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Abstract

Younesi, R. 2012. Characterization of Reaction Products in the Li-O, Battery Using
Photoelectron Spectroscopy. Acta Universitatis Upsaliensis. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 1001. 65 pp.
Uppsala. ISBN 978-91-554-8544-3.

The rechargeable Li-O, battery has attracted interest due to its high theoretical energy density
(about 10 times better than today’s Li-ion batteries). In this PhD thesis the cycling instability of
the Li-O, battery has been studied. Degradation of the battery has been followed by studying the
interface between the electrodes and electrolyte and determining the chemical composition and
quantity of degradation products formed after varied cycling conditions. For this in-house and
synchrotron based Photoelectron Spectroscopy (PES) were used as a powerful surface sensitive
technique. Using these methods quantitative and qualitative information was obtained of both
amorphous and crystalline compounds. To make the most realistic studies the carbon cathode
pore structure was optimised by varying the binder to carbon ratio. This was shown to have
an effect on improving the discharge capacity. For Li-O, batteries electrolyte decomposition
is a major challenge. The stability of different electrolyte solvents and salts were investigated.
Aprotic carbonate and ether based solvents such as PC, EC/DEC, TEGDME, and PEGDME
were found to decompose during electrochemical cycling of the cells. The carbonate based
electrolytes decompose to form a 5-10 nm thick surface layer on the carbon cathode during
discharge which was then removed during battery charging. The degradation products of the
ether based electrolytes consisted mainly of ether and carbonate based surface species. It is also
shown that Li,0, as the final discharge product of the cell is chemically reactive and decomposes
carbonate and ether based solvents. The stability of lithium electrolyte salts (such as LiPF,
LiBF,, LiB(CN),, LiBOB, and LiClO,) was also studied. The PES results revealed that all salts
are unstable during the cell cycling and in contact with Li,0,. Decomposition layers thinner than
5 nm were observed on Li,O,. Furthermore, it is shown that the stability of the interface on the
lithium anode is a chief issue. When compared to Li batteries (where oxygen levels are below 10
ppm) working in the presence of excess oxygen leads to the decomposition of carbonate based
electrolytes to a larger degree.
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1. Introduction

1.1. Renewable Energies

The demand to develop renewable energies to reduce fossil fuel consump-
tion has been increasing in recent years. Global warming as a result of
greenhouse gas emissions is one of the chief concerns motivating investment
in renewable energies to replace fossil fuels. In the year 2000 the annual CO,
emission from the combustion of fossil fuels surpassed 6.7 Gt C (gigatonne
of carbon)', and thus, to protect the earth’s atmosphere and minimize global
warming many countries have presented plans to reduce greenhouse gas
emissions (e.g. the EU has planned for an 80% reduction in its 1990 green-
house gas emissions by the year 2050).> In these plans, a primary goal is the
development of renewable energies for transport. According to the energy
policy in Sweden, 10% of the energy required in the transport sector shall be
provided by renewable energies by the year 2020.° Similarly, the EU has
recently proposed a plan to reduce transport emissions to 60% of their cur-
rent value by the year 2050. To achieve this goal, several targets have been
defined such as:
“No more conventionally-fuelled cars in cities”.*

Another major factor in the drive for renewable energy is the instability of
oil prices and sources in the future. The dependency of many countries on oil
(which is located in only a few areas) is a threat to the world economy as
well as to world peace.” In addition, the abuse of power resulting from econ-
omies driven by oil import and export has affected the lives of many people
in many countries across the world.

Therefore, considering the troubles originating from this huge consump-
tion of fossil fuels, further developments are required to lead societies to a
future powered by renewable energies. In such a development, advanced
energy storage technologies such as batteries play a key role, especially as
they can be combined with sustainable energy systems such as wind, solar
and hydro power. Key to the realisation of this future is efficient energy
storage and the most realistic solution is the battery.

A battery or an electrochemical cell is made of electrodes and electrolyte,
which converts chemical energy into electrical energy. Already in ~200 BC
in the Parthian era a battery called the “Baghdad Battery” produced of a
copper cylinder and iron rod was used, although it is not clear in what appli-
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cation this battery was used.”® However, the real birth of battery technology
is attributed to the development in 1800 by Alessandro Volta of the voltaic
pile.® Since then, hundreds of different chemical reactions have been utilized

to create battery systems including the development of lithium batteries in
1990.

1.2. Lithium Batteries

The modern lithium battery which is well adapted nowadays in all portable
electronic devices is the result of years of effort by the scientific community.
These so called “Li-ion batteries” operate via the use of insertion or interca-
lation electrodes which can host Li" ions in their structure.® Many different
electrode materials have been investigated for both the anode and cathode of
Li-ion batteries. However, the most commercially available Li-ion batteries
are assembled using a graphite based anode and a metal oxide based cathode.
Figure 1 shows a schematic illustration of a Li-ion battery during the dis-
charge of the cell when Li ions deintercalate from the negative electrode and
intercalate into the positive electrode simultaneously. This is the discharge of
the cell. During the charge, the reverse reactions occur on the electrodes.

Further development of Li-ion batteries focusses on increasing the specif-
ic energy (gravimetric energy density) and the energy density (volumetric
energy density) to fulfill the increased consumer demands especially for
electric vehicles.

2
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electrode electrode

Figure 1. A schematic drawing of a Li-ion battery with two insertion electrodes.
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In this respect, the Li-O, battery has attracted attention in recent years due
to its high specific energy.’

This type of battery possesses a theoretical specific capacity almost 10
times higher than that of Li-ion batteries. However, it is predicated a practi-
cal Li-O; cell will provide a specific capacity 2-3 times higher compared to
that of commercially available Li-ion batteries (Figure 2).”'° The Li-O, bat-
tery is comprised of a metallic lithium anode (or possibly lithium alloy) and
a porous cathode, where the oxygen fuel is consumed.

1400 > 550 km
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400

200

Specific energy (Wh kg™

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

Price (USSkWh™) 200 600 900 600 <150 <150 <150 <150
I | |

Awvailable Under development  R&D

Figure 2. Estimated practical specific energies for some rechargeable batteries with
estimated driving distances and pack prices. Reprinted with permission from ref °.

1.3. The Scope of this Thesis

Historical Background of this Thesis

This PhD study started in 2008 with the goal to study the rechargeability of
the Li-O, battery. At that time no work was published regarding the decom-
position of electrolytes. Hence, one of the main steps in this research was to
evaluate the formation of the proposed discharge products, Li,O, and/or
Li,0, and to check the stability of the electrolyte. Initially carbonate based
electrolytes such as propylene carbonate (PC) and ethylene carbonate/diethyl
carbonate (EC/DEC) were used because they were the most common ones.
In 2009-2010 studies showed that these types of electrolytes were unstable at
the air cathode during cycling of the battery, and consequently ether based
electrolytes were proposed. Thus, the performance of a battery cycled with a
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tetraethylene glycol dimethyl ether (TEGDME) based electrolyte was stud-
ied in this thesis. In addition, the stability of a polyethylene glycol dimethyl
ether (PEGDME) based electrolyte was studied for the first time for the
Li-O, battery. Furthermore, the stability of common lithium salts was inves-
tigated, which was an untouched aspect of research when the study started.

Since the improvement of Li-O, batteries has been hampered due to the
instability of electrolytes, the main goal of this study was to elucidate the
processes taking place during the discharge and charge both the intended
oxygen reduction and oxygen evolution reactions (ORR and OER) and the
parallel parasitic electrochemical and chemical reactions.

Despite that today it is well known that the stability of electrolytes in con-
tact with the intermediate and final discharge reaction products of the Li-O,
battery is a chief issue, the stability of the electrolyte in contact with the Li
anode in the presence of oxygen has up until now been neglected. As a part
of this thesis, this issue was also studied.

Methodology

In this thesis, the Li-O, battery was studied to elucidate the complicated
parameters influencing the system. The thesis includes results of studies of
the three main cell components i.e. cathode, anode and electrolyte. In a wid-
er sense understanding the reactions and determining the reaction products in
this novel battery system have been the scope of this thesis.

Several characterization techniques including scanning electron micros-
copy (SEM), X-ray diffraction (XRD), and Gas Adsorption have been used
to analyze the cell electrodes along with electrochemical measurement of the
Li-O, cells. However, in-house and synchrotron-based photoelectron spec-
troscopy (PES) was used as the main characterization tool to study the sur-
faces of cathode and anode of the cells.

The PES measurements were performed at two different large scale syn-
chrotron facilities using different photon energies. The results obtained in
synchrotron facilities were also used as a depth profiling technique.
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2. The Li-O, Battery

The Li-O, battery has often been called Li-air (or lithium-air) battery assum-
ing that the battery consumes oxygen from the ambient atmosphere. Howev-
er, due the difficulties to exclude incoming moisture and nitrogen from the
atmosphere to the battery, production of a rechargeable lithium-air battery is
impossible with today’s knowledge.

Therefore, the rechargeability of the Li-O, system has so far been investi-
gated using only a pure oxygen atmosphere. Below some important aspects
of the Li-O, battery are presented.

The Discharge Capacity

The Li-O, battery possesses a very high specific energy (gravimetric energy
density) originating from the use of lithium metal as the negative electrode
and the consumption of gaseous oxygen from the atmosphere at the positive
electrode (Figure 3).

Limetal SEI  Electrolyte Porous cathode
Figure 3. A schematic picture of the Li-O, battery.

Lithium is the lightest metal providing a specific capacity of 3861 mAh/g
which is much greater than that of graphite or other commercially available
anodes.'’ In the Li-O, battery with a nonaqueous electrolyte, reactions be-
tween reduced oxygen and lithium ions results in the formation of lithium
peroxide (Li,O,) (or possibly lithium oxide (Li,O)) as the final discharge
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reaction product in the cathode pores. The total amount of Li that can be
stored in Li,O, or Li,O in the porous cathode is much greater than that in
intercalation cathodes like LiCoO, (the theoretical specific energy of today’s
Li-ion batteries and a nonaqueous Li-O, battery are 387 and 3582 Wh kg™).’

