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ABSTRACT

Lithium ion batteries are the currently the best commercial battery in the market and they
are used as energy storage devices for mobile phones, laptops, and other portable
electronic devices. This is due to their balance of high energy density with high power
density compared to other electrochemical energy devices. Also, these days the
automotive industry wants to use lithium ion batteries to electric vehicles to reduce the
pollution and independence to oil. Although lithium ion batteries are currently one of the
best energy storage devices, there is still an ample room for improvement. One of the key
parameters to study is electrode/electrolyte interface of electrodes.

EEI on the negative electrode, also known as Solid Electrolyte Interphase (SEI) has the
well-known structure with organic and inorganic compounds. Although EEI on negative
electrodes is well known, it is not the case for positive electrodes. Numerous studies have
been done on positive electrodes; however, there is still a need for systematic study of
these interfaces on positive electrodes.

This thesis is about understanding the reactivity and interactions of Li-ion battery positive
electrode materials with the electrolyte. By understanding reactions at the EEI, we can
develop a way to improve cycle life and safety of lithium ion batteries. To
unambiguously pinpoint the electrode/electrolyte interface layers on different positive
electrode materials, 100 % active materials are used as positive electrodes instead of
composite electrodes.

Thesis Supervisor: Yang Shao-Horn
Title: W.M. Keck Professor of Energy; SMART Research Professor of Mechanical
Engineering
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1 Introduction

1.1 Motivation

During 20® and 21* century, combustion of hydrocarbons has been the main energy
source for transportation, but there are problems associated with these energy sources.
These problems are the rate of global warming by emission (primarily CO,) of
greenhouse gasses into the atmosphere and limited oil supply. Also, there is a significant
increase in energy demand in each year. Because of these reasons, there is a need for
new sustainable ‘green’ energy alternative. Also for a continuous usage, energy storage is
necessary. The alternatives to these combustion engines are electrochemical storage
devices such as batteries.'

Energy storage is necessary to store the energy from renewable energy sources and use
them for different applications such as power grid or electrical appliances. Batteries are
one of the most important devices for energy storage. Batteries consist of electrochemical
cells, which have positive and negative electrodes separated by an electrolyte. These
positive and negative electrodes will react chemically and electrochemically, once the
battery starts to work.?

The critical applications for batteries are electric and hybrid electric vehicles. Electric
vehicles use one or more electric motor, which mostly uses batteries as an energy source.
Hybrid Electric Vehicles are a combination of standard vehicle and electric vehicle. The
idea behind this car is to have both efficiency of using gasoline and the decrease of
gasoline consumption. There are types of these HEV and EV which you can plug these

vehicles and charge them at night. Today, batteries are used for electric and hybrid
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electric vehicles (EV/HEV). Specifically, lithium ion batteries are used for EV/HEV

because of their high power and high capacity properties.”*

T

1,000 > 550 km

T

800

600

400+

Specific energy (Wh kg™)

200+

50 km 80 km 100 km
0 .

Pb-acid Ni-Cd Ni-MH Li-ion Future Zn-air Li-S  Li-air
Li-ion

Price (US$ kW h™) 200 600 900 600 <150 <150 <150 <150

Available Under development  R&D

Figure 1. Comparison between different rechargeable batteries with specific energies and
estimated driving distances. Lithium ion batteries are the best energy storage devices in
the market and there is still a room for improvement.’

As it is seen from Figure 1, lithium based batteries are known to have the highest
gravimetric and volumetric energy storage capacity when it is compared with to other
battery technologies such as the lead-acetate battery, nickel-cadmium battery.’
Principally, lithium ion batteries are the best commercial battery in the market since
lithium has low electronegativity and the lowest weight of all metals. Nevertheless, there
is room for improvement. Especially lithium ion batteries are essential for applications
that are sensitive to weight and size. For instance, portable electronic devices and
telecommunication equipment are two examples that use lithium ion batteries.

Companies also want to use lithium ion batteries to electrical vehicles. By having these
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battery-powered cars, customers can plug into an electrical plug at night, which would

reduce pollution and secure energy independence.’

1.2 Principles of Li-ion Batteries

Lithium ion batteries convert energies between chemical and electrical energies.
Specifically, electrical energy is generated by redox chemical reaction at the positive and
negative electrodes. Energy storage and conversion éccur at the same place inside a
battery. This means the electrodes are not only the charge-transfer medium but also an
active element. Lithium ion batteries consist of positive electrode that is usually LiCoO,
(lithium cobalt oxide) and the negative electrode, which is usually graphite, or lithium
metal. It also has non-aqueous, aprotic electrolyte that -allows the lithium ion movement.

A separator separates the positive electrode and the negative electrode.”®

«— e | [SRE—

— — ¥
electrolyte

Figure 2. Schematic of a lithium ion battery: The cell consists of positive and negative

electrode, non-aqueous electrolyte and a separator. Lithium ion batteries work by lithium
insertion-extraction mechanism.”

Lithium ion battery operates by the movement of lithium ions and electrons, which can

also be called as lithium insertion-extraction mechanism (Figure 2). For charging,
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positive electrode delithiates meaning it loses lithium ions to the negative electrode and
electrons move to the positive electrode. For discharge, the opposite reactions occur.®"!
The charge and discharge half-cell and whole cell reactions are:'?

Positive electrode: LiM0O, = Li,_,MO, + xLi*

Negative electrode: C; + xLi* + xe™ = Li, (g

Whole cell reaction: LiMO, + C; = Li;_ MO, + Li,.Cq4

A typical electrolyte is a mixture of ethylene carbonate (EC) and dimethylcarbonate
(DMC) with 1M LiPF, salt. Half-cell potential of positive electrodes is usually greater
than 3 V; and potential of negative electrodes is closer to 0 V,,. The difference between
these potentials is called thermodynamic potential of the cell.'”*"

For LiCoQ,, the current positive electrode used in lithium ion batteries, x is at most can
be 0.5 due to safety reasons, which corresponds to 4.2 V. Furthermore, Co is relatively
toxic and charging LiCoO, causes safety concerns especially it reacts exothermically
during high-power charge and discharge. Cobalt is also expensive, which is the major

challenge for lithium ion batteries for large-scale use.'*'*> Because of these reasons, there

is a search for new positive electrode materials.

1.2.1 Thermodynamics
The basic thermodynamics for an electrochemical cell is given by:

AG = AH —TAS
where AG is the Gibbs Free Energy, AH is the enthalpy, T is the absolute temperature and
AS is the entropy. TAS term is the heat associated with the reaction. One important aspect
of AG,AS and AH is that they are all state functions. This suggests these functions are

only depending on the electrode materials and initial and final states of the reactions.
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The Gibbs free energy, AG, can be also expressed in terms of electrical energy from a
reaction in a battery cell. This equation can be written as:
AG = —ZF¢

where ¢ is the potential of the cell (also can be expressed as open circuit voltage), Z is the
number of electrons transferred per mole of reactants and F is the Faraday constant. This
equation is crucial because it represents the relation between chemical and electrical
driving forces. The ZFe can be expressed as the amount of electricity produced and the
total number of materials available for reaction and the voltage determines it.
Another relevant definition for thermodynamics is chemical potential. The chemical
potential defines the change of free energy for a given species. Chemical potential can be
defined as:

W = uf + RTIna;
where p is the chemical potential in its standard state, R is the gas constant, T is the
absolute temperature. In an electrochemical cell, we need to consider the chemical
potentials of both positive and negative electrodes. The difference between the chemical

potentials of the positive electrode and of the negative electrode can be written as:

. |Ila

_ products

Hiproducts — Hi,reactants = RTIn [I—[ ; ]
areactants

The difference in chemical potentials can also be written as electrical energy, which is

also known as Nernst equation:

_ RT H Aproducts ]
E= gy ——=In|o—m

ZF H areactants
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The Nernst equation relates the cell voltage to the chemical difference across an
electrochemical cell. This comparison determines cell potential under non-standard
conditions. It compares the effective concentration of the components of a cell reaction to

the standard cell potential. '¢

1.2.2 Kinetics

Thermodynamics of a cell defines the equilibrium conditions and gives the maximum
energy available for a given reaction. Because of kinetic limitation of reactions, the cell
will not have the maximum energy and the voltage drops off because of these constraints.
There are three important losses that should be kept in mind for an electrochemical
system: Ohmic loss related to résistance of individual cell components; mass transport
limitations during cell operation and kinetics of the electrochemical redox reactions
taking place at the interface of anode and cathode.

Last type of voltage loss can be best understood by looking into transition state theory.
The current flow for this case is 'usually defined by Butler-Volmer equation. The Butler-

Volmer equation is:

. aqZFn acZFn
=io e [P ] = e [}

where j is the electrode current density, j, is the exchange current density, n is the
activation overpotential, R is the universal gas constant, T is the absolute temperature, Z
is the number of electrons involved in the reaction, F is the Faraday constant, . is the
cathodic charge transfer coefficient and a, is the anodic charge transfer coefficient.

Butler-Volmer equation explains the electric current on an electrode and it considers both

cathodic and anodic reactions occur on the same electrode. It should be noted that Butler-

18



Volmer is for equilibrium cases and in the case of lithium ion batteries, we should look at
non-equilibrium thermodynamics, which is much more complicated than Butler- Volmer
equation. For nonequilibrium cases, mathematical modeling is necessary to understand

these cases. !’

1.3 Positive electrode materials

In this section, three types of positive electrode materials for lithium ion batteries are

explained in detail: layered oxides, spinel oxides and phosphates.

1.3.1 Phosphates

LiFePO, is currently the most promising phosphate as positive electrodes in lithium ion
batteries, because this is the first positive electrode material with low cost, abundant
amount and also environmental friendly. It has the olivine structure, which can be seen in
Figure 3. The structure of LiFePO, is composed of LiO, and FeOy in the space group
Pmna and it is unit cell is orthorhombic. It has lower cost and less toxic than LiCoO,."*
The theoretical specific charge is about 170 mAh/g'®, but practically this number
decreases to 130 mAh/g">. The main problem is discharge occurs lower potentials than

LiCo0,.
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Figure 3. Crystal structure of LiFePO, with spacegroup Pnma viewed (a) along the b-
axis and (b) along the c-axis. The iron octahedral, phosphate tetrahedral and the lithium
ions are shown in blue, yellow, and green, respectively."™

Lithium extraction occurs in two parts, which are FePO, growing a shell and shrinking
LiFePO, core. The insertion reaction is a two-phase reaction between FePO, and
LiFePO,. It has a poor electric conductivity because each of these phases is highly
stoichiometric with a very low concentration of mixed-valence states. LiFePO4 is an

example of material, which has improved properties when the particle size is significantly

decreased."

1.3.2 Spinel oxides

One of the important spinel oxides is LiMn,O, (Figure 4), which is proposed by
Thackeray et al. The general formula of spinels is AB,X, and crystal structure of spinels
is based on MgAlO,. This material has adopted the structure of Fd3m. The stability of
this structure is supplied by the octahedral Mn,O, structure and this possesses a serious of

tunnels, which is formed by tetrahedral lithium (8a) and empty octahedral (16c) sites.
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Lithium ions diffuse from 8a site to 16¢ site consequently, which makes a 3D lithium

movement.”

a) b)

n=8.245 A

o1}

m=5.83 A
¥ [i10]

|0|.| oMn .o|

Figure 4. Crystal structure of LiMn,O, (a) Unit cell (space group: Fd3m) (b) Projection
to [110] zone. The lithium, manganese and oxygen are shown in yellow, green, and red

respectively.”

During charging, there are two charging plateaus at 4 and 4.15 Vy;. There is another
plateau around 3 V, however, LiMn,O, usually cannot be cycled because of the Jahn-
Teller instability of Mn(III). At elevated temperatures, 4 V plateau disappears as well and
this means capacity fades at these temperatures. The épinel structure theoretically has a
specific charge of 148 mAh/g, but the practical specific charge is between 115 to 125
mAh/g when cycled between 3.5 V; and 43 V,;. This specific capacity is less than
LiCoO,; however, it has an advantage relative to cost and manganese is less toxic than

cobalt. 7!
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1.3.3 Layered oxides

1.3.3.1 Conventional layered positive electrodes (LiMO, compounds)

Layered lithium transition metal oxides, LiMO, where M= Co, Ni, Mn or combination of
there materials, are widely studiéd as positive electrodes for lithium ion batteries. LiCoO,
is one of the best representations of these kinds of layered oxides, but other examples are
LiNiO, and LiMnO,. The structure of these compounds is isostructural to a-NaFeO, with
the oxygen in the cubic closed-packed arrangement. It is composed of periodic layers of
MOy, M is the transitional metal énd LiQ, alternately stacked. In other words, the lithium
and cobalt ions occupy octahedral sites in alternating layers. This structure can be seen in

Figure 5.7

LiCoO,<111>

? Li
Li (3a) layer —
Co (3b) layer @ ® z e ©
e 21
e © 3 ° o

G—

®

Figure 5. Crystal structure of LiCoO,, which is isostructural to a-NaFeO, with the
oxygen in the cubic closed-packed arrangement. It is composed of periodic layers of
MOs, M is the transitional metal and LiOs alternately stacked.”

