitoring of evolved gases as the
GC/MS was able to produce one data point only every 20 min while the gast FTIR sys-
tem had a data acquisition interval of below 30 seconds. This is crucial for applying the

technique to observe fast processes. The final setup is depicted in Figure 2.5, Figure 2.6
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and Figure 2.7. The gas sampling cell is continuously purged with He and the evolving
gases pass through the hollow wave-guide and then the GC/MS sample loop. As soon
as a GC/MS run is finished the valve switches and injects the content of the sample loop
in the GC/MS. During the runs the gases leave the system through the sample valve

waste outlet.

. .
Ll Ll I

Sampling
valve

MS
He

A 4

N | I | ———
PC

FIGURE 2.5: Scheme of the In-situ gas analysis setup. Solid lines: Gas connections
(red = analytic gas path). Dashed lines: Electrical/control connections.

FIGURE 2.6: Photograph of the In-situ gas analysis setup. Visible are the GC/MS

instrument (middle) with the FTIR spectrometer on top, the FTIR spectrometer power

supply (brown box) with the data storage unit on top and the electrical connections to
the potentiostat (black cable) .

37



FIGURE 2.7: Photograph of the In-situ gas analysis setup. Visible are the hollow wave-

guide (black tube) connected to the FTIR spectrometer (rear) and the detector (front,

small black box), the PTFE gas sampling cell (white cylinder) with connections and
the casing of the 10-port sampling valve (metallic box).
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Chapter 3

Results and Discussion

3.1 Preliminary Experiments

To get a first idea of the product spectrum formed and to optimise the GC/MS method
coin cell type cells were assembled with the isolated BPC cathodes. The cells were
assembled inside the ECC-DEMS cells which allow easy recovery of the separators. The
Li anode was placed on the bottom of the cell, a glass fiber separator impregnated with
100 L, LP30 and a cathode cut from the BPC cathode on top. The cells were cycled
at 25°C between 5V and 3V, compare Figure 3.1. It shall be noted that the upper
potential limit was chosen above the recommended value of 4.2V in order to decompose
the electrolyte. After cycling the cells were opened in the glove box and the separator
transferred quickly into a head space crimp vial which was subsequently closed and
placed in an oven at 150°C for 1h. Afterwards the gas was extracted with a syringe

through the septum and injected in the GC/MS for analysis using method A (Table 2.2).

ocv 10

FIGURE 3.1: Cycling program: from open circuit voltage (OCV) between 3 and 5V at
a constant current (CC) charging rate of 1 C for 10 cycles.
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The analysis of compounds (cf. appendix A: Figure A.1) released from the heated sepa-
rators revealed evidence for several decomposition products which are listed in Table 3.1
with their retention time. CAS numbers have been added for unique identification. This
method of sample preparation did not allow the analysis of highly volatile substances.
Unfortunately not all compounds could be identified unambiguously. Some of them may
come from thermally initiated reactions during heating and also reactions involving the

materials of the glass fiber separator.

TABLE 3.1: Compounds identified from the separators cycled at 25°C. Ambiguous
identifications are labelled with a question mark. RT: Retention time

Compound (CAS Nr.) RT (min)
Methyl formate (107-31-3) 1.33
POHF, (14939-34-5) 1.38
Methyl acetate (79-20-9) 1.53
1,1-dimethoxy ethane (534-15-6) 1.81
DMC (616-38-6) 1.97
Tetrahydrofuran (109-99-9) 2.02
2-methyl-1,3-dioxolane (497-26-7) 2.19
1,2-dimethoxy ethane (110-71-4) 2.33
EMC (623-53-0) 2.68
1,4-dioxane (132-91-1) 2.75
Ethyl methylphosphonofluoridate (673-97-2) 3.17
Methyl methoxyacetate (6290-49-9) 3.33
Allyl methyl carbonate (35466-83-2) 7 3.52
1-Isopropoxypropan-2-ol (3944-36-3) ? 3.66
1,4-Dimethoxy-butane (13179-96-9) 4.09
2-Methoxyethoxy acetic acid (16024-56-9) ? 4.72
EC (96-49-1) 5.02
1,2,4-Trichloro-heptafluoro-butane (335-45-5) ? 7.24
1,1,3,4-tetrachloro-1,2,2,3,4,4-hexyfluoro-butane (423-38-1) ? 7.29
Butanoic acid anhydride (106-31-0) 8.22
Tris(2-chloroisopropyl)phosphate (13674-84-5) 9.02

3.1.1 Swing 4400 Electrolyte Composition

As described in section 2.1.3 the electrolyte of the Swing 4400 cell was analysed and the
composition determined. The main components were identified as dimethyl carbonate,
ethylmethyl carbonate, ethylene carbonate and propylene carbonate. Furthermore DEC,
biphenyl and other compounds were detected in small amounts (Table 3.2). DEC is
thought to origin from EMC (1.49). Biphenyl is a known electrolyte additive acting as

an overcharge protection. Also small traces of an ether compound were detected which
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is assumed to be the diethylene glycol dimethyl ether (3,, Figure 1.4). Several peaks

were attributed to decomposition products of the analytical column.