The ORR and OER Reactions

Acquiring a truly reversible oxygen reduction and oxygen evolution reac-
tions (ORR and OER) resulting in the formation and oxidation of Li,O,,
respectively, is the key point in the Li-O, battery. The rechargeability of the
Li-O, battery using nonaqueous electrolytes was first proposed by Abraham
and Jiang in 1996."" Later from 2006 to 2008, Bruce et al. reported promis-
ing results claiming 50 cycles for Li-O, cells.”*'* Since then, there have
been vast efforts to improve the performance of the Li-O, battery to retain
the cell capacity after repeated cycles. However, a cell with a couple of hun-
dred rechargeable cycles has not been achieved yet.

Three possible reactions between Li" and reduced oxygen have been con-
Sidered:ll,IZ,IS,lé

Li'+0,+¢ — LiO; (E"=3.0 Vvs. Li/Li") (1)
OLi" + 0, + 2¢ — LiO, (E"=3.1Vvs.LiLi) (2)
ALi"+ 0, + 4¢” — 2Li0 (E"=2.9Vvs. LiLi) (3)

However, it has been suggested that gaseous oxygen dissolved in the elec-
trolyte first via a one electron transfer process reduces at the surface of a
porous cathode to a super oxide ion (03 ). This reduced oxygen ion reacts
with Li" ions dissolved in the electrolyte to form lithium superoxide (LiO,)
as the intermediate reaction product. LiO, can further chemically or electro-
chemically be converted to lithium peroxide (Li,O,) as the final discharge
reaction product:'

2Li0, — Li;0, + O, (chemically) 4)
LiO, + Li" + ¢ — Li,0, (electrochemically) (3)

It has been suggested that during the reverse process (cell charging),
Li,0, oxidizes as: "

Li,0, — 2Li" + 0, + 2¢ (6)

It is expected to observe a higher voltage in the OER than in the ORR.
Results published in the literature have often shown that the charge plateaus
in Li-O; cells are usually ~0.5-1.5 V higher than the discharge plateaus. This
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has been considered as a major drawback for any practical cell. There have
been several studies aiming at using catalysts to decrease this hysteresis.'” >’

The Cathode

The cathode of the Li-O, battery is a porous electrode which can store dis-
charge reaction products. Given that the oxygen solubility and the diffusion
coefficient in nonaqueous electrolytes are relatively small and as a conse-
quence so are the kinetics of the discharge reaction, therefore, at a slow dis-
charge rate, the amount of formed Li,O, and thus the discharge capacity of
the cell is mainly limited by the porosity properties of the cathode such as
surface area, pore volume, pore size distribution, etc.

So far most of the cathodes used for Li-O, cells are made of carbon, bind-
er, and possibly catalyst. Considering the practical ways to produce a cath-
ode, the most common technique is mixing active materials with binder us-
ing a solvent to make a slurry, which is then cast onto a mesh or foam as the
substrate.'>'* However, other designs like a binder-free cathode?"** and hot-
rolled cathode (solvent-free)* have also been used.

To increase the discharge capacity of the Li-O, battery, several studies
have been performed to optimize the porosity properties of the carbon cath-
ode.”*?" These studies were aiming at improving the formulation of the
cathode to provide more space to store higher amounts of Li,O,. In addition,
it has been desired that the increase in the surface area of the cathode will
improve the triple boundary between the interface of gaseous O,, electrolyte
and the cathode. This would accelerate the kinetics of the oxygen reduction
and consequently the kinetics of the reaction between reduced oxygen ions
and Li". However, the surface area is not the only parameter affecting the
cell performance. The studies concluded that other parameters such as pore
size distribution (PSD) and pore volume of the cathode, porosity and chem-
istry of the carbon itself, the electrode thickness, the carbon loading, cathode
formulation, etc. influence the discharge capacity and performance of the
Li-O, battery.ZH 0

Catalysts often have been used as a component of the porous cathode
since it is believed that catalysts can improve the kinetics of ORR and OER
reactions. They have also been utilized in order to lower the charge overpo-
tential in the cell. The effect of different catalysts including metal oxides
(e.g., MnO,, Co30,), precious metals (e.g., Au and Pt), and nonprecious
alloys (e.g., CuFe) on the performance of Li-O, cells have been studied.'” "

Further works to improve the structure of the cathode in order to increase
the discharge capacity and kinetics of the reactions and to synthesize effi-
cient catalysts are somewhat hampered due to the weakness of the available
electrolytes for the Li-O, battery. Thus, establishing reversible formation and
oxidation of Li,O, is a difficult prerequisite to study and improve the struc-
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ture of the cathode properly. The discovery of a stable electrolyte will in the
future led to acceleration in the research on the architecture of the cathode.

The Electrolyte

LiO, and Li,0O,, as the intermediate and final discharge reaction products of
the Li-O; battery are chemically very reactive. As a consequence of this fact,
most of the known electrolytes are unstable in the Li-O, battery.

In the preliminary work (2006-2008) on the development of the Li-O,
battery, carbonate based electrolytes particularly LiPF¢ in PC were mainly
used.'”'* However, later works indicated that these types of electrolytes
decompose during the cell cycling.’' ™ Several different mechanisms have
been proposed for the decomposition of carbonate based electrolytes such as
PC. It has been suggested that super oxide radical (03 ~) reacts via nucleo-
philic substitution with the C of the carbonyl group in PC.**** It has also
been suggested that the super oxide radical attacks the ethereal carbon of
PC.*"?® and that Li,O,, which is a strong oxidizing agent, can decompose
PC.*"*® However, all the proposed mechanisms agree that 03~ and/or Li,O,
via nucleophilic attack, proton/hydrogen abstraction, or electron transfer
decompose PC and probably all the other carbonate based solvents.**>"*4
In the lithium salt containing electrolytes, the decomposition of PC results in
ring opening of the PC molecule and formation of carbonate based species
such as lithium alkyl carbonates and lithium carbonates.”'

The decomposition of carbonate based electrolytes led to the suggestion
to instead use ether based electrolytes.*** Several studies have recently
proved that Li,O, forms as a discharge product when using ether based elec-
trolytes.”*'™* This has raised the hope that the electrolyte instability chal-
lenge had been overcome. However, further studies revealed that also ether
based electrolytes degrade during the cell cycling.**™*

Beside the instability of electrolyte solvents, degradation of lithium salts
is also a main issue.”® " Several lithium salts including LiPFg, LiB(CN)y,
LiBOB, LiTSI, LiBF,, LiClO4, and LiCF;SO; have been investigated for the
Li-O, battery. Nevertheless, most of these salts decompose during the cell
cycling due to the reaction with intermediate products or due to reaction with
Li202‘38,51—53

Overall, the degradation of the electrolyte solvents and salts in the Li-O,
battery is still one major challenge, although already many different types of
electrolytes including aprotic organic electrolytes, polymer electrolytes, ion-
ic liquids, etc. have been investigated.
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The Anode

The presence of lithium metal as the anode of the Li-O, battery implies an
extra dilemma in the battery system. The formation and growth of dendrites
on lithium metal has been the most common issue when using lithium metal
in Li-ion batteries rendering the replacement of lithium by a graphite anode.
In addition, lithium is one of the strongest reducing agent with a very nega-
tive electrode potential. This means that the contact between lithium and any
of the aprotic electrolytes results in partial decomposition of the electrolyte
on the lithium and formation of a surface layer so called the solid electrolyte
interphase (SEI).> The SEI protects the electrolyte from further decomposi-
tion by the negative electrode. There have been attempts to suppress dendrite
formation and electrolyte decomposition by using additives and solid elec-
trolytes.””’ Nevertheless, employment of lithium metal as an anode requires
extra care. This is more problematic in the Li-O, battery since O, and
O,-ions are present in the electrolyte solution. It has been suggested that to
protect the lithium anode by using a solid state membrane.’® * It is also pos-
sible to replace lithium anode by silicon or graphite electrodes or even by
high voltage electrodes such as LiFePO,4 (not for practical application) to
avoid the severe contact between lithium anode, oxygen species and electro-
Tyte. 512

Nevertheless, the chemistry of the SEI on lithium anodes and its function-
ing during the Li-O, cell cycling is seldom considered and is still unidenti-
fied in different electrolytes.®

The State of the Art

Overall, the works performed in recent years have shown that the main three
cell components, i.e. anode, cathode, and electrolyte, suffer from several
obstacles including the instability of the electrolyte solvents and salts, syn-
thesis of an efficient catalyst, stability of lithium anode, improving cathode
formulation, etc.'” #6468

In addition to the challenges for each component of the Li-O, battery,
cross-talk between cell components is a major issue. For example, acetoni-
trile and DMSO solvents have recently been shown to be relatively stable
during the ORR and OER.*" However, the lithium anode is not stable in
contact with these two solvents making them inapplicable for the Li-O, bat-
tery. Another example is that ether solvents such TEGDME or dimethoxye-
thane (DME) in contact with Li,O, decompose and in turn the decomposi-
tion products degrade Kynar binder of the cathode.

Therefore, all these challenges have resulted in making the Li-O, battery a
very difficult system to study. Only when truly reversible reactions are
achieved without any side reaction will clear fundamental studies and opti-
mization of the cell be possible.
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Regarding the surface analysis, it is worth mentioning that to improve the
understanding of reactions in batteries, the ambient pressure X-ray photoe-
lectron spectroscopy (APXPS) can be used. This is a relatively newly devel-
oped technique which can be used as an in-situ tool to investigate surfaces
formed during the cell discharge and charge.”"’
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3. Experimental

In this thesis, different materials to assemble the cell and different analytical
techniques to characterize the cell electrodes were used. The details of each
work within this thesis are explained in the appended papers (paper I to VI).
Here overviews of the cells setup and of characterization techniques are
briefly described.

3.1. The Cell Setup

Li-O, cells were assembled using a modified Swagelok ™ cell design with an
opening allowing oxygen access to the cathode (Figure 4). In this design, a
stainless steel rod and an aluminum hollow rod were used as the current
collectors of the negative and positive electrodes, respectively. The cells
were assembled in an Argon-filled glove box (O,, H,O <2 ppm) using lithi-
um foil as the negative electrode, Solupor or glass fibers sheets as separator,
and a porous cathode as the positive electrode.

Figure 4. Photograph of Swagelok™ cell and a specially designed air-tight container
with inlet and outlet valves for oxygen gas purging.