When lithium is completely extracted from positive electrode, x is 1, hexagonal close
packing is formed by CoO, by rearranging of oxygen layers. As it is known, several

phase transition happens when cell is charged to 42 V which is approximately when x is

0.5, so full theoretical capacity (~270 mAh/g) cannot be extracted from LiCoO,. The
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success of lithium ion batteries is the cycling stability of LiCoO, when x is between 0 to
0.5. Within this x, this battery can operate over thousand cycles and the capacity is about
140 mAh/g for x=0.5.'*'>%

Other positive electrode materials has been investigated because of the stability problem
of LiCoO,. On the other hand, other positive electrodes such as LiNi,Co,Mn,0, (NMC)
and LiNi,Co,Al,O, (NCA) has better electrochemical performance than LCO, since they
have higher capacities at high potentials. One of the important positive materials from
this NMC or NCA family is the Ni-rich materials, especially for EV applications. They
have high energy density and their cost is lower since nickel and magnesium are cheaper
than cobalt. Their theoretical capacity is similar to other positive electrodes; however, the
reversible capacities are better than LCO due to the Ni content. For example, for NMC
111 (LiNi,; Mn,;Co,;0,) the reversible capacity is ~163 mAh g and this value increases
for NMC 811 (LiNiyg Mny,Co,,0,) and NCA (LiNigC0y,5Al5050;) to > 200 mAh g'°
Because of these reasons, a lot of research groups. have started investigating these

materials to the full extent.

1.3.3.2 Li-rich (LizMO3} compounds

As it is mentioned in previous chapter, conventional Li-ion positive electrode materials
such as layered LiMO, (M = Co, Ni) yields ~140 mAh g upon charging to 4.2 V,;. On
the other hand, new developments in Li-overstoichiometric layered materials proposes
greater reversible capacities around >200 mAh g' than layered LiMO,.** One of the
problems with these materials is that their irreversible capacity upon charging to high

potentials such as 4.5-4.6 V ;. In few years, new materials were proposed by Tarascon et
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al. which are Li,(RuM)O; (M = Sn and Mn) where they have reversible capacity higher
than 200 mAh g'* This reversible capacity is attributed to the reversible oxidation of
oxygen. It has been proposed that bulk oxygen redox can proceed by the reversible
oxidation of O* in the bulk lattice to form 03~ peroxo-like groups and it is believed that
because of this, it avoids O, evolution. This new concept opens a new era for lithium ion

batteries. 2 The difference between LiMO, and Li,RuOj is shown in Figure 6.”7%

T S T T TR )

eV I oALO
HOMO
Electrolyte
- N(g)
o lattice — 0, O lattice — O, N(e)
(e.g.: LiCoO,) O lattice — O,

(e.g.: Li,Ru,,Sn,0,)

Figure 6. a) Proposed experiméntal schematic of irreversible anionic oxidation during
charging at high potential of Li,,CoO, b) Proposed experimental schematic of the
reversible anionic oxidation during charge at high potential for Li, ,Ru, ,Sn,O;. 2729

Li,Ru0, Li,MnO,
Monaclinic € 2/c cell

Hexagonal R3m cell

Monoclinic € 2/m cell

Figure 7. Crystal structure of LixRuO3 and Li>MnOs: Lithium, ruthenium and manganese
are represented as yellow, green and red respectively. They both have a rocksalt-type
structure with the same type of oxide-ion lattice filling. The space groups of LiRuOs and

Li>MnO; are C2/c and C2/m respectively because of a distortion of rocksalt oxygen
stacking.”
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The crystal structures of Li,RuO; and Li,MnO, are seen in Figure 7. Li,MnO; has a
rocksalt-type layered structure. The similar structure can be seen at O3-LiMO, structure.
The difference is the ratio of Li:Mn is 1:2 for Li* ions lying in the transition metal layers.
Similar to Li,MnO;, Li,RuO; has a rocksalt structure with the same ratio of Li:Ru. Only
difference is the difference between space group definitions for Li,RuO;and Li,MnO;.
Li,Ru0O; and Li,MnO, are defined as C2/c and C2/m respectively since Li,RuO; has a
distortion of the rocksalt oxygen stacking.*

The Li,Ru, Mn O, family has similar crystallographic space groups. Li,RuO; and
Li,RuO, have the space group of C2/C and C2/m, respectively. For Li,Ru,;Mn,;0;, it is
mostly considered as C2/m but that are some papers suggesting that it might be C2/C as

well. Figure 8 shows the transition from C2/C to C2/m e
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Figure 8. Transition from C2/c to C2/m while increasing Mn content for LizRui.,MnyOs,
This tranBSOition between C2/m to C2/c is caused by the distortion of the rocksalt oxygen
stacking.

When Li,RuO, is charged the first time to 4.6 V,;, until 3.4 V,; - 3.6 V,;, there is a phase
transition from monoclinic Li,RuO; to monoclinic Li, ;RuO,and after 3.6 V; till 3.8 V;,
phase transition from monoclinic Li, ;,RuO; to rhombohedral Liy,RuO;occurs. Until this

point, there is only oxidation of Ru from Ru** to Ru**?'After 4.25 V, there is a nucleation
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of a disordered phase, which forms the peroxo/superoxo-like species. This region is
where the reversible anionic redox occurs and this region is the most interested region for
Li,RuO; since this reversible anionic redox does not happen for conventional positive
electrode materials™®’

Since today, layered oxide cormpounds are the most investigated positive electrode
materials for lithium ion batteries because LiCoQ, can operate over thousand cycles and
it is the only commercial cathode material, but also other new materials such as nickel
rich NMC and Li-rich compounds shows better theoretical capacity than any other

material.
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2 Electrode-Electrolyte Interface (EEI)

During first few cycles, specifically first charging, the electrode-electrolyte interface
forms both on the positive electrode and the negative electrode. The formation of a stable
EEI layer, conductive to Li* but electronically insulating is crucial for high Coulombic
efficiency, cycle life and safety **** However, there is a chance that the non-uniform EEI
to form which can lead to battery short and failure because those kinds of EEI causes
lithium dendrites formation.**” Because of these reasons, understanding electrochemical

and chemical reactions on EEI is crucial to develop a stable and efficient Li-ion batteries.

2.1 Thermodynamics of Electrode-Electrolyte Interface

Thermodynamic
stability

-y N(e)

Figure 9. Thermodynamic stability of electrode/electrolyte by checking the difference
between electron energy levels that are related to HOMO/LUMO of the electrolyte.

Potential range between electrolyte reduction and oxidation are presented in shaded

areas.®”

The Figure 9 indicates the thermodynamic stability of the electrode/electrolyte by HOMO

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of
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the electrolyte. The Fermi level of the negative electrodes, which are usually graphite or
lithium metal, is higher than LUMO (lowest unoccupied molecular orbital) of the
electrolyte. Thus, there is a thermodynamic driving force to reduce the electrolyte and

form electrode-electrolyte interface on negative electrodes.™*

However, for positive electrode, the conditions are different. The Fermi level of the
positive electrodes are lower than the LUMO of the electrolyte, so there will not be any
reduction of the electrolyte on positive electrodes. However, for high-voltaged positive
electrodes (delithiated samples), the Fermi level of the positive electrodes may be lower

than HOMO (highest occupied molecular orbital) of the electrolyte, which may cause

oxidation of the electrolyte.**
-4 ‘1
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Figure 10. Computed oxidation and reduction of typical Li-ion battery solvents and
solvated salts. First adiabatic electron transfer to and from the bulk of the electrolyte is
used to estimate the HOMO and LUMO of the electrolytes. Hybrid functional DFT level
in Polarizable Continuum Model (PCM) is used to compute the reduction potential that is
associated with the LUMO levels. ***%
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In order to have a better understanding of EEI, the HOMO-LUMO levels of the
electrolytes should be explored. In this computational study, three electrolytes have been
studied which are propylene carbonate (PC), ethylene carbonate (EC) and dimethyl
carbonate (DMC). As it is seen from Figure 10, LUMO levels of electrolytes are quite
similar. When Li" are added to the calculation, LUMO levels of electrolytes are lower
than the original circumstance, which means there is a thermodynamic driving force to
reduce the electrolyte on the negative electrode. ****

On the other hand, if we look at the HOMO levels of fhe electrolytes, the state is a little
bit different. HOMO levels of different electrolytes are quite similar and after salt anions
are added to the calculation, the HOMO levels are increased but even with this increase,
electrolyte is thermodynamically stable below 5.5 V,,. Experimentally, electrolyte is
usually stable between 4.5-6.5 V,,.**5'%° These numbers imply that there is no
thermodynamic driving force to oxidize the electrolyte at positive electrode. Because of
this reason, in addition to these electrochemical reactions, we should also consider

chemical reactions for electrolyte decomposition. These chemical reactions can also

influence the components on the EEI layer.

2.2 EEl on negative electrodes

EEI on negative electrode is also known as solid electrolyte interphase because it acts like
a solid electrolyte: It is electronically insulator but ionic conductor. SEI has been studied
lengthily because it protects the negative electrode from co-intercalation of electrolyte
solvent molecules. Also, it protects from the consumption of Li-ions in the formation of

the layer leading to an irreversible loss of battery capacity.”
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semicarbonate LiF

Electrode|

Figure 11. Schematic of the Solid Electrolyte Interphase: It is electronically insulator but
ionic conductor. SEI has a well-known structure where inorganic species (LiF, Li,O) are
formed near the negative electrode and oligomers, semicarbonates and Li,CO; are formed
close to electrolyte. ¥>**

SEI has a well-known structure. The structure can be seen in Figure 11. The SEI mosaic
structure consists of multiple inorganic and organic products from electrolyte
decomposition. Near the negative electrode, layers are formed of inorganic species like
Li,O, Li,CO, and LiF and these species are thermodynamically stable against the
negative electrode. Close to electrolyte, oligomer species and semicarbonates are
formed.™>

Aurbach et al.*% showed that the SEI impedance is greatly influenced by salt in the
electrolyte. By changing the salt anion, the impedance increases as follows: PFg >

BF, > ClO; . The impedance PF; impedance is twice as Cl0 . Also, with LiPF; salt, the

formation of EEI is faster than LiBF, and LiClO,. This corresponds that the EEI layer
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influences the impedance of the system. This impedance is attributed to higher
concentration of LiF, which is known as highly resistive material.

Formation of a dendrite is affected by the composition of the electrolyte. In order to form
a stable SEI, the usage of highly concentrated electrolytes based on ether or amids is
required. This is critical to have a stable SEI, which would increase the safety and the

Coulombic efficiency of the cell.®>

2.3 EEl on positive electrodes

There has been a research EEI on positive electrodes for at least four decades; however,
there is a little understanding on what different components form on EEI and how this
influences the EEI layer properties. Especially, recent studies on Li,MO, > indicate that
there is a need for systematic study for EEI layers on positive electrodes. These kinds of
study will determine the key for reducing the electrolyte reactivity with the electrode,
which can affect the battery life and safety as exothermic reactions of positive electrodes.
As it is stated in previous chapters, there is no thermodynamic driving force to oxidize
electrolyte on most conventional positive electrode materials. There are few studies,
which revealed surface films on positive electrodes. The first group, which suggested EEI
layer on positive electrode, was Goodenough et al.** The detailed history of EEI study of
positive electrodes can be seen at Figure 12. After Goodenough numerous studies has
been done by different groups. The structure of EEI layer usually consists of similar
compositions as at SEI on negative electrodes, although mostly it is proposed that mostly

EEI layer is formed by chemical reactions, i.e. nucleophilic attack.
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Figure 12. Evolution of EEI layer studies on positive electrodes: Firstly, Goodenough et
al % reported a surface layer on Li, ,Co0O,. Carboxylates on Li, ,CoO, and ROCO,Li on
Li, MO, and Li, Mn,0, electrodes are reported by Kanamura et al.*' and Aurbach et al.
265X PS measurements are done by Erikkson et al.**, Edstrom et al.”® and Lu et al.*
Further systematic studies are necessary to fully understand the EEI layers on positive
electrode.”
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The presence of carboxylate groups (O-C=0) while cycling Li, ,CoO, has been shown by
Kanamura et al.*'. They used in situ FTIR technique to see these carboxylate groups on
the EEI layer of LiCoO,. On the surface of Li; MO, and Li, Mn,O, electrodes, the
presence of semicarbonates (ROCO,Li) is found by Aurbach et al®**®. The formation of
semicarbonates is due to the nucleophilic reactions of the surface on the electrode with
the electrolyte. EEI layer models of cycled oxide electrode composites are further
developed from XPS studies including Erikkson et al.*, Edstrom et al.*® and Lu et al.®

A new idea has been proposed by Yabuuchi et al.%’” that is the reduction of superoxide
from O, release from 0.5Li, MnO; ¢ 0.5Li,  Co43;Nij3;3Mn,5;,0,. After this reduction
process, superoxide can attack to electrolyte to form Li,CO;. Also, in situ techniques
have helped to understand EEI layer on the positive electrode as well. For instance the
techniques such as neutron reflectrometry and synchrotron XPS and XAS is used for EEI
layer. Browning et al.*®® used in situ neutron reflectometry to reveal the EEI layers on Li,
Mn, sNi, O, thin films are ~3 nm in thickness and predominated by fluorides and P-O-
containing species. Cherkashinin et al.* employ in situ synchrotron XPS and XAS to
show EEI layers on cycled Li, \Ni;,Co,,Mng ,0, thin fil‘ms that consists of lithium oxides,

fluorides and carbonates.
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2.3.1 Chemical Reactions

Nucleophilic attack means the ability of the oxygen ion to donate a pair of electrons to
form a new chemical bond with a solvent molecule. This is also known as nucleophilicity
or Lewis basicity of the oxygen. As electronegativity on metal oxide surfaces increases,
nucleophilicity increases as well. This could also be interpreted as the greater the
covalency of M-O bonds, increased nucleophilicity that metal oxide surfaces have. From
this information, we can hypothesize that nucleophilicity of oxygen atoms in LiMO,
increases from early transition metals to late transition metals. As an example,

nucleophilicity of oxygen in LiNiO, is better than LiCo0,.”

