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Introduction

Reducing the consumption of fossil fuels and thelaeement of these resources is currently a
necessity in our energy demanding society. Fiossif fuels reserves are finite and these resources
(coal, oil and gas) could be consumed in less tahyears if no alternative energy sources are
developed. In addition, it is now an environmerhligation to limit the greenhouse gas emissions
resulting mainly from the exploitation and the addossil fuels that exacerbate global warming. The
motivation to develop renewable energies has negen so important and a main goal is the slow
transfer from fossil fuels towards new sources oérgy. Energy storage technologies, such as
rechargeable batteries, play an important roleesthe last 20 years. In particular, the Li-ion &gt
technology occupies a major position because itbéshhigher gravimetric and volumetric energy
density and longer lifespan than traditional regbable battery technologies such as lead-acid,d\li-C
etc. The Li-ion technology quickly dominated therked of power sources for portable electronics.
However, more recently other markets are emergaugh as stationary storage or batteries for
transportation. Many scientists are dedicatedeéad#hvelopment of low cost, safe, rechargeableryatte
of high voltage, capacity and rate capability fggadential mass market of electric vehicles.

A Li-ion battery is composed of several electroctoaincells connected in series and/or in parallel.
An electrochemical cell is composed of a positind a negative electrode separated by an electrolyte
(lithium salt in an organic solvent) and a separé#tat prohibits contact between the two electrodes
Most commercial lithium-ion batteries use carbowase materials as negative electrode. More
recently, metals and semimetals that can electrodadly form alloys with lithium have been
investigated as interesting alternatives, becalusg lead to very high rechargeable capacity values.
Among these materials, silicon and tin can allothvd.75 and 4.4 Li atoms per atom (i.e,s8i; and
Li,»»Sn;) which corresponds to a maximum capacity of 352" and 994 mAh.g, respectively.
This is much higher than the conventional mater@mmercialized, namely the graphite with a
theoretical capacity of 372 mARh'g

A crucial problem is the large volume changes ugolee upon alloying and de-alloying with
lithium, which result in strong mechanical straared subsequent loss of electrical contacts between
the active particles (Si or Sn), the conductiverirand the current collector. Several strategi@gch
been considered to reduce this volume change aprbim the stability of the electrodes, either by
using nanosized particles, polymeric binders, acHjz cycling conditions (current rates, cut-off
voltages, pre-cycling). Besides, silicon has theaathge, compared to tin, to be a light and abundan
element, so it appears as an ideal candidate éanalkt generation of negative electrodes.

However, despite these improvements, cycling perémces of silicon/tin electrodes still remain
unsatisfactory for use in practical Li-ion batterieParticularly, some limitations are due to
electrode/electrolyte interfaces. Therefore itésassary to better understand this interface xétycti
Compared to interface phenomena on carbonaceottsoeles that have been extensively studied for
many years, much less research attention has lex@ted to interfacial mechanisms on silicon or tin
negative electrodes. However, the formation of 8wid Electrolyte Interphase (SEIl) layer is
recognized as one of the key points for Li-ion &attperformance and safety, which are strongly
dependent on the stabilization of electrode/elgdianterfacial reactions.

This PhD work has started in 2009 in this contéxto-shared position was created within Alistore
ERI (European Research Institute) and was perfoumeer the joint supervision of two laboratories:
* |IPREM-ECP located at Université de Pau et Pay$Adi®ir in France
« The Department of Chemistry-Angstrom laboratorycated at Uppsala University in
Sweden.
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In this thesis, these two laboratories, forming ‘tRES/XPS Alistore platform”, have combined their
expertise in the field of Li-ion batteries matesiabnd surface analysis using photoelectron
spectroscopy (PES). X-ray Photoelectron Spectrgsisofecognized as a powerful technique to obtain
chemical information on materials surfaces andeteetronic structure of solids and this technigas h
become one of the most efficient to chemically abtarise electrode/electrolyte interfaces in Li-ion
batteries.

The scope of this thesis was to investigate and laabetter understanding of the mechanisms
occurring at the electrode/electrolyte interfacésn@ew negative electrode materials by improving
photoemission spectroscopy methodology.

In our approach, by varying the energy of the X-pjotons a non-destructive depth-resolved
analysis has been developed, as an alternatidieetddstructive argon ion sputtering. With this aim,
the electrodes were studied by using low enerdi€-800 eV) corresponding to soft X-ray PES,
middle energy (1486.6 eV) corresponding to in-hoxdeS and high energies (2000-7000 eV)
corresponding to hard X-ray PES. Soft and hard X®PES were performed at two different
synchrotron facilities: MaxIV Laboratory, Lund, Sgem; and Helmholtz Zentrum Bessy, Berlin,
Germany. The increase of the photon energy resul@n increase of the kinetic energy of the
photoelectrons. Since the inelastic mean free phthe photoelectrons is highly dependent on their
kinetic energy this leads to a significant chanfjthe PES analysis depth. The variation of the @hot
energy allows thus to highlight the extreme surfacthe particles or, at the opposite, to enhahee t
signal of the bulk. This experimental approach mtes information about the repartition of species a
the surface of the samples and avoids the argosspattering technique commonly used for depth-
profiling, which is destructive for delicate suréscsuch as those of Li-ion battery electrodes.

This thesis is divided into three chapters thaties the work carried out and the results obtained
and are then summarized in the final conclusionistiéf outline of the chapters is given below.

Chapter one provides a general overview on Li-iattdsies and describes the main components found
in a battery. Positive and negative electrodes eladtrolytes studied so far are described and their
advantages and drawbacks are pointed out. Gen@attions occurring at the negative
electrode/electrolyte interface are explained. ¢ end of this chapter, special attention has been
devoted to silicon negative electrodes and a rewkthie current approaches used to limit the volume
expansion of such a material observed upon insgetxtraction of lithium is addressed.

Chapter two develops the experimental work perforohering this thesis and the approaches adopted
are explained. Sample preparation and electroclangsts are described and an important section is
devoted to the theory of photoelectron spectroscépyapproach by varying the energy of the X-ray
photons for non-destructive depth-resolved analysis developed and an important part of the results
presented were obtained with this method. Genegds of in-house PES and synchrotron PES are
described in this chapter.

Chapter three reports the main results obtaineshglahis thesis and it is split in two parts. T lstf
part is focused on the studies of Si/C/CMC compositlectrodes. The interfacial phenomenon
occurring during the first electrochemical cyclesvaudied as well as upon a long-term cycling. Two
different salts have been used: a classical orfeR).end a new salt (LiFSI), the latter showing very
promising performance. The second part of this &hap devoted to a step by step analysis of tisé fi
electrochemical cycle of Mngma new tin-based intermetallic compound.

12
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1. The emergence of Li-ion batteries

1.1.Historical development of battery systems

A battery is an electrochemical device that corsvetiemical energy into electrical energy through
reduction-oxidation reactions occurring at the e@Eies. The term battery often refers to a single
electrochemical cell but it can equally well refiera stack of electrochemical cells, in series anilf
parallel. This thesis will mainly discuss singldl dmtteries. An electrochemical cell is composéd o
three main components: a positive electrode, atrelgte and a negative electrode

We can distinguish two types of batteries: the prymor galvanic) and secondary (or electrolytic)
batteries. In a primary battery, the redox reastitaiking place at the electrodes are not reverssble
the battery cannot be recharged once used. In dapoiatteries, reactions are reversible when an
external voltage is applied to the electrode (regdwble batteries).

The first primary battery was made in 1800 by Adeslo Volta (voltaic cell) by assembling piles of
zinc plates alternating silver with copper platesl &y using a cloth of acid in between as the
electrolyte. Later came the well-known Daniell qdlB36) consisting of a copper pot filled with a
copper sulphate solution in which an unglazed eaxttare container filled with sulphuric acid and a
zinc electrode was immersed. Manganese was fiext U a primary battery as suggested by the
French engineer, Georges Leclanché (Zinc/Mn@®1866. Even today manganese dioxide is found as
an electrode material in many different batteryteys.

The first rechargeable battery, which is still wydesed in automobiles, was the lead-acid battery
(Pb/PbQ in H,SQy) invented by Gaston Planté (1859).

The replacement of the acid as electrolyte appeiredB99 with the first rechargeable alkaline
battery Ni-Cd (Nickel-Cadmium in KOH) created byettswedish engineer Waldemar Jungner.
Similar to this system, the Ni-MH battery (Nicke#tal hydride in KOH) battery was invented in
1967 at the Battelle Geneva Research Center ire&hand. The negative electrode was a hydrogen-
adsorbing alloy instead of the toxic cadmium legdim a significant increase of the cell capacitg an
cycle life.

Historical
development of

the battery v

______ Leclanché cell

1%t commercial Li-ion battery (Sony) ---------- O 1991

15t Li-ion batter — - 1980
Istlithium battery -- -5 =~ 0
Ni-MH < i

—————— First alkaline battery: Jungner (Ni-Cd)

1stsecondary battery: Planté (Lead-acid)

----- Daniell cell i
1800 =

1% primary battery: Volta “»

Figure 1.1 : Historical development of the batteryfrom the first primary battery to the first
commercialized Li-ion battery.
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Since the 1970’s, a lot of attention has been d@eltu the use of lithium in batteries. First, itsnesed
in primary lithium batteries (mainly as MgQand then it has become common in secondaryifithi
metal and Li-ion batteries in the 1980’s and e&890’s. Figure 1.1 represents a time scale witlsghe
main events.

Lithium is an interesting element because it is ligatest solid element (M6.941 g.mot)
thereby, it presents the lowest densjty@.54 g.cn®) and the redox couple LLi has the lowest
electrochemical potential value among all the nsete8.04 Vvs. SHE). As a consequence, batteries
using lithium metal offer the possibility of higloivage and high energy density.

1.2. The rechargeable battery: from Li(m) to Li-ion leaigs

The first concept of a rechargeable lithium batteas successfully achieved and commercialized by
Exxon using a transition metal sulfide as cathdtie: titanium sulfide Ti§ Other chalcogenides
(mainly sulfides and selenidé$)ut also oxides were then investigated as posdigetrode materials.
The latter are more oxidizing than sulfides, whinbans that they have a higher insertion potential.
Some examples of the first materials are: Md®Se,® MoO;, MnO, * or the vanadium oxides,@s°

and \/6013.6

However, the main drawback of these systems wasciassd to the use of the highly reactive
metallic lithium as the negative electrode andftiemation of dendrites upon cycling, thus leadiag t
safety problem because of internal short circite risk of thermal runaway coupled with the reéeas
of toxic fumes was too high for these batteriebéocommercialized. Even though the use of a solid
electrolyte was suggested to prevent dendrite foaomathis safety issue was the starting point for
studying other systems leading to the Li-ion tedbgwin the 1980’s.

A crucial improvement has been to replace the fietal with a lithium intercalation compound
which has a chemical potential close to that biuin metal’ Such a battery does not contain metallic
lithium and the process is based on Li-ions “rogklmack and forth” between the two electrodes
during charge and discharge. The Li-ion batterpatetogy was born.

In the 1980’'s, Goodenougih al. focused their work on studying lithium-containimgnsition metal
oxides (TMO): LiCoQ ® or LiMn,0,,° and at the same time Yazaehial. '° showed that graphite was
able to electrochemically accept and release fithions at a relative low voltage (0.2%. Li*/Li).
These works led to the commercialisation of théohi-battery by SONY in 1991 with LiCoO; as
cathode and graphite as anode. It is importantote that this commercialisation depended on the
finding of a lithium-containing positive electrodeaterial and LiCo@was the choice which was an
invention by Goodenough. Earlier positive electrotgterials did not contain lithium and the source
of lithium was provided by the negative electrodbese early materials usually inserted lithium
electrochemically at potentials below 3/8/ Li*/Li, and their lithiated states were usually naio to
air and moisture. On the contrary, lithium-contagntransition metals (TMO) (discharged state) act a
the lithium source allowing for the replacementta# Li metal as the negative electrodibey present
a higher potential (~4V) and are stable to air @odsture.
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Figure 1. 2 : Comparison of the different battery technologies irterms of volumetric and gravimetric
energy density. Reprinted with permission from ref*2.

The Li-ion technology quickly dominated the mar&&power sources for portable electronics and this
can easily be explained by Figure I. 2 which corapahe gravimetric and volumetric energy density
of the main rechargeable technologies. We can lsaentore compact and lighter devices can be
achieved which constitute a key point for practigpplications. Today, the main domains for Li-ion
batteries are portable devices, transportationssatibnary storag¥.

1.3. Future rechargeable systems - beyond lithium?

The Li-ion technology is not the final point andtteay performances can still be considerably
improved as well as the cost can be lowered bygugmious alternative technologi€sRecently, the
Li-air (Li-O,) or Li-Sulfur (Li-S) systems have been investigateith the goal to increase the
gravimetric and volumetric energy density compacethe classical Li-ion batterié3.

The replacement of lithium by its following elemémtthe alkaline family; sodium (Na), is another
interesting alternative because sodium intercalattoemistry is very similar to that of Li and Nasha
the advantages of being much more abundant (spehehan Li and easier to recover.

In the next part, we will describe the specificatiocof Li-ion technology and explain its operating
principle based on the classic battery system deeel by Sony. The electrochemical characteristics
used to evaluate battery performance will be defirmand finally we will focus on the driving force
behind the current research in Li-ion battery,dbpectives and the main issues to be addressed.
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2. Li-ion battery

2.1.Principle of a Li-ion battery

The principle of a Li-ion battery is based on tlawersion of chemical energy into electrical energy
through two half-cell redox reactions: a reducti@if-cell reaction at one electrode and an oxidatio
at the other. For the Li-ion technology (also reddrto agocking-chair battery), this conversion is the
result of the reversible exchange of idns and electrons between the positive and thativeg
electrode.

Most of the commercial Li-ion batteries are basadrdercalation compounds that can reversibly
host Li" ions in their structure at both the positive amdjative electrodes. The electrode with the
highest potential is referred to as the positieebde and generally it consists of a lithium eamng
transition metal oxide (e.g., LICeOLIMn,O,, LiFePQ) whereas carbonaceous materials are used as
negative electrodes (electrode with the lowestgah.

The electrodes are separated by an ion conductiegtronically insulating medium: the
electrolyte which generally is liquid and composdda lithium salt dissolved in a mixture of organic
solvents.

The active materials are deposited on current ctolte (copper for the negative, and aluminium for
the positive electrode). A separator, generally enaida microporous polyethylene or polypropylene
film is used as a physical barrier between theteddes in the presence of a liquid electrolyte.sThi
barrier can also be a solid polymer electrolytithaum-conducting glass (LIPON) or an ionic liquid

In the first commercialized Li-ion battery, lagérstructure electrodes, LiCe@nd hard carbone,
were used as positive and negative electrodesectigply. LiPR was used as the electrolyte salt in
the organic solvent. Figure |. 3 illustrates themping principle of this Li-ion battery upon charand
discharge.

In classical Li-ion batteries, the first step wallways be to charge the battery by extracting the
lithium-ions from the positive electrode (oxidafjoand to intercalate them into graphite at the
negative electrode (reduction). The ions migrateuph the electrolyte while the released electrons
migrate from one electrode to the other via an reslecircuit to maintain the neutrality of the
electrodes. During the charge, these reaction®ared so an external power source is necessagy. Th
opposite redox reactions occur spontaneously dan@glischarge.
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Figure I. 3 : A schematic representation of the opating principle of a Li-ion battery.

By definition, the electrode where a reduction saktace is the cathode while the electrode where
oxidation occurs is the anode. However, oxidadod reduction are carried out at each electrode in
rechargeable battery and hence the electrodes @remenly named in accordance with their
spontaneously process occurring upon dischargea Asnsequence, it is common to find the term
cathode for the positive electrode and anode fontyative electrode in the literature, althougds i
contradiction to the electrochemical process odogmpon charge.

Other important components in a Li-ion battery:

The scheme in Figure I. 3 shows the main componanésLi-ion battery: the active materials, the
electrolyte (salt + solvents) and the current cdtles. However, there are many more components
composing a real system. The electrodes are maade@sposite where additives are used to enhance
the performance of the complete system.

The electronic conductivity is improved with thedmporation ofconductive additives typically
carbonaceous species: graphite, carbon black (&&jvated carbon (AC). More recently carbon
nanotubes/nanofibers or graphEreve attracted a lot of interest.

Another component usually found in the electrodentdation is abinder. The main purposes of
the binder is to maintain a mechanical integrityl da ensure a good contact between the active
material, the conductive additives and the curmilector and thus to maintain a good electronic
conductivity. The binder is also crucial for thecammodation of the possible volume expansion
usually observed upon lithiation of the active mats. Several polymeric species have been
investigated but the poly(vinylidene fluoride) (P¥)ds still the main binder used.

We will see later that there are also additivethenelectrolyte.
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2.2.Electrochemical aspects and evaluation of batterfopmance

Battery performance can be expressed by diffefeatacteristics:

* Cell voltage (U)
The first important value of an electrochemical tethe cell voltagaJ (in Volts) and it is defined as
the potential difference between the two electrodes
U= Au
This voltage is also referred to as open circuitage (OCV or ) when no net current is applied to
the battery.

* Capacity (Q)
The capacity is a measure of the total amount afgghthat can be stored in the battery and itvisrgi

by the relation:
t
o= [La
0

where I: the current applied through the battanyAfnpere)

t: the time while the current is delivered (in aeds)

Q: the capacity in Coulomb (C) or more usuallAmpere-hours (Ah), (1Ah=3600
C).

It is also possible to estimate the theoreticalacap from the number of electrons exchanged per
formula unit of the host material (usually assingithto the number of Linserted per mole of active
material) using the following relation:

(C _m.F.Ax ( Ah)_m.F.Ax
Q) == or Q(mah) ==y
where m: weight of the active material (g)

M: molecular weight of the active material (g.Hol

F: Faraday’s constant (96485 C.fol
AX: number of electrons exchanged per formula afnihe host material (= number of'Li
inserted in the host material)

In practice, the specific capacity is used and idéfined as the capacity per unit of weight ofvact
material (gravimetric specific capacity in mAH)gor per unit of volume (volumetric capacity in
mAh.dni®).

Upon galvanostatic testing, current is often exggdsas &C-rate in order to normalize against
battery capacity, so the notationn@an be used and the definitions are linked tocHpacity of the
battery. In a first definition, the C-rate is aamare of the time taken to deliver the full capaoitthe
battery, i.e. Qi means that the maximal theoretical capacity btained upon a discharge (or charge)
of n hours.

A second definition is used which corresponds éottifme required to exchange one lithium-ion, i.e.
C/n means that one Lis inserted (or extracted) mhours.

* Energy (W)
The energy of a battery is the measure of the atmiuenergy that the battery can deliver, given in
Wh (Watts hour). It is defined by the relation:

t
w = f U.l.dt = QU
0

where U: the cell voltage (in Volt)
I: the current applied through the battery (inpere)
Q: the capacity (in Coulomb or Ah)
t: the time while the current is delivered (itceds)
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The energy is generally expressed per unit of vigigiecific energy Wh) or per unit of volume
(energy density Wh.di).

*  Power (P)
The power (in Watts) represents the ability of blagery to quickly deliver electrons and Li-ionsiis
it depends on the kinetics of the redox reactibis tefined as the energy per time unit and depend
on the electronic conductivity and'lion mobility.
P=U.I

As for the energy, the specific power (WX¥@nd the power density (W.dinare generally used.

» Cyclability or cycle life
The cyclability corresponds to the number of disghacharge cycles that can be carried out before a
lower limit of the capacity is reached (usually a8180% of the initial capacity).

» Coulombic efficiency (Eff)
The coulombic efficiency (%) is the ratio of theache capacity over the discharge capacity anddhas t
be as close as possible to 100% for a Li-ion batteed in commercial applications.

Eff = ( Qon )*100

disch

2.3.Main drawbacks and challenges of the Li-ion tecbgyl

Li-ion batteries present several drawbacks: thennmaie is that any Li consumed by secondary
reactions cannot be retrieved leading to capaoi$g,| poor cyclability or self-discharge. Since the
beginning of the 1990’s and the first commercialdurct, researches have been focused on improving
the performances of the system, to increase thetysahd to decrease the cost. Work is done at
different scales of the battery going from the\actnaterial to the whole system.

A first challenge is to improve the active matesiaked as positive and negative electrodes. Future
materials need to be able to accommodate as miéhnhi as possible, and thus, present a larger
capacity. On the other hand, the two materials @maBust present a large electrochemical potential
difference to reach higher cell potentials (~5WhisTincrease of cell potential is mainly the foalfs
the positive side of the battery and the choica gbod redox couple. An overview of the investidate
materials is presented in Figure I. 4. In additiorthe electrochemical performance, the naturdnef t
materials is an important parameter (shape/siz¢hefparticles, etc...). They must also be safe,
eventually recyclable and cheap: for example, gptacement of cobalt appears as a necessity mainly
because of its cost.

The formulation of the electrode is another impatrtgsue. As we said earlier, an electrode is a
mixture of active materials, binder and conductwgglitives, and the assembly process, the choice of
the components as well as their proportion havweoagimpact on the global performances.
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Figure 1. 4 : Voltage vs. capacity for current podive- and negative-electrode materials used and
investigated for the next generation of rechargeabilz_i-ions batteries. Reprinted with permission fromref

A lot of attention has also been devoted to thetadgyte and its compatibility with the electrodd$ie
electrolyte has to be chemically inert in a lard¢ecochemical window. However, in non-aqueous
liquid electrolytes, reduction of classical sohsatcurs just below 1\Ws. Li*/Li) at the surface of the
negative electrode leading to the formation of sspetion layer. This electrolyte/electrode integfa
is constituted of different decomposition produoten the electrolyte. Even if lithium is consumed t
form this layer, named SEI (Solid Electrolyte Ipease)? once it covers the surface of the electrode,
it prevents further decomposition of the electrelyty an increase of its electrochemical window
(function of extended electrolyte that leads to khmetic stabilisation of the system) (cf. Figurel$
later in the thesis). The stability of this layeegents a strong impact on the safety and cydialofi
the battery, and its nature will depend on thetedgde but also on the electrodes.

In the next part of this thesis, we will briefly stgibe the main materials used and investigated as
positive, negative electrodes, and the main compuisnef the electrolyte. An overview of the major
degradation reactions and products usually fouritiéenSEI will be given; a special attention will be
devoted to the materials selected for study infiB thesis.

22



3. Materials for positive electrodes in Li-ion batei

3.1.General aspects and requirements

The choice of the positive electrode is cruciakinms of cost, safety, energy and power of theebatt

In a Li-ion battery, positive electrodes are comipaeferred to as cathodes and they are typically
intercalation compounds made of Li-metal oxidesiciiprovide a source of lithium. They are stable
in air with a relatively high potential.

The general formula of such intercalation materaa be simplified as W,X,, where M is a
metal (usually a transition metal) and X the anoxides, or polyanions (X£"). To successfully be
used as positive electrodes in a Li-ion batterg,rfaterial has to fulfil several requirements rexie
by Manthiram'® or Whittinghant® and listed below:

» The material should contain a readily reducibledéble ion, for example a transition
metal.

» The material should react reversibly with lithiunitwvminimal or no structures changes
upon insertion/extraction of the lithium leadingatgood cycle life.

» The material may host several Li-ions per formuii in order to deliver high capacity, and
the insertion/extraction process should operakeght voltage (around 4 V) to provide high-
energy storage.

* The insertion/extraction process has to be faatkoeve high power density.

» The material should have a good electronic anehigonductivity.

e The material must be thermally and chemically s&abhave low cost and be
environmentally benign.

In the next part, dedicated to the materials faitp@ electrodes, an overview of the main matsrial
used in Li-ion batteries will be given. Since timstfcommercialized Li-ion battery, reversible iitm
insertion/extraction has been performed on a wamétcompounds containing different transition-
metal cations and different structural architeturéhey have been described in several
I,evie\,\/3?0,21,22,23,24,25
The main studied systems are: transition-metal exi(fMO’s), transition metal- chalcogenides
(sulfides, selenides, or tellurides) or transitioatal salts with oxoaniong.§., phosphate, sulphate or
arsenate) also referred to as polyanionic strustutevas established that polyanionic compounds an
TMO were more attractive candidates than chalcalgandue to their higher cell voltages Li*/Li
giving high specific energies. They present a beteersibility than sulfides and they fulfil most
the requirements announced above.
The intercalation materials used in a Li-ion battean be classified into three main categories
relative to the structure of the Li-ion pathways:
* two-dimensional Li-ion pathways also referred a®tad structure (LiCog)for example),
» three-dimensional Li-ion pathways in which Li-ioage inserted in channels forming a 3D
framework,
» one-dimensional Li-ion pathways in which Li-iongdnserted into unidirectional channels.
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3.2.Classification of the positive electrode materials

3.2.1.Layered-type compounds

3.2.1.1.An historical material: TiS,

Before introducing the materials used in the Li-mattery technology, it is wise to briefly descrie
early system used in the rechargeable (secondiinjnh metal batteries: the titanium sulphides
(TiSy). Indeed, the Li-ion battery was the natural etiolu of the Li-metal battery and thus it has
benefited from the development of intercalationniséry in the 1970’s in parallel with the Li-metal
battery technology.

TiS, adopts a Cditype layered structure, that consists in a hexalgolose-packed sulfur lattice
with the titanium ions in octahedral sites betwe#iarnating sulfur sheets, as shown in Figure I. 5.
During discharge, the lithium ions from the anoterfietal) are inserted into the empty octahedral
sites of Tig$ and the transition metal is formally reduced frdii’ to Ti™. The reverse reaction is
obtained during charging. No phase transition ccogon the insertion or extraction of the lithium
(i.e. no structural changes between J#d LiTiS; (x<1)) allowing a very good reversibility of the
system.

Figure I. 5 : Schematic representations of the layered structuref TiS, (from ref 2

3.2.1.2 Layered-type oxides: LiIMO,

Transition metal oxides with the general formuld0, (M=V, Cr, Fe, Co and Ni) adopt a similar
layered structure as the piSystem presented above, and they constitute gamdidates for positive
electrodes for Li-ion batteries.

These lithium-containing compounds crystallise in-NaFeQ-type structure where the Land
M?>* ions are distributed in the octahedral interstisitges of a cubic close-packed oxygen array, in
such a way that MQOayers are formed consisting of edge-sharingsM@ahedra, as shown in Figure
I. 6. Lithium is located between these Ml@yers forming LiQ octahedra. A complete extraction of
thezéithium leads to the layered Gdtructure-type (similar to Tipas shown for Coby Amatucciet
al.

* LiC00O,
LiCoO, was the positive electrode incorporated in thet fiommercialized Li-ion battery. It was
suggested by Goodenough’s group 8 and it is &tllrhost commonly used TMO in commercial Li-
ion batteries due to its high potential (3.@/Li"/Li) and its good life time.

LiCoO, has a theoretical capacity of 274 mAhlut only half of this capacity (~ 140 mAH)gcan

be used in practical cells because just 0.5 Lilwameversibly cycled without capacity loss (Eqn 1).
Indeed LjCoO, exhibits structural and chemical instabilities whe0.52°2"
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LiCo0, «» Li1C00, + XLi* + x& (x<0.5) Eqn. 1

The dissolution of Co in the electrolyte upon dhédition, the formation of cracks in the particleged
to changes in the lattice parametétsind the shearing of the Ceo@ayer in the fully delithiated
materials are the main sources for its reportethlility.”* Note that no structural changes were
observed with LiTiS,. %

During cycling, there is a risk for structure dégiaation close to the cut-off potentials whiclatks
to a safety risk. This, together with the low abamce of Co, the high cost of LiCg@nd its high
toxicity, makes it urgent to find alternative maaés, especially for large-scale applications.

* LIiNiO,

There are other transition metal oxides isostrattwith LiCoO, that have been investigated; one
example is LiNiQ.** Following cobalt in the classification table, Ni less toxic and cheaper.
However, because of the structural instability be tcompound, it has not been able to be
commercialized as a Li-ion electrode material. 8djea stoichiometric compound has been difficult to
obtain due to the unstable *Nion: an excess of nickel (LiNi;.xO,) was reported, leading to the
presence of NI ions in the lithium conduction layers. The poaustural stability upon cycling with
low lithium content makes this system unsHfe.

Figure 1. 6 : Structure of the layered-type oxides LiMG (M=Co, Ni) (from ref *9)

LiNiO, cannot be used directly as it is, but a partikstution of Ni by other transition metals or by
redox inactive metals can stabilize this system.

e Other layered structures: mixed transition metalides
A large variety of other transition metal oxidesiXed or not) adopting the layeredNaFeQ-type
structure has been investigated and the resultbe&ound in several revies?®

Some of the most interesting compounds were oltaimereplacing a part of nickel by cobalt
(LiNi xC0,.,0;) and thus combining the merits of both LiGo@nd LiNiO,. Cobalt allows the
stabilisation of the structure by suppressing thgration of nickel to the lithium sites. With a
cyclability comparable to LiNi@or LiCoG,, but cheaper than LiCgCand an initial capacity loss
lower than LiNiQ, a compound containing mostly nickel (LifNC, JO,) was reported to give the
best resulté?

The additional incorporation of aluminium has diabd the structure by limiting the removal of all
the lithium and thus also preventing the phasesfoamation at low lithium content. The resulting
compound Li[Np.gC0y 1Al 0.0902 = (or NCA) has been commercialized and it also aslafdo theo-
NaFeQ structure.

Finally, the material Li[Ni..,Mn,C0q]O, (or NMC) is also an interesting alternative to (@,
especially the commonly used NMC containing equabants of the three transition metals, i.e.
Li(Ni 1,3Mn1,3C01/3)02.34 NMC has currently a greater commercial success NG@A.

The cycling of layered oxides, mainly used in thstfgeneration of lithium batteries, unfortunately
led to structural instabilities and loss of capawihen the compounds were almost fully delithiated.
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To solve this problem, more stable three-dimensitvaeneworks have been investigated.

3.2.2.Three-dimensional and one-dimensional compounds

The 1D and 3D structures (from the point of view Lofion pathways) have three-dimensional

frameworks structures (from the point of view oé thost materials) containing channels allowing the
insertion/extraction of the Li-ions. Such structumresent the advantage of possibly avoiding the co
insertion of bulky species such as solvent molecidtem the electrolyte. Also the degree of

expansion/contraction of the framework structurerufithium insertion/de-insertion is smaller than

those observed for two-dimensional layered stresir

3.2.2.1.3D structures - Spinel oxides: LIMRO,

Figure I. 7: Structure of LiMn ,0, (from ref*9)

Interesting compounds are the oxides of generahdta LiM,O, which adopt the cubic spinel
structure: the most commonly used being Lidln9 Manganese occupies octahedral sites of a cubic
close-packed oxygen array. The Mn@rtahedral are connected to each other through-gllgying
and thus forming a three-dimensional framework {4 containing channels. Lithium occupies the
tetrahedral sites in these chanrilss shown in Figure I. 7.

In spite of a lower capacity than the layered osigeesented above, (~120 mAh gprresponding
to the insertion/extraction of 0.8)j LiMn,O, is considered as a non-toxic and low cost mateiithl
an operating voltage of 4.1%&. Li*/Li.

However, also LiMpO, appears to be unstable especially at elevatedetaiye (>50°C) and
capacity losses are observed upon long-term cyéfimmd on storage due to the dissolution of Mn
into the electrolyt&. As previously described for the LiM@ompounds, the system can be stabilized
with a partial substitution of Mn by other elemef(its Co, Cr, Fe***° or Ni “***) or by a stable
surface coating (e.g. &D;).*
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3.2.2.2 Polyanion-based positive electrode

A XA LAY

LiFePO, Li,M,(XOy);

Figure 1. 8: a) Olivine structure of LiFePO, (from re£5§3).b)NASICON framework of Li ;M »(XQO,)3 (from
ref

The family of the polyanionic —based compoundsaai@ther interesting three-dimensional framework
made of transition metals and polyanions ¢XQX= P, S, Si, As, Mo or W).

Such compounds are attractive in spite of the peesef heavy polyanion groups leading to a low
gravimetric capacity. Indeed, an inductive effecth@ polyanion groups (X§"), as introduced and
described by the group of Goodenodglincreases the energies redox of th&/M™"* couple
compared to those of oxides (in particular for,R@d SQ anions). This gives the structure a high
stability improving the safety and the electrocheahbehaviour over a long period of cycling.

The phospho-olivine LiFeP{s the most widely studied and potentially the maseful for the
next generation of positives electrodes.

» 1D structure — Olivine: LiFePQ
The triphylite lithium iron phosphate (LiFeRCappears as an interesting alternative to the makte
described so far and therefore, it has been thecbbf many studies since Paghal. in 1997 showed
its ability to reversibly insert lithiurft,

This compound adopts the olivine structure-typesdsiaon a distorted hexagonal close-packed
oxygen array, L'iand F& occupy half of the octahedral sites and P occupi@®of the tetrahedral
sites. In other words, the framework is made of MoCGtahedra and RQetrahedra with Li-ions in
edge-sharing chains of Li@ctahedra, as shown in Figure I. 8.

