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General introduction

The energy constitutes a vital element for our daily life. The consumption of energies
based on oil, coal, gas and hydraulic sources have contributed to increase the quality of
life in the modern society. Nonetheless, this accelerated development requires the
replacement of the energy based on fossil energy by alternative sources such as solar,
wind, geothermal, hydrogen and biofuel. Moreover, these alternative energies need of

performant storage systems that ensure the correct management of the energy demand.!*

Among the entire range of energy storage systems, the lithium-ion batteries (LIB)
occupy a preponderant position because of its extended use in most of the electronic
mobile devices and in the growing industry of the electric vehicles.>* In order to satisfy
all of these demands, LIB must overcome several challenges: be safer and able to furnish
an important energy density (>350Wh/kg), lower price (<100$/kWh), allow several
cycles of charge-discharge and extended life.’” Therefore, current research is intended to
find an optimal combination of electrode materials with non-flammable and
electrochemically stable electrolytes.

In this context, ionic liquids (ILs),*!°

molten salts at room temperature, have been
regarded as new solvents for batteries because of their extraordinary properties included
a retarded inflammability, high thermal (up to 300 °C)!! and electrochemical stability
(electrochemical window up to 5 V)'? and low vapor pressure (~107'° Pa at room

temperature).!*!4

Regarding the ILs, several studies have been carried out in the context of the
collaboration between the CEA-LITEN-Grenoble and C2P2-LCOMS-Lyon. For
instance, the performances of several imidazolium-based ILs have been tested with
relative success in the systems: LigTisO12 (LTO) / LiFePO4 (LFP), graphite (Cg)/ LFP
and LTO/LiNi;3Mn;3Co01302 (NMC).">1¢

On the other hand, lithium metal is considered as the ultimate anode for batteries
because of its large theoretical electrochemical capacity (3.86 Ah.g!) and the fact that
have the lowest electrochemical potential (- 3.04 V vs. standard hydrogen electrode).!” !

However, the performances of lithium metal batteries (LMB) are seriously affected by
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the phenomenon of dendrite growth?** and the side reactions between the electrolyte
and the lithium surface. For this reason, a detailed study of the interfaces

electrolyte/lithium metal is necessary for the viability of these systems.

The electrochemical processes happening at this interphase are intimately related to
the formation of passive layers on the lithium surface, commonly known as the solid
electrolyte interphase (SEI).?>2° Among all the characterization techniques of the SEI, the
electrochemical impedance spectroscopy (EIS)?”*® considered to be non-destructive, can
provide in real time during the information on the electrical properties of the
electrode/electrolyte interphase during the battery operating (operando mode).
Nonetheless, the EIS does not inform about the morphology and chemical composition
of the SEI. These data require surface sensitive characterization techniques, such as X-

ray photoelectron spectroscopy (XPS)

In this work, we have developed a methodology coupling EIS and XPS, supported by
Auger and scanning electron microscopy (AES/SEM). Specially, XPS a non-destructive
technique with a depth resolution of ~5 nm, is ideal to follow of the chemical evolution

of the SEI in different electrochemical conditions.

During my Master internship, in the context of the CEA-LITEN-Grenoble and C2P2-
LCOMS-Lyon collaboration , we have applied this methodology to the study the reaction
of ILs with graphite electrodes at open circuit conditions,?® and during the first discharge
cycle.’® In my PhD work, these studies were extended to the lithium metal electrodes, in

collaboration with the LEPMI-INP-Grenoble laboratory.

To our knowledge, the literature about of the reactivity of IL based electrolytes with

lithium metal is partial,>'>*

and several questions about the thickness, morphology,
chemical composition of the SEI and the degradation mechanisms and transport
properties of the IL based electrolytes remain not well understood as far as the problem

of the formation of the dendrites.

Therefore, in this PhD work, we propose to compare the reactivity of lithium metal
Vis-a-vis two different ILs: 1-hexyl-3-methylimidazolium

bis(trifluormethylsulfonyl)imide (CiCsImTFSI) and 1-hexyl-3-methyl-imidazolium
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bis(fluorosulfonyl)imide (C1CsImFSI). In addition, two strategies to improve the stability
and the performance of these ILs are tested : the methylation of the C1CeIm” cation,*> and
the use of organic additives such as vinylene carbonate (VC) and fluoroethylenecarbonate
(FEC),>%37 both modifying the molecular structure of the electrolytes and their

physicochemical properties such as the viscosity.

Additionally, all of these studies constitute a solid base for the development of a new
protocol of characterization of interphases by the operando XPS technique. This new
analytical development, allows to monitor the change in the chemical environment of the
SEI at quasi-real time and pave the way for a better understanding of its formation and

evolution and its impact on the dendrite growth.

This work of thesis is outlined as follows:

In chapter 1, a basic description about the lithium based batteries is given introducing
the current challenges in these systems. The most important electrode materials and
electrolytes are also described, with emphasis in the ILs as safer electrolytes. Then, the
concept of SEI is introduced by describing its main properties as far as the techniques
used for its characterization. Special interest is given to the SEI formed in the lithium

metal electrode and its impact in the performances and the dendrite growth.

In chapter 2, we detail the methodology, coupling electrochemical techniques with
physicochemical surface analysis techniques of characterization, used to study the
reference IL based electrolytes and the pristine lithium electrode surface. Further to the
reference study, we have established, based on EIS measurements, a simple model to
correlate ionic conductivities of the different IL and IL based electrolytes to their
electronic structure probed by XPS. This reference study was extended to the chemical

structure of pristine lithium foil surface before its use in a battery system.

The chapter 3 is devoted to the study of the reactivity of the IL based electrolytes
against lithium metal electrodes in open circuit conditions. The phenomena of
decomposition of the IL based electrolyte and the mechanisms of formation of a SEI are
studied in mode operando by EIS and through the post-mortem analysis of Li/IL
electrolyte/Li coin cells by XPS. A comparison of the estimated thicknesses and the
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chemical compositions of the SEI with different IL based electrolytes is showed. The role
of the methylation of the alkyl methyl imidazolium (C;Cnlm") and the addition of
additives VC and FEC is analyzed.

The chapter 4, treat the behavior of the different lithium/IL electrolytes/lithium under
polarization. The kinetic of dendrite growth in the different studied system was studied
in the framework of J. N. Chazalviel model.®®** A correlation between the
electrochemical window stability of different studied electrolyte and the SEI formation
and composition was established. The SEI chemical structure as far as the transport
properties were discussed with regard the nature of the electrolyte, for instance the effect

of the anion, cation and additives.

Finally, the chapter 5 is dedicated to the development of a new and challenging
methodology to perform operando XPS to study the interface lithium/electrolyte. A state
of the art of the developed operando techniques for battery characterization is presented.
The detailed protocols including, cell design, set-up optimization and cell cycling and

validation is discussed based on coupled post-mortem and operando approach.
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CHAPTER 1: General aspects and state of the art

In this first chapter, the different technologies of batteries and the current challenges of
the lithium metal based batteries are introduced. A general insight about the different
electrode materials and electrolytes is presented given emphasis in the electrolytes based
on ionic liquids as a possible solution to mitigate the safety problems of flammable
electrolytes. The different studies about the interactions of electrolytes and electrodes
that lead to the formation of a solid electrolyte interphase (SEI) are discussed. To
introduce the work of this thesis a special interest is given to the formation of the SEI on
lithium metal electrode surfaces and of its impact on the battery performance and on the
dendritic growth that constitute one of the main impediments for the commercialization
of lithium metal battery systems.
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1.1.Introduction

Increasing world population and rise in standards of living have been the two reasons
behind ever growing energy demand.! During the last two centuries, the production of
energy has been sustained by the discovery and exploitation of fossil fuels such as coal,
oil and natural gas. In order to mitigate the impact of this exploitation in the economy as
far as in the pollution of the environment, alternative sources to fossil fuels like
hydroelectric, nuclear, and renewable energies are taken into account for a more

sustainable development of the society.

In contrast with the hydroelectric (limited and geo-localized) and nuclear energies
(nonrenewable with safety and recycling concerns), renewable sources (RS) based on
wind and sun offer potential game-changing clean energy. Unfortunately, they are
intermittent sources that cannot be reinjected directly in the grid. All these RS would
benefit from powerful energy storage units, like high-energy batteries, to properly balance

source variability with the substantial variability in demand for power.>

A battery is an electrochemical device that converts chemical energy into electric
energy through electrochemical reactions occurring at the electrodes, which are separated
by an electrolyte. Different technologies of batteries have been developed since the 19"
century such as lead-acid, nickel-cadmium, lithium-ion batteries (LIB) and lithium metal
batteries (LMB). All these technologies are compared in Figure 1.1-a and contrasted with

other chemical storage media, Figure 1.1-b.

By the year 2017, the best commercial Li-ion cells were able to furnish a specific
energy density of 250 Wh.kg' and a volumetric energy density of 700 Wh.L!3
Nonetheless, further increasing of the specific energy density requires electrode materials

with higher capacity and/or that give higher cell voltage.
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Figure 1.1 a) Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density and roadmap for the LIB,* b) Comparison between the current
LIB technology and the future developments including LMB, Li-S and Li-O.

Figure 1.2 shows the energy consumption of the main applications powered by
batteries. Clearly, current technologies need an increase of energy density in order to

integrate a new generation of electric vehicles that would pave the way to a sustainable

transportation system.

Power tools
Smartphone

Tabletpc Laptop

Figure 1.2 The scope of use of rechargeable batteries.®
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1.2.Basic fundamentals of lithium metal battery system

In a general way, a Li-ion battery is constituted by two electrodes (positive and
negative) separated by a porous separator soaked by a polar electrolyte. The current trend
for the next generation of batteries goes with drastic safety requirements, especially when
it concerns LMB technology. In this frame, the battery design intends to either modify
lithium surface through passivation (ex and in situ) to reduce or control the lithium
dendrite growth or by the replacement of volatile organic electrolyte by non-flammable
electrolyte. Another approach is emerging and consists on building an all-solid-state
battery by replacing the separator-electrolyte system by a solid electrolyte such as a
polymer electrolyte (SPE), gel polymer electrolyte (GPE) or ceramic conducting

electrolyte.” !

The operating principle of this battery is depicted in Figure 1.3. The negative electrode
is lithium metal. The positive electrode is composed by a host material ([H]) that allows
the insertion and disinsertion of the Li" ions. In electrochemistry, we distinguished the
anode as the electrode at which the oxidation reaction occurs, and the cathode as the

electrode at which the reduction reaction occurs.

DISCHARGE CHARGE

Li <H> Li <LiH>

ANODE ELECTROLYTE CATHODE CATHODE  ELECTROLYTE ANODE
e Li* e’ e Li* e

J E N e |
NN\ ! , |
: i+ - - _ - ' - - | = .

Li=2Li*+e [H] + Li* + e = [LiH] Lit+e 2> Li [LiH]-> Li* + [H] + &

Figure 1.3 Scheme of the redox processes happening in a battery during charge and
discharge.

During the discharge step, a lithium oxidation takes place at the negative electrode
(anode). The Li" ions cross the electrolyte to be inserted into the host material, whereas
the electrons travel through the external circuit and participate to the reduction at the
positive electrode (cathode). During the charge process, the reverse reactions occur: the
oxidation takes place at the positive electrode (anode) and the reduction at the negative

electrode (cathode). These processes are resumed in Table 1.1.
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Table 1.1 Redox reactions happening during the discharge and charge of a LMB.

Positive electrode Negative electrode
Discharge [H] +Li" + ¢ > [LiH] Li2Li"+e
Charge [LiH]> [H] + Li" + ¢ Li*+e =2 Li

From practical perspectives, the lithium batteries must provide high energy density,
long cycle life, high safety, and being low cost. The cycle life of a battery is strongly
affected by numerous factors: the solid electrolyte interphase (SEI) formation, dendrite

growth, irreversible redox process, etc., that are driven by temperature, cycling rate.

1.3.Electrode materials
1.3.1. Positive electrodes

The choice of electrode active materials must meet several requirements such as high
potential with regards to Li potential, good reversibility of the intercalation/de-
intercalation processes, high specific capacity together with high ionic/electronic
conductivity.

Since the first TiS» electrode materials,'"!?

research was focused on layered oxide
transition material,'* such as lithium cobalt oxide (LiCoO2, LCO), lithium nickel cobalt
manganese oxide (LiNiixyMnxCoyO2, NMC), lithium nickel cobalt aluminum oxide
(LiNi1x-yCoxAlyO2, NCA) and tends to reach ultimate high potential metal oxide
electrode LiNiO,'* The commercial LCO-based LIB can achieve a high voltage up to 3.7
V vs. Li*/Li and delivers a quite stable capacity of ~150 mAh.g!.!> The major limitations
are high cost, low thermal stability, and capacity fade at high current rates or during deep
cycling.'®

In the same family of lamellar compounds, LiNi33C0033Mno3302 (NMC 111) has
already been commercialized for automobile applications due to its high capacity and
outstanding safety characteristics. However, its capacity of 155 mAh.g! is quite low for
use in next-generation EVs applications.!” Recently, a large part of the efforts have been
focused on the variation of the stoichiometry between Ni, Co and Mn, knowing that 1) Ni
provides a high capacity but poor thermal stability, i1) Mn maintains the structural

stability insuring the cycle life and safety, ii1)Co offers increased electronic conductivity
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resulting in an excellent rate capability. For instance, LiNio.8C00.1Mno.102 (NMC 811)

can achieve capacities up to 230 mAh.g! within a potential range of 3 to 4.5 V vs. Li"/Li.!8

NCA has high usable discharge capacity (200 mAh.g™!) and long storage calendar life
compared to conventional Co-based oxide cathode. NCA cathode has found relatively
widespread commercial use, for example, in Panasonic batteries for Tesla EVs.!
However, it was reported that capacity fade may be severe at elevated temperature (40—
70°C) due to solid electrolyte interphase (SEI) growth together with micro-cracks growth

at grain boundaries. 620!

In addition to the layered structures, two main other families have been investigated:

the spinels,?? such as LiMn,O4 and the olivines,?*** such as LiFePO4 (LFP).

Spinel materials are a very attractive choice as cathode material for lithium-ion
rechargeable batteries due to their economic and environmental advantages over LCO,
however it suffers from a strong Mn dissolution which reduces the cycle life. Besides, a
significant improvement in energy density (vs. Li) and cycle life was reported when
adding a second transition element, i.e. LiMMny xOs4 with M= Ni, Co, and Cu.?
Unfortunately, high potential (4.7 V vs. Li*/Li) LiNig sMn1.sO4 always suffers from severe
capacity deterioration and poor thermal stability because of the instability of carbonates

based electrolytes,?® and decomposition of LiPFg.?’

LFP is the representative material for the olivine structure with a capacity of 170
mAh.g!, a low cost compared to LCO and a high intrinsic safety. However, it owns a
very low electrical conductivity. To improve this, carbon-coated LFP is an attracting
cathode material for application in batteries designed for high power applications.
Nonetheless, LFP has a low potential 3.43 V vs. Li"/Li which reduces its energy density
(vs. Li). Attention is also focused on alternate olivine material , such as LiMnPO4 and

LiCoPQ4.28

The vanadium pentoxide (V20s) is a cathode material with a layered crystalline
structure. This typical intercalation compound has large theoretical capacities of
294 mAh.g™! for two Li" or 437 mAh.g™! for three Li* intercalation/deintercalation,?

which are much larger than those of traditional cathode materials, such as LCO and LFP.
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However, V205 has disadvantages of low electrical conductivity and slow lithium ion

diffusion, resulting in poor cycling stability and rate capability.

The vanadium oxides, LiV30Og present interesting performance thanks to their high
specific capacity with 3 Li intercalations/deintercalations about 280 mAh.g™.
Nonetheless, this cathode suffers also from an inherently low electronic conductivity

(107° S.cm™) and reduced Li* diffusion coefficients (10"* cm?.s).3!

1.3.2. Negative electrodes

Because of its properties, lithium seems to be the best choice as a material for negative
electrode. It owns the lowest reduction potential of all known elements (-3.04 V vs. the
standard hydrogen electrode (SHE)) and a theoretical specific capacity of 3860 mAh.g™!
allowing the realization of cells with an extremely high specific energy depending on the
cathode material (Li-lithium transition oxide 440 Wh.kg™!, Li-S 650 Wh.kg' and Li-air
950 Wh.kg!).? Nonetheless, lithium metal based batteries suffer from two main problems:
the growth of dendrites and the continuous consumption of lithium due to the continuous

healing of SEI along cycling formation (i. e. low Coulombic efficiency).*?

To circumvent this issue, graphite has been proposed giving rise in the 90™ to the well-
known Li-ion technology. It shows a rather flat potential profile at potentials below 0.5
V vs. Li*/Li, offering a specific capacity of 370 mAh.g"!'. Although graphite is the most
used material in commercial LIB, it is still weak in terms of safety, as solvents can

forcibly co-intercalate and exfoliate the graphite with large release of heat.3*-*

Several metalloid lithium alloys like Si, Sb, Sn, have been proposed as anode materials
with capacities of 660, 994 and 3579 mAh.g™!, respectively.>> However, such materials
suffer from volume expansion (until 400 % for the Si).*® To overcome this issues several
strategies including size control through nano-structuration or using their oxide form such

as SnO, SnSiOx.*’

Very promising alternative for graphite especially in power application is the spinel-
structured LisTis012 (LTO). However, LTO operates at a potential of about 1.55 V vs.
Li*/Li with a capacity of 170 mAh.g!. In spite of this inconvenient, LTO potential is far
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from the lithium voltage plating and no dendritic formation can occur, which ensures

good safety.?®

1.4.Electrolytes

The role of the electrolyte is to allow the ionic transfer between both, positive and
negative, electrodes within broad electrochemical stability window, between 0 and 5 V

vs. Li'/Li, in order to avoid their degradation upon lithium intercalation/de-intercalation.

Electrolytes must have high ionic conductivity, above 1 mS.cm™ at room temperature
and low electronic conductivity. We can distinguish two families of electrolyte, solid

ionic conductor based on ceramic or polymer, and liquid electrolytes.

Liquid electrolytes are mainly lithium salts (e.g., lithium hexafluorophosphate (LiPFs),
lithium bis(trifluoromethanesulfonyl)imide (LITFSI)), dissolved in aprotic organic
solvents (ethylene carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate (DMC)
or ethyl methyl carbonate (EMC)) in order to assure the conduction of Li* ions in between
the two electrodes. For instance, the combination LiPF¢/EC/DMC is the prototype of
electrolyte for LIB.

Among the alternative lithium salts, LiTFSI has the inconvenient to de-passivate the
aluminum current collector of the positive electrode inducing its corrosion. This obstacle
can be overcome by adding proper additives such as fluoroethylene carbonate (FEC) or

vinylene carbonate (VC).%

Recently, lithium bis(fluorosulfonyl)imide (LiFSI) has been of great interest because
of their ability to form a relatively homogeneous (SEI) rich in LiF on the negative
electrode without corroding of the aluminum current collector.*” However, this salt has a
poor thermal stability (decomposition temperature: 343 K) in comparison with the very

stable LiTFSI (657 K).*!

Regarding the electrolyte solvents, alkyl carbonates used in LIB are not the best choice
for LMB because of their poor cathodic stability against lithium metal.** In contrast, the

ether solvents favor the formation of compact and flat Li deposits with relatively higher
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cycling efficiency whereas carbonate solvents lead to porous and dendritic Li deposits
with lower cycling efficiency.** However, carbonate solvents have better oxidative

stability, which is essential for the high-voltage Li batteries.

Ether solvents include 1,2-dimethoxyethane (DME, glyme), tetraecthylene glycol
dimethyl ether (TEGDME, tetraglyme), 1,3-dioxolane (DOL), 1, 4-dioxane (DX) and
tetrahydrofuran (THF).*>* In Table 1.2, a comparison of electrolyte ionic conductivities

is given. Note that the conductivities are in the range of 1-10 mS.cm™.

However, the high vapor pressure and flammability of all these solvents lead to strong
safety issues which imped the mass development for large li-ion battery. One possible

alternative is the use of ionic liquid.

Table 1.2 Ionic conductivities of LiPFs and LiTFSI salts dissolved in common organic
solvents. All ionic conductivities are obtained for 1 mol.L! of Li-salt dissolved in 1:1 solvent
mixtures measured (a) by weight and (b) by volume at room temperature.*

Salt Solvent C?:gtlcclgxl)ty
LiPFs EC-DMC? 10.8
LiTFSI EC-DMC? 9
LiTFSI DME-DOL® 11
LiTFSI TEGDME-DOL® 7

1.5.1onic liquids based electrolytes

ILs are defined as molten salts having melting point at temperatures below 373 K. As
ILs are constituted only by ions. The cation is commonly organic whereas the anion could
be organic or inorganic. These ions are typically large and asymmetric in order to reduce
the interaction between them. This explain their low melting points. They own some
remarkable properties including retarded flammability, low vapor pressure (~107° Pa at
room temperature), high temperature of decomposition (up to 573 K), and the ability to
dissolve inorganic, organic and some polymer materials. They have been signaled as
potential candidates for electrolytes solvents, electrodeposition, double layer
supercapacitors, fuel cells, dye-sensitized solar cells, carbon dioxide reduction, water

splitting and bioscience. #1464
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ILs are of great interest because of their safety properties. During the process of a
battery charge, the heat developed, when it is not effectively dissipated, produces a fast
increase of temperature that could trigger exothermic reactions with frequently
destructive results of the main components of the battery and the risk of explosion and
fire. This mechanism of battery failure is known as thermal runaway.**>? However, the
main inconvenient with ILs based electrolytes is their high viscosity which limits their
transport properties. The low mobility of Li" results in low limiting current density in the

Li-ion cells.>?

Positive electrode materials for the next generation of batteries need electrolytes with
a high stability at high potentials (> 4.5 V vs. Li"/Li). Most of the electrolytes are not
stable against lithium metal. contrary to the combination of conducting polymer and ILs,
named as gel polymer electrolytes, which are at the spot light of lithium metal based

battery.>*

In battery applications, the most popular choices of anion are by far the
bis(trifluoromethanesulfonyl)imide (TFSI" or NTf>") and the bis(fluorosulfonyl)imide

(FSI").*! The main cations and anions for batteries are given in Figure 1.4.

ILs CATIONS FOR BATTERIES
R R
O » (J ; F.,
—N N N N )
R w ~ / \R /N\R R A R R Fl‘ R
1-Alkyl-3-methylimidazolium  1-Alkyl-i-methylpyrrolidiniom  1-Alkyl-i-methyipiperidinium  Tetraalkylammonium  Tetraalkylphosphonium
[C1Colm]* [C.CPyrT] [C.GPip]* [Noonal* [Prnnal*
ILs ANIONS FOR BATTERIES
F F
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Tetrafluoroborate  Hexafluorophesphate Bis{trifluoromethanesulforyl}imide  Bis{fluorosulforyl)imide
[BF,]- [PFsl [TFSIT [FsI])-

Figure 1.4 The list of most used cations and anions of ILs based electrolytes for lithium
battery technology.>

Regarding the cations, the 1-alkyl-3-methylimidazolium cation (C,CiIm") is
constituted by an alkyl chain that can be tuned (n = 1, 2, 3, etc.) in order to get different

electrochemical properties. Tokuda et al.>® have studied the effect of the variation of the
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alkyl chain length on melting points, density, viscosity, conductivity, and self-diffusion
coefficients. For instance, C1C2ImTFSI exhibits a higher density and conductivity than

C1C4ImTFSI and C1C¢ImTFSI.

However, several reports indicate that imidazolium-based ILs are not stable at low
potentials because of the acidity of the proton at the position C2 of the imidazolium ring.
41.57.38 Thus, deprotonation of the imidazolium ring can occur with the formation of N-
heterocyclic carbenes (NHCs) and other decomposition products.”® Watanabe et al.*!
indicated that cathodic decomposition at 303 K of C;C.Im" and pyridinium cations with
TFSI anion occurs at 0.6 V vs. Li"/Li and 1.6 V vs. Li*/Li, respectively. These potentials
are more positive than those for aliphatic quaternary ammonium (AQA, including
pyrrolidinium and piperidinuim) and aliphatic quaternary phosphonium (AQP)

cations.%°!

Improvement of the stability of the alkyl imidazolium cation by grafting a methyl
group (i.e., C;1C1Calm") has been reported by Schmitz et al..5> Despite of this, the
performance of C;C;C4mTFSI/LiTFSI (0.3 mol.L') in a Li/LFP system decrease
significantly after 90 cycles at 313 K. However, same authors have previously reported
that imidazolium-based ILs could be used in LMB with the addition of additives such as
the fluoroethylene carbonate (FEC).>’

Regarding, the use of imidazolium-based ILs with additives, Srour ez al.%® have studied
the combination C1CeImTFSI/LiTFSI (1 mol.L™"), with 5 % of vinylene carbonate (VC),
in graphite/LFP cells, obtaining a capacity of 120 mAh.g ! at 0.1 C beyond 30 cycles at
333 K.

Finally, the replacement of TFSI by FSI anion could be a solution to work with low

potential anodes. In this context, Matsui et al.%

C1CoImFSI/LiTFSI (0.45 mol.L!) in a Li/NMC system giving a capacity of 163 mAh.g"

have reported the performance of

! during 50 cycles at a regime of 1 C. It has also been reported that when FSI is selected
as anion of the neat IL, e.g., CiCoImFSI/LiTFSI can provide a stable, reversible capacity
for a graphitized negative electrode without any additives or solvents at ambient

temperature.5
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A study of reference of the properties of imidazolium-based ILs that takes into account
different anions (TFSI, FSI), the role of the methylation of the cation and the role of the
additives (FEC, VC) from a fundamental approach is necessary to remove any
controversy. For this reason, we made such a study (described in chapter 2) that will serve
as point of departure for analyzing the reactivity of these ILs based electrolytes against

lithium metal.

In contrast with the imidazolium, the pyrolidinium family of ILs has been described
by several authors as more stable at low potentials and, as a consequence, more suitable
for working with lithium metal electrode.>”%¢"%® The most popular cations of this family
are N-methyl-N-propylpyrrolidinium (Pyris") and N-butyl-N-methylpyrrolidinium
(Pyri4").

Schmitz et al.”’

have demonstrated an enhanced cycling performance in a Li/LFP
system in the presence of PyrisTFSI + 0.3 mol.L™! LiTFSI, giving a capacity of 130
mAh.g! at 0.2 C at 313 K over 150 cycles, in comparison with CiCoImTFSI and
C1C4ImTFSI. Nevertheless, the addition of 5 % (FEC) to these imidazolium ILs results

in a similar performance than in the case of Pyri4TFSI.

New types of ILs based electrolytes are continuously being testing in different LIB
systems. They include for example, N-methoxy-ethyl-N-methylpyrrolidinium TFSI
(Pyr1201TFSI), N-N-diethyl-N-methyl-(2-methoxyethyl)ammonium TFSI
(DEMETFSI)® or the phosphonium family (P111i4FSI + 3.8 mol.kg™' LiFSI).”®

Recently, Chen et al’' reported a novel imidazolium-based ionic liquid 1-
trimethylsilylmethyl -3-butylimidazole bis-(trifluoromethylsulfonyl)imide or [SiM-
BIM]TFSI, which achieves a capacity of 151 mAh.g"! and a Coulombic efficiency of
99.7% at a 0.1C rate when is cycled in a Li/LFP system.

In Table 1.3 the main electrochemical properties for selected ILs have been collected.
Note that in general ILs based on FSI anion exhibit a higher ionic conductivity than their
analogous with TFSI anion. The electrochemical windows of ILs based on pyrrolidinium

and piperidinium are reported wider than the imidazolium based ILs.
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Table 1.3 Electro and physicochemical properties of ILs at 298.15 K.

Tonic liquid Conductivity | Viscosity | Electrochemical | References
(mS.cm™) (mPa.s) window (V)
C1CoImTFSI 9.0 (8.3) 32 (33) 4.6 56,72
C1C4ImTFSI 3.88 50 4.6 %6
C1CsImTFSI | 2.20(2.18) 68 (71) - 56,73
C1CoImFSI 15.4 18 4.5 72
C1C4ImFSI 8.16 33 - »
Pyr14TFSI 3.22 (3.93) 76 (78) - 74,75
Pyr3FSI 8.2 40 53 2
Pip1i3TFSI 1.4 151 5.9 72
Pip;3FSI 3.7 95 5.6 2

Many efforts have been made in order to increase the conductivities of solid polymer
electrolytes (SPE) combining them with ILs known as polymer ionic liquids (PILs) or
poly(ionic liquid)s. Another strategy consists in the preparation of gel type polymer

electrolytes (GPE) in which ILs have been added as plasticisizers.*’->*7677

In addition, the investigation of the decomposition products from the electrolytes
formed at the interface of the lithium metal anode as well as of the cathode under different
conditions is crucial to avoid thermal runaway and to improve the overall performance of
the battery. For this, the characterization of the redox processes happening at the

interphases electrode/electrolyte is necessary.

1.6.The solid electrolyte interphase
1.6.1. Historical background

By the end of the 1970s, Peled”® presented a detailed model for the passivation layer
which covers alkali and alkaline-earth metals in non-aqueous battery systems. This was
called the Solid Electrolyte Interphase (SEI) model. This film results from the

precipitation of corrosion products of the electrolyte/anode.