O

Figure 13. Nucleophilic attack of an EC molecule: Ring opening of carbonates as a result
of nucleophilic attack. Nucleophilic attack is the ability of the oxygen ion to donate a pair
of electrons to form a new chemical bond. Oxygen anionic redox of high-capacity
positive electrodes can be explained by nucleophilic of electrolytes. *

Aforementioned, the nucleophilic attack is critical to understand the electrolyte
decomposition on the positive electrode. This attack usually leads to ring opening (that
can be seen in Figure 13) of cyclic carbonates that result in decomposition of electrolyte

to semicarbonates and Li alkoxides (ROLi)."*
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It is mostly hypothesized that LiF is not formed i)y electrochemical reactions but
chemical reaction. There are a couple of proposed reactions. These are listed below:
LiPFg — LiF + PF;
LiPFg + Li;CO3 = 3LiF + POF; + CO,
PFs + Li,CO5 — 2LiF + POI;*3 +CO,
Li,CO; + HF - 2LjF + CO, + H,0
It is always important to keep in mind these reactions since as it is mentioned earlier;
there is no thermodynamic driving force for electrolyte decomposition, so chemical

reactions are important factors for our analysis.

2.3.2 Electrochemical Reactions

For high potentials, we might expect to have electrochemical reactions since the Fermi
level of the positive electrode may be below the HOMO of the electrolyte and this might
result in electrolyte oxidation. However, there is no strong indication of electrochemical
reactions on the positive electrode.

To understand these reactions better, Density Functional Theory (DFT) calculations were
done by different groups to understand which electrochemical reactions might be possible

on the positive electrode.
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Figure 14. Gibbs Free Energy calculations for the reaction M — M+ e : M, denotes
gas phase, M) stands for solvated molecule and IP denotes ionization potential. These
calculations are done in order to find which reactions are favorable for
electrode/electrolyte interface.”’

For instance, Borodin et al.**"' made some calculations for different electrochemical
reactions to check the stability of the electrolyte against positive electrodes. In these DFT
calculations, they test different scenarios and they look if these reactions are favorable or
not. The summary of these calculations can be seen in Figure 14. If Gibbs free energy is
less than O, it means that the reaction is spontaneous (or favorable). After these

calculations, a few reactions have been proposed:

PF, + (CH,0),C=0 - CH,CHOH + CO, + PF, + HF
or

PF, + (CH,0),=0 > CH,CHO + CO, + PF, + HF

HF + Li,CO, = 2LiF + CO,+ H,0

Still, more theoretical studies should be done on this topic, since the effect of

electrochemistry is quite puzzling.

2.3.3 Anionic redox of layer oxides
One of the important parameters for surface reactivity is oxygen anionic redox and it is

not well understood. When the redox energy levels of transition metal ions pin or fall
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below the top of oxygen p band, there is a thermodynamic driving force for oxygen redox
in addition to redox of transition metals. The oxidation of O* to O can proceed by
forming ligand hole in the O p band, which can lead to the formation of peroxide anions
0%~ on the surface. These peroxide anions on the éurface can react further to form

molecular oxygen.” %77

For anionic redox of LiCoO,, Tarascon et al. and Goodenough et al. made two important
hypotheses. According to Tarascon et al., once lithium is extracted from LiCoQO,, layered
CoO, forms that mean oxidation of Co from Co> to Co*. Co® is leveled around sp
antibonding level, whereas Co™ is the d level falling to these sp antibonding level and O*
species will not form from this which can be seen in Figure 15. But it should be also
realized; there will be small amount of cobalt to form Li,Co, ,O,. As a result, formation

of peroxo-like species with these reactions below is suggested by Tarascon et al.”

Oxygen oxidation: 4y02~ — 2y(0,)*™ + 4ye~
Overall reaction: LiCoO, — Li,Co,_,0,

LixCol_yOZ - C01—y022—_4y(02)%;

Goodenough and Kim et al. suggested that when the LiCoO, is charged to higher
potentials, Co 3d band will start to go down and at some point, this d band will pin to O
2p band and get fall below the O 2p band. This results in peroxide formation at the

surface and these peroxides will form oxygen gas”:

2(02)2_ i 202_ + 02(g) T
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Figure 15. Schematic of oxygen anionic redox during charging of Li, ,CoO, due to the
overlap of the Fermi level with the O p band.”
There are two oxygen redox reactions on the chemistry of EEI layers that we need look
into. First one is the O*/0,/0,” on the surface attacks carbonate solvents and solvated
ions at high voltages (Figure 16). The presence of superoxo/peroxo on the surface at high
potentials might have reactivity with the electrolyte. One likelihood is the effect of
nucleophilicity to the electrolyte. Second one is superoxide (O,-) attacks carbonate
solvents and PVDF (at voltages lower than 3 V). O, release on charge reduced to
superoxide on discharge, which reacts with carbonate solvents and PVDF. The release of

0,on charge further reduced to superoxide on discharge. Superoxide attacks carbonates

solvents to form Li,CO, for example, as seen in Li-air.

For this thesis purposes, we will focus on the first one because in our experiments, we
only charge our positive electrodes to different voltages to see the effect of first charging

to electrolyte. ¢’
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2.4 Open Question

Many open questions remain about oxygen anionic redox. There are still ambiguities
concerning the change of oxidation state of Ru ions during delithiation to Li, ,RuO,*"*.
Additionally, it is not understood why reversible oxygen redox is possible in second row
transition metal oxides while irreversible oxygen gas e\.folution is observed in most of the
first row transition metal oxides. However, as it is known, second row transition metals
such as ruthenium is non-abundant and expensive, because of this reason there is a need

to study abundant materials for lithium ion batteries.

— Surface Reaction

Figure 16. Surface reaction of oxygen on the surface of 0.5Li,MnO;-
0.5LiCo,sNi,sMn,;0, (Li,,Cop3Nig;3Mn,5,0,) cathode material and formation of
superoxide that might lead to form Li,CO; by chemical reactions.*’

Moreover, O*/0,/0,” on the surface attacks carbonate solvents and solvated ions at high
voltages (Figure 16). These highly reactive species such as O,, superoxide or 03~ can
lead to electrolyte decomposition and impedance growth upon cycling. It is not still know
how stable are these oxygen species (O*/0,/0,) on the surface of the positive electrode

and how do they have an influence on the formation of EEI layer. One idea might be the

presence of superoxo/peroxo on the surface at high potentials might have reactivity with
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the electrolyte. The other question might be can nucleophilic attack have an influence on
this reaction with electrolyte. Because of these questions, further studies are needed to

understand these different behaviors of oxygen anionic redox.

2.5 Hypothesis and Research Approach

In order to understand electrode/electrolyte interface on the positive electrode together
the influence of oxygen anionic redox to this interface, two important spectroscopy
techniques are used (Figure 17). First one is X-Ray Photoelectron Spectroscopy (XPS).
With X-Ray photoelectron spectroscopy, we want to see the formation of layer by
electrolyte decomposition by charging positive electrodes to different potentials.
Especially by charging the electrodes to high potentials, we want to see the effect of

oxygen anionic redox to the surface of the positive electrode.

XPS  XAS/XES

Model electrodes

AM on Al Pellet

Figure 17. Our research approach for understanding EEI layers on positive electrodes:
XPS is used to see the formation of surface layer by electrolyte decomposition by
charging these electrodes to different potentials. XAS/XES are used to understand the
electronic structure and oxygen anionic redox on different cathode materials. For these
measurements, model electrodes are used rather than composite electrodes. Courtesy of
Magali Gauthier.
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Second important techniques are X-ray Absorption and Emission Spectroscopy. With
these techniques, whole electronic structure of a material can be learned. The idea is to
find electronic structures of different positive electrodes and to see how these electronic
structures changes as different potentials are applied to these electrodes. These
measurements will give us information about the partial density of states of the positive
electrodes during charging. The electronic structure will be correlated with the formation
of the species such as O, or peroxo-like species and their influence on the
electrode/electrolyte interface.

After doing XPS and XAS/XES measurements we came up with a hypothesis that relates
the oxygen anionic redox with electrode/electrolyte interface on the positive electrode.
Our hypothesis is increasing the number of d electrons (from Mn to Co and Ni) or
decreasing the Li content (thus increasing the metal dxidation state) enhances the M-O

bond covalency and activates the lattice oxygen promoting the electrolyte decomposition.
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3 Experimental Procedures

To have a better understanding on EEI layer on positive electrodes, several techniques
have been used such as X-Ray Photoelectron Spectroscopy (XPS), X-ray diffraction
(XRD), atomic force microscopy (AFM), scanning tunneling microscopy (STM) and
Fourier transform infrared spectroscopy (FTIR). In this work, three principal techniques
were used: X-Ray Photoelectroﬂ Spectroscopy (XPS), X-Ray Absorption Spectroscopy
(XAS) and X-Ray Emission Spectroscopy (XES). These measurements were done with

model electrodes with no carbon and no binder.

3.1 Model electrodes

For the studies of EEI on positive electrodes, usually composite electrodes are used.
Composite electrodes have active material, carbon additives and binders. Although, in
composite electrodes, only 8-10% is carbon additives although it represents most of the
surface and may govern the EEI on positive electrodes. To avoid any effects from carbon
additives or binders on the EEI layer, in this study EEI layer is examined on 100% active

materials.”*”’
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Figure 18. XPS spectra of the Cls photoemission lines of pristine, stored in the
electrolyte and charged/discharged carbon black electrodes using LiPF, in EC:DEC
electrolyte. Photon energy of 430 eV is used for these measurements. i

Figure 18 shows carbon black electrodes in LiPF, EC: DEC. Similar species such as ether
C-O carboxylate and carbonates found for carbon and also composite positive electrodes

at high voltages. Furthermore, PVDF in the composite electrodes makes challenging to

study salt and solvent decomposition.”
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Figure 19. XPS spectra of the Cls and Fls spectra for a LiCoO, composite electrode
(top) and a carbon-free, binder-free LiCoO, electrode (bottom) at 44V,;. The difference
between these XPS spectra shows the importance of using model electrodes to understand
EEI layer on positive electrodes.

Cls spectra for composite demonstrate two peaks for PVDF binder which can be seen in
Figure 19. These two peaks are around 286.3 and 290.9 eV, which assigned to CH, and
CF, bonds respectively. CF, bond overlaps with carbonate at Cls peak. This misleads the
reading of the Cls by attributing to Li,CO; on the surface of the positive electrodes.
Similarly, for Fls spectra, PVDF peak overlaps with LiPF, salt peak, but with carbon-
free, binder-free electrodes, formation of Li,PF,O, can be seen clearly from these XPS
spectra.”*®

Three approaches are used to have 100% active materials (Figure 20). First one is the
powder deposited on aluminum discs. These carbon-free, binder-free electrodes were
prepared by mixing active materials with N-methyl-2-pyrrolidone (NMP) in a 1:100 mass

ratio. After it is sonicated for 5 min, the ink was deposited on ¥ inch diameter aluminum

discs and dried at 100 °C. Afterward, they were pressed under 8T and they were put in a



vacuumed and dried at 120°C overnight. These electrodes were mostly used in XPS
measurements.