TABLE 3.2: Compounds identified by GC/MS in the electrolyte of the Swing 4400 cell.

Compound (CAS Nr.) Amount (wt% )
DMC (616-38-6) 29 + 2

EMC (623-53-0) 45 + 3

DEC (105-58-8) traces

EC (96-49-1) 12.9 + 0.6

PC (108-32-7) 13.5 £ 0.7
Diethylene glycol dimethyl ether (111-96-6) traces

Biphenyl (92-52-4) traces

3.2 In-situ Gas Measurements

During and after the development of the experimental setup and the analytical procedure
it was possible to collect first representative results. Measurements of the gas evolution
from coin cells and commercial cells were conducted by the method described in section
2.3. As it was not possible to seal the setup entirely against air, a rather large peak
of co-eluting O, and N, was found in most chromatograms with a retention time of
~1.40 min on the PLOT column. It is assumed that this leak is located at the optical
window of the hollow wave guide or the 10-port valve. Also water was found due to the
same reason with a retention time (RT) around 4.4-4.5 min. For better readability these

peaks are not labelled in every figure.

3.2.1 Gas evolution from the Swing 4400 cell

3.2.1.1 Cycling in normal voltage range

The first experiment with the Swing 4400 cell (BPC) was to charge and discharge the
cell three times between 4.2V and 3.0V with a charging rate of 1C, corresponding
to a current of 4.4 A. In these early experiments the gas sampling cell was not under
permanent gas flow-through to concentrate the evolved gases. Instead the cell container
was closed, the charging step e.g. up to 4.2V performed and then the cell content
purged into the GC/MS (Method B, Table 2.3). The container was then flushed through
to remove all gases and then closed again for the next charging step, e.g. discharge
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to 3.0 V. Besides the electrolyte components DMC, EMC and DEC also traces of 2-
fluoropropane, acetic acid and methyl acetate were detected during the normal cycling
of the cell (Figure A.2). These volatile decomposition products are closely co-eluting
with the permanent gases on the Rtx-5MS column and the small peaks were strongly
overlapped. Evidence for the identified compounds is shown in the mass spectra of

Figure 3.2 and Figure 3.3.
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FIGURE 3.2: Mass spectra of 2-fluoropropane and acetic acid detected during nor-
mal cycling of the BPC. A: Mass spectrum after background subtraction. B: Library
spectrum. C: Subtraction result of A—B. D: Library spectrum.

3.2.1.2 Overcharge

After the cycling in the normal voltage range the behaviour of the BPC on overcharging
beyond the recommended end-of-charge voltage of 4.2V was investigated. Therefore the
cell was charged to 4.2V with 1 C and then up to 5V in steps of 0.2 V. After each charging
step a gas measurement by GC/MS was performed as described in section 3.2.1.1. Up
to 4.4V no additional gases other than in the normal voltage range were detected. From

4.6V on massive evolution of gases started (cf. Figure A.2 and Figure A.3). Together
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with the gas evolution also the temperature rose rapidly from ~30°C to ~50°C. The
trend of CO, evolution is shown in Figure 3.4 and also the other compounds listed
in Table 3.5 follow this trend. Figure 3.5 shows the mass spectra of two unidentified
compounds, which may be products of a reactive analyte with the column material. The
ions recorded in the permanent gas peak show indications for POF, (m/z = 104 and 85)
and various hydrocarbons. However, their convolution makes an identification hard and
a quantification impossible. Therefore the use of a PLOT column was chosen for later
experiments which is able to separate most permanent gases and light hydrocarbons. It
is interesting to notice that both the gas and heat evolution (data not shown) show two

maxima. At 4.6V and at 5.0V the signal is increasing while it decreases in between.
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FIGURE 3.3: A: Mass spectrum of methyl acetate detected during normal cycling of
the BPC (background subtracted). B: Library spectrum.
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FIGURE 3.4: CO, signal during the overcharge of the BPC.
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TABLE 3.3: Compounds identified during the overcharge of the BPC with the Rtx-5MS
column. Ambiguous identifications are labeled with a question mark.