LiFePQ, has a reversible capacity of ~160 mAhand an operating voltage of ~3.45% Li*/Li.
LiFePQ, contains abundant and low cost elements andeitvgronmentally friendly. LiFeP£and its
delithiated phase, FeR@re highly stable (chemically towards electrolytetability, thermally and
structurally) and thus it is safer than the TMOd®es presented so far. No main capacity fading is
observed and the electrochemical performanceseamitanced at high temperature (up to 85°C) over
a long cycle life'®

However, the main drawback of LiFeP@ its poor electrical conductivity which limithe
reversible capacity. Several strategies have bsed 10 improve the conductivity of this materiak, f
example: by dopind’ by carbon coating of the particl&sor by using nanosized partict&sturther
details of this material are reviewed in a recegy by Zhangd’

In parallel, the formation of complex compoundshwsartial substitution of Fe by other transition
metals (Ni, Co, Mn) is used to increase the opegaﬁoltage&‘ Indeed, LiIMNPQ, LiCoPQ, and
LiNiPO, that also form the olivine structure have operptinltages of 4.1, 4.8 and 5.1%. Li"/Li
respectively (redox couple ¥1M**).

» Other polyanionic compounds
A lot of other polyanionic compounds are curreritiyestigated and lithium iron phosphates and
sulphates appear to be good candidates for positedrode materials. We can cite the compounds
adopting the NASICON structure (Figure 1. 8) (withe general formula LMx(XO4)s or

27



Li,MM’(XO ,)5)** but also the diphosphates fEeRO;) or the silicates (LMSiO,) (M= Fe, Mn)
5253545%hat theoretically can accommodate two lithium fpansition metal.

A last promising family of materials are the flugshosphates (LiVP§F>® LiFePQF °*) and
sulphates fluorides. With a tavorite structureythave multidimensional pathways for'lmigration,
different from the one-dimensional chains obserfadthe olivines, LIMPQ.>® Recently LiFeSGgF
has shown an interesting performance. Despitelofvar capacity than LiFePQ151 mAh.g), this
compound presents good ionic and electronic condties.>
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4. Materials for negative electrodes in Li-ion bateri

4.1.General aspects and requirements

The negative electrode is commonly referred tchasanode and it is the second important part of a
Li-ion battery.

We have seen in the historical development of tgely that metallic lithium was first used as
negative electrode. However, safety issues duendrite formation during cycling made it necessary
to replace by other compounds that could storéufithat low potentialsss. Li*/Li. Nonetheless,
several strategies currently exist in order to e o use Li metal, because of the high capadityib
(3860 mAh.g"). The incorporation of a metal, for example alumnin, was a first approach to
avoid/limit dendrite formatiof’ Other strategies have been to protect the littgunface with the use
of a polymer electrolyte or by the development péaal ceramic membran&s? We will not give
any more details about the Li metal anode and imgitead focus on other materials that have been
proposed as negative electrodes in Li-ion batteries

Potential materials for negative electrode havielfd the following requirements:

» React reversibly with lithium

* Accommodate several Li-ions per metallic atom wvte high capacity

 Insertion/extraction processes should take plaed@w potential close to TALi (-3.04V vs.
SHE) to obtain a wide cell voltage

» The insertion/extraction process has to be faathieve high power density.

» Good electronic and Li-ion conductivities.

» Low cost and environmentally benign.

In the previous section, we have seen that allpbstive electrodes were based on intercalation
materials. The types of reactions involved at tlegative side of the batteries are much more
diversified and we can distinguish three main famsilaccording to their reaction with lithium: (1)
insertion/intercalation materials, (2) alloying ewdals and (3) conversion materials. These three
families will be described in this part.

4.2.Classification of the negative electrode materials

4.2 .1.Insertion/intercalation materials

4.2.1.1. Carbonaceous materials
Carbonaceous materials were the first materiald asenegative electrodes in the Li-ion battery, and
they are still the main compounds found in curremtnmercial products. They belong to the first
family based on the intercalation of lithium in eat sites. Graphite has been paid a special aitenti
due to its ability to accommodate lithium. This vewn in 1955°% but Yazamiet al. were the first to
use graphite in an electrochemical ¢&ll.

Graphite is made of graphene sheets stacked in A@w&Bagonal) or ABCABC (rhomboedral) and
lithium can be reversibly intercalated between ¢heheets®™ (Figure I. 9, Eqn.2). At room
temperature, one lithium reacts with six atomsarbon (Egn. 3) giving a theoretical capacity of 372
mAh.g?, which is much higher than the capacities repoftedall the earlier described positive
electrode materials. During lithiation the graphstaeking shifts towards an AAA pattern as shown in
Figure I. 9.
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xLi* + xe + G, & Li,C, Egn. 2

Li* + € + 6C« LiCq Egn. 3
Graphite LiCq
(hexagonal structure) | B
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.:_.f::;:. ° ® b
charge W A
——*
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Figure 1. 9: Principle of the insertion/extraction of Li* in graphite, side and top view (Inspired from ref*)

Graphite has a low insertion voltage (~0.2-0.05v¥ Li*/Li), and good electrical and Li-ion
conductivities. This material is abundant in naturgheap and non toxic. The lithium
insertion/extraction process does not involve amjomstructural changes. The volume expansion is
~10% which can explain the good reversibility astmaterial and why graphite is still mainly usad i
current devices.

However, some disadvantages using graphitic carbansbe noted: firstly the reaction with the
electrolyte leads to an important irreversible citgdoss (SEI formation), secondly a stable SEktu
be formed before the intercalation of ltb avoid co-intercalation of solvent molecufedndeed,
graphite exfoliation was reported upon cycling wéh electrolyte containing propylene carbonate
solvent (PC§® However, the use of non-graphitic carbons and ltte replacement of PC by EC
(ethylene carbonate) in the electrolyte solved phidlem.

The structure presented in Figure I. 9 shows aal igeaphitic structure, but in practice there is a
wide variety of different carbon compounds rangiingm highly crystalline graphite to highly
disordered amorphous carbon, and the differencesystallinity, size and shape of the particle have
an influence on the insertion process (theoretiaphcity and insertion potential). It is more commo
to find polycrystalline structures made of aggregadf ordered graphite (crystallites) separated by
disordered regions referred to as non-graphitibaas in which graphene sheets are not statked.
Non-graphitic carbons including soft or hard cabdine. soft if they are graphitizing when heated
(adopting the graphite structure) or hard if theg mot graphitizing when overheated) have been
widely studied. A hard carbon generally exhibifgoaous structure and has a reversible capacitp up t
500 mAh.g". #*

There are also other carbon structures, as reviewdthdoet al.®” and more recently by Lt al
Some examples are mesocarbon microb@eld®MB) or carbon fibres. Carbon nanotubes are aemor
recent example with a high reversible capacity &@9 mAh.g" but they exhibit a large irreversible
capacity during the first cyclé&>"°

|68

There are few reported alternatives to the intat@al materials mainly because carbonaceous
materials have been functioning satisfactorily ernis of cost and performances. Intercalation
materials containing a 3d-transition metal, howgagee attractive negative electrode compounds but
their high intercalation voltages have reducedrthisefulness for practical applications. The most
successful compounds in this context are the titariontaining negative electrode materials.

4.2.1.2. Transition metal oxides

Titanium oxide based materials represent the m#aernative to carbonaceous compounds. The
lithium insertion/extraction mechanisms are simitathose occurring in a cathode material where the
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metal is reduced and the coordination to the oxygems changes. In this case, the coupl&Tii is
involved with the general reaction given in Egn. 4:
LixTi,O, + WLi" + W€ «> Li ) TiyO, Eqgn. 4

The most widely used titanium oxide is the spinellsO,, (Li[Lio33Ti16404), called titanate, which
forms the rock salt LTisO;, phase when reduced.,LisO;, has a low theoretical capacity (175
mAh.g?) but a coulombic efficiency close to 100%and a limited volume change (~0.2%) during
cycling. Its main advantages are its insertion agdt around ~1.55Ws. Li*/Li, above the SEI
formation at 0.8 Ws. Li*/Li enhancing the general safety of the battery, afiast transport of Li-ions.
The titanate is excellent for power application@wdver, this material is an insulator but several
strategies have been developed to enhance its civitu’

LiO4/TiOs 4 LiOg/TiOs

Li,Ti:O,, el Li,TisO,,
Li[Liy3;Ti, ,JO, U Liy[Lig3:Ti; 4,104

Figure 1. 10 : Structure of Li4TisO1, and illustration of the insertion/extraction of Li in its structure
(Adapted from ref )

Other interesting materials are the ramsdellitdikD; and the monoclinic L0 that both present
better conductivities thanks to the presence oficbls in their structures allowing the fast tramspb
Li*. These materials have a specific capacity of 22&.gi' and 200 mAh.g, respectively, but a
important capacity loss is observed in both cadé€, polymorphs have also been widely
investigated: anatase, rutile and 7#®(Bronze). The general formula involved in theattochemical
cell is given in Egn. 5:

TiO, + xLi* + xe < Li,TiO, Egn. 5

The capacity of these materials (x value in Eqns Slependent of the type of structural polymorph o
if the materials are nanostructured or not. This vezently detailed by Yareyal.”*

The last but not the least interesting family ¢driium compounds is MTIOPO, (M= Ni%, F&",
Mn?*, Cd*, Mg*)” inspired by the olivine LiFePQ but with operating cell voltages below 2V.
NiosTIOPO, oxyphosphate can accommodate three Li-ions, byt i can reversibly be extracted
giving a practical capacity around 275 mAh(gperating cell at 1.8 Vs. Li*/Li)."®

31



NiOg

Li insertion
TiO,

PO,
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Figure I. 11: Structure of NipsTIOPO, (Reprinted with permission from ref ’*)

Note that vanadium oxide based materials havelssa suggested as insertion materials for negative
electrodes. Examples are,MVO, ® or MV,Os.; ° and more recently, interesting results were
obtained with the layered structure; LV 1,0, (iso-structural to LiCo@80 showing a low insertion
voltage close to the graphite electrode (~Ov&M.i*/Li).

The main insertion materials used as negative reldes have been described and all of them
present the advantages of small structural charigesever the insertion/intercalation is limited in
terms of capacity (a limited number of lithium daa inserted). In addition, due to the redox couples
involved, the operating cell voltage of a full lar battery will be narrow: this is particularly érdior
titanium based materials.

In the quest towards increasing the energy dep§itiie battery, other concepts and materials have t
be developed in order to store more lithium thamthvithe insertion materials described above.
Compounds able to form an alloy with lithium cohg® an interesting alternative to the insertion
materials and lead to very high specific capacitésse to or even higher than for the metalligiliin
(3860 mAh.g).

4.2.2.Alloying materials

4.2.2.1.General

In the 1970’s, De¥ showed that the electrochemical formation of albgtween lithium and a metal
was possible in non-aqueous electrolytes and ah teonperature. The alloying takes place according
to the general equation (Eqn.6):

M+ xLi* + x€ < Li,M Eqn. 6

Many metals and semi metals are reactive towattuisith and they are mainly found in group 13 (Al,
Ga, In), 14(Si, Ge, Sn, Pb) or 15 (As, Sb, Bi)le# periodic table. Firstly, they present much highe
volumetric and gravimetric capacities than the iitige materials described before (graphite,
Li,TisOy,, etc). Secondly, the alloying occurs at low wogkpotential ~ 0.3V to ~ 0.9Vs, Li*/Li.??%3
Important characteristics of the main investigalté@n) alloys found in the literature are given in
Table I. 1 as well as their abundance in the Earthust. Carbon and fiisO,, are included in the
table for comparison.
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Table I. 1 : Comparison of various anode materialstheoretical specific capacity and volumetric capaty,
mass density, potential (vs. L'V Li) and abundance. (Adapted from ref®)

Material Li Si Ge Al Sn Sb Bi C LisTisOq5
JEES de”(sé%%fs)the element 453 533 532 27 729 67 978 225 35
x in the lithiated phase LiM - 3.75 4.4 1 4.4 3 3 1/6 3
Specific capacity(mAh.g?) 3862 3578 1624 993 994 660 385 372 175
Volumetric capacity (mAh.cm®) 2047 8336 8639 2681 7246 4422 3765 837 613
Potential (V vs. Li*/Li) 0 0.4 0.3 0.3 0.6 0.9 0.8 0.05 1.6
Abundance on_Earth’s crust 340 oth 5t gh 47h g2 gah 10
(ranking)

The combination of the electrochemical propertipsténtial, capacities) as well as the intrinsic
characteristics of the elements (abundance, apstity, etc) easily explains why much attentiors ha
been devoted to silicon and tin-based electrodes.

Upon cycling, however, the capacity is generallynstantly decreasing so poor cycling
performance is observed. In contrast to the attagiroperties shown in Table I. 1, a large volume
expansion occurs upon lithiation of the materidie Tsuccessive lithiations/delithiations cause high
mechanical strain in the particles that lead tog@uation of the active material (Figure 1. 12)(d)he
volume change can also destroy the electrode strejctlue to a loss of contact between the active
material, the current collector and the conductiaglitives (Figure 1. 12 (bff. Particles of active
material may become electrically isolated in thecttbde and therefore are not able to take pahtein
electrochemical process in the following cycles.

The alteration of electrode structure is not thly oason for the capacity loss and other parammeter
that impact capacity fading have to be taken irtooant®® The formation of the SEI (electrolyte
reduction) contributes mainly to the initial irresible loss of capacity just as for carbon materiad
further cycles the capacity fade continues becafisepeated volume expansion and the formation of
cracks in the particles leads to a continuous nedion of the SEI (Figure 1. 12 (c)). Lithium might
also be trapped in the alloys. Indeed, all theriegeLi cannot be extracted due to kinetic and
thermodynamic factors (slow Li release, formatibnery stable Li-species, presence of defects).

Another important point is the reduction of theivetxide layer present at the surface of most of
the metal particles with the formation otOi and the metal. This reaction mainly occurs ubenfirst
cycles. Finally, aggregation of active particles ¢ead to increased Li diffusion paths, and the SEI
(and Li) is kept trapped contributing to the capaldss.

a, Pulverization of the bulk particles

+Li X cycles
COwm
b, Loss of contact between the particles B LiMaloy
o’o‘.}. [ sel
+Li 1 00:3 x cycles

A -
- :>
collector collector collector
¢, Continuous SEl formation

+Li

Figure I. 12 : Suggested electrode failure mechamiss for alloying materials (Adapted from ref®)
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Most of these issues are linked to the volume esipanand it seems difficult to find an efficient
negative electrode material made of one singles@gihase. The main research activity on alloying
materials is nowadays turned to developing stragetp avoid or at least limit the volume expansion;
some of the general strategies are listed below.

4.2.2.2 Limitation of the volume expansion: several strateigs

» Limitation of the capacity

The first idea that comes in mind is to limit theaaunt of lithium inserted in the host material
(limitation of the capacity) as suggested by thedr relationship between insertion and exparf§ion.
The capacity can be limited experimentally by collityg the voltage (lower cut-off voltage
especially). The importance of this last point Wik discussed later in the case of silicon-based
electrodes.

* Modification of the morphologies/structures of thactive material

v Nano-sized particles, nanostructure and thin films:
The decrease from large particles to micro-pasitlas shown to improve the cycling performance of
alloy-materials since it was suggested in 19daately, the use of nanoparticles has shown torcea
the capacity. Indeed, when a large expansion octiesabsolute volume changes stay low and no
cracking of the particles are observed. Moreover,alectronic and ionic transport distance decease
thus facilitating Li-ion and electron transfer l@agito better electrochemical performanges.

v Porous and 3D structures:
In order to limit the effect of volume expansiomeoefficient way is to give enough space for the
particle to expand, therefore a three-dimensiooabys electrode structure can be used which has a
sufficient porosity for accommodating the volum@amnsion of the active material.

e Addition of a second phase to buffer the volume arpion

v Dispersion in a composite matrix

Another approach is to disperse the active matarialphase that can act as a buffer to accommodate
the large volume expansion and prevent the aggkmimoerof the active particles. This matrix needs to
present good electronic and ionic conductivitieaab slow down Li-ion and/or electron transfer. The
matrix must also be inert towards the electrolytel & needs to have an appropriate mechanical
strength.

Carbon materials totally fulfil this requirementdanarbon-based composites show better results
than carbon free systems in several systems, sush-&, Si-C® or Sb-C.

The use of a binder is also highly recommended usecan addition to be an efficient buffering
medium, it will maintain the electrode mechanicalegrity and the contact between the current
collector, the conductive additive and the activaamal.

v’ Use of intermetallic materials
The addition of a second metal is another alteraliBy using intermetallic materials the volume
expansion can be buffered. The additional metal mareither electrochemically inactive or active
towards lithium which leads to several reactiongerdmetallics have mainly been used for Sn and Sb-
based electrodes and several examples can be ifotimel review of Parkt al.*
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In the first case, we can haweactive-matrix compositesvhere the intermetallic compounds have
the general formula AB with A being the active mileand B the inactive one. Possible reactions
upon lithiation are given in Table 1.°2.

In the addition-displacement process, the displacerof the inactive elements can be reversible or
not while the active material is alloying with litim.

In a second case, we can haative-matrix compositegvhere the two phases of the intermetallic
compounds AGare both electrochemically active towards lithiumd&orm two alloys after the
displacement, as shown in Table I. 2. Such masea& interesting when the potential of the two
metals are different with the alloying of the mettking place in two different steps. Antimony Sb
is often used because of its high potential (Sh&Eh).

Table I. 2 : Reactions involved in intermetallic dloying materials

Interme.talllc Type of reaction Reaction(s)
materials
Alloying - internal displacement AB + xLi" + xe — Li,AB
Inactive Alloying - substitution AB + xLi* + x€ — Li,ABy, + yB
matrix Alloying - displacement AB + xLi* + x€ & Li,A+B
AB+ xLi*+x€ > LiiA+Bo xLiT+xe +A+B
AC+ (Xx+y)Li" + (x+y)e
Actl\{e Alloying with Ipoth active Li,A + 2C + yLT + ye
matrix components - displacement -
LixA + zLiy,,C

This concept has been widely used for Sb and Seebeakectrodes and in 2005, Sony Corporation
commercialize a battery based on the nanostructlleging material, Sn—Co—C as negative electrode
(NEXELION®).

The main intermetallic Sb-based electrodes thaé leeen studied are: €8b, CrSh, InSb, GaSb,
AISb,*****and also NiSb, CoSb, FeSb, Mn$f’

Tin-based electrodes, however, have been much nwrestigated and various Sn-based
intermetallic compounds have been studied: NSS®I-Sn FeSn,*® NisSn, % CoSp,0%1%
CuSn™*%® or Crsp'® Paper IV and V in this thesis will be devoted toother Sn-based
intermetallic using manganese as the inactive metatn. So far, only few papers have reported the
use of this compount®*°’

The compound SnSb is the most studied intermetadimpound having two active elemeHfs:®®
Recently, Monconduit et al. have used TiSn$b'™

v A special case: metal oxides

The metal oxides, such as SnO, $n€O; etc., are the last family of compounds also basethe
alloying-displacement reactiohs. We have seen in the presentation of the alloys ti initial
capacity loss is partially due to the reductiomafive oxide layers resulting in 0 and the metal.
This unwanted reaction can, however, be attraenatthe irreversible formed 40 matrix can in this
case buffer the volume expansion. This proceswided into two steps (Eqn. 7 and 8):

MO,+ 2xLi* + 2xé — xLi,O + M Eqgn. 7

M +yLi" + ye-< Li,M Egn. 8

Tin-based composite oxides (TCO’s) were commemzdli by Fujiflm in the late 90’s
(STALION®).™ SnO is used in this anode material and the reactamturring are given in the
following equation (Eqn. 9 and 18%*

SnO + 2L{ + 2é — Li,O + Sn Eqgn. 9

Sn + 4.4L1 + 4.4é  LisSn Egn. 10
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In this section, we have seen how the main stragedescribed are used to avoid/limit the volume
expansion of alloying materials and a combinatibthese approaches might be necessary to obtain
efficient negative electrodes which can be comradimeid. More specific examples of systems
developed for Si-based electrodes will be describdle next part. But before this, the last fanafy
potential materials for negative electrodes needetbriefly introduced: the conversion materials.

4.2.3.Conversion materials

The last family of materials investigated as a idate for the negative electrode is referred to as
conversion materials and it contains a transition metal coupled withaaion. During lithiation of this
material, the general reaction involved is giveqn. 11:

MyX +n Li* +n € yM + LiX Eqgn.11

where M = transition metal, X = anion, andg formal oxidation state of X.

Discharge
nLi* + ne-

Conversion
reaction principle

Nano MyX

Figure I. 13 : Schematic illustration of the convesion reaction principle (inspired by ref'™9)

The originality of conversion reactions is the céetg reduction of the transition metal to the mniietal
state leading to high capacity (up to three tinfeed of carbon). Intermediate phases, Li-M-X, can be
formed but full reduction leads to the formation wietallic nanoparticles (M) homogenously
embedded in a X matrix as shown in Figure I. 13. When Li is reradrom the structure, the MX
phase reforms but in a nanosized scaled phasésthstintained upon further cycles. By the decrease
of particle size, the high surface area will ineeavith many more active particles leading to highe
electrochemical reactivity of these particles.

Conversion reactions allow the use of binary ttamsimetals compounds (MX) dismissed from the
insertion materials family because they do not gmewacant sites/channels in their structure, as
described in the positive electrodes part of ting Ehapter. Most of the 3d transition metals afl as
Mo, W and Ru in the following d-periods of the pelic table belong to this family. In the anionic
side, phosphides, sulfides, nitrides or fluoridagenbeen reported (X=P, S, N, F).

The potential of the conversion reaction strongipehds on the nature of the anion and of the
transition metal, thus it can easily be tuned.sttally varies between 0.2V and 1.5¥.(Li"/Li) for
oxides, sulfides and nitrides but can even readhegaup to 3V for fluorides. Applications of
conversion materials could be found as both negatind positive electrode materials.

In general, conversion materials show higher capagion the first discharge than their theoretical
capacities. This has been explained by two phenamtie reduction of the electrolyte solvent but
also by an interfacial deposition of lithium betwdd and the matrix LiX that can be described as a
capacitor with Li in the LiX phase and @& the M nanoparticles:®

However, as for all the systems investigated soclamversion materials present some weaknesses.
Just as for alloying materials, large volume chanmmgeur due to structural reorganization that leads
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degradation of the electrode and bad cycling peréorce. Secondly, a large voltage difference
between charge and discharge (voltage hysteresispmmonly observed which gives poor energy
efficiency and finally, after the first cycle a dg@r capacity loss can be seen.

Several strategies have also been employed to tlvegte drawbacks and they are similar to those
used for alloys: the use of polymeric binder, thenfation of a composite with carbon, the use of
mixed transition-metals compounds or the develognoémanostructures. All these strategies are
leading to improvements.

Since 2000, most of the attention has been dewvotédinsition metal oxides (TMCO}'*>** and
they usually present a very high capacity retengiod high theoretical capacities (up to 1233 mAh.g
for MnGO,). The general reaction is described in Egn. 12 wadcan note that this reaction is very
similar to Egn. 8 observed for metal oxides. Howeirethe case of TMO, the metal does not form an
alloy with the lithium and the conversion reactismeversible.

MOy+ 2yLi" + 2y€ <> yLi,O + xM Eqgn. 12

Among the materials reviewed by Cabastaal., cobalt oxides are among the most explored TMO

such as CoO. We would like to specially emphasmsgan oxides that appear as good candidates. The
hematite Fg); or the magnetite R®, have both the advantages of being highly abungi@is the

3" most abundant element in Earth’s crust), non-tadd they present an interesting theoretical

capacity (1007 and 926 mAR.grespectively).
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5. Electrolytes

5.1.Requirements and types of electrolytes

The electrolyte is the third main part of a Li-ibattery. It ensures the conduction of the lithiuung
between the negative and the positive electrodelsamts as a physical barrier between the two
electrodes (when coupled with a separator for digalectrolytes). The chemical nature of the
electrolyte has a strong impact on battery perfooea especially at the electrode/electrolyte
interfaces. The constituents of the electrolyte ioaleed be the object of redox reactions closééo t
electrodes leading to possible decomposition oftketrolyte and deposition of some products at the
interfaces. A section in this first chapter will thevoted to these interfacial reactions.
An ideal electrolyte has some general requirenterfigfil: 2>
e Large electrochemically potential window: the redmtential of both electrode materials
must fall within this window to avoid oxidative oeductive degradation of the electrolyte,
i.e., Voc= E;- E< Ejin Figure I. 14. Thus, with a limited, £~ 1.3V), aqueous electrolytes
are excluded in favor of non-aqueous electrolytes.
 High ionic conductivity ¢,; > 10* S.cni") and low electronic conductivitys§ < 10'° S.cm
1) over a wide range of temperature range (-40°66GrC)
« Chemically stable towards all the cell componerdspérator, current collectors, cell
packaging materials)
* Should form a stable passivation layer at the serfaf the electrodes if outside the
electrochemically potential window.
* Be able to tolerate extreme conditions (electriechanical and thermal abuse)
* Low toxicity and low cost

Energy (eV)
N ‘
SEIL S
4 o~
LUM - elec _T E-
E Voc (open circuit voltage)

R S L

-~ ggf HOMO

[ —— 1 v

Potential (V) Oxidant Electrolyte Reductant

Figure I. 14 : Schematic open-circuit energy diagren of an electrolyte. Redraw from ref?®

Electrolytes mainly used in Li-ion battery diguid electrolytes(LEs) and are composed of a lithium
salt dissolved in mixtures of several organic selseHowever, other types of electrolytes exist and
are used in particular battery applications.

Another type of electrolyte is thgel polymer electrolytevhich consists of a liquid electrolyte
incorporated into a polymer matri¥.
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Solid polymer electrolyteéSPES) are also developed and have been usedtia bdttery devices or

in batteries using metallic lithium (SPE is usedame electric cars, for example Autolib in Pariis).
this case, lithium salts are directly incorporateda polymer matrix. The first and most commonly
used polymer electrolyte was based on polyethyteide (PEO)*° SPESs can act as a separator in the
battery to prevent short-circuiting the electrodesj they do not contain organic solvents (flammabl
molecules) enhancing the safety of the system. Gibled electrolytes have been developed, glass or
ceramic electrolytes, for exampfe.

The last family considered as an alternative edbde for Li-ion batteries is also solvent freeeth
ionic liquids (ILs) based electrolyte’$? ILs are molten salts (constituted of discrete asi@and
cations) which are in the liquid state at the ofiegatemperature. The classical definition of aridla

salt with a melting temperature below 100°C. Thaifa of the room temperature IL (RTIL) contains
the IL with a melting point below 25°C. However sllare viscous, very expensive and are hard to
synthesize without impurities, so for Li-ion bajtepplications, IL-based electrolytes are mostkydus
as additives.

5.2.Non aqueous liquid electrolytes

5.2.1.Solvents

A huge variety of solvents can be used in a ligaldctrolyte and some additional necessary
requirements for a liquid electrolyte are the fofiog: **2
* Be able to dissolve a lithium salt to a sufficieahcentration (high dielectric constaint
* Have a low viscosity to facilitate ion transport.
* Be in the liquid state in a wide temperature rafiger melting point T,,,) and high boiling
point (Tp))
» Be aprotic because of the strongly reducing negatiectrodes and the strongly oxidizing
positive electrode
» It should also be safe (high flash polit, nontoxic, and cheap.

In practice, it is difficult to find a single compod with all these properties and therefore mixdwoe
solvents are generally used.

The common solvents used in Li-ion batteries bekontgvo main families: the ethers (R-O-R’) and
esters (R-COO-R’"). Usually incorporated in the &ldgte in the 1980’s, ethers have slowly being
replaced and in the 1990’s, only esters are usetkettrolytes. A special attention is being devdted
carbonate esters commonly named alkyl carbonat€-(ROO-R’) 8

The main used esters and alkyl carbonates candie eg ethylene carbonate (EC) or propylene
carbonate (PC), linear symmetric as dimethyl orthgiecarbonates (DMC and DEC) or linear
asymmetric as ethyl methyl carbonate (EMC). Theslweats and their physical and chemical
characteristics are reported in Table I. 3 :

Table I. 3 : Main solvents used in non-aqueous liqd electrolytes: Melting point, boiling point, dielectric
constant, viscosity, flash point and mass densitfFfom ref **® and Sigma Aldrich)

o o n (cP) € o 3
Solvent Structure Tm(°C) Tu(°C) (25°C) (25°C) T«(°C) p (g.cnt®)
EC [o>=o 37 248 1.9 89.78 160 1.321
o (40°C) : :
e}
PC \[ =0 -55 240 2.53 64.92 132 1.200
o)
(o}
DMC o 2-4 90 0.59 3.107 18 1.063
o~ "o
o)
DEC ~o )LO/\ -43 126 0.75 2.805 31 0.969
o
EMC /\OJ\O/ -14.5 107 0.65 2.958 23 1.006
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Carbonates present a wide electrochemical windowesn 1.0V (LUMO) and 4.7V (HOMOys.
Li*/Li. EC is almost always used because it providdsetier SEI on the surface of the negative
electrode and prevents solvent co-intercalationwéie@r, EC is solid at room temperature and
presents a high viscosity at 40°C, so it is alwaysgpled with linear carbonates such as the much les
viscous (DMC and/or DEC). It must be pointed owtttbarbonates have a main weakness; they are
highly flammable (low flash points {)J.

We can note that inorganic “solvents” have beerd umé they present a narrow electrochemical
window unsuitable for Li battery applicatiotg.

5.2.2.Lithium salt

The lithium salt is essential to ensure high ioronductivity of the electrolyte. As for the solvent
specifications for the salt are the following:
» Complete dissolution and dissociation in non-agsemivents
« High mobility of the solvated ions in the solvestdected (Li especially)
* Inert anion towards the solvents and stable agaxigiative decomposition at the positive
electrode

5.2.2.1 Classical lithium salts
The main lithium salts classically used in Li-ioatteries are reported in
Table I. 4.

Table I. 4 : Main lithium salts used in non-aqueous liquid elecblytes and their characteristic parameters:
molar mass (M), melting point (T,), decomposition point (Te) and conductivity (s). (Adapted from ref''9)

¢ (MS.cm?)
Salt M T cc) TdecomposiolC) Al __1.0M, 25°C
(g.mol™) in solution corrosion  in in
PC EC/DMC
Li tetrafluoroborate 939 293 >100 No 3.4 4.9
LiBF 4
Li hexafluorophosphate ~ 80
LiPF, 151.9 200 (EC/DMC) No 5.8 10.7
Li hexafluoroarsenate 195.9 340 >100 No 5.7 11.1
LiAsF ¢
Li perchlorate
LiclO , 106.4 236 >100 No 5.6 8.4
Li Trifluoromethanesulfonate
LiTf 155.9 >300 >100 Yes 1.7 --
Li"CF; SOy
Li
bls(trlfluoromgthanesulfonyl)lm|dn 286.9 234 >100 Yes 51 9.0
LITESI
Li"[N(SO,CF3)3"

LiPFg is the most commonly used salt in commercializetih batteries, and viewing the properties
in Table I. 4, it can be a bit surprising thatutmerforms all the other salts. Indeed, LiAsias a better
ionic conductivity in EC/DMC, LiBE has a higher ionic mobility and LiITFSI has a highe
dissociation constant? LiPFs is also known to be thermally instable and extigreensitive to traces
of water and alcohdf>'?

However, all the other classical salts suffer mampknesses: LiAgHkS toxic, LIBF, presents a too
low ionic conductivity, the risk of violent reactie is too high with LiCIQ due to peroxide formation
from perchlorate (CI¢) decomposition and finally, LiTf and LiTFSI are romsive towards the
aluminium current collector.

LiPFs has the advantage to not present any eliminat@gkness and the combination of its
properties currently makes it the most widely emptblithium salt.
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5.2.2.2 Alternative lithium salts
New lithium salts have been studied as an altemmdtr LiPFR. The sensitivity of LiPEto water or
alcohol leads to the formation of hydrofluoric gditF*?” **®and its thermal instability can result in a
safety problem that needs to be solved. The replaceof the classical LiRalt has therefore to be
considered.

A lot of alternative salts have been reviewed by uand they can be classified in different
families. For example we can cite lithium phospbaf@r example LiFAP), lithium borates with
aromatic or nonaromatic ligands such as LiBOB aFOB, lithium methide (LiMe) or heterocyclic
cyano-based lithium salts (for example LiTDI). Thalts that have attracted most attention are
presented in Table I. 5.

Table I. 5 : Alternative proposed lithium salts.