Second model electrodes were pellets. 300 mg of active electrode is pressed under 8T and
sintered at 900 °C. Subsequently, they were also dried and vacuumed overnight. These

electrodes were mostly used in XAS/XES measurements.

Figure 20. Model electrodes with 100% active material: Powder on aluminum discs (for
XPS measurements), pellets (for XAS/XES measurements) and thin films, respectively.
Courtesy of Magali Gauthier.

For thin films, Pulsed Laser Deposition technique is used to get thin films of these active
materials. Pulsed Laser Deposition is a method that uses high-power pulsed laser. This
laser is focused inside the chamber and it targets the substrate to be deposit the active
material. These electrodes will be mostly used in XPS measurements and future in-situ

measurements.

3.2 Synthesis of Lithium Transition Metal Oxides

The synthesis of lithium transition metal oxides is mostly done by solid-state synthesis
except for LiNi,;Mn, ;Co, 0, (coprecipitation method). The solid-state method (Figure
21) is done by mixing the starting materials in a stoichiometric ratio and by grinding

them at least thirty minutes in order to have a homogeneous mixture of these starting
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materials. Afterwards, pellets were done from these mixtures and these pellets are heated

to high temperatures.

Powders Pellet Annealing

Figure 21. Schematic of solid-state synthesis for lithium transition metal oxides. This
method has been used for most synthesis of lithium transition metal oxides rather than
LiNi, sMn,;Co,;0,. For solid-state synthesis, the starting materials are mixed in a
stoichiometric ratio and grinded at least thirty minutes to get a homogeneous mixture. A
pellet is done from this homogeneous mixture and annealed to high temperatures.
Courtesy of Magali Gauthier and Thomas Carney.

LiCoO, was prepared from solid-state reaction of Li,CO; (Alfa Aesar Puratronic) and
Co,0, in a stoichiometric ratio with intermediate grinding. They were annealed at 600 °C
for 12h and 900 °C for 24h in air. Heating and cooling rates were at 2 °C min’.
Co(NO,),*6H,0 (Alfa Aesar) is used to maintain the Co,O, precursor . It was synthesized
by heating Co(NO;),*6H,0 (Alfa Aesar) at respectively 70, 120 and 450 °C for 3, 3, and
12h. The XRD profile is shown in Figure 22.

LiNi, ;Mn, ;Co, 0, was synthesized from LiOH. H,O (Alfa Aesar) and a hydroxide of
nickel, manganese and cobalt by using coprecipitation method. They were mixed in a

stoichiometric ratio and they were heated in air at 480 °C for 3h and 900 °C for 3h. The

synthesis of these compounds has been checked by XRD, which is shown in Figure 23.
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Figure 22. XRD profiles of as-synthesized powders of LiCoO,. The XRD conditions are
follows: Bragg Brentano, Fixed Slit (1/4°) AS Slit: (1/2°), Mask: 10 mm Ni filter, Soller
Slit: 0.04 RAD, Powder packed in well, Time per step: 75 seconds, Step Size: 0.02.

Courtesy of Magali Gauthier and Thomas Carney.
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Figure 23. XRD profiles of as-synthesized powders of LiNi,;Mn, ;Co, 50,. The XRD

conditions are follows: Bragg Brentano, Fixed Slit (1/4°) AS Slit: (1/2°), Mask: 10 mm
Ni filter, Soller Slit: 0.04 RAD, Powder packed in well, Time per step: 75 seconds, Step
Size: 0.02. Courtesy of Magali Gauthier and Thomas Carney.
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Li,MO; particles (M = Ru, Ir and Mn), were synthesized by mixing RuO,, IrO, or MnCO,
with Li,CO, in stoichiometric amount with 10% excess of Li,CO; to compensate for
lithium evaporation at high temperature. The powders were mixed and ground together
for 30 min and pressed into pellets. Pellets were annealed in air at 800 °C for 6h, 900°C
for 12h, and finally at 1100 °C for 12h with intermediate grinding, using heating and
cooling rates of 2 °C/min. After synthesis, part of the powder was ball milled with one-
millimeter diameter zirconia balls using planetary ball milling (Pulverisette 6, Fritsch
Inc.) at 500 rpm for 12 hours reversing every 30 minutes intermitted by 15 minutes
cooling pauses. The XRD profiles of Li,Ru,Mn,;O; and Li,RuO; can be see in Figures

24 and 25.
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Figure 24. XRD profiles of as-synthesized powders of Li,Ru,sMn,0;. The XRD
conditions are follows: Bragg Brentano, Fixed Slit (1/4°) AS Slit: (1/2°), Mask: 10 mm
Ni filter, Soller Slit: 0.04 RAD, Powder packed in well, Time per step: 75 seconds, Step

Size: 0.02. Courtesy of Magali Gauthier and Thomas Carney.
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Figure 25. XRD profiles of as-synthesized powders of Li,RuO;. The XRD conditions are
follows: Bragg Brentano, Fixed Slit (1/4°) AS Slit: (1/2°), Mask: 10 mm Ni filter, Soller
Slit: 0.04 RAD, Powder packed in well, Time per step: 75 seconds, Step Size: 0.02.

Courtesy of Magali Gauthier and Thomas Carney.

3.3 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy uses an effect called photoelectric effect. When

certain materials exposed to light, they eject electrons, but they eject electrons only when

light’s frequency is above a certain threshold frequency (Figure 26). After this threshold

frequency, electrons are ejected from the material. If above than threshold frequency light

is exposed to the material, the energy of the electrons increases as well *'
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Figure 26. The photoelectric effect is used at X-Ray Photoelectron Spectroscopy. The
photoelectron effect is phenomenon of emission of electrons when light shines upon
material .*'

This spectroscopy technique sends X-rays to the material and that ejects the electrons
from different core level. For instance, if you remove an electron from Ols level, then
your spectra is Ols spectra. After X-rays are sent to the material by an energy hv, the
electrons will be ejected from their core levels. The energy hv should be equal to the
summation of the binding energy of the electrons, the work function of the material and
the kinetic energy of the ejected electron (Figure 27). In terms of equation, this relation
becomes:

hv=BE +KE+ 0

where hv is the energy of the X-ray photon, BE is the binding energy of the electron, KE

is the kinetic energy of the electron and @ is the work function of the material ™
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Figure 27. Schematic of X-Ray Photoelectron Spectroscopy: The binding energy of the
electron is equal to the energy of the photon minus kinetic energy of the ejected electron
and work function of the material. Courtesy of Kelsey Stoerzinger, Marcel Risch, Wesley
Hong ®

With X-Ray photoelectron spectroscopy, we want to see the formation of layer by
electrolyte decomposition. There are some advantages by using this product. The biggest
advantage is the depth of the profile is around 5-10 nm, so it means that by using XPS,
EEI can be seen. Also, it gives information on chemical bonds and it can probe all the
elements. Some of the drawbacks are there is no direct information on the exact
chemistry of the products, although there is a piece of knowledge on different bonds and
from that, different products can be deduced.

Powders on aluminum disc are used for these XPS measurements. These electrodes were
cycled in 1M LiPF, in EC: EMC 3:7 with C/100 rate. Since there is no carbon or binder
in these electrodes, we wanted to make sure there is enough time for Li" and electron

diffusion, because of this a low rate for these charging. After charging galvanostatically

with C/100 rate, the potential is held for 5 hours. After charging, the cells were
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disassembled in the glovebox and electrodes were rinsed with 50 uL. of EMC twice (this
corresponds to approximately 15 drops). These electrodes were dried in vacuum at room
temperature in the antechamber for 3 hours. Transfer vessel is used for XPS chamber
without exposure to air. To ensure reproducibility, at least three electrodes were cycled

and measured at XPS.

3.4 X-Ray Absorption and Emission Spectroscopy

X-Ray Absorption Spectroscopy sends an X-Ray photon to the material to excite the
electron from core level to conduction band (Figure 29). Since different core level
electrons can be excited, different names were given for different core-level excitation.
For instance, if Is electrons are excited, this is called K-edge and for 2s it is L1. Figure

28 illustrates different edges for different core levels.”

Energy
A
K-edge L-edges
ki 2p3/2
L ] L2 2P,
L1 2s
K 1s

Figure 28. Different edge descriptions for X-Ray Absorption Spectroscopy. These edges
were defined by the different core-level excitation, since different core levels can be
excited to do XAS measurements. Courtesy of Kelsey Stoerzinger, Marcel Risch,
Wesley Hong.
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X-Ray Emission Spectroscopy, valence electrons fills the core hole and energy is emitted
from the material (Figure 29). In order to get valence electrons, firstly electrons are
excited by sending X-Ray photons just like XAS and then, these valence electrons returns

back to their core hole.*

XAS XES

v

—O— —O—

Figure 29. Working Principles of X-Ray Absorption Spectroscopy and X-Ray Emission
Spectroscopy: X-Ray Absorption Spectroscopy sends an X-Ray photon to the material to
excite the electron from core level to conduction band. X-Ray Emission Spectroscopy,
valence electrons fills the core hole and energy is emitted from the material. Courtesy of
Kelsey Stoerzinger, Marcel Risch, Wesley Hong.
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With X-Ray Absorption and Emission Spectroscopy, we want to see the electronic
structure of the positive electrodes. From the discussion above, it is clear that XAS and
XES are complimentary of each other. By using both XAS and XES, the whole electronic

structure can be learned.
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Figure 30. Schematic of proposed electronic structure of the pristine LiCoO, and the
XAS/XES measurements that are collected at ALS. XAS and XES give information
about unoccupied and occupied states of the electronic structure. These measurements are
done with Magali Gauthier and Wesley Hong.
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XAS gives us information about unoccupied states of the electronic structure since
photons excite the electrons to the valence band that is the unoccupied states of the
electronic structures. The occupied states of electronic structure can be learned from XES
measurements where the valence electrons are emitted to core level (Figure 30). With
these measurements, the idea is to find electronic structures of different positive
electrodes and to see how these electronic structures changes as different potentials are
applied to these electrodes.

Pellets were used for these measurements. These electrodes are cycled in 1 M LiPF; EC :
EMC 3:7 electrolyte and C/100 rate is used for charging. Cells disassembled in the
glovebox and they were rinsed 30 minutes in EMC. They were transfer to ALS in
aluminum sealed bags and they were not exposed to air. Samples are stored at ALS
glovebox and mounted on the holder in the gloveb(;x. They were transferred to the
chamber using aluminum bags or transfer kits. Both TEY (surface) and TFY (bulk) were
measured at beamline 6 or 8. XES measurements acquired at BL 8. Also XPS

measurements are done at MIT.
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4 Results and Discussion

4.1 XPS Results

XPS measurements were done to investigate the EEI layers on these different positive
electrodes for lithium ion batteries. To avoid any effect on carbon and binder, 100 %
active materials are used as our electrodes. These electrodes were charged
galvanostatically to different desired potentials in 1M LiPF, in a 3:7 ethylene carbonate
(EC): ethylmethylcarbonate (EMC) at a C/100 rate. Although the C/100 rate is slow,
since there were no carbon and i)inder on positive electrodes, we wanted to allow good
diffusion of Li and electrons. After disassembling in the glovebox, electrodes were gently
rinsed with EMC and they were transferred with transfer vessel to XPS. Here with these
data, we show that different positive electrodes show different reactivity towards the
electrolyte.

All data is calibrated with the C-C bond at 285 eV. Analysis area is 200 x 200 um. Core
peaks analyzed using a nonlinear Shirley-type background and fitting method is 70%
Gaussian and 30% Lorentzian. For Mn, Co and Ni 2p, for fitting, we should use

asymmetric peaks.

4.1.1 Lic002 and LiNi1/3Mn1/3C01/302

There are four peaks that can be fitted for Cls spectra. These four peaks are at 285,
~286.3, 287.6 and 288.8 eV. The first peak is adventitious carbon or C-H bond. The
second peak is attributed to C-O bonds and third peak is related to C=0/O-C-O bonds.

The last peak corresponds to O=C-O (a carbon bound to two oxygen atoms).”*” As it is
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seen from Figure 31, there is no carbonate peak (COs:around 290 eV) in these XPS
data.”®” This carbonate peak is usually observed on pristine positive electrode materials.