By extension, the SEI is not exclusive of metallic electrodes and can occur on any
other electrodes such as graphite. The nature (composition, thickness, morphology) and

the stability of the SEI control the battery performance, the irreversible charge “loss”, the
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rate capability and the cyclability. In the case of graphite electrode its exfoliation and its

safety are highly correlate to the quality of the SEL.”°

The formation of the SEI is not exclusive of the negative electrode, but relatively few
studies have been performed of the SEI in cathode materials, called cathode electrolyte
interphase CEL8"%! This is mostly related to the fact that the negative electrodes such as
lithium or graphite operate at low potentials where important degradation processes of

the electrolytes occur.

Peled® proposed also a mechanism of SEI growth depending on the time and the
diffusion coefficient (I < +/D t) and described some properties of the SEI formed on
lithium in contact with the electrolyte THF-LiCIO4 (1 mol.L"). These properties are
depicted in Table 1.4. Note that the thickness of the SEI is in the order of some nanometers

for this case.

Table 1.4 Properties of the SEI formed in lithium with THF-LiClO; electrolyte.®

SEI property OCV | Stripping | Platting
Reaction resistance (Q.cm?) 110 23.5 12.6
SEI thickness (A) 180 360 36
SEI resistivity (107 Q.cm) 6.1 0.65 3.5

1.6.2. Characterization of the SEI

1.6.2.1.General structure and chemical composition of the SEI

When the SEI was proposed by the first time it was conceived as a single layer that
allowed the Li" conduction alone.”® Latter, when more properties were discussed and
analyzed, it was proposed a double layer structure composed by a thin but compact layer

near the electrode and a thick but porous layer near the electrolyte.?

Currently, the mosaic model composed by multiple organic and inorganic layers is

widely accepted.®® The thin compact layers close to the electrode are composed by
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inorganic lithium compounds such as Li2O, LioCOs3 and LiF. These inorganic species are
thermodynamically stable in contact with lithium metal.®* The layers farther from the

electrode comprise mainly organic compounds.

Aurbach et al. % validated the mosaic model by a combination of FTIR, XPS and EIS
analysis (Figure 1.5). They proved the formation of compact layers of around 10 nm
composed mainly of inorganic salts (Li.O, LisN and LiF), and porous outer layers of

organic byproducts (ROCO:Li, ROLi, LiOH, RCOO:Li, etc.).
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Figure 1.5. General multilayer model and equivalent electrical circuit of the impedance
spectrum related to the SEI of the lithium electrode in contact with alkyl carbonate based
electrolytes.®

Obviously, the situation differs for each electrolyte needing a combination of

analytical techniques (in sifu and post-mortem) to determine all properties of the SEI.

1.6.2.2.Electric characterization

Few techniques are able to characterize the SEI during the operation of the battery
system. The electrochemical impedance spectroscopy (EIS) is the most important
technique allowing to impedance of all components of a cell (electrode, electrolyte and
their interfaces) in real time.

Although the basic theory of EIS is known,* the main problem of this technique is the
implementation of an univocal equivalent circuit model that correctly fits the EIS spectra

and at the same time furnishes physical information of the studied system.



CHAPTER 1: General aspects and state of the art|22

Different kinds of models have been proposed by Aurbach and Zaban®’, Thevenin®®
on lithium electrodes. Furthermore, Bouchet ez al.¥ use EIS to calculate the diffusion
coefficient and conductivity of the SEI in lithium polymer cells, and Wohde et al.*
calculate the Li" transference number in Li/Li cells containing LP30 and IL based
electrolytes, nonetheless the results of these properties need to be contrasted with other

techniques.

1.6.2.3.Surface morphology characterization

By using scanning electron microscopy (SEM), images of the lithium dendrites on
nickel substrates in different solvents {ethylene carbonate (EC) + tetrahydropyran (THP),
dimethoxyethane, dimethylcarbonate (DMC), propylenecarbonate (PC) and g-
butyrolactone (GBL} doped with LiN(SO2CyFs), (LiBETI) or LiTFSI salts have been
reported.”’ With LiBETI based electrolytes, the deposit is uniform and composed by fine
particles, whereas using LiTFSI a dendritic morphology and a decrease of the cycling

efficiency are obtained.

The atomic force microscopy (AFM) has furnished important information about the
changes of morphology of the SEI at different voltage steps through in-situ analysis of

graphite electrodes.””*

Regarding the lithium metal, AFM proved the morphologies of lithium electrodes in
a variety of alkyl carbonates solutions (PC, EC, DMC, DEC) and lithium salts (LiPFs,
LiClO4, LiAsFs, LiTFSI).”> These observations confirmethat the surface films have a
mosaic-type and non-uniform multilayered structure in nanometer and even in

micrometer scale.

In contrast with the previous results, Mogi et al.’® have investigated the formation of
surface films after electrodeposition of lithium on nickel substrates at 0.5 mA.cm™ in
electrolytes composed by LiClO4 salt dissolved in PC, doped with different additives such
as VC, FEC and ethylene sulfite (ES). They conclude that only FEC is able to improve
the cycled efficiency of lithium metal and the AFM study reveals a uniform, closely

packed layer of particle-like deposits of 100-150 nm in diameter. In addition, the EIS
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demonstrates that the surface produced by PC+FEC is less resistive than with the other

additives.

Finally, recently, transmission electron cryo-microscopy (cryo-TEM) has been used to
analyze the thickness as well as the composition of the SEI. Cryo-protection not only
helps to minimize damage from air and the beam, but also preserves the intrinsic structure
of the samples, which enables us to image the structure of the light compounds at the

nano/atomic scale, such as Li metal and its solid-state electrolyte interphase (SEI).”*8

1.6.2.4.Chemical characterization

Chemical characterization of the SEI is mainly performed by Fourier-transform
infrared spectroscopy (FTIR)” and X-ray photoelectron spectroscopy (XPS),!% as well

101,102

as Raman and Auger spectroscopies (AES)!%*1% and nuclear magnetic resonance

(NMR)!%:1% byt in a low extent.

Herein, the interest in using these techniques is to investigate the different degradation
mechanisms of the electrolytes that forms the surface layers, but also to get knowledge

about the mechanisms of insertion/disinsertion of the Li* ions in the host electrodes.

Leroy et al., Dedryvére et al.'®”'%® have studied the formation of the SEI on graphite
by means of a combination of AFM and XPS techniques during the cycling of
LCO/graphite cells with LiPFs/EC/DEC/DMC as electrolyte. During the charging up to
3.8 V, the main phenomenon is the formation of Li2COs3 to the formation of small amounts
of LiF and CH30CO:Li. Finally, at the end of the charge (4.2 V) the main compound of
the outer part of the SEI is LiF associated with a small amount of CH30CO:Li and
probably Li,COs resulting mainly to the decomposition of the salt.

The mechanisms of formation of LiCO; and ROCO:Li byproducts of the

decomposition of alkyl carbonate solvents are extensively reported in the literature:'%

EC+2e™ +2Li* - Li,CO3 + C,H, )
DMC +2e” +2Li* - Li,CO3 + CyHg ()
2DMC +2e” +2Li* » 2 CH30C0,CH;z + CyHg (4
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The following mechanisms for the formation of LiF are proposed:

LiPF, — LiF + PF;
PFs + Li,CO3 — 2 LiF + POF; + CO,

which leads to:

LiPF, + Li,CO5 — 3 LiF + POF; + CO,

Nonetheless, the reactivity of certain contaminants such as moisture, and their role in

the SEI formation are also discussed:

LiPF, + H,0 — LiF + POF; + 2 HF

Several byproducts are also considered, e.g. the polymer resulting from the
breakdown of cyclic carbonates,'!* or the formation of lithium oxalates,''! (Li,C>04) and
succinates (LiO2CCH>CH,>CO,Li).''> Nonetheless, the formation of certain compounds
has only been predicted by chemical reactions and their experimental evidence is under
discussion since the current ex-situ protocols of characterization have some limitations
such as the risk of contamination of the electrode surface during their transport in adapted
environments (glove box, transfer vessel) and the process of removing traces of

electrolyte by washing processes using organic solvents.

1.7.SEI in IL-based electrolytes accumulators

Our group have performed detailed studies combining EIS and XPS of the reaction of
imidazolium based ILs on graphite electrodes. For instance, the signature of the core
peaks of C1CsImTFSI doped with LiTFSI salt and VC additive in contact with glass fiber
separators and graphite have been registered by XPS technique.'!® This study of reference
has been used as support for study the evolution of the SEI at different potentials during

the first discharge of a graphite electrode.''*

In contrast, the studies of the SEI formed by ILs based electrolytes on lithium metal

electrodes are not abundant. Howlett er al.!'> have studied the SEI formed in a lithium
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electrode in contact with N-methyl-N-alkylpyrrolidinium bis(trifluoromethane-
sulfonyl)imide (PyrrixTFSI) doped with 0.5 mol.kg™! LiTFSI after galvanostatic cycling
of a Li/Cu system at 0.25 mA.cm™.

The SEI was largely composed of lithium salts byproducts resulting from the reduction
of the TFSI anion (Li2S204, Liz2NSO2CF3, LixC2Fy and LiF) covered by persistent traces
of ionic liquid, as well as Li,O, LiOH and Li,CO3 coming from the initial lithium native
layers. The measurements by FTIR confirm these results. Nonetheless, FTIR shows the
presence of products resulting from the cation reduction. The exact mechanism of the
formation of these byproducts is not well established. However, they could result via the

formation of an amide, or of a CF; radical.

Carbonate and carbonyl species were also present on the Li surface which can be
components of the native film. Based on XPS etching profile and EIS measurements, the
thickness of the SEI was estimated to 200 - 300 nm, and the inner layers mainly composed

by LiF and Li;O.

Girard et al.,’® using IL trimethyl(isobutyl)phosphonium bis(fluorosulfonylimide)
(P111i4FSI) doped with 3.8 mol.kg! of LiFSI salt in Li/Li symmetrical cells polarized with
a current density of 1.5 mA.cm™ at 50 °C confirmed by XPS that SEI is mainly composed
by degradation byproducts of the anion FSI (LiF, Li>O, LixS, LiSO> and Li;NSO,F).

However, there is no evidence of a reduction of the cation.

These works highlight the role of the decomposition of the anion in the formation of
the SEI (LiF, LiSxOy, Li»S). However, the role of the cations is not well understood and
the experimental evidences of cation degradation byproducts are not clear. Although the
main components of the SEI have been identified, their relative abundance and their
impact on the morphology of the lithium electrodeposition and the cycling performance

have not been yet discussed.

1.8.Challenges of the SEI face to lithium dendrite growth

Aurbach et al''® based on Peled’s work and AFM observations proposed the
breakdown and the reparation of the SEI films on Li electrodes during Li plating/stripping

cycles as it is shown in Figure 1.6.
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Figure 1.6. A description of the morphology and breakdown mechanisms of the SEI in
lithium electrodes during Li plating and Li striping.''®

Upon Li plating/striping, the SEI cannot accommodate the morphological change of the
Li surface, and thus can be broken down, leading to highly non-uniform Li deposition
engendering dendrites. The breakdown of the SEI leads also to the exposure of fresh Li
to the electrolyte and the formation of a new SEI film. This causes further consumption

of the bare Li, which decreases the cycling efficiency of the Li electrode.!!”!!8

In conclusion, the formation of a uniform, chemically stable and flexible SEI layer
would mitigate the formation of dendrites and loss of capacity. Nonetheless, the
knowledge of the SEI properties such as structure and chemical composition, electronic
and ionic conductivities are still under investigation since a mathematical or experimental
model that correlates SEI properties and lithium metal behavior is not still finalized.

To sum-up based on the original Peled’s description, an ideal SEI must have the
following properties'!®120:

a. Proper thickness, thick enough to be completely insulating to electrons, but not
too thick to limit the Li ion migration resistance.
b. High ionic conductivity to reduce migration resistance of Li ions through the SEI.

c. Uniform chemical composition and morphological texture to ensure

homogeneous current distribution
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d. Good mechanical strength and flexibility to endure the volume changes of the
electrode

As the control of the SEI properties are intimately related to the control of dendrite

growth, the different strategies to obtain a better SEI will be presented after a short

description of the dendrite nucleation and growth models.

1.9.Characterization of the dendrite nucleation and growth

1.9.1. Morphology of the dendrites and the Chazalviel’s model

Lithium dendrite morphologies have been observed in—situ by optical microscope,'?!"1%*

whereas ex-situ studies of lithium electrodes after plating have been performed by
Scanning Electron Microscope (STM), 1?4125 Atomic Force Microscope (ATM),%126
and Transmission Electron Microscope (TEM).!?” Note that the dendrite structures are
atypical. In general, the plated Li morphology does not consist of regular branched, tree-
like structures, instead, Li tends to plate from solution as particles/nodules or
whiskers/needles/filaments, which can aggregate into more complex constructs.'?These
dendrite morphologies have been described by Arakawa,'?® Yamaki'*® and Steiner,'’!
who propose different explanations about the mechanism of growth based on optical
observations. In spite of these efforts, these observations are not correlated with an
appropriated mathematical model that takes into account the different electrochemical

properties of the system.

Regarding the last point, and based on the electrochemical model proposed by
Chazalviel,'*? important works to validate this model were carried out by Brissot, Rosso
et al.'?133135 This model predicts two different regimes of dendrite growth, which
depends on a threshold current density called the Sand current density J* (i.e. the diffusion
limited current density). If the current density is higher than this threshold (J > J*), the
voltage of the cell is expected to diverge after a time 14, which corresponds to the time
where the ionic concentration in the electrolyte reaches zero at the cathode interface
leading to the formation of a space charge layer. The formed space charge layer is the
driving force for the dendrite nucleation, thus, t4 coincides with the onset time of dendrite
nucleation. Assuming, a fast dendrite growth compared to the nucleation time, Chazalviel

showed that a short-circuit should occur at a time tsc < tq. Instead of this, if J < J* the
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potential is expected to reach a stationary regime (with an interfacial ionic concentration

strictly positive) where the dendrites do not grow because they do not nucleate.

The current density J* only depends on the transport properties of the electrolyte
(diffusion coefficient and lithium ion transport number), and the distance between the
electrodes. Important predictions of the Chazalviel’s model it that the time of divergence
(and thus short-circuit) follows a law in the inverse-square of the current density, i.e. T4

&Tse « 1/J?, in accordance with the Sand’s law.!3¢

As an example, Figure 1.7 shows different lithium morphologies depending on the
applied current density in lithium polymer systems. Note that at low current density, the
dendrite morphology is needle-like, whereas it becomes mossy-like when the current

density is increased.

However, the works of Brissot and Rosso have demonstrated that even at a current
density below J* the potential falls down at a time 1sc, as a consequence of the growth of
fine dendrites that leads to the occurrence of short-circuit in the system.!3* They proposed
a modified version of the Chazalviel’s model taking into account a distribution of the

current density over the lithium surface.
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Figure 1.7. Optical observations of lithium dendrites, obtained with different
current densities: a) J=0.2 mA.cm? (needle-like), b) J=0.7 mA.cm? (tree-like), c)
J=1.3 mA.cm? (bush-like).'*?
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1.9.2. Dendrite observations with IL based electrolytes

Sano et al.'*" have performed in-situ optical microscope using an adapted cell with nickel
as working electrode and C;CoImFSI and Pyrri3TFSI laden with LiTFSI lithium salt and
vinylene carbonate (VC) additive, as electrolytes. Using the same amount of platted
lithium (3 C.cm™), they observed by post-mortem different morphologies depending on
the nature of the electrolyte and on the applied current density (see Table 1.5).

Table 1.5 Different dendrites morphologies depending on the type of electrolyte and the
applied current density, based on a charge of 3 C.cm? of electrodeposition.'”’

Electrolyte Current density Morphology
(uA.cm?)
C1CoImFSI + LiTFSI 150 Coarse dendrite
C1CoImFSI + LiTFSI 50 Coarse dendrite
C1CoImFSI + LiTFST+ VC 150 Coarse dendrite
Pyrri3TFSI + LiTFSI 50 Fine dendrite
Pyrri3TFSI + LiTFSI + VC 50 Fine granular particle

The deposited particles are very different in size for the case of the combinations using
C1CoImFSI (from 20 um to 200 um in diameter), whereas for the combinations using

Pyrri3TFSI particles are very small with sizes around 5 nm, confirmed by SEM analysis.

The particle shape is dendritic for the samples C1C2ImFSI, C;C2ImFSI + VC, and
Pyrri3TFSI, but granular for the sample of Pyrri3TFSI + VC. Dendritic growth is
suppressed and planar growth is promoted using Pyrri3TFSI and VC as additives.

Although other authors have reported the inhibition of dendrites using IL based
electrolytes,'*®!% to the best of our knowledge the work of Sano et al. is probably the

only one that compares different ILs based electrolytes (including or not the use of VC).

Although it is reported that: 1) pyrrolidinium based ILs are more stable at low potentials
than imidazoliums,*' and ii) the addition of additives (such as VC) may create a better
passivation on the lithium surface, no further studies correlating the transport properties
of these electrolytes and their degradation mechanisms against lithium with the chemical
state of the interphases and the performances of these systems have been carried out. In
this context, our work is intended to complete these lacks in the understanding of the

reactivity of IL based electrolytes against lithium metal.
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1.10. Strategies to mitigate dendrite growth

Zhang et al.'*® highlighted the following trends to prevent dendrite growth:
1. Decrease of the current density
2. Formation of a stable and flexible SEI film
3. Increasing of the Li" transference number

4. Enhancing of the shear modulus of the electrolyte

These requirements can be obtained by introducing changes in the conventional
electrolytes and modifications of the surface of the lithium anode. Most of studies include

the addition of organic solvents to electrolyte to create a more stable and uniform SEL

1.10.1. Stabilizing the SEI with additives

The addition of additives such as vinylene carbonate (VC),!'3141142 flyoroethylene
carbonate (FEC)*"!4!% and LiNOs,'% affords in situ formation of SEI with high
uniformity and stability which are the most effective and convenient routes to mitigate Li
dendrite growth. Especially, the fluorinated solvents such as FEC react on the Li surface

leading to a LiF-rich SEI.

LiF does not have excellent ion conductivity compared to other solid electrolyte
materials (ion conductivity of LiF < 107 S.cm™"),'*® but it has high chemical stability
against lithium metal and organic electrolyte materials. Particularly, during charging
cycles with limited Li ion transport from the electrolyte to anode surface, undesirable Li
dendrites are more likely to nucleate and to grow within the SEI at the Li2COs/Li interface

than at the LiF/Li interface.'¥’

However, most of the additives are either chemically reactive to the cathode materials
or electrochemically instable at high potentials. As a consequence, their amount in the

electrolytes must be strictly limited (typically 5% vol.).*

Dendrite-free Li deposition was recently achieved in carbonate electrolyte by using
salts of Cs" and of Rb" as additives, which functioned by a ‘self-healing electrostatic
shield” mechanism.!*® Compared with the dendritic Li morphology in a control

electrolyte, a considerable improvement in deposition quality was observed.
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LiNOs is an important additive in ether electrolytes, especially for Li-S batteries,'*

but can also stabilize the Li anode when combined with Li polysulfide.'*® In the presence
of both additives, Li can be plated into a pancake-shaped morphology without dendrites

in ether electrolyte, which cannot be achieved with LiNO3 alone.

1.10.2. Building an artificial SEI layer

One commonly adopted approach to stabilize the SEI involves covering the Li surface
with a protective layer before cycling. Artificial SEI can be formed by controlled
exposure of Li with chosen chemicals. For example, the reaction between substituted-
silane and the natural OH-terminated layer on clean Li surface results in a protective
coating stable under static conditions with low initial impedance and slow impedance
growth when exposed to organic electrolytes.!>! Tetraethoxysilane-generated silicate
coating has been even more effective in improving cycle life.!*? Other approaches include
the use: of N2 gas to form LisN,'>* of A1,O3,!>* of LisPO4,'*® of carbon thin films, !¢ and

of hollow carbon nanospheres.'>’

1.10.3. Enhancing of the shear modulus of the electrolyte

In contrast with the commercial separators for LIB that tend to be thin, it has been
proposed that dendrite formation can be inhibited by incorporating a solid
separator/electrolyte, especially one with an acceptable ionic conductivity and a high
shear modulus of approximatively twice that of Li (i.e., 9 GPa).!>®!> Therefore, solid

polymer electrolytes (SPEs) were proposed.'®®

To further increase the shear modulus of SPEs to prevent dendrite propagation, block
copolymers have been studied in which a polystyrene component creates a rigid structure,
while a poly(ethylene oxide) (PEO) component dissolves a Li salt to create an ionic
transport percolated pathway.'®1"1 This type of electrolyte remains an actively studied
topic. Continuous efforts have been made to further improve their ionic conductivity and

mechanical strength.
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Solid electrolytes with an even higher modulus, such as inorganic (crystalline or
glassy) electrolytes, have also been developed.!®*!%> Nonetheless, such high modulus
materials often adhere poorly to the electrode surface, which significantly increases the
interfacial resistance during cycling. Furthermore, most inorganic solid electrolytes have
a very narrow electrochemical stability window and are thermodynamically unstable with

a Li metal anode.!0%1¢7

1.10.4. Effect of surface roughness

The rough surface of the current collector can lead to uneven charge distribution and
allow Li to deposit faster on the tips of the substrate due to the concentrated ion flux.
These newly-formed Li electrodeposits amplify the surface roughness of the electrode
and cause the formation of more dendritic structures. The sharp dendritic structures of Li

pierce the separator to cause short circuits and even explosions. '

The main underlying principle is increasing the specific surface area thus decreasing the
effective current density and the resulting overpotential. As known from science of
metallurgy, the shape of the overpotential profiles is mainly influenced by the change in
the electrode surface.'® For instance, Becking et al.!”® propose a roll-press technique to
flatten and to thin the native surface film of the lithium metal anode, which improves the

performances of lithium electrodes.

1.11. The operando protocols of characterization

The characterization of the chemical environment of the SEI frequently requires the
use of post-mortem experiments to extract and to prepare the electrodes to analyze their
morphology, structure, surface...etc. Although the post-mortem results are largely
accepted by the scientific community through several years of research, there exist some
controversies about the possibility of alteration of the chemical state of the electrodes
during the disassembling of the cells, the washing of the electrodes and their transport

until the characterization equipment.

In addition, the knowledge of the redox processes obtained by these techniques is limited

because of the impossibility of observing redox processes in real time. These remarks
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lead to the necessity of development of operando characterization techniques. However,

the implementation of such protocol for the study of the SEI constitutes a true challenge.

For the case of the development of operando XPS, a first objective consists in the
conception of an electrochemical setup that can reproduce the behavior of a true battery
and that can be implemented into the XPS chamber. In addition, the material constituting
the operando cell must be inert face to the electrolyte and adapted to an ultra-high vacuum
environment. Some examples of this kind of cells can be found in the works of Weingarth

et al.'"" and Wibowo et al.!’?

Between the most recent works of the operando XPS technique we can cite the efforts
of Nandasiri et al.'” in the study of Li-S batteries and the works of Wu ez al.'™ and Wood
et al.'” in the field of solid-state batteries. However, their conclusions are still under
debate. In fact, in most of the cases, the authors do not compare the operando results with
the reference results obtained with real battery. Furthermore, a complete electrochemical
characterization of the operando cell (e.g., using EIS technique) before and under cycling
is omitted. Finally, the origin of the systematic chemical shift of the peaks position is not
well elucidated since it can be attributed either to true redox processes or to the influence
of parasite currents or charge effects in the cell. Therefore, more complete studies are

necessary.

In our work, we have established new setups and protocols to perform operando XPS
to study the reactivity of lithium metal toward ionic liquid based electrolytes. Our
approach is based on a parallel XPS/EIS studies in order to follow the SEI and the lithium
dendrite growth in lithium battery.

1.12. Objectives of the thesis

Through this chapter, we have revised the main challenges of the current battery
systems that can be summarized in the increase of the energy density and the
improvement of the safety. For this, new types of electrode and electrolyte materials are
needed. In this context, the study of LMB systems using IL based electrolytes has a great

significance in the current research of batteries.
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Far from just testing the performance of the different IL based electrolytes, in this PhD,
we propose a deep analysis of their electrochemical properties and electronic structure to

better understand their reactivity against lithium metal.

Therefore, we will start this work in chapter 2 with a reference study of the ionic
conductivities of these ILs doped with LiTFSI and solvent additives VC and FEC. These
measurements will be described with a thermodynamic model (Vogel-Fulcher-Tammann
VFT). The variations of thermodynamic properties such as the activation volume and the
glass transition temperature can be related with the changes on the molecular structure
upon the nature of the cation or the anion, and the addition of LiTFSI or additives. To
complete this reference study, a study by XPS of the initial chemical state of these ILs
based electrolytes which, in certain cases, can be correlated with the evolution of the
physical parameters extracted from their conductivity measurements., The XPS analysis

of the surface of pristine lithium electrodes is also presented.

In the third chapter, the stability of the different combinations of IL based electrolytes
against lithium in open circuit voltage (OCV) conditions is s investigated. From the
bibliographic chapter 1, it can be noted that few fundamental studies pay attention to the
SEI formed in OCV, but focus directly on what occurs after cycling processes. In addition,
the stability of the IL is only correlated to their reduction potential limit, without taking
in account the possible heterogeneities of these ionic media. Herein, we expect to
correlate the different evolution of the impedance of both bulk electrolytes and
interphases, with the evolution of the chemical state by means of the post-mortem XPS
analysis of the separator and lithium electrodes surfaces. This will help us to understand
the degradation processes of the ILs based electrolyte on the lithium surface that leads to

different morphologies and chemical composition of the SEI.

The next objective (chapter 4) is to extend the previous study in OCV to dynamic
conditions with the application of an electrical current in order to characterize the dendrite
growth. For this, different electrochemical methods have been applied (impedance
spectroscopy, chronopotentiometry, cyclic voltammetry). Herein, we expect to correlate
the transport properties of the IL based electrolytes with the behavior under polarization

of the cell. We will complement all this study with XPS and SEM/AES measurements of
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the chemical state and morphology of the SEI, in order to propose alternatives to mitigate

the dendrite growth.

Finally, our last objective is to develop the operando XPS protocol as a new way to
study the redox processes occurring in real time at the interfaces (chapter 5). In order to
achieve this objective, all the previous studies constitute the pedestal that allows us to

validate the operando results in term of electrochemical behavior.

Thus, this thesis intends to present a study of the reactivity of ILs based electrolytes
against lithium metal based on the correlations of electrochemical techniques and surface
characterization techniques (XPS, AES). As a first step, the electrochemical properties of
the IL will be revised following with the study of their stability and the mechanisms of
formation of the SEI at OCV and under polarization conditions. All these studies will
serve as a basis for the development of a new protocol of characterization (operando XPS)
that is expected to pave the way to a better understanding of the redox processes

happening at the electrode/electrolyte interphases.
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CHAPTER 2: Methodologies and reference studies

The current development of the lithium metal batteries is intimately related to the comprehension
of the chemical structure and the reactivity of the electrolytes at the surface of the lithium
electrode. Thus, it is essential to understand the interfacial processes that induce the degradation
of the electrolyte and lead to the decrease of the Coulombic efficiency and promote the growth of
lithium dendrites. To tackle this objective, we proposed a study coupling electrochemical and
surface techniques.

In this chapter, we describe the methodology developed to study the lithium reactivity towards
ionic liquids (ILs) based electrolytes. The reference chemical structure analyzed by XPS of the
ILs doped with a salt and/or a solvent, and of the neat lithium surface electrode will be especially
emphasized.

2 R 01 U3 (o Ta L o1 T SRS 48
N Y (<171 ToTs (0] (oY .o APPSR 49
2.3, EXPErimental PATt........ccceeouieiiiiiiieitieeiie ettt ettt ettt ettt sttt et e 50
2.3.1. Imidazolium ionic liquids based electrolyte synthesis........c.c.cceevveeveereerrenenennn, 50
2.3.2. Electrolyte Preparation ..........ccccceeeeveerieerieeriesreereesreesseesseesseessessseesseessesssnesssennns 52
2.3.3.  Assembly of the electrochemical SYStems............ccceerieriiriinieineeniesie e 53
2.3.4. Ionic conductivity MEASUICIMENLS ........cccvverererreereecriereeseeeseesreeseesseesseessaesssennns 54
2.4.  Characterization ProtOCOIS.......cccuerierieerieieestierte e ereereereesseeseeesereesseesaesraessaesssennns 55
2.4.1. Electrochemical impedance SpectrOSCOPY ......veevrerueerieeriierienieerieerieesieeseeeee e 55
2.4.2. Cyclic VOItAMMELTY . ..oveeiiiiiniieierieetee ettt st s 56
2.4.3.  X-ray photoelectron SPECIIOSCOPY .. .ccvverrriereeriereesreesieesreesreaseesseesseesseesssessseenns 56
2.4.4. Scanning electron microscopy and Auger SPECtrOSCOPY ..eveervrerererereereerveerveenenes 58
2.5. Reference study of the ILs electrolytes ..........ccoeieriieiieiieiieieeeeee e 58
2.5.1. Tonic conductivity 0f the ILs .....c.cccvieviieiiierieciececeeeeese e 58
2.5.2.  Characterization by XPS of the neat ILs, the associated electrolytes and organic
410751516 B TS USSR 63
2.5.3. Characterization of the pristine lithium electrode by XPS.........ccccoviiiininnnnn 72

2.6, CONCIUSIONS ..veeeeeeeeeeeeeeeeeeee e e et e e e et e e eeesee e e e e eeeeeessaesaaaeeeesssssessaasaeeeesssananan 74



CHAPTER 2: Methodologies and reference studies |48

2.1.Introduction

Ionic liquids (ILs) defined as room temperature molten salts, are liquid over a wide
temperature range (>300 °C) and result from the association of a bulky unsymmetrical
organic cation with a weakly coordinating organic or inorganic anions.! Their versatile
properties (low vapor pressure at room temperature, chemical stability, electrochemical
properties, catalysis properties, etc.), over an extensive range of combinations, have

attracted attention in several technological applications.>”’

Imidazolium is largely used as cation due to its low cost and facile chemical
modification of the length, the number and the functionality of the alkyl chains. This
cation is often associated to the (bis(trifluoromethylsulfonyl)imide), TFSL® and/or
(bis(fluorosulfonyl)imide), FSI,” anions due to their high thermal stability, low viscosity,
and hydrophobicity that simplifies their purification.'® The combinations, when mixed
with an appropriated lithium salt, such as (bis(trifluoromethanesulfonyl)imide)lithium,
LiTFSI, have found some attractive applications as electrolyte in lithium battery

technology.