Compound (CAS number) RT / min

002 1.41

POF, 7 1.41

Hydrocarbons ? 1.41

Methyl acetate 1.70

Unidentified 1.73

tert-Butyl(dimethyl)silyl methylphosphonofluoridate? 1.98

2-Hydroxy-2-methyl-propanoic acid ethyl ester (80-55-7) 3.78

3-Methyl heptane (589-81-1) 3.94
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FIGURE 3.5: Mass spectra of unidentified compounds detected during overcharge of the
BPC. A: Retention time: 1.98min. B: Library spectrum of tert-Butyl(dimethyl)silyl
methylphosphonofluoridate. C: Retention time: 1.73 min. Compare Figure A.3.

The chromatography column was exchanged for a PLOT column (Method C, Table 2.4)

and the overcharge experiment repeated. This time the gas sampling container was not

closed between the measurements and there was a continuous flow of purge gas through

it. Also the BPC was not charged in steps but continuously. After charging in the nor-

mal range, it was charged with a charging rate of 0.7 C (the

manufacturer-recommended

value) up to 4.2V, held at constant voltage for 15 min and then charged with 0.2 C up to

5.0V (Figure A.5). The reduced charging current in the overcharge region was chosen

to mitigate the reactions and keep the temperature rise in the cell in a safe range. The

charging was stopped when the temperature reached 55°C. During this experiment a

large variety of evolving compounds was detected (Figure 3.

6). A series of hydrocarbons

and also products of secondary reactions was identified (Table 3.4), however, POF4 was
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TABLE 3.4: Compounds identified during the overcharge of the BPC with the PLOT
column. Ambiguous identifications are labelled with a question mark.

Compound Retention Time Compound Retention Time
(min) (min)
CcO 1.41 Methyl bromide ? 7.29
Methane 1.49 Dimethyl difluoro silane 7.50
CO, 1.79 Methyl formate 7.54
Methyl fluoride 2.22 Isobutane 7.58
Ethyl formate 9.32 2-methyl-1-propene 7.78
Ethylene 2.43 Butane 7.97
Ethane 2.93 Methoxy ethane 8.14
Fluoro ethane 5.02 Trimethyl fluoro silane 8.90
1,1-Difluoro ethane 5.27 Acetone 8.96
Propene 5.53 Methyl acetate 9.34
Propane 5.74 2-Methyl butane 9.49
Cyclopropane 5.94 Diethyl ether 9.59
Dimethyl ether 6.24 Pentane 9.74
Methanol 6.46 Methyl propionate 11.03
Acetaldehyde 6.82 n-Hexane 11.52
2-Fluoro propane 7.09 Propanoic acid ethyl ester 13.23

not detected in either of the experiments conducted with the PLOT column, so one can
assume that it reacts with the column material. Unfortunately also the infrared bands
of POF; lie outside the range of our detector making its detection impossible. ~ The
trend in the gas evolution and the charging and temperature curves (cf. Figure 3.7)
corroborates the observations of the previous experiment that at least two stages appear
during the overcharge of the BPC. Figure 3.8 shows the normalised signals for several gas
species recorded via GC/MS and also the values obtained from FTIR data (smoothed
with a 15-point moving average). The data are plotted normalised since a comparison of
the peak areas is not meaningful as the response for each compound is different. How-
ever an inspection of the total ion current chromatogram gives an approximate idea of
the relative amounts (Figure 3.6).

A first gas evolution was detected by the FTIR around 4.25V and large increase was
found at 4.38 V and 4.57 V. These stages could be related to the decomposition of two dif-
ferent electrolyte components. Unfortunately the data acquisition of the FTIR stopped
shortly before the end of the experiment. The comparison of both data sets shows the
strengths and weaknesses of the methods. The absolute values from GC/MS are more
reliable as they are directly measured. The infrared values on the other hand are based

on a model created from the GC/MS data and are therefore inherently prone to higher
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FIGURE 3.6: Gas chromatogram of the compounds evolved from the BPC. Recorded
at a charging voltage of 4.75V .

error and noise. The signal increase in the FTIR data at ~ 4.25V was not found in the
GC/MS data and is thus assumed to be a fluctuation caused by a weakness in the model.
In respect of the temporal resolution the FTIR is clearly superior as it shows the gas
evolution in much higher time resolution. With the slow recording speed of GC/MS it
even seems possible that intermittently formed compounds are not detected. Caution is
advisable as some signals show fluctuations that are not in agreement with the GC/MS
data. Comparing the values from both methods (Figure 3.8) shows strong fluctuations
for CH, in the FTIR which are not detected with GC/MS. The concomitant decrease
of CH, and increase of CyHg seen around 4.35V and 4.6 V could indicate a weakness of
the model correlating the FTIR to the GC/MS data. The infrared spectra of methane
and ethane are very similar and it is very difficult to quantify them in a mixture.

