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Abstract

Lithium-ion batteries (LIBs) are a good option for energy storage in electric vehi-
cles, stationary storage, e.g. in relation to solar cells, and many other applications.
Even though these batteries are highly commercialised, there is still much room for
improvement, and less expensive batteries with better properties are wanted. The rel-
atively low cost and high energy density, originating from its high operating voltage,
makes LiNigsMn; ;04 (LNMO) an interesting cathode material for future commercial
batteries. However, the use of this material is also accompanied by issues. In this
work, unwanted reactions at two types of carbon at high voltages are investigated,
to understand the effect of the conductive carbon additive on reactions at high volt-
ages. To do this, cathodes with only carbon black and binder and only graphite and
binder were made, and cells with these and ionic liquid (IL)-based electrolytes under-
went cyclic voltammetry between 3 V and 5 V. The two electrolytes were 0.79m and
3m lithium bis(fluorosulfonyl)imide (LiFSI) in the IL trimethyl(isobutyl)phosphonium
bis(fluorosulfonyl)imide (P;11;4FSI). Based on the voltammograms and post mortem
characterisation of the cathodes, a better understanding of the reactions is gained.
Cells with an LNMO cathode with graphite as the conductive additive, together with
0.79m LiFSI in the IL as the electrolyte, were also made and exposed to galvanostatic

cycling.

It is found that the graphite cathodes suffer from anion intercalation in addition to
electrolyte degradation at the surface. The carbon black cathodes virtually only ex-
perience surface reactions. It is further decided that the anion intercalation degrades
the graphite structure, which causes increased electrolyte oxidation. The electrolyte
oxidation creates a film shown to consist of sulfur and oxygen, though fluorine and
nitrogen, also originating from the anion, can be present. The film at the graphite cath-
odes is different from that at the carbon black cathodes, but they are made of the same
chemical species, and the exact differences are unknown. Similar trends are observed
with the two different electrolytes, but using 3m LiFSI instead of 0.79m LiFSI reduces

the amount of anion intercalation, and causes precipitation of LiFSI salt. Combining
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graphite as the conductive additive of an LNMO cathode and 0.79m LiFSI in the IL
as the electrolyte causes a poor discharge capacity due to a poor electronic conductive
network. The efficiency is comparable to the reference cell. Anion intercalation into

graphite occurred, and there was also a film formation which happened more at the
graphite than LNMO.
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Sammendrag

Litium-ionbatterier (LIBs) er et godt alternativ for energilagring i elektriske kjgretgy
og stasjoneer lagring, for eksempel sammen med solceller, i tillegg til & ha mange an-
dre bruksomrader. Selv om disse batteriene allerede er kommersielt tilgjengelige, er
det mye som kan forbedres, og man gnsker billigere batterier med bedre egenskaper.
LiNig sMn; 504 (LNMO) sin relativt lave pris og hgye energitetthet, som kommer fra
den hgye spenningen det oppererer pa, gjor at det forskes pa for bruk som katode-
materiale i fremtidige kommersielle batterier, men det er flere problemer knyttet til
materialet. 1 dette arbeidet undersgkes ugnskede reaksjoner pa to typer karbon for
a forsta hvilken effekt det elektrisk ledende karbon additivet har pa reaksjoner ved
hgye spenninger. Dette gjores ved at det blir lagd katoder kun bestaende av "carbon
black" og bindemiddel, og katoder med kun grafitt of bindemiddel. Disse katodene
ble brukt i celler sammen med enten 0.79m lithium bis(fluorosulfonyl)imide (LiFSI) i
trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide (P11134FSI) eller 3m LiFSI i
P11114FSI som elektrolytt, og de gjennomgikk deretter syklisk voltammetri mellom 3
V og 5 V. Basert pa voltammogrammene og videre karakterisering av katodene har
man fatt en bedre forstaelse for reaksjonene. Det ble ogsa gjennomfgrt galvanostatisk
sykling av celler med LNMO som aktivt katode-materiale, grafitt som elektrisk ledende
additiv i katoden og elektrolytten med 0.79m LiFSI i Pqq134FSI.

Det er tydelig at grafittkatoder utsettes for anioninterkalasjon i tillegg til elektrolyttde-
graderingen som skjer pa overflaten. "Carbon black"-katodene utsettes omtrent bare
for overflatereaksjoner. Det er videre bevist at anioninterkalasjonen degraderer grafitt-
strukturen, og at de degraderte partiklene skaper mer elektrolyttoksidasion. Elek-
trolyttdegraderingen skaper en overflatefilm bestaende av svovel og oksygen, i tillegg
til at nitrogen og fluor, ogsa fra anionet, kan veere en del av den, selv om dette ikke
kunne bevises. Det er videre funnet at den kjemiske komposisjonen pa overflaten er
ulik for syklede grafittkatodene og "carbon black"-katodene, men de samme kjemiske
komponenetene er tilstede, og den eksakte forskjellen er ukjent. Man ser samme trend

for reaksjonene ved bruk av de to ulike elektrolyttene, men noen forskjeller er ogsa



oppdaget. Bruk av elektrolytten med 3m LiFSI fgrer til det blir mindre anionin-
terkalasjon, men det ble oppdaget utfelling av LiFSI-salt etter syklingen. Cellene
med LNMO og grafitt i katoden, samt elektrolytten med 0.79m LiFSI, har darlig ut-
ladningskapasitet fordi det elektrisk ledende netverket er darlig. Effektiviteten var
derimot tilnsermet lik referansecellen. Bade anioninterkalasjon og film-dannelse ble

oppdaget, og det ble dannet mer film pa grafitten enn LNMO-partiklene.
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Abbreviations

ATR
CEI
CMC
Cv
DEC
DMC
EC
EDS
FTIR
GCPL
LCO
LFP
LIB
LiFSI
LiPFg
LNMO
NMC
NMP
P111:4FSI
PVDF
SEI
SEM
XPS
XRD

Attenuated total reflectance
Cathode-electrolyte interphase
Carboxymethyl cellulose

Cyclic voltammetry

Diethyl carbonate

Dimethyl carbonate

Ethylene carbonate

Energy dispersive X-ray spectroscopy
Fourier transform infrared spectroscopy
Galvanostatic cycling with potential limitation
LiCoOy

LiFePO,

Lithium ion battery

Lithium bis(fluorosulfonyl)imide
Lithium hexafluorophosphate
LiNig5sMn; 504

LiNi,CoyMn, O,
N-methyl-2-pyrrolidone
Trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide
Polyvinylidene fluoride
Solid-electrolyte interphase

Scanning electron microscopy

X-ray photoelectron spectroscopy

X-ray diffraction

vil



viil



Contents

[Prefacel i
[Abstract iii
[Sammendrag]| v
[Abbreviations| vii
(1__Introduction| 1
2 eor 3
2.1 _An overview of lithium-ion batteries/. . . . . . . ... .. .. ... ... 3
[2.1.1  Working principles| . . . . . . . ... ... L. 3
[2.1.2  Terminology and important parameters|. . . . . . . . . ... .. 4
2.2 The electrolytel . . . . . . . . ..o
[2.2.1  Properties of the electrolytel . . . . . . ... ... ...
[2.2.2  Conventional electrolytes: Organic liquids and lithium salts|. . .
[2.2.3 lonic hiquds| . . . . . . ... 10
2.3 Cathoded . . .. . . . . . 11
[2.3.1 The cathode components| . . . . . . . . ... .. ... ... ... 11
2.3.2 [LNMO as the cathode materiall . . . . . . ... ... ... ... 13
2.3.3 Carbon as conductive additivel . . . . . .. ... ... ... ... 14
[2.4  Side reactions with the electrolytel . . . . . . . . ... ..o 16
[2.4.1 Reactions with graphite, . . . . . . .. ... ... ... ... .. 16
.42 Reactions on carbon blackl . . . . ... ... ... ... ... .. 17
P13 R . ] I Tod T bol . m I l
| conductive carbon|. . . . . .. ... L 18
2.5 Flectrochemical measurements/ . . . . . . .. .. ... .. ... ... .. 19
2.5.1 Cyclic voltammetry|. . . . . . . .. ... ... 00 19
[2.5.2  Galvanostatic cycling| . . . . . . ... ... 20

1X



2.6 Post mortem characterisationl . . . . . ... ... ... ... . 20
[2.6.1 Scanning electron microscopy| . . . . . . ... ... ... 20

[2.6.2  Energy dispersive X-ray spectroscopy| . . . . . . . . . ... ... 21

[2.6.3  X-ray diffraction| . . . . . ... ..o 21

[2.6.4  Fourier transform infrared spectroscopy|. . . . . . . . . . .. .. 22

3  Experimentall 25
3.1 Materialsl . . .. . ..o 26
B.2  Flectrode manufacturel . . . . . . ... ..o oL 27
[3.3 'The electrolytes| . . . . . . . . ... ... 28
[3.4 Initial pouch cell assembly| . . . . ... ... ... 28
[3.5  Final assembly of the pouch cells| . . . ... ... ... ... ... ... 29
3.6 Cell cyclingl . . . . ... ... . ... 30
[3.7  Disassembly of the cells|. . . . ... ... ... ... ... ... .. 31
B.8 Post mortem characterisationl . . . . . .. .. ... ... ... ... 31
[3.8.1 Scanning electron microscopy and energy dispersive X-ray spec- |

| TrOSCOPY] - - « v v o o e e e 31
[3.8.2  Fourier transform infrared spectroscopy|. . . . . . . . ... ... 31

[3.8.3  X-ray diffraction| . . . . . ... ... 32

4 Results] 33
M1 Carbon cathoded . . . .. . . ... . ... 33
[4.1.1 Cyclic voltammetry| . . . . . . . . . . . ... ... ... ... 33

[4.1.2  Scanning electron microscopy| . . . . . . . ... ... ... 38

[4.1.53  Energy dispersive X-ray spectroscopy| . . . . . . . . . . . . . .. 41

[4.1.4  Fourier transtform infrared spectroscopy|. . . . . . . . . . . . .. 44

[4.1.5 X-ray diffraction analysis of graphite] . . . . . . . ... ... .. 47

4.2 The LNMO:G:0.9m celll . . . . .. ..o oo o000 49
[4.2.1 Galvanostatic cycling| . . . . . . .. ... ... 49

[4.2.2  Scanning electron microscopy| . . . . . . .. ... 50

[4.2.3  Energy dispersive X-ray spectroscopy| . . . . . . . . . . ... .. 52
[5__Discussionl 53
H.1  Effect of CMC as the binderl . . . . . . ... ... .. ... ... ... 53
[>.2  Reactions with the graphite cathode| . . . . . . . ... ... ... ... 53
.3 Reactions with the carbon black cathodel . . . . . . . ... .. ... .. 58
b4 The LNMO:G:0.79m cathodel . . . . . . .. ... .. ... ... .. 60
6 Conclusion| 63



[7__Further work]

(Bibliography|

[Appendix A Additional slurry information|

[Appendix B Onset potentials for individual cells|

[Appendix C Additional EDS information|

x1

65

67

75

7T

79

81



Chapter 1
Introduction

Development towards increased use of alternative energy sources, like wind and solar
power, is part of the change towards a more sustainable future. However, this de-
velopment is also accompanied by problems. Indeed, as both wind and solar powers
depend on the weather, it is essential to develop suitable methods of energy storage
[1]12], so that the stored electricity is accessible when needed. The increasing popu-
larity of electric vehicles also reinforces the need for quality energy storage [3]. These
are two of many applications where lithium-ion batteries (LIBs) are good options for
the energy storage, as they combine high power density with high energy density [4].
LIBs are already used in a wide variety of commercial applications, such as small-scale
portable devices like laptops and cell phones and electric vehicles [5]. Considering that
LIBs are thought to be the dominating battery technology for the coming decade and
possibly for much longer 6], continuous research and improvement of the technology is
required. Even though LIBs have been researched for decades, there is still much room
for improvement, and batteries with longer lifetimes, higher capacities and better rate
capabilities are wanted. In order to improve the technology, the cell components and

their mutual interactions must be considered |[7].

Multiple types of cathode active materials are used in today’s commercialised batteries,
but none are flawless. The search for a better cathode material has led to extensive
research into LiNigsMn; 504 (LNMO). It is a cathode material free of Co, which is
expensive, toxic, has a low abundance in the earth’s crust, and is also mined by children
[8]19]. LNMO also has a high energy density and good thermal stability [8][10]. Still,
some issues must be solved before the commercialisation of LNMO cathodes. One
is the unwanted side reactions with the electrolyte taking place because of the high

operating voltage [8]. All cathodes use conductive carbon additives, as the active



materials have low electronic conductivity, insufficient for the electrodes. This carbon
typically has a much larger surface area than the active material, so it can be assumed
that this material plays a critical role in the electrolyte oxidations [11][12]. Ionic
liquids (IL)-based electrolytes have also gained more attention lately, due to their
superior thermal stability, large electrochemical windows, and other advantages over

commercial carbonate-based electrolytes.

The main aim of the work is to study the side reactions on two different carbon conduc-
tive additives in an IL-based electrolyte at high voltages, up to 5 V vs. Li/Li*. One
graphitic conductive additive, and one carbon black conductive additive was com-
pared, and based on a combination of electrochemical techniques and post mortem
studies, the reversibility of the side reactions and composition of films formed could
be identified.

This investigation was conducted by making cathodes consisting of only the carbon
material with a binder, to eliminate the effects of LNMO on the side reactions. Half
cells with these cathodes and two different IL-based electrolytes were made, and cyclic
voltammetry was done to identify possible side reactions. Post mortem characteri-
sation in this work was scanning electron microscopy (SEM), Energy dispersive X-
ray spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction analysis (XRD). Following this first work, LNMO cathodes with graphite as
conductive carbon were made and incorporated into half cells with one of the IL-based
electrolytes. These were compared to a reference cell through galvanostatic cycling
and SEM imaging, together with EDS.



Chapter 2

Theory

2.1 An overview of lithium-ion batteries

In LIBs, Li* ions move through the electrolyte between the two electrodes. In this
section, the fundamentals of LIBs will be discussed, and if nothing else is given, the
source used is the book Lithium Batteries: Science and Technology by Julien, Mauger,
Vijh and Zaghib |[7].