Salt Usual name Structure Ref.
o o Li+o o
Li - bis(oxalate)borate LiBOB N 129
4 /\
— (¢] O
o 0 ®
ccﬂ) o\ ° L'
Li - difluoro(oxalato)borate ~ LiDFOB \B'/ ’ 130
/e
o/ °©
3 : L'
= Li - fluoroalkylphosphate ||q
it - R, |_.R
g H UGl LIFAP pl 131
z or example: R” | YR
g Li*[(CoFs)sPR] R
R = F or perfluorinated alkyl
o N
% Q Li - 4,5-dicyano-(2- ="
o g trifluoromethyl(imidazolide) LiTDI >7CF3 132
g3 ) ~.
T N b
Li— Li*
tris(trifluoromathanesulfony : FaC02S\ 50
1) methide LiMe i 133
Li"[C(SO.CF)4] SO,CF5
Li - FsC //O O\\ C,F
; 5C2 _LaFs
2 b|s(perfIU(i)rrT§)i§Lhylsulfonyl) LIBETI O;/S\N_/s\\o 134
he) - B +
E Li"[N(SO.CoFs),] Li
e Li—
& | (trifluoromethanesulfonyl) Fe /) N\ _(CF )
& | (nonafluorobutanesulfonyl)  LiTNSI e U 135
£ imide ° o °
2 | Li"IN(SOCR;)(SOCaFe)]
Li - (fluorosulfonyl) . //o o\\ A,
(nonafluorobutanesulfonyle) | . ~ AT
mide LIFNSFI o//S\N—/S\\O CFs 136
Li'IN(SO.F)(n-C4FeSO))] W
Li - . Feo //O O\\ F
bis(fluorosulfonyl)imide LIFS //S\N—/S\\/ 137
Li"[N(SO,CFy)2l ° o
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The imides constitute another interesting familyspired by the structure of LITFSI and LIiBETI,
other new imides salts have emerged recently, asthTNSI or LIFNSFI (in Table I. 5), but the large
sizes of these anions have shown negative impattteoconductivity of the electrolyte.

Instead, successful tests with imide salts thasaraller and lighter than LiTFSI, have been carried
out and one of the most effective salt is lithiuis(ttuorosulfonyl)imide: (Li[N(SQF),] (LiFSI).

The FSI anion is commonly used in ionic liquids (ILS%!3%'° but also in gel polymer
electrolyte§" and carbonate-based electrolyf®3*® The LiFSI salt presents a better ionic
conductivity than LiPkand exhibits good anticorrosive properties towaldsninium when it is very
pureX*"'**Electrochemical performances achieved with LiF@iperform the ones with LiRRvhen
used as salt in non-aqueous carbonates solvehtfigells, such as Li/LiFeP£I%2 Li/LiCoO,**,
Li/Graphité*®**?and in a full cell graphite/LiCogd* LiFSI also presents the advantage to have a
good stability towards hydrolysi§ and does not form HF. LiFS| appears as a goodnalige to
LiPFs and will be investigated in this thesis as alithisalt in non-aqueous electrolytes (Paper IlI).

5.2.3.Electrolyte additives

The lithium salt and the solvent are the two cruciamponents of the electrolyte. However, in
commercial batteries, additives are always usatie@simprove performance and cycle life, and have
been reviewed by Zhang al.'** Additives can aim at improving the formation andtiiity of the
SEI, protecting Al towards corrosion, stabilizirgetlithium salt, improving the safety of the bagter
etc.

Among these additives, vinylene carbonates (VC) baen used in several studies and
improvements of the performance of graphite system reported. Studies have shown that the
degradation of VC can give polymeric chains bydiaa polymerization process involving the double
bond. The resulting SEI presents a better mechapicperties and enhances the protection and
cohesion of the electrod@>4°147

It must be stated that no additives were usedisrvibrk.
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6. The negative electrode/electrolyte interface

We have seen in the part related to the electrehaeit can react at electrode surfaces due toxred
reactions. This leads to electrolyte decomposiéind deposition of reaction products at the intedac
between the electrode and electrolyte. The disonssibout these battery interfaces were first
introduced by Peled al.'® : the reaction products were described as formirmyerinamed SEI (Solid
Electrolyte Interphase). It is now admitted thas tlayer constitutes a crucial part of a Li-iontbag
influencing many aspects of the battery performance

The SEI formation has been widely studied for negatlectrodes made of metallic lithium or of
carbonaceous materials.

In this part we will discuss the general aspectsutlBEI formation on carbonaceous electrodes in
non-aqueous liquid electrolytes (with LiPBs lithium salt, cyclic and linear alkyl carborsatas
solvents). Its main components will be describethagproposed formation mechanisms at the surface
of the negative electrode. The discussion will therfocused on the nature of this layer on Si-based
electrodes.

The electrolyte/positive electrode interface wdk ibe discussed in this thesis.

6.1.General aspects of interfacial phenomena

6.1.1.The SEI formation

During the first lithium insertion into the negatiwelectrode host, lithium also reacts with and
decomposes the electrolyte, thereby forming a passn layer on the surface of the electrode, the
SEI. The electrolyte (mainly the solvent moleculeskelectrochemically unstable during reduction
because the potential of the negative electrodeti®f the range of the electrochemical windowhef t
electrolyte. As a consequence the SEI formatigeiserally reported to start below 0.8%/ Li*/Li.

However, when the SEI totally covers the electrodgterial and reaches a critical thickness
preventing the migration of electrons, the elegtmino longer decomposes and further reduction is
stopped. During cycling, a continuous dissolutieplsition is often observetf.

The typical SEI thicknesses have been reportecetfrdn a few A to tens or hundreds of ‘&,
The SEI has to be electronically insulating buticatly permeable to ensure good cyclability of the
battery. The SEI on graphite is important becatisets as a physical barrier preventing intercatati
of solvent molecules between the graphene sheetding to electrode exfoliatiot?

6.1.2.Another interfacial phenomenon: lithium plating

Lithium plating is another phenomenon that mightuscat the interface of a carbonaceous electrode.
The formation of dendrites when cycling with metalithium is well known, but it has also been
observed on carbon that has an insertion potereigl close to that of 2i**°*** This dendrite growth
presents the same safety issues as for the Li nmssible short-circuit of the cells, and a los o
lithium. Most of these interfacial phenomena arecdéed in Figure I. 15.
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Figure 1. 15 : Modifications occurring at the graphite/electrolgteinterface upon cycling. Reprinted with
permission from ref >*

6.1.3.Description of the SEI

6.1.3.1.SEI models and parameters influencing its propertie

The performance of a battery is tightly relatedthe properties of the SEI. The SEI formation
contributes, firstly to a part of the initial irressible capacity loss, and then, its properties
(composition, thickness, morphology, density) amgécial for the battery behaviour upon long-term
cycling. An ideal SEI has to meet several requinetsie

» Very low electronic conductivity ¢ ~ 0)

« High ionic conductivity (;» ~ 1)

« Uniform and stable composition and morphology toevpnt further electrolyte

decomposition

* Good adhesion to the electrode materials

» Good flexibility and mechanical properties to acoondate the volume expansion

* Low solubility in the electrolyte to avoid furthelectrolyte degradation

Few other factors that affect the SEI appear mbréoais than the chemical factors (the nature of the
solvents, salt, whether additives are added orthetnature of the electrode materials, the presenc
not of a binder, etc.), the electrochemical cycloopditions (C-rate, depth of discharge, etc.)her t
temperature. All these parameters have an impadrtgsct on the SEY,

The SEI formation comes from the simultaneous d@osition of the lithium salt and reduction of
the solvents. Therefore, its composition is comg@ag still controversially debated in the literatur
Made of organic and inorganic compounds, severalatsohave been suggested to describe the SEI
formed on carbon. These models have some simdaritut also differences. While Peledal.
proposed a mosaic-type structdfeAurbachet al. suggest a multilayer structure for the SEI on
graphite with an inner compact layer covered byuater porous layer>*>*More recently, one model
described the SEI consisting of a first dense layainly formed of inorganic compounds ensuring the
protective role of the SEI towards reduction. Thisrganic layer is covered by an organic or
polymeric layer allowing good Litransport. LiF crystallites can also be foundhiis brganic layet>®
Another detailed study has shown the potential dépeharacter of the formation process of the SElI,
the main species being carbonates, alkyl carboaaig iF-*®

44



6.1.3.2.SEI composition at the carbon/electrolyte interface
We will now report on the principal species presenthe SEI and on the reactions leading to the
formation of these species. In literature, three&iof reactions are distinguished: solvent reducti
lithium salt decomposition and reaction of sidedourets with impurities or other SEI compounds.
These reactions have been proposed using severatimental procedures, among them XPS and
FTIR appear to be the most relevant spectroscapyigues?’

* Solvent reduction
The reduction reaction of the cyclic (EC) and theadr (DEC and DMC) alkyl carbonates solvents are

listed in the Table. 6. As transesterification and polymerisation reaxtioan take place, they are also
considered here.

Table I. 6 : Main reactions and SEI products resuling from the degradation of the alkyl carbonates
solvents EC/DEC/DMC (From ref1°%:157:158.159.160.161. 562

Reactions

2EC + 2e+ 2Li" — (CH20C02L|) 2t CHZZCHzT

EC EC + 2é+ 2Li" — Li 2C03 + CHZZCHzT
(@]
JS NEC — ~(CH,-CH,-0), + nCOs
(@] O
" ¢ PEO

n(x+y) EC— -[(CHy-CH,-O)-/-(CH,-CH,-OCQy) ] - + NXCOQyT

ROCOR + e- + Li — ROLi + RC*Q,
RC+Oy+ Li* + € — ROLi + COp

ROCO,R
DMC:R=CH, 2ROCQOR + 2e- + 2L — 2ROCO.Li + R-Rt
0
~o N~ DMC + e- + Li" — CH;0CO,Li + Re
o nRes— Rn (polymers)
DECIR=CHs ARe + &+ Li* — RL
/\OJLO/\
ROCOR + 2é+ 2Li" — Li,CO; + R-R}
Reaction between EMC <~ DMC + DEC
solvents ROCQR +EC— ROC02CH2CH202C02R

Main species found in Li ,COg, Lithium alkyl-carbonates (ROCQO.LI),

the SEI resulting of alkoxides (ROLI)
solvents degradation Poly(ethylene oxides)PEO) poly(ethylene carbonates)

To this list, we can add lithium oxalate {€pO0,)'®® and lithium succinate (LIE€CH,CH,COsLi) that
have been reported in few pap&f®olymers (extended hydrocarbons chains) have also teported
using TOF-SIMS characterisatiof.

« Salt decomposition
The decomposition of the salt has also been wiskelgied. Lithium hexafluorophosphate in carbonate
solvents is known to form an equilibrium with liginn fluoride (LiF) and phosphorus pentafluoride
(PR '® *giving rise to several secondary reactions. Orofdat, LiPF is very sensitive to water,
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moisture and alcoh8f **°and formation of hydrofluoric acid (HF) is a resok this sensitivity.
Reactions where LiRfs involved are reported in Table I. 7:

Table I. 7 : Main reactions and SEI produg%sl;fﬁglpfq from the degradation of LiPFs (From ref

Reactions

LiPFs — LiF + PR
LiPFs + n€ + nLi* — LiF + Li,PF,
LiPFg
and PR; + 2xé + 2xLi* — XLiF + Li,PRs
secondary LiPFs + Li,CO; — 3LiF + POR + CO,
reactions PR + Li,CO; — 2LiF + POR + CO,
POR + 2x€ + 2xLi" — Li,PF;, O + XLiF
POR; + 3ROLi— OP(OR} + 3LiF
OP(OR) + -(CH,-CH,-O), — -(O-CH,-CH,),-O-OP(OR}

LiPFg + H,O — LiF + POR + 2HF
PK + H,O —» POR + 2HF
ROCOLi + H,0 — Li,CO; + CO, + ROH
H,O + Li' + € — Li,O + H?

Reactions with H,O + Li* + € — LiIOH + 1/2H,1
impurities
(H,O/HF) ROCOLi + HF — LiF + ROCQH
Li,CO; + HF — 2LiF + H,COq4

Li,CO; + HF— 2LiF + H,0 + CQ;

Li,O + 2HF— 2 LiF + H,O
LiOH + HF — LiF + H,O

Main species found
in the SEI
resulting from salt LiF, Fluorophosphates (i4PF,, LiyPR0),

degradation, Phosphateqas OP(OR))
reported in the
literature

The reactions and products given in Table I. 6 Baldle |. 7 do not constitute an exact list of tiid S
compounds formed on carbon electrodes. There igeneral recipe as a lot of factors can influence
this layer and papers can sometimes be contragiatmsut some compounds, regarding for example,
the presence of polymers. The techniques and melitgyd used to evaluate the SEI compositions
have also to be carefully handled because somesguoes can be destructive and modify the real
compositions. Argon sputtering is commonly useatday out depth profiling and it is known, for
example, to create/enhanceQiformation.

The SEI layer is complex and that is why the numbkresearch papers on this subject is
continuously growing. The current emergence of etaetrode materials in Li-ion batteries generates
the need for a systematic SEI investigation toyfulhderstand the mechanisms occurring upon
cycling.

The next part will be focused on the Si-based negatlectrodes. After a presentation of the
reaction mechanisms involved upon lithiation of thgstem, we will see the main approaches
considered to limit the problem of volume expansiod then discuss about the SEI in such a system.
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7. Silicon anodes as negative electrodes in a bategpod
candidate?

Silicon belongs to the alloying materials and imliidn to its interesting electrochemical propestie
its high abundance on Earth, low cost and low foximake this material an interesting alternative
material as negative electrode and a researchctuhigely studied. Figure I. 16 shows the number of
publications related to the use of silicon as anadei-ion batteries and we can see an exponential
increase these last twenty years.

In this part, we will describe the reactions ocmwrupon silicon lithiation and see several
examples of the general strategies used to lindtvblume expansion of Si-based electrodes (see
anode part described earlier in this chapter). Sowaerial from reviews focussing on alloy materials

and more specifically on silicon has been usedtfis part and can be found in references.
68,82,83,85,86,90,174,175
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Figure 1. 16 : Number of publications related to the use of silico anode materials for lithium-ion battery
electrodes as a function of the publication year @lected with SciFinder database, “Silicon”, “anade”
and “lithium-ion battery” as search items).

7.1.The Li-Si alloy

The ability of silicon to electrochemically form atioy with lithium was firstly demonstrated at hig
temperature by Sharme al. in 19761"° Other works by Hugginst al.'’"'"® | have shown that the
lithiation of silicon was following the equilibriunhi-Si phase diagram with four distinct voltage
plateaus corresponding to four distinct crystalliithium silicides: Li,Si;, Li;Si;, Li13Siy and
Li,,Sis.t”” The formation of the highly lithiated phase,Sis (Li4.Si) corresponds to theoretical
capacity of ~ 4200 mAh:gwhich is much higher than the theoretical capaoftynetallic lithium
(3862 mAh.g).

However, the formation of L5i alloys appears to be different at room tempeeatlihe first
electrochemical discharge curve just exhibits amlgingle long voltage plateau due to a two-phase
addition reaction around 0.1%. Li*/Li and suggests that none of the phases previonshtioned are
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formed. In fact, it was shown that micrometric-sizerystalline silicon particles are converted iato
amorphous LSi alloy and a continual lithiation of this allogkies place during this first discharge.
Obrovacet al."®*and Hatchardt al.’®* confirmed these results by ex-situ and in-situ X&i showed
that a crystalline phase, k$is, was formed at low potential (< 50 nvg. Li*/Li), and this when either
crystalline particles or amorphous film were usétbte that this crystallisation only concerns
micrometric particles (325 mesh size) or films kieic than 2um ' but not the nano-Si based
systent®? During charging, a plateau at ~0.4V is observedesponding to the two-phase reaction
from crystalline LisSi, to amorphous L5&i (z~2) then followed by the formation of amorpbdsi
evidenced by L&t al. by in-situ XRD*** The incomplete delithiation of the,Si is often reported and
explained as one part of the irreversible capdosgsy.

To summarize, during the first cycle, phase charagesobserved and the highest lithiated phase
obtained at room temperature issSi, (Li3 755i) with a theoretical capacity of 3578 mAﬁ.gccording
to the reaction given in Table I. 8:

Table I. 8 : Reactions of Li insertion and extractn into silicon (from ref %)

Reaction Equation and phase changes
Partial discharge
(lower cut-off > 50mWs. Li*/Li)

Full discharge 4Sj + 15L{ + 15e-— Li;sSiy (crystalling
Charge Li15Si, — 4Si @morphou} + yLi* + y15€ (+ remaining Li,S)

Si (crystalline or amorphoQist XLi* + x€ — Li,Si(amorphou}

* Reaction with SiQ
Some remarks should be added about the behavidsiOsftowards lithiation/delithiation. Silicon is
often covered by a native oxide layer that Li-ionight have to cross to reach the much more active
Si. A lot of work has been done on i@ anode material which appear to be attractiwetduts
limited volume expansion compared to pure Si. Havethe nature of this material is not very clear.
Careful PES analyses of Si@yers forming at the SI5i interface have been carried out in previous
works.****®*However, the Si 2p signature of these “Si€pecies is always very weak with respect to
SiO,. Moreover the “Si¢J signal most often consists of a gradual shiftwesn several components
assigned to $j S#* and Si* oxidation states, with binding energies distributetween Siand St
SiO, can also be seen as a mixture of Si ang Si@aper ).

The reaction of SiO with Li has been studied byiowgs techniques (XPS, NMR, HRTEM) and the
formation of LiSi, LiO and lithium silicates are often reported, theé ta® compounds buffering the
silicon volume expansion. Among the several lithisifitate compounds reported £8i,0s, Li,SiOs,
Li,Si,0O3) the formation of LiSiO, is often described as the main irreversibly formgkium
silicates'®®'®"88we have clearly proved its irreversibility in papeas well as in paper Il and more
recent papers have then confirmed this pBiti®***'%t has also been shown that$iO, could be
formed mechanochemically by simply milling metalltbium with a silicon oxidé®

In addition, a NMR study by Kirat al. suggested that inactive Si€an be made active when in the
nanoscaled size and that the formation gOLéould be reversible: 2@ + Si— SiO, + 4Li" + 4e. 58

Since then, scientists have been open to the stadithe low cost material SjQvhich is widely
present on Earth* Guoet al. proposed by XPS and NMR the following irreversibéactions (Eqn.
13 and 14), both reactions giving Si that then rgitdy reacts with Li forming the alloy Li-St%°

2 SiO, + 4ALi" + 4€ — Li,SiO, + Si Eqgn. 13
SiO, + 4Li" + 4€ — 2Li,0 + Si Eqgn. 14

Additional reactions are found in the literaturdeTreversible reaction of 4Si,0s, for example has
been proposet?*'%*(5SiQ, + 4Li" + 46 — 2Li,Si,Os + Si)

At this stage of the research on i@ appears difficult to clearly distinguish ifgte are lithium
silicates that might be cycled reversibly or nobwéver, most of the current studies agree about the
irreversible formation of the lithium orthosilicate,SiO, upon the first lithiation process and it can
now be considered as reliable information. The treadetween Si@and Li will be discussed in
paper Il.
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Finally, the lithiation of Si into LiSi,; leads to an important volume change (~280%) tlaat h
tremendous impact on the battery performance asgitled earlier. The main impacts are schematised
in Figure I. 12. In the following part of the thesthe strategies developed to avoid/limit the radu
expansion will be described with several examplégy will be divided into three categories: (1) a
modification of the cycling conditions, (2) a maddtion of the nature of the silicon (size,
morphology, crystallinity) and (3) the incorporatiof other phases to buffer the expansion.

7.2.Improvement of the Si-based electrode materials

7.2.1.0perating voltage control

Limitation of the capacity is the easiest way tduee the volume expansion and enhance the
cyclability of an alloying electrode. Already in99, Li et al. showed that cycling performance could
be improved by reducing the upper cut-off voltagenf 2.0V to 0.8Vvs. Li*/Li of a Si/C/PVdF
composite electrode cycled versu§'f

The modification of the lower cut-off has been moagefully studied for silicon because the depth
of the discharge is directly linked to the amounlithium introduced into silicon. Jung al. showed
in 2003 that the change of the lower limit voltagmdow from OV to 0.2V was beneficial to the
cycling performance of an amorphous Si thin filmpwever, the capacity was limited to
~400 mAh.g.*"

It was later found that the limitation of the lowaut-off was even more important in the case of
silicon with micro-meter sized particles. Indedw highly lithiated crystalline phase;t$i, formed at
full discharge undergoes a volume expansion of 280fb it appears not to release the lithium as
easily as the amorphous,8i phase. During long-term cycling, the;43i, phase contributes to the
irreversible capacity and it was suggested to attwédformation of this phase. With this aim and on
the basis of in-situ XRD study, let al. proposed to limit the voltage to 70 m¥.Obrovacet al.
proposed in 2007 a procedure to reversibly cycpstalline Si particles. Through this procedure, the
core of pristine crystalline silicon is kept unidgted with a shell of amorphous silicon that reisys
will be lithiated/delithiated? This method is made up of two steps: the partiakesfirst partially
lithiated and converted into a desired amount obramous silicon during some activation (or
conditioning) cycles, the electrode is then cyokgth a lower cut-off voltage of 170 mV to avoid
over-lithiation and to maintain the crystalline €A capacity of 960 mAhjwas obtained with a
very good coulombic efficiency. lgt al. used this procedure but simplified the conditigntycles by
four initial pre-cycles?®

Improved cycling performance can be obtained byitilim the insertion of lithium into the Si
particles and thus limiting the structural changdsch means less cracking occurring upon lithium
extraction. This method lowers the capacity of ¢ledl but it is important to keep in mind that the
insertion of 3.75 Li per Si atom gives a theordtazacity of 3579 mAh:§and the insertion of just 1
Li per Si atom gives a capacity around 960 mAhadnich is still much higher that current insertion
materials.

7.2.2.Modification of the Si morphologies

Great improvements have been achieved by scaling & particles to nanosize, or by using Si thin
film, nanostructures or amorphous materials.

7.2.2.1.Nanosized particles and thin film silicon.

The benefit of using nanosized silicon particled0@nm) compared to bulk silicon (250 meshes,
corresponding to a distribution of particles witlzes <5@m) was shown by Lgt al. in the late
1990’s™®?It is now known that nanoscale particles are muetteb than bulk materials and mitigate
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problems due to volume expansion because theyustaiis higher strain and generally they do not
crack after full lithiatior?® In addition, electron and ion diffusion paths saherter so better kinetic is
obtained. Liuet al. have estimated the critical particle diameter 460 nm), below which the
particles did not crack upon cyclirf§®

Even greater enhancements were obtained later &gtZet al. and the use of an amorphous Si thin
film instead of crystalline nanoparticles gave ersible capacity of 2000 mAh'gver 50 cycle$®
Amorphous materials are reported with better resubecause the phase transition
(crystalline/amorphous) is avoided and an isotr@pigansion is observed opposite to the anisotropic
expansion of crystalline particl&s.

A lot of work has been done to study thin film Sarodes;>?°*?°***and the advantage of not
using additional inactive materials. Thin films argually prepared by rf magnetron sputtering (PVD)
and also in this case full discharge leads to micazks of the electrod& As previously discussed,
the limitation of the lower cut-off voltage imprav¢he cycling performance and reduces these cracks
for thin films?® The roughness of the substrate (current collettas)also an importance and rough
Cu-foil appears to give better results than flalsfdue to a better adhesion between active pasticl
and the substrafé>

7.2.2.2.Three-dimensional current collectors and porous siton particles

Various studies these last 10 years have beenddows finding new systems or architecture of the
negative electrode to mitigate the bad effects haf volume expansion. The use of 3D-current
collectors, such as Ni foafff, Cu foam?” or Cu cellular architectuf® casted with Si composite
materials have been some of the first approachessel systems have shown improvements over the
classical 2D-system by restricting the huge volwhanges of silicon particles. The improvements,
however, seem to mainly be due to the good condtyctjiven by the 3D metallic structure and
unfortunately loss of particle contact remains @bjpem.

The use of porous Si particles (Figure I. 17 (apnss to be a good solution. Most of the 3D porous
silicon particles are made with an etching procesd involves the use of HF acid, chemical

etching®®?*and electrochemical etchiid.

7.2.2.3.Nanopatrticles, 1D and 2D architectures

The combination of the two latter concepts (harezsiparticles and a porous system) has lead to a
wide variety of objects. Si interconnected hollowheres, for example, have shown great
improvement and high capacity over 700 cyé{ésiollow porous Si nanoparticles were prepared later
by Chenet al. using another synthesis approach than the che®i€a etching by HF for hollow
spheres. Polystyrene nanoparticles (120 nm) & @s the template, tetraethyl orthosilicate (TEOS
as the Si source and cetyltrimethylammonium bron(@€AB) as a pore forming surfactant; TEOS
and C'I;féB are then chemical etched. This procedonéecs high porosity to the Si particles (Figure I.
17(b)).

The use of homogeneous films often leads to cradien cycling them as electrodes and an area
with a critical size is formed!* This observation has lead to the investigatior2Dbf structured
electrodes as arrays of nanopilfater well defined patterned surfaces (Figure 1. )€ Fracture of
the composite could be avoided leading to improvemef the cycling performance. More
fundamental studies on single-crystalline silicennaodel system have allowed the understanding of
the structural evolution that occurs during eletfiemical lithiation of Si nanostructufésand it has
been shown that the evolution of the strain is lyigimisotropic in the crystalline sampfg.

The main attention these last years has been dbvoteSi nanowirg®?20221:222223.22%90q gj
nanotub&® -1D-structures to get a large surface area, twallor a lateral relaxation and an efficient
1D electron transport. These 1D systems show diyreary promising performances and constitute
good model systems for research. Taking advantafjieébe transparency of these nanostructures,
important information about anisotropic expansiongritical diameter of the nanowires before
fracture (~300 nm¥*’ or about the lithiation processes that octfé’ have been obtained using in-
situ TEM.
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The design of nanostructured architectures has ifgedngreat improvements, for example, the
pulverization of the active particles limiting theffect of volume changes can be avoided.
Nevertheless, there is still expansion occurringctviaffects the global battery performance dudéo t
loss of contact between the particles. The useaabparticles has also disadvantages as cost, and a
large surface area that will require further SHinfation, so the benefits gained on one side (no
pulverization) can be lost on another (SEI sidestieas).

a, 3D porous Si

..
.

b, Hollow nanosphere
with or without porosity

L Y 7

d, Si nanotubes e, Si nanowires

¢, 2D patterned surface

Figure I. 17 : Novel Silicon anodes architectures

6.2.3.Use of an additional phase

Several kinds of additional phases have been ilgatst for Si electrodes (carbon matrices, active o
inactive intermetallic compounds or by the useiffetent polymeric binders) with the main purpose
to buffer the volume expansion during lithium allmy of Si and to avoid the aggregation of the
particles upon long-term cyclirfg’

6.2.3.1.Si-carbon composite electrode

Graphite and more generally carbonaceous matapgear as good phases that can buffer the volume
expansion and improve the electronic conductivitytte electrode. More or less active towards
lithium, carbon has a low volume expansion andyaificant proportion is beneficial for the cycléeli

of the electrodé® Carbon coating on Si has a good impact and camicteshe Si volume
expansiort>? On the top of that, a stable SEI can be formethercarbon coating and the continuous
reformation of SEI is avoidet.Binder is often involved in such a composite amel ihain drawback

of adding additional phases is a lower specificacéy of the electrode.

In the literature, the term Si/C materials canmrédeeither silicon coated by carbon, carbon coated
by silicon #*?**%*pyt also to a mechanically mixed carbon and silito get a composite with
dispersed patrticles. All these concepts have led targe variety of materials and techniques. Si-
carbon composites can be obtained by CVD, TVD (haérvapour decomposition) using carbon
precursors (such as benzene, for example) or silmecursors (such as S)Hor spray-drying
techniques?*® A last technique mainly used is a simple ball imjf*"******These techniques are
widely reviewed by Kasavaijjulet al.*
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Table I. 9 : Novel Si-C composite systems found the literature: nanoparticles-1D and 3D systems

2D and/or 3D representation

@

<4— C-hollow sphere ‘ 4
C)— SiNP 9y

Carbon coatings have recently been used to imgte/battery performance using Si
nanoparticles and 1D nanostructures (describedegbbiw2006, Nget al. coated silicon

nanocomposites by a spray-pyrolysis metfi8HA Yolk-shell structure was suggested lately

by Liu et al. *** consisting of Si nanoparticles completely seatsitie conformal, thin, self-
supporting carbon shell€(in Table 1. 9). A similar approach has been useitié work of
lwamuraet al ., >** where they formed Si nanoparticle/carbon compssitevhich each Si
nanoparticle was embedded in a spherical nanog@anerable 1. 9
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Table 1. 9). Hertzbergt al. proposed rigid carbon nanotubes used as outds stigh Si coated on
the inside supporting the volume expansion duééoempty core®in Table I. 9).** Similarly, Wu
et al. suggested sealing Si nanoparticles in a carbios (@in Table 1. 9).>** All these concepts are
made of silicon surrounded by carbon but the oty around can also be seen where silicon can
coat or be loaded on carbon.

Carbon additives can be used with different morpgiels. Some of the simplest structures are the
commonly used carbon black, acetylene black orhitapRecently, more complex structures have
been investigated as additives such as fulle¥engraphené:®*’ nanotubes*®****°or nanofibers
that usually are loaded with Si nanoparticl@n( Table 1. 9)>"#°*2°342Tarhon—nanotubes can be
coated with a thin Si film @in Table 1. 9) or by droplet structure® (in Table 1. 95°® and an
additional carbon coating being added by Evaroél. (®in Table 1. 9)*’

3D porous carbon scaffold structuréitf Table I. 9)**® have also been reported as well as mixed
nanopaper aerogels which can incorporate carborotma® (CNT) structuréS or Si/carbon
nanotube/carbon fiber composit®s’®°

Composites using 1D structures (nanotubes or nersjband 2D structures (graphene) have the
advantages of excellent electronic conductivity godd mechanical flexibility. They are chemically
and thermally stable with large surface area. T¢esy be used together with the active materials and
do not require binders and additional conductivepaunds which explain their current interest.

Most of the recent concepts based on Si/C compopitesented in this part are illustrated in Table
I. 9.

6.2.3.2.Intermetallic compounds

Addition of a metal is another direction used tdféauthe volume expansion and enhance the
performance of the Si electrode. Note that thigtegry has been much more used with Sn or Sbh-based
electrodes than Si-based electrodes. Some intdhmetampounds have been investigated with Si
(active and inactive).

Among Si-inactive materials added to or coated prw8 can note the presence of some metals,
such as FE€*?%2Co, Ni, 203264y 20286 Cr 287 Tj 26829 Oxjdes and ceramics have also been used as
well as AbO5,2°Co-Ca0, ,2*TiN, SiC, TiB, or TiC2"

From the side of adding lithium-active materialshn&i, fewer compounds have been studied and
the four main active elements that have been usedviy?® Ag,?™* Sn,?">?"%2""and AI?"8%7°

These approaches have only shown a slight improneofethe cycling performance and they are
less investigated than Si-C composites previousscdbed.

6.2.3.3.Binders used with Si-based electrodes

The intermetallic materials or the 1D or 2D struetupresent some drawbacks such as cost, high
weight for some metals or multistep synthesis tiaat be difficult to scale up for massive production
As a consequence, silicon particles combined wiithple and cheap conductive additives (carbon
black or acetylene black) are still the main comptsuused and a simple polymeric binder is usually
added to maintain a good contact between the [estic

PVdF (polyvinylidene fluoride), the binder commoniged in carbonaceous negative electrodes was
naturally the first one to be tested with Si-baskxttrodes (Figure I. 18(a)). However, the properti

of this poor elastomeric binder appear incompatititb the huge volume expansion of the silicon. In
addition, the solvent NMP (N-methyl-2-pyrrolidonased to dissolve PVdF is toxic with CMR
properties (Carcinogenic, mutagenic or toxic f@rogluction), and there is hence a necessity tadavoi
its use.

It was first believed that more elastomeric bindarsopolymers were required to accommodate
this expansion, for example, elastomeric tetherddris were used (poly(vinylidene fluoride—
tetrafluoroethylene—propylen&).Later a water soluble binder containing styreneathiene-rubber
(SBR) with a carboxylmethylcellulose sodium sala¢@MC) was explored®*
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A surprising and considerable improvement was reédby using the single stiff and brittle binder,
carboxymethyl cellulose (Figure 1. 18(85:***®**The superiority of CMC over PVdF is believed to
be due to the chemical interaction of CMC with #wtive particles: an esterification bond forming
between hydroxyl groups on the Si surface and @mbaxyl group in CMC creating a covalent
bond?®+285288.287p\/dF chains contrary to CMC form polymeric netwsikto which the powder is
mechanically entrapped. Kegt al. showed that the strong binding in CMC-Si was inguat to
prevent capacity 1058% Recently, Bridelet al. have shown that CMC chains can bind to Si via
covalent but also by hydrogen bonding dependinghenpH of the solutiof®® CMC is still very
attractive and improvements are still obtained layipg with, for example, a CMC porous scaffold
which seems to improve the performance comparednweentional slurries with CMC?