When the experiment was repeated the battery only reached a maximum temperature
of 40°C (Figure 3.7) and also the gas evolution was attenuated so that only the most
abundant components were detected. A similar spectrum of species was found and the
charging behaviour and heat evolution were comparable. Two possible explanations for
the different temperature rise in the second experiment are: It is either different from

cell to cell or a slight change in the purge gas flow, which has a cooling effect, kept the
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during the overcharge of the BPC. The steps in the temperature curve result from the
temperature resolution of 1°C of the digital thermometer.

temperature low. A higher number of repetitions of the experiment could clarify this.

In this second experiment the onset of the two stages of gas evolution were identified
at 4.43V and 4.71V which is close to the values of the previous experiment. For most
compounds the evolution starts slowly at the first stage with a small step followed by a
plateau and the main amount is recorded at the higher voltage. Exceptions are CO, and
SiF,(CHy), which show already a large increase at 4.43V and then a second rise after
4.71V. SiF,(CHjy), is probably a product of generated HF reacting with the column
material and was usually found in the chromatogram as a broad, strongly tailing peak
starting around 7.5min. Upon ending the charging program the open circuit voltage
returns to ~4.55V and the cell is cooling down. The gas evolution is slowly decreasing
after the current flow stops and the signal decrease rate of the respective gases scales
approximately with their retention time in the chromatogram, i.e. their volatility. While
the emissions of permanent gases ceases rather fast, the signals of higher boiling com-
pounds decrease only slowly. The decrease of gas evolution after the charging stopped
can be attributed on one hand to the stop of electrochemical reactions and on the other
hand to the decrease in temperature which may initiate some reactions but also raises

the vapour pressure of the analytes.
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3.2.2 Gas evolution from coin cells

To characterise the stability limit and the origin of the decomposition products dif-
ferent electrolyte compositions were characterised by cyclic voltammetry (CV) in the
ECC-DEMS cell setup with either glassy carbon (GC) or LiCoO, working electodes (as
described in 2.1.2). Cyclic voltammetry was performed in a two-electrode setup, with
the reference lead connected to the Li-counter electrode, since the construction of the
measurement system did not allow a third electrode. The two-electrode setup and the
equal area of working electrode and counter electrode can be sources of error in the
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FiGURE 3.9: FTIR signal for the evolution of several gaseous compounds during the
BPC overcharge.

measurement, but up to now it was not possible to construct a different geometry. This
should be kept in mind during the evaluation of the results. The working electrode was
cycled from the open circuit potential up to 8.0V with a scan rate of 3.33mV /min.
Faster scan rates resulted in strong fluctuations of the current-voltage curve, which may
be attributed to the drawbacks of the two-electrode setup or strong gas evolution at the
electrode surface. It was also possible to obtain a rather high resolution of the GC/MS
results concerning the potential with this small scan rate. Special attention was paid to
avoid the drying-out of the coin cell since the constant gas purging leads to an increased

evaporation of the electrolyte.

3.2.2.1 Glassy Carbon Electrodes

The 1M solutions of LiPF; in DMC, EC and DMC/EC (LP30) were examined with
glassy carbon working electrodes. Unfortunately the sampling setup introduces air in
the chromatogram which prevents the measurement of oxygen or water evolution and
decreases the sensitivity for CO which coelutes. Table 3.5 lists the compounds measured
from the oxidation of DMC, EC and DMC/EC on glassy carbon electrodes. The cyclic
voltammograms of DMC, EC and DMC/EC are shown in Figure 3.10 and the onset po-
tentials of the decomposition reactions, determined via the tangent method, are 6.54 V,
6.27V and 6.14V, respectively. It should be noted that a small peak was detected at

5.6 V for EC, but no gas evolution could be attributed to this potential. As expected for
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volatile gaseous oxidation products the cyclic voltammograms show no cathodic peak of
the reverse reactions.