Ols spectra have also four peaks. First one is oxygen in the lattice, which is around 529.5
eV. The second peak is attributed to ROLi species (~531 eV).***The third peak
corresponds to 3 different contributions. These are oxy.gen on the surface, carbonate and
0-C=0 bonds.”™ Last one is the O-C=0 which is related to single bond between a

carbon and an oxygen as in esters (~533.4 eV).”
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Figure 31. XPS spectra of the Cls and Ols photoemission lines for LiCoO, and
LiNi, ;Mn, ,Co, ;0, for the pristine carbon-free, binder-free electrodes and after charging
to4.1,42,4.4 and 4.6 V,,. These measurements are done with Magali Gauthier.



From the first look for these two different positive electrode materials, we can see that
EEI layers on LiCoO, are strongly dependent on the potential. However, that is not the
case for LiNi,sMn,;Co,;0, . Changes for NMC 111 is minimal compared to LiCoO,.

At 4.1 VLi, there is an increase of C-O peaks at Cls spectra (286.3 eV) and Ols spectra
(533.4 V). This increase can be related to the formation of polyethers or semicarbonated
ROCO,Li.* Also at this voltage, at Ols spectra, a new peak appears around 534.8 eV,
which is usually attributed to the formation of lithiated fluorophosphates (Li,PF,0,). This
formation can be seen at Fls and P2p spectra as well (Figure 32). At this potential, Fls
shows the growth of both fluorophosphated and LiF, which are both formed by
decomposition of LiPF, salt.*®

For LiCoO,, at 4.2 and 4.4 V;, Cls peaks other than adventitious carbon peak decreased.
This also corresponds to the intensity decrease of Ols spectra as well, which means that
there is a formation of a surface layer that does not have or small amount of C and O
species. At these potentials, F1s spectra show us that there is an increase of LiF*® and
fluorophosphates components, which suggests reactivity with salt.

For LiNi,sMn,;Co,;0,, LiF and phosphate content are almost constant for different
potentials. LiF is considered as a material that is generally formed by chemical reactions.
However, the results from these two different materials show that, especially for LiCoO,,
LiF formation should be inﬂuenéed by other factors, not just proton availability due to
electrolyte oxidation.

Charging both samples to high voltages such as 4.6 V;, EEI surface films completely

modifies. We can see that from Cls and Ols, since both carbonated and oxygenated
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species are increased from 4.4 V; to 4.6 V,; and LiF content is decreased for LiCoO,.

Lils spectra elucidates that there are no lithiated compounds.
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Figure 32. XPS spectra of the Fls and P2p photoemission lines for LiCoO, and
LiNi, ;Mn, ;Co,;0, for the carbon-free, binder-free pristine electrodes and after charging
to4.1,4.2,4.4 and 4.6 V,; These measurements are done with Magali Gauthier.

For the disappearance of LiF at 4.4 V;, we proposed a few different hypotheses. Firstly,
LiF domains®” may be formed and we cannot see these domains from XPS. However, at
Ols spectra, the peak for oxygen lattice of the materials (~529.3 eV) can be still seen,
which suggests that EEI layer thickness is actually smaller than the penetration depth of
XPS (~5-10 nm). Second hypothesis is the breakdown of EEI layer and dissolution of the

EEI species. This suggestion is usually proposed on LiCoO, composite electrodes at high

potentials. This may be due to mechanical stress and/or lattice volume change of the
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material during delithiation. After this breakdown, new EEI surface layers may be formed
at these high voltages.

There is also another aspect that should be considered rather than electrolyte oxidation.
When these positive electrodes are charged to high voltages, molecular oxygen or
peroxo-like species can be formed. In this case, an investigation at electronic states with
respect to the Fermi level is required. For high potentials, Fermi level may fall below the
top of the O 2p band. The removal of lithium ions is compensated by holes in the O 2p
band where lattice O> are partially oxidized to O, leading to the formation of 02~ that
finally disproportionate to create O, gas.””*”*™ Since NMC 111 has Mn and Ni, these
materials may be pushes up the Fermi level, which means less oxygen release. These
oxygen species can react with the electrolyte at high potentials and because of this,
oxygen species at 4.6 V; increases as well.

To summarize, if LiCoO, with LiNi,;Mn,;Co,;0, are compared, LiCoO, has more
reactivity with the LiPF; salt to form LiF and phosphates. Up to 4.4 V,;, LiCoO, EEI film
composition is affected by voltage, however, for LiNi,;Mn,;Co,;0, it seems that the
results are very comparable. But for both cases, when the samples charged to 4.6 V,;,
there is a strong modification of these EEI layers. Specifically, there is an increase of

oxygen based-species, which may be result of the oxidation of the electrolyte.

4.1.2 Li;Ru0; and LizRUo,le‘lo,503

Similar XPS measurement has been done on Li,RuO, and Li,Ru,sMn,;0;. As it is
explained before Li,MO; compounds, especially Li,RuO; compounds family, there is

reversible oxygen anionic redox, which forms peroxo-like species rather than oxygen gas
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release. For these compounds, five different voltages were measured: 3.6 V(;,3.8 V;,4.2
V., 44 V,;and 4.6 V, and Cls, Ols, Fls, P2p, Mn2p (only for Li,Ru,sMn,s0;) spectra

were collected.

Li,Ru0, Li,Ru, Mn, .0,

Figure 33. XPS spectra of the Cls and Ols photéemission lines for Li,RuO; and
Li,Ru, sMn, ;O, for the carbon-free, binder-free pristine electrodes and after charging to
36,3.8,42,44 and 46 V,, For Cls spectra, red lines indicate the Ru peaks and gray
lines indicate the C species. These measurements are done with Magali Gauthier.

The pristine Li,RuO;, Cls spectra indicate both carbonated species and Ru peaks which
can be seen in Figure 33. The binding energy of Ru is close to C peaks so Ru peaks
should be added to the deconvolution parameters at Cls spectra. There are four Ru peaks
that should be considered: Ru 3ds, split peak and its satellite peak; Ru 3d,, split peak and

_084-85

its satellite peak.”’*® It is hard to see carbon peaks for O-C-O and C , which are

around 287.6 eV and 286.3 eV because of the Ru 3d peaks. For Ols spectra, the highest

61



peak is surface oxygen peak aréund 532 eV and other than this peak; there is oxygen
lattice around 529.8 eV, ROLI peak around 530.3 eV and C-O (oligomer/ O-C=0) peak
around 533.8 eV ¥

Once the electrode is charged to 3.6 V;, Ru peaks disappear from Cls spectra. Also, high
binding energy carbon species cannot be seen from at Cls spectra. All these suggest the
formation EEI film on this positive electrode. This also can be seen in Ols spectra as
well. The intensity of surface oxygen peak (~532 eV) decreases from pristine to 3.6 V;
and ROLi and oxygen lattice disappear from Ols spectra. These behaviors also suggest
the surface film formation.

From 3.6 V; till 4.6 V|, Cls and Ols spectra seem similar. Two peaks are appearing at
Cls spectra, which are C-H peak or adventitious carbon peak and C-O peak. The
intensity of these two peaks seems similar. For Ols spectra, there are two peaks
developing: Oxygen surface peak (~532 eV) and C-O (oligomer/ O-C=0) peak (~533.8
eV). Their intensities are actually quite low. These imply that there is a surface film on
positive electrode and it seems that this film is quite stable at different potentials. Also,
this surface film is not formed by carbon or oxygen species because the XPS intensity of
these species is quite low.

Fls spectra in Figure 34 indicate that LiF mostly forms this surface film. LiF content is
quite higher than Li PF,O, and LiPF, and LiF” content substantially changes at
differential potentials. One possibility for this stable surface film on Li,RuQ; is that there
is a large amount of LiF, which eovers the positive electrode, so that the intensity of Cls
and Ols spectra decreases because of this LiF coverage. The intensity of P2p spectra is

quite low, so it is safe to assume that there are large amounts of LiF on this surface film.
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Figure 34. XPS spectra of the Fls and P2p photoemission lines for Li,RuO; and
Li,Ru, sMn, sO; for the carbon-free, binder-free pristine electrodes and after charging to
3.6,3.8,42,44and 4.6 V,;, These measurements are done with Magali Gauthier.

For pristine Li,Ru,sMn,sO, material, the four Ru peaks can be seen at Cls spectra that
have higher intensity than the intensity of Ru peaks for Li,RuQO;. Similarly, at Ols
spectra, oxygen lattice peak has higher intensity than Li,RuO; oxygen lattice intensity.
Similar to Li,RuQ;, the highest intensity peak at Ols spectra is oxygen surface peak,
which is around 532 eV.

When Li,Ru,sMn,s0;charged to 3.6 V, the intensity of Ru peaks decreases but it does
not vanish like Li,RuQ;. Similarly, at Ols spectra, oxygen lattice peak disappears, which
imply a formation of EEI film. Unlike Li,RuQ;, there are three peaks at Ols spectra

rather than two peaks. Just like Li,RuO;, there is peak around 532 eV, which corresponds
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to surface oxygen and the intensity of these peaks are decreased. There is another peak at
533.8 eV C-O and oligomers. Additional these two peaks, Li,Ru,sMn,O; has a peak
around 530 eV (ROLi peak).

At potentials 3.8 V, there is no Ru peak at Cls and ROLi peak at Ols disappears as well.
This may correspond to thicker EEI layer than 3.6 V. The Ru peaks start to appear at 4.2
V and their intensity increases as potential goes from 4.2 V to 4.6 V. At 4.6 V, the
oxygen lattice can be seen at Ols spectra. The thickness of the EEI layer decreases from
42 V to 4.6 V. Furthermore, these results match with Fls spectra. From 3.6 Vto 3.8 V,
the amount of LiF increases and at 4.2 V, LiF amount starts to decrease. Once LiF
amount decreases, Ru peaks can be seen in Cls spectra.

To summarize, it appears that the amount of LiF in these two compounds dominates the
EEI layer. As LiF amount increases, the intensity of C- and O- peaks start to decrease and

Ru peaks appear when LiF amount decreases.

4.1.3 Discussion

Aforesaid, for XPS measurements at least two to four samples were done for each
potential to check the reproducibility. In this section, first the reproducibility of these
samples will be shortly discussed. Then, XPS measurements will be compared with each
other, namely comparison between LiCoO,, LiNi;;Mn,;Co,;0,, Li,RuO; and
Li,Ru, sMn, s0;.

All XPS measurements for the carbon-free, binder-free LiCoO, electrodes are in
Appendix A. For 4.1 V;, two electrodes show similar trend for almost all spectra and
first electrode has less LiPF,. The LiF content of these electrodes is quite similar (4% and

6%) and because of this, it does not change the trend in Figure 35. Also first electrode



was cycled in the new glovebox and we found the results more trustable in the new
glovebox. For the case of 4.2 V;, the electrode with Li, ,CoO, has been chosen since the
C1ls and Ols are the mean of the others electrodes in terms of intensity. Also, the again if
we look at the LiF content of all four samples, the intensity of LiF peaks are quite similar.
Another reproducibility check for the carbon-free, binder-free pristine LiCoO, electrodes
that charged to 4.4 V, has been shown in Appendix A. Here, it can be said that the
reproducibility of the XPS measurements are better than the 4.1 and 4.2 V,; cases,
especially if we remove the contribution of the salt in some electrodes in the Fl1s spectra.
Also, it should be worth mention that the amount of the amount of LiF is quite well
reproducible and the Ols spectra also really reproducible. At 4.6 V ;, the electrodes with
Li,3;CoO, content and Li,,,CoO, content illustrates the similar kind of trend. Especially if
we look at the trends of absence of LiF and presence of a lot of oxygen species, these
electrodes are reasonably comparable.

For the carbon-free, binder-free pristine LiNi,;Mn,;Co,;0, electrodes, eight different
spectra have been shown in Appendix B. These spectra display that for 4.1 V;, the same
trends can be seen for electrodes with Lio;NMCO,, and Lip 5 NMCO, except for the
amount of fluorophosphates. However, the intensities of Fls spectra are actually small
compared to LiCoO,. So, the actual change between these Fls spectra is actually
insignificant. Only two sample were done for 4.2 V;, 44 V,; and 4.6 V;, since the
reproducibility of these samples are quite well and their delithiation content is similar for
both samples.

For the case of Li,RuO,; (Appendix C), two complications were encountered. For one is

the LiPF, content in Fls is spectra. For some samples such as 3.6 V;, Cls and Ols
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spectra were similar in the contents of carbon and oxygen species however, Fls and P2p
showed a large amount of LiPF,. For these cases, the sample with small amount LiPF; is
chosen for further analysis. Secohd one was the trend of P2p peaks for each potential was
usually different. However, the intensities of P2p spectra are actually small compared to
LiMO, materials. Because of this reason, we can say that the XPS data for Li,RuQ;.

Last XPS measurements were done for Li,Ru, ;Mn,s0;, which can be seen in Appendix
D. The difficulty with these XPS spectra is the differences between P2p spectra. But
similar to Li,RuQO;, the intensity of P2p peaks are small compared to Cls, Fls and Ols

and because of this, the change in P2p spectra is inconsequential.