The porous cathodes used had different formulation depending to the aim
of the study. The details of the cathode preparations are presented in the
appended papers. Generally, the cathodes were made of carbon Super P
(Lithium battery grade, Erachem Comilog), Kynar 2801 (Arkema) as binder,
with/without a-MnO, as a catalyst. Prior to use, the cathodes were dried at
120°C in a vacuum furnace contained within a glove box.
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Several lithium salts such as LiPF4, LiClO4, LiB(CN),, LiBOB, and
LiBF, dissolved in different carbonate and ether based solvents including
PC, EC/DEC, TEGDME, PEGDME, and DME were used as the electrolyte.
The water contents of the electrolytes were measured using Karl Fisher titra-
tion.

The cells were kept in specially designed air-tight containers with inlet
and outlet valves for oxygen gas purging (Figure 4). The details of the ap-
plied current and voltage, which were different for different studies, are
mentioned in the appended papers. The applied current and the capacities of
the cells were calculated based on the amount of carbon in the cathodes. In
most cases the cells were discharged and charged galvanostatically using
Digatron BTS-600 applying a current density of 70 mAh/g. However, lower
and higher current densities were also tested.

3.2. Characterization of the Electrodes

To characterize cathodes or anode materials different techniques including
SEM (LEO 1550), XRD (SIEMENS D5000), and nitrogen gas adsorption
(Micromeritics ASAP 2020) were used. Along with these techniques,
in-house and synchrotron-based PES have been mainly used in this work to
characterize the surface of a carbon cathode and also of the lithium anodes
from cells.

Photoelectron Spectroscopy

PES, also known as XPS (X-ray photoelectron spectroscopy) and ESCA
(electron spectroscopy for chemical analysis), is a powerful technique to
analyze surfaces due to its high surface sensitivity. The strengths of PES also
arise from its ability to i) identify and quantify the elemental composition of
solid surfaces made of any element from lithium to uranium, and ii) give
information about the chemical environment of the elements. These abilities
make PES a technique that can provide qualitative and quantitative infor-
mation about both amorphous and crystalline chemical compounds.

The PES technique is based on the photoelectric effect, this works by
electrons (photoelectrons) being emitted from a solid surface if it is irradiat-
ed with electromagnetic radiation (photons) above a certain threshold ener-
gy. Figure 5 shows a schematic drawing of PES, where an atom is irradiated
with a photon resulting in the emission of an electron with a specific kinetic
energy. Thus, by measuring the kinetic energy of the photoelectron (Ex) and
by knowing the photon energy (hv), the law of conservation of energy tells
that the binding energy of photoelectrons can be calculated as following:”
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EB:hV—EK—(p (7)

where Ep is the binding energy of electrons of the target atom from which
electron originate, hv is the photon energy, Ex is the kinetic of the emitted
electron, and ¢ is the work function.
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Figure 5. A schematic drawing of photoelectron spectroscopy process.

Each element has a set of unique electron binding energy position usually
well separated from each other. By measuring the binding energy of the
ejected electrons vs. the number of electrons (or intensity) an element can be
identified. However, a specific core level of an element can be influenced by
chemical bonds of that particular element. This is known as “chemical shift”
which can be used to identify the chemical bonds in a sample. The chemical
shift is generally much smaller than the core level separations (not counting
splitting of a specific core level).

There are several types of photon sources that are used in PES. In the
common commercial XPS instruments, photons are generated through the
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bombardment of electrons on a target (Al or Mg) resulting in emission of
radiation from the target. The X-ray can be monochromated using a quartz
crystals resulting in a higher spectra resolution compared to non-
monochromated sources.”” At synchrotron facilities, electrons traveling at
close to the speed of light are accelerated in a storage ring resulting in emis-
sion of radiation of continuous energy within a set range. The superiority of
synchrotron based photoelectron spectroscopy (PES) is that the photon ener-
gy can be varied, and consequently the kinetic energy of electrons, resulting
in different depth sensitivity of the measurement.

The mean depth from which a photoelectron can travel without losing en-
ergy is defined by the “inelastic mean free path” (IMFP). The intensity, I, of
an electron in a material is proportional to:”*

I « Iyexp (%m@) (8)

where I is the intensity of detected photoelectrons, I is the intensity of emit-
ted photoelectron at depth of x and x/sin@ is the length that e travels in the
materials assuming that ¢ is the angels between surface of sample and the
electron trajectory direction. The mean free path A depends to the photoelec-
tron kinetic energy and the sample composition. There have been attempts to
define A for each element as a function of photoelectron kinetic energies,
however, for most materials it is rather similar and the so called “universal
curve” can be used as an estimation.””’

In this thesis, the surface characterization of electrodes were performed at
three different facilities, 1) the Swedish synchrotron MAX-IV Laboratory in
Lund, ii) In-house commercial XPS, iii) the Helmholtz Centre Berlin (BES-
SY) synchrotron laboratory in Berlin, Germany.

The PES measurements at the MAX-IV Laboratory were performed using
a Scienta R4000 WAL analyzer at beamline 1-411 that is equipped with a
Zeiss SX-700 plan grating monochromator. A photoelectron kinetic energy
of 140 eV was used for all the PES measurements performed in MAX-IV.
This implied that the excitation photon energy was changed from 200 to
835 eV depending on the binding energy of the measured core level, thus,
resulting in the same depth of analysis for all the elements. The in-house
XPS measurements were performed using a PHI 5500 spectrometer with a
monochromatized Al Ko radiation (Figure 6). Hard X-ray photoelectron
spectroscopy (HAXPES) measurements were performed at KMC-1 beamline
at the BESSY storage ring facility in Berlin, Germany. Two excitation ener-
gies of 2300 and 6900 eV were used for the HAXPES measurements.
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i
Figure 6. A photograph of the in-house XPS instrument.

To analyze cathodes or anodes, batteries were dismounted in an ar-
gon-filled glovebox. The samples were then washed with a few drops of
DMC. The influence of the washing liquid and the procedure on the sample
is still an open question for the experts in the PES battery field. However, it
is believed that when an electrode is washed the PES spectra to a higher
degree originate from the solid surface of the electrode and limit the infor-
mation from remaining electrolyte solvents and salts. Moreover, due to the
air sensitivity of battery samples, transfer of a sample from the golvebox to a
PES anaylsing chamber was carried out by special designed air-tight transfer
units both for the in-house and synchrotron measurements. Generally XPS
measurements on battery materials require great care due to the radiation
sensitivity of the compound present in a battery, which can cause decompo-
sition during measurements. Also the low pressure inside the chamber can
influence the chemistry of surface layers in batteries. Minimizing measure-
ment-time as well as time before measurements is therefore important. For
the measurements performed in the synchrotron facilities, samples were
transferred in a vacuum-sealed polymer-coated aluminum bag to protect
them against contamination by air or moisture. The bag then was opened in
an argon-filled glovebox prior to measurements and again transferred to the
instrument using a sealed sample exchange cell.
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4. Summary of Results and Discussion

The results and discussion are divided to four sections. In the first section the
results detailing studies on the carbon cathode of the Li-O, battery are pre-
sented. This is followed by the presentation of results regarding the stability
of the electrolyte solvents and salts in the second and third sections, respec-
tively. In the last section, the surface characterization of a lithium anode
from a Li-O, battery is investigated.

4.1. Cathode

In the Li-O, battery, ions of lithium and reduced oxygen react to form prod-
ucts in the pores of the cathode. Therefore, the cathode formulation plays a
key role to determine the discharge capacity of the cell. Several parameters
such as the morphology of carbon in the cathode, the porosity properties of
carbon itself, and the carbon loading influence the cathode formulation and
consequently the performance of cells.

The Effects of Cathode Porosity

Binder is usually one of the necessary components in the assembly of an
electrode. This has been commonly the case to produce a porous cathode for
a Li-O, cell.

It is plausible that the relative amount of binder and its properties have an
impact on the porosity properties of the cathode. Although several studies
have investigated different parameters influencing the porosity and the dis-
charge capacity of a Li-O, cell,* " no systematic study has been devoted to
the effect of the amount of binder. To investigate this, different weight ratios
of binder to carbon were used to assemble porous cathodes to investigate the
influence of the amount of binder on the porosity of the cathode and on the
discharge capacity of the cell.

Figure 7 shows the morphology of carbon cathodes with four different
weight ratios of Super P carbon to Kynar binder (PVdF-HFP). The micro-
graphs show that the cathodes with lower amounts of binder are most porous
since the carbon particles are individually visible. However, the cathodes
with higher amounts of binder have a very polymeric surface.
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The slurry of each of these catalyst-free cathodes was cast on sheets of
glass to produce self-standing electrodes. These self-standing films were
analysed in gas adsorption studies to investigate how the surface area and
pore volume of the cathode was affected by changing the relative amount of
Kynar binder. Figure 8 shows the surface area and pore volume of the cath-
odes and of a binder-free super P carbon. It is clear that the surface area and
pore volume of the cathodes decrease with the increasing amount of Kynar
binder. Compared to Super P carbon, addition of even 20 wt% of Kynar
reduces the surface area and pore volume by about 30% and 20%, respec-
tively.

a) 80% C b) 60% C c) 40% C d) 20% C

Figure 7. SEM micrographs of cathodes with four different carbon to Kynar ratios at
two different magnifications: (a) 80:20, (b) 60:40, (c) 40:60, and (d) 20:80 car-
bon:Kynar, respectively.
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Figure 8. Pore volume and BET surface area of Super P carbon and cathode films
with varying ratios of carbon—Kynar.
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Figure 9 shows the PSD of Super P and the cathodes with different
amounts of Kynar binder. The PSD results indicate that most of the pores
smaller than 300 A are blocked when the amount of Kynar exceeds 40 wt%.
It can also be seen that the addition of even 20 wt% of Kynar influences the
PSD of Super P carbon.

Therefore, Figures 7-9 clearly show that morphology and porosity proper-
ties of carbon cathode are very much dependent to the cathode formulation.
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Figure 9. PSD of Super P carbon and the self-standing cathodes with varying the
weight ratios of carbon to Kynar.