2.1.1 Working principles

A LIB has a positive and a negative electrode and an electrolyte between these. The
electrodes are also connected by an outer circuit. Figure[2.1/shows a schematic figure of
a LIB. Upon discharge, the positive electrode is the cathode, and the negative electrode
is the anode. When discussing batteries, it is common to refer to the positive electrode
as the cathode, even during charging. The negative electrode is then referred to as
the anode. This way, when talking about cathode materials, it is understood that
this is the material at the positive electrode and that the anode materials are at the
negative electrode. Graphite is commonly used as the anode material in commercial
batteries due to the abundance of carbon, and its good cycling stability [13]|. Different
cathode materials are utilised today, and some will be further described in section [2.3]
The electrode materials are cast onto current collectors, which ensures the transport
of electrons from the electrodes to the outer circuit. Aluminium is commonly used as
the current collector on the cathode side, while copper is widely used on the anode
side. Organic solvents with appropriate Li salts are usually used as electrolytes in the

LIBs, and the Li™ ions move through the electrolyte from one electrode to the other.



There is also a separator between the two electrodes, which inhibits physical contact
between the electrodes, preventing short circuits. Separators are commonly made of

polymers like polyethylene and polypropylene.

The battery reactions happening will depend on the electrode materials. If the anode
is made of graphite, and the cathode of LiCoOy (LCO), the following electrochemical

reaction will happen at the cathode:
LiCoOy = Li;_+CoOqy + zLi" + ze™ (2.1)
At the anode, the electrochemical reaction will be:
rLit + ze” + 6C = Li, Cg. (2.2)

In both equations, the top arrows are the reactions occurring during charge, while the

bottom arrows are the reactions during discharge. From this, the total cell reaction is
LiCOOQ +6C = Lh,XCOOQ + LiXCG. (23)

The Li" ions arriving at an electrode are intercalated into the electrode materials.
In other words, the ions go into the material’s structure and become a part of it.
For the graphite, they go in between the layers of the carbon structure. For LCO
the Lit ions are also found in the layers, more specifically, between planes made up of
oxygen molecules. It should also be noted that alloying reactions, where lithium creates
an alloy with the electrode material [14], and conversion reactions, where chemical
bonds are broken and formed during charge and discharge [15], are alternatives to the

intercalation reactions in LIBs.

2.1.2 Terminology and important parameters

There are many criteria a battery must fulfil depending on its intended use. The

critical parameters for batteries will be discussed in the following subsection.

The Open circuit voltage V. is given as

Iy i
Ve = —ﬁ(u,q — i) (2.4)

where n is the moles of electronic charge taking part in the reaction, F' is Faraday’s

constant, and p’ and p’ are the electrochemical potentials of the anode and the

4



cathode, respectively. This value is the voltage when no current is flowing, and it

limits the operating voltages of the cell.

Output and input voltage are the operating voltages of the cell during discharge
and charge, respectively. The output voltage Vy; is lower than the open circuit voltage,
while the input voltage V., will be higher than the open circuit voltage. This is caused

by the battery’s internal resistance [16].

Resistances in a battery are crucial for performance. The internal battery resistance
Rb 1S
Rb = Rel + Rm(A

~—

+ Rin(C) + Ro(A) + Re(C) (2.5)

where (A) and (C') stand for anode and cathode. R,; is the electrolyte resistance, R;,
is the resistance related to ionic transport across the electrolyte-electrode interface,

and R¢ is the intrinsic resistance of the electrodes.

The energy F, which can be obtained from a fully charged battery, depends on the
charge ¢ and the potential V' during the transport of charge between the electrodes.
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Anode (Graphite) Electrolyte Cathode (LiCoO,)

Figure 2.1: Schematic image of the components of a LIB, here visualised with graphite at the anode
and LCO as the cathode material.



The equation
Q
B= [ Vo (2.6
0

can be used to calculate the value, given that the current is kept constant during the
discharge [16]. For batteries, the gravimetric and the volumetric energy densities are
of high importance. These values are the amount of energy that can be stored per

weight and per volume of the battery, respectively.

The Specific capacity @, (Ah/kg) is the amount of charge that can be stored in

the electrode per weight and can be calculated with the equation:

1000nF

Qun = 3600M,,"

(2.7)

M, is the molecular mass of the electrode material. This equation only provides the
specific capacity for the electrode materials, and the battery capacity will be limited
by the electrode material that can accommodate the lowest amount of lithium ions.
When the goal is to create batteries with high capacities and low weight, the weight
of the other battery components must also be considered. They do not increase the

capacity but contribute to the total weight.

Coulombic efficiency CFE measures how much the battery capacity fades in a charge/

discharge cycle. It is described by the equation:

CE(%) = Qéh# - 100%. (2.8)
charge

Irreversible capacity loss I/C'L can be described by the equation:
ICL=1-CE. (2.9)

It is caused by volume changes, chemical reactions between electrolyte and electrode,

and electrode decomposition. This causes the resistance in the battery to increase [16].

The C-rate normalises the charge or discharge current against the battery capacity.
It is the rate at which the battery will be fully charged or discharged, relative to its
maximum capacity. A rate of nC' means the battery will be fully charged or discharged

in 1/n hours.



The Cycle life of a battery is the number of charge /discharge cycles it can go through
before the capacity is reduced to 80% of the original capacity.

The Shelf life is how long the battery can be stored before its capacity has been
reduced so much that it is no longer appropriate for its intended use. Again, this is

usually set to 80% of the original capacity [17].

2.2 The electrolyte

2.2.1 Properties of the electrolyte

In the ideal case, there are specific criteria that the electrolyte should fulfil. First, it
should be stable against the electrodes to inhibit decomposition. Figure shows the
energy diagram for anode, electrolyte and cathode systems. The situation is stable
if the Fermi energy levels Ec and E4 of the cathode and anode materials are within
the energy gap L, of the electrolyte. If the Fermi energies are outside the energy
gap, unwanted reactions will happen, and the system will be unstable. To have ideal
relations between E;, Ec and E4 and at the same time have a high open circuit volt-
age, the energy gap of the electrolyte must be large, allowing for a larger potential
difference between the cathode and anode materials |7]. A suitable electrolyte must
also have high ionic conductivity, allowing fast transport of Li* ions and, therefore, a
high rate of energy release. It must also have low electronic conductivity so that the
self-discharge can be kept to a minimum [18]. It is also essential to have phase stability
over an extensive range of temperatures to avoid evaporation or crystallisation of the
liquid [7]. The other properties the electrolyte should exhibit are good wetting at the
electrolyte-electrode interface, robustness against thermal, mechanical and electrical
stress, and inertness towards all cell components. Sustainability is also of great im-
portance, meaning that the electrolyte components used should be environmentally
friendly, the raw materials should be abundant, and they should also be non-toxic and

non-flammable.

2.2.2 Conventional electrolytes: Organic liquids and lithium

salts

As previously discussed, today’s conventional electrolytes are organic solvents with
dissolved Li salts. The solvents should have a high boiling point and a low melting
point, keeping them liquid at a large temperature range, and ensuring that the elec-

trolyte functions properly. Low viscosity is also wanted, ensuring that the ions can
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Figure 2.2: The energy diagram of a LIB. Two different situations are illustrated. In situation 1,
the Fermi energy levels Fc and E4 are within the energy gap F, of the electrolyte,
and stability is ensured. Situation 2 has both Ec and E4 outside Fy, and instability
at both electrodes will cause the electrolyte to degrade. Inspired by |[7].

move easily. Another desired property is a large dielectric constant, which is beneficial
for dissolving large solute concentrations. In addition, the solvent must be inert to-
wards the cell components [18]. The Li salts should be fully dissociated at reasonably
high concentrations. It should also be non-toxic, stable against overheating, and stable
against reactions, meaning that the anions should not be oxidised at the cathode and

inert to the solvent and the other electrolyte components [18].

Since the anodes in LIBs are strongly reductive, and the cathodes are strongly oxi-
dising, solvents with active protons cannot be used. The anion oxidation and proton
reduction often happen between 2.0 and 4.0 V vs. Li/Li*. In comparison, the charged
potentials of the anodes is usually are around 0 V, and the charged potential of the
cathodes is generally between 3.0 and 4.5 V. The anion will then be oxidised at the
cathode, and the proton will be reduced at the anode. To avoid this problem but still
be able to dissolve sufficient amounts of Li salt, nonaqueous compounds with polar

groups, such as carbonyl, nitrile, sulfonyl and ether linkage, are used as solvents for
LIBs [18].

Many polar solvents have been investigated, most of which are either organic esters
or ethers. Some commonly used solvents are ethylene carbonate (EC), dimethyl car-
bonate (DMC) and diethyl carbonate (DEC). DMC and DEC are linear carbonates,



while EC is a cyclic molecule. While DMC and DEC have similar dielectric constants
of 3.1 and 2.8, respectively, the dielectric constant of EC is 89.8. This means that
EC dissolves the Li salts more easily than the other solvents. This dependence of the
dielectric constant on the molecular shape is also observed for other possible solvents.
The cyclic esters have high dielectric constants, while those of the linear molecules
are usually low. The viscosity is also highly dependent on the molecular shape of the
esters. The linear ones, like DMC and DEC, have a low viscosity, while the cyclic
ones have a high viscosity. The viscosities are 0.59 cP for DMC at 20°C, 0.75 cP for
DEC at 25°C and 1.90 cP at 40°C for EC. To get a proper electrolyte, the dielectric
constant of EC is wanted, but its high viscosity and melting point, which is at 36.4°C,
makes it unsuitable at ambient temperatures. A common solution for this issue is to
use a combination of EC and a linear carbonate. A sufficient amount of salt can then
be dissolved while the viscosity is kept low enough that adequate ionic transportation
is obtained [18].

The solute used in the electrolyte should fulfil certain criteria. First, it should be
fully dissociated at relatively high concentrations, and second, it should have a high
mobility of the Li* cation. This ensures good ionic conductivity. It is also preferred
that it is non-toxic, thermally stable and has a low sensitivity to hydrolysis [7][19)].
Lastly, the ions should be stable against reactions, which means that the anion should
be inert to the solvent, stable against oxidation at the cathode, and both ions should
be inert towards the other cell components [7]. A couple of wanted reactions are the
initial formation of a solid-electrolyte interphase (SEI) layer at the anode, mitigating
more unwanted reactions, and the formation of a protective layer at the Al current
collector [19]. At high operating voltages, a cathode-electrolyte interphase (CEI) is
also formed from organic and inorganic species [20]. Lithium hexafluorophosphate
(LiPFg) is the salt used in commercial LIBs. This is not because it fulfils all the
criteria, but due to its well-balanced properties. It forms a stable SEI at graphite
electrodes, protects the Al current collector and has relatively good ionic conductivity.
Still, there are issues related to the use of this salt [19]. For one, its thermal stability
is problematic. At elevated temperatures, above 60°C, there is a performance fade |21]
which can be attributed to multiple factors. The SEI layer at the anode is damaged and
reformed [22], there is a resistive layer formed at the cathode material due to electrolyte
decomposition at the electrode, and there is also the bulk electrolyte decomposition
[21]. Another issue is the operation at high voltages. When using LiPFg in electrolytes
it hydrolyses, creating the toxic acid HF which deteriorates the active materials at the
electrodes [23]. At high voltages, the energy barrier for this hydrolysis reaction is

reduced, causing an increase in the HF formation in the cell [24].



One possibility to avoid these issues is to replace the solute. Li-imides are a group of
salts extensively researched as a substitute to LiPFg [25]. Other salts, like Lithium
bis(oxalato)borate, have also been investigated. Still, no salts have overall shown to
possess superior properties, despite improving individual traits when replacing LiPFg
[18]. One example is the use of the salt lithium bis(fluorosulfonyl)imide (LiFSI). It has
a higher conductivity than LiPF¢ [26] and better thermal stability [27], but corrosion of
the Al current collector is a major issue which prevents the use of the salt in commercial
batteries [28|. Another option is the use of additives. They are used to change one
property of the electrolyte without causing significant changes to the bulk properties
[18]. Using ILs in electrolytes is also an option and can potentially improve the cell’s

properties.

2.2.3 Ionic liquids

The usual definition of ILs are compounds consisting only of ions, with a melting point
below 100°C [29]. Typically, the ILs are made of relatively large organic cations and
large anions, which reduces the coulombic attraction relative to ionic materials like
NaCl. This is the reason for their low melting point |30]. If the melting point is below
the ambient temperature it is called room temperature ILs. These can be utilised for
the electrolyte of LIBs, either by adding them to the traditional electrolytes based
on organic solvents or by dissolving Li-salt in the IL [31]. Some ILs that have been
investigated for the electrolyte of LIBs are made up of pyrrolidinium, phosphonium
and imidazolium cations together with the anions PFy, TFSI™, FSI™ and BF, in
different configurations [30] [31] [32].

There are many reasons that ILs are being investigated for use in batteries. First,
their superior thermal stability relative to carbonate electrolytes. Rogstad et al. [33]
investigated four different IL-based electrolytes and compared them to a carbonate-
based electrolyte with LiF'SI. During heating of the ILs, no endothermic or exothermic
reactions occurred between the melting point and 200°C. The carbonate electrolyte
behaves differently, with evaporation happening above 70°C. Another advantage is the
larger electrochemical window observed with the use of ILs. They also have good
ionic conductivity, with values between 1 and 10 mS/cm [31]. One example is that an
electrolyte with 0.74m LiFSI in EMIFSI was reported to have a conductivity of 10.5
mS/cm, while the carbonate electrolyte with 0.74m LiFSI had a conductivity of 12.2
mS/cm. This proves that the conductivity of IL electrolytes can be comparable to
the carbonate electrolytes [32]. The mitigation of Al corrosion when using imide-ILs
instead of carbonate solvents is also a reason to investigate ILs [34]. This effect is due

to the dissolution of Al ions being low without the carbonate solvents [25].

10



There are also problems that prevent the use of ILs in commercial LIBs. Their high
cost is one significant limitation. In addition, the synthesis of many ILs is problematic,
limiting the production and hindering its use in large quantities [31]. Another problem
is that the performance of cells with IL-based electrolytes is lower than that of cells with
conventional electrolytes at high C-rates. This is because the Li* diffusivity is lower,
and viscosity is higher when ILs are used. So even though high ionic conductivities

have been reported, this is an issue at high currents [35].
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Figure 2.3: The structure of the (a) P],;;, cation and (b) FSI™ anion.

Phosphonium-based ILs have been reported to have a lower viscosity and higher
ionic conductivity than the more researched ammonium-based ILs, and simultane-
ously increased thermal stability is observed [36]. One such IL is trimethyl(isobutyl)-
phosphonium bis(fluorosulfonyl)imide (P11134FSI), and the structure of its ions is shown
in Figure 2.3 A P111:4FSI based electrolyte with 0.79m LiFSI has been found to have
a large electrochemical window with oxidation beginning at 5.3 V - 54 V [32]. Tt
also has good thermal stability, with a glass transition temperature of -88.1°C and
reactions at -24.0°C, -18.2°C, and -4.6°C. At temperatures above this and up to 200°C,
no reactions were observed, meaning no decomposition occurred in this temperature

range [33].