The cycling performance of lithium based accumulators using such electrolytes has
been widely studied, in term of wettability, life cycle, lithium/electrolyte stability and
their reactivity in contact to lithium metal.®!1"!* Despite these interesting properties, the
correlation between the chemical structure of imidazolium based IL and electrolytes and

their performance are style under debate-'>-2°

more specifically, the role of the alkyl
chain, the proton in the C2 position of the imidazolium ring, the effect of the anion FSI
vs. TFSI, and the role of LiTFSI salt or solvent additives such as vinylene carbonate (VC)

or fluoroethylene carbonate (FEC).

The macroscopic effects of the listed combinations, such as viscosity and ionic
conductivity change and electrochemical windows stability, have been largely studied
and listed by several authors.®*"2 However, the specific influence of the anion, cation
chemical structure and local charge screening through salt or solvent doping on the

electronic structure change is still under debate.?***
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The X-ray photoelectron spectroscopy, known as direct reliable method of
characterization of the electronic structure of materials, has been used to probe the
chemical structure of imidazolium-based IL system.?>2® In addition, the cation-anion
interactions of neat ILs probed by XPS have been successfully correlated to NMR

spectroscopy,?’ Raman spectroscopy?® and theoretical calculations.?’

The electrolytes based on imidazolium ILs (1-hexyl-3-methylimidazolium
(bis(trifluoromethanesulfonyl)imide), C1CsImTFSI, with or without vinylene carbonate,
VC, and in association with LiTFSI (1mol.L™") have been investigated in graphite based
secondary batteries.!*!> The ILs based on the imidazolium cation and the TFSI anion
present an important interest in the field of batteries because of their weak viscosity and
high Li-salt solubility at room temperature.!'** On the other hand, there is a growing
interest in the ILs based on FSI (bis(fluorosulfonyl)imide) anion because of their higher

conductivities and performance compared to TFSI anion.’

In this section, we present a reference study based on the cation and anion XPS related
core levels peaks, of imidazolium ILs (CiCe¢ImTFSI), 1-hexyl-3-methylimidazolium
bis(fluorosulfonyl)imide  (CiCsImFSI) and 1-hexyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide (C1CiCsImTFSI) neat IL and doped with LiTFSI, VC
and fluoroethylene carbonate (FEC). This analysis will serve to discuss the evolution of

the electronic structure of the cation with regards to the nature of the anion.

2.2.Methodology

The surface reactivity of lithium metal toward electrolytic media remains a crucial
issue to optimize lithium metal based battery technology. In this framework, the future
challenges for current lithium based storage reside in the improvement of their safety,

their cyclability, and the increase of the energy density.

IL based electrolytes constitute an alternative as potential electrolyte for batteries
thanks to their retarded flammability. However, their reactivity on the lithium electrode
at the OCV and under electrochemical solicitations remains not well understood. The
lithium surface is very reactive towards water and the electrolytic media, therefore careful

methodologies must be undertaken in order to study the evolution of the solid electrolyte
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interphase (SEI) in the presence of ILs based electrolyte. Herein, in-situ evolutions of the
electrolyte and interface resistances measured by EIS was correlated with the final
chemical environment of bulk electrolytes and lithium surfaces probed post-mortem by
XPS on the electrodes and separators (Chapter 3 in open circuit condition and chapter 4

under polarization).

These studies, based on the coupling of two nondestructive and well-adapted
techniques to characterize interfaces and surfaces, pave the path to a further understanding
of the reactivity between lithium and imidazolium IL-based electrolytes and its impact on
the formation of passive layers. This approach will be extended to a new development

based on operando XPS conditions (Chapter 5).

Figure 2.1 summarizes the methodology used in this thesis to probe the evolution of
the electric properties and chemical nature of the bulk and of the interfaces between the
ILs and associated electrolyte, and the lithium metal thanks to in-situ and ex-situ EIS and

XPS coupled experiments.

- - <
-meu.n
_ Beparstor
Q,'icu, Lt - Lithium (L) 3. Electrochemical g
v oo — characterization )
HCHHh @ PEIS 5. Physicochemical
characterization
g i 2. Coin cell = 4. Post-mortem XPS
% assembling GoPL protocol K SEM/AES /

Figure 2.1 Methodology used in chapter 3 and 4 to study the reactivity of IL based
electrolytes toward lithium metal electrodes.

2.3.Experimental part

2.3.1. Imidazolium ionic liquids based electrolyte synthesis
The chemical synthesis of imidazolium ILs is accomplished in two steps:
e The first step consists in the quaternization reaction, where imidazole is combined

with an alkylating agent containing a halogen (chloride or bromide) as a leaving

group, (e.g., C1CeImCl) (Figure 2.2).
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Figure 2.2 Quaternization reaction mechanism.

e In the second step, called metathesis ((Figure 2.3), the anion in the imidazolium
halide of the first step is replaced by the desired anion (e.g., TFSI). The
imidazolium halide in aqueous solution reacts with a salt of the selected anion
(e.g., LiTFSI). Both reactants are soluble in water, while the expected product
e.g., C1C¢ImTFSI is not soluble in water and could be easily separated from the

reactants as well from the resultant halide (e.g., LiCl) through several washings

with water.
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Figure 2.3 Schema of the metathesis reaction and purification.

In this work, we have synthetized three different types of IL based on the imidazolium

cation family (Table 2.1):
Table 2.1 ILs studied in this work.

IL formula IL name
R )
e L
s
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2.3.2. Electrolyte preparation

Prior the use of ILs in a battery system, they were stirred and dried under vacuum
during one night at room temperature by using a Schlenk line (Figure 2.4). This method
assures a content of water less than 10 ppm as it was measured by Karl-Fischer titration
technique. The dry ILs were mixed with 1 mol.L' of LiTFSI salt (lithium
bis(trifluoromethanesulfonyl)imide, Solvionic), previously dried under vacuum in a
Buchi oven at 60 °C during one night. Finally, the mixtures were stirred and dried again

under vacuum one night at room temperature.

SR

Figure 2.4 Schlenk line used for the synthesis and the dryinghi)f the ILs.

Two organic additives were selected to study their effect on the performance of ILs
based electrolytes, vinylene carbonate (VC) and fluoroethylene carbonate (FEC) (5 % of
volume).

The concentrations of LiTFSI and of the additives VC or FEC were optimized
according to Srour et al.>! and Schmitz et al.*? studies. All the combinations analyzed in

this work are listed in Table 2.2.

Table 2.2 ILs and electrolytes synthetized in this work.

ILs Electrolytes
C1CeImTFSI + 1 mol.L"' LiTFSI
C1CsImTFSI C1CeImTFSI + 1 mol.L"' LiTFSI + 5% VC
C1CImTFSI + 1 mol.L' LiTFSI + 5% FEC
C1CsImFSI C1C6ImFSI + 1 mol.L™' LiTFSI
C1C1C6ImTFSI C1C1C¢ImTFSI + 1 mol.L! LiTFSI
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2.3.3. Assembly of the electrochemical systems

The electrochemical cells were assembled in CR-2032 coin cells in an argon filled

glovebox (MBraun, content of H,O, Oz < 5 ppm) as illustrated in Figure 2.5.

Coin-cell
Pile bouton

Positive cap
Capot positif

Wave washer
Rondelle ondulée

Spacer (stainless steel disk)
Cale (disque en acier inox)

Aluminum collector
Collecteur en aluminium

Electrode +

Positive coating
Enduction positive

Separator
Séparateur

Negative coating
Enduction négative

Copper collector
Collecteur en cuivre

Spacer (stainless steel disk)
Cale (disque en acier inox)

PP Gasket
Joint d'étanchéité en PP

Negative cap
Capot négatif

Electrode -
Orlou Lithium

Figure 2.5 Schematic representation of the CR-2032 coin cell.”*

The electrodes were chosen depending on the type of study as it is described in Table
2.3. A separator (Freudenberg, Viledon FS 2207-25, thickness: 0.25 mm, diameter: 16.5
mm) soaked with 150 pL of the electrolyte solution (large excess), was inserted between

the two electrodes. Stainless steel discs (thickness: 0.5 mm, diameter: 16 mm) were used

as spacers placed on the top and bottom of the cells.

Table 2.3 Different electrode configurations used in this work.

Type of study Negative electrode Positive electrode
Interaction of ILs electrolytes and Lithium Lithium
lithium
Electrochemical window measurements Lithium Copper or stainless steel
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Negative electrodes

Lithium electrodes were provided by Rockwood with a thickness of 135 um. They
were cut in discs of a diameter of 16 mm. No treatment has been used after reception. The
lithium is stored under vacuum in an aluminum can, which is in argon filled glove box

(MBraun, content of H>O, Oz <5 ppm).

Positive electrodes

Copper and stainless steel (316L) were supplied by the CEA in discs of a diameter 16

mim.

2.3.4. Ionic conductivity measurements

Measurements of the ionic conductivity of ILs electrolytes were carried out by filling
a conductivity cell (Radiometer, Pt electrodes) with 1.5 mL of electrolyte in a glove box.
Then, the cell is hermetically sealed and heated in an oven (Memmert IPP30) between

temperatures from 273.15 £ 0.1 K to 343.15 + 0.1 K with steps of 10 K.

For each step of temperature, after a stabilizing time of 45 minutes, electrochemical
impedance spectroscopy was performed with an input signal of 20 mV of amplitude.

Measurements were recorded in the frequency range from 7 MHz to 100 Hz.
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Figure 2.6 Schema of conductivity measurements and an example of the recorded
impedance spectrum in Nyquist plot with the corresponding equivalent circuit used to
extract the electrolyte resistance Re.

A characteristic impedance spectrum, herein obtained at 293.15 K, is represented in

Nyquist plot in Figure 2.6. At high frequency, the plot is characterized by a semicircular
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loop that typically goes from 5 MHz to 40 kHz, corresponding to the electrolyte
resistance, Rel. At lower frequencies, the plot shows the capacitive effect of the blocking

electrode/IL interface, which in the ideal case is a vertical line parallel to the y-axis.

In order to determine the electrolyte resistance with improved accuracy, the spectra
were fitted, using the ZView software (Scribner Associates Inc.) thanks to an equivalent
electrical circuit (Figure 2.6) composed by an inductance L. with a resistance R in series
for the cables contribution, a resistance Rel in parallel with a constant phase element,
CPE., and finally a CPE;x for the blocking electrodes. The values of the resistance Re
were converted into ionic conductivities knowing the value of the conductivity cell
constant obtained after calibration using a reference solution (KCI 0.1 mol.L™! at 298.15

K).

2.4.Characterization protocols

2.4.1. Electrochemical impedance spectroscopy

In addition to the measurements of ionic conductivity, EIS technique (see Appendix
1) was also used to study to analyze the electrical properties of ILs electrolytes and their
interfaces with the lithium electrodes in coin cells aged at OCV and under the application
of a current (chronopotentiometry technique). All measurements were recorded thanks to

a VMP-3 multichannel potentiostat (Bio- Logic Science Instruments).

2.4.1.1.Electrochemical tests under OCV

After assembly, the Li/Li coin cells were aged at the OCV during 7 days at 298.15 +
0.1 K. EIS in the potentiostatic mode (PEIS, amplitude: 20 mV, 7 dots by decade, 1MHz-

0.1Hz) was recorded during aging period following the step a, b and c:

a) Just after assembly, a PEIS was made every 10 minutes during the first 100
minutes.

b) Then, a PEIS every one hour, during the next 10 hours.

c) And finally, a PEIS every 24 hours, the next 7 days.
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2.4.1.2.Electrochemical tests under galvanostatic mode

All measurements were performed at 295.15 or 333.15 K. Before cycling, the Li/Li
coin cell were kept 12 h at the OCV for stabilization. During this rest period, PEIS were
performed according to the previous methodology (a) and (b). The lithium displacement
from the anode to the cathode was performed by applying a constant current density

(chronopotentiometry) from 30 to 150 pA.cm™

. An impedance measurement in
galvanostatic mode (GEIS, amplitude 20 nA) was performed each 20 minutes until short-

circuit of the cells or divergence of the potential.

All spectra were fitted using the ZView software (Scribner Associates Inc.). The fitting
method depends on the electrical equivalent circuit used for each type of study and will

be described in detail in further sections.

2.4.2. Cyclic voltammetry

Cyclic voltammetry (CV) was performed to determine the electrochemical window of
the ILs based electrolytes. Coin cells were assembled as indicated in section 2.3.3

changing the electrodes depending on the studied phenomena.

For the study of the reduction processes, copper was chosen as working electrode (WE)
and lithium as counter electrode (CE) and reference electrode (RE). After assembly, cells
were rested at the OCV during 12 h for stabilization. Then, the CV was performed starting
by three cycles between 2 to 0.05 V vs. Li"/Li, then three cycles in between 2 to -0.1V vs.

Li*/Li with a sweep rate of 0.1 mV.s™.

For the study of the oxidation processes, stainless steel was chosen as working
electrode (WE) and lithium as counter electrode (CE) and reference electrode (RE). After
assembly, cells were left at the OCV during 12 h for stabilization. Then, the CV was
performed during three cycles in between 3 to 4 V vs. Li*/Li, followed by three cycles in

between 3 to 5.2 V vs. Li*/Li with a sweep rate of 0.1 mV.s™.

2.4.3. X-ray photoelectron spectroscopy

Chemical characterization by XPS (see Appendix 2) was carried out using a

Versaprobe 11 ULVAC-PHI spectrometer. A monochromatic beam (X-ray source Al-Kq
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1486.6 eV) of 100 um of diameter and 97 W of power was focused at the surface of the
samples. High-resolution spectral analyses were performed using pass energy of 23 eV
which corresponds to a resolution of 0.5 eV. All XPS measurements were carried out in
an ultra-high vacuum chamber (7.10® Pa). The binding energy calibration was performed
using Au4fr, (83.9 eV), Ag3ds. (368.2 eV) and Cu2psp (932.6 eV). The core level

binding energies were recorded within an error of £ 0.1 eV.

All XPS spectra binding energies were corrected using the Cls line of alkyl groups in
CiCelm* cation at 285.0eV.** Curve fitting and background subtraction were
accomplished using Casa XPS software. Regarding the Cls core peaks, spectra were
treated without background subtraction since line base of cation and anion related carbon
peak are not matching. This point will be discussed in details with regards to the electronic
structure of the cation-anion mixture. The spectra curve fitting was performed using a
Voigt function, convolution product of Gaussian (80%) and Lorentzian (20%)

distributions.

XPS measurements were performed on neat ILs and doped ILs droplets deposited on
silicon substrates in glove box filled with argon (Mbraun, H>O, O < 5 ppm) and
transferred to the XPS spectrometer through an air protected transfer vessel provided by

ULVAC-PHI (Figure 2.7).

Figure 2.7 Transfer vessel and
sample holder provided by
ULVAC-PHI.
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For the post-mortem analysis, the Viledon separator and the electrodes were taken after
cells disassembling in the glove box to be transferred to the XPS spectrometer. Prior the
transfer, the electrodes were washed with dimethyl carbonate solvent (DMC, Sigma
Aldrich >99.9%, H>O < 10 ppm) for 30 seconds and dried before XPS analyses. To check
the impact of the washing by DMC, the initial lithium metal electrode has been analyzed
both as received and after washing. As it will be shown in the last section of this chapter,
in this condition, the washing does not lead to further carbonate peaks on the lithium

surface.

2.4.4. Scanning electron microscopy and Auger spectroscopy

Parallel to the XPS study, the surface of the lithium samples was examined thanks to
a PHI710 Scanning Auger Nanoprobe. This instrument integrates a scanning electron
microscope and an Auger probe in order to examine both the morphology of the samples
and investigate their chemical composition with a lateral resolution of few tens of

nanometers.

2.5.Reference study of the ILs electrolytes

2.5.1. Ionic conductivity of the ILs

The ionic conductivities of neat ILs and ILs based electrolytes, as a function of
temperature in the range from 273.15 to 343.15 K are gathered in Table 2.4 and their

variations in Arrhenius coordinates are plotted in Figure 2.8.

Table 2.4 Ionic conductivities (mS.cm™) of ILs and electrolytes measured in the temperature
range between 273.15 K and 343.15 K.

T CiCslm | CiCslm | CiCslm | CiCsIm | CiCe¢lm | CiCe¢lm | CiCiCslm C1C1Cslm
(K) TFSI TFSI TFSI TFSI FSI FSI TFSI TFSI
LiTFSI LiTFSI LiTFSI LiTFSI LiTFSI
vC FEC
273.15 0.57 0.15 0.27 0.15 1.31 0.55 0.27 0.06
283.15 1.05 0.34 0.54 0.33 2.23 1.02 0.56 0.14
293.15 1.75 0.63 0.99 0.65 348 1.72 1.01 0.31
303.15 2.71 1.08 1.64 1.16 5.09 2.68 1.68 0.59
313.15 393 1.73 2.54 1.88 7.06 3.91 2.62 1.01
323.15 543 2.59 3.71 2.87 9.38 5.47 3.81 1.61
333.15 7.18 3.67 5.12 4.11 12.09 | 7.30 5.25 2.06
343.15 9.18 4.95 6.90 5.62 15.06 9.37 6.96 2.20
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Figure 2.8 Ionic conductivities as function of temperature for the ILs and associated
electrolytes.

The observed changes in conductivity versus temperature use to be explained by

thermodynamic models such as the classical Arrhenius equation:

40 _Ea
=— Eq. 2.1
o) Texp<kT) (Eq. 2.1)

Where gy, is related to the number of charge carriers, E,, is the activation energy for ionic
motions and k is the Boltzmann constant (k = 1.38 x 10723].K~1). However, for ILs
electrolytes, the Vogel-Tammann -Fulcher (VFT) equation, which is generally used for
visco-elastic compound like polymer electrolytes,*’ is more appropriated regarding the

curvature of the conductivity curves in the Arrhenius coordinates :

=2 ( ) (Eq.2.2)
o, exp 2.
™ VT T —-T, 1

In this model, oo is always related to the number of charge carriers, B is proportional

3637 and Ty is

to a critical volume necessary for the ions or the charged clusters to move,
the ideal glass transition temperature which normally falls 50 K below the experimental

(kinetics) glass transition, Tg.

The parameters obtained for the best fits (x> < 99.9%) of the experimental

conductivities using the VTF model are given in Table 2.5.
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Table 2.5 Ionic conductivities at 298.15 K and the best VIF parameters for the ILs and
associated electrolytes. The families depending on the IL have been associated by color.

Combination (s.:;rl) B (102K) | To(K) (mé’fgfn_l)
C1CeImTFSI 11.6 7.26 1712 221
Neat ILs C1C1CeImTFSI 13.0 7.62 178.2 131
C1CoImFSI 15.7 7.26 162.7 427
L based CiCelmTFSI + LiTFSI 13.0 8.20 1774 0.85
electrolytes | C1CICoMTESI+ LITFSI 15.4 8.81 182.8 0.43
C1CeImFSI + LiTFSI 13.8 7.56 170.0 2.19
Effect of | CiCImTFSI+ LiTESI+VC | 20.9 8.8 166.9 1.29
additives | C1CeImTFSI+ LiTFSI+ FEC | 15.9 8.17 180.5 0.89

Tokuda et al.*® have measured the ionic conductivities of several ILs in a range from
100 to -10 °C and they have calculated the VFT parameters. For the case of C1CsImTFSI,
they reported the values B = 7.31 £ 0.13 (10°K), To= 168 + 1 K and 0o/VT =6.1+0.3
Scm™!, which are in perfect agree with our results. Furthermore, they have measured the

viscosity and diffusion coefficients by PFG-NMR of the cation and anion.

For the case of C1CeImTFSI/LiTFSI (1 mol.L!), Bolimowska et al.'® have measured
both viscosity and diffusion coefficients of the cation, the anion and the lithium ion. By
combining all these data, we can go a step further to describe the IL and associated
electrolyte structuration. Indeed, the ionic conductivity for an ionic species 1, oi, is related

to the viscosity of the IL (resp. electrolyte), n, by the Stokes-Einstein relationship:

ZiZFZCi

= Eq. 2.3
6N,mna; (Eq )

Oj

Where z;, C; and a; are the charge, the concentration, and the hydrodynamic radius of the

1on 1, respectively. F stands for the Faraday constant, and N, the Avogadro number.

Assuming that the same microscopic mechanism occurs for ion motions in case of ionic
migration or ionic diffusion, the Nernst-Einstein equation links c; and D; according to:

_ (zF)*C;D;

0i
RT
Where R stands for the perfect gas constant and T (in K) for the temperature.

(Eq. 2.4)

We can deduct from Eq. 2.3 and 2.4 the relationship between diffusion and viscosity:
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RT

= — Eq. 2.5
6N,mna; (Eq )

i
This last equation is interesting because it does not depend on the charge nor the

concentration of the species, which allows estimating directly the hydrodynamic radius

of a species 1.

In Figure 2.9, we gathered the ionic conductivity, the ionic diffusion coefficients,®
and the inverse of the viscosity®® as a function of temperature for the neat C1CsImTFSI

IL.
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Figure 2.9 Evolution of the ionic conductivity, the ionic diffusion coefficients,’® and the
inverse of the viscosity® as a function of temperature for the neat C;CsImTFSI.

We can see a very good correlation between the different sets of data, which
demonstrates the validity of the theoretical background using the Eq. 2.3, 2.4 and 2.5 in
this IL. Therefore, one can estimate the hydrodynamic radii using Eq. 2.5 at 298.15 K,

and we obtain 0.17 nm for the cation C;C¢Im™ and 0.28 nm for the anion TFST".

These values can be favorably compared to the rough estimate of the average molar
radius of the anion + cation, ( r = ((3Vm)/(4nN,))"?), with Vu, the IL molar volume,
1/Vm = 3.05.102 mol.cm?, i.e. r = 0.5 nm. Thus, it shows that in the IL the ionic species

move alone as CiCgIm™ or TFST".
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We can evaluate the ionicity of the IL by making the ratio, called the Haven ratio®,
between the experimental conductivity and the Nernst-Einstein calculated conductivity
from the diffusion coefficients (eq. 2.4). A value of 0.5 is obtained at 298.15 K in good

concordance with Tokuda et al.,*® which suggests that it exists a fast equilibrium between

be considered as “free”.

In addition, at 298.15 K the ionic conductivity of the C1CsImFSI is almost two times
larger than for CiCeImTFSI and three times larger than for C1CiCeImTFSI. These results
highlight the role of the FSI anion with regards of the ionic conductivity increase of the

ILs.

Faster transport found in the FSI based ILs compared to TFSI based ILs is associated
with the smaller size of FSI anion and the decrease of the viscosity.*** Therefore, for the
neat ILs, To increases from CiC¢ImFSI, CiC¢ImTFSI to CiCiCeImTFSI in good
agreement with the increase of the viscosity (for reference, the viscosities of CiCoImTFSI
and C;CoImFSI are 35.6 cP and 24.5 cP, respectively, datasheet Solvionic) when FSI is
replaced by TFSI, and when the proton at the C2 position is methylated.'®

The addition of LiTFSI reduces the conductivity by 3, 2.5 and 2 times for
C1C1CeImTFSI, C1CeImTFSI and C1CeImFSI, respectively. Besides, the addition of VC
(5 % vol.) increases the conductivity of the TFSI electrolyte by 1.5 times.

It is well known that the addition of a Li salt in a neat IL induces the formation of
complexes [Li-(X)n]™ P~ (X: anion).!”**> For example, Li* and [TFSI]” may form
complexes of [Li(TFSI)2]™ in CiC2ImTFSI and C1C4ImTFSI.** The hydrodynamic radius
of Li" is increased due to the complex formation, and the viscosity of the mixture is
increased with increasing Li salt concentration, resulting in a decrease in ionic

conductivity.

To go further on the case of C1CeImTFSI/LiTFSI (1 mol.L™"), using the Eq. 2.5 we can
estimate the hydrodynamic radius of cation, anion and lithium ion taking the diffusion
coefficients obtained by PFG-NMR. Interestingly, we obtain 0.15 nm for the C;CsIm"

cation, which is very similar to the value found in the neat IL. For the anion TFSI', we
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obtain 0.47 nm, which is 1.7 times larger than in the neat IL, whereas the value found for
the Li" lithium ion is 0.28 nm, confirming the formation of ionic complexes with larger

hydrodynamic radius, e.g. [Li(TFSI)y] 1?4142

The variations observed in the VFT parameters oo, B and Ty allow to confirm the IL
based electrolytes structuration. For example, the addition of LiTFSI salt leads
systematically to an increase of To for each specific IL which is in good agreement with
the increase of the viscosity. Furthermore, an increase of the B parameter (the activation
volume) is also observed, which confirms the formation of new ionic complexes with
larger size, e.g. [Li(TFSI)2]". Finally, when adding the carbonate additives, a decrease of
To is obtained, whereas B and oo strongly increase. These effects confirm the decrease of
the viscosity, the increase of the number of free ions due to the solvation effect of the
carbonates, which leads to an increase of the activation volume (solvated ions vs. ionic

clusters).

2.5.2. Characterization by XPS of the neat ILs, the associated
electrolytes and organic doped ILs

The chemical structure and the molar mass of the ILs based on the cations C1Cglm and
C1C1Cslm associated to the anions TFSI and FSI, as well as the structures corresponding

to the organic additives VC and FEC and the salt LiTFSI is shown in Figure 2.10.
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Figure 2.10 The chemical structures of [C1C6Im]+, [C1C1C6Im]+, [TFSI]-, [FSI]-,
[LiTFSI], [VC] and [FEC].
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The [C1CsIm]" cation is composed by an alkyl chain of C-C bonds, these carbons in
the positions C8 to C12 are indexed as Caiyi*’. The imidazolium cycle is composed by
C=C and C-N bonds, these carbons in the positions C2, C4, C5, C6 and C7 are labeled
Chetero. Besides, the cation [C1CiCsIm]" results from the grafting of a methyl group (C13)
to the C2 position in C;C¢Im" ring. Concerning the anions, the difference between FSI
and TFSI is the replacement of the group *SO»-F by *SO»-CF;. Furthermore, the structure
of LiTFSI is similar to the anion TFSI with the addition of the ion Li*. Finally, the FEC

solvent presents an additional fluorine atom in comparison with VC.

All these compounds have been analyzed by XPS. The survey spectra of the neat ILs
are reported in Figure 2.11. All spectra show characteristic carbon, oxygen, nitrogen,
sulfur and lithium bands related to the photoemission peaks. Furthermore, the spectra
contain the Auger Okir, FxiL transitions resulting from the second ionization process
observed in XPS. The survey spectra of the electrolytes will not be shown because they
are all similar. In order to get more detailed information about the chemical environment

of the ILs, XPS high resolution spectra have been recorded.
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Figure 2.11 XPS survey spectra of the neat ILs.

All XPS core level charge corrections were achieved using the aliphatic carbon atoms
of the cation alkyl chain, where the Cayils peak is commonly corrected to 285.0 eV.
Therefore, the C—C bonds of the (CiCs) alkyl chain correspond to the peak centered at
285.0 eV.
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The Cls core level exhibit another peak around 286.8 eV assigned to Chetero. Several
authors have proposed different way to fit the Chetero Spectral band. For example, Lovelock
et al.* have proposed a fit with a single component, whereas Smith et al.* proposed a fit
with three components (a first peak for the position C2, a second one for C4 and C5 and
a third one for C6 and C7, these three peaks are fitted by imposing a peak area ratio of
0.8:1.6:2.0 for the first, second and third component, respectively) to evidence the full
heterostructure related carbons. In our case only one peak will be used to describe the

chemical bonds related to Chetero.
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Figure 2.12 XPS high resolution C1s core level signature of IL and LiTFSI doped IL of (a-
b) CiCeImTFSI, (c-d) C;C:CsImTFSI, (e-f) C;CsImFSI.

The peak at 293.0 eV is related to the —CF3 group of the TFSI™ anion. In the case of
ILs doped LiTFSI, as expected, we notice an increase of the intensity of this peak which

is associated to the addition of LiTFSI salt (Figure 2.12-b-d-f).

We notice that the intensity ratio of the Caikyl/Chetero peaks 1s almost similar in the case
of C1CsImTFSI and CCsImFSI (~0.8), but higher (~0.93) in the case of C;CiCsImTFSI.
For CiC1C¢ImTFSI (Figure 2.12-c), the presence of a new peak at 287.6 eV, labeled as
C*, 1s associated with the methyl radical attached to the C2 position. This peak could find
an origin in the change in the electronic structure of the cation upon the change in the
electronic density of the imidazolium ring upon methylation of position C2. NMR and
vibrational spectroscopies proved that the methylation at the C2 atom induces: 1) removal
of the strong positive partial charge of the hydrogen atom leading to a decrease of the
electron density at the C2 atom; ii) an increased electron densities at C1-N and C3-N

position of the imidazolium ring due to positive inductive effect of the methyl group
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pushing electrons into the ring and thus increasing the electron densities all over the ring,
and iii), the neighboring nitrogen atoms withdraw electrons increasing the partial charges

of the nitrogen atoms.*’

Consequently, as reported in literature,**’ the observed XPS signal of the C2 carbon
is shifted slightly towards higher binding energies (287.6 eV), and the Cl1s signals of C4
and C5 carbon atoms (286.3 eV for CiCiCeImTFSI vs. 286.7 eV for CiCsImTFSI and

C1C6ImFSI) are shifted towards lower binding energies.