Comparing the cyclic voltammogram to the gas evolution (Figure 3.11) — CO, being
taken here as a representative example — reveals that the gas evolution follows the
”decomposition” current closely. As in the cyclic voltammogram the gas evolution for
DMC shows a distinct peak while for EC only a slow increase with no maximum is
observed and the signal for DMC/EC could be interpreted as a simple superposition
of both curves. Similarly to the CV also in Figure 3.11 the amount of gas evolution
is the highest in DMC followed by DMC/EC and finally pure EC. The question arises
whether the decomposition reactions of DMC and EC follow a different mechanism. The
distinct peak of DMC at a particular potential indicates a electrochemical reaction. The
decomposition of EC may be caused by a chemical reaction which is initiated by an in-
termediate compound. A second plausible hypothesis is that the oxidation of EC leads
to the formation of insoluble compounds — compare section 1.3.2, (1.35) — which form
a passivating layer on the electrode surface and attenuate further reaction. It should
be noted that the surface of the glassy carbon electrodes was found to have a brownish
discolouration as it was retrieved after all experiments. The different behaviour could
also be attributed to the lower stability of DMC or may be a kinetic effect caused by
the lower viscosity of DMC. The earlier on-set of decomposition for EC and DMC/EC
are contradicting the former. These on-set potentials are in contradiction to literature
values (Table 1.3) where a higher stability of EC is reported. To elucidate this behaviour
in more detail further experiments are required. Within the scope of this thesis the ex-
periments involving the coin cells could only be conducted once each. Traces of EC were
found also in the chromatogram of the DMC electrolyte. They are suspected to origin

from EC trapped in the gas sampling apparatus during earlier experiments.

On comparison of the evolution of various gases over time it was observed that the signals
of nearly all compounds rise and fall simultaneously (Figure 3.12). Similar behaviour
was found for all electrolyte compositions. The appearance of the products starting at
a single potential suggests that the formation of decomposition products is initiated by
a single reaction of the electrolyte. Following this assumption of an initiating reaction,
whose products take part in several reaction pathways, one may could expect the de-
tection of secondary products with different time delays according to their formation

rate. However, on the rather slow time scale of the conducted experiments this was not
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observed.

Exceptions were found for analytes like methanol and the unidentified compounds de-
tected from DMC with retention times of 10.96 min and 11.22 min which showed a de-
layed signal compared to ethane and also the decrease of the peak had no clear trend.
The fluctuations in the methanol curve are probably due to the low amount detected,
which leads to a noisy signal — a phenomenon that was observed also with other com-
pounds of low abundance. A possible explanation for the delayed appearance of these
compounds is offered from a comparison with the corresponding chromatogram (cf. Fig-
ure 3.13). The delay appears to increase along with the retention time of the compounds.
Low volatility or high solubility of the compounds in the electrolyte could be responsi-
ble for this effect as it would shift the release of the compounds from the electrolyte to

higher concentrations i.e. to a later time.

TABLE 3.5: Compounds identified by GC/MS during cyclic voltammetry of LiPF; in
DMC, EC and DMC/EC. X marks identified compounds.

Compound (RT/min) DMC EC DMC/EC
CO (1.40) X X X
CO, (1.81) X X X
Methane (1.49) X X
Ethylene (2.48) X X
Ethane (2.97) X X

Propane (5.77)

Butane (8.03)

Fluoro methane (2.23)
Difluoro methane (2.80)
Trifluoro methane (2.33) X
Fluoro ethane (5.04)
1,1-difluoro ethane (5.27)
2-fluoro propane (7.10)
Methanol (6.50)

Dimethyl ether (6.26)
Dimethoxy methane (9.50)
Methyl formate (7.54)
Methyl acetate (9.42)
Acetaldehyde (6.84) X
EMC (12.85)
SiF,(CH,), (7.56)

PP K K X
Sl S e

>
o
Sl
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3.2.2.2 Formation Pathways of the Compounds

Most of the compounds detected during the oxidation of the solvents are consistent with
the findings reported in literature (cf. section 1.3.2). However, in contrast to the light
hydrocarbons and CO,, the detection of substances like methyl acetate under ” oxidative”
conditions, i.e. high potentials at the working electrode, has not been reported yet. A
possible explanation is that they are formed simultaneously through reduction at the
anode (i.e. the counter electrode). Especially with the two-electrode setup used, which
resembles a battery, this seems likely. The gas analysis method does not distinguish the
location of gas formation. Based on this assumption the following hypothesis can be
suggested in concordance with the results of Table 3.5. If this assumption is correct,
most compounds are formed at the anode side.
The formation of most analytes can be explained from the reactions given in section 1.3.
Based on the compounds that were detected from the different electrolyte compositions,
the reactions reported in literature and the origin of the decomposition compounds were
evaluated for their plausibility. The conclusions are summarised in Table 3.6.
Although further experimental evidence is indispensable, the following reactions are
assumed to be plausible for the compounds dimethoxy methane (3.3), propane (3.2) and
butane (3.1), whose formation has not been clarified yet. Unfortunately no explanation
has been found for the formation of CHF;, CH,F,, 1,1-difluoro ethane and 2-fluoro

propane.
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TABLE 3.6: Compounds identified by GC/MS during cyclic voltammetry of LiPF; in
DMC. Assigned according to the suspected precursor and formation mechanism. R:
Reductive (i.e. at the anode), O: Oxidative (i.e. at the cathode), T: thermally induced,