2.3 Cathodes

2.3.1 The cathode components

A typical cathode for LIBs consists of the active material, a conductive additive, and
binder. The active material is the material in which Lit ions are intercalated during
discharge. This is typically Li-oxides, and layered, olivine or spinel-structured oxides
are the most widely used [37]. A conductive additive is used because the electronic
conductivity of the active material is low [38]. Without the additive, electrons can

therefore not be transported to the oxide particles. The binder ensures contact between
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the particles and the current collector, in addition to restraining the volumetric changes

of the active material during intercalation and de-intercalation [3§].

LiFePO, (LFP), LCO and LiNi,CoyMn,O, (NMC) are some commercially available
cathode materials [39]. LFP is an oxide with olivine crystal structure. It is used as
cathode material due to its low cost, good cycling stability and thermal stability. In
addition, it is environmentally friendly [40]. An issue with this material is its low
operating voltage of 3.4 V, which limits the energy density [41]. LCO was a widely
used cathode material, and there are many reasons for this. It is very reliable, has
an excellent cycle life and has a high conductivity of both Li™ ions and electrons.
It also has a very high volumetric energy density as a consequence of the material’s
high density [41]. NMC are layered oxides and can have different compositions, e.g.
LiNi; 3Mn; ;3Co04 /305 or LiNig 4Mng 4Cog20,. It contains less Co than LCO, how much
less depends on the composition, and at the same time, it has a high capacity. For

this reason, it is a fascinating cathode material, and it is replacing LCO [42].

The preferred choice for the carbon additive for LIB electrodes is carbon black, and
the reasons for this are its high surface area, which ensures good contact, and that
cell manufacturers have long-time experience with this material [43]. Other carbons
can also be used as conductive additives. Graphite particles are a possibility, and
graphites designed to be used as conductive carbon in battery electrodes are available
[44]. There are also many other possibilities, like the use of other types of carbon, e.g.

carbon nanotubes [45], and doping of the conductive additives [46].

There is a variety of binders used in electrodes. The most common one for cathodes is
polyvinylidene fluoride (PVDF'), which is dissolved in N-methyl-2-pyrrolidone (NMP)
[47]. Lately, there has been an increased focus on using new binders and solvents
since that can make battery production more sustainable. NMP is an organic solvent
that is both environmentally hazardous and a reproductive toxin. Due to this, it is
now becoming restricted in several countries [47]. But there are other options. Some
binders can be dissolved in water, removing the issues related to the solvent. Three
examples are carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR) and
alginate, which are non-toxic binders [48|. One of the reasons PVDF and NMP are
still used is the low surface tension of NMP relative to water, which makes casting
easier and produces more uniform electrodes. Another reason is that some cathode
materials, especially those with high amounts of Ni, are very reactive towards water
[47], making water an inappropriate solvent. PVDF is also known to have excellent
thermal and electrochemical stability and cause good adhesion between the electrode

film and the current collector [49].
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2.3.2 LNMO as the cathode material

LNMO has recently gained increased interest as the active material for LIB cathodes.
It has a spinel crystal structure, and there are two possible configurations. One is a
face-centred spinel, called the disordered phase, and the other is a simple cubic, called
the ordered phase. The disordered LNMO deviates from the stoichiometric composi-
tion, with the chemical formula LiNig sMn; 50,4_,. To maintain charge neutrality, some
of the Mn** are reduced to Mn?*. These two forms of LNMO have different electro-
chemical behaviour. The electrochemical curves for ordered LNMO will only have one
long voltage plateau at 4.7 V, which corresponds to the redox couples Ni** /Ni** and
Ni** /Ni**. Disordered LNMO will cause the voltage profile to have three distinct
plateaus. One, at approximately 4.0 V, which corresponds to the Mn3* /Mn** redox
couple, one for the Ni** /Ni3* at about 4.6 V, then another one for Ni**/Ni**  which
is found at a voltage of around 4.8 V. The Ni redox couples cause two plateaus for
the disordered phase because there is a solid-solution reaction for 0.5<x<1 and a two-
phase reaction for x<0.5. For the ordered phase, two-phase reactions occur for all
x< 1, which causes the voltage profile to have only one plateau. A two-phase reaction
is the destruction and change of structure, which will limit the kinetics of lithiation
and de-lithiation in the LNMO. Due to this, disordered LNMO has better structural
stability than the ordered LNMO during the charging and discharging processes [8].
Based on the current knowledge regarding these two structures, the disordered struc-
ture is considered the most promising cathode material of the two crystal structures.
The cycling stability of cells with ordered LNMO is worse than that of cells with
disordered LNMO |[10].

One advantage of LNMO is that there is no Co in the material, unlike LCO and
NMC. Co is expensive, has a low abundance in the earth’s crust, and is toxic [8].
In addition, it is often mined by children [9], and because of these issues, batteries
without this element are therefore desired. LNMO also has a high operating voltage
at approximately 4.7 V, which is the origin of its high theoretical energy density of
690 Wh/kg [10]. In addition, LNMO has been shown to have a high ionic conductivity
which increases the rate of Li diffusion, and its thermal stability is superior to that of
NMC [8]. Its theoretical capacity is 147 mAh/g, similar to that of other high-voltage

cathode materials [10].

The technology has yet to be commercialised due to multiple problems. The Mn3*
present in the disordered phase will react to form Mn?* and Mn**, where the former
is soluble in the electrolyte [50][51]. As Mn leaves the cathode material, structural

instability is increased, and this causes accelerated capacity fade. At increased tem-
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peratures, the issue of Mn dissolution becomes more severe [52]|. In a full cell with a
graphite anode, the dissolved Mn from LNMO will be transported to the anode, where
it is deposited [53|. This causes the formation of a thick SEI layer, as Mn acts as a
catalyst for electrolyte decomposition. It also gives rise to Li* loss and delamination
of the graphite from the current collector. Increased impedance, and therefore a rapid
capacity decay, is then observed [54]. The high voltage also causes electrolyte oxida-
tion, which forms a CEI layer at the cathode surface. The mechanism behind it is

complicated and depends on the electrolyte composition and electrode material [§].

2.3.3 Carbon as conductive additive

The atomic structure of graphite is seen in Figure 2.4} It consists of parallel layers
of graphene sheets, where each carbon atom is bound to three other carbon atoms
through strong covalent bonds, with a distance between the atoms of 1.4 A[55]. The
layers are held together at a distance of 3.33 A to 3.35 A by Van der Waals forces [56].
The most common stacking of graphite planes is ABAB, which makes it a hexagonal
crystal structure [55]. Another type of stacking is called turbostratic carbon. Here, the
graphene sheets are not stacked in an ABAB pattern, but randomly with the sheets
rotated about the normal of the graphene layers [57]. This also changes the interplanar
distance to 3.43 A [58]. Since graphite has strong bonds in one direction, in-plane, and
weak bonds in the other direction, it has very anisotropic properties. The electrical
conductivity is one property that depends significantly on the direction, with values
of about 2.26 - 10* O 'cm™! along the basal planes, and 5.9 Q 'cm™! perpendicular
to these planes [59]. The anisotropy also affects how intercalation of ions into the
structure happens. Due to the weak forces between the layers, intercalation generally
occurs by the ions entering at the edge plane. At the edge site, ions are strongly
adsorbed and can migrate to a site where they can be intercalated before moving in

between the graphene layers [60].

As already mentioned, various carbons are utilised as conductive additives in LIB
electrodes. The carbons differ in particle size, morphology, and crystal structure, which
affects their properties. Some of these properties, which are essential for the carbon
as an electrical conductor in the battery electrodes, are the electrical and mechanical

properties and how it interferes with other battery components.

Carbon black is, as previously stated, widely used as the conductive carbon in LIBs.
It is a group of carbons with spherical particles that form agglomerates [44]. There are
many carbon blacks available, and the properties of these differ significantly. It has
been found that the mean particle size of the two types of carbon black C-ENERGY
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Figure 2.4: The atomic structure of graphite.

Super C45 and C65 are 37 nm and 32 nm, respectively, and that the particles tend to
agglomerate . This small particle size causes the carbon blacks to have a surface
area much larger than the active material, making it a pivotal place for electrolyte
reactions. Carbon blacks have a varying degree of graphitisation, meaning that the
graphitic domains of the particles have variable sizes. Still, those domains are small,

leaving the particle structure amorphous [11].

Carbon black is made from hydrocarbon precursors . This causes hydrogen to often
be present at the edge sites at the end of the graphene layers. Other elements are also
present, and oxygen is the most important of these. This can also be introduced to
the carbon during production, or it can happen while storing the material. It might
be a simple oxygen atom that has either replaced one of the carbons at the edge or is
bound to an edge carbon. On the other hand, it might also be larger groups containing

oxygen, such as carboxyl groups or hydroxyl groups [61].

Larger graphite particles can also be used as conductive carbon, given that the particle
size is small enough to allow proper contact, forming a functioning electrical conductive
network. In a graphite particle, there are multiple domains of graphite structure, but
these domains are much larger than for carbon black. Comparing the graphite particle
surface to that of carbon black, there are fewer defects, oxygen functional groups and
adsorbed water molecules . Typical graphites can vary in size and morphology.
Some are flake-like, and others are more spherical .
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2.4 Side reactions with the electrolyte

Unwanted side reactions between the electrolyte and the cathode is an issue, and
these reactions are highly dependent on both electrolyte composition and the cathode

materials. In this section, a review of reactions at the cathode will be presented.

2.4.1 Reactions with graphite

Due to few defects and oxygen functional groups present at the surface, graphite par-
ticles will experience less surface parasitic reactions than carbon black, meaning less
electrolyte oxidation [62]. It is already established that ions can be intercalated into
the graphitic structure, which is widely utilised at the anode, where graphite is com-
monly used as the active material. When using graphite as a conductive additive at
the cathode side, intercalation of anions from the electrolyte occurs. Similar to Li* ion
intercalation at the anode side, the ions go in between the graphene layers, and this
happens during charging of the cell [63]. The intercalation of anions from LIB elec-
trolytes occurs at high voltages, typically above 4.4 V [43][62]|64]. The phenomenon
will therefore not be an issue for LIBs with cathodes operating at lower voltages, but

when using LNMO cathodes, this is a concern.

Beltrop et al. |64] investigated the effect of the anion size at intercalation into graphite.
They used ILs with the anions FSI~, FTFSI~, TFSI~, and BETI~, which have dif-
ferent sizes. It was only found to be a correlation between the anion size and the
onset potential of the intercalation for the largest anion BETI™, as no intercalation
was observed with this anion. Otherwise, the correlation between the onset potential
and anion size was opposite of the expected, with the smallest anion having the largest
onset potential. The electrolyte system can also otherwise affect intercalation. An ex-
ample is the difference in intercalation behaviour when using an IL-based electrolyte
compared to a carbonate-based electrolyte. When using a carbonate solution, it has
been observed that the solvent can accompany the anions into the graphite, which
can cause even greater damage to the graphite’s crystal structure [65]. Ko et al. [62]
reported that a sulfolane-based electrolyte with a high concentration, 5.8M, of the
salt LiBF, prevented intercalation into the graphitised carbon. The behaviour of the
system was attributed to the strong BF; — Li*™ coordination at the high salt concen-
trations, the slow diffusion of anions in highly concentrated sulfolane electrolytes, and

the formation of a stabilising CEI at the carbon.

The anion intercalation has adverse effects on the cell. It destroys the graphitic struc-

ture by increasing the interlayer distance [11]|. Intercalation of TFIS™ into graphite
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when cycling to 5.2 V was reported to cause a volume expansion of 139% [66]. This
carbon degradation creates new active sites at the surface, where reactions with the
electrolyte can occur. There will be continuous electrolyte consumption through elec-
trolyte oxidation, and the electrode resistance is therefore increased, reducing the

cycling stability [62].

X-ray photoelectron spectroscopy (XPS) investigations of cycled graphite cathodes
have provided information about the electrolyte reactions happening when using var-
ious electrolytes. When using LiFSI in EC:DEC, intercalation and de-intercalation
were observed. In addition, no permanent CEI layer was formed. When using an IL-
based electrolyte, 1M LiFSI in 1-butyl-1-methylpyrrolidinium bis-(fluorosulfonyl)imide
(Pyr14FSI), a similar trend was observed. No substantial film formation was detected,
though there were indications that residues of the Pyr{, cation were present at the
surface. This is different from the electrolyte with LiPFg, where a film made from the
oxidation of the solvents and decomposition of the salt was created during cycling. It

was also found that this film impeded anion intercalation [67].

2.4.2 Reactions on carbon black

In general, decomposition reactions at the carbon black particles’ surface are expected.
The oxygen functional groups can lead to parasitic reactions with the electrolyte com-
ponents. They also contribute to creating hydrophilic sites, increasing the adsorption
of water molecules, which again accelerates the electrolyte oxidation [11]. The oxida-
tion creates a film from the decomposition products, and when it covers the carbon
particles, the electronic conductivity can be decreased, reducing the battery’s overall

performance [68].

Ko et al. [11] investigated acetylene black, features similar to carbon black, that had
been annealed at various temperatures. Since heat treatment above 1500°C signifi-
cantly promotes graphitisation, they were able to investigate the oxidation stability
of carbons with different graphitisation degrees. It was reported that a low graphiti-
sation causes irreversible oxidation reactions, while a more graphitised carbon causes
more reversible reactions, which is the anion intercalation. They also found that an-
nealing at 1200°C improves oxidation stability. This behaviour was attributed to the
desorption of oxygen functional groups and adsorbed water during the heat treatment,
suppressing parasitic reactions. Simultaneously, the temperature was low enough to

avoid serious graphitisation.
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The oxidation reactions taking place at the surface of a carbon black electrode in a
half-cell with 1M LiPFg in EC:DEC as the electrolyte was investigated by Younesi
et al. |68]. They cycled the half-cell to 4.9 V without observing the formation of a
layer, but rather that the electrolyte decomposition products became integrated into
the surface of the carbon particles. After 10 cycles, it was found that the solvent was
partially decomposed, causing O — C — O, C = O and carbonate species. The salt had

also decomposed, causing LiF to be present.

2.4.3 Reactions observed at cathodes with both active material

and conductive carbon

Yang et al. [69] investigated the electrolyte reactions with LNMO cathodes in cells
stored at different voltages for a week. The electrolyte was 1M LiPFg in EC:DMC:DEC.
The experiments showed that poly(ethylene carbonate) was formed from EC, and there
was a significant difference in the composition between 4.3 V and 4.7 V| highlighting
the effect of high voltage. It was also found that the salt reacted with the surface, but
as the reaction appeared independent of the voltage, it was thought to be primarily

thermal, not electrochemical.