On the other hand, we notice that the Cls in neat ILs and electrolytes exhibit two
different levels of background below and above 291 eV. This can be assigned to the
presence of a shake-up feature associated to the excitation of a valence electron from =«
orbital into an unoccupied n* following the photoemission process. This feature is
frequently observed in aromatic compounds.?> Although connecting with alkyl chain, the
ring of aromatic group constituted of four electrons on two N atoms and two electrons on
three C atoms, gives rise to fully delocalized px electrons. The inset in Figure 2.12-e
shows the shake-up feature indicating the presence of a complex structure with at least
two bands m-m*. The right interpretation of these bands needs quantum calculations
support which is out of the scoop of this thesis. To the best of our knowledge, this
structure has not been discussed in the literature. That could find its origin in the
electronic density of the m orbitals preferentially around the nitrogen atoms and the C4-

C5 bonds.

The N1s core level, shown in Figure 2.13, corresponds to the signature of imidazolium
cation nitrogen Ncation (~402.1 €V) and TFSI/FSI anion nitrogen Nanion (~399.5 eV) with
a ratio Neation/ Nanion €qual to ~2 for neat ILs, which decreases upon addition of LiTFSI

(Table 2.6).
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Figure 2.13 XPS high resolution N1s core level signature of IL and LiTFSI doped IL of (a-
b) CiCsImTFSI, (c-d) C;C:CsImTFSI, (e-f) C;CsIlmFSI.

The evolution of the energy difference between Necation and Nanion peaks binding energy
position (AEN) in the spectra of the neat ILs and of ILs doped with LiTFSI evidence the
changes in the interaction between anions and cations. This effect evolves in the following

order:

AENCc;ceimtEs1 > AEN ccicgimtEst > AEN ¢ cgimFsi

Systematically, adding salt to the all IL media induced a decrease in the AEN value,
while addition of organic additive on the electrolyte has no effect on AEN value (Table

2.6).

Table 2.6 Atomic concentration ratio Neation/Nanion, binding energy difference AEN=E(N.cation)-
E(Nanion) and atomic concentration ratio Caiy/Chetero.

AEN(eV)
Neation/Nanion Necation/Nanion E (Ncation)- Calkyl/ Chetero
IL electrolyte XPS theory E(Nanion) XPS
C1C6ImTFSI 1.9 2 2.6 0.8
CiCiCeImTFSI 1.9 2 2.5 0.9
C1C6ImFSI 2 2 24 0.9
C1CeImTFSI + LiTFSI 1.4 1.5 2.5 0.9
C1C6ImFSI + LiTFSI 1.5 1.6 23 0.8
C1C1CeImTFSI + LiTFSI 1.3 - 23 1
C1CeImTFSI + LiTFSI + 12 15 24 |
VC
C1CeImTFSI + LiTFSI +
FEC 1.4 1.5 24 1.3
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The Ols core level of the different neat ILs and electrolytes are reported in Figure
2.14. The binding energy of oxygen in —SO»-CF; environment appears between 532.5 and
532.6 eV for both neat ILs C;C¢ImTFSI and C;CiCsImTFSI. For C;Ce¢ImFSI, the
signature of the —SO»-F bonds of the FSI anion appears at 532.9 eV in accordance with
the higher electronegativity of F vs. -CF3 group.

The addition of LiTFSI induces an energy shift toward higher binding energies of Ols
peak by 0.3 £ 0.1 eV. In the framework where TFSI anions coordinates each Li-ion
without neither forming [Li(TFSI)2] ionic cluster nor more complex structure with Li-
ions bridging TFSI, these results can be interpreted with regard of the change of the
ionicity of oxygen atoms upon LiTFSI doping. In the other hand, the formation of
[Li(TFSI)2]" like cluster may induce a charge transfer from TFSI™ to highly electro-
withdrawing Li" ions giving rise to Ols high energy binding shift.

C,CsImTFSI C,C1ClmTESI C,CsImFSl

a) S0,* 01s c) -50,* 01s e) -50,* 01s

Neat IL Neat IL Neat IL
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© @ ©
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Figure 2.14 XPS high resolution Ols core level signature of IL and LiTFSI doped IL of (a-
b) CiCsImTFSI, (c-d) C;C:CsImTFSI, (e-f) C;CsIlmFSI.

In order to confirm this result, we have analyzed the F1s and S2p core level evolution

before and after LiTFSI doping (Figure 2.15 and Figure 2.16).

The Fls peak (Figure 2.15) is the signature of the fluorine in the bonds —SO;-CF;
(TFSI) at 688.8 eV and —SO»-F (FSI) 687.7 eV. After adding salt, we did not observe a

significant change.
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Figure 2.15 XPS high resolution F1s core level signature of IL and LiTFSI doped IL of (a-
b) CiCsImTFSI, (c-d) C;C:CsImTFSI, (e-f) C;CsIlmFSI.

We noticed that in the case of LiITFSI doped C1CsImFSI, the high intensity of F1s peak
associated with salt can be related to a preferential positioning of salt at the interface

IL/vacuum.

The S2p doublet —SO,-CF3 (TFSI) and —SO»-F (FSI) are observed at 168.9-170.1 eV
and at 169.8-171.0 eV, respectively. Knowing that an increase of the electronic density
induced by a charge transfer due to a reduction or a bonding with one neighboring
electron-donor atom, leads to a decrease of the measured binding energy, and in contrast,
a decrease of the electronic density, induced by an oxidation or a bonding with a
neighboring electron-receiving atom, causes an increase of the binding energy. Hence,
the S2p spectrum of the —SO2-F group exhibits an increase of the binding energy of 0.9
eV compared to —SO2-CF3, in accordance with the oxidizing effect of the higher

electronegativity of fluorine in FSI atoms compared to -CF3 group in TFSI.

The addition of LiTFSI induced an increase of the S2p binding energy of 0.2-0.3 eV,
similarly to the change of ionicity of the oxygen group upon salt doping. These effects
can be attributed to the formation of Li-TFSI ionic clusters, i.e. the strong electron

acceptor Li" bonding the SO» groups.
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Figure 2.16 XPS high resolution S2p core level signature of IL and LiTFSI doped IL of (a-
b) CiCeImTFSI, (c-d) C;C:CsImTFSI, (e-f) C;CelmFSI.

We have tested the effect of additives on the change of electronic structure of
C1CsImTFSI doped with salt. The motivation of this study find its origin in a previous
work,3*8 where it was evidenced that a lithium ion accumulator using C1C¢ImTFSI based
electrolyte needs VC to exhibit better electrochemical behavior, especially at the negative

graphite electrode.

For the VC, the Cls related spectrum in Figure 2.17 shows a low intensity shoulder,
at 289 eV, labeled by “*”, which is assigned to the O-CO; group in VC or FEC. The low
intensity contribution of this chemical state to the Cls peak is related to the low amount

of solvent in the IL and/or an eventual evaporation under UHV conditions.

In addition, we notice an increase of the intensity of the Caxyils peak after VC or FEC
addition. That could find origin in the change of the alkyl configuration when the VC or
FEC is added. This could have a direct effect on the macroscopic properties of the IL,
such as viscosity and wettability, which could explain the increase of the ionic
conductivity of CiCe¢ImTFSI based electrolyte when VC is added moderately to the

solution.
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Figure 2.17 High resolution XPS of Cls, N1s, Ols, F1s and S2p core level signatures of
LiTFSI doped IL CiCsImTFSI mixed with 5% of VC and FEC.

Table 2.7 XPS relative shift of O1s, F1s and S2p core level in CiCe{ImTFSI and LiTFSI, VC
and FEC doped C,CsImTFSI.

IL electrolyte Shift in Ols Shift in F1s Shift in S2p
peak peak peak
C1CsImTFSI 0 0 0
C1CeImTFSI/LiTFSI +0.25 +0.1 +0.25
C1CeImTFSILITFSI/VC +0.3 +0.2 +0.3
C1CsImTFSI/LiTFSI/FEC +0.3 +0.3 +0.35
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2.5.3. Characterization of the pristine lithium electrode by XPS

The lithium foil used in this work was analyzed by XPS before and after ionic etching,

the results are reported in Figure 2.18.
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Figure 2.18 Survey and high resolution XPS spectra before sputtering and after sputtering
of a lithium pristine foil.

Before etching, the lithium foil is covered by a Li>COj3 layer (Cls and Ols peak at
298.8 eV and 531.6 eV, respectively). The quantitative analysis determined that these
elements are presented in the following concentration: Cls (30%), Ols (44%) and Li 1s

(26%).

In order to remove the lithium carbonate layer, we performed ionic etching on the
lithium foil using a monoatomic Ar" ion beam with an energy of 2 keV focused in an area
of 1 mm?. After 30 min of sputtering, the carbonates have been completely removed
(Figure 2.18 a-d) from the surface and the spectra shows the apparition of Li,O (Figure
2.18 b-e) at 528.7 eV and metallic lithium (Li°) (Figure 2.18 c-f) at 52.9 eV with its
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satellite peak around 60 eV. The Li2O can be originated from Li>CO3 degradation under
Ar" ion beam.

In addition, we have observed that washing the pristine electrode (by dipping several
times into the solvent) with DMC for a time less than 30 s does not have a great impact
in the chemical composition of the native layers. Nonetheless, the XPS results after
washing a pristine lithium foil by rubbishing the surface with a tissue paper soaked with

DMC have demonstrate that some Li>CO3 can be removed by this mechanical action.

In Figure 2.19 it is demonstrate that the prolonged interaction of the Ar" ion beam on
a lithium pristine foil (Figure 2.19, a-b) induces the apparition of new structures (Figure
2.19, c-d) that completely modifies the morphology and the chemical environment of the

lithium surface.

Figure 2.19 (a) and (b) Morphology of a pristine lithium foil, (c) and (d) new structures
formed under the effect of the 2 keV Ar* ion beam.

Regarding the etching rate using a 2 keV Ar" ion beam of about 5 + 2 nm/min, the
Li,COs layer can be estimated to be 30 nm. This value change depending on the lithium

storage condition, hence the effect of the thickness of Li2CO3 on the electrochemical
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performance of the lithium electrode is under study by our group and will not be taken

into consideration in this study.

Similarly, Gaz Cluster Ion Beam (GCIB) induces different surface roughnesses. A
SEM image of the sputtered area using GCIB with cluster size of 2500 atoms and
acceleration energy of 15 kV (Figure 2.20) shows the presence of needles-like structures
where the summits are constituted of Li2O. As the GCIB is known to non-destructive
chemically, the presence of Li2O after ionic and cluster etching suggest that the lithium
surface is passivated by a Li,O layer terminated with Li»COs3 film. Hence, neither GCIB
nor Ar” ion beam will be used to study the bulk of lithium. Only the extreme surface will

be probed by XPS.

20 pm 2 um
Figure 2.20 Structures formed on lithium surface under the effect of GCIB

2.6.Conclusions

In this chapter, the conductivity and electronic structure, based on EIS and XPS of the
neat ILs C;Celm TFSI, CiCelm FSI and C;CiCeImTFSI, as well as their electrolytes
(ILs+LiTFSI) with and without solvent additives (VC and FEC), were presented.

The ionic conductivities of the different combinations were measured and fitted by a
thermodynamic model (Vogel-Fulcher-Tamman, VFT). The variations of the
thermodynamic parameters (B, activation volume and To, glass transition temperature)
were associated with the changes in the transport properties (conductivity and viscosity)

upon the addition of LiTFSI salt and carbonate additives.

Thus, it was demonstrated that the increase of the viscosity when adding LiTFSI to

neat ILs is related to an increase of the glass transition temperature To. Besides, the
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increase of the viscosity is also explained by an augmentation of the activation volume
suggesting the formation of new ionic complexes such as [Li(TFSI)2]". In contrast, when
adding carbonate additives, a decrease of Ty is observed, whereas B and oo strongly

increase, which is in agree with the diminution of the viscosity.

We have estimated the hydrodynamic radius of cation, anion and lithium ion taking
the diffusion coefficients obtained by PFG-NMR, giving rise to good correlation with

literature data.

In addition, the XPS technique has allowed to correlate the variations of these
macroscopic properties with the changes in the electronic structure depending on the type
of cation or anion. We evidenced that the formation of [Li(TFSI)2] like cluster may
induced a charge transfer from TFSI to highly electro-withdrawing Li" ions giving rise
to XPS core level shift. In the meantime, we have established a correlation between core

level binding energy shift and the change of the anion size and the role of the methylation.

Thus, the replacement of the TFSI by the FSI anion drives to positively charge
delocalization at the C2 position of the imidazolium cycle. On the other hand, the
methylation of the imidazolium cation contributes to the reduction of the interaction of
the cation and anion by means of non-delocalized and smeared coulomb interactions,

leading to the change of the macroscopic properties of the ILs.

The second part of this chapter, was dedicated to probe the chemical composition of
lithium metal used in this study. We evidence the presence of a passivation layer, covering

the lithium surface, constituted of Li>O buried beneath a Li,COs3 layer.

This reference study paves the way to the further analyses of the behavior of the library
of tested ILs in contact with the lithium metal surface under open circuit voltage

conditions (Chapter 3) and under the application of an electrical current (Chapter 4).
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CHAPTER 3: Stability of ionic liquids based electrolytes in
contact with lithium metal in open-circuit condition

Lithium reactivity toward an electrolytic media that leads to passivation layer and electrolyte
degradation, and dendrite growth phenomena constitute the main drawback for its use as an
anode material for commercial lithium metal battery technology. lonic liquids (ILs) were pointed
out as promising electrolyte solvent candidates to prevent thermal runaway in lithium batteries.
However, the reactivity of lithium toward such a kind of electrolyte is still under debate. In this
chapter, the interaction between lithium metal and imidazolium-based ILs, [-hexyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide ~ (C;CelmTFSI)  and  1-hexyl-3-
methylimidazolium bis- (fluorosulfonyl)imide (C;CsImFSI), has been investigated based on the
nondestructive methodology coupling electrochemical impedance spectroscopy (EIS) and X-ray
photoelectron spectroscopy (XPS). The role of lithium salt (LiTFSI) and additives, vinylene
carbonates (VC) and fluoroethylene carbonates (FEC), addition were also pointed, giving rise to
the stability improvement of the electrolytic media toward the lithium anode. A direct correlation
between the resistance of the bulk electrolyte and of the interface electrolyte/lithium, and
chemical composition changes were established based on a detailed EIS and XPS combined study.
Besides electrochemical and chemical surface change, the surface morphology modification upon
aging will be discussed.
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3.1.Introduction

Lithium metal has been regarded for longtime as ultimate alternatives for negative
electrodes because of its low reduction potential (-3.04 V vs. standard hydrogen electrode)
and large specific capacity (3.86 Ah.g™!). Nevertheless, battery systems using lithium
metal as anode suffer from a poor cycling performance as a result of a low Coulombic
efficiency, and the growth of dendrites when lithium is cycled with most of the organic

electrolytes.!?

Furthermore, because of its high reactivity with electrolytes, passive layers are formed
onto the surface of lithium at the interface. These layers are termed as the Solid
Electrolyte Interphase (SEI).? It is widely accepted that the different properties of the SEI
such as morphology, chemical composition and mechanical strength have a great impact
on the cycling life of lithium based batteries, as well as on the dendrite growth

phenomena.*?

SEI on lithium metal has been studied by several techniques such as scanning electron
microscopy (SEM)S, transmission electron microscopy (TEM)’# and atomic force
microscopy (AFM)° for morphology, Fourier Transform Infrared spectroscopy (FTIR),"
X-ray Photoelectron Spectroscopy (XPS)!!!? for surface chemical composition, and

Electrochemical Impedance Spectroscopy (EIS)!? for electrochemical properties.

Howlett et al.'* have characterized the SEI formed with lithium electrodes in contact
with the N-methyl-N-alkylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(Pyrr1 xTFSI). By coupling EIS and XPS techniques, they proposed a bilayer model: an
inner layer of about 180 nm composed mainly of LiF and Li>O from the initial native
layer on lithium, and an outer layer of about 40 nm composed of degradation products
from TFSI (LiF, Li2S204, LiSO2CF3, lithium sulfides and lithium nitrides) and Li2CO3

coming from the initial native layer.

Similarly,  with  N-methyl-N-propyl-pyrrolidinium  bis(fluorosulfonyl)imide
(Pyrr13FSI), Budi et al.," through ab initio molecular dynamic simulations and XPS
studies, reported that the nature of SEI is resulting from the FSI anion decomposition.

Their XPS results have been corroborated by the study performed by Basile et al.'® In
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addition to the role of the FSI anion in the formation of the SEI, Basile ef al. reported also

the breakdown of the pyrrolidinium cation via a Hofmann elimination mechanism.

Olchewski et al.'” performed a XPS comparative study between three different ILs
including 1-butyl-1-methylpyrrolidinium bis(fluorosulfonyl)imide (PyrrisFSI), 1-butyl-
1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyrri4TFSI), and 1-octyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (CiCsImTFSI)) deposed by
physical vapor deposition on a lithium layer. They demonstrated that TFSI anion is more
stable than FSI anion when the cation is Pyrri4*. Besides, they proved the decomposition
of both cations Pyrris" and C;CsIm". Especially, C;CsIm* is subject to complete
decomposition and desorption and exhibits the formation of Li—N and Li—C bonds as

remaining species.

In complement to these reports, it is known that imidazolium based cations show a
poor cathodic stability. This instability is mainly attributed to the activity of the acidic
hydrogen atom at the imidazolium ring in the C2 position.'® For example, it has been
reported that neat ILs 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(C1CoImTFSI) and 1-butyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
(C1C4ImTEFSI) are not chemically stable versus metallic lithium in comparison with neat

PyrrisTFSIL."

In addition, whatever the IL, it has been demonstrated that the cathodic limit is

enlarged by the addition of a lithium salt such as LiTFSL.?°

In any case, to the best of our knowledge, the relation between the stability of these
ILs and the electrical and chemical evolution of the formed interfaces at room temperature
and in OCV conditions is still not clear and would benefit from a deep understanding of
the specific chemical reactivity according to the chemical structure or composition of the

ILs as well as the role of the additives.

Herein, in a tentative to analyses the reactivity of different imidazolium based ILs
doped with LiTFSI and solvents (VC and FEC) onto the lithium surface, several

symmetric Li/Li coin cell systems have been assembled, and their aging have been
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characterized in open circuit condition by electrochemical impedance spectroscopy. The
specific degradation processes of the cation, the anion and the solvent molecules will be
discussed based on careful characterization protocols combining EIS and post-mortem

XPS, the ante-mortem XPS analysis having been presented and discussed in chapter 2.

3.2.Study of the stability of IL based electrolytes at OCV

3.2.1. Evolution of the electrolyte and interphase resistances

Figure 3.1 shows the evolution, at the OCV, of the impedances measurements on
symmetrical Li/Li coin cells configuration filled with neat IL and electrolytes as a

function of time, at a temperature of 295.0 = 0.3 K.
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Figure 3.1 Evolution of the impedance response as a function of time of Li/Li coin cells
containing (a) CiCeImTFSI, (b) C,CelmFSI, (¢) CiCelmTFSI/LiTFSI, and (d)
CiCsImFSI/LiTFSI measured at OCV at 295 K.

The plots correspond to a Nyquist representation of the spectra which can be separated

in three frequency domains:

At frequencies higher than 0.1 MHz, the impedance is dominated by the resistance of
the bulk of the electrolyte Rel and contributions associated to the electric connections
represented by a resistance R¢ (typically 0.1 Q for our setting) in series with an inductance

element L. (typically 10 H for our setting).
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The electrolyte effective conductivity, ge;, can be calculated thanks to Rel according

to the equation 3.1:

__d (Eq. 3.1)
O-eff o Roy*S

Where d is the distance between the electrodes, i.e. the thickness of the separator, and

S is the surface area of the electrode.

At middle frequencies (MF, 0.1 MHz — 1 Hz), Nyquist plot exhibits a dissymmetrical
loop generally associated to the formation of surface layers due to the electrolyte
degradation by-products onto the lithium surface, and to the electrochemical charge
transfer. Finally, the tail at frequencies below 0.1 Hz is associated to diffusional

Processces.

The MF contribution increases as a function of aging time for all the ILs used. Due to
its large dissymmetry, at least two circuits in series composed of a resistance in parallel
with constant phase element (Rin//CPE) might be used to fit it. However, this equivalent

electrical circuit (EEC) is non-univocal and always subject to debate.?!

In addition, using an EEC corresponds to a a priori parameterization of the
experimental data with two main drawbacks: 1) the physical meaning of each electrical
element is not always obvious and ii) the non-unicity of the decomposition, especially

when different phenomena occur in the same range of characteristic frequencies.

Therefore, as a first approach to probe the main changes of spectra during aging, we
calculated a time difference impedance spectra, AZ«( ), by subtracting for each pulsation
the impedance obtained at a given aging time t, Z«(®), to the initial impedance, Zo(®),

according to the following equation 3.2:

AZ(®) = Z(®) — Zo(®) (Eq. 3.2)

The Figure 3.2 shows the time difference impedance spectra resulting from the Eq. 3.2.
The spectra exhibit only one semi-circle that roughly increases by a factor of two to three

in 60 h for all the systems. For both neat ILs, we also observe a positive shift on the real
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part of the impedance at high frequencies that shows an evolution of the bulk properties

of the ILs.
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Figure 3.2 Impedance spectra upon aging for Li/Li coin cells containing (a) C{CsImTFSI,
(b) CiCeImFSI, (¢) CiCImTFSI/LIiTFSL, and (d) C;CsImFSI/LiTFSI measured at OCV at
295 K.

Interestingly, the characteristic frequency faifr of the semi-circle depends on the
electrolyte composition, especially on the nature of the anion: with CiCeImTFSI, fuisr is
lower (59 Hz for neat IL or 73 Hz when the LiTFSI salt is added) than the one with
C1C6ImFSI (226 Hz for neat IL or 162 Hz when LiTFSI salt is added). Therefore, this
loop may be associated to the formation of the SEI in contact with neat ILs and

electrolytes.

It is possible to fit the time difference impedance spectra using the simple circuit ARe;

in series with ARin/ACPEiy, (Figure 3.3).
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Figure 3.3 Randles circuit used to fit the time difference impedance spectra.

Note, that the parallel circuit R/CPE has a characteristic angular frequency (o)
represented by the equation 3.3-a, where Y and n are the pseudo-capacitance and the

exponent of the CPE (Zcpe=1/Y (jw)"), respectively:>*
R+xY*xw"=1 (Eq. 3.3-a)

The equivalent capacitance that would give in the R/C circuit the same characteristic

angular frequency obeys the same law with n=1, equation 3.3-b:

RxCxw=1 (Eq. 3.3-b)

Therefore, one can calculate the equivalent capacitance of the circuit by combining

both equations 3.3-a and 3.3-b (equation 3.4):

ACint = ARint(l_n)/n * AYintl/n (Eq. 3-4)

The evolutions of the time difference of the electrolyte interphase resistances, ARe and
ARint, and of the inverse of the equivalent capacitance, 1/ACix, as a function of the square

root of aging time are depicted in the Figures 3.4-a, 3.4-b and 3.4-c, respectively.
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Figure 3.4 Evolution as a function of the square root of aging time, (a) of the electrolyte
resistance AR, (b) of the interface resistance AR;., and (c) of the inverse of the capacitance

1/ACint.

Surprisingly, the ARe of neat CiC¢ImTFSI shows a linear evolution as a function of
the square root of time with a pronounced slope (Fig. 3.4-b). The AR¢| of neat C;CeImFSI
evolves in a similar way with less pronounced slope. In the presence of LiTFSI lithium

salt, for both IL, the slope of ARl is reduced, and is fairly steady after 24 h of aging time.

From the equation 3.1, it is clear that the significant increase of Rei values for neat
C1C6ImTFSI must be attributed to a modification of its effective conductivity Gefr. This
evolution could result either from a poor wettability of the separator or a chemical change

of the ILs during the aging process.

To exclude the hypothesis of poor wettability, the effective conductivity (cerr) was

compared with the experimental conductivity (co) (see experimental part in chapter 2).
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The ratio cefr/ 0o is related to the effective tortuosity (tesr) and the porosity (¢ ) of the

separator following the equation 3.5:%

0o
Oeff

Teff = € (Eq. 3.5)

The results of this equation are given in Table 3.1:

Table 3.1 Ionic conductivities (oo) at T = 298.15 K obtained from VFT fit, electrolyte
resistances measured by EIS, effective conductivities (cer) of electrolytes and tortuosity of
Viledon separators (7). € separator taken as 0.4 (technical data from Freudenberg).

622°C Re.S Geff
Combination T
(mS.cm™) (Q.cm?) (mS.cm™)
C1C6eImTFSI 1.94 28.7 0.91 1.3
C1C6ImTFSI + LiTFSI 0.72 85.3 0.30 1.4
C1CeImFSI 3.80 12.1 2.15 1.1
C1CsImFSI + LiTFSI 1.91 26.5 0.98 1.2

A theoretical value of the tortuosity (to) can be calculated knowing the porosity € of

the separator from the equation 3.6:%

Tn=1-05+Ine=1—05+*In(0.4) = 1.2 (Eq. 3.6)

The similarities of 1efr and 1o values exclude the poor wettability of the separators.

Consequently, the Rei increase would result from a chemical transformation of the bulk
properties of ILs related to their decomposition on lithium metal surface. Thus, with neat
ILs, the results suggest that some degradation compounds are partially soluble in ILs
which may modify the IL viscosity, for example,’¢ leading to a reduction of the effective
conductivity. Note that for C{CsImFSI, the increase of Rei is less pronounced suggesting

a higher stability compared to CiCsImTFSI (Fig. 3-3b) or less soluble byproducts.

The addition of LiTFSI salt protects both neat ILs from progressive bulk

decomposition. This could be related to the increase of the electrochemical window range
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upon addition of lithium salt e.g. the cathodic limit of C1CsImTFSI changes from + 0.64
V vs. Li*/Li to - 0.28 V vs. Li*/Li when LiTFSI (1 mol.L™") is added.?°

Concerning the interface at medium frequency (Figures 3.3-c and 3.3-d), for both neat
ILs and electrolytes, in this representation after a linear increase of ARint and 1/ACinc for
the first 15 hours, the slope angle diminishes suggesting a lowering of the interface
resistance evolution. This linearity is not trivial since it verifies that the growth of the

fresh passive layer follows a diffusion law i.e. roughly, the interphase resistance is

proportional to vV Dt, where D is a diffusion coefficient.

One can notice that the initial slope of the curves depends on the nature of the anion.
In the case of C1CsImTFSI and related electrolyte these slopes are similar, whereas in
C1CeImFSI it is rather lower. For C;CeImFSI doped with LiTFSI an intermediate
behavior is observed. This variance in the slopes of the curves suggest a different
mechanism of degradation of the TFSI and FSI anions on lithium surface, leading to a
different chemical composition of the fresh SEI. This is confirmed by the two sets of
values of the characteristic frequencies, fuisr, of the fresh SEI (see Figure 3.2) depending

on the nature of the anions for both neat ILs.

From the initial slopes of the resistance and inverse capacitance as function of v,
rough estimates of the diffusion coefficient (D) and of the conductivity (o) of the fresh
SEI can be calculated** using the equations 3.7 and 3.8, assuming a diffusion limited

growth of its thickness, lin:

li,e VDt (Eq. 3.7)
Aint =55 = o5
1 Lint _ \/D_t (Eq. 3.8)

ACiny  €-60S €8S

Where ¢, is the relative dielectric permittivity of the passive layer and &o the vacuum
dielectric permittivity. Nonetheless, the value of &: depends on the chemical composition
of the SEI In Table 3.2 we give some information from the literature about the relative

permittivity values of typical species in the SEI.
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Table 3.2 Relative permittivity for various surface species that forms the SE

Species Relative permittivity
Li2CO; 6.9%7, 5%
LixO 9.8%4
LiF 5.2%7,8.3%
LiOH 8.5%7

1 27-29

The relative permittivity of these species varies in a limited range 5-10. In order to

applicate the equations 3.7 and 3.8, an average value will be use for the calculations.

Besides, the slopes of the curves AR;,; vs. V't and 1/AC;,,; vs. V't need to calculated (see

previous Figure 3.4). However, a rough estimation of the slopes can only be obtained in

the first 16h of aging time. After that time the evolutions of the resistances and

capacitances become slower and eventually the thickness of the SEI (I = v Dt) reaches a

limit value. The calculated values for the ionic conductivities, diffusion coefficients and

thicknesses of the fresh SEI after 16h of aging time are listed in Table 3.3. Two different

average values of the relative permittivity of the SEI have been considered.