The interaction due to the carboxyl group of the KRS led to the investigation of another binder
containing this group: the polyacrilic acid (PAAhdeed, CMC has several weaknesses: it is not
soluble in organic solvents and requires the uswaier that can later oxidize Si. Its mechanical
properties are fixed (cross-linking is not possileied so it cannot be optimized for Si anodes. FAA
easily tunable (formation of block and graft copoér architectures, for example) and is soluble not
only in water but also in organic solvents sucheag, ethanol. Magasinski al. > proposed to use
poly(acrylic acid) (PAA, Figure I. 18(c)) as bindend showed better performances than CMC on Si-
based electrodes. The improvement was suggestbéa wue to high concentration of carboxylic
groups.

Its polyacrylate derivative poly(sodium acrylatBpAANa) >**?%3 has also shown interesting results.
It has been concluded that PAANa forms a uniform kayer covering the active material and acting
as an artificial SEI further reducing electrolytecdmposition usually observed upon long-term
cycling. A combination of PAA (also referred as PA&hd PAANa was found recently by partial
neutralization of the polyacrylic acid leading tbet binder PAK.Na g which was shown to
outperform the performance of PAA or PAAN.

Finally, the same team also reported good behawbw cross-linked polymer between PAA and
polycarbodiimide (PCD) giving a stronger adhesibthe active material and improving the capacity
retention of the system compared to PAA without BP&D

Polysaccharides are a family of binders that hasntty been investigated. Kovalenéoal. extracted
the alginic acid (alginate) from brown algae, whialso contains carboxylic groups (Figure I.
18(d))?*° Surprisingly in view of the similarities in cheraicstructures (Figure I. 18), electrochemical
results appear to be better than those obtaindd@NC based electrodes. One explanation is that one
carboxylic group is naturally present in each moadmunits of alginate whereas the synthetic CMC
has a random distribution and either none or moam tbne group per monomeric unit leading to a
worse coverage than with alginate.

Other polysaccharides have also been studied, aschmylose, amylopectin, and glycogén
which are common natural products (major componehgtarch in corn, potato or rice) and they all
give better results than PVdF.
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Figure I. 18 : Main polymeric binders used and invstigated for Si-anode materials.

All the binders described above are consideredofsreric, or as non-conductive binders. We can,
however, note some few conductive binders whicleHmen used with Si-based electrodes and which
present the dual advantages of acting as a bimiéraaconductive additive. Polypyrr61&®®° or
polyaniline (PANJ® are two examples but the main improvement in fieisl was obtained with a
PFFOMB?3®* a polymer based on polyfluorene (PF)-type polymers

The research field on binders is currently veryvacand recent results are very promising. A wide
panel of ecofriendly and abundant binders are roamd and investigated as alternatives to PVdF.

6.3.SEI formed on silicon negative electrodes

6.3.1.Composition

When the negative silicon materials alloy with litlium, the huge volume change will have an effect
on the SEI preliminary formed during the first diacge. As we have seen in Figure I. 12, a
continuous reduction of the electrolyte occurs mysubsequent cycles due to the formation of cracks
In addition to a consumption of the electrolyte gburce), a growth of the SEI limits Li-ion diffosi
through it and reduce the kinetics and performawicthe system. Consequently, a SEI with good
mechanical properties is requir&d.

In spite of the attractive performance of silicdectrodes, few reports are focused on the inteafaci
reactions of the silicon electrode with electrodyt€he earlier works, performed on SEI of carbosh an
metallic lithium electrodes have been a considerablp. Indeed, the low potential of Li insertiowoi
Si and the use of a similar electrolyte (LR alkyl carbonates) make the reactions previosblywn
in this chapter usable and the products reported pzentially be found also in the SEI on Si
electrodes.

As for carbon, it appears difficult to give a geadageliable and conclusive chemical composition of
the SEI on Si materials because of the use ofrdiftematerial architectures, binders, electrolyte
components and different experimental technique®Spé3304.305:306,307,308,309,310.311312313E 1| R
306,323,310,312,313,314,315,316TOF_SIMS’305,308 NMR, 320,317,318 SEM, E|§03'3O4'312'319'3§C.) SE| StUdieS Of
binder free and conductive additives free systeave loften been analysed, such as Si films/thinsfilm
303,305,306,307,308,309,323,310.314Yp Gj nanowired*3*®3put few studies of composite electrodes have been
r.eportedSIZO,317,321

Table I. 10 gives the main SEI species reportdderliterature for LiPk-based electrolytes in non-
aqueous solvents (EC, DEC, DMC, PC).
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Table I. 10 : The main SEI species of Si-based aneslireported in literature

Compounds Ref.

303,304,306,307,
308,310,312,315,317

303,304,306,307,
308,309,310,312,314,315

Li,CO;

Lithium alkyl-carbonates (ROCO,Li)

Alkoxides (ROLI) 304,305,307,312
Poly(ethylene oxides) (PEO) 304,307
Li,O 304,312,317
Poly(ethylene carbonates) 310
Oxalates 307,312
303,304,305,306,
LiF 307,308,309,312,
314,315,317

303,304,305,306,309,

Fluorophosphates (LiPFy) 312 314 315.317

Li PF5,0 Phosphates 304,306,314,315

As depicted in this Table I. 10, similar SEI compds have been identified on carbon- and silicon-
based electrodes, respectively. A SEI structurati an inner inorganic layer and an outer organic
layer has been suggesté:** The SEI on Si is also voltage dependent with ekthiyer formed on
the Si particle surfaces at low potenfiiland the use of PC gives a thicker organic layaheri in
alkyl-carbonates than EC based electrolyfékading to lower electrochemical cyclability and nso
rapid capacity fad&"

However, some detected and suggested speciesliacerdroversial. The presence of SiHR the
SEl is sometimes reporté® and proposed to be due to a reaction of,8ith HF. This kind of
reaction does not occur when a carbon coatingpepon the Si particles and no i present. In
this case, the formation of siloxanes (R-Si-OR)ihatead been reported.

The SEI formed on a Si/C/CMC composite electrode leen examined in papers |, Il and Ill. The
first two papers study the common salt LiRid the monitoring of the first electrochemicatley
(paper 1) as well as a long term-cycling (paperhive been performed. Paper lll analyses the SEI
formed with another salt, LiFSI.

6.3.2.Additives

The use of additives has also been investigate8ifetectrodes and VC has been successfully used in
several studies®310313316317.32\1artin et al. have concluded to the formation of poly VC as
previously observed on graphite. Dalasi al. also reported the formation of this polymer as a
beneficial point and noted the decrease of the amoluLiF. Chenet al. pointed out the uniformity
and smoothness of the SEI with VC giving an impexihe layer while the VC-free SEI was getting
thicker and thicker upon cyclirig®
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Similar to VC, FEC (Figure 1. 19) is another goahdidate as an additive and has been investigated
on Si-based electrodes in several paper§?12313316

The SEI layer formed in a FEC-based electrolytéiisner, smoother and more stable than with a
FEC-free electrolyte. It consists of a layer righ fluorine: the stable LiF and fluorinated Si
compounds maintaining a stable interfat® Nakaiet al. have confirmed that a thinner SEI rich in
LiF was obtained and proposed the formation of @ady (-(-CH=CH,-),.>*® Etacheriet al. have also
proposed the formation of a polycarbonate as themsarface film component via HF elimination
and polymerization of the resulting VC. These ressake nonetheless contradictory to the work of
Dalavi et al. that reports no polymerization phenomenon whe€ FEused and a decrease of the
amount of LiF compared to a classical electrolytit \&C/DEC/EMC.

Both VC and FEC have shown to form stable SE| fithelevated temperaturé$>'®

-
b

a, Vinylene carbonate b, Fluoroethylene Carbonate
(VC) (FEC)

Figure I. 19 : Structures of (a) VC and (b) FEC

Another approach is to directly modify the surfadghe Si particles by addition of an alkoxy silane
((CH30),Si(CHs)4) that can react with hydroxyl groups (SiOH) andate siloxane Si-O-Si linkages
(Eqn. 15) passivating the Si surface and thusl|iigj the SEI:*°3??

-Si-O-R+ HO-Si— -Si-O-Si- + ROH Eqn. 15

Finally, a last way to improve the SEI stabilitytés use another electrolyte or a mixture of lithium
salts.

Choi et al. ** suggested the replacement of LiRfy LIBOB and improvement of the discharge
capacity retention of a Si//Li half-cell was evided. The SEI formed had a less-porous structure and
the formation of electrochemically inactive Si pbsasvas observed to be limited.

Li et al. **" have investigated several classical salts, LiRFCIO,, LiBOB and LiPF. But the best
performance was achieved using a mixed electra$t@.5MLIBOB + 0.38MLIiPFk containing VC
leading to a compact and stable SEI. An improverbgraddition of LiBOB or LIFOB in LiPEbased
electrolytes was also reported by Daletval .**®
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7. Conclusion

To conclude this first part, we have seen thatwloeld of Li-ion battery technology is wide, in
continuous development and the attention is sfithéd to the three main components of the battery
cell (electrolyte, negative electrode and positakectrode) in order to obtain a system that is very
competitive, safe and as eco-friendly as possible.

The good properties exhibited by the alloying materbased on Si or Sn make these materials
attractive alternatives to the carbon negativetelde used in commercial systems. But the volume
expansion remains the main problem and needs solised for a potential commercialisation of these
systems.

The interfacial phenomena occurring at the surfafcthese new materials have also been poorly
investigated and it is the purpose of this PhD ytlidl addition to the analysis of the SEI formed on
Si/C/CMC composite electrodes (Paper I, Il and di)on the intermetallic MnSr(Paper IV and V),
alloying and dealloying mechanisms have been siudi¢his work.

XPS has shown its ability to give crucial answeegarding the SEI layer composition and
interfacial phenomena in a wide variety of battezlated compounds. In this study, investigations
have been performed using an innovative methodatoggisting of a non-destructive depth profiling
of the electrode/electrolyte interface.

This methodology and the experimental details sundong the work carried out during this PhD
are described in chapter 2.
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CHAPTER I

Methods
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1. Sample preparation

1.1. Si electrode preparation

Electrode preparation

@ Si/CB/CMC .r‘
80:12:8 :
W YRY YAy
Solvent:
HZO/ethanol
[70:30]
@ u —s w
Ball-milling
60 min
@ ~:i<“éf")$
O, - Oven
..... =) ‘ 60°C, 12h
Slurry C“ foil
Casting
_—
L2 Vacuum oven
@ __— in glovebox
- 120°C, 8h
Stamping

Figure Il. 1 : Si/C/CMC composite electrode preparéion

Si electrodes used in papers I-lll were preparedhbyng 80% of crystalline silicon powder (<50nm,
Alfa Aesar), 12% of carbon black (SuperP, Erachemilbg) and 8% sodium-CMC (CMC-Na, M
700.000, DS=0.9, Sigma Aldrich). The solvent migtfwr the slurry preparation was a water-ethanol
solution EtOH/HO, 70:30. This ratio was chosen because its highgcosity improves the
homogeneity of the slurry. All components were dkxh in a Retsch planetary mill for 60 min.
Resulting slurry was casted on a 2@ thick copper foil and dried 12h at 60°C in anmwnd the
coating thickness was checked with a Mitutoyo alisotligimatic micrometer~0.012-0.013 mm).
Circular electrodes (diameter: 2 cm) were punchédaad dried inside an Argon filled glovebox (< 5
ppm Q, < 2 ppm HO) for 8h at 120°C and at a reduced pressure acaum oven. This procedure is
summarized in Figure II. 1.

Each electrode was weighed inside the gloveboxatuate the amount of silicon {fgn):

Msilicon = 80% (mlectrode_mfoil)
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m was determined by punching out several copper doitles and the weight average was
calculated. The average mass loading of the eldesravas around 0.5 mg of Si per’cm

1.2. Battery assembly

Electrochemical half-cells were assembled by starkhe Si-based composite electrode (working
electrode), a lithium foil (counter and referendectrode), and a polymer separator (Solupor) soaked
with the electrolyte.

1 M LiPFs (papers I-1I-lll) or 1 M LiFSI (paper Ill) (LIIN(®.F),], Suzhou Fluolyte Co., purity >
99.9%, HO < 50 ppm, Cl<1 ppm, SG < 1 ppm) was dissolved in EC/DEC (2:1 (v/v), Nousely
Purolyte®). Karl Fischer titration showed the watentent to be below 10 ppm (the detection limit of
the instrument).

This assembly was hermetically vacuum-sealed inolgethylene-coated aluminum bag with
attached nickel tabs as current collectors (seer€il. 2).

Half-cell assembly

<«—— [jimetal

—-—
— N
/ separator
Nickel =~ (polyethylene, Solupor)
connectors

>,__,.— Si/CB/CMC

"coffee bag" cell

Figure Il. 2 : Schematic representation of a half-ell used in papers I-1ll (on the left). “Coffee-bag half-
cell (on the right)

1.3. Electrode washing prior to surface characterization

Before each surface characterization (PES, SEMhaSicells were carefully disassembled in an
argon filled glovebox and electrodes were washeth WMC solvent in three successive baths to
remove the electrolyte. Then the electrode wasktyulried and mounted on the sample holder in an
argon-filled glovebox for PES or SEM analysis.

1.4. Other sample preparations

The work in this thesis also involves the use bkosample preparations briefly described here.

1.4.1.Sol-gel synthesis (Paper I)

The sol-gel process is a wet-chemical synthesibnigae inherited from soft-chemistfy that
involves in the preparation of inorganic and hybridterials at low temperature (generally below 100
°C). The inorganic sources are metal or silicdkkoxdes (typically tetraethylorthosilicate TEOSath
undergo hydrolysis and condensation steps providitigansition from a colloidal sol and a gel-like
network resulting from the polycondensation of ierganic species in solutidf**°Both reactions
are generally catalyzed either by acidic or basmeddions that determine the morphology, structure
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and organization of the network. Hydrolysis anddansation reactions of TEOS involved in sol-gel
process are presented in Eqn.16 and 17.

Hydrolysis:
Si(OR), + HO — HO-Si(OR) + R-OH Egn. 16

Condensation:
(OR):-Si-OH + HO-Si-(OR)— [(OR);Si—-O-Si(ORj] + H-O-H Eqgn. 17

On the basis of such easy to handle reactions,da wariety of materials can be elaborated at
nanoscale with high degree of definition. In thetpavo decades, the use of organo-alkoxides with a
non hydrolysable leaving group has led to a widklfof investigations focused on the development of
fine-tuned functional inorganic and organic-inorigamanomaterials specifically designed for a
multitude of applications including nanomedicinkectronic, energy, optics and so fofth?®

Within the framework of the present work, sol-gebgess as well as conventional precipitation
process was performed to design lithium metasdigatterials (LiSiO; and LiSiO,) serving as
reference materials for X-ray photoelectron spaciwpy characterization of nanosilicon electrode for
lithium-ion battery. The precursor used were tattasilicate (TEOS) and lithium ethoxide mixed in
appropriate amounts to tune the molar ratio Lif&ittinfluence the formation of the targeted Li-
substitued silicon oxide materials.

1.4.2.Sn electrode preparation (Paper 1V-V)

The MnSn samples were provided by Charles Gerhardt Instt®&tME, Université Montpellier I1).
They were prepared by mixing a stoichiometric amarfnhigh purity manganese and tin powders
(Sigma-Aldrich). The powder was mechanically miltkging 3 days at 400 rpm using a planetary ball
mill. The obtained powder was then heated at 50tC5 days and cooled down rapidly by water
guenching to result in the final active material.

The electrodes used for the PES analysis were r@efxy mixing active material and carbon black
(90:10). The composite powder was assembled in ag&aK" type cell using a glass microfiber
paper separator (Whatman), 1M LiHR EC:DMC (1:1), as electrolyte, and Li foil acaunter and
reference electrode.

After cycling, Swagelok cells were disassembled #rad powder collected, washed, hermetically
sealed and sent for the PES analysis. (Detailgiges in Paper IV-V)
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2. Electrochemical tests

» Standard galvanostatic cycling (paper 1-V)

Si_electrodes:

Galvanostatic cycling has mainly been used dutiig PhD work. A constant current (i) was applied
to the half-cell while the potential was recordexd aafunction of time (t). The current chosen is
preliminary calculated and depends on the C-rate) €&lected (c.f. Chapter 1): i = (C/n)*imn With
Msiicon the mass of active material.

The specific capacity proper to the cycled systethén directly calculated using the experimental
values i (in Ampere) and t (in second): C = i.tsfidd.

Galvanostatic tests used for the studies relatetigaf' electrochemical cycle (papers | and III)
were carried out with a current of 150 mA.gf silicon between 0.01 and 0.9 Vs(Li*/Li) and
stopped at various potential values, with a brdékmin between discharge and charge.

For studies related to long-term cycling (paperand 111), cells were cycled between 0.12 V and
0.9 V with a current of 700 mAZgof silicon (and 150 mA:§in paper Ill). Four pre-cycles were
performed prior to this standard procedure in which electrodes were discharged to 500, 1000,
1500, and 2000 mAh’gand charged up to 0.9 V.

Sn electrodes:
A standard galvanostatic test was performed betw&én and 1.2Vvs. Li*/Li, at C/10 (1 C
corresponds to the current of 1 Li/Sn in 1h).

* Rate capability tests (paper 111)
A rate capability test consists in varying the @raf the cells upon the measurement. The celld use
for these tests were successively cycled at constarent rates of 150, 300, 750, 1500, 3000, 7500,
15000 mA.¢" and a last step back to 150 mA.gith 5 cycles at each rate. The cells were cycled
between 0.12 and 0.9V and the four pre-cycles waisee performed prior to rate capability tests.

» Fixed capacity test (paper I11)
A last cycling test was performed with a currerteraf 700 mA.g of silicon (paper ). The
discharge capacity was limited to 1200 mAtog a cut-off voltage of 0.005V, whichever occurstfi
The cut-off voltage in the charge state was limited..0 V. No pre-cycling was performed for this
study.

Two testing apparatus have been used in this thasis a Digatron BTS-600 (papers | and 1) and
an Arbin Instruments BT-2043 multi-channel (papbr |

64



3. Surface analysis

One aspect of this work was to develop/improve destructive analysis techniques for a better
understanding of electrode/electrolyte interfa@dsS (Photoelectron Spectroscopy) is one of the most
powerful techniques to investigate the chemicalireabf material surfaces and the electronic strectu
of solids®***%%n the field of Li-ion batteries, due to its suréasensitivity, it has become one of the
most efficient ways to chemically characterise tetete/electrolyte interfaces. Our objective was to
further develop the photoemission spectroscopy odetlogy and to take advantage of these
developments for a better understanding of thetimamechanisms occurring at the interfacial layers
of new negative electrodes battery materials.

3.1. Photoelectron spectroscopy (PES)

3.1.1.Principle of the photoemission

Photoelectron spectroscopy (PES), also known astrBte Spectroscopy for Chemical Analysis
(ESCA) was developed in the mid-1960’'s by Kai Sedygb and his group at Uppsala University
(Sweden)* This technique is based on the photoelectric €ffé¢*in which a core or valence
electron is ejected when photons of a suitableggngéw) ranging from a few eV to thousands are shed
onto a sample. Photoelectrons emitted with a Spekihetic energy (B are then collected and
analysed. This principle is illustrated in Figure3l

According to the principle of energy conservatibithe excitation energy isvhthe total energy of
initial system (neutral, N electrons)() and the resulting one (cationic, N-1 electroBgN-1), the
following equation can be written:

v + B (N) = EN-1) + &
ie.hv=Es+E. with Es = E(N-1) - § (N)

which allows to derive the binding energy of theofaelectron (E) from the experimental
determination of E

a, b, o e(E)
Unoccupied
levels
"""""" — - Fermilevel
Valenceband

hv

2g2 | Corelevels

—‘o—o— 1s2

Figure Il. 3: (a) Picture of an analysis chamber fiside view), the photon beam is directed towards ¢
sample placed in front of the analyser entrance. {lllustration of the PES process.
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The electrons can only be emitted if incident phethave energies larger than the electron binding
energies (E). The electronic structure is unique for the déf@ elements and the technique can
therefore be used to obtain information at the atdavel.

Once a photoelectron is ejected, the final ionig&te relaxes to its ground state by processes
including Auger electron emission and X-ray flumeysce emission. These two processes are
presented in Figure Il. 4.

Note that Auger spectroscopyhas been used in paper IV, this spectroscopgssdon this Auger
electron emission (Figure Il. 4).

° Augere
Vacuum level ——Vacuum level
-0-0-0-0-0-0-
—O-— —_—O-—
l l X-ray
—e— —e0—
a, Auger eectron b, X-rayfluorescence

emission emission

Figure 1. 4 : lllustration of (a) the Auger electron emission and (b) of the X-ray fluorescence emiss

3.1.2.Experimental measurement of the binding energy

In practice, the binding energy is calculated fiv& measured kinetic energy emitted from the sample
after correction for a work functiondg,) that represents the minimum energy required haooxe a
photoelectron from the surface.

The work function for a solid is defined to be #heergy separation between the vacuum level and
the Fermi level of the sample. When the sampleoigdactor, thermodynamic equilibrium between
sample and spectrometer requires that their Fezwald or electron chemical potentials should be
equal (Figure II. 5(a)), leading to the followinguation:

EB =hv- E< - q)sp

It is important to note that the common convenfmmthe electron binding energy scale is to plase i
zero at the Fermi level energy.

The situation is slightly more complex with insinat sampled®*%****Residual charges can appear
at the surface of the sample after emission ofpimatoelectrons. This charging effect results in a
broadening of the peaks and the measured bindieggeris shifted towards a higher value. This
charging effect can be compensated by the useflmiod gun (low energy electron gun) but it is
generally difficult to perfectly compensate for gifiag. As a consequence, Fermi levels of the sample
and of the spectrometer are different leading $bifi in the binding energy as illustrated in Figuk.

5 (b).
Ecorrect_ Emeasured: d*

In these cases, correct referencing remains an gpestion, often solved by taking an elementary
peak of the sample, usually, the hydrocarbon sarfantamination peak C 1s located at 285.0 eV.

! This spectroscopy corresponds to a three elecpmtess ending with the Auger electron emissibis. ¢haracterized by a
small kinetic energy (~10-3000 eV) which is indegemt of the energy of the excitation radiation ¢etens or photons).
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Figure 1. 5 : Schematic energy level diagram of PE experiment for (a) a conducting sample and (b) an
insulating sample.

3.1.3.The PES spectra — core peaks

In a photoemission experiment emitted electronscarsted within selected energy ranges and an
energy distribution curve is obtained by plottifgpmelectron counts as a function of theirde Ez as
shown in Figure Il. 6. Two distinct energy regiaan be distinguished: the core level peaks-8D

eV) and the valence levels (0-30 eV).

Overview spectrum Valence band

O1ls

Intensity (counts)

Auger O

als

|

1000 800 600 400 200 0
Binding energy (eV)

Figure Il. 6: PES spectrum of the pristine Si/C/CMCcomposite electrode used in this thesis. The valen
band spectrum is plotted in the inset.

From the binding energy of the core levels, wefaahidentify all the elements (except hydrogemnl an
helium). Indeed, each element has a charactegsticience of electronic states that can be easily
recognized in an overview spectrum (acquired overide energy range, Figure Il. 6). For a given
element, peak positions can vary depending onhiggnacal environment and this variation is termed
chemical shift. This notion will be developed irethext part.

It is also important to note that during the escppmess, electrons may lose part of their kinetic
energy due to different inelastic scattering preesgsecondary electron tail). Other spectral featu
can accompany primary lines because of complexiti¢se final state of the photoemission process:
satellite peaks (shake-up and shake-off) or meltigplitting.

Another aspect is the core peak width expresseth&yrWHM (Full Width at Half Maximum)
which corresponds to the combination of three doutions:
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* The inherent line width of a core level in relatiaith the life time of the ionized state
(Heisenberg’s uncertainty principle) remaining afiteotoemission

e The FWHM of the incident photons (X-ray line)

* The resolution of the analyser

These two last points will be discussed later.

3.1.3.1.Chemical shift

The discovery, during the early days of XPS thaedevel peak positions can vary by more than 10
eV for a single element depending on its chemiealirenment had certainly contributed to the
important development of this spectroscopy. Thigati@n is termed chemical shift and can be used
for obtaining information on-short distance cherhieavironments of atoms, oxidation numbers,
electronic charge transfers.

In a first basic qualitative model, we can considebond between two atoms with different
electronegativities: valence electron density idlshifted towards the most electronegative atsm, a
consequence, photoemission from the atom with dseckvalence electron density will require more
energy. The kinetic energy of the resulting phaotbn decreases, corresponding to a higher binding
energy.

As an example, the high resolution Si 2p spectréim mristine Si/C/CMC composite electrode can
be examined (Figure II. 7). We know that silicorugially covered by a native surface oxide giO
The oxygen atom is more electronegative than silitbereby the binding energy of the Si 2p core
peak for SiQis higher than the one of bulk Si as shown in Fedu 7.

Chemical shift

Si2p
Si---Si
e emitted with
+5 ... -0
8Sl———O
——
()
Emission at — AE
‘—__‘_/J ie. j,+AE

108 106 104 102 100 98 96
Bindingenergy (eV)

Figure 1. 7: Si 2p core peak spectrum of the prishe Si/C/CMC composite electrode, and illustratiorand
explanation of the chemical shift observed betwedrulk Si-Si and SiO..

Usually chemical shifts are interpreted in termsaokimple electrostatic theory, called “charge
potential model”. This model is based on the carsition of the electrical potential surrounding the
atom®**3%®|f we consider a chargg uniformly distributed on a sphere (radius r), fmential inside
the sphere will be g/@qr). A transfer of a partial chargeg to a surrounding species will modify the
effective energy fromAg/r, and the binding energy of the electrons indite sphere should be
affected by the same amount.

Refinement of this model takes into account thegdan the neighbouring atoms. Besides these
“initial state effects” a more realistic theory éakinto account the relaxation effects (redistrdsubf
the electronic charge during ionization) referredas “final state effect”. Modern theoretical tools
allow the interpretation and prediction of chemighifts (using for example, the so-called (Z+1)
approximation)>%34
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3.1.3.2.Spin orbit splitting
Core levels in XPS are first indicated using themaomic quantum numbén = 1, 2, 3...etc) and

angular momentum quantum numbker (O, 1, 2, 3 i.e. s, p, d, f respectively) of theel from which

the photo-electron is ejected.
Spin-orbital splitting arises from a coupling ofetlspin and orbital angular momentum. Such

splitting is observed fde£0 (i.e. for all levels except s-states) resultingaidoublet associated to two
possible states characterized by the quantum nuifjer | + s, with s = +%;, the spin angular
momentum number). Thus, core peaks are preciseltiftbd by the nomenclatumd;. The relative
intensity of the components is given by the ra@p+{) based on the number of different spin
combinations that can giygdegeneracy of each spin state).

lllustration of the spin-orbit splitting of highgelution Si 2p core level peak is shown in Figdre |
8.

Spin-orbit splitting

Si2p

Si2pa .
Si2ps2

Si2pasz

Si2pap

108 106 104 102 100 98 96
Binding energy (eV)

Figure 1l. 8: Si 2p core peak spectrum of the prishe Si/C/CMC composite electrode and illustration bthe
2p spin-orbital slitting

3.1.3.3.Quantitative measurements and surface sensitivity
The photoelectron core level peak intensity cand®l to give quantitative information on the sugfac
composition after correction by a factor S that efefs on the probability for a particular
photoemission event to occur and on the probatiitgletect the photoelectron (i.e., an instrumental

parameter).
The relative atomic ratio between two elementsvsrgby the generalised formula:
Nao _14/54
Np Ip/Sg

Where N is the number of atoms of the element X per volamea of the surface
I, is the peak intensity of the element X
S is the atomic sensitivity factor

The formula above presents the ratio between twmehts but it is also common to calculate the
atomic fraction of a specific element by replacthg denominator by the sum of the contribution of

all elements:

Ca (%) = 547

i
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The atomic sensitivity factor is given by the feliog equation and its parameters are listed and
explained below:

3
SA = O-AAAHA [1 + 'BZ—A(ESL'TLZ@ - 1)]
* His a constant that depends on the spectromed@isthission function)
* The factorf takes into account the anisotropic charactergdtibe emission
* 0 is the angle between the incoming unpolarizedt@hdlirection and the emitted
photoelectron direction

* The cross sectiors
A cross section value reflects the probability timeident photons cause ionization from a corelleve
of a specific element (unit in barn , 1barn Z46Y). Values depend on photon energy and are known
from theoretical calculations. They are reportedséveral databas&t:**? Scofield has reported the
cross sections of all the elements with a photargnof 1487 eV (Al k&) and 1254 eV (Mg K).
Values are normalized by the cross section of CL3600 barns at 1487 eV and 2200 barns at 1254
eV). The Yeh and Lindau database gives the crodforeof all the elements with a photon energy
varying from 0 to 1500 eV. In this work, quantifican for in-house XPS data was performed on the
basis of Scofield’s values.

» Depth profile analysis - Inelastic mean free pathiFP) A
Peak intensity depends on the depth from wherdretex can escape and is linked to the notion of
mean free path which is defined as the averagardistthat an electron can travel through a solid
without energy loss. The intensity of emitted al@ctdecay is a function of the distance d thaad to
travel; this decay follows the Beer Lambert law:
I(d) =1, exp(d/ Asin(®))

With I, the intensity of the emitted electron at depth d
A the inelastic mean free path of the elements
0 the angle between the surface of the sample and #mitted electron trajectory

The ratiol (d)/lIo can be seen as the probability that a photoelectnmitted at the depth d, can escape
without suffering from inelastic energy losses.ufegll. 9 (b) shows the relation between depth of
analysis and IMFP, for normal emission (a configora adopted in many of the measurements
presented in this thesis). We can see that 95%eoélectrons contributing to a peak in a homogeseou
material are emitted from a depth d<& this work, the probe depth of analysis wastaks three
times the IMPF.
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Figure Il. 9: (a) Schematic illustration of the link between the electron intensity and the depth ofrealysis.
(b)Intensity of the emitted electron as a functiorof depth of analysis, the grey area represents the
probability that an electron has to come from a deth ranging between 0 and d (i.e. 63% between 0 and
95% between 0 and B) —0 = 90°

The IMPF is directly dependent on the kinetic egeofl the photoelectrons emitted, so it will be
different for all elements and all core peaks djfieen element. This dependence is approximately
given by the universal curve presented in Figur&0l(a). However, there are models proposed in the
literaturé*****and it is now widely accepted that a common cuamnot be used and that a difference
exists between a single element and a moleculesbhissvbetween inorganic and organic materials.

However, no matter the model used, the tendentlyi®curve is always the same, and in the X-ray
range above about 100 eV, the mean free path seseahen the kinetic energy increases.

If photons of energies up to 1000-1500 eV can pateetto a few micrometers, electrons are
significantly less penetrating, the inelastic mdage path being the decisive parameter which
determines the escape depth. For Altke maximal escape depth reached wherilEOO eV is below
10 nm §~2-3nm). This makes PES a surface analysis tecaniqu
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Figure II. 10: (a) Universal curve representing thdMFP as a function of the kinetic energy of the
photoelectrons. (b) Facilities used in this thesisnd their energy range (v and E).
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3.1.4.The PES spectra — Valence bands

Besides the classical core peak analysis, the stfidsalence band spectra that correspond to an
experimental visualisation of the electronic DO®nEity of states) of the occupied energy levels
brings interesting information. Indeed, they armusigizing the less bound electrons - those that ar
directly involved in the chemical bonds and thegectra can be used as a fingerprint to identify a
compound.

However, for a detailed interpretation, the helgalculations is necessary to take into account the
modulation of DOS curves by photoionization crosstiens. Calculations can also be used as a
predictive tool for non-isolated compounds.

In the field of Li-ion batteries, the study of vatee band spectra can efficiently address the
electrode/electrolyte interface issues in combamatiith the analysis of core peaks?*

In this work, DFT calculations were performed (Gaas 09 program package) to simulate XPS
valence spectra using Koopman'’s theorem approxamgiietermination of monoelectronic energy
levels). In addition, the Gelius intensity modelswsed*’ (paper II1).

3.1.5.Depth profiling in PES — several approaches

In depth analysis, taking into account the thinch@nsion perpendicular to the surface, it is ofrede
to investigate subsurface chemical and electranictire.