?: unclear.
Compound DMC EC
CcO R & O R & O
CO, R & O R& O
Methane R
Ethylene R
Ethane R ?
Fluoro methane T
Fluoro ethane T?
Methanol R
Dimethyl ether R
Methyl formate R
Methyl acetate R
Acetaldehyde (0]
o) o)
A —
\O ® —\O/ ~ o @ . O/
.. . O/
N TR R T N T N TN )
Ho o -RH . "CHs
H3C H3C (32)

NS R AL NG —>'CH3 N (3.3)

3.2.2.3 LiCoO; Electrodes

As the glassy carbon (GC) electrodes are considered inert electrodes and not compara-

ble with the cathode material used in LIBs the cyclic voltammetry experiment of the

DMC/EC electrolyte was repeated with a LiCoO, working electrode obtained from Pi-

Kem. Comparison of the cyclic voltammograms (Figure 3.15) of GC and LiCoO, shows

quite some difference in the electrochemical behaviour. The onset of the anodic peak

starts at 4.0V on LiCoO, in contrast to 6.1 V on GC. The 4.0V are consistent with the
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Li-deintercalation from the Li; ,CoO, electrode. This is corroborated by the analysis
of the gas evolution with respect to the current signal in the cyclic voltammetry (Fig-
ure 3.16. The gas evolution does not start until 6.2 V and one could conclude that in the
cyclic voltammogram the peaks from Li-deintercalation and electrolyte decomposition
overlap.

The actual anodic peak currents for GC and LiCoO, are 3.8mA and 245mA, respec-
tively. While the electrode surface of the smooth GC electrode is easily calculated from
the macroscopic dimensions a far greater specific surface has to be expected for the
porous LiCoO,, electrode. Unfortunately, it was not possible to distinguish whether the
current increase resulted from an electrochemical reaction of the cathode material itself,
the larger surface area or an catalytic effect of the cathode material on the electrolyte
decomposition. The cathode was examined afterwards by X-ray powder diffraction for
evidence of a LiCoO,-decomposition resulting in O, release (1.55), but no proof of newly
formed phases was found.

On comparing the evolved gases with either GC or LiCoO, used as electrode materials,
it is interesting to note the different product range (Table 3.7). While CO, CO, and light
hydrocarbons where detected from the glassy carbon and the LiCoO, electrodes no flu-
orine containing compounds were found with LiCoO, except minor traces of CH;F and
CHF;. Instead the generated amounts of ethane, propane and butane increased dras-
tically. The formation of CH,F, the prevalent fluorine containing compound on glassy
carbon, is strongly suppressed on LiCoO, (Figure 3.17). This has not been reported
up to now. Two hypotheses have been found to explain the effect of LiCoO, on the
gas evolution. As the amount of fluorine containing compounds was highly reduced, one
could assume that a reaction involving the cathode material traps or depletes fluorine, so
that it is not available for other reactions. It is seems also possible that the presence of
LiCoO, facilitates a particular reaction so that it is favoured compared to the reactions
generating fluorine containing gases. The obtained results demonstrate that it is not
sufficient to extrapolate findings from one system to another, as the processes are still
not understood well enough.

Also the formation of EMC is much more favoured on LiCoO,. All compounds detected
follow the same trend as CO, and show two stages in the gas evolution curve, where the
first one begins around 6.3 V and the second one around 7.2V, (Figure 3.16) in contrast
to the results on glassy carbon electrodes (Figure 3.11, Figure 3.12). No apparent change

in the gas evolution at the second stage indicates the beginning of a different process.
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However, the fluctuations in the current signal could indicate that the cell was about to

dry out — probably due to a depletion of the electrolyte. Around 7.75V the experiment

stopped as the cell lost internal contact.
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TABLE 3.7: Compounds identified by GC/MS during cyclic voltammetry of LiPF
in DMC/EC on glassy carbon and LiCoO, electrodes. X corresponds to identified
compounds. ? correspond to the unidentified compounds described in Figure 3.14