Table 3.3 Estimated diffusion coefficients, conductivities and thicknesses of the fresh SEI
formed by IL electrolytes at lithium surface at OCV and T=295 K.

e&=95 er=10
l=+Dt =Dt
OSEI Dskr GSEl Dskr
t=16h t=16h
103 S.m™ | (10Pm%s™) (10% S.m™) (10m%s™)
(nm) (nm)
C1C6ImTFSI 6 9 2 11 37 5
C1C6ImTFSI
4 11 3 8 44 5
+ LiTFSI
C1CsImFSI 15 1 1 31 6 2
C]CGImFSI
6 6 2 13 25 4
+ LiTFSI

Note that the ionic conductivity of the fresh SEI is larger with FSI anion, and the

diffusion coefficients are higher when ILs are doped with LiTFSI.
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This approach allows us to propose a bilayer SEI model for the interfacial response
corresponding to one contribution at higher frequencies (1.2 + 0.2 kHz) due to the native
layers that do not evolve over time, and a second contribution at medium frequencies (200
+ 100 Hz) which increases continuously during the cell aging, constituting the fresh SEI

generated by the electrolyte decomposition on the lithium surface.

Therefore, we can propose an electric equivalent circuit based on two (Rin/CPE) in
series in order to describe the interfacial loop (Figure 3.5). The first contribution
(Rnative/ CPEqative) has been fitted on the initial spectrum and all the parameters have been
fixed for the following registered spectra assuming that all the evolution are due to the

lower frequency contribution (R fresh/CPEfiesh).

m r -
R L Re Rnative Rfresh w
N\ A DA SwWr——
300 *+ -
E
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S ol . ]
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E
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0t . 4
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Re(Z)/ O.cm?

Figure 3.5 Equivalent electrical circuit for a bilayer SEI model
With this approach, we have been able to obtain excellent fitting of the data without

any ambiguity on the determined parameters. The evolution of the set of parameters as a

function of time is depicted in Figure 3.6.
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Figure 3.6 Evolution as a function of the root square of aging of: (a) The interface resistance
Riresh and (b) the inverse of capacitance 1/Ciyesh.

Note in Figure 3.6 how the resistances of the combinations containing FSI anion are
systematically lower in a factor of 2-3 than the ones with TFSI anion, highlighting the
strong impact of the nature of anion. To validate the results of the bilayer model, the
thicknesses of the native and fresh layers formed at t =16 h have been calculated in Table
3.4, using an average relative permittivity of & = 10. The results are in good agreement

with those in Table 3.3.

Table 3.4 Estimated thicknesses of the native and fresh SEI formed by IL electrolytes at
lithium surface at OCV and T=295 K. (¢: = 10)

Combination Inative liresh at t=16 h liresh at t = 7days
C1C6ImTFSI 9 6 6
C1CeImTFSI + LiTFSI 9 9 9
C1CsImFSI 9 6 7
C1CeImFSI + LiTFSI 10 5 7

These results constitute only a rough estimation of the size of the deposition layer. The
main inconvenient of this model is the assumption that the deposit of species on the
lithium metal is constituted of a stacking of homogeneous layers with a known value of
the relative permittivity of each layer. Evidently, this is not the case and the real situation

must be similar to the mosaic model of the SEI.??

In order to obtain some information about the morphology and homogeneity of the

layers formed on lithium metal, the surface of the lithium electrodes has been
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characterized by the SEM/AES technique. In Figure 3.7 and Figure 3.8, show the
morphologies and chemical composition of lithium electrodes in contact with neat ILs

C1CeImTFSI and C1CeImFSI after 7 days of aging.

L|th|um electrode in contact wuth neat IL C,C,ImTFSI

Figure 3.7 SEM micrographs and AES chemical maps of lithium electrodes in contact with
neat ILs after 7 days. The white bars represent a length of 10 pm.

Lithium electrode in contact WIth neat iL ClcslmTFSI

40

22

t» Eml O Bl

30

21
16

w m O Z o

Figure 3.8 SEM micrographs and AES spectra maps of lithium electrodes in contact with
neat ILs after 7 days. The atomic concentration of each element (%) is listed in the tables.
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The AES chemical analysis was performed with special care since some byproduct are
sensitive to beam exposition. Hence, the SEM/AES technique was performed using a 3

keV beam in order to avoid beam damage.

The chemical mapping and the SEM analysis show the formation of deposits for the
case of both neat ILs. However, from the chemical maps it is clear that the deposit of
C1C6ImFSI byproducts covers most of the surface area and is more homogenous than in

the case of C1CsImTFSI.

The results demonstrate the presence mainly of lithium, carbon and oxygen coming
from the native lithium passivation layer. Interestingly, the concentration of fluorine in
general is higher than the ones of nitrogen or sulfur, and it is 2 times higher in the case of

C1C6ImFSI than with C1Ce¢ImTFSI.

Besides, for the case of the FSI based IL, the concentration of carbon diminishes and
the peak of lithium is screened by the noise of the signal than in the case of C1CsImTFSI.
This suggest that the layer produced by CiC¢ImFSI is thicker and more homogeneous

because of a higher concentration of fluorinated species (typically LiF).

These last results show the difficulty in estimating an average thickness of the layers
formed on lithium metal by ILs by means of simple models using EIS technique. For the
case of C1CsImFSI a model of a fresh SEI layer composed only by LiF could be justified
but not in the case of CiCsImTFSI. Nonetheless, the chemical maps demonstrate the
presence of isolated lithium in some parts of the analyzed regions where the deposition
of IL byproducts is practically inexistent. In this case, the order of magnitude of the
thicknesses in Tables 3.3 and 3.4 is justified, knowing that the depth of analysis of the
AES technique is ~2 nm.

Herein, in order to complete these observations a coupling with other techniques is
necessary. Therefore, in the next section these results will be contrasted with the chemical

environment information of the deposited byproducts provided by XPS.
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3.2.2. Chemical environment evolution of the bulk electrolyte and the
interface upon aging at OCV conditions

In the last section the EIS and AES techniques were used to estimate the thicknesses
and evaluate the morphologies of the byproduct deposits, respectively. However, in
contrast with its high lateral resolution (~8 nm, AES PHI 700ULVAC PHI), the chemical
resolution of the AES technique does not allow an easy identification of the different
chemical environments of a sample. Therefore, in this section the XPS technique will be
used to obtain a more accurate vision of the evolution of the chemical environment of

both, electrolytes and lithium surface after aging at OCV conditions.

3.2.2.1.Visual inspection of the separators

Before XPS measurements, several photos of the separators were taken during cell

disassembly in a glove box (Figure 3.9).

Figure 3.9 ©Viledon separators of the Li/Li coin cells after aging one week in the eight
combinations of ionic liquids and electrolytes.

The yellowish coloration of the separators containing CiCeImFSI and CiCeImTFSI is

more pronounced. This coloration is partially attenuated when adding LiTFSI salt.

These observations can be correlated to the EIS observation as the LiTFSI improves
the stabilization of ionic liquids preventing them from further degradation. Note that the
coloration change does not necessary mean a stronger degradation, but it means that the

degradation byproducts are different in each case. However, a direct correlation between
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coloration change and intrinsic Re1 and/or Rin change cannot be found. In order to clarify
the origin of the coloration, we have performed XPS analyses on the separators without

any washing process.

In contrast, considering that the average depth of analysis for an XPS measurement is
approximately 5 nm, the chemical characterization of the SEI requires that the lithium
electrodes to be analyzed must be washed with some organic solvent, in order to remove

the excess of electrolyte.

The effect of the washing procedure on the sample is still an open question and the ex-
situ analysis is not always considered as a reliable tool.>**> On the other hand, Howlett
et al.'* have used mechanical methods to try to remove the remainder IL on cycled lithium
electrodes. Besides, Bhatt et al.® affirm that only a washing process using dimethyl
carbonate (DMC) and hexane is effective to remove the traces of IL and avoid the mask

of surface features and the charging effects during a SEM analysis.

In order to establish our own protocol, we washed two portions of the same post-
mortem lithium electrode with DMC for 5 and 30 seconds, respectively. The chemical

structure of the lithium surface probed by XPS is reported in Figure 3.10.

Native ¢C Ci1s Native L,CO; QO 1s Native Li1s
Li,CO,
. 1 ROLj
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Figure 3.10 XPS spectra of a pristine foil of lithium and XPS spectra of the same lithium
electrode aged in a coin cell system with C;CsImTFSI/LiTFSI electrolyte and washed S and
30 seconds with DMC

We noticed a different spectral signature depending on the time of washing with DMC.
Five seconds of washing are insufficient to remove the traces of CiCsImTFSI/LiTFSI
electrolyte. Although, the Cls and F1s spectra recorded after 5 second of washing are
similar to the reference spectra of the electrolyte, we can notice the presence of small

carbonates related peak (Li2CO3) at 290 eV and a shoulder between 288 and 289 eV
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assigned to carbonate species. After 30 seconds, the carbonates related peak is more
intense and some LiF is observed with a diminution of the concentrations of —CF3 and
Chetero. The diminution of the —CF3 and Chetero related peaks is associated to the effective
process of removing the IL traces by the DMC. However, the presence of carbonates
could be attributed to the initial native layers as can be seen in the spectra corresponding
to a pristine foil of lithium (this reference has been also reported in Chapter 2). The LiF

is, hence, assigned to a passivating layer issued from the electrolyte degradation process.

In this work, all post-mortem XPS measurements were performed on lithium

electrodes washed with DMC during 30 seconds.

3.2.2.2.Chemical structure of bulk and interface resolved by XPS

The evolution of the chemical structure of the bulk electrolyte was probed by XPS
through the analyses of the separators after aging and without washing with DMC.
Furthermore, the evolution of the passivation layer at the interface electrolyte/lithium was
probed by XPS performed onto the aged surface of lithium and after washing. Both bulk

and interface XPS evolution was studied relatively to neat IL and IL based electrolytes.

Figure 3.11 shows the Cls core levels of the ILs and electrolytes for the case of (a) the
neat reference, (b) the separator and (c) the surface of the lithium electrode. The XPS
spectra of the references have been discussed in chapter 2 and are shown here just for
comparison. The XPS peak assignments have been done according to data reported in the

literature. 3334

€,CImTFSI
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Figure 3.11 XPS spectra of carbon Cls core level registered at the surface of a) neat IL
based electrolytes, b) on separator and c) on lithium electrode surfaces.
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After aging, the spectra recorded on the Viledon separators do not show significant
changes (Figure 3.11-b) for C1CsImFSI, CiC¢ImTFSI/LiTFSI and C;CeImFSI/LiTFSIL
However, for CiC¢ImTFSI the relative intensities of —CF3 and Chetero related peaks in
comparison with Cayl are reduced. Moreover, the position of the peak Chetero 1s shifted to
lower binding energies (286.0 eV), and its full width at half maximum (FWHM) become
broader compared to the neat reference. These observations suggest that chemical
modifications or degradations of C1CsIm" cation occurred during aging. Similar behavior
was observed in the Cls peak recorded in the bulk of CiCsImFSI. In this case the shift

toward lower binding energies and the broadness of FWHM is clearly less pronounced.

On lithium electrodes (Figure 3.11-c), the spectra of Cls are different and mainly
dominated by a peak at 289.8 eV identified as LioCOs. The presence of LioCOs has as
origin the initial native layer on the surface of the lithium electrode as it has been
discussed in chapter 2. Surprisingly, the intensity of the peak corresponding to —CF3 group
is negligible in every case, and disappears in the cases of CiCeImFSI and
C1CeImFSI/LiTFSI, whereas the peak at 285.0 eV is clearly still visible. By comparison
with the Cls spectra of the pristine lithium foil (chapter 2, Figure 2.18), the peak
corresponds to the native carbon layer and not to a residuary Caiy from ILs. This explains
the fading of the —CF; peak and the shifts of the Chetero peak that correspond probably to

the formation of precipitated organic complexes from the C;C¢Im* degradation.

On the other hand, since the LioCOs related peak is still visible, the deposited SEI layer
coming from decomposition products of IL based electrolytes must be thinner than ~5 nm
(depth probed by XPS). In the case of the CiCsImFSI IL, the Li»CO3 contribution is less

pronounced which is a signature of thicker and/or more uniform SEIL

Regarding the Nls core levels on Viledon separators (Figure 3.12-b), the atomic
concentration ratio Necation/Nanion decreases, in comparison with the neat references, from
1.9 to 0.3 for CiCeImTFSI and from 1.9 to 0.8 for C;CeImFSI. For both ILs doped with
LiTFSI the ratio Ncation/Nanion Varies only from 1.4 to 1.1. These observations confirm the
stronger degradation of the C1CsIm+ cation in presence of TFSI instead of FSI anions, as
well as an improved stability of the cation, whatever the anions, when neat ILs are doped

with LiTFSL
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Figure 3.12 XPS spectra of nitrogen N1s core level registered at the surface of a) neat IL
based electrolytes, b) on separator and c) on lithium electrode surfaces.

On lithium surface electrodes (Figure 3.12-c), the peaks of Ncation and Nanion still remain
visible with an enlargement of its FWHM and a new peak labelled Ng around 398.6 —
398.9 ¢V is formed. This peak can be attributed to decomposition products from C;CeIm”

cation e.g. N- heterocyclic carbenes formation.’

From the Cls and N1s core level analyses, in the case of neat C{C¢ImTFSI, C;C¢Im”*
cation reacts with the lithium affording byproducts partially soluble in the electrolytic
solution, which induces a continuous change in the IL composition that strongly affects
its conductivity as observed by EIS. The cation byproducts are almost absent in the bulk
electrolyte with neat C1CsImFSI. That effect might be due to a better passivation layer

induced by the FSI anion degradation on the lithium surface than with TFSI anion.

In the Figure 3.13-a, the spectra of fluorine Fls core level show two peaks
corresponding to the —CF3 group for TFSI anion at 688.9 eV and the SO»-F bonds in FSI
anion at 687.8 eV. Although, both peaks are also present in the separators without
significant changes (Figure 3.13-b), they are accompanied by a new peak positioned at

685 eV associated to LiF salt traces mainly for FSI based IL and electrolyte.
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Figure 3.13 XPS spectra of fluorine F1s core level registered at the surface of a) neat IL
based electrolytes, b) on separator and c) on lithium electrode surfaces.

On the lithium electrodes (Figure 3.13-c), the LiF related peak is more intense
especially in the case of FSI based IL and electrolyte. Besides, the broad peak between
687 — 689 eV associated to the formation of fluorine derivatives from anion such as
CF«Liy,*¢ since there is not more initial -CF3 group, as it was demonstrated in the Cls

spectra (vide supra).

Considering that LiF is scarcely soluble in IL,*” and that it has been proposed as an
agent that stabilizes the SEI layer preventing any side reaction,*® we can suggest that FSI
decomposition byproducts leads to the formation of a more passivating interface than in
the case of TFSI decomposition. This leads to the formation of a SEI layer mainly

constituted of LiF which could prevents further decomposition of the C1CsIm” cation.
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Figure 3.14 XPS spectra of sulfur S 2p core level registered at the surface of a) neat IL based
electrolytes, b) on separator and c) on lithium electrode surfaces.
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Regarding the S2p spectra (Figure 3.14), it contains the initial doublets (S2p3/2-1/2)
assigned to the SO2-CF; bonds at 169.0 eV and SO-F bonds at 169.9 eV. For the IL and
electrolyte in the separator, one can notice that at lower binding energies, Li>SxOy species
are also present at 167.0 eV. The amount of degraded anion into Li>SxOy is more
important onto the lithium electrode surfaces, especially in the FSI based IL and
electrolyte. We noticed a small contribution of lithium sulfide Li>S (159.9 eV) at the
surface of lithium aged in CiC¢ImTFSI doped with LiTFSI, which was also observed in

previous works.'*!7 This contribution remains minor in our case.

The reference spectra of oxygen Ols core levels of neat ILs (Figure 3.15-a) exhibit

only one peak centered around 532.7 — 533.1 eV related to -N-SO»- bonds.

On the Viledon separators, these peaks are present but are no more symmetric, and a
new peak of reduced intensity is present at 531.3 — 531.5 eV (Figure 3.15-b). This new
peak could be related to traces of Li»SxOy products (167 eV, S2p spectra). As H.O
contamination cannot be excluded, these peaks can also be assigned to LiOH located in

the same binding energy range.
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Figure 3.15 XPS spectra of oxygen O 1s core level registered at the surface of a) neat IL
based electrolytes, b) on separator and c) on lithium electrode surfaces.

The lithium electrodes (Figure 3.15-c) exhibit the same two sets of peaks, the first one
between 533.2 — 533.4 eV representing the -N-SO»- bonds with a low intensity and the
second one between 531.7 —531.9 eV, more intense, associated to Lio>CO3 (289.8 eV, Cls

spectra), but that can also related to the formation of Li>SxOy products.
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In order to compare the compositions of the layers formed in each case, Figure 3.16
depicts the atomic concentration of the different products that compose the surface layers
of the lithium electrodes aged in contact with IL based electrolytes. Note that the surface
i1s mainly dominated by carbonates, but in the case of CiCsImFSI is evident that more
degradation byproducts are formed masking the carbonates coming from the native

lithium. The formation of degradation byproducts of sulfur is attenuated when LiTFSI is

added to C1CeImFSI.
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Figure 3.16 XPS estimated atomic concentration of lithium carbonates and degradation
byproducts LizN, LiF, Li>S«Oy, Li:S detected at the lithium surface.

3.2.3. Intermediate conclusions about the degradation mechanisms

In all of the combinations, XPS analyses on the lithium surface show the deposition of
thin layers of inorganic and organic byproducts resulting from anion and cation
decomposition giving rise to the deposition of mainly LiF, Li2SxOy and Li3N species. In
parallel, the slope of the interfacial resistance evolution as function of time at OCV seems
to be characteristic of the anion type with a stronger slope with combinations containing
TFSI rather than FSI. Especially in the case of FSI based combinations, the presence of
LiF byproducts is observed and it seems to favor the formation of a more homogeneous

and less resistive passive layer.

The degradation of the anions TFSI or FSI seems to play the main role in the formation

of the species that compose the SEI. The formation of inorganic lithium salts can be
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explained by the chemical reactions proposed by Aurbach et al.*® for the reaction of

LiTFSI based electrolytes with lithium:

(LIN(S0,CF3), + ne™ +nLi* = LisN + Li;S;04 + LiF + C,F,Li,
(LiN(SO,CF3), + 2e™ + 2Li* — Li,NSO,CF; + CF;S0,Li
Li,S,0, + 6~ + 6Li* — 2Li,S + 4Li,0
Li,S,0, + 4™ + 4Li* - Li,SO5 + Li,S + Li,0

The mechanism of the first reaction leads directly to the formation of LiF, Li2S>04 and
Li3N as main components of the SEI, which is in agree with the XPS results. Besides, as
it is proposed by the third and fourth mechanisms, the formation of Li>S and Li>O implies
areaction with four or six electrons and Li* ions and therefore, the probability of presence

of these species is low as it has been demonstrated by our analyses by XPS.

Concerning the differences between the degradation byproducts produced by TFSI and
FSI based electrolytes, Cao et al.*’ et Miao et al.*! based on studies by XPS identify the
presence of higher concentration of LiF and LiSOx species when the electrolytes contain
LiFSI salt, whereas for electrolytes containing only LiTFSI the content of LiF is lower
and the degradation mechanisms leads directly to the formation of LiSx species. Cao et

al. supports these observations with DFT calculations of the different bond strengths.

These observations are in agree with our XPS results, taking into account that we are
use the neat IL C;Ce¢ImFSI instead of the lithium salt LiFSI. Indeed, we have
demonstrated that the byproducts of this IL on the lithium surface are mainly LiF (~685
eV) and Li>SxOy (~167-168 eV) species.

On the other hand, the high presence of carbonates Li2COj3 in all of the cases suggest
that the thickness of the fresh SEI must be in the order of some nm, as the typical analysis
depth of the XPS technique is ~5 nm. The Li,COs3; must be coming mainly from the native
layer, as it was shown in chapter 2. The thicknesses measured by EIS support partially
these hypotheses. However, the EIS technique predicts similar thicknesses for the fresh
and native layers and similar thicknesses for the layers produced by TFSI and FSI based

electrolytes.
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Based on the XPS observations of the neat IL C1CsImFSI, the thickness produced by
this IL must be thicker than the other combinations as the concentration of Li>COs is
lower (screening by the fresh SEI containing a great concentration of LiF). In addition,
based on XPS etching experiments, we have deduced a thickness of the native layer of at

least 30 nm (see chapter 2).

If the different products of degradation of the anions are well known, the stability and
degradation products of the imidazolium cation must be discussed further. Herein, it has
been reported that the proton in the C2 position is highly instable, leading to the
deprotonation of the imidazolium cycle,'®!?

Figure 3.17.

producing N-heterocyclic carbenes (NHC),

I I
2Li+2 @E—H —= {3:+2Li++H2
) /

N-heterocyclic carbene

Figure 3.17 NHC carbene formation after deprotonation of the imidazolium cation."”

Besides, these NHC leads to the formation of dimers which are stable by means of the

Wanzlick equilibrium,* Figure 3.18.

R R2 R R2
/ \ / \
N N N N
L+ (==
N N N N
\ / \ /
R1 R3 R1 R3

Figure 3.18 Formation of dimers in chemical equilibrium with their carbenes (Wanzlick
equilibrium).”

Nonetheless, the experimental observation of these NHC have not been proved by the
XPS technique, probably because the corresponding peaks are overlapped by the peaks
of Neation (~402 eV) and Chetero (~286.7 V). To the best of our knowledge, the XPS

references are scarcely in the literature.’® However, our results have been proved that the
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imidazolium cation, for the case of the neat IL CiCe¢ImTFSI, suffers a decomposition
forming soluble byproducts that do not precipitate to form the fresh SEI, but modify the
conductivity of the IL.

Another point to be explained is the inhibition of the decomposition of the imidazolium
cation when the anion is replaced by FSI, as suggest the EIS and XPS measurements.
Certainly, the decomposition of the FSI leads to the formation of a more homogeneous
SEI composed mainly by LiF that could modify the reactivity between of the imidazolium

cation and the lithium surface. In addition, Bonhote et al.**

signal that the deprotonation
of the imidazolium cation is feasible with strong bases that lead to quite stable carbenes.
This agrees with our observations of more strong interactions between cation-anion when

the anion is FSI, which is weaker base than TFSI.

Finally, a last point to be clarified is the stabilization of the neat ILs after the addition
of LiTFSI. With regards to the study of reference (chapter 2) of the electrochemical
properties of the IL based electrolytes, we have stablished a solid support of the
hypothesis that the lithium cation and the TFSI anion are associated, forming Li(TFSI);
complexes. Therefore, these complexes play a role in the stabilization of the IL, probably

by a better affinity to the lithium surface formed mainly by Li2COs.

Coupling the result of EIS, XPS and SEM/AES, we can propose the following schema
of the different degradation byproducts presented at the surface of the aged lithium
electrode at the OCV condition (Figure 3.19).
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Figure 3.19 Proposed schema of the different degradation byproducts formed at the surface
of lithium electrodes aged at the OCV condition based on a XPS analysis area range of 100
pm.

3.3.Effect of cation methylation and ILs based electrolyte
solvent doping

It appears that the role and the nature of the anion and the salt concentration in the
electrolytic solution affect the reactivity of C;CsIm" cation toward lithium electrode
surfaces. However, the CiCsIm" is not intrinsically stable vs. lithium, and the cycle can

be opened trough the acidic proton on C2 position as proposed in literature. !>

Two strategies in an attempt to stabilize the imidazolium ring will be studied in this
section. The first one consist in aging on the molecular structure of the C;iC¢Im"™ cation
by grafting a methyl group in the instable C2 position, avoiding the deprotonation of the
imidazolium cation. A second strategy to be tested is to modify the macroscopic
properties of the ILs such as the viscosity by means of the addition of additive solvents
(VC and FEC), whose decomposition products have been signaled as responsible of the

formation of a more homogenous SEI layer.*!*
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3.3.1. The effect of the methylation

Figure 3.20 show the impedance spectra evolutions for symmetrical Li/Li coin cells

containing the ILs C1CsImTFSI and C;C;CeImTFSI with and without LiTFSL
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Figure 3.20 Evolution of the impedance response as a function of time measured at OCV at
295 K for Li/Li coin cells containing: a) C;C¢dImTFSI, b) C;CeImTFSI/LiTFSI, c)
C1C1CImTFSI and d) C,CCsImTFSI/LiTFSI.

For the neat ILs (Figure 3.20 a,c) , the impedance of C1C1CsImTFSI is more than two
times higher than in the case of CiCsImTFSI after 7 days of aging at OCV. In contrast,
the evolution of the electrolytes (Figure 3.20 b,d) is similar with almost the same variation
of the characteristic frequency. Herein, it is clear the impact of the addition of LiTFSI in
the methylated IL, diminishing the interface resistance values. The fit of the spectra

allows to plot the evolution of the electrolyte and interface resistances, depicted in Figure
3.21.
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Figure 3.21 Evolution as a function of time of a) electrolyte resistance, and b) fresh SEI
resistance for the systems C;CsImTFSI and C,C{CsImTFSI.
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With regards to the previous study of the electrolyte stability, the Rel of the cell

containing C;C;CsImTFSI seems to be stable than C;CsImTFSI in spite of an increase of
Rel in the first 12h.

Considering the Rei (Figure 3.21-a), the addition of LiTFSI salt stabilizes Rei, whatever

the electrolyte composition, as highlighted in the previous section.

Regarding the evolution of Ryesh, shown in Figure 3.21-c, when neat IL C1CCsImTFSI
is used, Resn 1s higher and evolves quickly than with CiCeImTFSI during the first 12h
before stabilization. This result evidenced that the methylation of the C2 carbon induces
the formation of a different passivation layer, much more resistive, than with the

protonated ring.

XPS recorded spectra of the separators and lithium electrodes in contact with

C1C1CeImTFSI and C1C1CeImTFSI/LiTFSI are depicted in Figure 3.22.
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Figure 3.22 XPS core levels registered at the surface of (a) neat IL based electrolytes, (b) on
separator and (c) on lithium electrode surface.

Regarding the separators Figure 3.22-b, the analysis of the spectrum corresponding to
the neat IL C;CiCeImTFSI exhibits some important differences with respect to the
reference. Concerning the cation, the spectrum of Cls shows that the peak * at 287 eV
associated to the methyl radical has slightly diminish its concentration. For the case of

the N1s core level, the peak corresponding to Ncaion has suffered a slight widening,
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whereas the Nanion peak has increase its intensity. Although the changes in the spectra of
the separators and of the IL reference are weaker compared to the neat CiCsImTFSI, a
slight instability of the C;CiCelm" cation is noticed. Moreover, a degradation of TFSI

leads to the formation of LiF and Li>SxOy in a significant concentration.

In conclusion, regarding the fresh layer formed at the lithium surface, the neat
Ci1C1CeImTFSI suffers from a different mechanism of degradation than the neat
C1CeImTFSI. For the methylated IL, the cation suffers a degradation that probably forms
organic products that are not soluble in the IL (such in the case of CiCsImTFSI) but
precipitates on the lithium surface increasing significantly the interface resistance as it
has been observed by EIS measurements. In addition, the anion TFSI suffers also a strong

degradation with the formation of LiF and Li2SxOy.

A different situation is observed for the case of the CiCi1CsImTFSI/LiTFSI electrolyte.
From the analysis of the separator, the new peaks of Cls and Nls are similar to the
reference. Only few concentrations of LiF and Li2SxOy can be detected as a consequence
of the degradation of the TFSI anion. However, the analysis of the lithium electrode
exhibit peaks very similar to the neat IL without the presence of inorganic decomposition
byproducts except by the presence of the Li»CO3 from the native layer. In any case, the
results suggest an improved stability of the anion TFSI in this case or the presence of

different decomposition byproducts of organic nature.

3.3.2. The effect of the additives

The evolutions of the impedance spectra for the case of C;CeImTFSI/LiTFSI with and
without additives are shown in Figure 3.23. In the previous section it was demonstrated a
good correlation of the characteristic frequencies of CiCeImTFSI/LiTFSI and
C1Ci1CsImTFSI/LiTFSI. For the case with additives, the electrolytes doped with VC and
FEC exhibit almost the same characteristic frequencies that are slightly higher that the
case without additive. Moreover, the impedance values for the case of the electrolytes

doped with VC or FEC are clearly inferior.

From this simple observation of the characteristic frequencies, it is possible to predict
a different chemical evolution of the systems contained only IL + LiTFSI and the systems

doped with additives.
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Figure 3.23 Evolution of the impedance response as a function of time measured at OCV at
295 K for Li/Li coin cells containing: a) C;CsImTFSI/LiTFSI, b) CiCaImTFSI/LITFSI/VC
and c¢) CiC,CsImTFSI/LiTFSI/FEC.

In Figure 3.24, the evolutions of R and Rgesh have been plotted. In general, all the
combinations of electrolytes are stable or the increase of the Rer values is very slow as a
function of the time. It is clear, that the values of Rel diminishes in the presence of

additives, in special VC, which is in agree with the ionic conductivity measurements

(chapter 2).

For the interfaces, the additives lower the Rgesh values. Nonetheless, the Rfresh
corresponding to the electrolyte doped with VC is continuously increasing, whereas for

the case of FEC the values or Ryesnh exhibit a very slow evolution after 36 h.
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Figure 3.24 Evolution as a function of time of a) electrolyte resistance, and b) fresh SEI
resistance for the system C;CsImTFSI/LiTFSI without any additive and doped with VC and
FEC.