These electrodes were then tested as a cathode material in Li-O, batteries.
The changes in the surface area, pore volume and PSD of carbon cathodes
significantly influenced the discharge capacities of the Li-O, cells as shown
in Figure 10. The highest capacities of the first discharge were obtained us-
ing the lowest amount of Kynar binder in the cathode, regardless of electro-
lyte chemistry, confirming that the porosity properties of the cathode influ-
ence the discharge capacity of the cell. It is worth mentioning that the chem-
istry of the solvent also affects the discharge capacity. In general, the use of
EC:DEC (2:1) and PC:DEC (1:1) resulted in higher capacities compared to
PC. This is related to the properties of these solvents. PC compared to the
other solvents possesses higher viscosity and lower ion conductivity.”®” The
higher viscosity of PC implies that some of the meso- or micropores of the
cathode may inaccessible to molecules of PC.

Further results regarding the influence of the amount of binder on the cell
performance are presented paper 1.
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Figure 10. Discharge capacity as a function of the composition of the cathode and
the electrolyte.

Binder Decomposition

During a further study it was found that Kynar binder was unstable in the
Li-O, battery (paper II). In this study Kynar together with Super P carbon
and a-MnO, catalyst were used to assemble porous cathodes of Li-O, cells
which were galvanostatically cycled using ether based electrolytes: 0.5 M
LiB(CN), in TEGDME or PEGDME.

The cells were stopped after few cycles at the discharged state and then
the cathodes of the cells were analysed using HAXPES. Figure 11 shows the
F 1s spectra of these cathodes. For comparison, the F 1s spectra of a refer-
ence cathode and two cathodes stored for 2 days in identical cells without
applying any current or voltage are also presented in Figure 11. The peak at
a binding energy of ~688 eV which is present in the all the spectra represents
F within the Kynar binder. The spectra show that a peak at the binding ener-
gy of 685 eV, is present in the cycled cathode, but absent in the reference
and stored cathodes. This peak reveals the presence of LiF on the surface of
carbon cathodes. Since non-fluorinated electrolytes were used in this study,
Kynar binder is the only source of F. Therefore, the presence of LiF on the
surface of the cycled cathodes indicates that Kynar binder decomposed dur-
ing the cell cycling to form LiF. The associated results are presented in pa-
per IL

The mechanism for this decomposition has been discussed in the litera-
ture. It has been proposed that PVdF in contact with LiO, undergoes chemi-
cal dehydrofluorination to form LiF.** Formation of LiF can passivate the
surface of the cathode as well as clog the pores resulting in cell failure. It
should be noted that the pathway of decomposition may also be linked to the
decomposition products of ether based solvents during battery cycling.*®
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Figure 11. F 1s spectra of the reference, stored and cycled cathodes of Li-O, cells
using LiB(CN), in PEGDME or Tetraglyme electrolytes. The photon energy was
2300 eV.

Chemical Stability of Cathode Components

Most of the work in the literature focuses on post mortem analysis of cycled
battery systems to assess the stability of the components. However, these
results are a mixture of both electrochemical and chemical instability. In an
attempt to clarify this confusing system, the chemical stability of cathode
components in contact with Li,O, was investigated (paper III). In order to
do that, a cathode wetted by electrolyte was kept in contact with Li,O, pow-
der for 24 h and then it was analysed by XPS. For this study, the most com-
mon formulation of cathode used in the literatures in which Kynar binder,
0-MnO, and Super P carbon are mixed was used. Also two PC and
TEGDME based electrolytes were used to wet the cathodes. For com-
parision, cathodes wetted by electrolyte without being in contact with Li,O,
were also analysed.
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Figure 12 shows the F 1s and Mn 2p spectra of these cathodes exposed
and not exposed to Li,O, using both electrolyte systems. The top spectra
belong to a carbon cathode exposed to 0.1 M LiClO, in TEGDME electro-
lyte for 24 h. The F 1s spectrum contains mainly one peak at 688 eV repre-
senting Kynar binder. However, LiF (at 685 eV) could be detected when a
cathode was kept in contact with the TEGDME based electrolyte and Li,O,.
Since the binder was the only source of F, the LiF peak indicates that Kynar
binder decomposes in contact with TEGDME based electrolyte and Li,O».
Similar results (not presented here) were obtained using DME instead of
TEGDME. However, when a similar experiment was performed using a PC
electrolyte instead of an ether based system only traces of LiF were observed
on the surface (see the two bottom spectra in F 1s and Mn 2p spectra in Fig-
ure 12). This suggests the Kynar binder is stable in contact with PC and
Li,0,.
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Figure 12. F 1s and Mn 2p spectra of cathodes after being exposed to TEGDME
electrolyte (purple spectra), TEGDME electrolyte + Li,O, (green spectra), PC elec-
trolyte (blue spectra), and PC electrolyte + Li,O, (red spectra). The photon energy
was 1487 eV.
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In the next section (electrolyte solvent) it will be shown that both
TEGDME and PC solvents decompose in contact with Li,O,. However, the
spectra in Figure 12 showed the decomposition of Kynar solely in the case of
TEGDME based sample and not in the case of the PC based sample. There-
fore, the results imply that ether based solvents such as TEGDME and DME
decompose chemically in contact with Li,0, and the decomposition products
in turn decompose Kynar binder. However, the decomposition products of
carbonate based solvents such as PC are not reactive towards the Kynar
binder (paper III).

By combining two facts, the decomposition of Kynar by Li,O; in an ether
based electrolyte can be explained by: i) it is known that ethers in presence
oxygen oxidize slowly to form hydroperoxides and/or dialkyl peroxides
which are chemically reactive.?! In this reaction O, decomposes ethers via
hydrogen abstraction to hydroperoxide.

OOH

o \
R-O-CH, R’ (1—2)> R-O-CH-R’ + R-O-O-CH,R"  (g)
slow
ether hydroperoxide  dialkyl peroxide

ii) It has been suggested that Li,O, tends to abstract hydrogen from a car-
bonate based electrolyte resulting to decomposition of the electrolyte.’’

Thus, it is anticipated that Li,O, similar to O, decomposes ethers by hy-
drogen abstraction resulting in the formation of hydroperoxide. This chemi-
cally reactive compound in turn may decompose Kynar binder.

The results showed no noticeable changes in a-MnO, indicating that this
catalyst is chemically stable in contact with Li,O,.

Summary of Studies on Cathode

e The relative amount of binder influences the surface, pore size distribu-
tion and pore volume of the porous carbon cathode.

e Increasing the relative amount of Kynar decreases the discharge capacity
of the Li-O, battery; as a consequence of the decrease in the surface area
and pore volume in the cathode.

e Kynar binder decomposes in a Li-O, cell with ether electrolytes.
Degradation of ether electrolyte by Li,O, results in the decomposition of
Kynar binder.
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4.2. Electrolyte Solvent

As mentioned in the Chapter 2, one of the most difficult challenges for the
Li-O, battery is still finding a stable electrolyte. This is now well understood
since several publications have recently been devoted to the mechanism of
the electrolyte decomposition.

This PhD study started by using carbonate based electrolytes since they
were the most commonly used electrolyte for Li-O, cells. The promising
results published by Bruce et al. in 2006 to 2008 were based on using PC, a
member of the family of carbonate based solvents.'">'* Therefore, in this
work, the reaction products in Li-O, cells using PC or EC/DEC based elec-
trolytes were investigated. The results regarding these studies are presented
in papers IV and V.

The Cycling Performance of Carbonate Electrolytes

Initially cells were constructed using a 1 M LiPF4 in PC or EC/DEC electro-
lytes, however, rapid capacity fading was seen in both cases. Typically 3-10
cycles above 1000 mAh/g (calculated based on the amount of carbon in the
cathode) was followed by a dramatic decrease in the discharge capacity.
Figure 13 shows two examples of the Li-O; cells with PC or EC/DEC based
electrolytes.
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Figure 13. Capacity fading of Li-O, cells with a-MnO, nanowire catalyst contain-
ing 1 M LiPF¢ in PC or EC:DEC (2:1) at current density of 70 mA/g of carbon with
lower and higher cutoff voltages of 2.6 and 3.9 V, respectively. Inset: Voltage as a
function of capacity for the first discharge/charge cycle.

In order to determine the reaction products formed in discharging and
charging XPS was used for the surface characterization of the cathode from
disassembled cells. Figure 14 shows the F 1s, Mn 2p, O 1s, C 1s, P 2p, and
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Li 1s spectra of the carbon cathodes removed from Li-O, cells at discharge,
charged and end of life (EOL) states using 1 M LiPF; in PC electrolyte.
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Figure 14. F 1s, Mn 2p, O 1s, C 1s, P 2p, and Li 1s spectra of the carbon cathodes of
the Li-O, cells at the uncycled, discharged, charged, and EOL states using 1 M
LiPF; in PC electrolyte. The uncycled, discharged, and charged samples were meas-
ured using an in-house XPS with a photon energy of 1487 eV while the EOL sample
was measured using HAXPES with a photon energy of 2300 eV.

The XPS spectra of the cells showed the presence of no Li,0O; or Li,O on
the carbon cathode after discharging the cell (since the Li,O, peak, which
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would appear at binding energies of 531.5 and 54.6 eV in the O 1s and Li Is
spectra, respectively, are absent).”” However, the results revealed that PC
decomposes to carbon-based species such as C3Hg(OCO,Li),, Li,COs, and
CH;CO,Li during the discharge. This is in agreement with results indicating
decomposition of PC obtained using XPS*™* FTIR?*** XRD*%,
NMR?!* Raman, and mass spectroscopy.’'*>** Furthermore, computational
studies also indicated that PC is not stable in the Li-O, battery and suggest
that decomposition to carbonate based species is expected.’®**

The absence of MnO, peaks in the Mn 2p and O 1s spectra of the dis-
charged sample shown in Figure 14 indicates that a layer of discharge reac-
tion products is formed on the cathode surface after discharging. Since the
XPS spectra in Figure 14 were obtained by using a photon energy of
1487 eV, the absence of MnO, peaks reveals that the formed surface layer is
thicker than 5 nm.”** However, peaks from MnO, are seen in the Mn 2p
spectrum of the discharged sample when using HAXPES with a photon en-
ergy of 2300 eV (paper IV). Since the higher energy photons will penetrate
further through the surface layers (discussed in the experimental section)
when these result are considered together we can conclude that the decom-
position of PC during the discharge results in the formation of a 5—10 nm
thick layer on the carbon cathode. This layer is built up predominantly of C
and O, being approximately 70% of the surface atomic percentage. The XPS
results in Figure 14 also show that the formed surface layer is removed from
the cathode during the charging of the cell because the MnO, peaks are re-
vealed in the Mn 2p and O Is spectra of the charged sample. This is in
agreement with the mass spectroscopy studies’"** which indicate that prod-
ucts formed due to the decomposition of PC degrade to CO, gas during the
charging of the cell. Figure 15 shows a schematic drawing of the surface
layer formed and removed during discharging and charging, respectively, of
the Li-O, battery with a carbonate based electrolyte.
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Figure 15. A schematic drawing of the cathode surface of the Li-O, battery with
carbonate based electrolytes and representative Mn 2p XPS spectra.
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Furthermore, we compared the performance of another common car-
bonate based solvent, EC/DEC, to that of PC. The results suggested that
compared to PC, EC/DEC is slightly more stable (paper V). However,
EC/DEC based electrolytes also decomposes during the discharge forming a
surface layer on the cathode.