Compound (RT/min) Glassy Carbon LiCoO,

CO (1.40)

Co, (1.81)

Methane (1.49)

Ethylene (2.48)

Ethane (2.97)

Propane (5.77)

Butane (8.03)

Fluoro methane (2.23)
Difluoro methane (2.80)
Trifluoro methane (2.33)
Fluoro ethane (5.04)
1,1,-difluoro ethane (5.27)
Methanol (6.50)
Dimethyl ether (6.26)
Methyl formate (7.54)
Methyl acetate (9.39)
EMC

Ethyl methyl ether (8.81)
SiF,(CH,), (7.56)

? (10.96)

I I i SRl
SRRl R ST I e o R e
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Chapter 4

Conclusions

The goal of this work was to develop a new method for the characterisation of gas evo-
lution from lithium ion batteries. It was a particular objective of this work to develop a
method that allows the analysis of evolved gases with high time resolution, as this may
change within only few minutes during fast processes in the cell.

After a period of trial, where several setups had been tested, a method was established,
based on the combination of GC/MS and FTIR, which allows the detection of volatile
compounds released from LIBs. The high sensitivity of the GC/MS instrument enables
the identification and quantification of compounds over a wide range of concentrations
and the coupling with the FTIR spectrometer provides the ability to monitor the concen-
tration changes with a resolution below 30 seconds. The unique identification capabili-
ties of the GC/MS make it possible to analyse battery behaviour in a single experiment
as identification and quantification are done simultaneously and the multivariate data
analysis and modelling of the FTIR data can be performed after the experiment. Two
different gas sampling cells allow the analysis of coin cells and commercial LIBs, which
makes the method valuable for research and development as well as industrial battery
testing. Especially the detection of the small gas volumes released from coin cells is a
noticeable achievement. So far the detection of decomposition products is only possible
in a semi-quantitative manner. Generally, a more reliable way of quantification can be
implemented, as will be illustrated later on.

As the method was established several experiments were conducted to evaluate the
method. The results of these experiments reveal its versatility. During the overcharge

of a commercial cell the generated gases were identified and their evolution over time
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was monitored in detail. Two stages of gas evolution were observed which are presumed
to correspond to two different decomposition processes. Furthermore, the behaviour
of different electrolyte compositions was studied in coin cells by cyclic voltammetry on
inert working electrodes and typically used battery electrodes. Based on the findings
and published literature data a scheme was formulated that proposes possible formation
pathways of the analytes. It was also found that the material of the working electrode
has a major impact on the amount and range of decomposition products.

The results are plausible and reasonable and agree to a large extent with literature.
Since most experiments could only be conducted once, they have to be supported by
additional measurements to ensure the validity of the data.

Although the basic method is now established, there is still room for improvement, es-
pecially concerning the quantification, time resolution and the PLS model. To improve
the quantification ability different approaches are conceivable: By mixing the purge gas
with an internal standard gas, the comparison between experiments could be improved.
A small, constant concentration of an inert gas provides a steady reference which can be
set in relation to the analyte signals and reduces fluctuations. A possibility to increase
the sensitivity of the GC/MS is to install a trap concentrator in which the analytes,
that normally go to waste during the GC/MS runs, are adsorbed and then released and
injected at once. It would also be a great improvement of the method if the speed of the
GC/MS runs could be improved further. Besides an optimised temperature and flow
program, new techniques like the vacuum outlet technique could reduce analysis times
tremendously. Furthermore the partial least squares regression model could potentially
be improved even more. It has weaknesses to distinguish compounds with similar in-
frared spectra and still shows some fluctuations, especially when the concentrations of
the analytes are low. The design of an improved gas sampling chamber for commercial
cells from more resistant materials would provide more safety and access to more severe

testing conditions.
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Appendix A

Additional Figures
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FIGURE A.1: Gas chromatogram of compounds detected from the separators during
the preliminary experiments. Method A
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FIGURE A.3: Gas chromatogram recorded at 5.0V during the non continuous over-
charge of the BPC. Method B. * marks column decomposition products.
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F1cURE A.4: Gas chromatogram recorded during the cyclic voltammetry of EC on
glassy carbon at 7.4V.
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Appendix B

Abstract (English)