The corresponding XPS analysis of the separators and lithium electrodes for Li/Li coin
cells containing electrolytes doped with VC and FEC, are shown in Figure 3.25. For both
of the cases, no significant variations between the peaks of the separators and the peaks
of the pristine references are observed, suggesting an excellent stability of the electrolytes
doped with these solvents. This could be related with the formation of new types of

complexes such as [Li(TFSI)3.s(VC)os]™.%

C;CnTFS! LITFSI/ VC UTesl/ ¥ CeCnaTFSH/ LITPSL/ G m;‘lﬂ'ﬁlﬂt TR/ LRSI/ Ve

ai -'EF; cne:e'n alkyl 15 a} N{a:r‘\ill\/"'{“ Nis . X 01s ) 50;-CF“ /\ SZD
' Yin J L \
| | v/ x M _
9 JY\ 9 J ‘\ Mk

404 4DE 404 402 400 308 396 304 M2 o S8 E6 SM EIZ 50 S8 526 s 96 OB 02 000 BB 6B GBL  GRT 174 172 170 68 186 84 W2 WO 1858
™ ma w2 mwau W2 M Dining o Binding snergy | 6V Binding srargy | oV Bindling energy | a¥
Binding snengy | & - bl

GIES/UFS/RC  GOMIR/UTS/RC GGWIS/UWS/RC GGAI/UT/RC GG/ e
o [V C1ls Mo A N ‘N-SO;/\ 01 00\ Fis SDC A 52p
. L 3 \V \\. 3 j \\_ 3 /1 L

: { }(\ .? b
in J\ iy J \_ ;bt__'\

1i,$,0,/Li,C0, !
; \ugN ] \ .\\_{Lf; 4] AL\,

mrum'mwzumarmmmlummmmwnrwwwu 532 530 A W6 EM 6 634 BN 600 6BR BB 6B BET 174 W72 WTO MGR 148 64 M2 160 153
Binding enengy | Binding energy | Binding energy | eV Binding snevgy | oV Minding energy { ¥

Inbensity | a0

\Li$,0,LiC0;

Figure 3.25 XPS core levels registered at the surface of (a) neat IL based electrolytes, (b) on
separator and (c) on lithium electrode surface.



CHAPTER 3: Stability of 1ionic liquids based electrolytes in
contact with lithium metal in open-circuit condition|111
For the case of the lithium electrodes, the situation is in principle similar to the case of
C1C1CeImTFSI/LiTFSI, with a very scarcely formation of LiF and LiSxOy byproducts.
This results contrasts with the well-known affirmation that these solvents are decomposed
forming LiF.** However, the degradation of VC/FEC occurs typically at 0.8-0.9 V vs.

Li/Li. In contrast, it is possible to notice other kind of variations in the core level peaks.

For the Cls core level, we notice that the peaks at ~290 eV commonly associated to
Li,COs3 are asymmetrical for both of the cases VC and FEC. Moreover, the peak at 286.7
eV associated to the carbons Chetero 1s Wider and more intense than in the references. Note
also the widening of the peaks of Ols and Fls. All these observations suggest the
formation of new decomposition byproducts of organic nature (Figure 3.26) that are

responsible for the decrease of the interface resistance when adding VC or FEC.
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Figure 3.26 Schema of the probable reduction byproducts of the vynilene and fluoroethylene
carbonate. A possible structure for a crosslinking site of poly(VC) is indicated.*

3.4.Conclusions

The interaction between lithium metal and two different imidazolium-based ionic
liquids C1CeImTFSI and CiCeImFSI, neat and laden with 1 mol.L"! of LiTFSI in
symmetric Li/Li coin cell systems has been studied at the OCV by EIS and XPS coupled
study.

The bulk electrolyte resistance of both neat ILs was found to be not stable in contact
of lithium surface even in the OCV condition, mainly in the case of neat C{CsImTFSI.
The changes in the IL resistivity upon aging followed by EIS, was related to the presence
of soluble byproduct of the IL decomposition and especially of the cation imidazolium

onto the lithium surface. This has been confirmed by the XPS analyses performed at the
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surface of the separators after cell disassembling which evidenced the presence of

C1Celm" degradation products, especially in the case of neat C;CeImTFSIL.

In both ILs, the addition of LiTFSI induces stabilization of the bulk electrolyte
resistance and the disappearance of the cation degradation byproduct. The increase of
TFSI/CiCsIm" ratio seems to play the role of charge screening around the cation
constituting the IL. This result was reported by several authors, showing that upon LiTFSI
addition, the local reorganizations of the IL lead to the formation of negative Li(TFSI)»

complexes, protecting the cation from complexation and/or decomposition.

In all combinations, XPS analyses on the lithium surface show the deposition of thin
layers of inorganic and organic byproducts resulting from the anion and cation
decomposition giving rise to the deposition of mainly LiF, Li2SxOy and organic species
resulting from cation decomposition N-heterocyclic carbenes. In parallel, the slope of the
interfacial resistance evolution as function of time at OCV seems to be characteristic of
the anion type with a more pronounced slope when the combination contains TFSI rather
than FSI. Especially, in case of FSI the presence of LiF byproducts is observed and it

seems to favor the formation of a more homogeneous and less resistive passive layer.

Similar results were obtained with electrolytes modified either by the addition of methyl
group in the C2 position of imidazolium cation or in the presence of an organic additive
VC or FEC. However, in both cases a higher protection from further decomposition of

cation in contact to lithium electrode 1s evidenced.

In conclusion, our results contribute to highlight the major impact of the nature of the
anion and of the presence of lithium salt in the electrolyte to design robust electrolytes
able to produce stable and protecting SEI avoiding continuous decomposition of the bulk

electrolyte.
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CHAPTER 4: Behavior of the ionic liquid based electrolytes
in contact with lithium metal under polarization

This chapter begins with a detailed study of the electrochemical window of the IL based
electrolytes. The reduction and oxidation limits respect to the Li*/Li reference are reviewed. The
degradation byproducts formed during the reduction cycle at potentials of 1 V and 0.5 V vs. Li*/Li
are analyzed by XPS.

Then, the evolution of the cell potential during the application of different current densities to
symmetrical Li/Li coin cells was studied. Two different regimes of lithium dendrite formation
were evidenced and discussed using the Chazalviel’s model. The ELS measurement, allowed us to
extract the transport numbers with comparison to NMR based results.

In addition to the study of the transport properties, the chemical composition of the SEI during
polarization for the different electrolyte combinations was revealed by XPS and compared with
the performances of the studied cells.
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4.1.Introduction

The performance of the lithium metal batteries (LMB) are affected by two main
problems, the loss of capacity during repeated cycles of charge/discharge (low Coulombic

efficiency) and the formation of dendrites.!™

Regarding these problems, the selection of high-voltage cathode materials for LMB
with high power density is limited stability of the electrochemical window (EW) of
conventional electrolytes. To avoid the electrolyte oxidation or reduction, at the anode
and the cathode electrodes, respectively, it is suitable to widen the electrochemical widow

of the selected electrolyte.

It has been signaled that the EW of the ILs is in a broad range typically spanning 4.5
V and wider.”’ This electrochemical property is of great importance because of the
growing interest for cathode materials working at potential higher than 4.4 V vs. Li"/Li
and the revived interest in the lithium metal anode.!*? Therefore, the blocking point to
achieve high voltage lithium based accumulator is the reactivity of lithium metal toward
the electrolytic media. Nonetheless, there is a need of a better understanding of ILs based
electrolyte surface reactivity in lithium metal batteries (LMB) and therefore lithium

dendrite growth mechanism in such media.

Several strategies have been designed for overcome the dendrite growth in LMB.!%!!
However, most of the studies carried out in ILs based electrolytes/lithium metal system
do not correlate properly the transport properties of the electrolytes with the dendrite

1'> establish a correlation between the onset

growth.'"'4 Besides, the Chazalviel’s mode
time of dendrite formation, the current density that crosses the system and the transport
properties of the electrolyte. This model has been tested in lithium metal polymer cells

with relative success in spite of its simplicity.!¢!8

Hence this chapter will be dedicated to study two main aspects in LMB using ILs as
electrolyte, the electrolyte stability and the dendrite growth process. Therefore, in the first
part of this chapter the electrochemical window of the IL-based electrolytes will be
evaluated with special attention to the reduction and oxidation processes happening even

at low current densitys (< 5 pA.cm). The performance of the IL based electrolyte during
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lithium plating/stripping process will be discussed using copper/lithium and stainless
steel/lithium half-cells. The chemical composition of the degradation byproducts of the

electrolytes during the first cycle of reduction will be determined by XPS.

In the second part, we will focus on the correlation between the electrolyte composition
and the dendrite growth at different current densities. The different regimes of dendrite
formation will be studied and compared in the framework of EIS in comparison with
NMR measurements in term of the transport number and diffusion coefficients of the
electrolytes. The shape and the surface chemistry around the dendrite will be discussed

based on XPS and SEM/AES study.

It is largely accepted that the formation of a homogeneous SEI limit the formation of
dendrites.*!” The role of the additives such as vinylene carbonate (VC) and fluoroethylene

carbonate (FEC) is preponderant in the improvement of the SEI properties.?% 2

In the last part of this chapter, the correlation between, the SEI properties formed on
both side electrodes, positive and negative in Li/Li coin cell after the dendrite growth will

be discussed based on XPS and SEM/AES study.

4.2.Electrochemical window of the IL-based electrolytes

4.2.1. Literature review

The main care to correctly measure the EW of the electrolytes concerns the choice of

.23 have

the right electrodes to perform the voltammetry measurements. Tulodziecki et a
demonstrated several differences in the CVs of C;C2ImTFSI with 0.12 mol.L™! LiTFSI
when using stainless steel, platinum and glassy carbon as WE due to the specific
electrocatalytic effects, depending on the surface chemistry of the electrodes.
Furthermore, the choice of the cathodic and anodic limits of reduction and oxidation must

be established in an electrochemical standard instead of an arbitrary choice.

The reported data in the literature, regarding all of these criteria, do not provide a
uniformity in the reported data. In the Table 4.1, some results from literature in ILs

electrolyte EW have been selected, showing the differences on the reference electrodes
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and the criterion to establish the EW limits. Some of this data have been referenced to the

ferrocene couple potential F¢'/Fc which most of the authors report at a potential of + 400

mV vs. SHE (standard hydrogen electrode).?*? In this work, all the potential will be
referenced to the Li*/Li couple (-3.04 V vs. SHE).?¢

Table 4.1 Electrochemical window of selected ILs and electrolytes.

Electrolyte | Cathodic | Anodic | E.W. | Reference | T Scan Current | Reference
limit limit electrode | (K) rate density literature
(V vs. (V vs. (mV.s1) limit
Li*/Li) | Li*/Li) (RA.cm?)
Ci1CeImTFSI 0.64 5.73 5.09 | Ag/AgCl | 303 100 - 2
Ci1C6ImTFSI -0.28 5.83 6.11 | Ag/AgCl | 303 100 - 2
LiTFSI
C1CoImTFSI 0.95 5.55 4.6 | Pt(Is/1) 298 50 1000 2
C1CoImFSI 0.95 5.45 4.5 Pt (Is/T) | 298 50 1000 2
Pyrri4TFSI 0.83 5.34 4.51 Li 298 5 100 2
Pyrri3FSI 0.45 5.75 53 Pt (Is/T) | 298 50 1000 23
Pip;3TFSI 0.05 5.95 5.9 Pt (Is/T) | 298 50 1000 2
Pip3FSI 0.25 5.85 5.6 Pt (Is/T) | 298 50 1000 2
In addition to these results, Schmitz et al.>° have performed linear sweep voltammetry

(LSV) using nickel as WE and lithium as CE and RE. For the ILs C;CImTFSI,
CiC4ImTFSI and Pyri4TFSI doped with 0.3 mol.L"! LiTFSI, they found an
electrochemical stability window wider than 5 V (CiCoImTFSI: 5.13 V, C;C4ImTFSI:
5.20 V, Pyri4TFSI: 5.22 V). The limits were taken when the current density exceeded 100
pA.cm?,

Although, the information reported by all these authors is correct and the results exhibit
some similarities. For instance, these ILs are not stable under 0 V vs. Li"/Li except when
they are doped with LiTFSI, and the oxidation limits are higher than 5 V vs. Li*/Li. Hence
the choice of a same reference electrode and an adequate scan rate would help to improve

the uniformity of the measurements.

However, in most of the studies published in literature, the criterion on the current
density value taken to define the limits of stability in both reduction or oxidation, are
above several tens of pA.cm™ even until 1 mA.cm™. This criterion is artificial and does
not reflect the thermodynamic stability, because above 1 pA.cm™, one can say that the

electrolyte is not stable and is reduced (or oxidized). Indeed, accumulated in the cycle life
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of a battery a degradation current as low as 1 pA.cm™ would lead to a large variation of
the electrolyte composition, which would strongly shorten the number of cycle.
Therefore, from the literature point of view, there is a large discrepancy of values of EWs

which need to be rationalized.

Recently, Kerner et al.>! have reported studies of stability of IL-based polymers
performing LSV at a scan rate of 1 mV.s™! and taking into account the reductions and
oxidations produced by currents at the order of some pA.cm™. Their results clearly

demonstrate that the reported limits of stability need to be revised (Figure 4.1).
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Figure 4.1 a) CV using different references for the IL Pyrr;FSL!? Note the high current
densities used to establish the stability limits > 1 mA.cm, which means an EW as high as 6
V. b) LSV measurements performed in IL-based polymers.’! Note the oxidation processes
starting even at 3.6 V vs. Li*/Li and the reduction processes at 1.5 V vs. Li*/Li.

4.2.2. IL-based electrolytes behavior under oxidation

In order to study the behavior of our electrolytes under oxidation, we have chosen to
assembly two electrodes coin cells using stainless steel as WE and lithium as CE and RE.

The protocol of characterization was described in chapter 2.
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Figure 4.2The cyclic voltammograms for the CiCsImTFSILiTFSI and
C1CsImFSI/LiTFSI electrolytes are showed in Figure 4.2, a and b, respectively. For each
electrolyte, cells were cycled between 3 V to 4 V vs. Li"/Li for the first two cycles, and
then between 3 V to 5.2 V vs. Li*/Li for the further cycles. The scan rate was low and
fixed to 0.1 mV.s™.
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Figure 4.2 Voltammograms from 3 V to 5.2 V vs. Li*/Li of a) C;CsImTFSI/LiTFSI and b)
C,CeImFSI/LiTFSI. The first two cycles between 3 V to 4 V vs. Li*/Li are shown in the inset.
W.E: stainless steel, scan rate v=0.1 mV.s"\

The voltammograms show a beginning of oxidation at 3.5 V wvs. Li"/Li for
Ci1CeImTFSI/LiTFSI and CiCeImFSI/LiTFSI which is lower than the potential values
reported in Table 4.1. Besides, the second cycle is almost identical to the first one.
Nonetheless, the current densities recorded for the first two cycles are less than 1 pA.cm

2 which most of the authors considered negligible.

For the third and further CVs, extending the sweep up to the cutoff potential of 5.2 V
vs. Li'/Li, reveals a peak at 4.2 V vs. Li"/Li in the case of the IL based on only TFSI anion

and an increase of the current density above 4.5 V vs. Li'/Li. For this IL, a slight decrease

55
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of the current is observed between the 3™ and the 5™ cycle which suggests a slight
passivation of the stainless steel surface. In contrast, for the case of CiCsImFSI/LiTFSI
the current density increases above 3.5 V vs. Li"/Li during cycles and reaches a plateau,
which demonstrates the continuous IL oxidation of some bulk species that lead to a

diffusion limitation current.

These results show that even at potentials lower than 4.0 V vs. Li*/Li tiny oxidation
currents are induced. Beyond this voltage the situation is different, depending on the type
of electrolyte, but clearly CiCsImFSI/LiTFSI seems to be not suitable to work with high

voltage cathodes.

The effect of the induced oxidation currents can be evaluated by measuring the
changes in the electrolyte resistance by PEIS technique performed at OCV after each CV
(see Table 4.2). For the case of CiCsImTFSI/LiTFSI, there is a significant evolution of
Re after the first cycle, then after continuous cycling the value remains stable. For the FSI
based system, the Re is stable when cycling until 4 V vs. Li"/Li, and increase beyond 5.2
V vs. Li'"/Li. The Re starts to increase confirming the bulk degradation of the
C1CsImFSI/LiTFSI. For the ILs studied in this work, we demonstrated that non negligible
oxidation processes occurs even before the potentials reported as an anodic limit

(typically reported higher than 5.4 V vs. Li*/Li, Table 4.1).

Table 4.2 Evolution of the electrolyte resistance during CV measurements.

System Rei (Q.cm?) Rer (Q.cm?) Re1 (Q.cm?)
Initial End of 2" cycle [3 | End of 6™ cycle [3V,
V,4V] 5.2V]
C1CeImTFSI/LiTFSI 98 153 150
Ci1CeImFSI/LiTFSI 21.6 214 32.6

4.2.3. Effect of the additives and the cations

We are interested in knowing the effect of VC and FEC additives as they have been
signaled as beneficial for the SEI. Besides, another point of interest in this work is to
evaluate the effect of the methylation of the CiC¢Im" cation. Therefore, a comparison of

CVs performed for different systems is shown in Figure 4.3.
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Figure 4.3 Voltammograms of the first cycle performed between 3 V to 4 V vs. Li*/Li for the
electrolytes CiCelmTFSI/LiTFSI and C,CiCelmTFSI/LiTFSI with and without additives.
W.E: stainless steel, scan rate v=0.1 mV.s"\.

Interestingly, even if the order of magnitude of the current densities are similar at 4V
vs. Li"/Li,the oxidation current for C;C1CsImTFSI/LiTFSI is slightly lower compared to
C1CeImTFSI/LiTFSI. For the same current density 0.1 pA.cm?, C;C1CeImTFSI/LiTFSI
oxidizes 300 mV above than the other electrolyte. Herein, the methylation at the C2

position improves the imidazolium cation stability.

Finally, the addition of VC and FEC strongly reduces the oxidation current and
improve the anodic stability. The FEC and VC are generally used to stabilize the negative
electrode thanks to the formation of stable and uniform SEIs.?'*233 However, as
carbonates, these additives are also known to be stable at least until 4 V vs. Li*/Li.
Therefore, we can deduce that the addition of FEC or VC modifies the
structure/composition of the IL, especially at the interface with the stainless steel

electrode.

In Figure 4.4 (a) (3™ scan) and (b) (8" scan), the CVs are performed at the potentials
[3 V, 52 V] vs. Li"/Li. When additives are used the peak around 4.1 V vs. Li'/Li

disappears, but for all of the electrolytes the current increases above 4.5 V vs. Li'/Li. In
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Figure 4.4 (b), we observe that the current density values have decreased compared with
the first scan demonstrating a passivation of the stainless steel electrode. It appears that
the C1C1CeImTFSI/LiTFSI and C1CsImTFSI/LiTFSI/FEC are the most stable at high

voltages.
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Figure 4.4 Voltammograms of the a) 3" and b) 8" cycle performed between 3 Vto 5.2V
vs. Li*/Li for the electrolytes C;C¢ImTFSI/LiTFSI and C;C:C¢ImTFSI/LiTFSI with and
without additives. W.E: stainless steel, scan rate v=0.1 mV.s.

Note in Figure 4.4, that only for the electrolytes without additive there is a peak at 4.2
V vs. Li*/Li (same as seen in Figure 4.2-a). These results suggest that the cation is the
first species to be oxidized at this potential, whereas the anion TFSI is oxidized above 4.5
V vs. Li*/Li. The anodic instability of the cation has been reported by Ong et al.** based
on a combination of molecular dynamics (MD) simulations and density functional theory
(DFT) calculations. Besides, Xu et al.* have reported an anodic limit for the anion TFSI

of 5.3 V vs. Li*/Li.

The evolutions of the electrolyte resistance are given in Table 4.3. Although
C1Ci1CsImTFSI/LiTFSI shows an improved passivation at high voltages, the electrolyte
resistance is slightly increasing after several cycles. For the case of the electrolyte with
VC, Rel increases slowly. Finally, the best result is obtained when adding FEC in good

accordance with the CV results.



CHAPTER 4:

Behavior of the ionic liquid based electrolytes

in contact with lithium metal under polarization]|12§

Table 4.3 Evolution of the electrolyte resistance during CV measurements.

Re Rel (Q.cm?) Rel (Q.cm?)
System (Q.cm?) | End of 2" cycle | End of 8 cycle
Initial [3V,4V] [3V,5.2V]
C1CeImTFSI/LiTFSI 98 153 150
C1CsImTFSI/LiTFSI/VC 394 45.8 48.6
C1CsImTFSI/LiTFSI/FEC 67.8 69.4 70.2
C1C1CeImTFSI/LiTFSI 129.2 141.2 146.6

To conclude, we extract the corrosion potential Ecor (start of the oxidation) from the

polarization curves log [i| vs. E (Figure 4.5), calculated from the CV data. The corrosion

potential is taken at the potential when log |i| tends to minus infinity. In Table 4.4, we

give the values obtained at the first cycle between [3 V, 4 V] vs. Li*/Li and the 3™ and 8"

cycles during the scans at [3 V, 5.2 V] vs. Li'/Li.
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Figure 4.5 log |i| vs. E plots of de CV recorded at a) the first cycle of oxidation between [3 V,
4 V] vs. Li*/Li and b) the third cycle of oxidation between [3 V, 5.2 V] vs. Li*/Li

Table 4.4 Oxidation limits for the ILs based electrolytes.

SyS tem Ecorr 1% cycle Ecorr 3rd cycle Ecorr gth cycle

(Vvs. LiY/Li) | (V vs. Li*/Li) (V vs. Li*/Li)
C1CeImTFSI/LiTFSI 3.5 4.0 4.1
C1CsImTFSI/LiTFSI/VC 3.7 4.2 4.3
C1CeImTFSI/LiTFSI/FEC 3.7 4.2 4.2
C1C1CeImTFSI/LiTFSI 3.4 3.8 4.1
C1C1CeImFSI/LiTFSI 3.5 3.4 3.0




CHAPTER 4: Behavior of the ionic liquid based electrolytes
in contact with lithium metal under polarization|126

4.2.4. Behavior of the IL-based electrolytes under reduction

To study the behavior under reduction, coin cells were assembled using copper as WE
and lithium as CE and reference electrode. The coin cells have been cycled firstly between
the OCV to 50 mV vs. Li"/Li to evidence the electrolyte reduction and lately they were
cycled between 2 V to 50 mV vs. Li'/Li. Figure 4.6 shows the voltammograms recorded
for C1CsImTFSI and C1CsImFSI doped with LiTFSIL.
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Figure 4.6 Voltammograms for the electrolytes a) C,CelmTFSI/LiTFSI and b)
C1CImFSI/LiTFSI. W.E: copper, scan rate v=0.1 mV.s.

The results demonstrate a beginning of reduction at potential below 1.5 V vs. Li*/Li.
In addition, the first cycle exhibits the presence of many peaks (1.2, 0.85 and 0.73 V vs.
Li"/Li) which can be related to the presence of impurities such as water or coming from
the eventual degradation of cation or anion. These aspects will be investigated in the next

section by XPS.

The origin of these peaks is commonly attributed in the literature to the presence of
impurities, mainly water. However, Howlett et al.>® have studied the electrochemical
reduction of the IL Pyrri3TFSI. They reported until three peaks denoted C1 around 1.45
V vs. Li*/Li, C2 around 0.75 V vs. Li*/Li and C3 around 0.45 V vs. Li*/Li. The positions
and intensities of these peaks depend on the type of substrate (Cu, Ni, Pt, glassy carbon)
and the impurities. Nonetheless, authors attributed them to the processes of reduction of
the TFSI anion supported by ab-initio calculations. Their results suggest that TFSI

reduction begin at around 2.15 V vs. Li"/Li.
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Regarding our results in Figure 4.6, from the second cycle, especially the first broad
peak below 1.5 V vs. Li"/Li has disappeared, as an effect of the passivation of the copper
surface, and the reduction starts below 1 V vs. Li"/Li. In the case of C1CeImTFSI/LiTFSI
a strong reduction appears below 0.5 V vs. Li'/Li. Therefore, it appears that the
C1CeImFSI/LiTFSI shows an improved reduction stability in comparison with

C1CsImTFSI/LiTFSL

Although the reduction current densities diminish along cycling, they are enough high
near the lithium voltage (below 0.5 V vs. Li"/Li) to render very delicate the use of these

ILs for lithium metal batteries.

In Figure 4.7 we extend this analysis to the other combinations of electrolytes. From
the Figure 4.7-a, it is clear that the reduction current densities at around 1.5 V vs. Li"/Li
decrease with the additives VC or FEC, especially when compared with the
Ci1C1CImTFSI/LiTFSI. Thus, VC and FEC seem, as expected, to inhibit the reduction of

the IL structure around these potentials.

In the Figure 4.7-b, it is observed that after the first cycle, all of the combinations of
electrolytes have a very similar behavior with a broad but limited reduction below 1 V vs.
Li"/Li except for C1CsImTFSI/LiTFSI that shows a quick increase of the current below
0.5 V vs. Li"/Li as previously described. Finally, the modification of the imidazolium
cation and/or the use of additive prove to be effective to mitigate the electrolyte reduction

at low potential.
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Figure 4.7 Voltammograms of the reduction cycles for all of the combinations of electrolytes
during the a) first cycle at [OCV, 50 mV] and b) third cycle at [2 V, 50 mV]. W.E: copper,
v=0.1mV.sl



CHAPTER 4: Behavior of the ionic liquid based electrolytes
in contact with lithium metal under polarization|128

4.2.5. Performances of the IL-based electrolytes below 0 V vs. Li/Li

Although in the last section it was demonstrated that the ILs electrolytes used in this
study start to reduce before the lithium potential, which is true for most of the common
organic electrolytes,**” the behavior of these electrolytes below 0 V vs. Li*/Li need to
be correctly evaluated. For this reason, CVs were performed at the voltages [2 V, -0.1 V].
Figure 4.8 show the first cycle obtained. The graphs were divided into two groups
depending on the reversibility of the lithium plating/stripping. The first group, presented
in Figure 4.8-a, is composed by the electrolytes CiCsImTFSI/LiTFSI and
Ci1C1CImTFSI/LiTFSI for which we found an irreversible lithium plating, i.e., the
current is always negative above 0 V vs. Li'/Li and the stripping of the lithium

electrodeposited does not take place.

The situation is different for the second group presented in Figure 4.8-b, where the
lithium stripping loop is observed with at least a partial reversibility. Obviously, for a
lithium metal battery, the plating/stripping reversibility is mandatory. In the case of
Ci1CeImFSI/LIiTFSI a very low lithium plating current density is obtained with a
reversibility below 15% (cf- Table 4.5). The addition of VC or FEC allows the lithium
plating with current densities of the order of 100-150 pA.cm™? at -0.1 V vs. Li*/Li
associated with a plating/striping efficiency above 70%. This is a clear demonstration of
the strong impact of both additives on the reversibility of the lithium/plating striping

processes, the mechanism of which staying to be elucidated.
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Figure 4.8 Voltammograms of the first cycle at [2 V, -0.1 V] for all of the combinations of
IL based electrolytes. W.E: copper, v=0.1 mV.s’.
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The values of the capacity obtained for the lithium plating and striping as well as the
efficiency of the whole process are given in Table 4.5. Based on these results, the addition
of an additive such as VC or FEC in this IL based electrolytes is crucial, however the

efficiencies are lower than 80 %.

Table 4.5 Values of the capacities obtained or the first three cycles for the lithium plating
(Qp) and the lithium striping (Qs). The efficiencies Qs/Qp are also given.

Electrolyte | CiCImTFSI/LITFSI/VC | CiCImTFSI/LITFSI/FEC | CiColmFSI/LiTFSI
Q r;‘;“flt“’“ 60.1 572 55.6 50.6 50.2 510 | 128 | 7.1 | 46
Q Oile‘lt“’“ 46.7 42.1 42.0 40.9 35.1 38.9 12 1.0 | 07
Efficiency % | 77.7 73.6 | 755 80.8 69.9 763 | 94 | 141 | 152

4.5.Study by XPS of the reduction of the system
lithium/copper

As we have demonstrated in Figure 4.7, the reduction of the IL based electrolytes start
at potentials around 1.5 — 2 V vs. Li'/Li. In order to understand the origin of this
electrochemical result, XPS analyses have been performed in Cu/Li coin cells stopped at

different potentials during the CVs.

Experiments has been carried out in coin cells containing CiCeImTFSI/LTFSI
electrolyte doped and not with FEC solvent. In Figure 4.9, the potentials of each analyzed

coin cell are depicted:

- Coin cells stopped at 0.5 V vs. Li"/Li during the first reduction scan [OCV, 0.5 V],
corresponding to point 1.

- Coin cells stopped at 1.0 V vs. Li*/Li during the first reduction scan [OCV, 1.0 V],
corresponding to point 2.

- Coin cells stopped at 0 V vs. Li*/Li during the second reduction scan [2 V, - 0.1

V] immediately after lithium plating, corresponding to point 3.



CHAPTER 4: Behavior of the ionic liquid based electrolytes
in contact with lithium metal under polarization|130

150 ' | ' |
B ‘ T e ]
g 100 E :_ —~] ]
H I 3 .4l e el 17
< sof 2 4 - ! 11
> \‘ § 81 —{ ) 4
-— £ ol [ C4CgImTFSI+ 1molL” LiTFsI |
‘0 0Fr = r Reduction at T = 295 K =
2 3 2 ' without FEC
) A4 —1i
E 50 + A6 ,. T S S S
g 0,0 @ 15 2,0 25 |
S
g 100 |
—— Without FEC]| |
-150 - —— With FEC | ]
0.0 0.5 1.0 1.5

Potential (V vs. Li*/Li)

Figure 4.9 Potentials of the Cu/Li coin cells before post-mortem analysis: 1) 0.5 V during
the first scan of reduction, 2) 1.0 V during the first scan of reduction and, 3) 0 V after plating
at the second cycle.