Lee et al. |70] investigated cathodes with hollow LNMO particles as the active ma-
terial after they had been cycled in half cells with 1M LiFSI in N-propyl-N-methyl-
pyrrolidinium bis(fluorosulfonyl)imide (Pyri3FSI) as the electrolyte. They found that
a stable CEI layer, mitigating parasitic surface reactions, was formed with this setup.
It was clear that the anion was decomposed and that the products of the reactions
became part of the CEI layer. The XPS results showed that Li — F and S = O species

were present at the electrode surface.

Until recent years, investigations of the reactions happening at the electrodes have
commonly ignored or seriously underestimated the complex influence of the carbon
additive. Li et al. [12]| investigated the electrode-electrolyte interphases of a cathode
with the active material LiNiy7Cog15Mng 1505, focusing on the conductive carbon,
which in their experiments was the Super P carbon black. They found that even
before applying voltage, there is a reaction between the electrolyte, LiPFg in EC:DEC
(1:1, v/v), and the carbon. This begins the formation of a protective film. During
cycling, active mass dissolution was partially suppressed as a consequence of this.
One observation that is of particular interest is the exchange of interfacial species
between the active material and the carbon. They found that the film originated
from this phenomenon, and this "communication" between the different materials has

substantial consequences for the electrochemical properties.
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Carroll et al. |71] compared the surface of cycled electrodes of only the active material
LiMny_ (Ni,O4_s (x=0.45, 0.5) with electrodes of the active material together with
acetylene black and PVDF. It was discovered that the reactions involving the solvent
and the LiPFg salt did not occur in the electrode containing only active material. This
suggests that the active material does not contribute to the formation of the film, but
rather it is the presence of carbon black, and potentially the binder, that leads to the

decomposition of the electrolyte.

2.5 Electrochemical measurements

So far, theory relevant to discussing the findings of this work have been provided. Now,

there will be a description of the experimental techniques used for the project.

2.5.1 Cyclic voltammetry

In cyclic voltammetry experiments, the voltage F is varied with a chosen scan rate
(mV/s) between two given values while measuring the current i. The resulting plot
i(E) is the cyclic voltammogram, and it provides information about the reactions

happening.
The Nernst equation states that

RT 0X
E=E 4+ 2m®
nk’ Cred

(2.10)

where E is the potential of the cell, £V is the standard potential of the species, R is
the gas constant and 7' is temperature. n is the number of electrons taking part in the
reaction, F' is Faraday’s constant, and ¢ is the concentration of the given species. With
this equation, the change in concentrations of reactants and products during cycling
can be predicted. Nernst equation describes the equilibrium towards which the system
is moving, but transport also affects the situation. In a cyclic voltammogram, current
peaks will appear for reductions and oxidations. Positive peaks are from oxidation
reactions, and negative peaks are from reductions. The current increases when the
reaction starts to happen, and when continuing the scan, the diffusion layer at the
electrode grows thicker. This slows down the transport of reactants to the surface.
Eventually, the reaction will become limited by this transport, which will result in a
peak in a cyclic voltammogram. Upon further cycling, diffusion is decelerated, and

the current is again reduced due to less of the reaction taking place.
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A reversible reaction will give two peaks in the voltammogram. One oxidation peak
above E°, and one reduction peak equally far from, but below E°. Irreversible reactions
only have one peak. The reversibility of a reaction will depend on the scan rate. If
the reversible electron transfer is followed by an irreversible chemical reaction, a high
enough scan rate can make it reversible due to less time for the chemical reaction to

occur [72].

2.5.2 Galvanostatic cycling

During galvanostatic cycling, a constant current, decided by the C-rate, is applied.
The current is applied until the cut-off voltage is reached, and then the current is
reversed. Based on this experiment, many of the important battery parameters can
be determined. Two values typically extracted from galvanostatic cycling are the
coulombic efficiency and discharge capacity. During galvanostatic cycling, voltage
profiles, as illustrated in Figure [2.5b, are obtained, and the other parameters are
calculated using the equations from chapter 2.1.2]
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Figure 2.5: An illustration of a) the current applied and b) the voltage measured as a function of
time during the cycling.

2.6 Post mortem characterisation

2.6.1 Scanning electron microscopy

SEM is used to create images of a sample surface. The images are obtained by sending
a focused electron beam toward the sample, which creates multiple types of signals
that can be detected and used to form the image. Secondary electrons, backscattered
electrons, and characteristic X-rays are the most used signals for SEM. Which mode
to use depends on what you are looking for. Secondary electrons, which are electrons

released from the atoms of the sample due to interaction between the electron beam
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and the sample, are good for seeing topographical features. This is due to their low
energy, which causes the detected electrons to come from the volume close to the
surface. Backscattered electrons, meaning primary electrons escaping the sample after
elastic interactions, are excellent for separating which periodic elements are present in
different areas of a sample. This is due to the strong correlation between the atomic
number and the amount of backscattered electrons. The interaction volume is larger
for backscattered than for secondary electrons, meaning the signals detected will come

from a larger volume underneath the surface |73|.

2.6.2 Energy dispersive X-ray spectroscopy

When an electron relaxes from a higher energy shell to a lower energy shell, energy
is released in the form of X-rays. These are called characteristic X-rays, and their
energy will depend on the type of atom from which they are released, as the energy
difference between the shells of the atom depends on the element. Using a detector
to analyse which energies the released X-rays have will therefore provide information
about which periodic elements are present at the studied site [74]. By scanning an
area at the sample surface, it is also possible to make a map that reveals if and where

specific elements are present.

2.6.3 X-ray diffraction

XRD is a characterisation technique to extract information about the crystallites of
the sample. This is done by sending X-rays towards the sample at different angles,
detecting the scattered X-rays, and creating a diffraction pattern, which is a plot of

the intensity of detected radiation versus the diffraction angle 26.

The atomic spacing of materials is usually between 2 A and 4 A, and for XRD the
wavelength of the radiation must be smaller than the distance between the atoms,
excluding all except the high-energy X-rays. During XRD, the X-rays are scattered by
the atoms. For some incident angles 6, constructive interference will happen, and there
will be a high-intensity signal. For other angles, destructive interference will occur,
and therefore low intensities. If the sample is crystalline, there is a periodic array of
atoms. When the path difference for the X-rays is equal to an integer n multiplied
by the wavelength A\ of the X-ray, there will be constructive interference. Figure [2.6
illustrates the principle. Bragg’s law describes the condition for diffraction, stating
that

nA = 2dp;sind (2.11)

where dpy; is the distance between two parallel and adjacent planes [75].
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Figure 2.6: The principle of X-ray diffraction. Radiation with wavelength A reaches the atoms with
an incident angle 6 and is then scattered.

Analysing the width of the diffraction peaks also provides valuable information. When
a crystallite is not of infinite size, there is a limited amount of reflection planes, and the
scattered X-rays close to the angles fulfilling Bragg’s law are not completely cancelled
out. The Scherrer equation,

0.9X

= 2.12
@ [cost ( )

relates the average crystallite size d,, to the full-width at half maximum (FWHM) value

B of the diffraction peak [75]. When analysing the peak width, it is also important
to be aware that microstrain in the material can broaden a peak. It is caused by

crystallite defects, like dislocations, stacking faults, or point defects [76].

Two materials relevant for this work are graphite and aluminium. X-ray diffractograms
for graphite have a strong peak at 26.5° and a smaller one at 54.5°. These are specific
to the (002) and (004) planes, respectively |77]. Pure aluminium has peaks at 38°, 44°,
65°, 78°, 82°,99°, 112°, 117° and 137°. The first four correspond to the (111), (200),
(220) and (311), respectively [78§].

2.6.4 Fourier transform infrared spectroscopy

FTIR is a non-destructive analysis that provides information about a sample’s surface.
Infrared radiation is sent toward the surface, then the reflected radiation is measured
[79]. If the frequency of the radiation is the same as the frequency at which the molec-
ular bonds at the surface will bend or stretch, then the radiation will be absorbed,
causing less radiation with that wavelength to be measured [80|. Specific bonds be-

tween atoms vibrate at specific frequencies, so the wavelength at which absorption is
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observed can provide information about which molecular bonds are present, and there-
fore the surface composition [81]. Table [2.1| contains molecular vibrations expected for
the samples in this work and the wavenumbers where absorption peaks are previously

observed.

Table 2.1: Assignment of wavenumbers to the vibrational modes they correspond to. The chemical
for which the observations have been made is also given.

Vibration mode® Wavenumber [cm™!]

v, CH; (DMC) 3028, 3007 [82]

ve, CH; (DMC) 2061 [82]

5., CH; (DMC) 1458, 1453 [82]

5., CH; (DMC) 1209, 1190, 1165 [82]

5,, CH, (DMC) 1436 |82

v, CH; — O (DMC) 973, 916 [82]

v,C =0 (DMC) 1760 [82]

v, OCO (DMC) 1279 [82]

vs,0CO (DMC) 1120 |82

5., 0CO, (DMC) 797, 692 [82]

Va, C — O (LiyCO;) 1480, 1430 [83)]

5 (LiaCOy) 880 [84]

v, CHy (P11 FST) 3006, 2970, 2928, 2878 [85]

5,CH, (P — CH, in Py, FSI) 1423 [85]

7, CH, (LiFSI) 1307 [85]

v, CHy/CH; (P114FSI) 1470 (85

v, SF (LiFSI) 827, 810, 796 [86]

Ve, SNS (LiFSI) 870 [86]

vy, SNS 759 (LiFSI) [86], 731 (P11114FSI) [85]

5, SNS (LiFSI) 659 [S6]

Ve, SO4 1373, 1413 (LiFSI) [86], 1359 (P1113FSI) [85]
vs, SO, (LiFSI) 1236, 1211, 1184, 1144 [86|

80, S0s 600, 585, 570 (LiFSI) [86], 566 (P11114FSI) [85]
1,80, — N — SO, 1234, 1178 (LiFSI) [85] 1216, 1172, 1100

(P111i4FSI) |85l

® v, stretching; ¢, bending; 7, torsion; a, asymmetric; s, symmetric; r, rocking
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Chapter 3

Experimental

In this section, the experimental steps performed for this work are presented. Figure
shows an overview of the work. It can be divided into four main parts. The first

one is the preparation of the cell components, which is the initial pouch cell assembly

and the cathode manufacture. The second step is completing the assembling of the

pouch cells, and after that, the cells are cycled. Finally, post mortem characterisation
of the cathodes was done using SEM, EDS, FTIR and XRD.

p
Preparing the cell A bli I The different cell cvdli Characterisation
parts ssembling ce configurations ycling of cathode
-

ey

‘[ Graphite, 0.79m LiFSI ]—_.[ CV, 100 cycles ':

°[ Graphite, 3.0m LiFSI ]—

'[ Carbon black, 0.79m LiFsI ]—

e '[ Carbon black, 3.0m LiFsI ]—
Initial pouch cell

assembly

—[ CV, 5 cycles

}_——’ FTIR

'[ C-coated Al, 0.79m LiFSI ]—
Final pouch cell
assembly { C-coated Al 3.0m LiFs| ]—

*[ LNMO, reference

Making cathodes

LNMO, graphite, 0.79m
LiFSI

)
>
=
o

Galvanostatic
cycling

|

Figure 3.1: Flow chart providing an overview of the experimental work.
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3.1 DMaterials

Table 3.1: A list of the chemicals and materials used for making the batteries.

Material Information

LiFSI From Solvionic

P1114FSI From Ionic Liquid Technologies, purity
>98%

LiPFg based electrolyte From Sigma-Aldrich, 1M LiPFg in
EC/DMC (50:50, v/v), battery grade

DMC From Sigma-Aldrich

Na-CMC From Sigma-Aldrich, average M,, ~
90000

PVDF From Arkema, Kynar HSV900

NMP From Thermo Fisher Scientific, purity
99.5 %

Graphite for graphite cathodes From Imerys, C-nergy SFG15L

Graphite for LNMO cathodes From Imerys, C-nergy SFG6L

Carbon black for carbon black cathodes From Imerys, C-nergy Super C45

Carbon black for LNMO cathodes From Imerys, C-nergy Super C65

LNMO From Haldor Topsge

C-coated Al foil From MTI, coating thickness of 1 pm,
coating on both sides

Glass fiber separator From Whatman

Viledon separator From Freudenberg, FS 3002-23
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3.2 Electrode manufacture

The first step of this process was to create the binder solution. For the carbon casts,
the water-soluble CMC binder was used. This binder solution was made by adding
de-ionised water and either 3 or 6 wt% of the CMC powder in a flask, setting it aside
for stirring with a magnetic stirrer at 60°C at 500 rpm for 3 hours. For the LNMO
casts, PVDF was used as the binder. The PVDF binder solution was made by mixing
5 wt% PVFD powder with the solvent NMP in a flask before stirring overnight.

The next step was to make the slurry. When making the LNMO cathodes, LNMO
powder and carbon powder were first mixed together. The Retsch Mixer MM400 shaker
mill was used for 2 minutes at 25 Hz. The appropriate amount of binder solution and
additional solvent was added before mixing with the shaker mill proceeded. For the
LNMO reference cells, the slurry composition was known, and so the liquids were added
before 30 minutes of mixing at 25 Hz were done. The needed solid:liquid ratio was
unknown for the other cathodes. Therefore, it was necessary to start with a modest
amount of additional solvent, together with the correct amount of the binder solution,
before adding a few drops at a time. After adding some solvent, the slurry was mixed
for 10 minutes at 25 Hz before checking the viscosity. This process was repeated until
the slurry was as desired. It was then mixed for additional 20 minutes. After mixing,

it was placed in an ultrasound bath for 1 minute to remove bubbles.

Table contains the compositions of the slurries mixed. Several attempts were
needed for some of the casts, but the slurry compositions of the best casts, those that
were used in the cells, were as follows. Both LNMO casts had 90 wt% LNMO, 5 wt%
carbon and 5 wt% PVDEF. The solid:liquid ratio was different for the two casts, with a
value of 0.5 for the LNMO cast with carbon black and 1.0 when using graphite as the
conductive additive. Both the graphite cast with PVDF as binder and the one with
CMC as binder consisted of 90 wt% graphite and 10 wt% binder. A solid:liquid ratio
of 0.4 was found appropriate for both. For the carbon black cast, 85 wt% carbon and
15 wt% CMC were used, and the amount of water was adjusted to get a solid:liquid
ratio of 0.16.