To evaluate the influence of oxygen on the decomposition of these car-
bonate based electrolytes, identical batteries were also assembled in the ab-
sence of oxygen. The non-oxygen cell is basically a Li-ion battery (some
lithium intercalation is expected in the MnO, catalyst) which is expected to
show no, or minor, electrolyte decomposition on the cathode. Figure 16
shows the XPS spectra of the cathodes of the cells discharged in the presence
and absence of oxygen using 1 M LiPF4 in EC/DEC (2:1) electrolyte. The
absence of MnO, peaks in the Mn 2p spectrum of the discharged Li-O, cath-
ode indicates that a surface layer formed on the cathode is due to the decom-
position of the solvent, as explained above. This surface layer has a thick-
ness ~5 nm since the MnO, peak is slightly visible in the O 1s spectrum of
the discharged Li-O, cathode. However, such a layer did not form on the
cathode of the non-oxygen cell. In addition, the F 1s spectra display that LiF
is formed on the cathode surface of the oxygen cell. However, LiF formation
was minor in the non-oxygen cell. When we consider these results together it
indicates that the formation of LiF is due to the decomposition of LiPF, salt
or Kynar binder and only occurs in the oxygen cell.

It has been suggested that the decomposition of carbonate based electro-
lytes takes place due to a nucleophilic attack, proton/hydrogen abstraction,
or electron transfer by a super oxide ion or by Li,0,.*"?*3%%
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Figure 16. F 1s, Mn 2p, and O 1s spectra of cathodes of Li-O, and identical Li-ion
cells (in the presence and absence of oxygen) at the discharged and charged state
compared with the spectra of a pristine cathode. The photon energy was 1487 eV.
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Chemical Decomposition of Carbonate Solvents by Li,0,

Beside the role of the super oxide radical in the decomposition of the electro-
lyte solvents, Li,O, as the final discharge product of the cell may also react
chemically with electrolytes. However, the chemical reactivity of the Li,O,
has been neglected until very recently.”’”'® Li,O,, similar to other alkali
metal peroxides, is a very strong oxidizing agent*® and thus its plausible re-
action with cell components such as electrolyte solvents and salts needs to be
considered.

Therefore, the chemical stability of carbonate based electrolyte toward
Li,0, was studied using XPS (paper III). For this study, only Li,O, powder
was used with no binder, carbon or catalyst. In this design, layers of Li,O,
powder was placed on an aluminum substrate and exposed to an electrolyte
and then brought to the XPS instrument using an air-tight argon filled trans-
fer module. The studied carbonate based electrolytes are listed in Table 1
and the results regarding the stability of these electrolytes in contact with
Li,0O, are presented in paper II1.

Table 1. List of carbonate-based electrolytes and solvent used to study the chemical
stability in contact with Li,O,.

Electrolyte solvents and salts

1 M LiPF, in PC

1 M LiPF, in EC:DEC (2:1)
0.8 M LiBF, in EC:DEC (2:1)
0.1 M LiPF4 in PC

PC solvent / no salt

In this subsection the stability of only 1 M LiPF¢ in PC or EC/DEC,
which are commonly used as an electrolyte for Li-O, and Li-ion batteries,
are discussed. Li,O, samples were exposed to these two electrolytes for 10
min and 48 h and then analysed by XPS. The reason of choosing two expo-
sure times was to compare products formed due to reaction between Li,0O,
and the electrolyte in relatively short and long exposure times. The results
from the shorter exposure time, 10 min, suggest how the electrolytes will
react as soon as Li,O, forms during discharge. The results from the longer
exposure time, 48 h, about the length of 1-3 cycles in a Li-O, cell, indicate
the condition of electrolytes in contact with Li,O, after a few cycles.

Figure 17 shows the F 1s, O 1s, C 1s, and P 2p spectra of Li,O, samples
after being exposed to 1 M LiPFg in PC or EC/DEC electrolytes for 10 min
or 48 h. The F 1s and P 2p spectra indicate that LiPFs decomposes in contact
with Li,O, (this is discussed more in the next section). The peaks at 287 and
289.7 eV in the C 1s spectra represent the ether and carbonate species, re-
spectively. These two peaks originate from decomposed rather than from
remaining solvents since i) the samples were washed by DMC before XPS
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analysis and ii) the relative amount of these two peaks is different from the
relative amount of ether to carbonate bonds in the molecule structure of the-
se solvents. The formation of carbonate species is in agreement with a recent
computational study which suggested that Li,O, decomposes PC to alkyl
carbonates.”” Figure 18 is a schematic of the proposed reaction mechanism
describing the reaction between Li,0, and PC or EC/DEC to form lithium
alkyl carbonates. PC and EC/DEC are good solvating agents for Li" while
not for oxygen anions. As a consequence of this fact, the negatively charged
part of the Li,O, molecule 02 , abstract H" from PC to balance the excess
negative charge of 0 7 This further leads to the ring opening of PC or

EC,** and consequently the formation of lithium alkyl carbonates and H,0,
which have been suggested as the reaction products in the cell.*>%*
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Figure 17. F 1s, O 1s, C 1s, and P 2p spectra of Li,O, samples after being exposed
to 1 M LiPF¢ in PC or in EC/DEC electrolytes for short (10 min) or long (48 h) time.

The relative amount of the ether peak at 287 eV in the C Is spectra in-
creases from short to long exposure times indicating that PC in contact with
Li,O, also decomposes to ether species. This increase in the ether species is
supported by the peak at 533.6 eV in the O 1s spectra. It has been shown that
PC decomposes to oligomer chains of poly(ethylene oxide) (CH,CH,0),
(PEO) and/or ROLi due to reaction with PF5 formed due to the decomposi-
tion of LiPFs.* Li,O,, similar to PFs, is a strong oxidizing agent and thus its
reaction with PC or EC/DEC solvents may explain the formation of ether
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species. The increase in the relative amount of the ether peak is larger for the
PC sample than that for the EC/DEC sample. This suggests that compared to
PC, EC/DEC is more stable in contact with Li,0,. To validate these results,
similar experiments were performed using LiBF, in EC/DEC electrolyte.
The XPS results of that experiment also indicated that the decomposition of
EC/DEC solvent to ether species occur to a smaller extent compared to that
in the PC solvent. This is in line with conclusion made in paper III where
the XPS analysis of the cathodes of PC and EC/DEC cells revealed that PC,
compared to EC/DEC, decomposes to a larger extent.
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Figure 18. A schematic of proposed reaction mechanism between Li,O, and PC or
EC/DEC.

Compared to PC, a mixture of EC with a linear carbonate solvent such as
DEC or DMC has been shown to improve the performance of Li-ion batter-
ies. This has been attributed to the formation of a stable SEI on the negative
electrode when using EC mixed with a linear carbonate. However, the origin
of this improvement as well as higher stability of EC/DEC compared to PC
observed in this study is not clear.

The Cycling Performance of Ether Electrolytes

As explained in the introduction, as the carbonate based electrolytes were
found to be unstable in Li-O, batteries, ether based electrolytes were sug-
gested as an alternative. The ether based electrolytes seemed to be promising
because it was shown that Li,O, forms as a discharge product and this even
increased the number of cycles that were reported.*™*

Therefore, we investigated the performance of Li-O, cells using
Tetraglyme and PEGDME solvents (paper II). Due to the instability of
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LiPF, in the Li-O, battery™ and due to poor solubility of LiPF4 in ether sol-
vents, LiB(CN), was used as the salt. It has been shown that LiB(CN), with
high thermal and electrochemical stability can improve the performance of a
Li-ion battery.”

Figure 19 shows the discharge/charge performance of Li-O, cells with
these ether based electrolytes displaying a rapid capacity fading from the
first to the 7" cycle.

T
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Figure 19. Voltage of first and third discharge/charge plateaus of cells with
LiB(CN), in PEGDME (a) and Tetraglyme (b) electrolytes, at a current density of
70 mA/g of carbon, respectively. Inset: Discharge capacities vs. cycle number.

To characterize the reaction products the carbon cathodes of the cells at
the discharged state were analyzed using HAXPES. Figure 20 shows the
Mn 2p, O 1s, and C 1s spectra of the cathodes. The peaks at 642.3 and
654 eV in the Mn 2p spectrum and the peak at 529.9 eV in the O Is spec-
trum of the reference cathode represent MnO, catalyst used in the assembly
of the cathode. The absence of these peaks in the Mn 2p and O 1s spectra of
the PEGDME cell implies that a thick layer formed on the surface of the
cathode. However, for the cathode removed from the Tetraglyme cell, these
peaks are visible although their intensities are smaller compared to the inten-
sity of the reference cathode. The surface layer is made of LiF formed due to
decomposition of Kynar binder (see section 3.1) and of decomposition prod-
ucts of the solvents. The relatively high intensity of the peak at 286.6 eV in
the C Is spectra of the cycled cathodes indicates the presence of ether spe-
cies originating from decomposition of the solvents.
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Figure 20. Mn 2p, O 1s, and C 1s spectra of the reference and cycled cathodes using
LiB(CN), in PEGDME or Tetraglyme. The photon energy was 2300 eV.