During the post-mortem protocol, the Cu working electrodes were extracted in a glove
box (MBraun, H20, Oz <5 ppm) and washed for 30 s with DMC solvent to remove the

traces of IL electrolyte. Then, the Cu electrodes were transferred to the XPS instrument.

The core peaks of Cu2p are shown in Figure 4.10. The XPS signal recorded at the
surface for most of the cases is flat. Taking into account the depth resolution of the XPS,

the result indicates that at least 5 nm, or more, thick SEI is formed at the surface of cupper.
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Figure 4.10 XPS spectra of Cu2p core levels of the Cu/Li coin cells stopped at 1V, 0.5 V and
after plating.

We notice that the Cu2p core level peak (933.1 eV and 952.8 eV for Cu2ps,» and
Cu2pis2, respectively) recorded at 1 V vs. Li*/Li, is only visible for the case of the
electrolyte doped with FEC. This confirm the protective effect of the FEC on the
electrolyte avoiding a strong degradation, since in this case the thickness of the formed

SEI layer is less than 5 nm.

To reveal the nature of the formed layers on the Cu electrodes, the XPS spectra of Fl1s
and S2p core levels are shown in Figure 4. 11. The first spectra (referenced as Ref)
correspond to the XPS spectra recorded on droplets of neat IL electrolytes and are shown
just as reference. For the spectra recorded on the Cu electrodes, in all of the cases LiF
(~685 eV) and LizS (~161 eV) are the main products with some contribution of Li>SxOy
species. The initial —-CF3 peaks of F1s (689 eV) have been decomposed, probably to form
C2FxLiy species.*® In any case, the decomposition of the TFSI anion is evident even at 1.0

V vs. Li*/Li.
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Figure 4. 11 XPS spectra of F1s and S2p core levels of the Cu/Li coin cells stopped at 1V,
0.5V and after plating.

The XPS spectra of the N1s and Ols core levels are shown in Figure 4.12. Note also
the decomposition of the Nanion (~399 €V) peak in all of the cases, whereas there is no
evidence of Im" cation decomposition byproducts. This could be related to the fact that
the cationic decomposition species (probably carbenes and other organic compounds) are

removed by the washing of the Cu electrodes with DMC solvent.

The Ols core levels evidenced the presence of a peak at 531.4 eV that can be associated
to the formation of Li2SxOy species. Besides, another peak at ~528.6 eV can be attributed
to the formation of Li>O. Herein, we postulate that the presence of Li2O does not come
from a decomposition of the TFSI anion, but it is due to the fast oxidation of highly
reactive metallic lithium after cell disassembling. Note in addition, that the intensity of
Li2O peak remains constant for the case of the electrolyte without FEC, whereas for the
doped electrolyte the intensity increases between 1 V and 0.5 V vs. Li"/Li and then
decreases after Li plating (Figure 4.12).
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Figure 4.12 XPS spectra of N1s and Ols core levels of the Cu/Li coin cells stopped at 1V, 0.5
V and after plating.

The Cls peaks, showed in Figure 4.13, corroborate the decomposition of anion since
the —CF3 and hetero structure related peaks disappear. The broadness of the peak labeled
as related to C-C groups, and the shoulder at 286 eV detected at 1 V and 0.5 V could be
assigned of alkyl groups and complex cationic combination such as carbenes,
respectively. These last species cannot be clearly evidenced from the signature of the Cls

peak, since their position overlaps with hetero carbon related peak.

We noticed, that the Cls peak recorded after plating, shows two news component at
286.7 and 290 eV, signature of lithium alkyl carbonate. This can find an origin in the

reactivity of fresh deposited lithium to glove box atmosphere.
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Figure 4.13. XPS spectra of Cls and Lils core levels of the Cu/Li coin cells stopped at 1V,
0.5 V and after plating.
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As a complement to the XPS measurements, Figure 4.14 shows the AES and SEM
coupled analysis of the copper surface at 1.0 V vs. Li"/Li of C;CeImTFSI/LiTFSI with
and without FEC. The SEM micrographs exhibit the presence of a layer deposited on the
copper surface composed of carbon (270 eV), oxygen (512 eV) and fluorine (654 eV).
The presence of sulfur (152 eV) is only detected for the case of the electrolyte without
FEC, which is consistent with the XPS result. In conclusion, at this potential the anion
TFSI is degraded whatever the electrolyte is, leading to the formation of LiF and Li2SxOy

species.

The analysis of the copper surface at 0 V vs. Li*/Li after lithium plating is shown in
Figure 4.15. Note that for both cases the morphology of the copper surface presents a
deposit in the form of a multilayer structure (similar than in the case at 1 V vs. Li"/Li),
with the presence of several grain-like and needle-like particles for the case of the

electrolyte without and with FEC.
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In contrast to the chemical composition of the copper surface at 1 V vs. Li*/Li, after
plating the AES results only show the presence of carbon, and mostly oxygen, but no
traces of sulfur or fluorine are detected. Note that the peak at ~40 eV can be associated to

the Li platted that is highly reactive and becomes Li20.
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Figure 4.14 SEM micrographs of copper electrodes at 1.0 V vs. Li*/Li and AES spectra
recorded in the zones with blue box in the insets.
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Figure 4.15 SEM micrographs of copper electrodes at 0 V vs. Li"/Li and AES spectra
recorded in the points p1, p2 and p3.
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4.6.The Li/Li system under the application of an electrical
current

In chapter 3, the evolution of the interfaces Li/IL based electrolyte was studied at the
OCYV conditions. Herein, we extend the analysis to the condition where a constant current
is applied to the system. Therefore, in this section, the performance of symmetrical
lithium/lithium coin cells will be evaluated after performing the chronopotentiometry

technique at different current densities.

Different regimes of dendrite growth and the evolutions of the interfaces Li/IL based

electrolyte will be characterized by EIS, XPS and SEM/AES.

4.6.1. Experimental part

Symmetrical Li/Li coin cells containing C1CeImTFSI/LiTFSI or CiCeImFSI/LiTFSI
were assembled as described in chapter 2. In contrast with most of the works reported in
the literature, where repeated cycles of charge/discharge are applied, herein only the
charge with an electrical current density between 30 and 150 uA.cm™ was performed,

based on the works of Brissot, Chazalviel and Rosso.'®!8

Figure 4.16 shows the voltage of the cells as a function of time for different applied
current densities at T = 298 K. The voltage variations (+ 5 mV) of the signals are due to
an incorrect data recording setting. In Figure 4.16-b the signal for J=75 uA.cm™ has been

filtered for t > 6h.

Regarding the voltage curves, two different behaviors have been obtained depending

on the type of electrolyte.
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Figure 4.16 Variation of the voltage in the symmetrical Li/Li coin cells as a function of time
for different current densities at T = 298 K for a) CiC¢JImTFSI/LiTFSI and b)
CiCImFSI/LiTFSI. The characteristic times of voltage divergence (14) or time of short-
circuit (tsc) are shown by arrows.

For the case of CiCsImTFSI/LiTFSI, after reaching a plateau, the voltage is
continuously increasing at a slow rate, then after some time depending on the current
density it diverges. This divergence is characterized by a Sand’s behavior and the time

where the voltage diverge is called t4.!”

For the case of CiCsImFSI/LiTFSI, after a stationary state, the voltage profile manifest
a successive sudden voltage drop. The first drop of voltage is due to a short circuit (soft

herein) and the time where it occurs is called Tsc.>’

In order to stablish a correlation between the voltage profile and the applied current
density, we will discuss the previous results in the framework of a simple electrochemical

model based on the works of of Brissot, Chazalviel et al.'>!”

4.6.2. The Chazalviel’s model

The model describes the evolution of the concentration profiles between two flats and
parallels lithium electrodes separated by a distance L, and submitted to a constant current

(Figure 4.17).
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Figure 4.17 Scheme of the electrochemical cell in the Chazalviel’s model.

In this model, the transport parameters of the electrolyte (ionic diffusion coefficients)
do not depend on the concentration and the temperature gradients. The calculation has
been made for a binary electrolyte, i.e. one anion and a Li" cation that reacts reversibly at

the lithium interfaces.

The concentration profile evolving as a function of time C (t, X) is calculated from the
Fick’s law as following:

aC, _p GZCC+ 0 (C GV) Eq. 4.1
ot ¢ gxz T Hegx\e

dx
ac, _ 0°Cc 0 ( 6V> Eq. 4.2
ot e gxz  HMagy\“agy

e The parameters ¢ and a in subscripts refer to the cation and the anion, respectively.

e (;, D;, u; are the concentration, diffusion coefficient and mobility of the cation or
anion, respectively.

e V is the electrostatic potential

Considering the electroneutrality condition, z.C, = z,C, = C, where z.,z, are the
number of charges of the cation and the anion, respectively, the Eq. 4.1 and 4.2 become:
aC D 9%C
ot ox Eq. 4.3

Where D is the ambipolar diffusion coefficient, given by:

D D
D= allc T Dcllq Eq. 4.4

he + la

On the other hand, since the anions are not involved in the electrochemical reactions,

the boundary conditions at the electrodes x=0 are J, = 0 and . = J leading to :
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ac, v Eq. 4.5

) =
cox Moy Z.e

ac v Eq. 4.6
—Daa—;-f'/lacaa =0

Where e = 1.6 X 10719C is the elementary charge. Therefore, we can write:

0C(x=0) _ —JHa
0x eD (.ua + /’Lc)

Eq. 4.8

From Eq. 4.8, it is possible to identify two different conditions:

a) If dC/0dx < 2Co/L, the ionic concentration evolves to a steady state where the
concentration gradient is constant and the concentration at x=0 is not null. The voltage
reaches also a steady state. Teyssot*’ describes the behavior of the voltage at this regime,
considering an Ohmic contribution and a Nernstian contribution:

RT (C(t,x = 0)) Eq. 49

V(t) = Vonm + VNernst = I * Rint + ﬁln Co

where I and R;;,; are the current and the internal resistance of the cell, respectively.

The profile of the cell voltage is shown in Figure 4.18 (A) and the profile of the

concentration in Figure 4.18 (B). Note that at the time tsteapy, the cell voltage stabilizes.
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Figure 4.18 A) Voltage profile and B) Concentration profile for the condition dC/dx <2Cy/L
(Reproduced from A. Teyssot thesis*’).

b) If dC/dx > 2Co/L, the ionic concentration goes to zero at the negative electrode at

a time called “Sand’s time” (assuming a semi-infinite condition, i.e. (Dt)"><L):
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D(eCO)Z Eq.
T¢ =TT
s 2Jt, 4.10
f = Ha Eq.
T Hat e 4.11

where t, is the anionic transport number.

The profile of the cell voltage is shown in Figure 4.19 (A) and the profile of
concentration in Figure 4.19 (B). Note that in this condition, the Li" concentration at the

cathode vanishes at ¢ which produces the divergence of the voltage.
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Figure 4.19 A) Voltage profile and B) Concentration profile for the condition dC/dx > 2Cy/L
(Reproduced from A. Teyssot*’).

It is possible to calculate the diffusion current density J* where occurs the transition

between the two regimes:

Je= 2eCyD Eq.
t,L 4.12
In conclusion:
a) Steady state dC/0x <2Cy/L J<J*
b) Divergence dC/ox >2Cy/L J>J*

In addition, for the case (b), Chazalviel has shown that, at the Sand’s time, if the
anionic concentration falls down to zero, the Li* concentration is not null and leads to an
excess of positive charges at the negative electrode. This behavior will result in a local
space charge, forming a large electric field, which is the driving force for the nucleation

(and finally growth) of Li dendrites. He showed that the speed at which the dendrite grows

A\ 4
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is proportional to the anionic mobility, and this process is fast compared to the nucleation
process. Therefore, in his model the short-circuit occurs in a time similar to the Sand’s

time.

4.6.3. Experimental verification of the inverse-square law 1 o< 1/J?
4.6.3.1.Experiments performed at T = 298 K

In the results of the Figure 4.16 we can distinguish two different behaviors that can be
compared with the two conditions described in the Chazalviel’s model. For the case of
the C1CeImTFSI/LiTFSI the voltage diverges, which is similar to the condition (b) where

J > J* without any trace of short circuit.

On the contrary, for the CiCeImFSI/LiTFSI electrolyte, (soft) short-circuits are
systematically observed. This second behavior has been observed by Rosso, Brissot et al.
in Li/SPE symmetric cells (SPE: solid polymer electrolyte).** They have shown that the
falls of the voltage are produced by dendrites that short circuit the cell. As this dendrite
supports all the current that cross the cell, it can eventually be fused by Joule effect and
the voltage increases again. This behavior has been called the ‘fuse effect’ and

corresponds to “soft” shorts.

In Figure 4.20, the times of voltage divergence for CiC¢ImTFSI/LiTFSI or short-
circuit for C1CsImFSI/LiTFSI are plotted as a function of the applied current density in
log-log scales. The straight lines represent the best fit of the data following a law
proportional to the inverse of the square of the current density (t « 1/J%) in a try to verify
the Sand’s behavior (Eq. 4.10). Interestingly, in both cases a very good concordance is

obtained.
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Figure 4.20 Time of voltage divergence (tq) or time of short-circuit (ts.) as a function of the
current density J in the symmetric Li/Li coin cells at T =298 K. The straight lines show the
Sand’s time behavior, i.e. T o< 1/J%

Nonetheless, the complex structure of the IL is far from binary electrolytes used in the
Chazalviel’s model. Indeed, an ideal binary electrolyte is composed of “diluted” salt
solvated in a polar matrix, giving a simple solvated cation and anion. As we have seen in
chapter 2, the addition of the LiTFSI salt change the organization of the ions by forming
complexes, probably from the type Li(TFSI),". As a consequence, a Sand’s behavior can

be observed but with different physical parameters.

4.6.3.2.Experiments performed at T =333 K

In order to verify the Sand’s equation at different temperatures, experiments of
chronopotentiometry in Li/Li coin cells containing C1CsImTFSI/LiTFSI were performed
at a temperature of T = 333 K. The log-log plot of the time of divergence of the potential
as a function of the applied current density is shown in Figure 4.21 for the experiments

performed at 298 K and 333 K.
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Figure 4.21 Time of voltage divergence (tq) as a function of the current density for the
CiCeImTFSI/LiTFSI system at two different temperatures 298 K and 333 K.

In spite of the consideration that the system is more complex than a simpler binary
electrolyte, for these current densities the inverse-square law seems to be appropriated.
As a consequence, according to the equation of the Sand’s time (Eq. 4.10), the slopes of
the curves in Figure 4.21 are proportional to D/t2. In a latter section, the diffusion
coefficient and the anionic transport number of the electrolyte will be studied. Before this,

we will extend our conclusions to the other electrolyte systems.

4.6.3.3.The effect of the additives VC and FEC

Chronopotentiometry experiments in symmetrical Li/Li coin cells have been also
conducted for systems containing CiCeImTFSI/LiTFSI doped with VC and FEC
additives. Figure 4.22-a shows the voltage profile during the application of a current
density of 50 pA.cm™. In contrast with the electrolyte without additive, the electrolytes
doped with VC or FEC behave like the CiCsImFSI/LiTFSI electrolyte and exhibit a short-

circuit at some time Tsc.

In Figure 4.22-b, the times of short-circuit have been plotted and compared with the
electrolyte without additive. If the Sand’s law has been verified when the voltage
diverges, the systems where a short-circuit is produced seems to deviate from the inverse-
square law. Especially for the case of the electrolyte with VC, the straight line in Figure

4.22-b does not coincide with the experimental points at high current densities. Herein,
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an exponent n < 2 is more adapted to the fit of the experimental data. For instance, a value
of n = 1.4 in LiPF¢/EC/DMC electrolyte has been reported.*! This is due to a different
mechanism of dendrite nucleation and growth which depends on the current density.

Clearly, these systems containing additives need a more advanced treatment than a simple

binary electrolyte.
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Figure 4.22 a) Voltage as a function of the time for symmetrical Li/Li coin cells containing
C1CsImTFSI/LIiTFSI with VC or FEC during the application of a current density of 50
pA.cm?, and b) plots of the time of divergence (tq) and time of short-circuit (ti). The
straight lines show the Sand’s time o« 1/J°.

4.6.3.4.Effect of the methylation of the C1C¢lm cation

In the case of the CiCiCeImTFSI/LiTFSI the Li/Li cell voltage behavior under
polarization, is reported in Figure 4.23. At higher current densities (60 and 75 pA.cm?),
the voltage diverges exactly in the same way that for the case of CiCsImTFSI/LiTFSI. In
contrast, for lower current densities, it is possible to observe some drops of the voltage,
which correspond to the short-circuit regime. In conclusion, it has been found than a

transition between the two regimes happens around 50 and 60 pA.cm™.



CHAPTER 4: Behavior of the ionic liquid based electrolytes

in contact with lithium metal under polarization|148
T T T T T T T T T T T T T
20k ——37.5uA.cm?| |
—— 40 pA.cm™
——45 pA.cm™
— 15L 50 uA.cm? | |
> 60 pA.cm™
) —— 75 yA.cm?
(o))
g 1.0 .
Q
>
05+ .
0.0} .
1 1 1 1 1 1 1

0 5 10 15 20 25 30 35
Time (h)

Figure 4.23 Voltage as a function of the time for symmetrical Li/Li coin cells containing
CCiCeImFSI/LiTFSI.

In conclusion, these results demonstrate the existence of two different regimes: a)
divergence of potential at higher current densities, and b) drop of potential (short-circuit)
at lower current densities. This is in agreement with the results of the Chazalviel’s model
assuming in the latter a distribution of the current density, with locally a current density
above J*. These regimes exist also for the other combinations of electrolytes, but the
results will not be included in this work. Besides, the current density for the transition
between the two regimes can be calculated from the Eq. 4.12, but this requires the

knowledge of the diffusion coefficient and the transport numbers of the electrolyte.

To resume our results, in Table 4.6 we show the time of divergence of potential for the
electrolytes CiCeImTFSI/LiTFSI and CiCiCe¢ImTFSI/LiTFSI and the time of short-
circuit for the electrolytes CiCeImFSI/LiTFSI, CiCeImTFSI/LiTFSI/VC and
C1CsImTFSI/LiTFSI/FEC. Note that the time of short-circuit is lower than the time of

divergence of potential.
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Table 4.6 Time of divergence of potential and time of short-circuit at T = 298 K for the
different combinations of IL based electrolytes used in this work.

Current | C;C¢ImTFSI | C;CiCeImTFSI | CiCeImFSI | C;CeImTFSI | C;CsImTFSI
density LiTFSI LiTFSI LiTFSI LiTFSI/'VC | LiTFSI/FEC

(uA.cm?)

30 162 12.7 - -

35 - 8.4 259 -

40 - 7.1 - 22.5

50 63.9 4.7 14.2 17.7

60 - 22 3.3 12.5 11.7

75 38.7 10.5 2.6 9.3 9.6

100 14.5 1.9 - -

Until here, we have postposed the discussion about the transport properties of the
electrolyte and the type of dendrites formed in each case. In the next sections, the transport
properties will be studied from the EIS results of the polarized cells in combination with
NMR results from the literature. The morphology of the dendrites and the SEI formed
during polarization will be described later from the XPS and SEM/AES post-mortem

analyses.
4.6.4. Transport properties of the electrolytes

Other than the ionic conductivity o, for the case of a lithium salt dissolved in neat ionic
liquid, it is important to quantify their capacity to transport Li" ions in order to improve
the transport properties of the electrolytes. A good electrolyte must satisfy the condition:
transference number oLi/Grwotal = 1, Where Giotal includes the conductivities by other ions in

the electrolyte.*?

However, in the practice, the reported transference number T;;+ for IL-based
electrolyte can be as low as 0.13 because of their high viscosity which limits their
transport properties.*> Herein, in this section we will calculate the transference number of
the C1CeImTFSI/LiTFSI (1 mol.L!) electrolyte based on two different methods: 1) pulsed
field gradient (PFG-NMR) and 2) impedance spectroscopy.
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4.6.4.1.Transport and transference number

The contribution of each ionic species k to the current transport by migration can be
quantified by a dimensionless number, which values are between 0 and 1, called the
transport number:

Az lug G Eq.
; Ykl zie|ug Cy, 4.13

where z;, u;, and Cj, are the charge, the electric mobility and the concentration of the

ionic specie k, respectively.

For a simple binary electrolyte, we can consider that it is only composed by one anion
and one cation and in conclusion, t, + t_ = 1, where t, = t. is the cationic transport

number and t_ = t, is the anionic transport number.

In addition, the transport number for a binary system can be calculated from the
cationic and anionic diffusion coefficients:

D, D_ Eq.

N, N L, ) 4.14

However, for an IL based electrolyte, the charge can be transported by all the mobile
species present in the system, such as simple ions as well as their charged combinations,**
e.g., Li', A", X LiXy, etc. Consequently, the description of transport properties in ILs
would be more comprehensive with the use of transference numbers, defined as the
number of moles of the ion i transported per mole of electrons, i.e., per Faraday. For
example when considering only LiX>" ionic clusters, the Li" transference number can be
written:

Eq.

TLi+ = tLi+ - tLin_ 4.15

T therefore quantifies the net transference of all the Li'-containing species which
migrate in the electrolyte. Of course, in an ideal system, where there is no ion
association 7+ = ¢+. In addition, from the equation above, it is theoretically possible to

have T+ < 0 if the mobility of the [LiX2]" complex is higher than the free Li" mobility.
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This equation introduce some complications to the binary model and as a consequence,
the relation between the transport numbers and the diffusion coefficients is more complex
and would need: 1) a quantitative description of the ionic populations and 2) a more
sophisticated modelling. Nonetheless, we will give some information about these

transport properties based on experimental measurements.

4.6.4.2.PFG-NMR measurements of the transport properties

1% of the diffusion coefficients of

We will use the data reported by Bolimowska et a
the IL C1CeImTFSI doped with LiTFSI (1 mol.L™!) to calculate the lithium and the anionic
transference numbers. The results are given in the Table 4.7. The data at 298 K and 333
K does not correspond to the experimental values but were calculated by fitting the PFG-

NMR data of the diffusion coefficients by an Arrhenius equation.

Interestingly, the lithium and the anion species share similar (PFG-NMR) diffusion
coefficients at RT with a deviation at higher temperatures. This strongly support the

hypothesis of the formation of complexes between the TFSI anion and the Li* ion.

Note, in contrast, that for an ideal system with no ion associations TLAl{iV’ R = tiVL-IXIR,
and we can use the following equation:
NMR
TNMR _ (NMR _ CoDp+ Eq.
Li Lt CoDNYR + C,DVR 4+ (Cy + Co)DIME 4.16

Where Co and C; are the concentration of LiTFSi salt and and IL, respectively. The
results are showed in Table 4.7. Nonetheless, the diffusion coefficients of a nuclear i
measured by PFG-NMR is an average of the all species containing i (i.e., for lithium-Li+,
neutral LiTFSI, anionic Li(TFSI),, etc.), that are not taken into account in this calculation.
In fact, a more appropriate result can be calculated from Eq. 4.13 and Eq. 4.15. However,
it implies the knowledge of: 1) the different chemical equilibria between the ions in order
to calculate their different concentrations, and 2) the diffusion coefficient of each specie.

This study is out of the scope of this work.
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Table 4.7 Diffusion coefficients (10! m2s?') and lithium transference number for
CiCsImTFSI/LiTFSI, measured by NMR.%

C1CeImTFSI/LiTFSI (1 mol.L )

T ; . NMR
(K) [C1CeIm]* [TFSI] [Li]* TLl-+
298 0.77 0.39 0.38 0.10
305 1.10 0.59 0.53 0.09
310 1.47 0.78 0.67 0.09
315 1.84 1.23 0.95 0.09
320 2.44 1.67 1.16 0.09
325 3.08 2.26 1.42 0.08
330 3.80 2.60 1.68 0.08
333 4.29 3.17 1.98 0.08
335 4.50 3.21 2.11 0.08

Thereafter, we will compare this results with the impedance spectroscopy method.

4.6.4.3.EIS measurements of the transport properties

During the chronopotentiometry experiments of Li/Li coin cells, we performed
operando a galvanostatic EIS (see methods chapter 2). The spectra look very similar to
the ones described in chapter 3, i.e. the electrolyte resistance at high frequency, the
interface behavior at medium frequency and the diffusion process at low frequency. We
extracted the values of Rei and Rine. To compare the results for the two types of cell voltage
behavior (divergence vs short-circuit), the evolutions of the polarisation du to the
resistances (Ri*]) for the systems C1CsImTFSI/LiTFSI with and without VC are depicted
in Figure 4.24.

For the electrolyte without additive (Figure 4.24-a), the electrolyte resistance is stable
and starts to increase just before the divergence of the voltage. The interface resistance
increases progressively since the beginning. For the case where VC is added (Figure 4.24-
b), the electrolyte resistance is stable all of the time, however the interface resistance
follows the evolution of the cell voltage and eventually the resistance falls down abruptly

when a short-circuit happen.
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Figure 4.24 Evolution of the cell voltage, electrolyte and interface resistances for
symmetrical Li/Li coin cells containing (a) C;CeJdmTFSI/LiTFSI and (b)
Ci1CeImTFSI/LIiTFSI/VC during the application of a current density of 50 pA.cm™.

Regarding the lithium transport number, based on EIS measurements during
chronopotentiometry experiments, Bruce and Vincent*® have proposed a method to
measure it, assuming an ideal system with no ion association. Hiller e al.*’ have derived

a simple expression for calculation of the lithium transport number with our experiments:

grs _ I XRe Eq.

trl = —,
LY 7 YV I X Ripe 4.17

This equation allows to calculate the lithium transport number directly from the

Figure 4.24. The results of the different systems are summarized in Table 4.8.

Table 4.8 Calculated Li* transport numbers by EIS for Li/Li cells.

Temperature Current
System IEK) density tf l’f Tﬁ’f R
(nA.cm?)
CiCeImTFSI/LiTFSI 298 50 0.06 0.10
CiCeImTFSI/LiTFSI 333 175 0.08 0.08

From the Table 4.8, we notice that the values calculated thanks to the PFG-NMR at
RT are 1.5-2 times higher than the one obtained by EIS, and very similar at 333 K. The
values measured by EIS by Wohde et a/*® are in very good agreement with ours. However,
their values calculated thanks to the NMR are rather high because they do not take into
account the ionic concentration of the ions and make directly the ratio of the diffusion
coefficients in Eq. 4.16. Finally, Hittorf method and recent development of
electrophoretic NMR measurements*® allow to access directly to the true transference

number and will bring a new light on the transport properties of IL.
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4.7.Post-mortem XPS analysis of the cells after
chronopotentiometry

The evolution of the lithium electrodes surface upon the application of an electrical
polarization (50pA.cm™) was probed by XPS. The Figure 4.25 shows the Cls and N 1s

core level spectra of the IL based electrolytes used in this work.
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Figure 4.25 XPS spectra of Cls and N1s recorded at the surface of lithium negative (upper
spectra) and positive (downer spectra) electrodes after chronopotentiometry experiments in
Li/Li coin cells containing (a) C;C¢slmTFSI/LiTFSI, (b) C{CiCdImTFSI/LiTFSI, (c)
CiCeImTFSI/LIiTFSI/VC, (d) CiCeImTFSI/LIiTFSI/FEC and (e) CiCslmFSI/LiTFSI.

For the case of CiCsImTFSI/LiTFSI and CiCiCsImTFSI/LiTFSI, the peaks
corresponding to Chetero (286.7 €V) and —CF3 (293 eV), recorded at the positive and
negative electrodes did not change significantly. The presence of Li2CO; related peak
(290 eV), associated to the native passivation layer on the surface of lithium electrodes,
as it was discussed in chapters 2 and 3, is the signature of the presence of thin SEI layer

(below 5nm). It seems that LiCOs layer is transparent to lithium plating and striping.
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Besides, the peaks corresponding to Ncation and Nanion related peak do not vary upon

lithium deposition.

For the cases C1Celm/TFSI doped with VC and FEC additives, the spectra exhibit the
decrease of intensities of the peaks —CF3, Chetero, as well as the LioCOj3 peak. In parallel
the Neation 18 peak disappears followed by a widened of the Nanion (~399 eV) peak that
leads to the formation of LizN (~397 eV). Note that this decomposition of the TFSI anion
i1s accompanied by the disappearance of the peak associated to Li»COs3, signature of the
presence of thicker SEI layer compared to the non-doped electrolyte Similarly, in the case
of FSI based electrolyte, the SEI layer seems to be thicker than 5 nm, without the

formation of LizN species.

In Figure 4.26 the Fls and S2p core levels spectra are presented. In the case of the
electrolytes CiCsImTFSI/LiTFSI and C;CiCsImTFSI/LiTFSI, beside the peak at ~689
eV, which is attributed to the —CF3 group, we noticed the formation of LiF (685 eV) at

the surface of both electrodes.
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Figure 4.26 XPS spectra of F1s and S2p recorded at the surface of lithium negative (upper
spectra) and positive (downer spectra) electrodes after chronopotentiometry experiments in
Li/Li coin cells containing (a) C;CsImTFSI/LiTFSI, (b) CiCiCsImTFSI/LiTFSI, (c¢)
CiCeImTFSI/LiTFSI/VC, (d) CiCeImTFSI/LiTFSI/FEC and (e) CiCsImFSI/LiTFSI.
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Regarding the S2p spectra, for the first two combinations of electrolytes, we noticed a

slight decomposition of —SO (peak at 169 eV) related group to form Li»SOy species

(peak at ~167 eV). A similar trend is observed for the CiCsImFSI/LiTFSI electrolyte,
although the initial peak of —SO, becomes wider.