The slurry was cast onto the current collector using the RK K control coater 101 tape
caster. The gap was 100 pm for the LNMO casts, 150 pm for the graphite casts,
and both 150 pm and 50 pm were tried for the carbon black casts. The cast used
for making the carbon black cathodes was the one made with the 50 pm gap. The
C-coated Al foil was fixed to the tape caster with scotch tape at the top and ethanol

underneath to ensure it was as flat as possible. The slurry was then applied to the
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foil in an upside-down U-shape before the tape caster was turned on at the lowest
velocity. The LNMO casts were dried overnight at 80°C in an oven, while the carbon
casts were dried at room temperature overnight. The casts were then calendered with
the MSK-HRP-MR100A calender from MTI, cut into circles with a diameter of 12

mm, and weighed.

3.3 The electrolytes

The IL-based electrolytes were mixed by combining the correct amounts of LiFSI-salt
with the P11134FSI IL before it was stirred with a magnetic stirrer for a few hours until
the salt had dissolved. The compositions of the two electrolytes were 0.79 mol/kg and
3.0 mol/kg LiFSI in Py;14FSI. A pre-mixed electrolyte with LiPFg, as described in
Table 3.1 was also used.

3.4 Initial pouch cell assembly

The initial assembly of the pouch cells was done using five different components. One
was an Al foil laminated with a polymer on one side, making it non-conductive to
electricity there. This foil was cut into rectangular pieces that were 12 cm x 9 cm. Cu
foil and regular Al foil were cut into strips of 0.5 cm x 6 cm. These conduct current
between the cell and the battery cycler. A thermal bonding film measuring 11 cm x 2
cm was also used to properly seal the top of the pouch cell. An electrical tape with
a size of 10 cm x 2 cm was also used. It kept the thermal bonding film from moving
during the sealing process and stopped the Al and Cu strips from being in contact

with the outside of the pouch, which was electrically conductive.

Electrical tape Electrical tape

Thermal bonding film

Sealed here

O ™

Folded on this side

Inside of laminated Al foil

Figure 3.2: The inside and outside of the initially assembled pouch cells.
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The initially assembled pouch cell is illustrated in Figure 3.2 It was made by assem-
bling the components as shown, by placing the thermal bonding film on the laminated
side of the Al foil, then attaching it with the electrical tape, which was folded over
the top of the foil, to the outside. The Cu and Al foil strips were then placed inside
so they overlap at the end, inside the pouch. The laminated Al foil was then folded
down the middle, and the top of the pouch was sealed with the Magneta Motor sealing

machine.

3.5 Final assembly of the pouch cells

The final assembly of the pouch cells was done inside a glove box from Mbraun with
Ar atmosphere. The levels of Oy and H,O were below 0.1 ppm. The separators were
dried overnight at 150°C in the antechamber before introducing them into the glove

box. The cathodes were also dried in the antechamber overnight, but at 120°C.

The final assembly consisted of making the stack of electrodes, electrolyte and separa-
tors, then inserting this into the initially assembled pouch cell before sealing it. First,
a circular disk of Li metal with a diameter of 14.5 mm was brushed. Next, 20 pL of
electrolyte was pipetted onto this before a Viledon separator was placed on top. Then,
there was another 20 pL of the electrolyte, a glass fiber separator, an additional 20
nL of electrolyte, another Viledon separator, and 20 pLL more of electrolyte. Lastly,
the cathode was placed on top. Figure illustrates this sequence. The stack was
placed inside the initially assembled pouch cell, with the Li towards the Cu strip and
the cathode towards the Al strip. The pouch cell was then sealed at the two remaining
sides with the AudionVac VMS 53 vacuum sealer, with the settings adjusted to create
vacuum for 20 seconds, then seal for 5 seconds. In Table the different combina-
tions of cathode and electrolyte used in this work are presented, together with their

abbreviations.
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Cathode

O O

Viledon separator

O O

Glass fiber separator

O O

Viledon separator

O O

Li metal

Figure 3.3: Visualisation of the stack of electrodes, electrolyte and separators.

Table 3.2: The cathode, electrolyte, and cycling program used for the different cells made for this
work. The abbreviations for the different cells are also presented.

Cathode Electrolyte Cycling Abbreviation
LNMO, carbon black 1M LiPFg in EC:DMC GCPL LNMO:ref
LNMO, graphite 0.79m LiFSI in P17;4,FSI  GCPL LNMO:G:0.79m
Only C-coated Al 0.79m LiFSI in Py114FSI  CV, 5 cycles CC:0.79m

Only C-coated Al 3.0m LiFSI in P14 FSI CV, 5 cycles CC:3m

Carbon black 0.79m LiFSI in Py114FSI  CV, 5 cycles CB:0.79m

Carbon black 3m LiFSI in Py114FSI CV, 5 cycles CB:3m

Graphite 0.79m LiFSI in Py114FSI  CV, 5 cycles G:0.79m

Graphite 0.79m LiFSI in Py114FSI CV, 100 cycles  G:0.79m:100cycles
Graphite 3m LiFSI in Pyq134FSI CV, 5 cycles G:3m

3.6 Cell cycling

All cycling was done at 25°C with the BioLogic MSC-805 battery cycler and the

computer program EC-Lab. Three different programs were used, and they all started

with 24 hours of measuring the open circuit voltage to give the electrolyte time to wet

the separators and the cathode properly. Two different cyclic voltammetry programs

were used. One was 5 cycles between 3 V and 5 V, with a scan rate of 0.1 mV /s. The

other program was 100 cycles between 3 V and 5 V, using a scan rate of 1 mV /s. The
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last program used was galvanostatic cycling with potential limitation. This program
consisted of two cycles with a current of C/10, then 50 cycles at C/2, before concluding
with two more cycles at C/10. The voltage range was 3.6 V to 4.85 V.

3.7 Disassembly of the cells

The cells were disassembled inside the glove box by cutting the pouch open. The
cathodes were then extracted and washed with 300 pL. of DMC to remove the salt.

3.8 Post mortem characterisation

3.8.1 Scanning electron microscopy and energy dispersive X-

ray spectroscopy

SEM imaging and EDS were done with the scanning electron microscope FEI Apreo
in the cleanroom at NTNU nanolab. For imaging, both optiplan mode and immer-
sion mode were used, both together with the in-lense T2 secondary electron detector.
Optiplan mode was used for LNMO, which is slightly magnetic, and other samples at
lower magnifications. Immersion mode was used for the high-magnification imaging
of carbon black cathodes. The acceleration voltage was set to 3 kV and the emission
current to 0.1 nA for both modes. A working distance of 10 mm was used together
with optiplan mode, and it was set to 4.6 mm when using immersion mode. For EDS,
standard mode and the EDX Oxford Xmax 80 mm? detector was used. The working
distance was 10 mm, the acceleration voltage was 5 kV, and the emission current was
0.1 nA.

3.8.2 Fourier transform infrared spectroscopy

For the FTIR measurements of the cathodes, the Bruker Vertex 80V attenuated total
reflectance (ATR)-FTIR was used, together with the computer program Opus. As
components formed at the surface can react with the oxygen in the air, the samples
were mounted to the ATR disk in the glove box. This procedure is shown in Figure
[3.4 First, the sample was attached to the disk with a small sticker to ensure it did not
move during the following steps. Then, a piece of Al foil was placed on the sample.
Lastly, contact paper was applied to seal out the air. The Al foil was used because it

is not for sure that the contact paper is impermeable to oxygen.
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() (b) (c)

Figure 3.4: How the samples were mounted to the disk for FTIR measurements.

For the measurements, the pristine cathode materials were used as background. The
scan range was set to 4000 cm~! to 350 cm™!, the aperture to 6 mm, the scanner

velocity to 10 kHz and the resolution to 4 cm~!. The number of scans was set to 100.

3.8.3 X-ray diffraction

The samples were first mounted to the backloader XRD sample holder by attaching
the sample to a small piece of glass using vacuum grease. This piece of glass was then
attached to the sample holder with more vacuum grease. A larger glass plate was used

to push the sample down, making it even with the edge of the holder.

The Bruker D8 A25 DaVinci X-ray Diffractometer with Bragg-Brentano geometry was
used for the XRD analysis. The divergence slit was so that the illuminated length on
the sample was constantly 6 mm. The machine used Cu Ko radiation. A 26 range
from 15° to 120° was used, and the step size was 0.00818°.
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Chapter 4

Results

4.1 Carbon cathodes

4.1.1 Cyclic voltammetry

To investigate the electrochemical behaviour of the different cells, cyclic voltammetry
between 3 V and 5 V was performed (Figure to . The cut-off potential is
selected while taking into account its application specifically for LNMO cathodes. Four
types of cells with a graphite cathode were cycled; G:0.79m with CMC as the binder
(Fig. [4.14), G:0.79m with PVDF as binder (Fig. [£.1b), G:3m with CMC binder (Fig.
and G:0.79m:100cycles with CMC as binder (Fig. . The voltammograms
of the cells cycled 5 times show multiple oxidation and reduction peaks. There are
three oxidation and three reduction peaks, but they are less distinct for the G:3m cell
compared to the others. The oxidation peaks are higher during the first cycle than

the other cycles, while the reduction peaks are more similar for all cycles.

To investigate the effect of extended cycling on the graphite cathodes, a cyclic voltam-
metry program with 100 cycles at 1 mV/s was also done (Figure [1.2). Compared to a
scan rate of 0.1 mV /s, the cyclic voltammetry scans of higher scan rate exhibit only
two distinguishable peaks. One is a distinct oxidation peak, and the other is the begin-
ning of an increasing current when the maximum voltage is reached. For the reduction
reactions, there is one peak with a shoulder. No particular change is observed between
the second and the hundredth cycle.

The cyclic voltammograms of CB:0.79m and CB:3m can be seen in Figure [4.3] Here,
the only oxidation peak is the one at the cut-off voltage of 5 V. The sharp peak is

evidence that the currents would keep increasing if the voltage was increased further.
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No reduction peaks are present, but some fluctuations in the graphs can be observed.
In Figure , the cyclic voltammograms for a) CC:0.79m and b) CC:3m are shown.

These exhibit mostly oxidation reactions, but small reduction peaks are also seen.
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Figure 4.1: Cyclic voltammograms for the half cells a) G:0.79m with CMC binder, b) G:0.79m with
PVDF binder and ¢) G:3m with CMC binder.
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Figure 4.2: Cyclic voltammogram for G:0.79m:100cycles. Scan rate was 1mV /s. The first cycle is
plotted, and then every fifth cycle.
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Table contains the average onset potentials observed for the different cells. This
value is here defined as the potential at which the specific current reaches a value of 10
mA /g. PVDF as the binder in G:0.79m cells causes the onset potential to be 4.5320.00
V with a 95% confidence interval, and using CMC increases this value to 4.58+0.01
V. When using PVDF, the potential at which the reactions are initiated is the same
for all cycles. With CMC, the reactions start at a higher potential during the first
cycle than the next cycles. Table provides the onset potential for the remaining
cycles for G:0.79m with CMC. This is 4.55+0.00 V, still higher than for the cells with
PVDF. For G:3m, the average onset potential is 4.62+0.03 V, while it is 4.5940.02
V and 4.654+0.05 V for CB:0.79m and CB:3m, respectively. In comparison, they are
4.4740.05 V and 4.524+0.03 V for CC:0.79m and CC:3m. These results demonstrate
that the electrolyte with 3m LiF'SI cause the onset potential to shift to higher voltages,
compared to when the electrolyte contains 0.79m LiFSI. It is also found that the onset
potential is higher for carbon black cathodes than graphite cathodes when using the

same electrolyte in both cells.
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Figure 4.3: Cyclic voltammograms for the a) CB:0.79m and b) CB:3m cells.
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Figure 4.4: Cyclic voltammograms for a) CC:0.79m and b) CC:3m.
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The cumulative charge was also calculated, by integrating the specific current as a
function of time (Table [£.2). It is therefore a measurement of the oxidations, the
positive currents, subtracting the reductions, the negative currents. A background
current was subtracted, both for negative and positive currents. For most cells, this
is the approximate current at 3.5 V, though the current differs some for each cycle.
The exception is for the G:3m cells, where reduction reactions still happen at 3.5
V. Therefore, the flat area around 4.5 V was used instead. The average cumulative
charge for CB:0.79m is smaller than that of CB:3m, while the one for G:0.79m is
larger than for G:3m. But it is observed that the cumulative charge is always larger
for cells with carbon black cathodes than for cells with graphite cathodes. For the
cells with graphite, the reversibility of the reactions was also calculated (Table .
This is the area underneath the reduction peaks in the cyclic voltammograms, divided
by the area underneath the oxidation peaks. The background current is subtracted.
On average, the reversibility of G:0.79m is 63.9%, and it is 58.1% for G:3m, with
values for individual G:0.79m cells always being higher than that of all G:3m cells.
The G:0.79m:100cycles cells have a poor reversibility of 25% during the first cycle, but
after a few cycles it stabilises, with the average reversibility being 81.3% for the 10th
cycle and 83.7% for the 100th cycle.

During disassembly of the CB:3m and G:3m cells, it was discovered that salt had pre-
cipitated during cycling (Figure . The salt was observed at the cathodes, between
the separators, and at the Li anode. Damage to the graphite cathode surface was also

observed. This salt precipitation was not observed at the CC:3m cathode.

Table 4.1: Average onset potentials for the cells investigated.

Cell Onset potential V]
G:0.79m (PVDF) 4.53%0.00
G:0.79m (CMC) 4.5840.01
G:3m 4.62+0.03
CB:0.79m 4.59+0.02
CB:3m 4.65%0.05
CC:0.79m 4.47£0.05
CC:3m 4.52+0.03
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Table 4.2: Cumulative charge based on cyclic voltammetry measurements for individual cells, and
the average for the different types of cells. All cells were cycled 5 times.

Cell Cumulative charge [C/g] Average values [C/g]
G:0.79m 262.7

G:0.79m 263.3 266.2
G:0.79m 272.7

G:3m 254.8

G:3m 234.4 232.1
G:3m 207.1

CB:0.79m 608.7

CB:0.79m 581.9 59H8.8
CB:0.79m 485.9

CB:3m 464.4

CB:3m 696.2 278.0
CB:3m 573.3

() (b)

Figure 4.5: Salt crystals formed during cycling with the electrolyte containing 3m LiFSI. Shown at
a) graphite electrode and b) carbon black electrode.
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Table 4.3: Reversibility of the observed oxidations for individual cells. Due to the large difference
in behaviour during the first cycle compared to the others, values for the first cycles and
the last cycles are also given.