The reason that ether based electrolytes have recently become popular in
the Li-O, battery research is that Li,O, can be formed as the discharge prod-
uct of the cell. This has been proved using analytical techniques such as
XRD, Raman, ete. 2B However, the formation of Li,O, and the ability to
cycle the cells do not necessarily prove that the cell is truly reversible. Using
XPS as a surface sensitive technique which can detect crystalline as well as
amorphous reaction products, it has been shown that ether based electrolytes
are not stable in the Li-O, battery.*** This is in line with mass spectroscopy
results indicating the formation of CO, due to the decomposition of an ether
based electrolyte.”’

Indeed, ether electrolytes are weak candidates for the Li-O, battery since
it has been shown that the O, molecule can oxidize ethers via a process
called “autooxidation” (see Eq. 8), this proceeds by abstracting a hydrogen
from ethers to produce hydroperoxides.®!

Chemical Decomposition of Ether Solvents by Li,O,

Furthermore, as with any electrolyte ethers need to be stable in contact with
Li,0,. Thus, we investigated the stability of an ether based electrolyte to-
ward Li,O, similar to the experiment we performed for the carbonate based
electrolytes (paper III).
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Figure 21 shows the O 1s and C 1s spectra of the Li,O, sample after being
exposed to 0.1 M LiClO,4 in TEGDME. The peak at 289 eV with a relatively
high intensity in the C 1s spectrum indicates the presence of carboxylate
species on the surface of Li,O, sample. The peak at 532.1 eV in the O 1s
spectrum confirms the presence of carboxylates on the surface of Li,O..
These carboxylate species can be assigned to hydroperoxides which contain
a carboxylate bond (-COO). Therefore, Li,O, via hydrogen abstraction can
decompose the TEGDME solvent.
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Figure 21. O 1s and C 1s spectra of a Li,0, sample after being in contact with 0.1 M
LiClO, in TEGDME electrolyte for 48 h.

Summary of Studies on Electrolyte Solvents

e Carbonate based solvents such as PC or EC/DEC decompose during the
discharge of Li-O, batteries due to the reaction with the reduced oxygen
ions or due to the reaction with Li,O,.

e The decomposition of PC or EC/DEC results in the formation of a sur-
face layer between ~5 to 10 nm thick which passivates the surface of
cathode and of MnO, catalyst.

e FEther solvents such as TEGDME and PEGDME also degrade during the
cell cycling due to reaction with O, atmosphere or with reduced oxygen
species.

e All the carbonate and ether solvents tested (PC, EC/DEC, TEGDME)
were unstable in contact with Li,0O,.
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4.3. Electrolyte salt

The stability of Li salt in the Li-O, battery is also questionable. Two types of
experimental methods were used here to investigate the stability of several
common lithium battery salts: i) the stability of a salt during the cell cycling,
or ii) chemical stability of a salt in contact with Li,O.

4.3.1. Stability of Li Salts during Cell Cycling

In an ideal battery a Li salt acts as a charge carrier and is stable to both the
electrochemical window of test and chemically to all the components within
the battery (excluding the partial decomposition of salts to form the SEI on
the anode). The same performance from the salt is also expected in the Li-O,
battery.

Lithium Hexfluorophosphate (LiPFy)

LiPF as the most common lithium salt was first used in this work to prepare
electrolytes. However, the surface characterization of cell cathodes revealed
that LiPF¢ salt decomposes during cycling (paper IV). The F 1s and P 2p
spectra in Figure 14 (see section 4.2) indicate that LiPF¢ decomposes partial-
ly to LiF and P-O bond-containing compounds during the cell cycling. This
is in agreement with another XPS study indicating that LiPF¢ salt decompos-
es in the Li-O, bat‘[ery.49

Lithium Bis(oxalate)borate (LiBOB)

LiBOB salt which is known as an alternative non-fluorinated salt to LiPF¢
was also utilized to prepare electrolytes. However, it was observed that the
LiBOB salt dissolved in PC decomposes during the cell cycling (paper V).
The B 1s spectrum in Figure 22 consists of two peaks at 192.9 and 202.8 eV,
indicating the presence of B atoms in two environments. The peak at the
lower binding energy represents the remaining LiBOB salt. However, the
peak at the higher binding energy indicates that B atoms are bound to highly
electronegative atoms such as -CF; and consequently that LiBOB degraded.
Similar results have been reported in the literature regarding the stability of
the LiBOB salt.”'

Lithium Perchlorate (LiClOy)

LiClO4 has been suggested as a possible stable salt for Li-O, cells.
Hence, the stability of LiClO, salt was also investigated in this study (paper
V).

Figure 23 shows the Cl 2p spectra of cathodes of Li-O, cells cycled using
1 M LiClO4 in PC or EC/DEC electrolytes. The Cl 2p spectra are deconvo-
luted using spin-orbit split doublets for each chemical state (Cl 2ps, and

49,51
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ClI 2p,») with intensity ratios 2:1 and a peak split of 1.6 eV. The spectrum of
the EC/DEC sample consist of one peak at 208.6 eV representing the LiClO,
salt; no LiClO4 decomposition was observed for this sample. The presence of
remaining salt on the surface of the electrodes is not necessarily a proof of
salt decomposition. In the case of Li-ion cells it has also been observed that a
fraction of salt may remain on the electrode surface even when the elec-
trodes were washed with DMC before XPS analysis.

However, the CI 2p spectrum of the PC samples consists of two peaks at
198.5 and 208.4 eV. The peak at the lower binding energy represents LiCl
and reveals that LiClO4 decomposed during the cell cycling using a PC
based electrolyte.”
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Figure 22. B 1s spectrum of the cathode of a Li-O, cell at the charged states using
1 M LiBOB in PC electrolyte. The photon energy was 140 eV.
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Figure 23. Cl 2p spectra of the cathodes of Li-O, cells at the charged state using 1 M
LiClO, in PC or EC/DEC electrolytes. The photon energy was 140 eV.
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LiBison (LiB(CN)y)

For the sake of achieving a stable salt for the Li-O, battery, the stability of
LiB(CN), salt was investigated (paper II). This salt has been shown to im-
prove the performance of a Li-ion battery®, during the cell cycling.

Figure 24 shows the N 1s and B 1s spectra of the LiB(CN), salt and of the
stored and cycled cathodes of Li-O, cells with 0.5 M LiB(CN), in PEGDME
or TEGDME electrolytes. The N 1s spectra of stored and cycled cathode
show one peak at 400.1 eV representing remaining LiB(CN), salt on the
cathodes surface. The B 1s spectra of cycled cathodes consist of two peaks
representing different types of B bonds. The peak at 191.8 eV, visible in the
spectra of cycled cathodes matches to the B 1s peak of the salt. However, the
cathodes of both PEGDME and TEGDME cells show one additional peak
located at the binding energies of 190.1 and 192.7 eV, respectively. The
presence of these peaks imply that B atoms formed new bonds due to degra-
dation of LiB(CN), salt. In the case of the TEGDME cell, the additional
peak at 192.7 eV indicates that B atoms are bonded to more electronegative
atoms compared to C atoms. The peak, thus, can be assigned to the B—F or
B—0 bonds. The peak at 190.1 eV suggests that B atoms are bonded to less
electronegative atoms compared to C atoms.

Overall, the XPS characterization of cathodes removed from cells con-
taining LiB(CN), salt indicated that this salt also decomposes during the cell
cycling.
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Figure 24. N 1s and B 1s spectra of carbon cathode of Li-O, cells cycled using
0.5 M LiB(CN), in TEGDME or PEGDME. The photon energy was 2300 eV.
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4.3.2. Stability of Li Salts in Contact with Li,0,

After observing the level of breakdown of salts during electrochemical tests,
a fundamental study was performed to investigate the stability of Li salts in
contact with Li,O,. As explained in section 3.2, to study the electrolyte sta-
bility Li,0, powder was placed on an aluminium plate and exposed to the
electrolyte. Using this type of experiment, the stability of several common
lithium salts including LiPFs, LiBFs and LiCIO4 were investigated (paper
III).

Lithium Hexfluorophosphate (LiPF)

As it is shown in Figure 17, the F 1s spectra of Li,O, surfaces indicate that
the LiPFs salt decomposes in contact with Li;O, to form LiF and
LixPF,/LixPF,O,. This is confirmed in the P 2p spectra in Figure 17. The P-
O peak originated from the salt degradation clearly reveals that LiPFs is un-
stable when exposed to Li,O,. The relative intensity of LiF and P-O peaks in
the F 1s and P 2p spectra, respectively, increases by increasing the exposure
time. This implies that a larger amount of decomposition products from the
LiPF salt form on the surface of Li,O, with increasing exposure time indi-
cating that a stable passivation layer is not possible.

Lithium Tetrafluoroborate (LiBF,)

LiBF, is another common lithium salt which has recently been suggested to
be stable toward Li,O,.% Thus, its stability was tested in contact with Li,O,
using the experimental design explained above.

Figure 25 shows the F 1s and B 1s spectra of Li,0, powder after being in
contact with 0.8 M LiBF, in EC:DEC (2:1) for 10 min or 48 h. The F Is
spectra consist of two peaks at 685 and 687.2 eV representing LiF and
LiBF4/Li,BF,0,. The LiF peak indicates that LiBF, is unstable in contact
with Li,0O, and decomposes to form LiF. The B 1s spectra support this find-
ing. The peak at lower binding energy represents B-O bond containing com-
pounds and indicates that LiBF, salt is degraded. The relative surface com-
positions of Li,O, surfaces after exposure to the LiBF, based electrolytes and
the assigned compounds of F, P and C elements are presented in Figure 26a
and 26b. The relative amounts of both F and B increase by increasing the
exposure time while the relative amount of O decreases. The relative amount
of LiF increases from about 4 to 26 at% between 10 min and 48 h exposure
times, respectively. This indicates that more LiBF, salt decomposes on the
Li,0, electrodes from shorter to longer exposure times, similar to that which
was observed in the LiPF based samples.
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Figure 25. F 1s and B 1s spectra of Li,O, after being in contact with 0.8 M LiBF, in
EC:DEC (2:1) electrolyte for short (10 min) or long (48 h) time.
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Figure 26. (a) The relative element surface composition of Li,O, samples after being
exposed to 0.8 M LiBF, in EC:DEC (2:1) electrolyte for 10 min or 48 h. (b) The
assigned compounds to the B, F, and C elements and their relative amounts.