Three main approaches can be used for depth pfif a solid: Argon-ion sputtering, angle-
resolved PES (variation 6} and variation of the photon energy)h

The first approach is destructive and the principléo slowly remove the first atomic layers of the
sample by etching material from the surface by agoraion beam with successive recordings of
spectra. However, this approach can cause changhs surface composition due to sputter induced
reactions leading to a risk for misinterpretatidnsarface chemistry. The surface of cycled Li-ion
battery electrodes is composed of chemically sersitompounds and it has been shown for example
that LiO can be formed upon etching by the reactions:
Li,CO; — Li,O + CQ *® or 2LIOH — Li,0 + H,0. **° New approaches have recently been developed
to carry out depth profiling in a less destructmanner by macromolecules such as fullerengHg),
coronene (gH;,) or argon clusters (Ag, n=100, 10000).

Two other common approaches for depth profiling ¢en considered as non-destructive. One
methodology is angle resolved X-ray photon spectpg (ARXPS) which is based on the variation of
the analysis depth by collecting XPS spectra demdiht emission angles (from near normal to near
grazing emission). This is achieved by tilting Bsmples and this approach is best adapted for thin
film studies on flat surfaces.

The last approach for depth profiling relies on #agiation of the photon energy using synchrotron
radiation since this modifies the kinetic energytloé photoelectrons ejected and thus the surface
sensitivity (larger depth sensitivity can be reathsing “hard” X-ray (Figure Il. 10) compared to
ARXPS).

This approach, based on variation of the photomggnkeas been adopted in this thesis work and
different excitation sources have been used: swtichr radiation (SR) withwh= 50 to 1500 eV at
MAXIV laboratory, SR with kr = 2000 to 10000 eV) at Bessy and Ad Kadiation (in-house XPS
with hv= 1486.6 eV).

Figure IL 11 illustrates the dependence link between phobaengy and probe depth of analysis for
the Si 2p spectrum of the pristine silicon usethis thesis work. The spectrum displays a firssi
peak assigned to bulk silicon at ~99.5 eV (in gragyl another one assigned to the surface oxide
(SiOy) at ~103.5 eV (in red). The relative intensitytloé two features changes dramatically when the
photon energy changes and the signature of Bi€dominates at low photon energy (i.e. when the
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extreme surface of the Si nanoparticle is probeugreas the signal of the bulk Si is highlighted for
the high photon energy.

Si particles
(<100 nm diameter)

6_\ Sio, BulkSi

i i Si2p
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hv=2300 eV d
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Figure Il. 11: Influence of the photon energy on tle Si 2p spectrum of the pristine Si/C/CMC composite
electrode. Schematic view of the evolution of thenalysis depth (arrow) as a function of the photonmergy
hv.

3.1.6.From the source to the detector — some technic¢allsle

3.1.6.1.The ultra-high vacuum
PES analysis requires an ultra-high vacuum (UHV)YLQ® Torr / 10” Pa). First, the IMFP of the
electrons is very short, so it is necessary todhamiy interaction between ejected electrons and gas
molecules on their way to the analyser. In addjtionV conditions prevent/reduce adsorption of
contaminants on the analysed samples.

3.1.6.2.Type of sources
Photon sources used in this thesis were of tweemifft types: one classical monochromatic X-ray
source attached to an in-house XPS and a synchratwarce covering a wide range of photon
energies.

» X-raytube(in-house XPS):

Commercial and basic research High Resolution X@Rfpenents use a monochromatic X-ray source
(Al). The principle of X-rays generation is thel@ling: a tungsten filament (cathode) is heated up
via a low intensity current (2-4 A) and producescaions by thermionic emission. These electrons are
then accelerated by an electrical field (typicdl§-15 kV) and are focalised onto the anode (Al or
other materials). The X-rays emission occurs byeleetronic deceleration in the matter and the K-ra
fluorescence effect is involved by this electrommode irradiation (Figure Il. 12). An X-ray spectru

is made of a continuous spectrum (“Bremsstrahluagiation i.e. radiation due to the deceleration of
thecharged particle) and a spectrum made of sharppdealacteristics of the anode material (K-shell
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emission radiation) (Figure 1l. 12). The X-ray usadur experiments is Al &, (hv = 1486.6 eV)
and it is generated by the electron transition betwthe 2p orbital (L shell) and the most innellshe
K (1s).

X-ray spectra are then monochromatized and focusedhe sample using a quartz crystal
monochromator positioned in a specific geometrywlRad circle) to get a high intensity. X-rays are
diffracted by a single array of quartz crystals med on a precision formed toroidal backplane. The
large surface area of the crystals defines a Isotjd angle and hence a high X-ray flux: the crgsta
are also specially prepared to give maximum refliégtand the arrangement is optimized for high
energy resolution (FWHM of Al K, is reduced from 1.0 eV to 0.2 eV for the Kratos #Axi
spectrometer used in this PhD work). The fixed ¥X{tax density and the absence of Bremsstrahlung
minimize damage due to X-ray degradation.

relative intensity
of X-rays
cathode A :

characteristic radiation

maximum
photon energy

bremsstrahlung

-
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photon energy/keV

Figure 1. 12 : Principle of an X-ray source

The monochromator used with an XPS spectrometenetethe “so called” High Resolution XPS
(HR-XPS).

» Synchrotron radiation:
Contrary to the in-house XPS, synchrotron facsitee found in few places (about 15 in Europe).

A synchrotron is composed of several elements.fifsepart is constituted of an electron gun and
a preinjector referred to as a Linac (Linear acette). In the electron gun, a cathode (for example
barium oxide metal at MAXIab) is heated (or irradehwith a short but strong laser pulse) leading to
cloud of electrons. The electrons are then trategddsy an electric field to the Linac where eleatro
are accelerated to higher energies, from few MdWe(2 at MAXlab) to 100-200MeV depending on
the facility. To increase the energy further, efl@es are sent into the booster, a circular acdelera
where they reach several hundred MeV or even feW.@¢ this point, the electrons have nearly
reached the speed of light. They are then injeciéioe storage ring.

The MAXIV laboratory has an alternative approacimgs recirculator that consists of two magnet
blocks that bend the electrons to 180 degreegdier @o bring them back to the beginning of theakin
and the electrons pass through it once again tchrd@0MeV. Then, electrons are injected in the
storage ring in a first step acting as a boostédariteg electrons up to 1.5GeV. Some specificatioins
the synchrotrons used in this thesis together thighwo French facilities are given in Table II. 1.

Table Il. 1 : Energy and circumference of some syirotrons

Circumference

Synchrotron facilities Energy (GeV) booster/ storage ring (m)
MAX Il (MAX IV lab, Sweden) 15 90/90
BESSY Il (Germany) 1.7 96/240
Soleil (France) 2.75 156.6/354
ESRF (France) 6 300/844.4
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The so-called Synchrotron Radiation or Synchroirght is generated once the electrons are in the
storage ring where they stay for many hours. Mowlang a curved part, high velocity electrons lose

energy by emission of electromagnetic radiationcwhs the synchrotron light. Photons are delivered

tangentially to the trajectory of the electrons g@ads through the beamline to the end-station where
the radiation is used for experiments.

® Thelinac

@ Thebooster

® The storagering

@ The beamline/end station

Figure 1. 13: lllustration of the main parts of a synchrotron (image from Soleil website)

A storage ring is not a perfect circle but can eensas a polygon where three main elements can be
found: quadrupole magnets, bending magnets, ardtiois devices. These elements are schematized
in Figure 1. 14,

Quadrupole magnets are made of four magnetic polesy are used to focus the electron beam and
act as a magnetic lens. Sextupoles or octupolealsarbe found.

Bending magnets (dipole magnets) aim to guide #&zarbin the ring and they generate synchrotron
light. Note that they constitute the only SR enurgpoints in the first generation of synchrotrons.

The insertion devices are then introduced in thg: ihey are found in the straight sections and are
used to generate synchrotron light as well. Depandn the type of experiments and the nature of the
desired light (high energy, particular polarizajiomvo kinds of insertion devices are used: wiggler
undulators>® Both are made of several permanent magnets whick the electrons onto a sinusoidal
trajectory generating synchrotron radiation eagtetihe beam is bent.

Electron

beam
Electron
T .. BA g
S [}
Synchrotron
a, Bending magnet b, Quadrupoles and sextupoles magnets

radiation

Synchrotron
Radiation

¢, Undulator

Figure II. 14: lllustration of the main elements faund in a storage ring (a) bending magnets, (b)
quadrupole and sextupole magnets and an insertionedice: an undulator (c). (a) and (c) are taken from
the PSI website.

The synchrotron light gives access to a wide eneagge from IR to “hard” X-rays.

The quality of the photon beam (well focalized anghll size) used for the experiment depends on
the electron beam in the storage ring. An importatie is the emittance (nmrad) that takes into
account the size and the angular proliferatiorheftieam; this value has to be as small as possible.
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Monochromators, filters, mirrors, etc. are thenndwalong the beamline to tune the photon beam
for the experiments performed at the end-station.

At this point, we have seen how the incident bearréated. The resulting outgoing electrons with a
certain value of the kinetic energy need to beyaeal and the energy determined. This step is darrie
out in the last part of the spectrometer, the amalpnd the detector. It is important to understaowl
some parameters can be adjusted, in particulapahs energy (f that affects the resolution of the
spectra.

3.1.6.3.Electron analyser system

The analyser system can be divided into three g&itgire Il. 15(a)) permitting the collection and
transfer, the energy selection and the detectigheo€lectrons:

1- Transfer lenses
The electron lenses constitute the first part efahalyser. The electrons are collected, transuiréitel
accelerated or retarded to a pass energy d&d focused to the entrance slit of the hemisphler
system.

2- Analyser
The hemispherical system is composed of two heraeigsh a constant voltage difference is applied
between them in order to circularly bend the etettrajectory: this defines “the pass energy” which
is the kinetic energy of electrons circulating & tmedium radius and which reach the detector
through the exit slit centred on this geometry.

3- Detector
The detector collects and counts the electronss Tést part can be made of several aligned
channeltron electron multipliers or by using a nchiinnel plate (MCP made of, e.g., 128 channels)
(Figure 11. 15 (b) and (c)). The principle is therse, an incoming electron is multiplied into mukip
secondary electron cascades and accelerated gh adiiential to obtain a detectable pulse.

a, Inner hemisphere Outer | b, ‘
hemisphere 3
R,

N

300410313
3QIS 1NdNI
NOHLO313

1NdINI 3NO

TIVM
I3NNVHO

Electron lenses

AN3"HND
didis

1nd1no

A

SNOH10313
300410313
3qIs 1nd1NO

re’

Figure 1. 15: (a) lllustration of an HSA analyser. (b)Principle of a channeltron and (c) of a multiclannel
plate.

76



The energy resolutiod\E of the analyser depends on the geometiyRRand mean radius of the R1
and R2 hemispheresyRon the pass energy £Ef(V1, Ry, Vo, Ry) with V; and \4 voltages applied to
the two hemispheres) and on the entrance slit width

AE ~ E, % —
=~ * —
P 2R,

This formula explains why different pass energiagehbeen used for in-house XPS and synchrotron
facilities (500 eV at Bessy and 20 eV in our in-b@uXPS) without having large differences in
resolution. This is due to the different naturéhaf analyser (RRis higher and w smaller at Bessy).

3.1.7.Experimental setup — thesis work

3.1.7.1.In-house XPS

Two different in-house XPS have been used in tiidys
Measurements in papers |, Il and IV have beeneadhmut with a Kratos Axis Ultra spectrometer.

The spectrometer is fitted with:

» afocused monochromatized AbKadiation (500 mm Rowland circle, 225 W),

e amagnetic immersion lens for high photoelectrdiection efficiency,

« a multi-element electrostatic transfer lens forhhtgansmission and optimum performance for
spectroscopic or imaging analysis,

« an hemispherical and spherical mirror energy aealy$65 mean radius double focusing 180°,
FWHM of the Ag 3d,;line = 0.58 eV under the recording conditions), the ase&ly run in fixed
analyser transmission (FAT) for XPS measurements,

« adetector system based on eight channeltronst(epecpy) and a MCD for imaging,

e acoaxial charge neutraliser for charge compensatio

The aperture defined selected area of the sam@les3@0x 700 um? and the pressure in the analysis
chamber was around 572@nbar.

Measurements in paper Il were carried out withharino K-alpha spectrometer using the same type
of monochromatized source (250 mm Rowland circlpgrating under 72W. The hemispherical
analyser has a mean radius of 125 mm and the adbrea of the samples was defined by a focused
X-ray spot size of 400pum. The pressure in the aimbthamber was also around 5 1obar.

Core level peaks were measured with pass energyo(E20eV with both equipments. Spectra were
recorded before and after each long-time experiraadtwere compared to each other to check that
the samples did not suffer from degradation dutiireggmeasurements.

Figure Il. 16 : (a) The Kratos Axis Ultra spectromeer and (b) the Thermo K-Alpha spectrometer
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3.1.7.2.Synchrotron facilities

e Beamlinel-411 at MAX IV laboratory:
Soft X-ray PES measurements (paper |, I, 1) weaeried out at the MaxIV Laboratory synchrotron
facility in Lund (Sweden) at the beamline 1-411gding a usable photon energy range from 50 to
1500 eV. The photon energy is selected using a firaddZeiss SX-700 monochromator with 1220
I/mm grating plan and a plan-elliptical focusingrmai *** The end-station is equipped with a Scienta
R4000 WAL analyser (radius of 200 mm). The pressutéie analysis chamber was abouf hibar
and nocharge neutralizer was used during the measurements

Measurements were carried out in such a way threts#ime analysis depth was obtained for all
spectra measured; thereby the same photoelectnetidkenergy was used for all probe elements. In
this thesis work, two depths were investigated lai41 corresponding to a kinetic energies of 130
eV and 590 eV. This approach is possible by tuttregphoton energy for each element probed=h
E, + E). An illustration of this methodology is given figure Il. 17 (b) and the photon energies used
to probe the different elements with a kinetic gyeof 130 and 590 eV are reported in Table II. 2.
Core peaks were measured with pass energy (200 eV.

b,
Fls Ols Si2p
hvl hv2 hv3 Eyin

Depth of the
analysis

Figure 1l. 17: (a) I-411 Beamline at MAX IV laboratory and illustration of the measurement methodology
adopted at MAX IV laboratory.

Table Il. 2: Photon energy (lv) used at MAX IV laboratory

Elements hv (eV) — E, =130 eV v (eV) — E, =590 eV
F1s 810 1270
O 1s 660 1120
N 1s 530 990
C1ls 415 875
S2p 300 760
P 2p 270 730
Si 2p 230 690
Lils 180 640
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Beamline KMC-1, end-station HIKE at Bessy:

Hard X-ray PES (HAXPES) measurements were carrigidad BESSY |l synchrotron facility in
Germany (Helmholtz Zentrum Berlin) using the KM(&amliné®* equipped with the HIKE end-
statiori>® (paper | - IV) (Figure 1119(a)). This beamline has a usable photon energiesing from
2000 to 10000 eV and the photon energy was chosieg a double-crystal monochromator (Oxford-
Danfysik, see Figure Il. 18). Three sets of crystak available and listed in

Table II. 3, the modification of the angle betwélea beam and the first crystal (Bragg's angle)vedlo
the modification of photon energy leaving the mdmwomator according to Bragg’s law:

nd = 2dsin(0)
by = hc
VIR

with  n: order of reflexion
L. wavelength of the incident beam (m)
hv: photon energy (eV)
0: angle between the incident beam and the crystal
d: spacing between the planes in the atomic ¢atifdhe crystal (constant for each crystal)(m)
h: Planck’s constant = 6.6x%0J. s
c: the speed of light in vacuum = 3.0 ¥ f0s®

The minimum photon energy is obtained with a Braggle of 82°. It is important to note that high
photon energy can be selected by using higher oedlections (i.e. n = 3, 4...etc).

Figure 1. 18: A double-crystal monochromator

Table Il. 3: Energy range of the three sets of crytals available at Bessy.

Crystal Energy range

Si(111) 1.997 — 12 keV
Si(422) 3.828 — 12 keV
Si(311) 5.639 — 12 keV

The measurement procedure was different for HAXRtE&surements compared to the one used for
soft X-rays at BL 1411. In the procedure used fur HAXPES measurements, we assumed that for
such high photon energies, the difference in pwldepth for the different elements (core levels) is
minor and can been neglected (justified by theritiaic character of the universal curve). Two tixe
excitation energies have been used: 2300 eV and €90

2300 eV was obtained by using the first order Bgliom the Si(111) crystal (paper I-IV), and
6900 eV was obtained in two possible ways:

- third order light from the Si(111) crystal tuned2800 eV (paper I)
- first order light from the Si(422) crystal tuned@800 eV (paper II-1I)
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The second configuration gives a somewhat poosaiugon than the first configuration but it islisti

sufficient for the measurement in this thesis wigtigure 1. 19) and delivers high flux allowing for
fast measurements.

b,
—_
Si(111
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S 1 ® Si (422) |
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0.1 Si (333)8 g B
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Figure II. 19: (a) HIKE end-station. (b) Experimentally determined resolution of the KMC-1 double
crystal monochromator with Si-crystals with (111),(311) and (422) orientations. Si(333) and Si (444)
correspond to higher-order reflection of the Si (11) orientation. (Replotted from ref>?

The analyser was a Scienta R4000 (200 mm means)agiitimized for high kinetic energies up to 10
keV. No charge neutralizer was used and the pressas around I¥mbar in the analysis chamber
and core peaks were measured with pass energyel/5d he beam passes through a capillary giving
a spot size on the sample around 100pum-diametsdent moon shape).

3.1.7.3.Transfer of the samples — a crucial step

The cycled electrodes of Li-ion batteries are vam/moisture sensitive, thereby, a safe transfer
between the glovebox and the spectrometer is driacrainimize surface degradation.

Argon-filled gloveboxes are directly connected ltie in-house XPS spectrometers. Classical Ar-
filled gloveboxes are available both at MAXIV labtory and Bessy. Samples were prepared (battery
disassembling, washing of the electrodes) in tlevedlox, mounted onto a sample holder (Cu or
stainless steel plate). They were then introduntmla transfer chamber, to be transferred safeiw fr
the glovebox to the spectrometer. This systemaseated in Figure Il. 20 and is made of a stainless
steel transfer rod with a manual valve. An adaffagure 1l. 20 (c)) was plugged into the load lafk
the glovebox in one side and the transfer chamlaer s@nnected to the other. Sample holders were
attached at the end of the magnetic rod eithena&3naicron fork (used at MAXIV, in Figure 1l. 20(e))

or as a specific magazine where up to six samgiel®can be mounted (used at Bessy, in Figure .
20(d)).
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Transfer chamber

close

Manuil valve

open

Figure 1. 20 : (a) Schematic view of the transfechamber. (b) Global picture of the transfer chamber (c)
Adaptor used to connect the transfer chamber to thglovebox. (d) Magazine used at Bessy. (e) Omicron
fork used at MAX IV laboratory.
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3.2. Scanning electron microscopy

The morphology of the Si-based electrodes has beatysed before and after cycling by scanning
electron microscopy. SEM was carried out with a JABBOOF Field Emission Auger Microprobe
fitted with a “non in-lens” secondary electronsetedr. The image contrasts obtained are relative to
the topography (SE emission) and the density of thaterial (SE included by electrons
backscattering). In this work, no prior metallizatistep was required, the samples being conductive
enough for the characterisation. Electrodes wemecty deposited and clipped on the sample holder
while powder samples (paper IV) were depositedromdium foil. A transfer chamber was also used
in this case to transport the sample from a gloxe¢bdhe apparatus.

The JAMP 9500F sample stage allows the user tahltsample from 0 to 90°. This rotation is
eucentric and permits to scan the sample on tbe stiowing its roughness.

Figure II. 21 shows SEM pictures of the pristinBCBCMC composite electrodes used in this thesis
(paper I, IlI, 1lI). We can see that the composgeuniformly deposited onto the copper foil and
presents an important porosity.

20 pm

lum 3 200 nm

Figure 1l. 21: SEM pictures of the pristine Si/C/CMC composite electrode
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CHAPTER I

Results and discussion

Electrochemical side reactions which affect thefggerance and cycle life of Li-ion batteries are
linked to the complex reactions occurring at trecebde/electrolyte interfaces. To advance theofise
new negative electrode materials, identificatiortted chemical composition of electrode/electrolyte
interfaces as well as the mechanisms by which tlagees form are key points to address.

Studies focused on silicon and tin-based interrietalvere, therefore initiated to answer these
guestions. Our results are mainly based on caseffibice depth profiling characterization combining
both soft and hard X-ray photoelectron spectroscopy
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1. Si-based electrodes

Interfacial reactions occurring upon the first ifon/delithiation cycle of a Si/C/CMC composite
electrode cycledis. metallic lithium were investigated. The reactidntloe surface oxide, the Li-Si
alloying process and the formation of the passivalayer were studied through step by step analysis
as a function of electrochemical potential (paper |

An important issue is the control of interfaciaydas upon cycling. In this section, we will follow
the evolution of these processes upon long-teringywith the classical salt LiREpaper I1).

To improve the electrochemical performances, aermdtive salt LiIFSI was successfully used.
Interfacial reactivity and reduction mechanism upmbscharge with this new salt were studied and
compared with previous work on LiPfpaper llI).

1.1.Interfacial reactions during the first electrocheahicycle using the
LiPFssalt

The first electrochemical cycle of a cell with a¢kectrode was studied and is presented in Fidure |
1; the black points correspond to the samples aedlpy PES.

12

| soaked electrode
0.9v

e
i

0.01V -0.9V at 150 mA/g
LiPF; 1M in EC:DEC(2:1)

°
e

ch

Potential (V vs. Li/Li)

discharge

0,00.1V

0 50C 100C 150C 200C 250C 300C 350C 400C
Capacity (mAh/g of Si)

Figure III. 1 : First discharge/charge cycle of theSi/C/CMC composite electrode vs. Licell cycled
between 0.01 and 0.9 V at 150 mA’yC/6 rate). The samples analyzed by PES are higblited by black
points.
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1.1.1.Evolution and formation of silicon-containing suwéaphases

deeper analysis
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Figure lll. 2 : Si 2p spectra of the Si/C/CMC compsite electrodes upon the first discharge/charge cle.
Evolution as a function of the photon energy.

The evolution of the Si 2p spectra during the felgictrochemical cycle and their dependence on the
analysis depth (b= 230 eV (MAX IV), 1487 eV (in-house PES), 2300 RESSY II)) is shown in
Figure lll. 2. As seen in the chapter I, the spectrum of thistipe electrode consists of two peaks:
bulk Si (~99.5 eV in grey) and surface oxide (~508V in red). At 0.5Ws. Li*/Li, no modification is
observed and the first changes appear at the biegimi the plateau at 0.1Vs. Li*/Li with the
appearance of two additional components. The cosmgoat 97.5 eV, (in yellow) is attributed to the
Li,Si alloy while the second component appearing & 1@l eV (in blue) corresponds to another
silicon-containing phase.

This second component has a maximum intensity Her smallest analysis depth suggesting its
localisation at the extreme surface of the Si pledi

In order to determine the nature of this silicomtaining phase, PES analysis has been performed
with reference materials corresponding to probapkies which may be formed: a commercial “SiO”
powder and two lithium silicates (SiO; and LiSiO,) prepared by sol-gel and precipitation synthesis
has been performed. The results obtained strongdgest the formation of a lithium silicate in
agreement with the appearance of this phase assa@oence of the electrochemical lithium insertion
(at the beginning of the plateau). In view of tregadobtained (Si 2p peak at 102.3 eV for k$i0O;
and 100.9 eV for LBiO, (Figure lll. 3(b)), we can conclude that&iO, is the most probable phase
observed at the surface of the silicon electrodesraing to the following mechanism:

2 SiQ, + 4 Li —» Si+ LiySIO,
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This mechanism occurs in parallel to the well-knawaction involving the reduction of SIO
SiO,+4Li - Si+2LiO

b, [ 2p

Li,Sio,
(sol-gel)

a,| Si2p

Commercial "SiQ"

Li,Sio,
(sol-gel)

108 106 104 102 100 98 96

Binding energy (eV) Li,Sio,

(precip.

108 106 104 102 100 98
Blndlngenergy(eV)

Figure Ill. 3 : Si 2p spectra (in-house PES, 1487\§ (a) of a commercial “SiO” powder and of (b) LiSiOy
compounds obtained from various synthesis methodsdl—-gel and precipitation).

From 0.06V to 0.01 Ws. Li*/Li, the component assigned to silicon disappearsesponding to the
almost complete alloying of Si into Li-Si (the cooment of Si remains however visible at the greatest
analysis depth ¢h= 2300 eV)). A gradual shift of the /9i component towards lower binding energy
is also observed and can be related to an increfaige lithium content in the alloy. The lowest
analysis depth th= 230 eV) clearly shows that the corgSiiphase is covered by the surface oxide
and the lithium silicate phases: S#hd Ly SiO;.

During charging, a shift of the |Si component towards higher binding energy is oleser
(decrease of the Li amount in,8i) and the components of the surface phases &@ Li,SiO,
remain unchanged which shows the irreversible ftionaof the lithium silicate.

Deeper analysis
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Figure lll. 4: O 1s spectra of the Si/C/CMC compose electrodes upon the first discharge/charge cycle
Evolution as a function of the photon energy.
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Figure Ill. 4 shows O 1s spectra of the Si/C/CM@posite electrode upon the first discharge/charge
cycle, and their evolution as a function of thelgsia depth. The main component observed in the
pristine electrode spectra (532.9 eV) is assigiwethé CMC binder and to the surface oxide ;SiO
(same binding energy). After the beginning of theceochemical reaction, the maximum of the
spectra shifts to lower binding energies (531.9-€82 and a component at higher binding energy
(~533.5eV) is clearly visible. These two signatuege in good agreement with carbonates, alkyl
carbonates and other organic species commonly futie SEI.

Li,O is also easily detected due to its specific Gidgsature at low binding energy (528.4 eV) and
it is detected only with the highest photon energibich means that it is not located at the outetmo
surface of the sampleise. not in the SEI layer. Another component at ~530:-52V is observed with
the highest photon energies; this component igasdito LiSiO,. The photon energy dependency of
these components suggests thaOland LiSiO, are the most buried oxygenated phases; therely the
can be positioned at the interface between theaS&Lkhe core LEi phase of the particle.

In addition, while LiSiO, remains unchanged during the full electrochemigale (in agreement
with its Si 2p signature), the formation of,Oi takes place continuously until the end of disghaat
0.01Vvs. Li*/Li. Contrary to the irreversibly formation of lithm silicate, L;O formation is reversible
during the first cycle as illustrated by the abseafthe characteristic O 1s signature at the drideo

charge.

1.1.2.Formation and features of the SEI

27%

% of Silicon
B RN

Figure Ill. 5 : Evolution of silicon content at the surface of the electrodes determined from XPS spkea of
the Si/C/CMC composite electrodes upon the first dcharge/charge cycle (in-house XPS, 1487 eV).

The increase (or decrease) of the thickness (oe menerally the covering effect) of the SEI can be

evaluated by following the evolution of the totah@unt of silicon measured at the surface of the

electrodes (atomic % of Si 2p). Figure Ill. 5 shawis evolution upon the first electrochemical eycl

of a Si/C/CMCI//Li half-cell. A dramatic drop of tt& 2p signal is observed upon discharge due to the
formation of the SEI. The percentage of silicogtdly re-increases upon charge up to 1.7% showing
that the formation of the SEI is mainly irreversiloluring the first electrochemical cycle.
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Deeper analysis
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Figure 11l. 6 : C 1s spectra of Si/C/CMC compositeelectrodes upon the first discharge/charge cycle.
Evolution of spectra as a function of the photon esrgy.

Figure Ill. 6 shows the evolution of the C 1s spedauring the first electrochemical cycle, as a
function of the analysis depth. The spectra ofpttigtine electrode show the component of the carbon
black additive: (narrow peak at ~284 eV in blackiis peak is much easier to observe at greater
analysis depth. Other components are assignedet€rhC binder and the two peaks at ~286.5 and
~288.5 eV can be attributed to C-O and O=C-O enwitents of carbon atoms, (grey and white,
respectively). Finally the component at 285.0 el \hite) is assigned to hydrocarbon surface
contamination.

At the beginning of discharge (0.5W¢. Li*/Li), the formation of the SEI has started. We sae
that the intensity of the peak attributed to carlmbexck (indicated by an arrow) has significantly
decreased and it is barely detected at the lowesysis depth while it is still observed for higher
photon energies. At the end of discharge (0.0&4\Li*/Li), carbon black is only detected at 2300 and
6900 eV, this potential step corresponds to thgestehere the SEI is the thickest as seen in Filgure
5. C 1s spectra depict new carbonaceous speciesnpren the SEI, deposited at the surface and
replacing the peaks of the pristine electrode. peaks corresponding to C-O (286.5 eV), O=C-O
(288.5 eV) and C&(290 eV) carbon environments are now assignearoonates like LICO; and/or
lithium alkyl carbonates (peaks at 290eV and 286 56&€xalates (LiC,O,4, peak at 288.5 eV) and
PEO (-(-CH-CH,-O-),, peak at 286.5 eV) may also be found in small artein the SEI.

The carbonaceous species found in the SEI areasitgilthose formed at the surface of graphite
electrodes, or tin- and antimony-based intermetaiéigative electrodes; their formation mechanisms
can be found in the literature (see Chapter 1).nUgwarge, the same overall shape of the C 1s spectr
is observed; a slight increase of the carbon bpszk can be noticed due to the decrease of the SEI
thickness. We can also notice that at a given pialdhere is no major changes in the C 1s spera
a function of photon energy, and thus of the SEhpasition as a function of depth. In addition, at a
given photon energy the C 1s spectra are rathelasifrom the beginning of discharge (0.5 V) to the
end of the first cycle (0.9 V) suggesting that tdoenposition of the SEI formed at the surface of the
Si/C/ICMC composite electrodes is rather stablendutine whole first electrochemical cycle, and that
its composition is homogeneous over its thickness.
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Deeper analysis
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Figure lll. 7 : F 1s spectra of Si/C/CMC compositeelectrodes upon the first discharge/charge cycle.
Evolution of the spectra as a function of the photo energy.

Figure llIl. 7 shows the evolution of the F 1s speaif the Si/C/CMC electrodes during the first
electrochemical cycle for different photon energiBisese spectra will provide information about the
inorganic species formed in the SEI. Two componan¢sobserved, a first one at ~687 eV (grey) is
attributed to the salt LiRFremaining at the surface of the electrodes evesr afashing with DMC.
The second one (~685 eV) is attributed to LiF, graeation product of LiRHwith phosphates). The
remaining traces of the salt LiP&re mainly located at the extreme surface of tBe Bhile LiF is
formed within the SEI layer as suggested by theedee of the relative intensity of LiP&s a
function of the analysis depth at a given potentain discharge or charge.

Results from quantitative analysis results shoveaodit of carbonate species at the end of discharge
and some increase of the amount of LiF at the émtharge: 4.2% (end of discharge) to 8.2% (end of
charge). The SEI appears, however, mainly conttdiiethe solvent decomposition of the electrolyte,
in agreement with previous results obtained at IMR& graphite negative electrodes cycled in half-
cellsvs. Li° (Table IlI. 1).

Table 1. 1: Main SEI species determined by PES (h= 1487 eV) at the surface of different half-cells.
LiPF¢ electrolyte salt. Potential given vs. LiLi upon the first discharge.

Graphite // Li®" v 0.2V 0.5V  0.01V

% LiF 5.6 3.0 3.6 4.8

% carbonates 23.4 34.8 34.8 30
* electrolyte: EC:DEC:DMC (2:1:2) — LIiRRAM

SICICMCIILI 45y 01v 006V  0.01V
% LiF 4.8 5.4 5.6 4.2
% carbonates 11.9 30 27 25.7

* electrolyte: EC:DEC (2:1) — LiPFLM
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1.1.3.Summary

The observed results are summarized in FigureBlknd provide a schematic view of the reaction
mechanisms occurring at the surface of the Si remticfes (~50 hm mean diameter) during the first
electrochemical cycle; the main conclusions atedivelow:

)

Y {51

Starting
electrode

Sio,

~50 nm

Si (crystalline)

Li,SiO,

Li, Si 1
’ N e
]
Discharge Discharge Full discharge | | Charge
0.5V 0.1V 0.01v ' 0.9V

Figure 1lI. 8 : Schematic view of the mechanisms aurring at the surface of the silicon nanoparticles

» At the very beginning of discharge, the SEI is fednlts composition is similar to the SEI
formed on carbonaceous electrodes.

o After further discharge, there is formation of SQi
(SiO; + 4 Li - Si+ 2 LiO) which is reversible upon charge.
Formation of LiSiO, (2 SIG + 4 Li - Si + Li,SiO,) which is irreversible upon charge.