Cell All cycles [%] 1st cycle [%] 10th cycle [%] Last cycle [%)]
G:0.79m 64.4 39.5 79.8
G:0.79m 64.0 38.9 79.9
G:0.79m 63.2 37.6 79.8
G:0.79m:100cycles 78.0 26.6 77 80.4
G:0.79m:100cycles 83.4 29.1 83.7 85.5
G:0.79m:100cycles 83.2 31.0 82.5 85.2
G:3m 08.7 35.3 73.9
G:3m 58.1 34.2 73.1
G:3m o7.4 32.9 72.3

4.1.2 Scanning electron microscopy

Post mortem SEM imaging was done for the different samples to investigate the surface
after cyclic voltammetry scans. In Figure[4.0], the pristine C-coated Al, CC:0.79m, and
CC:3m can be viewed. The pristine current collector has a thin carbon layer consisting
mainly of nanoparticles, though some larger particles are also present. Some of the
aluminium underneath is still visible. After cycling, the surface is covered with a
surface film. It is also found that the film is more even at the CC:3m cathode compared
to the one at the CC:0.79m cathode since the features of the carbon are less prominent.
This indicates a thicker film at the CC:3m cathode.

For the carbon black cathodes (Figure , the aluminium is not visible through the
carbon. After cycling of the CB:0.79m cell, it is distinctly different from the pristine
sample. A film has formed, both creating a network between the individual particles
and partially covering the particles. The C:3m cathode has a different appearance. No
film covers the particles, but again a network appears to have been formed between

them. It appears as if the particles cluster together.
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Figure 4.6: SEM images of a) pristine C-coated Al foil and the surfaces of the b) CC:0.79m and c)
CC:3m cathodes after five cyclic voltammetry scans.

Figure 4.7: SEM images of a) the pristine carbon black cathode and the surfaces of b) CB:0.79m
and c¢) CB:3m cathodes after five cyclic voltammetry scans.
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Figure 4.8: SEM images of a) the pristine graphite cathode, b) G:0.79m, c,d) G:3m, e,f)
G:0.79m:100cyces.

Figure[4.§ contains the SEM images of graphite cathodes. The first image is the pristine
cathode. The varying size and sharp edges of the particles are observed here. In Figure
[4.8D], the G:0.79m cathode is shown. While the particles were easily distinguishable
at the pristine sample, identifying single particles is now more challenging. A film has
formed at the surface, covering the particles and making their edges appear softer. The
same is seen for the G:3m cathode in Figure [4.8c, Figure reveals indentations
in the G:3m cathode surface, as also observed during the disassembly of the cells.
In Figures and [4.8f, SEM images of the G:0.79m:100cycles electrode surface are
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presented. Again, a film is present at the surface. In addition, there are now smaller

particles with a rougher surface.

4.1.3 Energy dispersive X-ray spectroscopy

EDS maps and spectrum for the G:0.79m cathode are found in Figure The ele-
ments carbon, oxygen, phosphorous, fluorine, sulfur and nitrogen are present, as seen
from the spectrum. While the phosphorous and sulfur are evenly distributed across the
surface, the maps of the other elements have areas where the signal is lower. This is
in the space between the graphite particles. Figure provides the EDS information
for an area at the G:0.79m:100cycles cathode. Again, the same elements are present.
However, the distribution of carbon, oxygen and sulfur differs from that of the G:0.79m
cathode. As previously stated, this cathode has some smaller particles with a more
uneven surface, in addition to the particles with features similar to those of the pristine
sample. The EDS reveals that more oxygen and sulfur are found at these rougher par-
ticles compared to the other areas. The phosphorous map is even, and the fluorine and
nitrogen maps are mostly even, except for the reduced intensity in the cracks between
some particles. The EDS maps and spectrum for the G:3m cathode (Figure re-
veal that all elements are evenly distributed at this sample surface. Here, there is more
phosphorous than nitrogen, unlike the G:0.79m and G:079m:100cycle cathodes, where
the opposite is observed. At both the CB:0.79m cathode (Figure and CB:3m
cathode (Figure all elements are present, and they are evenly distributed, the
exception being that less carbon and oxygen are observed in the crack at the CB:0.79m
cathode. Similarly, as for the graphite cathodes, there is more nitrogen than phospho-
rous after cyclic voltammetry scans with the electrolyte containing 3m LiFSI, and the
opposite is seen for the CB:0.79m cathode. The amount of nitrogen observed for the
CB:0.79m is minimal. Figure in appendix [C] presents the EDS spectra and layered
images of a pristine graphite cathode and carbon black cathode. Comparing the EDS
graphs of cycled samples to these, one can observe that cycling reduces the signal from
carbon and increases that of oxygen. The behaviour is similar for the carbon black

and graphite cathodes.
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Figure 4.10: EDS maps and spectrum for G:0.79m:100cycles.
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Figure 4.11: EDS maps and spectrum for a G:3m cathode.
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Figure 4.12: EDS maps and spectrum for a CB:0.79m cathode.
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Figure 4.13: EDS maps and spectrum for a CB:3m cathode.

4.1.4 Fourier transform infrared spectroscopy

The absorbance spectra of the different cathodes are presented in Figure [£.14] and
Table [£.4] contains the peaks observed for all samples, together with the molecular
vibrations that have been assigned to them. All assignments are based on Table [2.1]
Not all peaks have been assigned to a vibration, as it is unknown what causes some of
the peaks. It is important to consider that the scale of the absorbance is different for
the six panels of the figure and that intensities can not be compared across different

panels.

There are few differences between the FTIR spectra of the G:0.79m and G:3m cath-
odes. The intensities are marginally higher for G:3m, and a couple of peaks are only
observed for one of the samples, but otherwise, they are similar. Two peaks are present
at high wavenumbers, around 3000 cm™*.
CHj3. A peak at 1408 cm ™! can be from the bending of CH,, but it is unsure as it might
also be attributed to the SO, asymmetrical stretching. There is also a peak at 1309
cm~! that is from the torsion of CHy bonds. A peak for OCO stretching is observed.

Both cathodes have peaks from both symmetrical and asymmetrical stretching of SNS.

These are from the stretching of CHy or

One peak that can correspond to the SNS stretching, at 877 cm™! is overlapping with
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the bending of Li;CO3. The only peak that can come from SF is at 798 cm™! and
is only observed for the G:3m electrode. However, this peak can also be attributed
to bending of OCQOs. Of the three vibrational modes for SOs, both asymmetrical
stretching and asymmetrical bending occur. Symmetrical stretching might happen,
but SOy — N — SO, stretching and CH3 bending are attributed to the same wavenum-
bers, making the results inconclusive. Due to this, the presence of SOy — N — SOy is

also uncertain.

Even though the general features of the spectra for CB:0.79m and CB:3m are similar,
some differences are found. There are more peaks for the CB:3m cathode, but also
some peaks only found for the CB:0.79m cathode. No peaks are present at the high
wavenumbers, but there are still peaks indicating the presence of organic species.
The peaks at 1411 cm™!, 1303 cm ™!, 1210 cm ™, 1168 cm ™! and 790 em ™! can come
from vibrations of CHs or CH,. However, the peak at 1303 cm™!, found only for the
CB:0.79m cathode, is the only one with no other possible origin. This is also why
it is unsure if a peak corresponds to the symmetrical SOy stretching. Still, there is
a peak for SO, asymmetrical bending for CB:3m, and evidence of the asymmetrical
stretching of SO, for both cathodes. The peaks of SO, — N — SO, are also affected by
the overlapping of vibrational modes for the different species, but for the CB:0.79m
cathode, there is a peak with no other known possible origin than its stretching. The
peaks at 823 cm™!, 810 cm™! and 790 cm™! can be attributed to the stretching of SF,
but the latter might also come from rocking of OCO,. For the SNS vibrations, both

symmetrical and asymmetrical stretching is observed.

The FTIR spectra of CC:0.79m and CC:3m cathodes have similar features. Only one
peak is observed for the CC:3m and not for the other cathode, and apart from that,
they have the same peaks. The difference is in the intensities, which are much higher
for CC:3m than for CC:0.79m. The relative peak intensities are also similar for both
samples. These samples have four peaks around 3000 cm™!, which are attributed to
organic species, more specifically the stretching of CH, and CH3. They also have a
peak corresponding to the CH, torsion. Two peaks can come from the rocking of CHg,
but both can also be from the SO, — N — SO, stretching, and one can also be caused
by the SO, symmetrical stretching. There are peaks for both the symmetrical bending
and asymmetrical stretching of SO,. There are no peaks from either OCO4 or OCO,
and no from SF stretching. SNS symmetrical stretching is observed, but no other

indications of this chemical component.
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Table 4.4: Peaks observed in the FTIR spectra for the different samples. The peaks are also assigned

to chemical bonds, where their nature is known. Based on Table in section W

CC:0.79m CC:3m CB:0.79m CB:3m G:0.79m G:3m

Peak [cm™!]

Assignment

3005
2968
2927
2880

1425
1377
1360
1307

1219
1174

1112

1081

980
959

842

755

o976

3005
2968 2968
2927 2927
2880
1581
1470
1425 1411 1408
1377
1360 1371 1363 1364
1349
1307 1303 1309
1234 1225
1219 1211 1210 1198
1174 1168 1168
1122
1112 1110
1096
1081 1075 1081 1084
980 975 975 985
959 951 951 966
896
877
865 852
842 847
823
810
790
778
755 752 751
290
o976 582 581
259

2968
2927

1581

1408

1364

1309

1234

1209

1130

1084

985

965

877
865

794
778
751
600

v,(CH3), v(CHy)
vs(CHs), v(CHy)
v(CHy)
v(CHy)

v(CHy/CHs)

d(CHy), v,(SO3)

Va(SO9)

Va(SO9)

Va(SO9)

7(CHs)

v5(SO2), (SO — N — SO,)

v5(SO3), ¥(SOy — N — SOy), 6,(CHj)
v(SOs — N — SOy), 6,(CHj)
v5(0CO)

V(SOQ —N-— SOQ)

Va(SNS), 6LisCO4
Va(SNS)
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Figure 4.14: FTIR spectra for the cathodes, both at high wavenumbers between 2750 cm ™! and
3250 cm ™! and at low wavenumbers from 550 cm ™! to 1600 cm~!. Note that the scale
is different in the six panels.

4.1.5 X-ray diffraction analysis of graphite

The X-ray diffractograms of pristine graphite and G:0.79m:100cycles are found in
Figure[4.15] The pristine sample has four peaks. Two at 26.6° and 54.7°, corresponding
to the (002) and (004) plane of carbon, respectively. There are also peaks caused by
aluminium. One at 65.1°, related to the (220) plane, and one at 78.3° which corresponds
to the (311) plane. The d-spacing is then 3.35 A, 1.68 A, 1.43 A and 1.22 A for these
peaks, from the lowest to the highest 20 value. All peaks are very sharp, and the highest
intensity is for the (002) carbon peak. There is barely any noise for this sample. The
Scherrer equation (Equation was used to calculate the average crystallite size of
the graphite particles. It was found that the FWHM of the carbon (002) peak is 0.15°,

corresponding to a crystallite size of 56.8 nm.

For the G:0.79m:100cycles, the same peaks are present, but their features have changed.
Both aluminium peaks now have higher intensities, with the (220) peak being the high-
est. The positions of the aluminium peaks are the same as previously, and they are
still very narrow. In addition, four small aluminium peaks at 38.5°, 44.7°, 112.0° and
116.0° have appeared. The (002) carbon peak has changed drastically after cycling.

Its relative intensity is significantly reduced, and the peak is split in two. In addition,
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a shoulder has appeared at the right side of the peak. The (004) carbon peak has also
become wider. The highest part of the carbon (002) peak has the same position as
for the pristine sample, but the other part of the split peak has a maximum at 25.9°,
which corresponds to a d-spacing of 3.44 A. The Scherrer equation was again used
to estimate the average crystallite size for the two phases causing the different (002)
peaks. It is assumed that the peaks are symmetrical for these calculations. The peak
at 25.9° has an FWHM value of 1.2°, corresponding to an average crystallite size of 7.1
nm. The FWHM is 0.4° for the peak at 26.6°, indicating an average crystallite size of
21.3 nm.

Pristine graphite
— G:0.79m:100cycles

Al (220)
C (002)
Al (311)
C (004) j
A i VAN | S— e .
20 40 60 80 100 120
20 [°]

Figure 4.15: The X-ray diffractograms for the pristine graphite sample and G:0.79m:100cycles.
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The results so far reveal less irreversible reactions occurring when using graphite than
carbon black. Due to this advantage, graphite as conductive additive was selected
for further studies in a LNMO cathode. The electrochemical characterisation of the
cathode was performed with 0.79m LiFSI in Py;14FSI electrolyte, as 3m LiFSI in
the electrolyte caused salt to precipitate. Additionally, the work conducted by my co-
worker Mika Serna Malmer this semester [87], has shown that the cells with LNMO and
carbon black in the cathode, and 0.79m LiFSI in P11;4FSI as the electrolyte, exhibit
better capacity retention than the one with 3m LiFSI, and similar to the reference
carbonate-based electrolyte with 1M LiPFg. The coulombic efficiency was also better
with 0.79m LiFSI in Py1134FSI, compared to the carbonate-based electrolyte.

4.2 The LNMO:G:0.79m cell

4.2.1 Galvanostatic cycling

The cells with LNMO cathodes underwent galvanostatic cycling, where the two first
cycles were with a C-rate of C/10, the next 50 cycles were at C/2, before ending
it with two more cycles at C/10. In Figures and the discharge capacities
and efficiencies of the LNMO cells are presented, respectively. The graphs are the
average of three cells with the same configuration. For LNMO:ref, the capacity is
relatively constant and only drops from 132.5 mAh/g to 131.0 mAh/g. At the lower
rate, the capacity is reduced, 121 mAh/g and 124 mAh/g for the first two cycles,
and 129 mAh/g for the last cycles. The discharge capacity of LNMO:G:0.79m show
more variation between cycles, and the values are lower, ranging from 113.0 mAh/g
to 120.0 mAh/g at C/2. Again, there is a reduction of discharge capacity over cycles,
and the capacity drops more than for LNMO:ref. At C/10 the capacity is higher
than at C/2, with values being 131 mAh/g and 130 mAh/g for the two first cycles,
and 124 mAh/g for the last two cycles. The efficiency of LNMO:ref increases slightly
throughout the cycling. For the first C/2 cycle, the efficiency is 95.0%, and for the
last, it is 98.1%. LNMO:G:0.79m has similar efficiencies, with values between 94.0%
and 99.8%. However, there is more variation between each cycle and no general trend

as cycling progresses.
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Figure 4.16: The discharge capacity of LNMO:ref and LMNO:G:0.79m. The first and last two cycles
were with the C-rate C/10, and the 50 cycles between them were at C/2.
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Figure 4.17: The efficiency of LNMO:ref and LNMO:G:0.79m. The first and last two cycles were
with the C-rate C/10, and the 50 cycles between them were at C/2.