In this work, XPS measurements were done on two different compound families: LiMO,
and Li,MO; As it is mentioned in previous chapters, they have different electrochemical
and oxygen anionic redox behavior. Content of different species can be seen at Figure 35.
If we compare LiCoO, with LiNi,;Mn,;Co,;0,, LiCoO, has more reactivity with the
LiPF, salt to form LiF and phosphates. Up to 4.4 V;, LiCoO, EEI film composition is
affected by voltage, however, for LiNi,;Mn,;Co,;0,, it seems that the results are very
comparable. But for both cases, when the samples charged to 4.6 V;, there is a strong
modification of these EEI layers. Specifically, there is an increase of oxygen based-

species, which may be result of the oxidation of the electrolyte.
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Figure 35. Atomic percentages from XPS spectra of LiCoO,, LiNi;Mn,;Co,;0,,
Li,RuO; and Li,Ru,sMn,O;. Pristine and charged carbon-free, binder-free LiCoO, and
LiNi,;Mn, ;Co,;0,electrodes at 4.1 V;,42 V;,44 V,; and 4.6 V,;. Pristine and charged
carbon-free, binder-free Li,RuO; and Li,Ru,sMn,O; electrodes at 3.6 V;, 3.8 V;, 4.2
V. 44V,and 46 V,,.

When Li,RuO; and Li,Ru, sMn, ;O; are compared, they both have high reactivity with the
LiPF, salt to form LiF. They definitely have more LiF content than LiCoO, and
LiNi, sMn, ;Co,;0,, which can be seen at Figure 30. Even the lowest amount of LiF for
Li,RuO; and LRMO (18%) is larger than the largest LiF content for LiCoO, (16%). Both
for Li,RuO; and LRMO, the largest LiF amount is at 3.8 V,;. After charging to 4.2 V,;,

LiF content decreases, although the decrease of LiF content for LRMO is more severe
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than Li,RuO;. Because of the large amount of LiF, the amounts of surface oxygen and

oxidizes carbon species decrease right after charging to 3.6 V.

02p 02p O2p

MO™* band

pure O band
(non-bonding)

MO band

Cationic redox Ligand holes Anionic redox

Figure 36. Cationic redox, ligand holes and oxygen anionic redox for lithium transition
metal oxides between M d band and oxygen 2p band. The differences between XPS
measurements of LiMO, and Li,MO, can be explained with anionic redox. *

These results can be explained with oxygen anionic redox and oxygen and metal d band
model (an example of anionic redox in Figure 36). After XPS analysis on different
positive electrodes, our hypothesis is when d band electron number increases or when
lithium content decreases, M-O covalency for given lithium content increases. This
means the enhancement of oxygen redox and increasing decomposition of solvated ions
and free electrons. In order to test this hypothesis, the electronic structure of these

different positive electrodes should be checked which could be done by XAS/XES

measurements.
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4.2 XAS/XES Results

As it is explained in the previous chapter 3.3, in order to understand the electronic
structure variations by applying different potentials, XAS and XES measurements were
done at ALS in Lawrence Berkeley National Laboratory. For XAS measurements both
TEY and TEY measurements were done where one of them probes the surface and the

other one probes the bulk.
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Figure 37. X-Ray Absorption Spectroscopy measurement results for different pristine
positive electrode materials with reference materials Li,CO,, Li,O, and Li,0.”" These
measurements are done with Magali Gauthier and Wesley Hong.

Figure 37 shows XAS TFY results for different materials with reference materials
Li,CO;, Li,0, and Li,O. Even looking at these pristine materials, the results can give us
some insight into the differences between Li,MO; and LiMO,. When LiMO, is compared
with Li,MO,, there is only one peak appearing for LiMO,; however there are two peaks

around 530 eV for Li,MO,. So the key question is why there are two peaks for Li,MO;
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and only one peak LiMO,. One answer could be the different interactions of O lattice
with these M transition metals and lithium. Also if the data is compared with the
reference materials, it can be seen that none of the peaks seem to match with Li,O.

This difference between LiMO, and Li,MO, can be explained with two hypotheses. First
one is the exchange splitting in oxides. This was previously explained by de Groot et al.,
where these exchange effects split the t,g and e, into four and these are spin-up t,,, spin

down t,,, spin up e, and spin down e, which can be seen in Figure 38.%

CrOq
_ s
di.-_t -_—% =
-ﬂ-l—tjg —
cr ZEL)

Figure 38. The exchange effect for two group bands t,, and e, which splits these bands
into four: spin-up t,,, spin down t,,, spin up e, and spin down e,. This exchange splitting
is proposed for oxides. *
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Second hypothesis is the t,, and e, might be split for Li,MO; compounds. The difference

between Co’* and Ru™ tried to explained below:

e = _|\_
4+
Ru in Li_ RuO
d4 2 3 tzg M t?.pr AFFP
spin Spin up
down
3%, o €
Co in L1C002 8

6
d , N

Tsai et al. mentioned this t,, and e, splitting in their work on RuO, and IrO, which can be

seen in Figure 39:
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Figure 39. O K-edge XAS spectra for RuO, and IrO, nanorods, which shows t,, and ¢,
splitting. Lower graph exhlblts Ru and Ir L3 edge and upper graph shows the background
corrected XANES spectra. ”
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The other option for these two peaks might be the Ru-Ru dimers in Li,RuO; compounds,
where first peak of the XAS spectrum might be due to the antibonding of Ru-Ru dimers.
Nevertheless, this does not explain two peaks for Li,IrO; spectra since Ir-Ir dimers are not

observed for Li,IrO;.'”

0K TEY-LiCoO,| 0K _TFY-LiCoO,[ [CoL /| TEY-LiCoO,
A ,.(.»’//\\ N i\
A N Y-

I\ —
\/
4.4V

g f | Y
AU AN X-

Intensity (AU)

pristine pristine

pristine
530 540 550 560 530 540 550 560770 780 790 800
Energy (eV) Energy (eV) Energy (eV)

Figure 40. O K-edge (TEY and TFY) and Co L-edge XAS spectra for pristine and
charged LiCoO, and electrodes at 4.1 V;, 42 V;, 44 V; and 46 V,; These
measurements are done with Magali Gauthier and Wesley Hong.

Here is an example of charged samples of LiCoO, for both TFY and TEY measurements
(Figure 40). As it is seen, as the sample is charged to higher potentials, the peaks start to
broaden and peaks tend to shift to lower energies. Ensling et al.'”" have already seen this
behavior where they see the change in the Co3d-O2p hybridizes states by these shifts and

broadening of peaks. Co L spectra are not influenced upon charging. There is an increase

of the low energy shoulder upon charge and shift of the main peak to the higher energy.
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Figure 41. O K-edge (TEY and TFY) XAS spectra for pristine and charged Li,RuO; and

electrodes at 3.6 V,;, 3.8 V;, 42 V,;,44 V,; and 4.6 V|, . These measurements are done

with Magali Gauthier and Wesley Hong.

Another example for charged positive electrodes is shown in Figure 41. Here different

Li,RuO; positive electrodes are charged to five different potentials and we have observed

some changes. Firstly, there is an increase of the t,, peak intensity up to 3.8 V and t,, and

e, peaks shifts in energy. Secondly, there is an increase of the first peak from 38Vto46

V. Maybe this might suggest the oxidation of oxygen anion.

We tried to combine information from XAS, XES and XPS to further analyze the data.

For these analyzes 2™ and 1% derivatives used to determine the features positions and

errors of the XES spectra and XES and XPS aligned with the lowest feature. The

difference between the XAS pre-edge and the antibonding feature in XES determine the

band gap. The charge transfer is established by either the difference between XAS pre-

73



edge and non-bonding or XAS and Fermi level (For Li,MO;, to account for the metallic
nature of these oxides). All samples aligned to the absolute energy scale relative to
LiCoO, (work function 5eV). For these further analyzes, we started with pristine
materials for different materials and we also collected XPS measurements for all the

samples that we measured for XAS/XES.
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Figure 42. Alignment of XES spectra with XPS spectra for LiCoO,, NMC 111, Li,RuO,
and Li,Ru, sMn, sO,. Hybridization features should be used for these alignments. It aligns
the lowest energy XPS valence band with lowest energy peak of the superposition.'”
These analyses are done with Magali Gauthier and Wesley Hong.

The alignment of XES spectra with XPS valence band measurements uses the
hybridization features. It takes the superposition and then aligns the lowest energy peak
of the superposition with the lowest energy XPS valence band feature. This gives us a
strong method to obtain partial density of states. It should be mentioned that this kind of
alignment relies on an assumed relation between the XES and XPS valence band energy
scales. From the results of Figure 42, we can say that, Li,MO; XPS valence bands are

dominated by the TM (high cross-section of Ru, Ir).'*
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Figure 43. Experimentally determined band positions: Gray lines indicate HOMO of the
electrolyte and redox level of O,/Li,0."” These analyses are done with Magali Gauthier
and Wesley Hong.

There is still a need for further analysis with these XAS/XES data (see example in Figure
43). From these data, we believe that we can completely understand the electronic
structure of the different positive electrode materials. This understanding may lead to the

understanding of different oxygen anionic redox behavior for Li,MO; and LiMO, and

these behaviors’ effects to the formation of different EEI layers.
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5 Conclusions and Suggestions for Future Work

5.1 Conclusion

By using model electrodes, we showed the importance of using 100% active material
while studying EEI layer on oxides positive electrodes. With this method, we avoid any
misinterpretation from the presence of additives, since even the smallest amount of these
additives has large surface area. We highlighted the different reactivity of LiCoO,,
LiNi, ;Mn, ;Co,,:0,, Li,Ru0; and Li,RuysMn,s0; where LiNi,3Mn,;Co0,50,is the least
affected by the end-of-charge potential. At high cut-off potentials, different positive
electrode materials display a rearrangement of the EEI layers that may be correlated with
the poor performance of these materials at high potentials. Besides, XPS results illustrate
different reactivity with LiPF at different potentials suggest that may be the formation of
LiF does not just happen by chemical reaction.

XAS/XES spectra measurements have been obtained on different cathode materials.
These measurements provide information about partial density of state of the positive
electrodes during charging. Even’XAS/XES spectra of the various pristine materials show
important differences in their electronic structure. One of the critical analyses couples
these measurements with valence bands measured by XPS to align them on an absolute
energy scale. At the end of this analysis, the electronic structure will be correlated with
the formation of species such as bz or peroxo-like species and their possible influence on

the electrode/electrolyte interface.
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5.2 Suggestions for Future Work

Our work showed the importance of using different spectroscopy techniques to
understand EEI layer better and we believe that it revealed certain aspects of EEI layer
for different cathode materials. However, there is still need for more systematic study for
these EEI layers.

Firstly, we showed the importance of using 100% active materials rather than composite
electrodes. Because of this reason, different thin films can be prepared to study EEI
layers. With thin films, different orientations of these positive electrodes can be studied
by XPS to see each orientation’s effect on the EEI layers.