» Formation of the Li-Si alloy during the first elemthemical discharge occurs between 0{1V
and 0.01Ws. Li*/Li (Si + xLi - Li,Si). Partial reversibility is observed upon cha(ggSi
with ¢ tending to zero).
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1.2.Evolution of the interfacial chemistry upon longrtecycling —
LiPFe salt

The design of a successful silicon-containing Ippttequires a better understanding of the processes
occurring at interfaces during long term cycling.this next part, we will investigate the reactifn
the surface oxide, the Li-Si alloying process dr$EI evolution upon long term cycling.

1.2.1.Electrochemical results

Half-cells were submitted to a four step pre-cygliand the capacity was then limited during the
standard galvanostatic cycling between 0.12 an¥.0/limitation of the capacity was applied to
enhance the cyclability of the system and to redheevolume expansion of the Si particles (see
chapter I).

1,0
0,9
@ 1200- 0.8
ot L
1000 o
= 0,6 =R
2 [=3
z Lo5 @
z o4 2
S 0,3
Q I il
8 4004 —e— Li+ insertion Lo2
] —O— Li+ extraction '
200 0,1
0 T T J § T 0'0
0 20 40 60 80 100

Cycle number

Figure lll. 9: Capacity data and coulombic efficiercy vs. cycle number of the Si/fC/CMC composite
electrodevs. Li°, a cell cycled between 0.12 and 0.9 V at 700 mA.gf Si. Pre-cycling is excluded.

Figure 1ll. 9 shows the discharge/charge capacity and the cdutoefficiency (ratio of charge
capacity of the i cycle / discharge capacity of th8 aycle) as a function of cycle number. The four
pre-cycles are not plotted. We can see that dfterfdur steps of pre-cycling, the capacity is mainl
lost between the®1land the 2 cycle (~150 mAh.g). Afterwards, the capacity decreases from ~1100
mAh.g* to ~ 600 mAh.g after 100 cycles and a stable coulombic efficiemogve 98% is obtained.
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1.2.2.Surface morphology

The morphology of the silicon electrode after & flischarge at 0.01V and a charge at 0.9V is shown
in the SEM images of Figure llI10 (a) and (b), respectively. Upon discharge, thetede
morphology appears quite uniform, whereas wheiuliths extracted from the particles (upon charge)
important cracks become visible within the electrod

This phenomenon is significantly reduced by lingtihe capacity. Changes in the silicon electrode
morphology at different steps of cycling are présdrin the SEM images of Figure Ill. 11 and we can
see that after one cycle, only few and small craoksformed (Figure IIl. 11 (b)). After 10 cycles,
lithiated and delithiated samples (Figure Ill. £} &nd (d)) show very small cracks and no crack is
observed after 100 cycles. The advantage of addnitoltage window (0.12V — 0.9V) is clearly
shown: the cracking is reduced, so the loss ofghartontact is prevented.

First cycle between 0.01V and 0.9V
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Figure 1ll. 10 : SEM images of the Si/C/CMC compoge electrode (20um scale horizontal): Cycling
between 0.01 V and 0.9 V (a) after®idischarge and (b) after the 1 charge.
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Figure 1l. 11 : SEM images of the Si/C/CMC compogde electrode (2Qum scale horizontal): Cycling
between 0.12 V and 0.9 V after the four steps of grcycling (a) after £ discharge and (b) i charge, (c)
after the 10" discharge and (d) 18 charge, and after (e) 109 discharge and (f) 108 charge.
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1.2.3.PES Study

1.2.3.1.Effect of a long-term cycling on the electrode sudce

1.2.3.1.1. Changes at the electrode/electrolyte interface - SEI analysis
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Figure lll. 12 : The silicon content at the surfaceof the electrodes as a function of cycle numberftar
precycling). The data are based on in-house PESv(k 1486.6 eV) Si 2p spectra of Si/C/CMC composite
electrodes, and the values are given as traditionatomic percentages.

Figure 1ll. 12 presents the evolution of the tadatount of silicon measured (Si 2p spectra) at the
surface of the sample after th& 10", 50", 100" and the 1000 discharge down to 0.12V after the
pre-cycling step. The trend observed clearly shthas the SEI covering of the Si particles is stable
during a continuous long-term cycling.
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Figure 1ll. 13 : (a) C 1s, (b) F 1s, and (c) P 2p/Rs spectra of the Si/C/CMC composite electrodestaf the
100" discharge shown as a function of the analysis depth

Figure IIl. 13 (a) shows C 1s spectra of the SiN@@Ccomposite electrode after the fofischarge as

a function of the photon energy. The four main congnts visible in these four spectra (in white and
grey) represent the carbonaceous species depasitieel surface and composing the SEI. Compared to
the first cycle, the same characteristic peaks idemtified (see Figure Ill. 6), i.e. the carbon
environments C-O at 286.5 eV, O=C-O at 288.5 eV@@gat 290 eV. A slight increase of the ratios
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CGO/CO, and CQICO is observed as a function of the analysis déptinly betweenw= 410 and
1486.6 eV) and it suggests that@O; is found preferably close to the active particteitahas also
been proposed in literature for the carbon negatigetrode Nevertheless, as previously seen after the
study of the 1 cycle, by further increasing the depth of analysie overall shape of the spectra is
rather stable, showing the homogeneity of the gabeous compounds within the SEI layer (with
only small fluctuations occurring at its extremeaface). The component assigned to carbon black
gradually increases with increasing photon eneiitg/;detection after 100 cycles confirms the
thickness/covering stability of the SEI upon cyglin

Information about the inorganic species in the iISEliven in Figure 1ll. 13(b) and (c) with F1s and
P2p/P1s spectra of the Si-based electrodes aftérdi€charge as a function of the analysis depth. LiF
(peak at 685 eV) and LiRFalt (peak at 687 eV) are detected in the Flstrgped/hile LiPk was
mainly present at the extreme surface of the St af ' discharge and charge, the ratio between LiF
and LiPR peaks barely changes from one analysis depthathenafter the 10bdischarge. After a
long-term cycling, there is still LiRFpresent in the surface which cannot be explaimdy as salt
traces remaining after electrode washing. Instéeete results show that LiPforms an integral part
of the SEI by diffusion of Pfions (as LI ions) into the surface layer.

Concerning the evolution of the P 2p/P 1s peak &setion of the analysis depth (Figure Il
13(c)), it is first important to precise that Pdrevides information similar to P 2p. P 1s can dody
recorded using high photon energies, with=F6900 eV. The cross section of P 1s exceedsofhat
2p, giving a better signal/noise ratio and a mdfieient measurement. The spectra consist of two
peaks: a first one at 137 eV (P 2p)/ 2152 eV (R(ihsyrey) attributed to the salt LigFand a second
one at 134 eV (P 2p)/ 2149 eV (P 1s) (in white)gmesd to phosphates, which is another species
commonly found in SEI layers obtained with simidectrolytes as shown in Chapter I. The signatures
of both fluorine and phosphorus are very stable dsnction of the analysis depth and this result
confirms the presence of the Pions as a part of the SEI after 100 cycles, amdhbimogeneous
distribution of LiF and phosphates within the S&ldr.

1.2.3.1.2. Evolution of the surface oxide
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Figure Ill. 14 : O 1s spectra of the Si/C/CMC compesite electrodes after the 10, 53", and 100" discharge.
Evolution as a function of the analysis depth.
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The O 1s spectra of the Si/C/ICMC composite eleetraffer the 18, 50" and 108 discharge are
shown in Figure lll. 14, as a function of analysepth.

The evolution of spectra during cycling with thréierent photon energies (from the top to the
bottom) shows the stability of the SEI compositieith a good conservation of the overall shape of
the two components at high binding energy, duexigenated species of the SEI (carbonates, alkyl
carbonates and other organic species). At the smmeethe ratio between the signatures ofSi®,
(which is below the SEI layer) and the oxygenatexhks within the SEI remains constant
demonstrating the stability in SEI thickness.

At a given state of discharge, if we compare data3@0 and 6900 eV, we can see that the SEI
oxygenated species are homogeneously distributed the thickness of the SEI. The proportion of
Li4SiO, increases when using higher photon energy sirisettmpound is buried underneath the SEI
layer.

An interesting result is given by the evolutiontbé peak assigned to,0 (at 528 — 528.5 eV)
upon long-term cycling. The detection of this comgat after the 10 discharge shows that the
formation of LyO is reversible at least during the 10 first cycldswever, its peak intensity is clearly
lower that after the first cycle demonstrating ttiet amount of O is decreasing upon cycling (see
Figure Ill. 4). After the 50 and the 100 discharges, the peak attributed teQ.iis not detected
anymore in any of the O 1s spectra suggesting aucoption of this species. This point will be
discussed later.

1.2.3.1.3. Evolution of § compounds
e Lithium insertion/extraction upon cycling
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Figure 1. 15 : Si 2p spectra (in-house PES, 1486 .eV) of the Si/C/CMC composite electrode: (a) ohe

pristine electrode and after (b) the 18 discharge at 0.12 V, (c) the 8bdischarge at 0.12 V, and (d) the
100" discharge at 0.12 V. Four pre-cycling steps and ¢in C-rate were applied for (b), (c), and (d) sampke

Figure lIl. 15 shows the in-house PES Si 2p spectra of the SMC/@omposite of the pristine

electrode (Figure 11115 (a)) and after the 10 50" and 108 discharges at 0.12V (in Figure.lll5
(b)(c)(d) & (e), respectively).
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After the 10" discharge, four silicon-containing phases are mieske SiQ (in red), lithium silicate
(in blue), LiSi alloy (in yellow) and a fourth component at higimding energy (Si 2p at 105-
106 eV, in green). This high binding energy is aadive of a fluorinated, or more probably a pafgial
fluorinated species SiB,. The nature and origin of this phase will be désed later.

After the 50" and 108 discharges, the same four components are detectéda significant
increase of the amount of the fluorinated Si speid®bserved upon long-term cycling.

« Evolution of the Si 2p spectrum after 100 discharges as a function of the analysis depth
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Figure Ill. 16 : Si 2p spectra of the Si/C/CMC compsite electrode after the 100 discharge as a function
of the analysis depth. (a) =230 eV (MAX IV), (b) hv =690 eV (MAX IV), (c) hv = 1486.6 eV (in-house
PES), (d) v = 2300 eV (BESSY lI).

Table I11. 2 : Photon energies (lv) and corresponding kinetic energies (K.E.) of th&i 2p core levels used
in this work (B.E. Si 2p = 100 eV). The analysis g¢hs were estimated according to the model of Tanua

etal.>®
Photon energy tv 230 eV 690 eV 1486.6 eV 2300 eV
K.E. (eV) 130 590 1386 2200
Analysis depth (nm) 2 5 9 14

The discussion will now be focused on the FH@omponent appearing and growing upon cycling.
Figure Ill. 16 shows the Si 2p spectrum of the Si/C/CMC composigetrode after the 180
discharge and its dependence on the photon en€adpe Ill. 2 shows the variation of the analysis

depth as a function of the photon energy. Whenwaeildghoton energy is usedv(lx 230 eV,i.e
analysis of the outermost surface), two componehts 106 eV (fluorinated environment of the
silicon) and at ~ 103.5 eV (silicon dioxide) aresetved (in green and red, respectively). The Iithiu
silicate component appears when a higher photorgene used (h = 690 eV, Figure 11116(b)) and
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finally, Li,Si alloy is detected whenvix 1486.6 eV is used (Figure.lll6(c)). At the greatest analysis
depth (lv = 2300 eV, Figure 11116 (d)), Li,Si becomes the major component.

The depth-evolution of the Si 2p spectra observeHigure 1l 16 allows us to conclude that the
SiOF, phase is formed at the extreme surface of theosilnanoparticles and that it is much more a
surface phase than lithium silicate. So it is pldyp&ormed on top of or by reaction with the togdes
of the SiQ covering the active particles.

+ Nature of the new fluorinated phase - etching by HF
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Figure Ill. 17 : Schematic illustration of the breaking of the Si-O bond as proposed by Mitra et af**

The previous results suggest that the 5j(phase is formed at the extreme surface of theosili
nanoparticles due to a process occurring betweerpdticles and the only source of fluorine: the
electrolyte salt LiPE

We have seen in chapter | that LiR§ very sensitive to traces of impurities (watanisture and
alcohol)and forms hydrofluoric acid HF (Egn. 18-19):
LiPFs =2 LiIF + PR Egn. 18
Pk + H,O > POR + 2HF Eqgn. 19

The generated HF can react with the native oxidbeasurface of the silicon electrode. S&ching

by HF is used in many technological fields and tieacmechanisms are proposed in several papers.
Based on experimental results, it appears thadigsolution is a surface reaction-controlled prsces
with adsorption of HF and HF this last species being nearly four to five timesre reactive than HF.
The catalytic action of Hions has also been pointed out especially for dl&tions of extremely low
concentrations.

Ab initio quantum chemical calculations have shown thatetbking reaction of Sipby the HF
molecule involves four steps, with each step cdingjsof an attack on the Si-O bonds by a HF
molecule with generation of a Si-F bond. Mittaal. proposed a reaction mechanism consisting of a
simple elementary reaction that involves a cooteitiattack of the Si-O bond by Helectrophilic
attack on the bridging oxygen atom) and,HRucleophilic attack on the adjacent Si atom) lesis
in Figure lll. 17. A multiple simultaneous bond break is not probadu it is expected that the process
consists of a series of such elementary reactapsst

The identification of Si(F, species (with ¥ 3) at the extreme surface of the particles is isterst
with this proposition. These results suggest thatreaction of HF with SiQin a battery is more
complex than the catalytic reaction pathway presipproposed with direct formation of volatile $iF
by etching of the SiPlayer.

The generation of HF can also explain the gradisdpgearance of }® during cycling with
formation of LiF:

Li,O + 2HF~> 2LiF + H,O Eqgn. 20

The HO formed in reaction (Eqn. 20) can regenerate Hif(A9) and both the consumption ofQi
and the formation of the fluorinated silicon spsaee thus enhanced upon cycling.
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It is worth noting that the formation of the fluogited silicon species modifies the favourable
interactions between the binder and the active mahtgurface pointing out the important role of HF
resulting from LiPEk degradation.

1.2.3.2.Reactivity of the pristine electrode with the eleablyte
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Figure 1ll. 18 : Evolution of Si 2p spectra (in-howse PES, 1486.6 eV) of the pristine Si/C/CMC electle

after contact with the electrolyte during (a) 2 dag, (b) 96 days, and (c) 244 days. A zoom of the hay
binding energy region is shown on the right-hand sle.

An additional experiment has been performed to @tble reactivity of the pristine electrode with the
electrolyte. The evolution of the chemical comgositof the pristine electrode surface was followed
as a function of storage time (electrode mounteHailfi-cells without any electrochemical cycling).
Figure 1ll. 18 shows the Si 2p core peak of thestpre electrode after contact with the electrolyte
during 2, 96 and 244 days. After two days (FigurelB (a)), two main components are observed are
assigned to bulk silicon (Si gpat ~99.5 eV) and silicon dioxide (Sizat ~103.5 eV). We can also
notice the appearance of an additional peak athibimding energy (~105-106 eV), corresponding to
the fluorinated compound. After 96 and 244 daystreng decrease of the silicon dioxide component
is observed, and the intensity of the fluorinatechpound increases. These trends are in agreement
with the etching process described earlier, andcégar evidence that SjAs reacting with the
electrolyte as a function of storage time.
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1.2.3.3.Formation of the fluorinated compound: the importart role of the SEI layer
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Figure 1. 19 : a, Si 2p spectra (in-house PES, B6.6 eV) (1) of the Si/C/CMC pristine electrode, (2f a

pristine electrode in contact 96 days with the eléwlyte, (3) after a first discharge until 500 mAhg™ of Si,

(4) after the 100" discharge at 0.12 V (with precycling) (to the lejt b, Schematic view of the compounds
formed on the silicon particle surfaces during cydéhg and/or during storage (to the right).

We have evidenced that the Spphase not only appears upon cycling but also afs@mple contact
with the electrolyte. In both cases, HF is involmd the kinetics of the reaction are quite diffgére
and can be related to the surface chemistry op#inticles and particularly to the presence or at¥sen
of the SEI.

Figure 11I. 19 (a) shows the evolution of the Siggectra of the Si/C/CMC electrode upon cycling
and/or upon soaking in the electrolyte, comparethe&oSi 2p core peak of the pristine electro®?. (
After 96 days of storage2|) the native Si@layer (in red) has almost disappeared and a flatet
compound is identified (in green).

The spectrun® shows the Si 2p core peak after®apartial discharge (up to 500 mAH.gf Si).
We know that the SEI is mainly formed at this st&igSiO,; has appeared in the Sityer and the
Li,Si alloy is formed. The interesting point is thfteaa first discharge, even after a contact of 182
days with the electrolyte, no fluorinated compouagpear. This feature points out the protective rol
of the SEI and once it is formed, the SEI behaikesd barrier prohibiting the HF acid to etch the
oxide layer. However, this barrier allows the migma/diffusion of the acid during cycling (when a
potential is applied), so the etching of the San occur and Si®, is formed at the interface
between the SEI and the remaining oxide layer as 8 in Figure Ill. 19. When the potential is
stopped, no further reactions are expected, sheSEIl regains its protective role.
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1.2.3.4.Effect of the depth of the discharge (capacity lintation) on the cycling
performance and on the surface chemistry

Additional experiments have been performed to shioev effect of the depth of discharge on the
cycling performance and on the surface chemistth@fSi electrode.

We have shown earlier that fewer cracks were olseby limitation of the capacity (low cut-off
potential at 0.12V instead of 0.01V) but other eli#inces can be seen as briefly commented in this
section.
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Figure 1ll. 20 : Capacity data (in black) and coulanbic efficiency (in red) vs. cycle number of the
Si/C/ICMC composite electrode vs. Licell between 0.01 and 0.9 V at 700 mAlgf Si (triangle symbol) and
between 0.12 and 0.9V (circle symbol). In this lagt case, capacities of the four pre-cycles can been at
cycle number = 0.

Figure lll. 20 shows the discharge/charge capacitied the coulombic efficiency of the ten first
electrochemical cycles of half-cells cycled betw@®d1 and 0.9 V (triangle symbol) and between
0.12V and 0.9V (circle symbol) as a function of leyoumber. When a cut-off voltage of 0.01V is
used, we can see that the capacity is continualestyeasing and the coulombic efficiency after 10
cycles is around 97%. If the cut-off voltage isited at 0.12V, a lower capacity is obtained but the
capacity fading is significantly reduced and a lgtalmulombic efficiency around 98.5% is obtained
after 10 cycles.
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Figure lll. 21 : The silicon content at the surfaceof charged and discharged electrodes cycled 10 t®in
the range 0.01-0.9V or 0.12-0.9V. The data are baken in-house PES (= 1486.6 eV).
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The amount of silicon (Si at. %) detected at thdase of the electrodes after 10 cycles (charged an
discharged state), with a cut-off voltage of 0.0Dd2 V is shown in Figure Ill. 21. These valuas c
be related to the covering of the particles by3E#. It is clear from this histogram that a thicl8#|

is obtained when the capacity is not limited (fdischarge at 0.01 V). A deep voltage discharge
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enhances electrolyte degradation leading to thiSkerat the end of the discharge. We have seen in
Chapter 1 that continuous SEI formation can be rolseas a result of the huge volume expansion of

the Si particles. By limiting the capacity, the wmle expansion is reduced and we can expect a more
stable SEI not pulverized because of volume stress.

Upon charge, some SEI re-dissolution is observéaghén Si at.% in charge than in discharged
state) but the SEI remains thinner when a limiteltege potential is applied.

The resulting Si 2p spectra of the Si-based eldetadter 10 cycles in the voltage range 0.01-0.9V
and 0.12-0.9V are shown in Figure Ill. 22. As poasly seen, after 10 cycles between 0.12V and
0.9V, a weak component assigned to a fluorinates@is observed at high binding energy (in green).
The three other components attributed to,SI®SIO, and LiSi are also visible. With a lower cut-off
voltage at 0.01Ws. Li*/Li, the intensity ratio between SjB, and SiQ components is significantly
different suggesting that the formation of the flnated phase is enhanced after a full discharbe. T
differences between the two Si 2p spectra areralated to the SEI thickness. For a cut-off voltafe
0.01V, we have shown that a thicker SEI is obtairtbdrefore, just the outermost part of the Si
particles is probed (SiOand SiQF,). For a cut-off voltage of 0.12V, thinner SEI al® to access
deeper inside the Si particles and a clear incredshe intensity of the Lbi alloy component is
observed.

Si2p hv=1486.6eV

st

10 cycles
(0.01Vv-0.9V)
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(0.12Vv-0.9V)

108 106 104 102 100 98 96
Figure 1. 22 : Si 2p spectra (in-house PES, 1486 .eV) of the Si/C/CMC electrode after 10 cycles bsteen

0.01V and 0.9V (on the top) and after 10 cycles heeen 0.12V and 0.9V (on the bottom) at 700 mAgf
Si.

Finally, limitation of the capacity gives thinnelESand reduces the amount of O formed
compared to a full discharge at 0.01V. This diffex@ can explain the better coulombic efficiency and
the cyclability performance observed. The SEI fatngemechanically more stable and is not stressed
by mechanical constraints, so electrolyte degradats reduced upon cycling. In addition, the
formation of SiQF, is limited, minimizing the perturbations of thedraction between the Si particles
and the other elements of the electrode (bindeructive additives, current collectors).
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1.2.4.Summary

The main conclusions related to this long-term iogcbktudy of Si/C/CMC electrode in a LiPBased
electrolyte are listed below:

 Stable chemical composition and stable coveringgnties of the SEI upon a long-term cycling
have been detected.

* Homogeneous chemical composition within the SEetaygarding the inorganic species (LJF,
LiPFs, phosphates) and small fluctuations at the outstnsurface regarding the organic part
(oxygenated and carbonaceous species) are seen.

» Formation of fluorinated species SK) at the interface electrolyte/Si particles inteefatue to
the reaction of the SiQayer with HF (degradation product of Liks evidenced.

* Li,O is reversibly formed during the first cycle bimvely consumed upon cycling due to the
reaction with HF.

« Limitation of the capacity (low cut-off potentiaff @.12V vs. Li*/Li) reduces the amount of
cracks, gives thinner SEI and reduces the formaifahe SiQF, phase compared to a full discharge
at 0.01Vvs. Li"/Li.
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1.3.Improved performances using the salt LiFSI

The formation of hydrofluoric acid as a result bétdegradation of LiRFnduces many problems
upon long-term cycling. We have shown that the iatglof the SiQ layer at the surface of the Si
particles by HF can change the interactions betvileerbinder and the active material surface and an
irreversible fluorinated phase SK) is formed. These points may explain the capaeitiinfig upon
long-term cycling. HF acid also presents a safistyand in case of ignition of the battery, a reteaf
gaseous HF can occur. Therefore other lithium $alt® to be considered as replacement of LiPF

A new and promising imide salt has been investijaie this thesis work: lithium
bis(fluorosulfonyl)imide LI[N(SGF),](LiFSI).

In this section, and for the first time to our kredge, the electrochemical performance of nano-
silicon-based electrodes using LiFSI as conduddle has been investigated and the evolution of the
Li-Si alloy, the surface oxide and the passivatiayer (SEI) after one cycle and upon long-term
cycling has been studied by PES and SEM.

1.3.1.Electrochemical results

Figure lll. 23 shows the electrochemical perfornemnof Li//Si half-cells using either LiFSI (in blue
or LiPF;s (in red). It is important to note that all Si/C/@vtomposite electrodes arise from the same
batch, and were cycled in similar conditions (eladgte EC:DEC (2:1) + LiFSI or LiPf£LM).

Figure 1ll. 23 (a) and (b) show the discharge capas. cycle number upon galvanostatic cycling
between 0.12 and 0.9 V (current rates of 150 afidiA.g” of Si). At the lowest rate, the discharge
capacity of the first cycle (after the four pre4eg) is around 2000 mAH!gwith both salts and after
15 cycles, the capacity increases up to 2640 niAlgd 2330 mAh.g for LiFSI and LiPF,
respectively. Then, capacity decreases graduallpdth salts, 66 % of the initial discharge capaist
retained using LiFSI salt whereas only 16 % witRFiafter 120 cycles (300 mAh'gvith LiPF; and
1300 mAh.g with LiFSI after 120 cycles).

The improved performances with LiFSI salt are condéid at higher rate, the discharge capacity of
the first cycle is lower and similar for both saléout 1400-1500 mAhXy and the capacity fading
upon cycling is more pronounced. However in theecak LiFSI, 66 % of the initial capacity is
maintained after 100 cycles and 37 % after 400esy@lhereas the capacity retention with Lk
only 35% after 100 cycles and 13% after 400 cydlésSI clearly outperforms LiPfand sustains
more stable capacities upon long-term cycling fthicurrent rates.
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Figure 1ll. 23 : Electrochemical tests of Li//Si cdls using either LiFSI (in blue) or LiPFg (in red) salts: (a)
and (b) Discharge capacity vs. cycle number upon tenostatic cycling between 0.12 and 0.9 V at curmg
rates of 150 and 700 mA . of Si (pre-cycling is not shown). (c) Discharge pacities vs. cycle number at
different current rates from C/10 to 10 C (rate capbility test). (Pre-cycling is not shown). (d) Fixd
capacity test. The discharge capacity was limitedt1200 mAh.g" of Si (see chapter ).

Figure Ill. 23 (c) shows a rate capability testfpened from C/10 to 10C (discharge capacities
cycle number of Li//Si cells at different curretes). The discharge capacities of the first cacke
similar for both salts (~1900 mAKY When a higher cycling rate is applied, we caseobe a
significant decrease of the capacities as a fumatfothe applied current and, for the highest rades
rapid capacity fading as a function of the cyclenber. However, the rate capability is clearly lrette
with LiFSI than with LiPk. The final step consists in application of a lowrent rate (C/10). The
initial capacities of 1900 mAh.g-1 (with LigFand 2100 mAh.g (with LiFSI) are recovered and this
result suggests that the electrode material issigptificantly damaged during fast cycling with both
salts. We can see from the electrochemical testhieacapacity retention at high current rate igene
when LiFSI salt is used.

The last electrochemical test presented in Figlir23 (d) compares the cycling performances of
the half-cells when a limited discharge capacitgpglied (1200 mAh:§ see Chapter II). When this
capacity value cannot be reached anymore uponngydhe discharge is limited by a 0.005 V cut-off
voltage and the capacity fades rapidly. We canirs@egure l1l. 23 (d) that a 1200 mARh gapacity
can be retained for 46 cycles with LiP#whereas 147 cycles can be achieved using LiFSI.

These four electrochemical tests showed that Ldt$performs LiPEwhen used as salt in non-
aqueous liquid electrolyte upon long-term cyclifigui-based electrodes. metallic lithium.

In the next part, we will try to understand why BiFallows such improved performances and we will
focus our attention to the mechanisms occurrirtesurface of the silicon electrodes.

1.3.2.Reactivity of the Si electrode towards the elegteol

Electrolyte containing LiPfFhas shown to be reactive with silicon electrodgsdliect chemical
contact, therefore, the first step of this studysw@ perform a similar experiment to investigate th
reactivity of the Si/C/CMC electrode towards arcefayte containing LiFSI.
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Figure 1. 24 : Si 2p spectra (in-house PES, = 1486.6 eV) of (a) the pristine Si electrode, arafter
contact with an electrolyte containing either (b) LiFSI or (c) LiPFg. A zoom of the 102-109 eV B.E. region
is shown on the right for LiPF;.

Figure Ill. 24 shows the Si 2p core peak of: (a) the pristin€/&MC electrode, (b) after contact with
an electrolyte containing LiFSI and after contaithvan electrolyte containing LiRF

After 5 and 210 days of contact of the silicon &lee with the electrolyte containing LiFSI, the
overall shape of the spectra remains stable anaddiional peak attributed to Si§ species in the
case of LiPE, appears. This shows that the surface of theosiligarticles did not react with the
electrolyte, a result consistent with the bettab#ity of LiFSI towards hydrolysis compared to BEP

1.3.3.Interfacial mechanisms occurring during tiiecycle — LiFSkalt

Interfacial mechanisms occurring upon the firstch@ge/charge cycle of Si/C/CMC composite

electrodes cycleds. metallic lithium will be described in this partchnompared with the mechanisms
observed with LiPE
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1.3.3.1.Morphology
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Figure Ill. 25 : First discharge/charge cycle of he Si/C/CMC composite electrode vs. Picell, between
0.01 and 0.9 V at 150 mA.g (1M LiFSI in EC:DEC (2:1)). The samples analyzed  PES are highlighted
by black points. SEM images of the Si/C/CMC compots electrode of the soaked electrodel), 200 nm
scale horizontal) and cycled between 0.01 V and 0V9(a) after 1st discharge @, 200 nm scale horizontal)
and (b) after the charge at 0.3V, 0.5V and 0.9\,®,® respectively, 10Qum scale horizontal). SEM
image ® presents the electrodes cycled after thé'tharge (0.9V) and was recorded with a tilt of 60°.

The first electrochemical cycle performed betwedi ¥ and 0.9V at 150 mA-gand the evolution of
the morphology (SEM images) of the silicon elecgraliiring the first lithiation/delithiation cycleear
presented in Figure lll. 25.

Two important features can be observed in these 8@iMes. First, upon discharge (fradinto®@),
we clearly see the increase in diameter of thagbestcomposing the electrode. The insertion of Li
into Si leads to volume change and particles wittizaneter of ~ 100 nm in the soaked electrode
increase to ~200 nm diameter at the end of thedisgharge. The second point concerns the charge
from 0.01 V to 0.9 V. As seen with LiRRhe removal of lithium forms cracks at the suefad the
composite electrode (imag&sto ® in Figure Ill. 25). At 0.3 Ws. Li*/Li, no cracks are observed and
the morphology of the surface electrode is unifofinst cracks are observed at 0.5/4/ Li*/Li and
even more at 0.9 Ws. Li*/Li. SEM images® show that not only the surface of the electrodes i
cracked but all the composite is affected, the eopqil can thus be observed (indicated by an arrow
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1.3.3.2.PES study
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Figure 1ll. 26 : (a) Si 2p (hv = 1486.6 eV) (b) O 1s 2300 eV) and (c) C 1s gh= 2300 eV) spectra of the
Si/C/ICMC composite electrodes upon the first dischige/charge cycle (1M LiFSI in EC:DEC (2:1)).

Figure Ill. 26 (a) shows the Si 2p spectra of thEC/SCMC composite electrode upon the first
discharge/charge cycle with LiFSI salt (in-houseSPB = 1486.6 eV). The evolution of the Si 2p
spectra is very similar to the one observed whelRFRLiis used (see Figure 2). As previously
commented, the first changes occur at the beginafnthe plateau (~0.17 Vs. Li*/Li), with the
appearance of two additional peaks corresponditiget@lloy LiSi at low binding energy (in yellow)
and to lithium silicate: LiSiO,; at ~100-101 eV (in blue). The formation of&iO, is irreversible upon
the first electrochemical cycle.

Figure lll. 26 (b) shows the evolution of O 1s dp@m of the pristine Si-based electrode, after the
first discharge at 0.01Vs. Li*/Li and after the first charge at 0.9%. Li*/Li (Bessy II, v = 2300 eV).
Spectra are rather similar to the ones present&ture Ill. 4 when LiPFis used as electrolyte salt.
After the first discharge and first charge, the teonponents at higher binding energies are atgut
to oxygenated species present in the SEI (carbgnalteyl carbonates and other oxygen species of the
SEI) and the peak located at ~530 eV is assignékttithium silicate. We can notice the stability
the overall shape of the O 1s core peak that stggestable SEI in composition upon the first
discharge/charge cycle. Finally, as previously segh LiPFs;, a component at low binding energy
(=530 eV) attributed to LO appears upon discharge. The disappearance otdnmponent upon
charge shows the reversibility of the@iformation process during the first electrochetuyale.

Figure 1ll. 26 (c) shows C 1s spectra of the pnistBi-based electrode, after the first discharge at
0.01Vvs. Li*/Li and charge at 0.9Vs. Li*/Li (Bessy Il, v = 2300 eV). They look very similar to C 1s
spectra previously commented for LPPEFigure Ill. 6) suggesting the presence of the esam
carbonaceous species in the SEI (carbonates, atkgloates, oxalates and PEO). However, a lower
amount of carbonates was systematically determumiglal LiFSI compared to LiP§(respectively
~15% and ~26% for example at the end of discharge).

108



In addition, the evolution of F1s spectra providdgermation about inorganic species/LiF forming
the SEI. Compared to LiRBimilar amounts of LiF were evaluated at the ehdischarge (5.6% with
LiFSI and 4.2% with LiPE).

Finally, the evolution of the thickness/coveringthe SEI can be estimated by following the total
amount of silicon at the surface of the electra@smic % of Si 2p) (Figure 1. 27). A dramaticogr
of the Si 2p signal is observed upon discharge fBin7% (soaked electrode) to 1% (at 0.0&/
Li*/Li). During charging, the percentage of silicormeéns around 1% showing the irreversible
formation of the SEI during the first electrocheaticycle.
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Figurelll. 27 : Evolution of silicon content at the surface oflie electrodes determined from XPS spectra
of the Si/C/CMC composite electrodes upon the firdischarge/charge cycle using LiFSI as electrolytgalt
(in-house XPS, 1487 eV).