4.2.2 Scanning electron microscopy

SEM images of both pristine and cycled LNMO cathodes are seen in Figure
The first image, Figure is the pristine LNMO cathode with carbon black as
conductive additive. The LNMO particles are spheres with triangular features, and
between those, there is a network of carbon black nanoparticles and the binder. Figures
[4.18b] and [4.18¢| show the LNMO:ref cathode. No apparent change caused by the
cycling is observed for these cathodes. The pristine LNMO cathode with graphite can
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be seen in Figure [4.18dl The spherical LNMO particles and the graphite particles with
sharp features are observed. After cycling (Figure [4.18¢]), the surface features of the
cathode are more blurred, and it is more difficult to distinguish individual features.

The graphite particles have softer edges due to a surface film. The LNMO particles are

also partially covered, but some also inherit the same features as the pristine cathode.

Figure 4.18: SEM images of a) the pristine LNMO cathode with carbon black, b,c) LNMO:ref, d)
pristine LNMO cathode with graphite and ¢) LNMO:G:0.79m.
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4.2.3 Energy dispersive X-ray spectroscopy

From the EDS maps of the LNMO:G:0.79m cathode in Figure [4.19] it can be observed
that manganese, nickel and oxygen are primarily present at the LNMO particles, but
there is some signal coming from the graphite too. This is also seen for the pristine
cathode, shown in Figure in appendix [C] The spectrum reveals that all elements,
carbon, oxygen, manganese, nickel, phosphorous, fluorine, sulfur and nitrogen, are
present at the surface. As seen for the carbon cathodes, there is less signal from the
space between the particles. Nitrogen and fluorine are evenly distributed at LNMO
and graphite, but it can be observed that there is more sulfur at the graphite than
the LNMO particle. In addition, it appears that there is more phosphorous between
the particles than at their surface. Cycling has increased the amount of oxygen at the

graphite particles.

051015 2025
[keV]

Figure 4.19: EDS maps and spectrum of LNMO:G:0.79m cathode. The green square in the SEM
image indicates the area of the mapping.
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Chapter 5

Discussion

5.1 Effect of CMC as the binder

In the initial phase of the work, experiments were conducted to decide whether CMC
was an appropriate binder, as its response to high voltages was unknown. To test this,
two graphite cathodes were cast. One with CMC and one with PVDF. These were
used in G:0.79m cells, and cyclic voltammetry was performed. The main difference
between the two is the onset potential. It is expected that the threshold potential
is higher during the first cycle than the other cycles because of an initial kinetic
hindrance related to increasing the distance between the graphene sheets [64]. This
behaviour is observed when using CMC as the binder, where the onset potential is
4.584+0.01 V during the first cycle, and only 4.5540.00 V during the other cycles.
Others have observed similar behaviour with CMC [64](88][89][90]. When using PVDF,
the threshold potential is 4.53 V for all cycles, which is lower than that of the cells
with CMC. It cannot be explained why the onset potential is not higher during the
first cycle as expected and observed by Qi et al. making carbon cathodes with PVDF
[43]. Anyways, it is concluded that CMC is a suitable binder for cycling up to 5 V, due
to this binder causing the cell to exhibit the best electrochemical behaviour. CMC is
therefore used in the G:0.79m:100cycles, G:3m, CB:0.79m and CB:3m cathodes.

5.2 Reactions with the graphite cathode

Both oxidation and reduction reactions are observed, which indicate anion intercalation
and deintercalation [64][88]. The reductions correspond solely to anion deintercalation,
and the oxidations can be both anion intercalation and electrolyte oxidations. There

are three oxidation and reduction peaks, implying that the intercalation and deinter-

93



calation occur in three stages in this potential range. More precisely, this means that
anions are not intercalated in between all graphene sheets at once, but fill e.g. every
fourth gap during the first stage, then every other gap, before all are filled during the
last stage [66]. The similarities observed for G:0.79 and G:3m indicate that the same
reactions happen. One difference is that G:0.79m cells experience more reactions than
the G:3m cells, both oxidations and reductions. Another is that the three different
stages of intercalation are less distinct for G:3m than G:0.79m. Both phenomena can
be explained by the G:3m cell having a lower reaction rate. With the chosen scan
rate, there is insufficient time to complete one intercalation stage before the next is
initiated [72|. The limited reversibility of the reactions at approximately 60% indicates
the presence of irreversible reactions. Some can be irreversible anion intercalation, but
the SEM images in Figure indicate that electrolyte oxidation reactions also occur.
The reversibility is higher for the G:0.79m than the G:3m cells. However, whether this
is due to the anion intercalation being more reversible or that a larger fraction of the
reactions is electrolyte oxidations, is unknown. The onset potential of the G:0.79m
cell is significantly lower than for the G:3m cell. This behaviour can be caused by a

kinetic factor, increasing the activation energy of interfacial anion transfer [62].

The cumulative charge of the various cells provides information about the amount of
irreversible reactions occurring. Higher values correspond to more irreversible reac-
tions taking place. The values for G:0.79m and G:3m are 282.2 C/g and 232.1 C/g,
respectively. Significant variations between the individual cells contribute to much
uncertainty. The irreversible reactions can be both irreversible anion intercalation
and electrolyte oxidations, and it can therefore not be determined how much of the

cumulative charge is attributed to the anion decomposition.

After cycling, salt crystals were present in the G:3m cell. Since the salt was found
throughout the cell, not only at the cathode, it must be precipitation of LiFSI salt
and not insoluble salt products formed from electrolyte decomposition. From Figure
[4.8d], indentations in the graphite surface can be observed. As these were not present
before cycling, and it was only observed for the G:3m cathodes, the damage must
be from the precipitated salt. This damage and the salt precipitation indicate that
the combination of graphite and the electrolyte containing 3m LiFSI is inappropriate.

There is an excessive amount of Li-salt, and all the Li* ions cannot be utilised.

Cyclic voltammetry with 100 cycles was carried out to see if the anion intercalation
has a negative impact on the graphite particle structure. This voltammogram has a
different appearance than the G:0.79m and G:3m cells, due to the difference in scan

rate |72, which was 0.1 mV /s for the cells cycled five times and 1 mV/s for the ones
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cycled 100 times. The intercalation stages are then less distinct. The first few cycles
have poorer behaviour than the rest but after that, the behaviour of the cell is relatively
constant for all cycles. This is seen from the shape of the graph, and because average
reversibility is 76.2% during the 10th cycle, and 77.8% during the 100th cycle, with a
gradual increase between them. This demonstrates that the total amount of oxidation
reactions do not increase with cycle number, as expected if the continuous intercalation

and deintercalation degrade the graphite structure [62].

Post mortem characterisation of the cells conveys differently. The SEM images reveal
that rougher particles are present after cycling, and these appear to be degraded
graphite particles. The XRD results also support this. After cycling, the relative
intensities of the aluminium peaks were much higher than before. Four new peaks
corresponding to aluminium were also observed. This indicates non-uniform coverage
of the cathode caused by graphite degradation, causing more interactions with the
aluminium foil underneath. The splitting and widening of the (002) carbon peak
provide additional information. This peak corresponds to the interplanar distance
of the graphene sheets, and the splitting indicates that some of the graphite now
has an increased spacing between the planes. The new d-spacing of 3.44 A indicates
that some of the graphite has transformed into turbostratic carbon. The crystallite
size for this phase is 7.1 nm, much lower than 56.8 nm which was calculated for the
pristine graphite. Both these observations are evidence that the anion intercalation
has degraded some of the graphite. There is still a peak corresponding to a d-spacing
of 3.35 A, indicating that parts of the graphite have not been exposed to intercalation.
Still, it has broadened compared to the peak of the pristine graphite, with the average
crystallite size being reduced to 21.3 nm. The two co-existing phases show that some
of the graphite is severely degraded from the intercalation, while other parts are less
affected. A possible explanation for the broadening of the (002) peak is that parts
of a crystallite are exposed to intercalation while others are not. However, what was
previously one crystallite is now split into multiple ones, where some have a d-spacing of
3.35 A, and others 3.44 A. Therefore, the size of all crystallites is reduced. What is not
considered when calculating the crystallite sizes is other characteristics that can affect
the peak broadening e.g. lattice strain. If there are still anions in the structure causing
inhomogeneous strain, that will also contribute to peak broadening. A shoulder is seen
at the right side of the carbon (002) peak, and its origin is not known. Electrochemical
testing and post mortem characterisation of G:0.79m:100cyles have proved that the
anion intercalation occurring when cycling to 5 V cause structural changes to the
graphite particles. This is observed both by changes in interplanar distance between

graphene sheets and by the morphology of some particles at the microscale.
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Since the salts are the only components of the electrolyte, the electrolyte oxidations
occurring must be salt decomposition, and the film is created through these reactions.
At both the G:0.79m and G:3m cathodes, the film presents a similar appearance,
covering the particles and diminishing their sharp features. The EDS and FTIR anal-
yses provide information about the film composition. Carbon is primarily due to the
graphite particles, but the P, ,,, cation also contains carbon atoms, and if there is any
residue of DMC used to rinse the cathodes, the carbon can also be from this. Oxygen
can be from the anion, adsorbed species at the pristine surface, DMC or reactions with
air when moving the samples for EDS analysis. Phosphorous is from the P},,;, cation,

and nitrogen, fluorine, and sulfur are from the anion.

The G:0.79m and G:3m cathodes have comparable features, with similar amounts
of the various elements distributed across the particles. The lighter elements, carbon,
oxygen, fluorine and nitrogen, show little or no signal from the space between particles.
This is because the X-rays sent from those atoms in these areas do not have enough
energy to escape and reach the detector. This is not an issue for the heavier elements
that create X-rays with higher energies [91]. The weight percentages given for the
different elements are not studied in detail due to uncertainties related to these values.

However, the presence of the element and a rough estimation of the amounts can be
decided.

For both samples, carbon is the dominating element. However, other elements are also
present at the surface after cycling. The presence of phosphorous at both cathodes
indicates that residues of the IL are at the surface, as oxidation of the cation will not
happen [92]. Sulfur, fluorine and nitrogen can come from residues of the electrolyte
not being adequately rinsed off the surface or from chemical compounds formed during
anion decomposition. Oxygen can have many origins, but the increased amount after
cycling indicates that some originate from the FSI™ anion, reactions with the anion,

or possibly DMC used for rinsing the cathodes.

The features of EDS data for the G:0.79m:100cycles cathode differ from that of the
other graphite cathodes. The weight percent of carbon has significantly decreased, and
that of oxygen has increased. It is logical that the rougher particles exhibit a higher
oxygen and sulfur concentration than the other particles. They have been severely
degraded, which has caused the surface reactions with the electrolyte to primarily
occur at them instead of the less degraded particles. This data also support what
Lee et al. [70] observed, a film made of S = O. They also observed Li — F species,
which cannot be determined to be present at the G:0.79m:100cycles cathodes due to

fluorine being evenly distributed across the surface, indicating that it can also be from
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electrolyte residues. However, their use of PVDF as the binder can also have affected
the reactions occurring, as it contains fluorine. Kotronia et al. |67] studied cycled
graphite cathodes and observed differently. They found no significant film formation
when using 1M LiFSI in Pyr4FSI, even though they cycled to 5.1 V. This variation in
the behaviour is unexpected, as the surface reactions are anion decomposition, and the
anion is the same. It might be the differences in the cell configuration, different IL and
graphite, that cause this deviation. It is worth noting that the voltammogram does
not show an increase in the overall amount of oxidations, but the EDS maps indicate
that there are more reactions happening at degraded particles, which means that the
amount of surface reactions should increase with time, as more graphite degradation

occurs.

FTIR provide additional information about the surface film. As the pristine cathodes
are used as background, the binder should not affect the results. The absorbance
depends on many factors, one being the pressure applied to the sample during the
measurements. It is, therefore, difficult to compare values for different samples. Still,
it is appropriate to compare the following absorbances: G:0.79m to G:3m, CB:0.79m
to CB:3m, and CC:0.79m to CC:3m. This is because these comparable samples were
analysed during the same session, keeping the pressure stable for the samples. In
addition, three parallel analyses of each sample gave graphs with similar absorbance

values, indicating the reliability of the results.

Before discussing the FTIR spectra for the graphite cathodes, the FTIR spectra of the
CC:0.79m and CC:3m cells deserve attention. These two spectra are similar to each
other, the main difference being the peak intensities. Girard |85, p. 174] performed
FTIR measurements on neat P11, FSI IL. Comparing his obtained spectrum with the
spectra of CC:0.79m and CC:3m, a remarkable similarity is observed. The same peaks
are seen, and their relative intensities are comparable. The film at the surface of these
cathodes is therefore found to primarily be IL residues, not electrolyte decomposition

products.

The FTIR spectra of the G:0.79m and G:3m cathodes reveal that organic species
are present. These can originate from either the P}, cation or the DMC used to
rinse the samples after cycling if it has not evaporated fully. The observed OCO
stretching indicates that some DMC is still present at the surface, and this means
that the observed peaks corresponding to vibrational modes of CH3 have two possible
origins, the cation and DMC. However, the torsion and stretching of CH, that are
visible for the graphite cathodes are inherent to the cation. This corresponds well to

the observation of phosphorous in the EDS maps. There are also peaks caused by
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either the anion itself or decomposition products made from the anion. The detected
SNS and SOs bonds are inherent to this. In addition, some peaks can be from the
SOy — N — SO, and SF stretching, but this cannot be confirmed due to overlapping
frequencies for vibrational modes of other chemical bonds. One of the peaks, at 877
cm~! could be from Li,CO3 bending, but this substance also has a characteristic peak
around 1450 cm ™! which is not observed. Therefore, it is determined that Li,COj5 is

not present.

The graphite cathodes have FTIR absorbance spectra that differ significantly from
those of the C-coated Al cathodes. Due to this, it is known that the film at these
surfaces is more than just electrolyte residue. Electrolyte decomposition reactions
have contributed to making the film, changing the environment to something other
than the electrolyte itself, and therefore affecting the presence of peaks and their
relative intensities. In addition, the cathodes have traces of the cation, indicating IL
residues. It can therefore be concluded that there are both electrolyte residues and

decomposition products at the surface.

An observation for all types of cathodes, both graphite, carbon black and C-coated Al,
is that 3m LiFSI in the electrolyte consistently causes more absorbance than 0.79m
LiFSI, indicating more of the film at the surface. Since the electrochemical data do
not indicate a significant difference in electrolyte oxidation reactions depending on the
chosen electrolyte, it appears this is due to more electrolyte residues at the cathodes
cycled with the 3m LiFSI electrolyte. It is possible that the increased viscosity of the
3m LiFSI electrolyte, compared to the other, has caused the rinsing of the cathodes

to be less effective.