Lithium Perchlorate (LiC10,)

Finally, the stability of the LiClO, salt was also tested in the same way. Sur-
face characterization of Li,0, powder exposed to LiClO4 containing electro-
lyte indicates that LiClO4 decomposed and formed LiCl (Figure 27). It
should, however, be noted that LiClO, was dissolved in TEGDME solvent,
which is shown to be decomposed in contact with Li,O, to form hydroperox-
ides. Hence, LiClO4 may decompose via reaction with decomposition prod-
ucts of TEGDME and not directly by Li,O,. This could be further checked
by using LiClOy in relatively stable solvents.
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Figure 27. CI 2p spectrum of a Li,O, sample after being in contact with 0.1 M
LiClO4 in TEGDME electrolyte for 48h.

Summary of Studies on Li Salts
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LiPFg, LiB(CN), and LiBOB salts were found to be unstable during
cycling of Li-O; cells.

LiClO, showed no degradation product on the carbon cathode of the cell
cycled using LiClO4 in EC/DEC. However, LiClOy salt dissolved in PC
did decompose to form LiCl.

The decomposition products of the Li salt formed during the cell cycling
contributed to the formation of a surface layer on the carbon cathode.
LiPFs, LiBF; and LiClO4 were found to be unstable in contact with
Li,O, rendering formation of degradation products such as LiF, LiCl,
and P-O compounds on the surface of Li,O5.



4.4. Anode

The stability of electrolyte solvents and salts in contact with Li-O, and Li,O,
have been studied by several researchers, the stability of electrolyte in con-
tact with the lithium anode in the presence of oxygen has, however, not been
investigated properly.

Lithium metal has a very negative potential (~ -3 V vs. SHE) and is very
reactive. Therefore, all the nonaqueous solvents in contact with lithium met-
al decompose partially and form a passivation layer known as an SEI on the
lithium metal. The nature of the SEI on lithium metal for Li-ion batteries has
been extensively investigated. It has been concluded that many parameters
influence the chemistry, morphology, and stability of the SEI making it very
complex.”

Within this PhD, a study of the SEI formed on the lithium anode of the
Li-O, battery was carried out for the first time (to the best of our knowledge)
(paper VI).’ This work was initiated as a result of visual observations that a
thick black layer forms on the lithium anode after only a few cycles of a Li-
O, battery using carbonate based electrolytes (Figure 28). This is unlike the
lithium anode of Li-ion batteries cycled using the same electrolyte and cur-
rent density.

Figure 28. Photograph of prisinte (a) and cycled (b) Li anode in a Li-O, cell.

Therefore, to study the SEI on lithium in detail we used XPS to character-
ize the surface of lithium anode in the Li-O, battery using LiPF in PC elec-
trolyte. Also, in order to investigate the stability of the SEI, we compared
lithium metal removed from cells at the discharged and charged states and a
cell stored for two days in oxygen atmosphere.

Table 2 presents the relative surface composition seen for the lithium an-
ode of these cells (assuming a uniform distribution of the elements). The
changes in the relative surface composition of the lithium anode from the
stored to discharged sample and then from the discharged to charged sample
indicate that the SEI is unstable during the cell cycling.
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Table 2. The relative surface composition (at%) of Li anode of the stored, dis-
charged, and charged Li-O; cells using 1 M LiPFsin PC.

Element Stored Discharged Charged
C 41 45 50
o 34 22 23
Li 17 13 12
F 7 16 13
P 1 33 1.8

Figure 29 shows the XPS core peaks of the elements observed on the sur-
face of lithium anode of the stored, discharged, and charged cells. The de-
tails of the peak assignments and the relative amount of the compounds are
presented in paper VI. In conclusion, LiPFg salt and PC solvent both in con-
tact with lithium metal decompose and are involved in the SEI formation.
The LiPF; salt decomposes to LiF and P-O containing compounds while the
PC is degraded to lithium alkyl carbonate, ether, and carboxylate/ester spe-
cies. Comparing these results with the SEI on Li anode of non-oxygen cells,
it can be concluded that the relative amount of C and O is higher in the SEI
of the lithium anode of oxygen cells.*** The higher amount of C in the SEI
seen in the oxygen cell compared to that in the non-oxygen cell is most like-
ly due to an increase in the decomposition of PC solvent resulting from reac-
tions with or catalyzed by the presence of oxygen.

More importantly, the changes in the surface composition of a lithium an-
ode are shown in the XPS spectra in Figure 29, revealing that the composi-
tion of the SEI on lithium anode is evolving.
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Figure 29. F 1s, O 1s, C 1s, P 2p, and Li 1s spectra of Li anode of stored (top), dis-
charged (middle), and charged (bottom) Li-O, cells using 1 M LiPF4 in PC.

To study the influence of oxygen on the electrochemical performance of a
lithium anode, we investigated the lithium plating and stripping process on a
copper surface in the presence and absence of oxygen. Figure 30 shows the
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recorded CV measurement of the plating and stripping process. Compared to
the Argon cell, the plating process starts at a significantly lower potential in
the oxygen cell. The stripping process also stops at lower potential on the
positive potential scan when compared to the oxygen cell. Thus, the CV
results indicate higher resistance in the oxygen cell compared to the non-
oxygen cell. The AC impedance of both oxygen and non-oxygen cells after
the CV measurement is presented in the inset of Figure 30 indicating that the
resistance in the presence of oxygen is higher compared to than that of the
non-oxygen cell.
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Figure 30. Main: CV (100 mV s) showing lithium deposition and stripping on Cu
in the presence of oxygen and argon gas (the 3™ cycle in both cases). Inset: AC Im-
pedance spectra recorded for both cells at 1 V vs. Li/Li" after 10 stripping and depo-
sition cycles.
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5. Concluding Remarks and Future Outlook

The aim of this thesis was to elucidate the reaction products in the relatively
novel and complicated Li-O, battery and to determine the major parameters
influencing the performance of the cell.

XPS in combination with synchrotron photoelectron spectroscopy were
the main techniques used to characterize the surface of the electrodes to es-
tablish the composition of the reaction products. Gas adsorption and SEM
were also used to investigate the porosity properties of the carbon cathodes.

Dividing the cell to the four main components, the following conclusions
were ascertained in this study:

Cathode

e The cathode formulation, specifically the relative amount of binder, in-
fluences the porosity properties including surface area, pore volume and
pore size distribution of the cathode. In other words, surface and pore
volume of carbon cathode decrease by increasing the relative amount of
Kynar binder.

e The increase in relative amount of Kynar binder results in a decrease in
the observed discharge capacity of the Li-O, battery.

e Kynar binder, which has commonly been used to assemble porous cath-
odes for use in Li-O; batteries, was found to degrade during cell cycling.
Furthermore, it was shown that the decomposition products of ether
electrolytes formed in contact with Li,O, in turn leads to the degradation
of Kynar binder.

e As a consequence of the decomposition of the Kynar, LiF forms on the
surface of the cathode, which can passivate the electroactive surface and
catalysts. In addition, decomposition of Kynar may lead to degradation
of the cathode structure and cause the blockage of the pores.

Electrolyte Solvent

e (Carbonate based solvents like PC and EC/DEC were found to be unsta-
ble during the cell cycling. The decomposition of these solvents to lithi-
um carbonate, lithium alkyl carbonate, etc. results in the formation of a
surface layer with a thickness of 5-10 nm on the carbon cathode, found
by using XPS and HAXPES.

o Ether solvents such as TEGDME and PEGDME decompose during cell
cycling forming ether based decomposition products.
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e [t was also shown that Li,0O, decomposes all tested carbonate and ether
solvents (PC, EC/DEC, and TEGDME). PC and EC/DEC form car-
bonate and PEO based compounds as a result of the reaction with Li,O,,
while TEGDME forms carboxylate species.

Electrolyte Salt

e LiPF¢ LiB(CN)4 and LiBOB salt were shown to decompose during the
cycling. These salts form LiF and B-O containing compounds which
contribute to the formation of a surface layer on the carbon cathode.

e LiClO; salt dissolved in EC/DEC showed no decomposition product.
However, this salt degraded to form LiCl during the cell cycling when
PC was used as the solvent.

e The XPS results revealed that LiPFs, LiBF, and LiCIO, salts decompose
in contact with Li,O,, and consequently, form LiF, LiCl, and P-O con-
taining compounds on the surface of Li,O,.

e The degradation of the electrolyte solvent and salt in contact with Li,O,
results in the formation of a surface layer on Li,O,. Such a layer can pas-
sivate the surface of Li,0, leading to a charge overpotential in the cell.

Anode

e Compared to a non-oxygen cell, in the Li-O, battery in the presence of
oxygen, PC decomposes to a higher degree on the lithium anode.

e The SEI on the lithium anode in a Li-O, battery is evolving during the
cell cycling.

e The cell resistance is higher in presence of oxygen than that in the ab-
sence of oxygen.

e The influence of the presence of oxygen on the formed SEI layer as well
as the decomposition of the electrolyte by the lithium anode are issues
which need to be studied further.

Overall, the presence of an oxygen atmosphere and oxygen ions in the
cell makes the Li-O, battery a very complicated system. Most common elec-
trolyte solvents like organic carbonate and ether based solvents decompose
in the Li-O, battery. In addition, the degradation of most common Li salts
such as LiPF¢, LiBF,, LiBOB, and LiB(CN), has added more complexity.
Although LiCIO4 has in some cases more stability, it is not a practical Li salt
due to safety issues.

Furthermore, the cross-talk between the components of Li-O, battery
complicates the system. This means that even if a stable electrolyte (possibly
DMSO or polymer based electrolytes) is discovered, the long term stability
of the electrolyte in contact with lithium anode in the presence of oxygen is a
challenging issue. One suggested solution, however, is separating lithium
anode from the electrolyte by using a solid membrane.
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The difficulty in finding a stable electrolyte has to some degree hampered
further studies of ORR and OER during long term cycling. As a consequence
of this problem, further work to improve the cathode formulation, catalyst
performance, and kinetics of the reactions are hindered.

A useful approach to develop the Li-O, battery seems to be investigating
each component of the cell individually. For example, to avoid the problems
originating from employment of a lithium metal anode, nonmetallic anodes
such as graphite or silicon can be used.