Some differences are observed compared tog{Pigure Ill. 5). For example, at the end of thrstfi
discharge (0.01Ws. Li*/Li), the covering by the SEI appears slightly mamgortant with LiPk
(0.4% Si detected at the surface) than with LiIAS)% Si at the surface).

A more detailed analysis of the SEI when LiFSIssdiwill be carried out in the next section.

The similarity of the results obtained with LiP&nd LiFSI during the first electrochemical cycle a
not very surprising considering the electrochemdata, as the difference in cycling performance
between the two salts emerges during long-termirgycWe will focus on this point in the following
part.

1.3.4.Interfacial mechanisms occurring upon long-termliogc— LiFSIsalt

In this part, Si//Li half cells were cycled betwe@i2V and 0.9V at 700 mA’pf Si. As previously
described for the long-term cycling study usingRgRalt, four pre-cycles where performed prior to
standard galvanostatic cycling.
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1.3.4.1.Morphology
Precycling + cycling between 0.12V and 0.9V
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Figure 1. 28 : SEM images of the Si/C/CMC compoge electrode (10Qum scale horizontal bars): Cycling
between 0.12 V and 0.9 V after the four steps prechng (a) after the I charge (b) after the 58' charge
and (c) after the 108 charge

SEM images in Figure 1ll. 28how thechanges in the silicon electrode morphology after, 0 and
100 cycles (charged state). After one charge, tedyand small cracks are observed (Figure Ill. 28
(a)). After 5 and 100 cycles (Figure lll. 28 (c)dafd)), no cracks are observed on the delithiated
samples. From the point of view of electrode motpag, these SEM pictures confirm the advantage
of a limited voltage window (0.12V — 0.9V) as prewsly observed using LiRBalt.

1.3.4.2 Effect of electrochemical cycling on the electrodsurface

1.3.4.2.1. Evolution of S compounds
HAXPES analysis of the long-term cycled Si-baseectebdes has been carried out at Bessy and
compared with the in-house data. Table Ill. 3 sunmea the variation of the K.E. as a function & th

Si core level and photon energy.

Table Ill. 3 : Photon energies (lv) and binding energies (B.E.) of the Si core levelsed in this work, with
corresponding kinetic energies (K.E.). The analysidepths were estimated according to the model of
Tanuma et al.>®

Si core level Si1s Si 2p Si 2p Si1s
Photon energy v 2300 eV 1486.6 eV 2300 eV 6900 eV
B.E. (eV) 1840 100 100 1840
K.E. (eV) 460 1386 2200 5060
Analysis depth (nm) 4 9 14 27
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Figurelll.29: Evolution of Si 2p/Si 1sspectra of the Si electrode after the 1%, 50" and 100" dischar ge of a
Li//Si cell with an electrolyte containing LiFSI. Evolution as a function of the analysis depth. Comparison
with the 100" dischar ge using LiPFg in the bottom left cor ner.

The evolution of Si 2p/Si 1s core peaks of the &IMC composite electrode aftet, 150" and 108
discharges at 0.12V with an electrolyte contailii€SI is shown in Figure lll. 29 as a function bkt
analysis depth. The Si 2p spectrum of the Si-basectrode when LiPHs used as salt is presented
after the 100 discharge in this figure as well.

Two important trends can be noted. First, we canasgradual decrease of the i0,SIO, area
ratio upon long-term cycling, showing that the teacof the surface oxide Spith lithium and thus
the formation of lithium silicates is continuousompcycling. Secondly, an important result is the
absence of additional component at high bindinggnéwith LiPF; salt, the result was different
(Figure Ill. 29) and the formation of a fluorinatedmpound Si¢F, located at the surface of the
particles was observed. With LiFSI, the absencthefSiQF, phase confirms that no reaction with
HF occurs upon long cycling and this difference aaning the chemistry of the silicon particles
surface is certainly linked to the improved perfanoes of Li//Si electrochemical cells using LiFSI
salt.

Finally, the observed capacity fading observed upgaiing (Figure Il 23) can be related to a
gradual decrease of the lithium content in thgSLalloy as suggested by the slight increase of the
binding energy of the L&i alloy component upon cycling.

1.3.4.2.2. Evolution of oxygenated species

Figure Ill. 30 presents the O 1s spectra of theycled Si electrode, and after th& 50" and 108
discharges and charges, recorded with a photorgermdr6900 eV. The spectrum of the uncycled
electrode has already been commented earlier (coanponent assigned to Si@nd CMC binder).

After cycling, the overall shape of O 1s spectranges following the formation of the SEI, and
thus the deposition of oxygenated species at tHfacguof the electrode. These species are sinalar t
the ones previously commented. We can note theligtatf the overall shape of O 1s spectra over
100 cycles both in charge and discharge, suggeitatghe composition of oxygenated species in the
SEI does not change significantly. As previouslgrgghe component observed at a B.E. of 530.3 eV
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is in good agreement with lithium silicate;,8i0, and is easily observed in these spectra due to the
high photon energyv= 6900 eV (highest analysis depth (~33 nm)).

Compared to the study carried out with LiPEhe main difference concerns the O 1s signature
~528 eV assigned to 40. We can see that lithium oxide can be detectedarithiated state after the
1% 50" and 108 discharges but not in the delithiated state shgulie reversibility of its formation.
The situation was different with LiRRfter long-term cycling. Indeed, in the lithiatstte L}O was
not detected after the 8@nd 108 discharge and it was explained by the role ofHReacid reacting
with the basic LiO.

The presence of kO after 100 discharges with LiFSI is consistentwite lower sensitivity of this
salt towards hydrolysis and the lower content ofikEhe electrolyte.

Uncycled
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Ddlithiated Lithiated
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Figurelll.30: O 1sspectra of the Si electrode soaked 5 daysin the electrolyte (uncycled), and after the
1%, 50" and 100" dischar ges (lithiated) and char ges (delithiated) with an electrolyte containing LiFSI. A
zoom of thelow B.E. region is shown on theright to highlight the signature of Li,O. (hv = 6900 eV)
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Figurelll. 31 : Schematic comparison of the mechanisms occurring at the surface of silicon nanoparticles

upon cycling of aLi//Si cell using either LiPFg or LiFSI salts.

These results obtained when LiR¥ LiFSI salts are used are summarized in Figlr&1. The main

conclusions are listed below:

Upon the first discharge, mechanisms are similabfwh salts:

Formation of the SEI layer during this first disol,
Formation of L3O and LiSiO, (reaction of Li with the Si@layer) at the surface of $
nanoparticles,

Formation of the L{Si alloy deeper inside the particles.

Upon lon

g-term cycling, differences are observetthWwiFSI salt compared to LiRF

Absence of the formation of fluorinated species ,5jCat the surface of the $
nanoparticles even after 100 cycles,
Reversible formation of LO upon discharge still observed after 100 cycles.

These differences lead to different surface cheimsston the particles and different interactions
between the active material particles and the atlemtrode components (binder, carbon black, ctrren
collector). It is why we assume that they are at ¢higin of the better electrochemical behaviour

observed when LiFSI is used instead of LdPF

We will now focus our discussion on the charactes<f the SEI.

113



1.3.4.2.3. Sudy of the SEI
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Figurelll. 32 : Evolution of atomic percentage of silicon measured at the surface of the electrodes (in-
house XPS, hv = 1486.6 eV) using LiFSI assalt asa function of cycle number (after pre-cycling). Charged
(hatched) and discharged (black) states are differentiated.

Figure Ill. 32 shows the evolution of the amounsiiton measured at the surface of the electrbgles
in-house XPS (h=1486.6 eV) after the*1 10", 50", 100" and 1008 cycles using LiFSI as salt
(discharge down to 0.12V and charge up to 0.9 Yerahe pre-cycling step) with respect to the
uncycled electrode (soaked 5 days in the electhlyt

After further cycles, a thickening of the SEI istem with stabilization after 50 cycles. The same
trend was observed with LipPbut stabilization occurs as soon as th& fischarge in this case
(Figure Ill. 12). We can also note that the SEslightly thinner after charge than after dischaage
each cycle corresponding to a slight re-dissolutbspecies of the SEI upon charge. This breathing

effect fades upon long-term cycling.
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* Carbonaceous species of the SEI
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Figurelll. 33: C 1sspectra of the Si electrode soaked 5 daysin the electrolyte (uncycled), and after thel®,
50" and 100" dischar ges with an electrolyte containing LiFSI. Evolution asa function of the analysis
depth.

Figure Ill. 33 shows C 1s spectra of the uncycledl&ctrode i(e. soaked 5 days in the electrolyte)
and after the %1, 50" and 108 discharges as a function of the photon energy tlamsl of the analysis
depth, from kr = 1487 to 6900 eV.

We can observe similar features and evolutionsg@gqusly discussed for LiRFUpon long-term
cycling a gradual intensity decrease of the carblawk component is noted, illustrating a small
increase of the thickness/covering by the SEI.

Considering carbonaceous compounds, we may obskateat given photon energy, the ratio
between Chl CO, CQ and CQ peaks is maintained from thé& to the 108 discharge, showing the
stability of the composition in carbonaceous conmusuwithin the SEI layer upon cycling. For a
given cycle number, the intensity of the Cpleak (285 eV) decreases when the photon energy
increases, showing this peak is partly assigndg/tivocarbon contamination located at the outermost
surface of the SEI. The ratio between CO,,@0d CQ peaks is independent of either the cycle
number or the analysis depth. This result showssthkility of the chemical composition of the SEI
upon cycling and its homogeneity from its outernssface to its deeper layers.

The similarity of the results obtained with LiP&nd LiFSI upon a long term cycling confirms the
similarities reported after a single electrocheinigale.

However, the inorganic part of the SEI is expedtetle different and salt dependent regarding the
chemical difference between LipP&nd LIFSI.

e Inorganic species of the SEI

The characterisation of the pure salt LiFSI wastfearried out. The characteristic B.E. (eV) from
F 1s, O 1s, N 1s, S 2p and Li 1s spectra of LikSrreported in Table 1ll. 4. It was possible toHils,

O 1s, N 1s and Li 1s spectra with only one singlenmonent and the S 2p spectrum with a sole
doublet, all assigned to only one chemical envirenthwhich confirms the high purity of the salt
used. It should be noted that Li 1s, N 1s and vithding energies are rather close to the values
obtained for LiTFSI salt whereas binding energyealfor F 1s and S 2p are quite different (shifts o
0.7 eV for F 1s and +0.9 eV for S 2p) in relatiothvthe existence of S-F bonds in LiFSI.
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Tablelll. 4: Characteristic binding energies (eV) of LiFSI salt ( hv = 1486.6 eV)

LiFSI peak B.E. (eV)

F1s 687.9
O1s 533.2
N 1s 400.0
S 2py 170.3
Li 1s 56.8
S2p/Si2s hv=2300eV  Fis hv = 2200 eV N 1s hv = 2300 eV

S 2s
Uncycled X

et g o e P S P o

th S2p
100
disch. Si2s
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Figurelll. 34: S2p, Si 2s, F 1sand N 1s spectra of the Si electr ode soaked 5 daysin the electrolyte
(uncycled), and after the 1%, 50" and 100" dischar ges with an electrolyte containing LiFSI (* = Si 2s
plasmon sidebands).

Figure lll. 34 shows the evolution of S 2p, SiBsls and N 1s spectra of the Si electrode from the
uncycled electrode (soaked 5 days in the electphiter the ¥, 50" and 108 discharges. Si 2s and
S 2p core levels signatures can be found in thetigpand we note the decrease of Si 2s/S 2p ityensi
ratio upon cycling, illustrating the gradual coveyiof the electrode surface by sulfur-containing
species.

After the £, 50" and 108 discharges the S 2p spectrum of the electrodeistenef three
components. The main one (S2pt 169 eV) is attributed to a degradation proddidtiFSI. The salt
signature is detectable but very weak (§.2tt 170.2 eV, grey in Figure lll. 34). A third amekak
component at low B.E. (peak A at ~167 eV) is alse tb a degradation product of the salt but mainly
results from the PES analysis itself (its intensityreases upon X-ray beam time exposure). Therefor
it will not be considered in this discussion.

The F 1s spectrum of the uncycled electrode shewssweak components. The F 1s signature of
LiFSI salt can be recognized at 687.8 eV, and aratbmponent attributed to LiF is observed at 685
eV, showing that a slight degradation mechanisithefsalt occurs as soon as there is a direct dontac
of the electrode surface with the electrolyte.

After the ', 50" and 108 discharges the intensity of the F 1s peak assigméiFSI is very low
and the main component is LiF, thereby the degmadahechanism is induced by electrochemical
reaction at the surface of the electrode. AfteraBd 100 cycles the surfacee( the 5-10 nm thick
layer analyzed by in-house XPS) consists of ~1061df LiF.
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The N 1s peak of the uncycled electrode could motdistinguished from the noise due to its low
photoionization cross section at+ 2300 eV compared to the one of F 1s (2.5-3 tiloegr). After
the ', 50" and 108 discharges the N 1s spectrum of the electrodeistersf three components. The
main one at ~398.7 eV corresponds to an undefiegdadation product of the salt. The component
assigned to LiFSlI is rather weak (N 1s at 400 ¥y ¢n Figure Ill. 34), confirming the degradation
mechanism discussed above. The third weak compoaérow B.E. (peak B at ~397 eV) is a
degradation product induced by X-ray beam exposure.

It is important to note that for all spectra of 8| F1s and S2p from thé' fo the 108 discharge, the
ratio between LiFSI and its degradation compourmssdhot change upon cycling and thus the salt
degradation mechanism occurs in the early firstesy(pre-cycling procedure).

To conclude this section, we have observed thaintkeesity ratios between the characteristic pediks
organic and inorganic species making up the SElratependent of the cycle number, which shows
the stability of its chemical composition upon @ygl Concerning the inorganic part, we have shown
that it mainly consists of degradation compoundthefsalt formed in the first cycles.

We will focus our analysis on the degradation mewdras of the salt at the surface of the electrode.

1.3.4.3. Reactivity of LiFSI towardsthe electrode surface
1.3.4.3.1. PESstudy of thefirst discharge
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Figurelll. 35: (a) First discharge of a Li//Si cell using LiFSI salt (current rate 150 mA.g™* of Si, no pre-
cycling). The samples analyzed by PES are highlighted by grey points. (b) F 1s, (¢c) S2p and (d) N 1s
spectra of the Si electrode upon the 1% dischar ge.
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The degradation mechanism of the salt seems tor docthe early steps of the electrochemical
reaction. We have focused our study on the firstlthrge of the Si-based Li//Si cell (without ang-pr
cycling) to follow the formation of inorganic spesicomposing the SEI and the degradation of LiFSI
salt at the surface of the Si electrode.

Due to the very low thickness of the SEI at thetfateps of the electrochemical reaction, and to
avoid overlapping of the Si 2s plasmon sidebandh @t2p spectrum, soft X-rays have been used
(MAX IV, hv = 300-810 eV), with a fixed photoelectron kinetitergy of 130 eV which allows a very
low analysis depth (~1-2 nm).

Figure Ill. 35 shows the evolution of F 1s, S 2l d&h1s spectra of the uncycled Si electrode
(soaked 10 days in the electrolyte) and durinditeeelectrochemical discharge at 0.5 V and 0.sV
Li*/Li. The analyzed samples are highlighted by greints in the electrochemical curve. Due to the
very low analysis depth the F 1s, S 2p and N 1s §€8tra of the uncycled electrode are clearly and
easily exploitable. They all show the presencehefdalt LiFSI (grey) accompanied by a degradation
product: F 1s spectrum shows the presence of L&8%ateV, whereas S 2p and N 1s spectra show the
signatures of unidentified species (S/2at 169 eV and N 1s at 399 eV).

At 0.5V and 0.1Ws. Li"/Li, the same components are observed, but thaditikes of LiFSI peaks
decrease gradually with respect to the peaks ass$ignits degradation compounds. This displays a
reduction mechanism of LiFSI at the surface ofdleetrode taking place at the beginning of thd firs
discharge. Note that spectra obtained after digehat 0.1 V are similar to those obtained aften50
100 cycles. The additional component detected #p Spectra (peak A at ~167 eV) results from
degradation of LiFSI under the X-ray beam.

As shown previously, the lower sensitivity of LiF®wards hydrolysis has a beneficial impact on
the electrochemical performances of Li//Si bat&ri€oncerning its sensitivity towards reduction,
LiFSI appears to be more easily reducible than {.@Rhe surface of the electrode, but this does not
perturb the good electrochemical behaviour. Thisal®ur is probably due to the formation of a
protective layer at the surface of the electrod# firevents continuous reduction of the salt upon
repeated discharges.

1.3.4.3.2. DFT calculations

DFT calculations have been performed to better rgtded the reactivity of LiFSI salt and its
reduction products occurring upon discharge. Tiseudision related to these calculations is widely
developed in paper IV and allows us to assumerduaiction of the FSlon results in the break of S-F
bonds. This is in good agreement with experimelPRES observations showing that the amount of LiF
increases upon the first discharge. (reduction). Moreover, the S 2p spectra recordest discharge
(see Figure lll. 35) have revealed the presenca dégradation compound with an S2peak at
169 eV, which corresponds to a negative shift @& €V towards lower binding energy with respect to
LiFSI. This is consistent with the loss of a velgotronegative atom (fluorine) in the environmeht o
sulfur. As a result, the reduction of Fat the electrode surface leads to the break ob8Heés and to
the formation of LiF.
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1.3.5.Summary

We have clearly shown the beneficial role of thé3li salt to improve the electrochemical

performances of Li//Si cells. This beneficial ridemainly attributed to the interfacial reactivif the
silicon electroderss. the LiFSI-based electrolyte upon cycling. Espégidhe much lower sensitivit)

of LiFSI towards hydrolysis with respect to LiP&nd its weaker tendency to form HF in the presence

of traces of water is determinant.

Unlike LiPF;, long-term cycling with LiFSI does result neithierthe fluorination of the electrode

surface to form Sir, species from the surface oxide §i®@or in the dissolution of the surfa
lithium oxide LiLO. Instead, a continuous reaction process of Siith lithium upon cycling leads t
the increase of lithium silicate JSiO, at the surface of the electrode. Therefore, thveueble
interactions between the binder and the active mahturface are preserved.

The passivation layer (SEI) contains an organic @mdhorganic part as it is commonly obser

for carbonate-based liquid electrolytes. The saanbanaceous species are observed as when ISPF

used as salt but a lower amount of carbonate spesiebserved. A degradation mechanism of

Ce
D

ed

the

LiFSI salt at the surface of the electrode coule¥idenced, and this mechanism does not hamper the

good operation of the battery. As it occurs riglaind the first discharge and because the amou

nt of

LiFSI degradation products increases only weaktgrathis first step, we believe these reduction

products deposited at the surface of the electastias a passivation layer which prevents furthir
reduction and preserves the electrochemical pednces of the battery.

S
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2. MnSn, electrodes

Tin is another element that can alloy with lithidat it suffers of a huge volume expansion upon
lithium insertion (around 260% for 4:5r). One of the main strategies to reduce this expans the
use of Sn-based intermetallics MSwhere M is a transition metal inactive used tffdsuthe volume
expansion (see chapter 1). Different tin interniitslcompounds such as FeSMNisSn,, CoSn,
CusSny and CuSp have been proposed. Fewer studies about mangaoegeounds have been
reported. Recently, studies were initiated on Mn8ectrodes. Electrochemical performances and
detailed characterisations{situ XRD, operando Mdssbauer spectroscopy, XPS and HAXPES) have
been reported in papers IV and V. We focus herethmn interfacial reactions occurring upon
lithiation/delithiation of MnSp electrodes with a step by step PES analysis dutimy first
electrochemical cycle.

2.1.Characterization of the active material: MaSn

Firstly, XRD, Auger spectroscopy, in-house XPS &AXPES have been used to characterize the
pristine powder.

2.1.1.XRD

Intensity (arb. u.)

-

20 30 40 50 60 70 80 90
20 (degree)

Figurelll. 36 : X-ray diffraction patterns of MnSn,

[EEN
O B

Figure 1ll. 36 shows the XRD pattern of the pristiMnSn materials used in this study. Bragg peaks
of the XRD pattern can all be indexed to a pringtietragonal type-structure (I 4/m ¢ m space group)
with a=6.63 A and c=5.42 A. Mn and Sn atoms aratiet at the & and & crystallographic sites,
respectively. The Mn atoms are bonded to two Mmatat 2.71 A and to eight Sn atoms at 2.84 A
forming quadratic antiprisms with basal planeshm bc plane. Each Sn atom has four Mn first-nearest
neighbours at distances of 2.84 A forming a sqbased pyramid and eleven Sn atoms at different
distances between 3.03 A and 3.52 A. Rather naasvsymmetric Bragg lines are observed that
indicate a good crystallinity of the Mngpowder. There are no visible peaks dupSa, or to oxides,
which is a good indication of the purity of the eddl.
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2.1.2.SEM and Auger spectroscopy

(b) o O MnLMM

Spot 2

200 300 400 500 600 700
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Figure lll. 37 : (a) SEM image of a 40um diameter MnSn, aggregate; (b) Auger Electron Spectra (AES)
of two selected ~20 nm diameter areas; (c), (d) arfd) Scanning Auger Microscopy (SAM) images of Sn,
Mn and O elements, respectively, obtained by seléah of their characteristic Auger kinetic energy
signals.

The purity and homogeneity of the synthesized Mr&nwder at the surface was examined by Auger
spectroscopy (AES) and elemental mapping on pesiimSn particles. Figure Ill. 37 shows: (a)
SEM imaging of a 4@m diameter aggregate; (b) the Auger electron spaxttwo selected ~20 nm
diameter areas; (c), (d) and (e) Scanning Augerddmmpy (SAM) images of Sn, Mn and O elements,
respectively, obtained by selection of their chemastic Auger kinetic energies. In the AES spectra
the three elements are easily recognizable by S®iMNN (426 and 435 eV), Mn LMM (533, 580
and 631 eV) and O KLL (487 and 506 eV) main Augeaks. Adsorbed carbonaceous species at the
surface are also detectable by their C KLL peak.avid Sn SAM images (c) and (d) allow evidencing
a non-uniform distribution of these two elementdhat surface. Besides, the SAM image of oxygen
shows no significant difference in the O KLL sigmatensity, and therefore the intensity differences
observed for Mn and Sn are not due to topograpkifetts of the surface, but actually to difference
in the chemical composition at the surface. Itoisbeé noted that these chemical heterogeneity only
concerns the outermost surface of the particlegesbulk characterization of the material did not
evidence unreacted metals nor separated oxideclpartHowever, this chemical state of the surface
may have consequences concerning the reactivityeodlectrode towards the electrolyte in a battery.

To complete the surface characterisation, PES sisalyas carried out with two photon energies$h
1486.6 eV (in-house)) and 2300 eV (synchroton)).
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Figure 1ll. 38 : Sn 3ds,and Mn 2p core peaks and valence spectra of Mngshown as function of the
analysis depth.

Table 1ll. 5 : Binding energies (eV) and atomic pecentages (%) of elements Mn, Sn, O and C from in-
house XPS spectra of MnSp

MnSn

B.E. (eV) %
Sn3d, 485.2 4.2

486.9 7.6
Mn 2p;;  641.2 + sat. 12.7
O 1s 530.4 17.7

532.0 17.1
Cls 285.0 20.9

286.2 15.0

289.6 4.8

The Sn 3¢,, Mn 2pcore peaks and valence spectra of the pristine Mp&nder are shown in Figure
[ll. 38. The relevant binding energies and atomeccpntages measured with in-house XPS (1486.6
eV) are reported inTable 111. 5.

The Sn 3¢, core peaks consists of two components. The firgt, @b 485.2 eV is assigned to
metallic tin (S) of MnSn. The second, at 486.9 eV, is attributed to tirdexsnQ (Sri"). When the
photon energy increases (increase of the analggithy] the relative proportion of Sp@ecreases
from 64% to 25% and this evolution illustrates gresence of tin oxide at the extreme surface of the
sample.

The Mn 2p core peak displays a main peak at ~ 64V.Zor Mn 2p,, (653.2 eV for Mn 2p,)
assigned to a manganese oxide.

At the greatest analysis depthv£h2300 eV), a small component appears at low bmainergy
(638.2 eV) assigned to the metallic manganeseddcander the oxide layer. In agreement with the
previous observations (elemental mappings), PEStrgpeonfirm that manganese at the surface is
mainly in its oxide phase.

In addition, the Mn/Sn ratio determined by XPS ighler than expected for MngnThis is
certainly due to the higher oxygen affinity of Mxpdaining its segregation at the surface.
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Finally, the valence spectrum shown in Figure $ldigs an intense signal at 23-28 eV with two peaks
at 24.4 and 25.4 eV corresponding to the Syp4gpeak of MnSp The broad peak observed at 26.4
eV not visible with the highest analysis depth 28¥) is assigned to the tin oxide.

To conclude, MnSpsamples obtained from ball milling + sintering @#ss do not contain noticeable

amounts off-Sn, but Sn and Mn oxides can be detected at tifacguof the particles. Secondary
particles of several tens of microns are formeadpyregation of small well crystallized particles.

2.2.Reactivity of the pristine powder with the elecytel

Sn 3d5/2 Mn 2p

Pristine powder

Pristine powder
Sno,

Soaked 40 days
in LiPFg

Soaked 40 days
in LiPFg

Soaked 160 day
in LiPFs

Soaked 160 days
in LiPFg

492 490 488 486 484 482 660 655 650 645 640 635
Binding energy (eV) Binding energy (eV)

Figure 1. 39 : Sn 3ds,and Mn 2p spectra (in-house PES,+h=1486.6 eV) of a pristine MnSppowder and
after contact with an electrolyte containing LiPF; (40 and 160 days)

Electrolyte containing LiPfhas shown to be reactive with pristine siliconcetedes by direct
chemical contact. The identification of a fluorieatphase at the surface allows us to concludeeto th
reaction of the Si@layer with HF (degradation product of Lif}F

A similar experiment was carried out to investigdie reactivity of the pristine Mngpowder with
both tin and manganese oxides at the surface. &igui39 shows the Sn 3dand Mn 2p core peaks
of pristine MnSn powder after contact with an electrolyte contagniiPF;.

After 40 and 160 days of contact of the Ma$owder with the electrolyte, the overall shap¢hef
Sn 3d,, spectra remains stable and no additional peakaape ~ 488 eV (binding energy expected
for tin fluorinated species). Moreover, no modifioa occurs to Mn 2p signal shape indicating even
after 160 days no significant change in chemicalrenments. As the formation of a fluorinated
phase has been clearly evidenced for silicon @ldes, these results suggest a difference in surface
reactivity with HF for MnSp powder.

Further work is necessary to complete these fiesults and understand these experimental
observations.
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2.3.Study of the 1 electrochemical cycle

2.3.1.Galvanostatic cycle
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Figure III. 40 : First discharge/charge cycle of te MnSn,/C composite electrode vs. Licell.

Figure Ill. 40 shows the first galvanostatic disgjedicharge cycle of a Li/ Mngrelectrochemical cell
cycled at room temperature between 0.01 and 1.29/H rate. Points A-E of discharge= 0, 0.5,

2.5, 5 and 6.5 Li) and points F-H of charge=(4, 1.5 and 1 Li) correspond to the samples apdlywy

XPS. Note that point A corresponds to an unsoakedposite electrode (90% Mnst#h 10% carbon
black).

The first discharge displays two parts. A first dnem A to B (x=0.5 Li) where the potential
quickly drops to 0.3V. This part is generally dttried to the reduction of the surface oxides lydin
in intermetallic alloys and the formation of thdidalectrolyte interphase (SEI) is also expecied t
take place at this stage. The second part of thehdrge is formed by a potential plateau at ~0.25V
from B to E (x=6.5 Li).

During charging, the potential curve shows two vaelfined plateaus at ~ 0.6 V and ~0.7 V. This
differs from other tin intermetallics like GBrs, NisSn, CoSn and FeSpythat exhibit only one
plateau. This also indicates that the mechanism wgt@rge does not correspond to a simple de-
alloying process of the alloy formed upon discharge

2.3.2.First discharge

2.3.2.1.XRD and Mdssbhauer results (Paper 1V)

Variations of operando XRD patterns upon this filistharge have shown that the lithiation of MaSn
based anode does not affect the active species aipout 1 Li and then transforms MnSmto Li,Sn
nanoalloys.

In order to obtain more information on electrocheatly formed LjSn, 19%Sn  Mossbauer
spectroscopy has been used in operando mode. T8terme of MnSpat the end of discharge due to
incomplete lithiation of the electrode has beeneolzd. Méssbauer results have clearly shown that
the reaction occurring upon discharge is:

MnSn, + 7 Li— Mn + Li;Sn, (1)
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Figure lll. 41 : Sn 3ds,,spectra(in-house PES) of the MnSgIC composite electrode upon the first
discharge/charge cycle.

Sn 3d,, core peaks of the Mn$Smlectrode at the different electrochemical stepthe I cycle are
reported in Figure lll. 41. The Snsdspectrum of sample A (Mngr carbon black) is similar to the
one of the pristine powder (Figure lll. 38) and sists of two peaks attributed to tin oxide (S$hand

to metallic tin: MnSa From A to B (x=0.5 Li), the same components abseoved but a clear
decrease of the tin oxide component is noted iaticel with the reduction of the surface oxide into
metallic tin upon Li insertion.

These results suggest that the strong decrease gfotential at the beginning of the discharge is
partially due to the reduction of the surface oxaled that the Li-Sn alloying process has not estiat
this stage. This point will be developed below.

In the second part of the discharge, when the glatereached, from C to E (end of the discharge x
= 6.5 Li), three components are observed and at&ibto Sn@ (~ 485.5 eV), to the formation of
Li,Sn alloy (~481 eV) and to the unreacted MnSn2 pé@ eV). Indeed, shifts of the starting phase
component towards lower binding energies due temdintial charging effect are commonly observed.
No gradual energy shift is observed for the Li-8Bmponent between 0.5 Li and 6.5 Li suggesting that
no other LiSn compound is formed during the alloying proc&s:h behaviour is different from the
one observed for lithium reactions with Si-basextibde.

It is to be noted from sample C to the end of disgh (sample E) that Mnghi-Sn ratio only
weakly changes.

At the end of the discharge (sample E), we can tiatethe component attributed to Ma$s still
detected confirming that the alloying reactionds complete.

Moreover the MnSyiLi-Sn ratio is 17/83 which is rather close to #wpected value for a 6 Li
voltage plateau with respect to reaction (1)
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2.3.3.First charge

2.3.3.1.XPS
Upon charge (Figure lIl. 41), on thé' plateau (points F) we observe that the peak iitten$ SrP
increases again due to lithium extraction froSk. When the second plateau is reached, extraction
of lithium is complete and we cannot detect anlidiied tin. Sn@ and metallic Share the only
species present at the surface of the electrode.
Finally, from G to H, no change is observed in 8me3d,, spectra suggesting that the delithiation is
complete.

Figure Ill. 42 shows Li 1s/ Mn 3p spectra of the 3y electrode powder (A), after a discharge to
x=0.5 Li (sample B), at the end of discharge (saniland at the end of charge (sample H).

Li 1s detected in Figure 42 originates from the 8&ainly Li,CO; at 55.5 eV and LiF at 56 eV)
whereas Mn 3p is from the active material. The dogeof the material by the SEI is associated with
the disappearance/appearance of the manganestusigna

The evolution of Mn 3p peak shows the covering psscof the SEI from B to E and its partial
dissolution at the end of the charge (sample H).

Li1s + Mn 3p

Discharge

60 58 56 54 52 50 48 46 44

Binding energy (eV)

Figure 1. 42 : Li 1s/ Mn 3p spectra(in-house PES) of the MnSgC composite electrode upon the first
discharge/charge cycle.

2.3.3.2.Mo6ssbauer results (Paper 1V)
The results show that the first plateau is dueh® delithiation of LiSn, without the progressive
formation of the LiSn compounds or the direct transformation into MnSum probably with the
formation of more complex metastable Li-poor Li-&@w/or Li-Mn-Sn phases.

For the second plateau, the results indicate &tdiransformation of the Li-poor tin based phases.
At the end of charge, the Mdssbauer spectrum iflagirto that of bulk MnSp At this step, the
electrode is mainly formed of “magnetic MnShut also contains paramagnetic unreacted MrBd
poorly lithiated Li-Mn-Sn phases.