The increasing demand for mobility and remotely available electric energy promotes the
development of batteries with higher power and capacity. Lithium ion batteries (LIB)
are currently the most successful technology to satisfy this demand in our daily life. At
the same time the safety of LIBs has to be addressed as a high amount of energy is stored
in these devices and several cases of battery failure are known, in which the uncontrolled
release of this energy lead to an ignition or explosion of the cell. The flammability of the
organic electrolytes which are in use in conventional LIBs and the release of flammable
or toxic gases during battery failure have motivated many researchers to examine the
decomposition processes in batteries. Up to now this has mainly been done by charac-
terisation of the electrolyte degradation products after a controlled abuse of the cell.
In this work a new method was developed to characterise the gaseous emissions from LIBs
with high time resolution during the process of battery failure. This was achieved by
combining the analytical abilities of gas chromatography/mass spectrometry (GC/MS)
and Fourier transform infrared spectroscopy (FTIR). A measuring station was con-
structed which allows the continuous monitoring of evolved gases via simultaneous analy-
sis by GC/MS and FTIR. GC/MS allows the identification and quantification of analytes
while FTIR monitors fast concentration changes with high time resolution. A partial
least squares regression model was used to correlate the GC/MS data with the FTIR
signal. This method was successfully applied to characterise the gas evolution from coin
cells and commercial high power cells.

The volatile decomposition products from a commercial cell during controlled over-

charge where identified and their release was monitored relative to the charging voltage.
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Furthermore the gaseous compounds generated from different electrolyte compositions
during a cyclic voltammetry experiment where identified and the stability of different
electrolytes characterised. The influence of electrode materials was investigated by com-
paring the product spectrum and decomposition behaviour on an inert working electrode
and a realistic battery cathode. Special attention was paid to the development process

and the evaluation of the new method.
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Appendix C

Abstract (German)

Die steigende Nachfrage nach Mobilitat und Verfiigbarkeit von elektrischer Energie ist
Motivation fiir die Entwicklung von neuen Batterien mit hoherer Leistung und Ka-
pazitdt. Lithium Ionen Batterien (LIB) sind die derzeit erfolgreichste Technologie um
diesen Bedarf im téglichen Leben zu decken. Mit der Entwicklung leistungsfahiger Bat-
terien steigen auch die Sicherheitsanforderungen, da in ihnen eine hohe Energiemenge
gespeichert ist und bereits mehrere Unfélle bekannt wurden, bei denen die unkontrollierte
Freisetzung dieser Energie zur Entziindung und Explosion von Batterien gefiihrt hat.
Die hohe Entziindlichkeit der organischen Elektrolyte in handelsiiblichen LIB und die
Freisetzung von brennbaren oder giftigen Gasen wahrend des Batterieversagens haben
viele Wissenschaftler motiviert die Zersetzungsprozesse in LIB zu untersuchen. Bisher
fand dies hauptséchlich durch die Analyse der Elektrolyt-Zersetzungsprodukte nach einer
kontrollierten ﬂberlastung der Batterie statt.

In dieser Arbeit wurde eine neue Methode zur zeitaufgelosten Charakterisierung der
gasformigen Emissionen aus LIB wahrend des Schadensfalls entwickelt. Dies wurde
durch die Kombination der analytischen Féhigkeiten von Gaschromatographie/Massen-
spektrometrie (GC/MS) und Fourier-Transform Infrarotspektroskopie (FTIR) erméoglicht.
Ein Messplatz wurde aufgebaut, an dem die freigesetzten Gase durch simultane Mes-
sung via GC/MS und FTIR kontinuierlich erfasst werden kénnen. GC/MS ermoglicht
die Identifizierung und Quantifizierung der Analyte wahrend FTIR rasche Konzentra-
tionsdnderungen mit hoher Zeitauflosung detektiert. Mittels einer partial-least-squares

Regression wurden die GC/MS Daten mit dem FTIR-Signal korreliert. Diese Methode
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wurde erfolgreich zur Charakterisierung der Gasentwicklung in Knopfzellen und kom-
merziellen High-Power-Batterien eingesetzt.

Die fliichtigen Zersetzungsprodukte einer kommerziellen Zelle wahrend eines kontrol-
lierten Uberlade-Programms wurden identifiziert und ihre Entwicklung relativ zur Lade-
spannung beobachtet. Weiters wurden die entwickelten Gase aus mehreren Elektrolyt-
mischungen wéhrend eines Cyclovoltammetrie-Experiments identifiziert und die Sta-
bilitat der Elektrolyt-Bestandteile charakterisiert. Der Einfluss des Elektrodenmaterials
auf das Produktspektrum und das Zersetzungsverhalten wurde an einer inerten Arbeit-
selektrode und einer realen Batteriekathode untersucht. Ein besonderes Augenmerk galt

der Entwicklung und Beurteilung der neuen Methode.
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