Secondly, all of the work that has been done are ex-situ studies, meaning that the
electrodes were charged, stopped, the positive electrodes were removed from the cell and
the measurements were done. In order to have a better gnderstanding of EEI layer, in situ
studies should be done. For these studies, firstly in situ cells should be designed for
different measurements, specifically in situ Raman cell and in situ FTIR cell. After
having these cells, we can perform in situ measurement with Raman and FTIR on
different carbon-free, binder-free electrodes such as LiCoO,, NMC, Li,Ru0O;. Raman and
FTIR will give information on chemical species on EEI layer and EQCM will provide
information on the mass changes on the surface of the electrode. After all these
measurements, we can develop design principles for interface/surface chemistry and

structure between electrolytes and positive electrodes.
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APPENDIX A: Reproducibility check for LiCoO; at 4.1V,;, 4.2V, 4.4 V;and 4.6 V;;

O surface
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Binding energy (eV) Binding energy (eV) Binding energy (eV)
XPS spectra of the Cls, Ols and Fls photoemission lines for the carbon-free, binder-free
pristine LiCoO, electrodes and after charging to 4.1 V,;. The delithiation amounts of these
samples are LiysCo0, LiyssCo0, LijssCoO, LipssCoO,, respectively. For analysis
sample with Li, ;sCoO, content has been chosen for further analysis.
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XPS spectra of the P2p, Co3p and Co2p photoemission lines for the carbon-free, binder-
free pristine LiCoO, electrodes and after charging to 4.1 V,;. The delithiation amounts of
these samples are Li, C00, LiysC00, LiyssC00, LijssCo0,, respectively. For analysis
sample with Li, ;;CoO, content has been chosen for further analysis.
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XPS spectra of the Cls, Ols and Fls photoemission lines for the carbon-free, binder-free
pristine LiCoO, electrodes and after charging to 4.2 V,;. The delithiation amounts of these
samples are Lij5C00, LijssC00, Lij3Co0, Lig;CoO,, respectively. For analysis
sample with Li, ,CoO, content has been chosen for further analysis.
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XPS spectra of the P2p, Co2p and Co3p photoemission lines for the carbon-free, binder-
free pristine LiCoO, electrodes and after charging to 4.2 V,;. The delithiation amounts of
these samples are Liy sC00; Liy5sC00, Lig3C00,, Lip,CoO,, respectively (from down to
up). For analysis sample with Li, ,;CoO, content has been chosen for further analysis.
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XPS spectra of the Cls, Ols and Fls photoemission lines for the carbon-free, binder-free
pristine LiCoO, electrodes and after charging to 4.4 V,;. The delithiation amounts of these
samples are Liy;;C00, Lij4C00, Lig3Co0, Lig,Co0,, respectively. For analysis
sample with Li, ,C0O, content has been chosen for further analysis.
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XPS spectra of the P2p, Co2p and Co3p photoemission lines for the carbon-free, binder-
free pristine LiCoO, electrodes and after charging to 4.4 V. The delithiation amounts of
these samples are Liy;,C00, Li,4,C00O, Liy30C00, Liy,,Co0O,, respectively. For analysis
sample with Li, ,CoO, content has been chosen for further analysis.
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XPS spectra of the Cls, Ols and Fls photoemission lines for the carbon-free, binder-free
pristine LiCoO, electrodes and after charging to 4.6 V ;. The delithiation amounts of these

samples are Li,,4C00, Liy,,C00, LijCo0, Liy3;Co0,, respectively. For analysis
sample with Li,;;CoO, content has been chosen for further analysis.
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XPS spectra of the P2p, Co2p and Co3p photoemission lines for the carbon-free, binder-
free pristine LiCoO, electrodes and after charging to 4.6 V ;. The delithiation amounts of

these samples are Li,,4C00, Li;,,C00, LigsC00O, Liy;,Co0,, respectively. For analysis
sample with Li,;CoO, content has been chosen for further analysis.
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APPENDIX B: Reproducibility check for LiNi;sMny/3C01/30; at 4.1V, 4.2 V,;, 4.4V,
and 4.6V
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XPS spectra of the Cls, Ols and Fls photoemission lines for the carbon-free, binder-free
pristine LiNi, ;Mn,;Co,,0,electrodes and after charging to 4.1 V;. The lithium amounts
of these samples are Li,sxNMCO,, Liy;NMCO,, and Li; 5, NMCO, respectively. For
analysis sample with Li, s, NMCO, content has been chosen for further analysis.
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XPS spectra of the P2p, Co3p, Co2p, Mn2p, Ni2p photoemission lines for the carbon-
free, binder-free pristine LiNi,;Mn,;Co,;0, electrodes and after charging to 4.1 V,;. The
lithium amounts of these samples are LiyNMCO,, Li,;NMCO,, and Liy5,NMCO,
respectively. For analysis sample with Li,s,;NMCO, content has been chosen for further
analysis
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XPS spectra of the Cls, Ols, Fls, P2p, Co3p, Co2p, Mn2p and Ni2p photoemission lines
for the carbon-free, binder-free pristine LiNi,;Mn, ;Co,;0;electrodes and after charging
to 4.2 V,,. The lithium amounts of these samples are Li, ,-sNMCO, and Li,,sNMCO,
respectively. For analysis sample with Li,,sNMCO, content has been chosen for further

analy
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XPS spectra of the Cls, Ols, Fls, P2p, Co3p, Co2p, Mn2p and Ni2p photoemission lines

for the carbon-free, binder-free pristine LiNi,;Mn,;Co,;0, electrodes and after charging

to 4.4 V,,. The lithium amounts of these samples are Li,;sNMCO, and Liy;sNMCO,

respectively. For analysis sample with Li,;sNMCO, content has been chosen for further

analysis.
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XPS spectra of the Cls, Ols, Fls, P2p, Co3p, Co2p, Mn2p and Ni2p photoemission lines
for the carbon-free, binder-free pristine LiNi,;Mn,;Co,;0,electrodes and after charging
to 4.6 V,,. The lithium amounts of these samples are Li,;,NMCO, and Liy3,NMCO,
respectively. For analysis sample with Liy; NMCO, content has been chosen for further

analysis.
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APPENDIX C: Reproducibility check for Li;RuO; at 3.6 V;, 3.8 V;, 4.2 V,;, 4.4V,
and 4.6V
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XPS spectra of the Cls, Ols, Fls, P2p and Lils photoemission lines for the carbon-free,
binder-free pristine Li,RuO; electrodes and after charging to 3.6 V. For Cls spectra, red
lines indicate the Ru peaks and gray lines indicate the C species.
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XPS spectra of the Cls, Ols, Fls, P2p and Lils photoemission lines for the carbon-free,
binder-free pristine Li,RuO; electrodes and after charging to 3.8 V ;. For Cls spectra, red
lines indicate the Ru peaks and gray lines indicate the C species.
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Cls Ols Fls

\
N\

2

w2 20 e me a4 2 a0 sw s s e s 63 2 @0 s o6 e 82
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
P2p Lils
LF
LPFy

144 142 140 138 138 134 132 130 6 64 62 60 58 58 84
Binding Energy (eV) Binding Energy (eV)

XPS spectra of the Cls, Ols, Fls, P2p and Lils photoemission lines for the carbon-free,
binder-free pristine Li,RuO, electrodes and after charging to 4.2 V,;. For Cls spectra, red
lines indicate the Ru peaks and gray lines indicate the C species.
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Cls _ Ols Fls

OP(OR}y O surface
Qc=oic-0  COyOC=0

692 690 688 686 684 882
Binding Energy (eV)

P2p Lils

WOt W0 18 1% 1M 1R 19 6 4 2 0 % % S
Binding Energy (eV) Binding Energy (eV)
XPS spectra of the Cls, Ols, Fls, P2p and Lils photoemission lines for the carbon-free,

binder-free pristine Li,RuOj; electrodes and after charging to 4.4 V. For Cls spectra, red
lines indicate the Ru peaks and gray lines indicate the C species.
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Cls O1s Fls

LF
L,PF,0,
I'PFI
g~ i e e v " B e e W e o e e
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

P2p Lils

144 142 140 138 136 134 132 130 6% 64 62 60 58 56 84
Binding Energy (eV) Binding Energy (eV)

XPS spectra of the Cls, Ols, Fls, P2p and Lils photoemission lines for the carbon-free,

binder-free pristine Li,RuO, electrodes and after charging to 4.6 V,;. For Cls spectra, red
lines indicate the Ru peaks and gray lines indicate the C species.
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APPENDIX D: Reproducibility check for Li;RugsMngsOs at 3.6 Vy;, 3.8 Vy;, 4.2V,
4.4V and 4.6 V|,

Gls , O1ls Fls

N air e ~ag- "age ragr ~aar: N SR "R S T A K i " "R "R
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
P2p Lils Mn2p

LiF
2p,, 2.
,,

U\ MW

————— ; S
TR e a T Eah 56 8 6 s s e TE R OE L W
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

XPS spectra of the Cls, Ols, Fls, P2p, Lils and Mn2p photoemission lines for the
carbon-free, binder-free pristine Li,Ru,sMn, 505 electrodes and after charging to 3.6 V,.
For Cls spectra, red lines indicate the Ru peaks and gray lines indicate the C species.
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Cls

C-HC-C

O1s

OP(OR):, O surface

0€=0/C-0COy0C*Q
Ll,PF,’Ox
4 O lattice
X
/N

282 200 288 286 284 282 280
Binding Energy (eV)

P2p

536 534 532 530 628 626
Binding Energy (eV)

Lils

LiF
__‘____———ky\

e

F1s

692 690 688 686 684 682
Binding Energy (eV)

Mn2p

M

144 142 140 138 138 134 132 130 680 855 650 848 sd0 638
Binding Energy (eV) Blndlng Emm (OV] Binding Energy (eV)

XPS spectra of the Cls, Ols, Fls, P2p, Lils and Mn2p photoemission lines for the
carbon-free, binder-free pristine Li,Ru,sMn, ;05 electrodes and after charging to 3.8 V;.
For Cls spectra, red lines indicate the Ru peaks and gray lines indicate the C species.

97



Cls O1ls Fls

OP(OR)y O surface
CHICC Q-C+0IC-0 COYO-CoQ
co LPF .0

C°=°€'°_2 \ _N

292 290 288 286 284 282 280 53 534 832 530 528 526 692 690 688 686 684 682
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
P2p Lils Mn2p

LiF
2, %,
upr, UPFOr LiPF, W g g "»‘ A

144 142 140 138 136 134 132 130 64 62 6 S8 s 54 660 655 650 645 640 635
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

)

XPS spectra of the Cls, Ols, Fls, P2p, Lils and Mn2p photoemission lines for the
carbon-free, binder-free pristine Li,Ru,sMn, O, electrodes and after charging to 4.2 V.
For Cls spectra, red lines indicate the Ru peaks and gray lines indicate the C species.
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Cls O1s Fls

COJO-C=Q
C-HCC

P P P P P P ) LA FUM PO AR P (AR P P P PR 7
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
P2p Lils Mn2p
‘-&”yo! "'PFG ¥ aw ”“

——l TN M

r T T T T =T Y T T T T T T J [ T T T T 1
144 142 140 138 136 134 132 1N L] 64 62 80 58 56 54 660 858 650 845 840 68

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

XPS spectra of the Cls, Ols, Fls, P2p, Lils and Mn2p photoemission lines for the
carbon-free, binder-free pristine Li,Ru,sMn, O, electrodes and after charging to 4.4 V ;.
For Cls spectra, red lines indicate the Ru peaks and gray lines indicate the C species.
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Cls O1s Fls

62 650 688 636 634 682
Binding Energy (eV) Binding Energy (eV)

Binding Energy (eV)

P2p Lils Mn2p

UF
LiPFg

LyPF,0; A

144 142 140 138 136 134 132 130 6 64 62 60 58 56 54 660 655 650 645 640 635
Binding Energy (eV) ) Binding Energy (eV) Binding Energy (eV)

XPS spectra of the Cls, Ols, Fls, P2p, Lils and Mn2p photoemission lines for the

carbon-free, binder-free pristine Li,Ru,sMn,s0; electrodes and after charging to 4.6 V.
For Cls spectra, red lines indicate the Ru peaks and gray lines indicate the C species.
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APPENDIX E:

Deconvolution Parameters and Quantification for

LiNi1/3MH1/3C01/302, LizRUO3 and Li;RugsMng 505

Cls
Position range
Width range

Ols

Position range
Width range

Fls
Position range
Width range

P2p
Position range
Width range

CH, Cc-0

285 286.2-286.5
1.2-16 1.5-1.8

O lattice  ROLi
depends on

the material 530.5-530.9
13-1.6 1.5-1.8

LiF LixPFyOz

685-685.5 686.5-687
1.6-1.8 1.8-23

phosphates LixPFyOz
134.8-133.9135.5-136.3

RSF values for quantification

Fls

Ols
Cls
P2p
Lils

For Ru3d

difference main to sat

spin orbit
splitting

1.5-25 1.5-2.5

1

0.733

0.314

0.525

0.028
leV
4.leV

101

C=0/0-C-O
287.3-287.6
15-1.8

Osurf/CO3/0-C=0

531.9-532.2
1.6-1:8

LiPF6
688.5-688
1.8-2.3

LiPF6
137.5-138
1.5-2:5

Co2p
Mn2p
Ni2p
Co2p 3/2
Mn2p 3/2
Ni2p 3/2

same width

13/2=0.6666*15/2

LiCoO,,
0=C-0 &5 7
288.8-2894  290.2-290.6
1.46-16 172
C-0/ O-
C=0/OP(OR)3 LixPFyOz
533.4-5339  534.6-535
13-1.8 14-1.8
3.529
2.688
3.702
2.3526
1.792
2.468