Considering all these difficulties, there is still a long way to go to produce
Li-O, batteries for commercial scale.
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Sammanfattning pa Svenska

Att 6ka méngden fornybar energi for att minska forbrukningen av fossila
brinslen &r ett viktigt mal i samhéllet. For att anvinda den elektricitet som
kan skapas av vinden, vattnet eller solen, nér det inte alltid blaser eller da
solen inte alltid skiner, behdvs effektiva energilager. Batterier &r en sadan
l6sning. Den globala uppvirmningen till f6ljd av utsldpp av vixthusgaser ér
ett av de viktigaste problemen att férsoka 10sa. Forutom att gora det genom
att skapa mer fornybar energi maste ocksa transportsektorn bli fossilfri och
dven hir kan utvecklandet av avancerad energilagring sdsom batterier spela
en nyckelroll.

Ett batteri, eller en elektrokemisk . o 3
cell, &r tillverkad av elektroder och e e
elektrolyt, som omvandlar kemisk .,SEI
energi till elektrisk energi, se Fi- | o ~—°*
gur 1. Det moderna litiumjonbatte- | @ @ | ® .
riet, som numera hittas 1 alla barbara : o L+ @
elektroniska apparater, ir resultatet | ® @ | 0o ® ®
av manga ars forskning. Idag driver | ‘ _":f_+.
speciellt utvecklingen av elfordon _ =

. . ° . Negative Positive
batteriutvecklingen framat. En 0k- lectiods ——

ning av bade batteriets specifika

energi (gravimetrisk energitithet), ~ figur I. Ett litium jonbatteri med
energidensitet (volymetrisk energi-  interkalations elektroder.

densitet) och sdkerhet samt att minska batteriets kostnad ar de frimsta méa-
len.

Nar det géiller att kunna Oka batteriers energitithet har Li-O, batteriet
(ofta kallat littum-luft batteriet) fatt en sirskild uppméarksamhet pa senare ar
pa grund av dess hoga specifika energi. Denna typ av batteri har en teoretisk
specifik kapacitet ndstan 10 ganger hogre dn dagens interkalationsbaserade
littum-jon batterier. Det forespas att ett fullt utvecklat Li-O, batteriet kom-
mer ge en praktisk specifik kapacitet som ar 2-3 ganger hogre jamfort med
dagens kommersiellt tillgdngliga litiumjonbatterier (Figur 2).

Li-O, batteriet bestér av en metallisk litiumanod (eller mgojligen en litium-
legering) och en pords katod, och mellan dem finns det en separator innehal-
lande elektrolyt, se schematisk bild i Figur 3. Under urladdning av Li-O,
batteriet transporteras litiumjoner genom elektrolyten frén anoden till kato-
den dir de kan reagera med syre fran luften.
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Figur 2. Jamforelse vad géller energitdtheter hos
olika uppladdningsbara batterier.

I denna avhandling har
Li-O, batteriet studerats
for att belysa de komplice-
rade parametrar som pa-
verkar systemets funktion.
Avhandlingen syftar till
att ge okad forstielse av
de reaktioner som sker
under cykling och vidare
bestimma vilka reaktions-
produkterna dr som bildas
vid cykling. Avhandling-
en innehéller resultat fran
studier av de tre storsta

cellkomponenterna, dvs
katod, anod och elektrolyt i cellen. Flera karakteriseringstekniker inklusive
fotoelektronspektroskopi (XPS), svepelektron mikroskopi (SEM), rontgen-
diffraktion (XRD) och gasadsorption har anvénts for att analysera cellelek-
troderna tillsammans med elektrokemiska métningar av Li-O,-celler. Sérskilt
har griansytorna mellan elektrod och elektrolyt studerats i detta arbete ef-
tersom det dr hér nerbrytningprocesserna sker. Ytkarakterisering av béde
kolkatoden och litiumano-
den i battericellerna har 1+
studerats med XPS. Detta e
har varit en utmaning da
skikten som bildas i gréns-
ytorna &r véldigt tunna (ca
5 nanometer) och véldigt
kénsliga for luft (syre och
vatten).

En av de parametrar \J
som har undersokts sys-
tematiskt i avhandlingen
var porositeten hos ka-
toden och hur den kopplas till batteriets urladdningskapacitet. Resultaten
visar att ytarean och porvolymen hos katoderna minskar med 6kande mingd
av Kynar bindemedel (som behovs for att halla ihop elektrodpulvret). En
tillsats av 20 vikt-% av Kynar reducerar ytarean och porvolymen med ca
30% respektive 20%, jaimfort med Super P kol. Det faktum att den hogsta
kapaciteten vid forsta urladdningen erholls med den ldgsta méngden av
Kynar bindemedel i katoden bekriftar att den porositet som katoden har till
stor del paverkar urladdningskapaciteten hos cellen.

Li metal SEI  Electrolyte Porous cathode

Figur 3. En schematisk bild av Li-O,-batteriet.
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Vidare visar XPS resultat att Kynar bin-
demedlet 1 vissa fall ar instabilt 1 Li-O,-
batteriet. Méingden fluor som finns pa
ytan kan métas i PES F 1s toppen. Den
avslojar ndrvaron av LiF pa ytan av de
cyklade katoderna, medan ocyklade elek-
troder som lagrats i elektrolyt endast
innehaller fluor som kommer frén Kynar,

F1s

Ref. cathode

PEGDME_Stored

§ " se Figur 4. I dessa batterier anvéndes en
8 P katod som bestdr av Kynar tillsammans
s | med Super P kol och katalysatorn o-
3 [reuagiyme_storea ‘"“». MnO,, och batterierna blev galvanosta-
T M| tiskt cyklade med eterbaserade elektroly-

~ ter: 0,5 M LiB(CN), i TEGDME eller
LiF PEGDME. Eftersom icke-fluorerade
elektrolyter anvéndes i denna studie, &r
Kynar bindemedlet den enda kéllan for
Tetraglyme_Cycled \ fluor. Nérvaro av LiF pa ytan hos de cyk-
m s e e lade katoderna indikerar darfor att Kynar

624 69él_n39igg :iser;:i?e\?ad 682 bindemedlet sonderdelas.
Den kemiska stabiliteten hos katod-

Figur 4. F 1s spektra av refe-  yomponenter i kontakt med en av de fore-

renskatod, ocyklad and cyklad slagna urladdnings produkterna Li,O,

Li-O,-batterikatod. Dessa .. o

katoder &r cyklade med en undersoktes ocll<sa. XPS resultaten anty-

elektrolyt  bestiende  av der att losningsmedlet eter sdsom

LiB(CN), i PEGDME eller =~ TEGDME och DME sonderdelas kemiskt

Tetraglyme. i kontakt med Li,O, och att nedbrytnings-

produkterna i sin tur reagerar med Kynar
bindemedlet som dérfor i sin tur sonderfaller. De nedbrytningsprodukter som
bildades i kontakt med Li,O, vid anvindning av karbonatldsningsmedel
sasom PC (polyvinylkarbonat) i elektrolyten &r dock inte reaktiva mot
Kynar-bindemedlet.

Alla elektrolyter for litiumjonbatterier eller Li-O,-batterier bestar av ett
16sningsmedel och ett litiumsalt. De redan beskrivna resultaten antydde att
losningsmedlet inte var stabilt i Li-O, batteriet under cykling. Dérfor stude-
rades flera olika 16sningsmedel i detalj for att forstd vilka parametrar som
paverkar stabiliteten. Négra av resultaten dr sammanfattade i f6ljande punk-
ter:

PEGDME_Cycled

e Karbonatlosningsmedel sdsom PC eller EC/DEC sonderdelas under ur-
laddningen av Li-O,-batterier d& de reagerar med reducerade syrejoner
eller pa grund av reaktioner med urladdningsprodukten Li,O,.
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e Sonderdelningen av PC eller EC/DEC resulterar i bildandet av ~ 5 till 10
nm tjocka ytskikt som passiverar ytan pa katoden och pd MnO, katalysa-
torn.

e Eterlosningsmedel sisom TEGDME och PEGDME forsdmras under
cellcykelforloppet pé grund av reaktioner med reducerade syrejoner.

e Alla testade karbonat- och eter 16sningsmedel (PC, EC/DEC, TEGDME)
var instabila i1 direkt kontakt med Li,0,.

Stabiliteten hos salterna som sadana studerades ocksa.

e Salter av LiPF¢, LiB(CN)4, och LiBOB var alla instabila under cykling
av Li-O,-celler.

e LiClO, visade ingen nedbrytningsprodukt pa kolkatoden i en cell som
cyklade med EC/DEC men i PC-elektrolyt sonderdelades LiClO4 till
LiCl.

e Salternas nedbrytningsprodukter bidrog till bildandet av ytskikt pé kol-
katoden.

e LiPFs, LiBF4 och LiClO,4 befanns vara instabila 1 kontakt med Li,O,
vilket ledde till bildandet av nedbrytningsprodukter sdsom LiF, LiCI och
PO-féreningar pé ytan av Li,O,.

Det ér hittills ingen som studerat vad som egentligen bildas pa litiumelek-
troden nér ett Li-O, batteri cyklar. Nagra av de viktigaste resultaten fran
denna avhandling ar dérfor:

e PC sonderdelas till en hogre grad pé litiumanoden i ett Li-O, batteri i
nérvaro av syre dn vad som sker i ett ”syrefritt” batteri.

e SEI pa litiumanoden i ett Li-O, batteri under batteriets cykling.

e Motstindet i cellen dr hogre i ndrvaro av syre dn i franvaro av syre.

e Vad som egentligen sker i ndrvaro av syre for det bildade ytskiktet (SEI)
pa litiumanoden behover studeras ytterligare.

Denna avhandling visar att for att f& ett fungerande uppladdningsbart
Li-O, batteri maste litiumanoden skyddas fran vatten och syre, nya elektro-
lytsystem (bdde 16sningsmedel och salter) behover utvecklas samt ockséd nya
katalysatorer som &r miljovénliga och billiga och som leder till att reaktions-
produkten Li,O, kan reagera sa att syre aterbildas och litiumjoner reduceras
till metalliskt litium. Det 4r en utmaning att gora att fungerande Li-O,-
batteri.
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