5.3 Reactions with the carbon black cathode

The voltammograms for CB:0.79m and CB:3m show that there are primarily oxidations
happening at these cathodes. Since salts are the only components of the electrolyte,
and cations do not oxidise, these irreversible reactions must be FSI™ anion oxidation
[92]. A small negative current when reducing the voltage is the only indication of a
reduction occurring. But as these small peaks are at the same place as the reduction
peaks for C-coated Al, it is understood that these are anion deintercalation. The
small current fluctuations observed upon increasing the voltage are anion intercalation.
The loading of the carbon black cathodes is low, with the weight of carbon black on
the cathode being approximately five times the weight of the carbon coating. These
fluctuations, which are much smaller for the CB:0.79m and CB:3m cells than the
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CC:0.79m and CC:3m cells, might therefore be from reactions with the coating, not
the carbon black.

The average cumulative charge for CB:0.79m and CB:3m is 558.8 C/g and 578.0 C/g,
respectively. No correlation between the concentration of Li salt and the cumulative
charge was found, due to the average value being higher for G:0.79m than G:3m but
lower for CB:0.79m than CB:3m, and the significant variations between individual
cells. However, the cumulative charge is much higher for the cells with carbon black
cathodes than the ones with graphite cathodes. This shows that during 5 cycles, more
irreversible reactions occur with carbon black than with graphite, hence there is more

electrolyte decomposition.

One similarity with the graphite cells is that the onset potential is higher when using
the electrolyte with 3m LiFSI than when using the one with 0.79m LiFSI. However,
the confidence intervals overlap for the two carbon black cells, indicating that this
difference can be random. The CC:3m cathodes also cause a higher onset potential
than the CC:0.79m cathodes, but the uncertainty is even bigger than for the cells with
carbon black cathodes. It can therefore not be concluded that a higher concentration
of LiFSI in the IL increases the onset potential, even if the average values are higher
with 3m LiFSI than 0.79m LiFSI for all cathodes. Another similarity is that salt
was precipitated when using the electrolyte with 3m LiFSI. No damage to the CB:3m
cathodes was observed, unlike for the G:3m cathode. This can be because the small
size of the carbon black particles makes the cathode denser and more mechanically
stable. The cathode is also very thin, limiting the possibility of making indentations
on the surface. Even though the cathode is not damaged, salt precipitation should be

avoided, as it traps the Li" ions.

EDS analysis of the CB:0.79m and CB:3m cathodes reveals interesting information.
First, the percent of carbon is much higher for CB:0.79m than the other, indicating
less film formation at this cathode. In the SEM images, the film is more visible for
the CB:0.79m cathode, but the EDS results prove that there is also a film at the
CB:3m cathode. It might also be that some of the electrolyte decomposition products
have been integrated into the particle surfaces, as observed by Younesi et al. [68].
The presence of phosphorous shows that there are still electrolyte residues left, as this
comes from the cation. Fluorine, sulfur and nitrogen are evidence that the anion or

its decomposition products are also present.
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The FTIR spectra of CB:0.79m and CB:3m reveal no indication that DMC is still
present from the rinsing. The only peak that can only be ascribed to the cation is
the torsion of CH,, and this is only found for the CB:0.79m cathode. However, this
information and the EDS data showing phosphorous prove that the cation is present
at the surface. Vibrations caused by SF bonds, SNS bonds and SO are also observed,
and these are from the FSI™ anion. CB:0.79m also has a peak that was found to
be from SOy — N — SO, stretching, substantiating the presence of anions or products
formed from anion decomposition. Comparing these spectra to those of CC:0.79m
and CC:3m, the dissimilarity is obvious. The peaks present for both are found at
different absorbances for the two types of cathodes, their relative intensities differ,
and the presence of specific peaks is also different. This indicates that there has been
film formation at the cathodes, changing the environment compared to that of the C-
coated Al where it is found to be primarily IL residues. As for the graphite cathodes,
this is due to electrolyte decomposition creating a film. Including the information
that the cation is also at the surface, it is understood that both electrolyte residues
and a film formed from oxidation reactions cover the surface. The FTIR spectra of
the graphite cathodes and those of the carbon black cathodes also differ significantly,

revealing that the type of carbon affects the electrolyte degradation reactions.

5.4 The LNMO:G:0.79m cathode

The LNMO:ref cell has a good rate performance. It is observed that the discharge
capacity is higher at C/2 than C/10, which is unexpected [32|[93]. To understand
why this happens, further analyses would be needed. The LNMO:G:0.79m cell has a
significantly lower discharge capacity than the LNMO:ref cell at a C-rate of C/2. The
[L-based electrolyte has been shown to slightly reduce the discharge capacity, but the
large difference observed here is not expected to occur from the use of the electrolyte
[87]. This suggests that the use of graphite is what reduces the capacity. It appears
that the conductive network of the graphite particles is inferior for LNMO:G:0.79m,
reducing the electronic conductivity of the cathode [94]. With less contact between
conductive carbon and the LNMO particles, the capacity can only partially be ex-
ploited. There can be multiple reasons for the slow decline in discharge capacity. One
is Mn dissolution, causing structural instability of LNMO. Irreversible electrolyte oxi-
dations forming a surface film can also contribute to this negative evolution. Another
feature of the LNMO:G:0.79m discharge capacity curve is the variation of the values
between each cycle, which is not observed for the reference cell. This happens because

there is anion intercalation into the graphite particles, contributing to the capacity
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[88], and this intercalation varies more from cycle to cycle than the Li* intercalation
into LNMO.

The anion intercalation also has the same effect on the efficiency, which varies between
cycles. These values are comparable to those of the reference cell. Still, it is not known
what the efficiency of the Li* intercalation into LNMO is and what can be attributed to
the anion intercalation. IL-based electrolytes have been found to increase the efficiency
of cells [93], though the effect of the IL can not be discerned from that of graphite

based on these results.

Despite observing signs of anion intercalation, the SEM images do not indicate any al-
teration in the graphite structure, similar to what was observed in the G:0.79m:100cycles
cells. However, this is not surprising given that the LNMO:G:0.79m cells had a lower
cut-off voltage of 4.85 V and underwent fewer cycles. Furthermore, the remaining
graphite cathodes also did not exhibit any visible degradation, suggesting further cy-

cling could cause enough anion intercalation to affect the structure eventually.

The SEM images reveal a film at the LNMO:G:0.79m cathode surface. While the
graphite is completely covered, the LNMO particles only have partial coverage. This
can indicate that reactions happen more at the carbon than the active material, in line
with the findings of Carroll et al. |71]. The EDS analysis provides more information
about the film. The spectrum reveals that all the elements from the electrolyte are
present. Since fluorine and carbon are also present in the binder, the map for these
elements can not be used to get information about the film. The presence of nitrogen
proves that the anion or its decomposition products are present, but it is evenly dis-
tributed across the surface and therefore does not provide further information. More
oxygen is observed at the carbon, compared to the situation before cycling. This must
be from the FSI™ anion or DMC. The signal for sulfur is larger from the graphite
than the LNMO particles, substantiating that reactions occur more at the conduc-
tive carbon than the active material. It is also in line with the findings of Lee et al.
[70] that S = O species are found in the film when cycling cells with IL-based LiFSI
electrolytes. Since the reactions are unevenly distributed at the surface, it indicates
that the decomposition is electrochemical, not thermal, as Yang et al. [69] found after
cycling of LNMO cathodes with LiPFg-based electrolyte. This is in line with LiFSI
having better thermal stability. As previously mentioned, the phosphorous is from
residues of the electrolyte not being properly removed during washing. This matches
the results that there is more phosphorous between the particles, where the rinsing
would be less effective than at the surface. Li et al. [12] observed a mutual exchange

of surface species between the conductive carbon and active material. That is not
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observed in this work. If the amount of manganese or nickel present at the graphite
particles increased during cycling, it would indicate such a communication. However,
since both elements were present at the surface both before and after cycling and no

apparent change is observed, no conclusion can be drawn from this.
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Chapter 6

Conclusion

The reactions occurring at graphite and carbon black during cycling between 3 V and
5 V have been investigated. The electrolytes used were 3m and 0.79m LiFSI in the IL
P11114FSI.  Interesting findings appeared through cyclic voltammetry measurements,
SEM, EDS, FTIR and XRD analysis. It is found that both anion intercalation and
film formation through electrolyte degradation occur at the graphite cathodes. The
intercalation causes severe irreversible graphite degradations, and the degraded parti-
cles become sites for increased amounts of electrolyte oxidations. With carbon black
cathodes, the reactions are primarily surface reactions, with only minor fluctuations
in the voltammograms indicating some reversible intercalation. The surface reactions
form a film similar to that created on the graphite cathodes, though FTIR proves that
the chemical environment differs depending on the cathode used. Both anion species
and cation species were observed from EDS analysis. The presence of the cation indi-
cates that electrolyte residues are still present at the surface, and the anion species is
either from the residue or decomposition products. However, results prove that there
are decomposition products, too, not only residues. The film of the decomposition
products is shown to contain sulfur and oxygen. Still, based on the results, it can
not be said if observed nitrogen and fluorine are inherent to the film or only from
electrolyte residues. Overall, it is found that there are less irreversible reactions with
graphite than with carbon black, but graphite degradation is a severe problem that

causes further electrolyte oxidation.

Among the two electrolytes compared, the one containing 0.79m LiFSI proved superior
due to LiFSI salt precipitation observed after cycling with the 3m LiFSI electrolyte.
Although the film exhibits similar characteristics, more chemical species are present

on the surface after cycling with the 3m LiFSI electrolyte, which can be attributed to
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an increased amount of electrolyte residues. While the onset potential for reactions is
improved with the 3m LiFSI electrolyte, and there is reduced anion intercalation into

the graphite, the issue of salt precipitation stands out as more significant.

Cells with LNMO, graphite as the conductive additive, and the electrolyte with 0.79m
LiFSI were made, and they underwent galvanostatic cycling before the cathodes were
characterised with SEM and EDS. The results indicate that the electronic conductivity
network is insufficient, resulting in a lower discharge capacity than observed for the
reference cell. Anion intercalation into graphite is observed through relatively large
variations in the discharge capacity and efficiency between each cycle. Except for these
fluctuations, the efficiency values are similar to the reference cell’s. After cycling, the
surface is covered in a film, and for these cathodes it is also observed that it consists
of sulfur and oxygen, with a possibility of nitrogen and fluorine being a part of the
film too. Additionally, it appears that more reactions occur at the graphite than the

active material.
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Chapter 7
Further work

Even though there have been multiple intersting findings in this work, there is still

room for improvement and further investigations.

For the G:0.79m:100cycles cathodes, structural degradation and an increased amount
of surface reactions at the severely degraded particles are observed. However, there is
no indication in the voltammogram that the total amount of surface reactions increase
with further cycling, as expected from the theory. Longer cycling with the graphite
cathodes could reveal if this will change over time. If there is no indication that the
total amount of surface reactions increased from the cycling, an effort should be put

into understanding why it remains constant.

Different electrolytes should also be tested, to see if they reduce the amount of un-
wanted reactions. As previously mentioned, both the use of certain ILs and the use
of some solvents can hinder anion intercalation. It would be necessary to do further
testing with the electrolytes, besides analysing the intercalation. Altering the system

will also affect properties like efficiency and capacity, so this must also be studied.

In this work, cells with an LNMO cathode containing graphite together with IL-based
electrolytes have been tested, and my co-worker Malmer [87] has tested cells with
LNMO cathodes containing carbon black together with the IL-based electrolytes. It
would also be interesting to make cells with an LNMO cathode with graphite together
with the LiPFg-based electrolyte. Galvanostatic cycling of such a cell would make
it easier to distinguish the effect of the electrolyte and the conductive additive. The
reactions happening at the cathode are complex, meaning that observed properties of
the cell might not be solely due to one cell component, but can be inherent to specific

combinations of electrolyte and conductive carbon.
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It is found that graphite reduces the amount of electrolyte oxidation relative to us-
ing carbon black, but also causes poor electronic conductivity in the cathode. Carbon
black does, on the other hand, provide a proper conductive network. Therefore, exper-
iments with a combination of both carbons should also be carried out. Testing other
types of conductive carbon additives can also be done since there is a vast variety of

alternatives available, and they might show significantly different behaviours.
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Appendix A

Additional slurry information

Table A.1: The slurry compositions. Slurries marked with * became the casts used in the experi-

ments.

Cast LNMO [g] Carbon [g] PVDF |g] NMP [g] CMC [g] Water |g]
LNMO, C65* 0.5001 0.0273 0.0288 1.1346 - -
LNMO, SFG6L*  0.5004 0.0278 0.0280 0.5311 - -
Graphite - 0.5003 0.0563 1.1227 - -
Graphite* - 0.3004 0.0338 0.9057 - -
Graphite - 0.4993 - - 0.0557 1.8502
Graphite - 0.5000 - - 0.0555 1.2296
Graphite* - 0.5007 - - 0.0570 1.4041
Carbon black - 0.3006 - - 0.0337 2.2672
Carbon black* - 0.2008 - - 0.0353 1.4508

Multiple slurries were made, but not all successfully made cathode casts. The chosen
ones were the ones that had the best viscosity, making casts with relatively even

thickness.
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Appendix B

Onset potentials for individual cells

Table B.1: Onset potentials for oxidation reactions. Values are given for individual cells, and for
the G:0.79m cells with CMC as binder, onset potential for the 2nd cycle is also given.

Onset potential V]

Cell Ist cycle 2nd cycle
G:0.79m (PVDF) 4.53

G:0.79m (PVDF) 4.53

G:0.79m (CMC) 4.58 4.55
G:0.79m (CMC) 4.58 4.55
G:0.79m (CMC) 4.59 4.55
G:3m 4.58

G:3m 4.63

G:3m 4.64

CB:0.79m 4.62

CB:0.79m 4.58

CB:0.79m 4.58

CB:3m 4.71

CB:3m 4.60

CB:3m 4.63

CC:0.79m 4.48

CC:0.79m 4.52

CC:0.79m 4.42

CC:3m 4.53

CC:3m 4.54

CC:3m 4.48
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Appendix C

Additional EDS information

C Carbon black C Graphite
witds wit%
C 95.3 C 97.0
o] 3.4 0 23
Na 1.3 Na 0.7

b O Na p Ut_ua Al

051015 2.0 25 0.51.015 2.0 25
[keV] [keV]

Figure C.1: Layered EDS images presenting the findings of all elements, carbon, oxygen, sodium
and aluminium, together with the EDS spectra.

Figure C.2: EDS maps for pristine LNMO cathode with graphite as conductive additive.
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