126



2.3.4.Electrode/electrolyte interfacial reactions

2.3.4.1.SEI formation
2.3.4.1.1. Covering of the SEl
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Figure 1lI. 43 : Evolution of the atomic % of tin and carbon black determined from XPS spectra of the
MnSn, composite electrodes during the first discharge/chige cycle (in-house XPS, 1484 eV) (dark
squares: sample in discharge, open squares : samjecharge)

Figure Ill. 43 shows the evolution of the total ambof tin and carbon black measured at the surface
of the MnSn electrode from Sn 3d and C 1s spectra upon the first electrochemicalecfi =
1486.6 eV). Values are given as traditional atd¥ic

Both tin and carbon black are species found inctiveposite electrode but not as SEI components,
consequently, the atomic % of these species ard gaticators for the increase (or decrease) of
surface thickness/covering of the electrode padibly the SEI.

At the beginning of the first discharge (betweean@ 0.5 Li), the amount of tin and carbon black
dramatically fades and then slowly decreases uhél end of the discharge to 0.07% and 2%
respectively. This decrease results from the faonadf the SEI covering the particles of the negati
electrode and this formation mainly occurs at thgitning of the discharge (A to B in Figure 111.)40
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2.3.4.1.2. Composition
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Figure 1. 44 : C 1s spectra (in-house PES) of thi1nSn,/C composite electrode upon the first
discharge/charge cycle.

Figure Ill. 44 shows the evolution of the C 1s cpeak of the MnSnelectrode upon the first
discharge/charge cycleWl 1486.6 eV).

The spectra of the pristine electrode (sample A)sists of an intense narrow peak at ~ 283.5 eV
assigned to carbon black. No peak relating to amy &f surface layer can be detected at this stage.

At the beginning of discharge (x=0.5 Li, samplerBFigure lll. 44), the formation of the SEI is
already partly achieved. The peak attributed tb@atlack (in black in Figure Ill. 44) is not thalp
one observed, and new carbonaceous species haveldgesited at the surface. The overall shape of
the Cls is very similar to the spectra observe@idmased electrode and discussed at the beginfing o
this chapter. Note that the carbonaceous specigsdfin the SEI are due to the electrochemical
degradation of the solvents present in the eled&rpltherefore, the same chemical species are
commonly found for the SEI formed at the surfacetbler negative electrodes as graphite, Si-based
materials or Sb-based intermetallic electrodess&lspecies corresponds to carbonate€ @4 and/or
lithium alkyl carbonates ROGDI) but oxalates and polyethylene oxide (PEO: (;&HH,-O-),) may
also be found in the SEI.

During this first cycle, the overall shape of Cpksaks remains almost unchanged from x=0.5 Li to
the end of the cycle. This indicates that the casitipm of the SEI is rather stable over the first
discharge/charge cycle. Especially the amount difarsates is rather stable and fluctuates between 37
and 44% of the chemical composition of the SEI.
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Figure lll. 45: O 1s, F 1s and P 2p spectra (in-hese PES) of the MnSgC composite electrode upon the
first discharge/charge cycle. A: pristine powder, Bx=0.5Li, E: end of discharge, H: end of charge.

The O 1s, F 1s and P 2p spectra of the Mrebectrode powder (A), upon the discharge (x=0.5 Li
(B)), at the end of the discharge (E) and at tlteadrthe charge (H), are reported in Figure Ill. 45

The O 1s spectrum of sample A consists of one pa#k at 530.4 eV assigned to the surface tin
and manganese oxide species and an additional gied82.0 eV attributed to oxygenated species
adsorbed at the surface of the pristine electrbidesignal is observed for F 1s and P 2p core peaks
because sample A has never been in contact witkl¢legrolyte.

After reaction with 0.5 Li, SEI is already formed we have shown with the analysis of the C 1s
core peak: various oxygenated species are preagheqarticle surfaces and in the SEI layer. The O
1s spectrum consists of a main component at 531.&nel a component of low intensity at higher
binding energy (~533.5 eV). These two signaturasespond to carbonates, alkyl carbonates and
other organic species commonly found in SEI withboaates solvents. Similar species have been
observed on surfaces Si-based electrodes surfacesmportant to note that the peak relatingito t
and manganese oxide disappears totally. Accordirthd thickness of the SEI and its rich nature in
oxygenated species, the signature of the oxidebefpristine material might not be detected. The
reduction process of surface tin oxide has aldmetoonsidered.

At the end of the discharge (E) and of the chakjethe same two main peaks are observed. At the
end of the discharge (E) the signature afoL(~528.2 eV) resulting from the reduction of tin oxide
can be detected. The reduction process can bemgticording to the following equation:

SnQy+ 4Li* + 46 — Sif + 2Li,0

Li,O is formed upon discharge and disappears duriaggehas for Si.

The F 1s spectra consist of two peaks at 684.7reWHite) corresponding to lithium fluoride (LiF,
product of the degradation of LiP&nd at 686.8 eV (in grey) attributed togP&nions taking part in
the SEI composition. The overall shape of the sdexctra is stable over the whole electrochemical
cycle and the measured amount of LiF remains rabhe(between 1 and 3%).

The P 2p spectra also consist of two peaks: adiistat 137 eV (in grey) attributed to the;Rfions,
and a second at 133.7 eV assigned to phosphate$ whe commonly found in SEI layers using
similar electrolytes and resulting from the degtaaaLiPF;. As previously, the overall shape of the
spectra is stable during th& dlectrochemical cycle of the cell.
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Valence spectra of the Mngelectrode measured at the different electrochdreieps are reported in
Figure Ill. 46.

The spectrum of sample A is rather similar to tfathe pristine MnSxnpowder with the presence
of the core peak Sn 4d. The two narrow peaks aigraed to MnSpand to the Snocomponent. The
shape of the experimental curve from 20 eV to Gsetypical of a carbon black signature.

At the beginning of dischargex € 0.5 Li), the Sn 4d core peak starts to be hidoemdditional
peaks due to the formation of fluorinated and oxyged SEI compounds. For sample C, the Sn 4d
signal of the electrode active material has towdibappeared.

During the charge phase, the Sn 4d signal reapp@asample G suggesting a partial dissolution of
the SEI.

If we exclude the Sn 4d core peaks, the other chexiatic features are rather stable upon cycling,
which confirms that the composition of the SEI doed significantly change once it is formed.
Typical peaks from LiF and KCO; can be recognized in these spectra thanks toque\studied>®
The peak observed at about 29 eV is charactep$tigF. The main peak at around 24 eV and the
three other peaks at 13, 11, and 6 eV are assigriggdCO;.
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Figure lll. 46 : Valence spectra (in-house PES) dhe MnSn,/C composite electrode upon the first
discharge/charge cycle.
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2.4.Summary

The careful study of the pristine MnSmpowder and the step by step analysis of the first
electrochemical cycle of a MnSnegative electrode cycled. Li° have led to the main conclusions
listed below:

Tin and manganese oxides are present at the exterface of the particles and do not re
with the electrolyte by simple contact.

Formation of the SEI occurs at the beginning of firet discharge. Mainly formed after t
insertion of 0.5 Li, the SEI slightly increaseshirckness until the end of the discharge.
Gentle dissolution of the SEI appears at the enthefcharge. This phenomenon is m
important and pronounced on the surface of theveatiaterial than on the carbon bla
additive. After the first electrochemical cycleetBEI layer composition is very stable w
the same chemical species as previously observed fgraphite or Si-based electrode

act
e

ore
ck
th
in

similar conditions.

Concerning the Li insertion/des-insertion into MaSn

Between 0 and 0.5 Li, the reduction at the surfsicin oxide SnQ is observed resulting i
the formation of LiO until the end of the discharge and its disappesraipon charge.

In addition, MOssbauer spectra have revealed twavoltage plateaux could be attributed
complex electronic and structural mechanisms. uithiinsertion into MnSnduring the
discharge plateau leads to the formation of a r@mposite consisting of the Li-Sn allg
Li-Sn, and of Mn nanoparticles. These Mn nanoparticlesigamediately oxidized at the
surface, by reaction with oxygen from the solverdlenules or from the pristine Mng
surface oxide layer.

Lithium extraction from this nano composite duritite first charge plateau leads to {

=)

to

- =

he

delithiation of LySn, and the formation of Li-poor Li-Sn and/or Li-Mn-Siases, withou
recovery of MnSp During the second charge plateau, further déatitm leads to th
formation of magnetic MnSnpatrticles and to our knowledge it is the first dirsuch

mechanism is observed in tin based intermetalkctedde materials due to electrochemical

reactions with Li.
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Concluding remarks and perspectives

This thesis has been an effort to improve fundaaidmowledge of interfacial mechanisms occurring
during cycling of silicon and tin-based electrofiesLi-ion batteries.

A unique approach coupling in-house X-ray photdetecspectroscopy and synchrotron PES using
both soft and hard X-ray has been successfully usegrovide detailed information about the
repartition of chemical species at the surface letteodes. The results highlight the interest of
compositional profiles developed as a functionejtti from the interface.

For silicon-based electrodes, interfacial mechasigmaction of the surface oxide, Li-Si alloying
process, SEI formation) occurring upon and beydrafirst lithiation/delithiation cycle have been
investigated with the classical salt LiPF

When the SEI has been formed (mainly during tre fiischarge), its chemical composition and its
covering properties are stable during the subsdquogoling of the electrode. The chemical
composition seems to be quite homogeneous witlerstl layer especially considering the inorganic
compounds (LiF, LiP§ phosphates) and small fluctuations at the outstrsarface are observed
regarding the organic part (oxygenated and carlemecspecies).

Reaction of lithium with the surface Si@ayer leads to the formation (reversible during fist
cycles) of LyO and to the irreversible formation of;8i0, whereas, deeper inside, Li reacts with Si to
form the LiSi alloy, with partial reversibility.

We have also illustrated the crucial importancéai the cycling procedure influences the overall
surface morphology of the electrode.

Upon long-term cycling, the results have clearlydexced the formation of fluorinated species
(SIOFy, y<3) appearing at the interface between the Si pestiend the SEI. This phase also appears
by simple contact of the electrolyte with a pristglectrode upon time. Combining these observations
it is possible to explain the formation of suchhage pointing out the role of HF resulting from E4P
degradation.

It is worth noting that the fluorinated silicon @eamodifies the favorable interactions between the
polymer binder (CMC in our case) and the activeemalk surface and thus contributes to the capacity
fading of the battery.

An alternative salt LiFSI more stable and less itgastowards hydrolysis than LiRFhas been
successfully used to improve the electrochemicdbpmances of the Si/C/CMC/ILi half-cells.

Upon the first discharge, the same reactivity ofwith the SiQ layer and Si, as previously
described, is observed.

However, upon a long-term cycling, the results haseealed that LiFSI allows avoiding the
fluorination process of the silicon particles as thissolution of LiO resulting in a different surface
chemistry compared to LiRF Such differences are strong arguments to expth@n better
electrochemical behaviour upon cycling of Si//Lile@ising LiFSI with respect to LiRF

We have also investigated the SEI chemical featuvis this new salt. As for LiP§ its
composition appears dominated by solvent degradapimducts, but with a lower amount of
carbonate species. At the very beginning of the fiischarge, a LiFSI reduction process occurs that
leads by breaking of S-F bonds, to the formatioiigf As no further amount of LiFSI degradation
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products is observed after this first step, we mesthat these degradation products act as a ptssiva
layer.

These original results should stimulate other tedabE| studies using this new salt to address the
dependence on different factors usually affectirapprties of the SEI.

In this thesis, a new tin-based intermetallic commmb (MnSn) has also been studied. The
simultaneous presence of two tin and manganesee cxivironments has been evidenced at the
extreme surface of the particles.

The results obtained during the first electrochamaycle of MnS#/Li half-cells using LiPEk as
salt have revealed similarities but also differenaéth Si based electrodes.

Indeed, the SEI chemical features are similar, ddcts with Sn@layer to form L}O and the
process is reversible upon charge.

However, after long soaking, no fluorinated speciee to the reaction of the surface oxides with
HF has been evidenced contrary to Si based elesrqubinting out surface reactivity differences.
Further work is necessary to understand and rdirenidese experimental observations.

By the experimental method used (i.e., nondestraictepth-resolved XPS analysis by variation of
the X-ray energy) and the results obtained in tihésis, we have illustrated the need for detaited i
depth characterizations to properly understandfaxt&l mechanisms.

Based on these results, the following approacreeswaygested:

- Other investigations are necessary to further impr@nd understand interfacial properties of
silicon particles. The selection of binders hasisicant impact on the cycle life and further
research is needed on the use of new binders gatrireg water as PAA or alginate.The
dependence on the electrolyte salt has been hijatigand exploration of other electrolyte
salts with lower fluorine contents and their poksidecomposition products could further
improve both performance and safety issues.

- Several aspects of the complex surface chemisttynofompounds remain to be explored.
Various Sn based intermetallic compounds have drmawnoh attention in recent years but
further improvement in material design and fundatmlelknowledge of Li-Sn alloying
reactions are needed. In depth PES analysis cauldsed to extract more information and
contribute to the overall understanding of litteatidelithiation mechanisms.

- In parallel with an increasing access to synchrotmadiation facilities, the use of
complementary depth profiling methods as those vecgntly developed (usings or Ar,"
ion sources) will surely enhanced the role of photission for surface/interface studies in the
field of electrochemical energy storage.
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Sammanfattning pa Svenska

Att forsta gransytor, kan det gora batterier battre?

| dagens sa kallade litiumjon batterier for moltéfener, laptops och annan béarbar utrustning arszand
grafit som den negativa elektroden och en litiuratmidlande metall-oxid som den positiva. Detta ar
ett val fungerande uppladdningsbart batteri sorelidiier mest energi av alla uppladdningsbara som
just nu finns i anvandning. Trots detta behévekunna lagra annu mer energi i samma batterivolym
for att vara riktigt nojda. Batterierna ar ocksa fiyra och innehaller metaller som visserligen

atervinns men som det inte finns sa gott om. Dddtsoker forskare standigt foresla och studera nya
material for positiva och negativa elektroder.

Om grafit byts ut mot metaller som kan legera mtdnh kan det inneb&ra en 6kning av batteriets
kapacitet med ca 20%. Det finns flera metaller lnalvledare som kan legera med litium och de finns
i beskrivna i figur 1. De tva viktigaste ur batsmpunkt ar kisel (Si ) och tenn (Sn). Bada dessa
metaller kan legera med maximalt 4 litiumatometradeffektivast ar kisel da det ocksa ar en lattato
och det finns gatt om kisel i jordskorpan.

Capacity (mAh/g)
(lwppu) Aoedeg

In C Bi Zn Te Pb Sb Ga Sn Al As Ge Si

Figur 1. Kapaciteten hos olika metaller som kan legera litiedh. Den réda stapeln visar den volymetriskad@feten och
den grona den gravimetriska.

Denna avhandling handlar om kisel och tenn somtnegelektrodmaterial i litium-jonbatterier. Det
finns framforallt en svarighet att hantera nar nadinanvanda partiklar av kisel eller tenn i baiter
Nar litium legerar sker en stor volyms-forandrimartiklarna ékar ca 358% (tenn-litium) och 323%
(kisel-litium) i storlek. Det finns flera satt &omma forbi detta. Man kan anvanda nano-partiklean m
det leder till andra problem som t ex agglomeremvgpartiklarna. Man kan anvanda glaser eller
"buffra” den legerande metallen med metaller sota lagerar med litium (kopper, nickel eller jarn ar
nagra exempel som har provats) eller man kan véaglan vilka potentialgranser som man cyklar
batteriet. Ett fjarde satt ar att arbeta med ettidnedel som klarar volymsexpansionen.

Den har avhandlingen tar fasta pa ytterligare dmdstallning. Hur reagerar de vanligaste
elektrolyterna med ytan pa kisel och tennpartiklarZn elektrolyt maste man ha i ett batteri.
Elektrolyten ska leda positiva och negativa jonenrinte elektronerna som behovs for att driva vara
verktyg och leksaker. En typisk elektrolyt for &tiumbatteri &r ett organiskt I6sningsmedel som
innehaller ett litiumsalt.

Avhandlingens fragestallningar ar:

* Hur ser kemin ut i gransytan mellan elektrod (kedkdr ten) och elektrolyten?
 Vilken paverkan har elektrolyten pa batteriets ygdprestanda?
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e Sker det nagra forandringar nar man cyklar batterider lang tid?
« Hur paverkas denna gransyta om man byter salt?
« Gar det att djupprofilera genom gransytan nereélkieespektive tennpartiklarna?

from ~1nmto ~30nm  Core peak Si2p

Pristine electrode

Bulk Si-Si

Te w2 o %
Binding energy (eV)
Figur 2. Ytan pa en kiselpartikel som undersokts med fetoned olika energi. Den réda toppen &r kiseldiamdd den gra
ar kisel.

For att svara pa dessa fragor har ett antal litattebier gjorts med framforallt kisel uppblandaddme
nano-kol (kimrok) och det just nu kanda basta hingldlet baserad pa cellulosa. Batterierna har gjorts
med tva olika elektrolyter som bara skiljer sigvatl galler litiumsaltet. | det ena fallet ar dePE

som ar standard i kommersiella batterier. | derafalet ar det saltet LiFSI (den kemiska formain
LiIN(SO,F),). Nar det géaller tenn har vi anvant oss av stratag blanda ut tenn med en metall som
inte legerar med litium. Vi har gjort en sa kallatermetall. Har har vi ocksa gjort elektroder ettt
samman batterier som har cyklats och testats.

1300

1600 |
1400 ~50 cycles ~150 cycles
= B |
PoNR . 111 I POPSRP—" %
o <
1000 4 % H
°
g, 200 - ; \
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Figur 3. Kiselelektroder som har cyklats med elektrolynganehaller antingen LiRFeller LiFSI.

De analyser som har genomforts pa gransytorna mkliel och elektrolyt respektive en mangan-
tenn legering och elektrolyt ar baserade pa enansdon kallas fotoelektronspektroskopi. Genom att
belysa provytan med fotoner slas elektroner ut fidovet. Hastigheten hos dessa elektroner och hur
manga de ar kan matas upp och ger information ankemiska omgivningen for varje atomslag som
finns i provet. Det gar t ex att skilja mellan egiarfor rent kisel och kisel som har reagerat mge s
och bildat kiseldioxid. Det gar ocksa att bestsydtn med fotoner som har olika energi. P4 sa st k
den djupprofil uppmatas. Ett exempel pa det findigur 2. | figuren visas att om man har laga
fotonenergier kan man framforallt se kiseldioxigenytan. Om man Okar fotonenergi ser man langre
in i provet och ser ocksa kisel. Om man har riktigga energier vilket ar en ovanlig matmetod med
nagra fa utrustningar runt varlden vid sk synknoétosa kan man se kiseldioxiden som ett tunnt skikt
pa ytan av kisel. Dessa matningar har nar detrgdiim energier utforts vid MAX Il synkrotronen i
Lund och nér det galler hdga energier utforts VEBBY i Berlin.
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De viktigaste resultaten fran matningarna ar samfattade i figurna 3, 4 och 5. Figur 3 visar hur
mycket battre ett batteri cyklar om man har LiF8ldktrolyten istéllet for LiPE Figur 4 visar att nér
kiselelektroder cyklas i batterier med LiP§a reagerar kiseldioxidytan med fluoratomer frales
Mer och mer av fluorféreningar bildas under cykéng Figuren visar ocksa att nar rena kiselpartiklar
lagras i elektrolyten bildas ocksa fluorféreningam man bara cyklar en kort tid och bildar ett ik
som innehaller kolféreningar (symboliseras av dét gkiktet i figuren) sa skyddar detta ytan fran
bildandet av fluorféreningar. Detta pekar pa attroam tillsatter ett filmbildande additiv i elektytén
sa skulle man kunna cykla LiBaserade elektrolyter battre an det renodladeesyet Resultaten
med LiFSI som jamfors i Figur 5 med de fran LiRfSar att det inte bildas nagra fluorféreningar.
Istallet far vi ett kolinnehallande skikt som vaxiérmed antalet cykler. Mangan-tenn legeringesavi
pa liknande sammanséattning for det kolbaseradetagr ytan av elektroden som man finner ocksa pa
kisel. Har ar ytan inte alls lika kanslig for Lip&altet utan de sma mangder av tennoxid som fiéns p

ytan ar stabil.
a, b, Seaking time
. in LiPFg 1M, EC:DEC (2:1)
Si-Si 0} 1))
96 days
Si(ervstalline)

1 discharge wntil
500mAh/g of Si

LiSiO,

o (4h)
il . m

100 discharges
[09-0.12V]
(1 days)

Cycling time

110 108 1IH 1DI 102 10D 98 sa 54
enagy (V)

Figur 4. Kiselelektrod som har lagrats eller cyklats kélelyt som innehaller LiP£ | figur 4a visas spektra fran de olika
situationerna beskrivna i figur 4 b.

Dessa resultat visar pa tva viktiga saker: 1) ebdéens sammansattning paverkar livslangden och
cyklingsbarheten hos ett litiumbatteri och 2) devsads som detta arbete har valt for att studera
komplexa elektroders gransytor fungerar for atttiti@rlitlig information om vad som hander pa
nano-meterniva i batteriet.

Si particle after cycling
100" discharge

Li,SiO, LIPF 6
Li,Si Si2p

10810610410210098 96 94 108 106 104 102 100 98 96 94

Figur 5. En jamforelse av ytan pa kiselelektroder som Rklat i LiPFgeller LiFSI.

137



138



Résumé en Francais

Mieux comprendre les phénoménes d’interfaces pouroocevoir des batteries plus
performantes?

Les efforts de recherche importants engagés darsedieur des accumulateurs Li-ion ont rendu
possible le formidable essor de I'électronique glulg (téléphones, ordinateurs, appareils photo
numériques, etc.). Les enjeux actuels visent adecca des performances compatibles avec les
nouvelles perspectives du marché (voitures élewtsn hybrides, énergies renouvelables
intermittentes, etc.). D’importants défis doivemteérelevés en termes de performances accrues du
point de vue énergétique, de durée de vie et derig®tout en répondant aux contraintes de co(t et
environnementales. Dans ce contexte, 'accumulateuplus efficace et le plus prometteur est
I'accumulateur Li-ion. Son principe repose surdatitution sous forme électrique de I'énergie séeck
sous forme chimique grace a des réactions rédont digal aux électrodes avec transfert d'ion$ Li
(via I'électrolyte) et d'électrons (via le circugixtérieur). Un accumulateur Li-ion est constituang
électrode positive et d'une électrode négativeggdlament des matériaux hétes pour les ions lithium
et séparées par un électrolyte conducteur ionigais meolant €lectronique et typiquement constitué
d’'un sel de lithium dissout dans un mélange dessu/carbonatés.

Un systeme type actuel est a base de graphitéeatféde négative et d’'un oxyde métallique lithié
du c6té de l'électrode positive ; cependant de meodes études sont menées sur de nouveaux
matériaux dans le but d’adapter les performancesadeumulateurs aux futures applications.

Une famille de composés constituée de métaux eirrmétaux formant avec le lithium un alliage
est actuellement une alternative intéressante &otrédes négatives a base de graphite. Comme
illustré en Figure 1, les alliages Li-M présentene capacité bien supérieure a celle du graphi2 (3
mAh/g). Le silicium (Si) et I'étain (Sn) notammeisemblent étre les éléments les plus attractifs et
peuvent accommoder jusqu'a 4 atomes de lithium ggame (L.sSi et Li4,Sn), augmentant
considérablement la capacité théorique (3578 mAdt/@94 mAh/g, respectivement). De plus, le
silicium présente I'avantage d’étre un constituaé Iéger, abondant et bien moins colteux que ces
éventuels concurrents.
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Figure 1: Capacité gravimétrique et volumétrique (colonmmegyes et vertes, respectivement) de divers métamaht un

alliage avec le lithium.

Le principal probleme de ces matériaux est la ferjgansion volumique s’opérant lors de l'insertion
du lithium (358% pour Li-Sn et 323% pour Li-Si). Uagent conducteur électrique est souvent
incorporé dans la composition des électrodes, #agwn volumique induit ainsi la perte de contact
entre la partie active (le métal M) et le noir dgbone causant une chute de la capacité. Diverses
stratégies ont permis de limiter cette expansiod'@&méliorer la stabilité des électrodes a base de
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silicium parmi lesquelles ont peut citer : I'utditbon de nanoparticules, la limitation des bornes d
potentiel en cyclage (limitation de la capacitéhcbrporation d’'une phase tampon ne réagissant pas
avec le lithium ou encore lincorporation d'unrita

La compréhension des phénoménes chimiques et adbictiques ayant lieu aux interfaces
électrode/électrolyte est aujourd’hui un point c@&tude pour répondre aux défis actuels. Ces
phénomeénes sont encore peu connus pour les élestéoblase de Si ou Sn contrairement a celles a
base de graphite.

Ce travail de thése a été entrepris dans le buhafiar des éléments de réponse a différentes
guestions :

* Quelles sont les phénomenes interfaciaux ayantdigre I'électrode (a base de silicium ou
d’étain) et I'électrolyte au cours du cyclage élechimique de la batterie?

* Quelle est la réactivité chimique de I'électrolgigec la surface des particules de Si et Sn ?

 Comment ces phénomenes évoluent au cours d’urciarigge ?

* Quelle influence aura la modification du sel déekérolyte sur les performances de la batterie
et les interfaces?

* Est- il possible par PES de réaliser un profil denposition en profondeur de ces zones
interfaciales de facon fiable et exploitable ?

Des électrodes a base de silicium mélangé a ureétéconducteur (noir de carbone) et un liant a base
de cellulose, ont été cyclées en demi-piles (cgclémre a du lithium métallique). Deux sels
d’électrolyte ont été utilisés, le sel classiquBRiet un nouveau sel prometteur LiFSI (LIN(E}).

Les électrodes ont été préparées, puis les battadsemblées et testées a Uppsala (laboratoire
Angstrém). Concernant I'étain, du manganése, uraim@ectrochimiquement inactif vis-a-vis du
lithium a été utilisé donnant le composé interntigaé MnSn.

from ~1nm to ~30nm  Core peak Si2p

Pristine electrode
-

hv =230 eV
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hv=6900ev |=

To e w2 1o se
Binding energy (eV)
Figure 2 : Surface d'une particule de silicium étudiée alex énergies de photons différentes. {®i®rouge, Si en gris)

Les analyses sur ces interfaces ont été réalisgesppctroscopie photoélectronique a rayonnement X.
La surface des échantillons est irradiée par dedopk (Rayons X) conduisant a une émission
d’électrons. La mesure de I'énergie cinétique dest®ns éjectés permet d’accéder aux énergies de
liaison et fournissent des informations sur lessétboxydation, I'environnement chimique local de
chaque élément présent dans les dernieres couelsesfece. Il est par exemple possible de distingue
le silicium de caeur (Si) de I'oxyde de surface (3O

Il est également possible de modifier I'énergie diestons incidents afin de sonder la surface de
I'échantillon a différentes profondeurs. Un exemgdé donné Figure 2 ou I'on peut voir gu’aux faible
énergies d’excitation f), le pic Si 2p de I'oxyde de surface est nettenpdurs intense que le pic du
silicium de cceur (Si), plus I'’énergie augmentegles le pic du Si de coeur devient intense. Ure tel
variation de I'énergie du rayonnement incident estssible par utilisation du rayonnement
synchrotron. Les analyses de cette thése ontféig&udes au laboratoire MAXIV & Lund (Suéde) pour
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les faibles énergies et au synchrotron Bessy arBgkllemagne) pour les plus hautes énergies. Ces
analyses ont été combinées a celles réaliséesuavepectrometre haute résolution de laboratoire a
Pau (IPREM-ECP).

Quelques résultats marquants sont illustrés danfigares 3, 4 et 5. La figure 3 montre que les
performances électrochimiques en cyclage d’unetrélde a base de silicium avec un électrolyte
contenant le sel LiFSI sont nettement meilleuresaglles obtenues avec le sel classique d-iPF
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Figure 3: Comparaison des performances électrochimiquey@age des électrodes a base de silicium (Si/C/CMXC//L
avec un électrolyte contenant LREn rouge) ou LiFSI (en bleu)

Les analyses réalisées pour les deux sels a difé&reprofondeur au cours du premier cycle
électrochimique ont mis en évidence un ensemblepoms multi-interfaciales (figure 4) faisant
intervenir & coté de la SEI et de I'alliageii les phases LD et L,SiO, résultant de la réaction
(respectivement réversible et irréversible) duidith avec la couche superficielle de &i@u cours
d'un long cyclage avec le sel LigRévolution du pic Si 2p a énergie de photon f(kégure 5a) et
variable (Figure 5b) a permis d’identifier a I'édtne surface des particules la formation d’'une phase
SiOFy résultant de la réaction de la couche superfeeiddl SiQ avec des produits de dégradation de
LiPFs.

L’absence d’une telle phase lors de l'utilisatian gl LiFSI a permis d'interpréter les meilleures
performances électrochimiques

Starting
‘ electroce
- Si(crystalline)

/o

~50 nm

Discharge
0.5v

Discharge Full discharge
0.1V .07V

Figure 4: lllustration des mécanismes se produisant arfase des particules de silicium au cours du peenycle
électrochimique.
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Figure 5: Evolution du pic de cceur Si 2p (a) au cours damy cyclage avec LiRFa énergie de photon fixeWlr 1486.6
eV) (b) a énergie de photon variable (i@écharge)

L’étude au cours du premier cycle électrochimigiédedtrodes a base de MnSafait apparaitre des
points similaires (SEI de méme nature avec le g4 et formation de LO par réaction du lithium
avec I'oxyde Sn@de surface), mais également des différences paisciune réactivité de I'oxyde de
surface Sn@avec les produits de dégradation de LkiRE été observée.

Ces résultats ont mis en relief plusieurs poingsartants :

1) Des informations fiables sur des mécanismedrétdimiques complexes se déroulant au niveau
des interfaces a I'échelle nanométrique ont pu ébtenues via I'approche et la méthodologie
innovantes de ces travaux de these.

2) La composition de I'électrolyte et notammemdéure du sel peuvent étre déterminantes vis a vis
de la longévité et la cyclabilité d'une batteridiguium.

3) Les spécificités des surfaces des matériauxedi@lde (telle dans cette thése la présence
d’'oxydes natifs) doivent étre prises en compte peppréhender dans leur globalité les réactions
parasites susceptibles de dégrader les performatessochimiques.
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List of Papers

This thesis is based on the following papers, wihighreferred to in the text by their Roman

numerals.

Philippe, B., Dedryvere, R., Allouche, J., Lindgren, F., Gorddi, Rensmo, H.,
Gonbeau, D., Edstrom, K. (2012) Nanosilicon Eled# for Lithium-lon

Batteries: Interfacial Mechanisms Studied by Hand &oft X-ray Photoelectron
SpectroscopyChemistry of Materials24, 1107-1115.

Philippe, B., Dedryvere, R., Gorgoi, M., Rensmo, H., Gonbeau,Hastrom, K.
(2013) Role of the LiPF6 Salt for the Long-Termiggtity of Silicon Electrodes in
Li-lon Batteries — A Photoelectron Spectroscopyd$tiChemistry of Materials
25, 394-404.

Philippe, B., Dedryvere, R., Gorgoi, M., Rensmo, H., Gonbeau,Hastrom, K.
(2013) Improved performances of nano-silicon etst#s using the salt LIFSI — A
photoelectron spectroscopy stu@ubmitted

Philippe, B., Mahmoud, A., Ledeuil, J.-B., Chamas, M., Edstrom, Bedryvere,
R., Gonbeau, D., Lippens, P. — E. (2013) Mn8agative electrodes for Li-ion
batteries: mechanisms at the nano scale and alefdectrolyte interface. (In
manuscript)

Mahmoud, A., Chamas, M., Jumas, J. Rhilippe, B., Dedryvére, R., Gonbeau,
D., Saadoune, I., Lippens, P. — E. (2013) Eleceaubal performances and
mechanisms of MnSnas anode material for Li-ion batteriegkurnal of Power
SourceqIn press)

Reprints were made with permission from the respequblishers.
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Comments on my own contribution to the appende@izaip this thesis:

Paper | : Performed all the experimental work @gtpreparation, electrochemical tests, in-
house PES, synchrotron PES, sol-gel synthesis, S&i)the analysis of the
results. Contributed to discussion and part ofwhéng.

Paper Il: Performed all the experimental work @atfpreparation, electrochemical tests, in-
house PES, synchrotron PES, SEM), analysis of #sailts. Contributed to
discussion and major part of the writing.

Paper lll: Performed major part of the experimentalork (battery preparation,
electrochemical tests, in-house PES, synchrotro®)P&uger analysis of the
results. Contributed to discussion and major peith@ writing.

Paper IV: Performed part of the experimental waorkhpuse PES, synchrotron PES, Auger
spectroscopy and SEM) and the analysis of the teedQbntributed to discussion
and major part of the writing related to my work.

Paper V: Performed the in-house PES and the aralf$he results.

Did not perform the MnSnsynthesis, Mdssbauer spectroscopy and the X-fénadtion
presented in the papers.
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