Isat/Imain=0.4



LCO Pristine 4.1V 4.2V 4.4V 4.6V
Peak Species (:5) ’;V(‘Q\*l) A% (:5) 1\:\’(?:/) A% (:\E/) n:‘?gl/) A% (:\E/) n:\?g) At% (:5) ';‘?;:) At%
C-C/C-H 285 1.6 26.5 285 1.5 20.6 285 1.6 249 285 15 17.8 285 1.5 232
c-0 286.3 1.5 4.2 286.3 15 6.1 286.5 15 4.2 286.5 15 4.0 286.2 1.8 156
Cls €=0/0-C-0 287.6 1.8 6.6 287.6 1.8 3.8 2876 15 21 287.6 1.8 23 287.5 1.8 4.3
0=C-0 288.8 15 3.0 288.8 16 4.1 288.8 1.6 23 289.0 16 2.1 288.8 1.6 35
co3 290.6 1.7 0.4 290.2 2.0 13 290.3 2.0 1.7 290.2 1.7 0.5 290.6 2 2.2
O lattice 529.3 1.3 211 529.3 1.4 118 529.6 14 5.6 529.7 15 5.4 529.3 1.6 8.6
ROLi 530.9 1.5 4.7 530.6 1.8 8.3 530.8 1.8 3.8 530.9 1.8 4.0 530.8 1.8 6.0
O1s Osurfé:C(?S/(} 531.7 1.7 13.0 5319 1.8 193 5321 1.7 8.0 532.1 1.8 103 532.1 1.8 8.1
C-0/0-
C=0/0PrbR)3 533.3 1.7 2.0 5334 1.8 5.9 533.4 1.8 3.8 5334 1.7 3.8 533.4 1.8 6.8
LixPFyOz / / / 535.0 1.5 0.1 534.7 1.8 0.4 534.8 14 0.5 534.6 1.7 1.9
LiF / / / 685.0 1.8 2.0 685.0 16 10.7 685.3 1.8 16.0 685.0 18 0.1
Fls LixPFyOz / / / 686.5 2.0 3.4 686.7 2.1 12.3 686.5 2.0 111 686.6 1.8 9.1
LiPF6 / / / 688.0 23 13 688.0 21 14 688.0 2.0 27 688.1 23 4.0
phosphate / / / 1339 25 0.8 133.9 1.9 0.3 1343 2.2 0.6 134.1 1.7 0.3
P2p LixPFyOz / / / 136.0 23 0.7 136.3 1.7 0.8 136.3 24 1.3 136.3 1.6 1.2
LiPF6 / / / / / / 137.5 19 1.2 137.5 16 03 1375 1.7 0.6
LiCoQ2 (54) 54.0 1 11.9 54.0 13 43 / / / / / / / / /
tits Lizcoééza‘)s) urry / / / / / ssg | 17 | 133 | sso | 16 | 145 / / /
LiCoO2 779.6 13 7799 1.7 780.2 1.8 780.1 1.8 780.0 1.9
Co2p 6.6 6.2 3.2 2.8 4.5
satellite 789.5 2.4 789.7 23 789.6 46 789.8 3.5 789.8 2.6
NMC Pristine 4.1V 4.2V 4.4V 4.6V
peak Species (:5) F‘:ZC;V' At (:5) F“"x;"' At% (:5) F‘("x)M A% (:5) “(’ZC)M A% (:5) F‘z‘x;"‘ A%
C-C/C-H 285 15 215 285 1.5 239 285 15 17.0 285 1.5 31.0 285 1.6 33.2
c-0 286.4 15 3.7 286.2 1.6 12.6 | 286.2 1.6 71 286.4 15 5.9 286.5 1.5 6.9
Cls C=0/0-C-0 287.6 17 35 287.6 15 3.0 287.6 1.8 36 287.6 1.8 3.7 287.6 1.8 39
0=C-0 2888 16 35 288.8 15 35 288.8 1.5 2.8 288.8 1.5 30 288.8 1.6 34
co3 290.6 1.7 0.6 290.6 2.0 1.5 290.3 2.0 1.7 290.6 2.0 0.8 290.6 2.0 1.7
O lattice 529.5 13 211 | 529.7 1.3 153 529.6 1.3 16.7 | 5295 13 17.8 | 529.4 14 14.0
ROLi 531.0 15 6.1 531.0 15 53 531.0 18 8.0 530.8 1.8 8.2 530.8 1.6 5.9
O1ls Osurf/CO3/0-C=0 | 531.8 1.6 93 531.9 18 95 531.9 1.8 9.4 5319 1.8 8.1 5320 1.8 83
C=OC/'8|£%R)3 5334 17 2.0 533.4 1.8 42 5334 1.8 4.6 533.4 18 43 5334 1.8 5.7
LixPFyOz 535.0 14 0.1 534.6 1.8 0.7 534.8 14 0.4 / / / 5347 1.5 0.6
LiF 685.0 20 2.8 685.0 2.0 1.1 685.1 18 0.9 685.4 1.8 1.0 685.4 1.8 03
Fi1s LixPFyOz 686.6 1.8 0.9 686.7 1.8 46 686.5 1.8 5.0 686.7 1.8 13 686.5 19 4.0
LiPF6 688.5 23 1.5 688.5 23 3.0 688.5 23 12 688.3 1.8 04 688.3 2.0 1.2
phosphate 133.9 25 0.4 1343 2.2 0.4 1343 25 0.5 134.2 19 04 134.2 25 0.4
P2p LixPFyOz 136.0 25 0.4 136.3 24 1.2 136.3 1.6 0.5 136.2 1.9 0.5 136.1 2.1 0.9
LiPF6 138.0 25 0.1 1375 25 0.1 1375 19 0.3 138 25 0.1 138.0 25 01
. NMC 544 13 113 / / / 54.1 1.7 8.4 54.1 0.5 1 / / /
4 [ acou 7 7 717 7 717 7 7| 7 7 77 7 7
Co2p NMC 779.9 13 25 780.2 14 21 780.2 1.5 28 780.0 14 28 779.9 15 20
satellite 789.7 3.0 790.1 2.7 790.0 2.4 790.2 35 789.9 2.1
Ni2p NMC 854.6 18 23 855.4 23 38 855.2 2.2 42 855.2 2.2 43 855.1 2.2 32
satellite 861.2 4.0 861.4 33 861.3 2.9 861.5 3.0 861.2 2.6
Mn2p NCM 641.9 23 4.4 642.3 2.4 43 642.3 23 4.9 642.2 2.3 5.4 642.0 2.4 43
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LRO

Fristne 36V T3V 5] ) G
- BE | FWH BE | FWH BE | FWH B | FWH B | Fwh BE | FWHM
Peak Species At% At% At% At%
) | Meen) tev) [ miev ) | Mev) @) | men| | e | mew @ | e | A
CC/CH s | 16 [ 2008 | 285 | 15 |16a2 | 285 | 15 | e | 285 [ 15 [ sss | 25 [ 14 | 3| ass | 15 | 1406
co 62 | 15 | 608 [2s62| 18 | sas {ase2| 18 | 284 (22| 18 | 157 [2se2| s |eor |} 1s | am
c1s cofoco | 2876 | 18 | ss |asms| 17 | 116 | 2874 | 15 | 081 | 2823 | 16 | oss | 2876 | 15 | 136 2537' 18 | 165
0=C-0 2894 16 5.82 289.2 16 124 289.0 1.6 0.81 285.2 16 0.52 289.1 16 141 2819' 16 1.86
co3 w02 | 17 | 192 [206| 20 | 015 | 2906 | 20 | 036 |22 20 | 006 |23 | 17 [0 || 17 | o1
0 lattice soos | 15 | 259 | 5300 | 13 | 010 | s205| 15 | 003 | s30 | 13 | 013 |s2es| 13 | om 5269' 16 | o3
RO s309 | 15 | 377 | sss| 15 | o |sss| 17| 027 {ss5| 15 [ o [ss0s| 15 | 036 5350' 15 | o
o1s °‘“rfC/_°83/ O Ysss | 17 | marfsnz| 16 | ase | s22| 16 [ 2m [ swa| 17 | sas [swaf s | s [ 1s [ s
cofo: 5335 | 14 164 |sasa| 17 | as6 | sssal 18 | 247 | s34 | 16 | 322 [sma| 18 | 266 | 2| 17
€=0/0P[OR)3 . ¥ X X . X . . K K X .. X R . 4 . 2.66
LixPFyOz 5347 | 14 | o057 | s3s0| 14 | 018 [s3so| 14 | 021 [ s3s | 14 | 022 | ssas| 18 | 07a 5364' 17 | om
y 77 | 68,
3 6850 | 18 | 198 |ess3 | 17 2375 fessa| 17 | 301 |esss| 16 | 263 [ewsal 16 | L7 17 | 2838
Fis UxPFy0z | 6870 | 18 | o064 | 6869 | 20 | 434 | 685 | 23 | 513 | 6859 | 23 | 1248 | 6865 | 23 | 947 | 687 | 19 | 666
73
LiPF6 6300 | 21 | 159 |esma| 19 | san [esso| 21 | s06 [esss | 19 | 377 |em2| 23 | 7| ess| 20 |27
phosshate | 1341 | 25 | 0o |13 | 15 | oos |19 | 18 [oos2 | 1340| 24 [ a3e f13aa| 15 foae| B4f 1 | o
1%
P2p ieror | 1355 [ 17 | oas | 1mss| 21 | 28 |uss| 21 | om [amse| 1o | 226 Jusms| 15 | o | )| 24 |00
LiPFS 1381 25 | 007 | 1375 | 18 [ 032 17| 21 | 135 {1377 | 25 | cosr | 18 | 25 | 387 1357‘ 1 | 13
EET)
i LRO/LIF ss0 | 20 | 1o | sex | 17 [2ess | ses | 18 [ sase | se2 | 17 |3a23| sea | 20 | | ses| 29 |30m
11s
LiPF6 / / / / / / / / / / / / / / / / / /
TRMO Fristine 6V 33V 5] T TV
- BE | FWH B ] FWA BE | FWH BE | FWH BE | FWH BE | FWHM
Peak s A A% A% At A% At%
e pecies @ | men| 2| e | e V) | MEev) @) | Miev) ) | M ) | (ev)
)
CO/CH 285 | 16 | 2281 | 265 | 15 | 022 285 | 14 |sse0| 285 | 16 |smoss | 28 | 16 |77 |25 | 16 | 2006
co 64 | 15 | 627 | 282 | 16 | 313 2853 | 15 | 200 | 2862 | 17 | 300 | 2862 | 16 | 385 zz;s. 17 | se
P
a1 co/oco | 2em6 | 15 | 420 2826 | 15 | 108 | 2876 | 17 | o1 [ome | 16 | 103 |awr3 | 16 |1a | ] 15 | 129
0=c0 2888 | 16 | 543 [2891 | 16 | 116 | 2889 | 16 | 028 | 2890 | 16 | om0 | 2801 | 16 [ 143 Zi& 16 | 310
50,
o3 w02 17 | 212 |22 | 17 | o029 2903 | 20 | 031 | 2005 | 25 | 030 | 202 | 20 | 0es 23 18 | 123
Olattice sz | 14 | 929 | s:e8| 16 | o033 [s208| 13 | o1 [s295| 16 | 039 [s95] 16 |0 ”99‘ 13 | 261
5.
ROLI s307 | 15 | sos | 509 18 | 192 |s09| 15 [ o |sos) 17 | oer [ s:9| 16 |2e [0 15 | 18
ots °“‘”C/:§3/ O | ssio | 18 | 2250 | s;22| 16 | seo | 52| 16 | a07 | 5322 | 18 | 25 | s;e0| 18 |18 5322‘ 18 | 485
Tolo .
o 4] 1 ' 4] 1 4| 1 ; 4| 17 | 4o 18 | 4
coporr | 84| 18 | s [sma | s | sos fsma| as | 4 | sme 18 | ar {sme] 1 " 405
LixPFyO2 s35 | 14 | co12 | 5349 | 14 | o030 s35 | 14 | 012 [ 537 | 18 | 057 | 5349 | 14 | 0as 5364' 18 | 13
A
LiF / / I |eess| 18 | 2 |esss| 17 |7 |essa | 18 |2aes |essa| 18 | |70 18 |1
) 113 | 68,
F1s LixPFyOz / / ;| eses | 23 | 109 | eses | 18 [ 336 [eses | 20 | 1ses |eses | 18 | T[] 20 [ 2
LiPF6 / / ; lessa| 22| 352 |esea] 22 | 620 | eses | 20 | 317 [ese2| 23 | an ‘?' 23 | 595
T
phosphate / / / fs39] 21| 019 | 1a0] 22 |o1s |ume | 25 | ose |uamef 25 jros || 21 | o
P2p LiPFyO2 / / ; |1s6| 2 | oar [ 13s9] 23 | 279 | 1356 | 20 | 021 | 1361 | 18 [ o049 132"" 25 | om
FECD
iPF6 / / ; |16 | 25 | oo | 18 | 1s | oos | w8 [ 25 | oss | s | 21 [0 | 7| 24 | os
WMO/LF | sas | 23 | 1059 | se3 | 19 | 296 | s62 | 163 | 3593 | sea | 23 | 3587 se2 | 22 2‘;'3 65| 21 | 1667
Lits
LiPF6 / / / / / / / / / / / / / / / / / /
N
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