The situation is completely different for the case of cell polarized using additives
doped electrolytes, the initial —SO» peak has disappeared, however there is no evidence
of a decomposition that leads to the formation of Li»SxOy. Instead of this, we identify an

intense Li>S related S2p peak at ~161 eV.

In conclusion, for CiCeImTFSI/LiTFSI and CiCeImTFSI/LiTFSI, very few
decomposition products are observed and the SEI seems to be thinner than 5 nm. For the
case of C1CeImFSI/LiTFSI, the SEI is thicker because of the formation of LiF and SO

species.

In contrast, for the cases of additives doped electrolytes the application of an electric
current, induces the formation of a SEI layer thicker than 5 nm composed mainly by LisN,

LiF and LisS.

In Figure 4.27, the Ols and Lils core levels spectra are depicted. As it has been
regarded in the F1s and S2p core levels, herein the spectra without additives still preserves
the peak related to the —SO> bonds at ~533 eV, which is accompanied by a peak at ~532
eV which can be attributed either to carbonates, L12SxOy or even LiOH formed by residual

traces of water in the electrolytes.

The situation is different in the cases of the cells polarized using additives doped
electrolyte. We noticed a broad peak at ~531 eV which can be assigned to the presence
of Li2SxOy, carbonates, LiOH and other degradation byproducts of the additives such as
ROLiO>. The presence of an intense peak of LioO (~528 eV) can be examined in the
frame of the high reactivity of the fresh plated or striped lithium during polarization. The

presence of Li2O was not evidenced in the case of the aged cell at the OCV conditions.

Finally, the peaks of the Lils core levels exhibit the presence of a broad peak centered

at ~55 eV which can be attributed to the different lithium salts formed upon the
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polarization (LiF, Li2SxOy, LisN, Li2S). These peaks will not be fitted since their exact
position is difficult to distinguish. However, for the case of the negative electrodes of the
cell polarized using electrolyte containing VC or FEC additive, the presence of a shoulder
at ~53 eV is a signature of the presence of deposed metallic lithium Li°. This affirmation
is corroborated by the presence of the characteristic satellite peak (*) of the metallic
lithium at energies higher than 58 eV. This result corroborates, the presence of Li>O due

to the high reactivity of the Li® formed at the surface.
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Figure 4.27 XPS spectra of Ols and Lils recorded at the surface of lithium negative (upper
spectra) and positive (downer spectra) electrodes after chronopotentiometry experiments in
Li/Li coin cells containing (a) C;CsImTFSI/LiTFSI, (b) CiCiCsImTFSI/LIiTFSI, (c¢)
CiCImTFSI/LiTFSI/VC, (d) CiCsImTFSI/LiTFSI/FEC and (e) C;CslmFSI/LiTFSI.
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4.8.SEM/AES  analyses of the electrodes  after
chronopotentiometry

In this section the morphology of the lithium surface electrodes at the different voltage
regimes (divergence and short-circuit) as far as the type of dendrites and the chemical

composition of the SEI will be discussed based on the SEM/AES analyses.

The photography of the Viledon separators taken after Li/Li cell potential divergence
and short-circuit, when CiC¢JImTFSI/LiTFSI and C;C¢ImFSI/LiTFSI are used,
respectively, are reported in Figure 4.28-a and b. After divergence, the separator is
completely covered by a dense deposit of lithium that cannot be removed just by washing
the separator. In the case of short-circuit, the little particles of lithium (dendrites) have
crossed the separator. Some of these dendrites are not firmly adhered to the separator and

can be removed by washing process.

a) b}

Figure 4.28 Viledon separators of Li/Li coin cells after the application of a current density
of 50 nA.cm? with the electrolytes: a) C;CsImTFSI/LiTFSI and b) C;CsImFSI/LiTFSI.

4.8.1. The regime of divergence of the potential

Figure 4.29-a shows the SEM images of the positive electrode recorded at the
chronopotentiometry of 50 pA.cm™ for a coin cell containing the C1CeImTFSI/LiTFSI
electrolyte. Two different types of morphologies are observed, a layer that covers most
of the electrode surface, and rectangular like domains that seem to be induced by the

fissures across the surface layer.
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Figure 4.29 SEM images and AES spectra of the positive electrode (a) and the negative
electrode (b) after a chronopotentiometry at 50 pA.cm™ using C;CsImTFSI/LiTFSL.

Both structures were analyzed by AES, indicate the presence of carbon, oxygen,

fluorine and lithium as demonstrated by XPS.

The AES spectra recorded at the surface of the rectangular domains shows the presence
of mainly fluorine and carbon. The oxygen is present in a minor concentration. The
presence of fluorine can be attributed to the formation of LiF salt. The origin of the
observed domains is unknown, however, there are detected also when the cell is polarized
at 65 pA.cm (Figure 4.30-b), as well as in experiments with pouch cells. The brightness
contrast, suggest that both domains have different electronic conductivities, however their

origins needs additional investigations.
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5 um

Figure 4.30 SEM images of the rectangular domains presents at the surface of the positive
electrode after chronopotentiometry recorded at (A) 50 pA.cm™ and (B) 65 pA.cm™ using
CiCImTFSI/LiTFSIL.

For the negative electrode, the layer at the surface corresponds with the case at OCV
with the presence of fluorine and sulfur degradation byproducts (Figure 4.29-b). Note in
inset the presence of a different deposited structure (p2), which morphology seem to be
associated to some kind of dendrites. However, AES analysis shows the presence of
fluorine and sulfur byproducts but not the presence of lithium. Therefore, they can
difficult be associated to the deposited like-mossy lithium which presence is confirmed

in the analysis of the Viledon separator (Figure 4.28-a).

4.8.2. The regime of short-circuits

The Figure 4.31-a shows the SEM images of the positive electrode for the system
C1C6ImFSI/LiTFSI. The lithium surface is covered by an homogenous film and dispersed
particles. The AES spectra, reccorded at different position of the positive electrode, show
the presence of fluorine and sulfur, corroborating the XPS measurments (LiF and
Li2SxOy). Note that the native lithium layer is still visible (point p2) since the AES

analysis shows only the presence of lithium and oxygen.

For the SEM image and AES spectra recorded at the surface of the negative electrode
(Figure 4.31-b), we notice the presence of lithium dendrite as well as the presence of SEI

layer constituted of fluorine and sulfur.
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Figure 4.31 SEM images and AES spectra recorded at the surface of (a) the positive and (b)
negative electrode after chronopotentiometry using C;CeIlmFSI/LiTFSI. (c) Different
structures identified as dendrites for the negative electrode.
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4.9.Conclusions

The first part of this chapter has allowed us to revise the oxidation and reduction limits
of our IL based electrolytes against lithium metal. We have demonstrated that even at
potentials as low as 3.5 V vs. Li"/Li, non-negligible oxidation current densities start to
appear, which can lead to the decrease of the performance of the system. In special, the
C1CsImFSI/LiTFSI electrolyte is not stable at higher potentials since the current density
increases upon the cycles. For the other combinations, the role of methylation and
additives, mainly FEC, leads to the enhancement of the anodic stability through a surface

passivation process.

Regarding the reduction limit, all IL based electrolytes start to reduce at a potential of
2.0 V vs. Li"/Li. The reduction by-products have been characterized by XPS for the case
of the electrolytes C1CeImTFSI/LiTFSI with and without FEC.

In the case of CiCsImTFSI/LiTFSI, we observe a quick increase of the reduction
current density at potentials lower than 0.5 V vs. Li"/Li that can be associated to the

reduction and/or complexation of the C1CsIm" cation to form carbenes species.

The other electrolyte combinations show a relatively good passivation at low potentials
until 0.05 V vs. Li*/Li with reduction current densities lower than 5 pA.cm™. Nonetheless,
the CV performed until -0.1 V vs. Li"/Li have demonstrated that only with the addition
of VC or FEC additives allowed an efficiency higher than 70 % of the platting/stripping

Pprocess.

In addition, we have studied the polarization of Li/Li coin cell system under current
density application. We have evidenced the existence of two regimes of polarisation
(divergence of potential and short-circuit), that are in agree with the model predicted by
Chazalviel’s. For the regime of divergence, the experimental results seem to be in

agreement with the inverse-square law (t « 1/J?).

The EIS experiments have demonstrate differences in the values of the transport
number of the electrolyte with respect to the values given by NMR. This confirm that
when LiTFSI is added to the neat IL other complexes such as Li(TFSI), are formed. The



CHAPTER 4: Behavior of the ionic liquid based electrolytes

in contact with lithium metal under polarization]|160

values given by EIS highlight the fact that this transport number is very low (~0.06) for

IL based electrolytes and need to be improved.

The XPS analysis combined with SEM/AES analyses have demonstrate that two types

of SEI are formed:

e For the electrolytes CiCsImTFSI/LiTFSI and C1CiCsImTFSI/LiTFSI, the SEI
is thinner than 5 nm, the reversibility of the platting/striping process is not

possible leading to the deposit of mossy-like lithium or dispersed structures.

e For the electrolytes containing VC or FEC and for CiCsImFSI/LiTFSI, a SEI
thicker than 5 nm rich in LiF is formed, favoring the reversibility of the
platting/striping process. However, this layer is susceptible to be crossed by
needle-like dendrites. The properties of this kind of SEI can be enhanced with
additives as it is demonstrating by the increase of the onset time of short-circuit

with respect to the case with CiCeImFSI/LiTFSI.
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CHAPTER 5: Operando XPS a novel approach for the study
of lithium/electrolyte interphase

The current development of the lithium metal batteries is intimately related to the comprehension
of the chemical structure and the reactivity of the electrolytes at the surface of the lithium
electrode. Thus, it is essential to understand the interfacial processes that induce the degradation
of the electrolytes and lead to the decrease of the Coulombic efficiency and promote the growth
of lithium dendrites. A deep fundamental research on the mechanisms involved during the
electrochemical cells operating is required to bring optimal solutions with higher safety and
efficiency requirement. Within this framework, the most understanding of redox process and solid
electrolyte interphase (SEI) formation, occurring in the electrochemical cells, are based on ex-
situ characterization protocols involving glove boxes, transfer vessels, and specific washing
process, which may spoil the coveted information. One of the direct tools to probe both SEI
growth and redox process during electrochemical cycling is the X-ray photoemission
spectroscopy (XPS). However, most of XPS investigation are performed through a post-mortem
process, involving well established protocols. Nevertheless, surface contamination or evolution
after cell de-assembling are source of artefact. Hence, the aim of this work is to design a new
electrochemical cell adapted for the study of the interface electrode/electrolyte by XPS in
operando mode. Besides developing a compatible electrochemical cell for operando XPS (O-
XPS) studies, this new approach will be devoted to study the degradation process occurring at
the interface between electrolyte and lithium metal.
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5.1.Introduction

The characterization of the chemical environment of the SEI frequently requires the
use of post-mortem protocols to extract and prepare the electrodes to analyze their surface.
Although the results of this protocol are largely accepted by the scientific community
through several years of research, there exist some controversial about the possibility of
alteration of the chemical state of the electrodes during the disassembling of the cells, the

washing of the electrodes and their transport until the characterization equipment.

Controlling the lithium dendrite growth from lithium represents a key factor to unblock
the use of lithium metal as negative electrode for lithium battery technology. Metallic
lithium anode which gives the high theoretical specific capacity is limited by the
occurrence of dendritic growth during the charge of the battery. In battery technology,
the interface plays a crucial role, particularly the surface of lithium in contact with the
electrolyte is usually covered by a passivation layer which affects the capacity stability
and safety hazards of lithium batteries. The complete understanding of this phenomenon
might pave the way for the best operating conditions for lithium batteries. Most of the
characterization tools used to perform post-mortem analyses in battery field have been
explored to design and perform operando studies. However, neither has been conclusive
to be well established protocol with high figure of merit, especially surface sensitive

techniques such as XPS.

5.2.0perando characterization for battery technology

We noticed that the post-mortem characterization protocol is largely accepted by the
scientific community through several years of research. However, the possibility of
alteration of the chemical state of the electrodes during the disassembling of the cells, the
washing of the electrodes and their transport until the characterization equipment, is

source of controversy.

In the frame of lithium battery technology, several techniques have been developed to
follow in operando condition the lithium surface reactivity toward liquid and solid
electrolytes and in the meantime the dendrite growth process. Besides, the knowledge of

the redox processes obtained by these techniques, some limitation, associated to material
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sensitivity and characterization tools constraint, are still a breakdown to widen our
pictures regarding the origin of LIB fading origin. This leads to the development of

operando characterization techniques.

Since lithium battery cell are not transparent, it is necessary to design the
electrochemical system to be adapted to the constraint imposed by each characterization
tool. Moreover, several of them are operating under high vacuum conditions, which is a
challenge to perform operando analyses with volatile electrolyte based batteries. Hence,
the development of operando protocols must take in consideration, the constraint
associated to the battery system and characterization equipment. Here, we are listing the

most state of art techniques that have been adapted to perform operando analyses.

5.2.1. Optical techniques

5.2.1.1.0perando Optical microscopy

The optical microscope was used mainly to visualize the dendrite growth during
lithium plating and stripping. The electrochemical cell used for this purpose is a
simplified transparent representation of lithium battery. Most designed cells, reported in
the literature, are quasi bi-dimensional parallelepiped cells, made of two glass plates as

reported in Figure 5.1.!
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Figure 5.1 (a) schematic representation of designed electrochemical cell for optical
visualization of lithium dendrite growth, (b) experimental setup connected to the
microscope including CCD (charge-coupled device) camera and furnace.!
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This designed cell was used in lithium/polymer/lithium cell mainly to study the lithium
dendrite growth in the framework of Chazalviel’s model.> The evolution of the cell
potential with time was evaluated by impedance measurements performed while the cells
under in-situ optical microscopy observation were polarized. In conjunction with a simple
equivalent circuit model, these experiments enable to quantitatively describe the

evolution of dendrites with time and a thermo-fusible effect predicted by Bouchet et al.?

Hence, this experimental set-up allowed the simultaneous measurement of the cell
potential, and the evolution of the dendrite growth with regards to the ionic concentration

gradient in the electrolyte near the Li surface at a characteristic Sand time.

In a lithium/polymer electrolyte/lithium cell, the inter-electrode in-situ ionic
concentration evolution has been reported by studying the light absorption profile across
the cell during the aging.* However, the experiment does not allow to follow this
evolution during long times due to the electrochemical production of impurities at the

surface of the electrodes affording ionic concentration instabilities in the cell.

Since the surface morphology of lithium anode affects the performance of the cell and
the nature of the dendrite growth regime, this optical cell does not allow reproducible
measurements and moreover hardly adapted to other lithium ion battery system.
Moreover, the resolution of optical microscopy is fundamentally restricted by the
diffraction limit of visible light, which is not sufficient to monitor microstructural
changes. However, electrochemically induced macroscopic structural changes of
electrodes and dendritic lithium formation which can be investigated through (digital)

optical microscopy.

Note that with graphite electrode, the coloration of lithiated graphite is a measure of
its state of charge,’ the (de)lithiation process of graphite can be studied with an optical

microscope by tracking the color evolution.

5.2.1.2.0perando Raman and Fourier transform infrared spectroscopy

The use of in-situ Raman in electrochemical field has been reviewed by Stancovski et

al.® As, the laser light in Raman spectroscopy must reach electrode, as with the optical
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microscope, all designed cells are configured with a hole to expose the surface electrode
to the light beam.”® Therefore, the amount of liquid electrolyte in the pathway of the
laser light can be kept to a minimum limiting the undesired light scattering by the
electrolyte which decreases the cell performance. Infrared spectroscopy (FTIR) technique
based on the absorption of infrared light, is often applied to probe the nature of the
interfacial reactions between a working electrode and the electrolyte in the reactive mode,
but also to identify gas products that can be formed. A relatively large numbers of
different battery setups for in situ FTIR research have been designated.”!® Several
window materials e.g. KBr, CaF, and diamond., transparent to infra-red light allowing
the beam to reach the working electrode, have been applied. Most ot the experimental
setups do not have a conventional half-cell, sandwich-like structure but have a more open
structure with the counter electrode positioned aside the working electrode. This
configuration ensures good accessibility to the electrode of interest which is necessary as
the infrared beam is incident at an angle fixed to obtain a maximum reflection intensity.

Such a design furthermore allows the incorporation of a reference electrode.

5.2.2. Electron beam based techniques

5.2.2.1.  In situ scanning electron microscopy (SEM) observations of Li
plating and stripping

Due to the drastic vacuum conditions needed to perform SEM images, gel or polar
electrolyte are not adequate for in-situ observations. In the case of polymer electrolyte,
which requires operating at higher temperatures (greater than 80°C), the equipment must
be able to heat the cell. Most of the developed cells are based layered anode/
electrolyte/cathode system using a polymer electrolyte consists of poly(ethylene oxide)
(PEO) and a LiN(CF3S0,); lithium salt referred to as (LiTFSI).'!!> These approaches
allowed to observe the dendrite growth occurring right after a short-circuit upon
polarization, however the correlations between electrolytic properties and dendrite

growth were not successful.

Since the main question is to comes-out with the origin of lithium dendrite growth in
real battery system, in relation with electrolyte and surface electrode properties, Ota et

al.’® have studied by the mean of quasi in-situ SEM the effect of the electrolyte
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composition on the shape and the morphology of the growth dendrites. The surface and
cross-sectional morphologies of deposited lithium on a nickel substrate in LiIN(SO2C2F5)»
(LiBETI) electrolytes with ethylene carbonate (EC) + tetrahydropyran (THP),
dimethoxyethane, dimethylcarbonate (DMC), propylenecarbonate (PC), y-butyrolactone
(GBL) (1:1) binary solvents were investigated by in-situ SEM observation. The authors
found out that lithium cycling efficiency increases following the order THP > DME >
DMC > PC > GBL. Moreover, THP containing electrolyte exhibits a fine particle
morphology. The authors claimed that the reductive stability of the solvents plays a role
in the lithium dendrite formation. The evolutions of the lithium cycling efficiency and the
lithium surface morphology when the organic electrolyte EC containing LiBETI is mixed
with organic additives are depicted in Table 5.1. Dendrites are not observed in the mixture

EC :THP (1:1).12

Table 5.1 relation between lithium cycling efficiency and surface morphology in various EC
mixed solvent containing LIBETL.!?

. - o . Li cycling efficiency(%)
Lithium deposition  Lithium deposition

current density charge quantity Average Average Thickness
Solute Solvent (mAfem?) (Clem?) 1-20 cycles  1-50 cycles Morphology after 50 cycles (um)
LiBETI EC + THP (1:1) 0.2 0.5 92 91 Fine particle 11
0.2 1.0 93 92 Particle 26
0.2 2.0 94 92 Large particle 49
0.6 0.5 88 88 Particle 14
1.0 0.5 84 81 Particle and dendritic 38
EC + DME (1:1) 0.6 0.5 88 87 Particle and dendritic 28
EC + DMC (1:1) 0.6 0.5 84 82 Particle and dendritic 38
EC + PC(1:1) 0.6 0.5 69 72 Dendritic 47
EC + GBL (1:1) 0.6 0.5 60 62 Dendritic 52

A similar study on lithium dendrite formation with a EC and THF mixed solvent
several lithium salts LiPFs, LiTFSI, and LiBTI was reported, Table 5.2."* Obviously, the
nature of the anion has a key role, higher are its steric hindrance and its charge delocalization

lower are the dendrite formation and higher the cycling stability.

Table 5.2 effect of electrolyte temperature by change of solute in EC and THF mixed
solvent.'’

Li cycling efficiency(%)

Average Average Cycle Thickness

Solute Temperature (°C) 1-20 cycles 1-50 cycles stability Morphology after 50 cycles (pm)
LiPF, 0 78 74 Bad Dendritic 29

25 80 80 Good Particle and dendritic 24

50 81 79 Good Flat 41
LiTFSI ] 81 72 Bad Dendritic 26

25 87 83 Bad Dendritic 29

50 89 89 Very good Large particle 31
LiBETI 0 83 81 Good Fine particle 24

25 87 88 Very good Particle 15

50 89 89 Very good Large particle 24
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5.2.2.2. Transmission Electron Microscopy

Recent breakthrough in the field of in situ techniques for battery research has been the
development of in-situ transmission electron microscopy (TEM). After the initial work
of Huang et al.'* in 2010 on the (de)lithiation of a single SnO» nanowire, many reports
on nanostructured electrodes studied by in-situ TEM have been published.'> Only ultra-
thin samples i.e., nano-batteries, can be investigated, which makes the technique
challenging and creates some source of artefacts such as local heat or current distribution
across the cell induced by energetic electron beam. This technique informs on the
morphology changes during battery operation, and additionally with its additional
integrated techniques, such as electron diffraction and electron energy loss spectroscopy
(EELS), can provide data on the chemical composition and structure changes at the
electrode surface. In this approach two types of devices have been designed all-solid-
state batteries and a cells '° with a SnO, partially nanowire flooded in an ionic liquid,

Figure 5.2.141°
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Figure 5.2 Schematic representation of the open nano-cell setup enabling in-situ TEM. (a)
Tonic liquid based electrolyte configuration,'* (b) solid state electrolyte based cell.'s
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5.2.3. X-ray techniques

5.2.3.1. X-ray diffraction

The operando XRD, represent the most well established technique among the adapted
characterization tools for operando measurement. XRD can be used to investigate how
intercalants modify the crystal structure, morphology, and mechanical properties of host
2D materials. X-ray transparent window needs to be incorporated in the design in order
to allow the X-rays penetration to the targeted electrode(s).'®!” Battery designs for in situ
XRD measurements are available, for which a proper pressure applied to the cell is
essential to obtain reliable results. The high energy photons sources available at the
synchrotron radiation facilities allowed conduct operando XRD measurements on real
cell in the transmission mode in order to obtain simultaneously 2D-diffraction patterns

on both cathode and anode electrodes.'®

5.2.3.2.  X-ray tomography microscopy

X-ray tomographic microscopy is an advanced form of transmission X-ray microscopy
(TXM) for which the in situ cell can be rotated over 180° to obtain a series of 2D images
that can be reconstructed using a tomographic algorithm to establish a 3D microstructure
representation. The changes in attenuation coefficient is related to changes in composition
and mass density, enabling visualization and quantification of the phase transitions of

electrode or even dendrite growth with regards the cycling conditions.'®%°

5.2.4. Scanning Probe Microscopy

Atomic Force microscopy (AFM), electrochemical strain microscopy (ESM), and
scanning ion conductance microscopy (SICM) can bring valuable information on the
surface change by scanning the evolution of the interface between the electrode and liquid
electrolyte. Thus volume change and/or SEI formation upon cycling can be visualized.
With AFM tip acting as current collector, it is now possible to study the surface potential

and topography changes as a function of the applied voltage.
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5.2.5. Neutron based techniques

Due to the large penetration depth of the neutrons, measurements can be performed on
unmodified commercial cells and diffraction patterns of the anode and cathode can be
obtained simultaneously.?! However, the technique is very sensitive to the hydrogen
present in the separators and liquid electrolytes of commercial cells, which unfortunately

gives rise to large background signals from incoherently scattered neutrons.?>%3

5.2.6. X-ray photoelectrons spectroscopy

Regarding the XPS studies on batteries materials, the most understanding of redox
process and solid electrolyte interfaces (SEI) formation, occurring in the electrochemical
cells, are based on ex-situ characterization protocols involving glove boxes, transfer
vessels, and specific washing process, which may spoil the coveted information.
However, it is a direct and non-destructive tools to probe both SEI growth and redox

process during electrochemical cycling.

Only few works have been reported on the O-XPS investigations of electrochemical
systems since the spectroscopic tool is not compatible with volatile electrolyte.>*2¢ The
Ultra High Vacuum (UHV), necessary to perform XPS, consist a strong limitation of this
new approach as well as the depth analyses in laboratory XPS which is around 5 nm and
X-ray beam size dimension which do not exceed the 10um in the modern XP

spectrometers.

In this framework, all solid battery present certain compatibilities to perform operando
measurement. However, the most designed cells attempt to perform O-XPS on a hole
made on the working electrode by ionic etching. These methods induce several artefacts
related to the preferential sputtering induced by ion beam (surface roughness, chemical

modification and surface contamination).

One of the alternative to all solid battery, is the use of ionic liquid based electrolyte
since it has low vapor pressure (~107'° Pa) allowing compatibility with UHV techniques

such as XPS.
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Weingarth et al.?® performed an in situ XPS analysis of the anodic reaction of 1-ethyl-
3-methylimidazolium tetrafluoroborate/Pt ([CiC2Ilm][BF4]/Pt) performed in three
electrode cell using activated carbon as working electrode and Pt as reference and counter

electrode. 2°

This in situ XPS cell consists on a reaction vessel made from Polyether ether ketone
(PEEK) (1). The working electrode (WE) (3) is placed in a position appropriate for XPS
analysis and fixed with a piece of titanium. Reference (RE) and counter electrode (CE)
(5) are prepared of activated carbon (AC, YP17) wetted with the IL, and placed on the
opposite side walls of the vessel where they are contacted with titanium wires. Kapton
insulated wires (7) are used to independently connect WE, CE and RE to the respective
contact. The WE is connected to the ground of the XPS system via the specimen holder.
Since WE, RE and CE have to be insulated against each other, PEEK screws as well as a
PEEK interlayer are used. Within the analyzer chamber, the sample holder is put into the
fitting of the manipulator arm (9) and the connections of RE and CE are established with

sliding contacts, Figure 5.3. 2°

photo
electrons

Figure 5.3 The operando cell proposed by Weigarth e al.”® (A) and the analyzed area probed
by XPS (B).

By using this setup, the authors have observed a change in the core level spectra under

a cyclic voltammetry sequence, however, the origin of the shift is not clearly identified.
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It seems that the binding energy shift is associated to a potential drop at the interface
electrolyte/electrode rather than chemical change. The authors did not mention on the
wettability of the IL, hence, it is hardly to admit that the sketch in the Figure 5.3 (B) is

representative to the surface of the probed area.

Xiaohan Wu et al. studied in all solid battery A mixture of LiCoO> (LCO) and (Li2S)3—
P2Ss (LPS) cycled vs. InLix. Their setup did not allow to make direct correlation between
lithium insertion and the redox process, however, it allows to follow the surface potential

change as a function of the applied potential. >

5.2.7. Conclusion

The surface sensitivity of XPS requires lot of care to establish accurate operando

protocol with regards of representative electrochemical measurement.

In this thesis work, based on step-by-step coupling XPS within post-mortem and
operando analyses allowed as to validate both approaches in order to study the surface
reactivity of the lithium electrode towards IL based electrolytes at the OCV and cycling

conditions.

5.3. OXPS Experimental set-up

5.3.1. XPS spectrometer and sample holder up-grade

The OXPS was performed on the VersaProbe-II from ULVAC-PHI, equipped with an
upgraded stage allowing an external connection to perform electrical, thermal or
electrochemical solicitation. The XPS is equipped with micro-focused X-ray beam (10 to
200 pm?). The spectrometer allowed the realization of secondary electron induced X-ray

image. This imaging mode will be used to precisely define the analyzed area during

OXPS.

ULVAC-PHI has developed an adapted sample holder with four contact facilities and
hot plate, using the Peltier effect, to heat in situ the sample within temperature range of -

140 to 800°C (Figure 5.4).
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The spectrometer can be connected and adapted to different potentiostats. In this work,
we have used two different potentiostats, VMP-300 from BioLogic Science Instrument

and Solartron 1260 Impedance Analyzer (Figure 5.4-b).

7 B Hot plate

-
e ————

Figure 5.4 ULVAC-PHI sample holder equipped with four contacts and hot plate (-140 to
800°C) using Peltier effect.

(b)

Solartron Potentiostat

KPS Souctrometer
‘Versaprobe & P SOOO0(LL VAL P

Figure 5.5 XPS VersaProbe-II connected to a Solartron 1260 Impedance Analyzer.
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5.3.2. Cell design

Different cells were designed to perform the OXPS based on two main architectures,

reaction vessel-like and planar cell-like as reported in Figure 5.6-a and b, respectively.

The reaction vessel-like made from PEEK is inspired from Weingarth et al. work and
allowed three electrode device.?® Both cells allowed XPS. The planar-like cell, is made
from transparent glass allowing both OXPS and optical visualization of the interface

between lithium and electrolyte and eventually the presence of dendrites.

Photoelectrons Electrodes

a} X-ray

b)

Photoelectrons

X-ray
Electrolyte

Eleccgrode
Copper l i pper

Figure 5.6 Sketch of reaction vessel-like and planar-like designed cell for OXPS.

In this manuscript all results are discussed based on the planar like cell. The cell is
encapsulated using the pouch cell like technology, allowing a better current flow and an

electrolyte control between parallel electrodes.
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5.3.3. OXPS sampling and protocol

5.3.3.1.  Sample preparation

In a glove box filled with argon, two parallel foils of lithium, of 0.5 cm large, 1 cm
long and 135 pum thick, connected to copper current collectors are placed in parallel and
distanced by 0.02-0.03 cm in the planar cell. After encapsulating, the cell is filled with 50
nL of electrolyte and connected to the four contact sample holder. The cell is transferred
to the spectrometer using a dedicated transfer vessel. Figure 5.7 shows an encapsulated
planar-like cell, filled with IL based electrolyte, connected to four contact ULVAC-PHI

sample holders.

Once the cell is hosted in the introduction chamber of the spectrometer, the cell is kept
under vacuum ~ 1 hour until 10" mbar to remove any residual trapped bubbles inside the

cell.

Figure 5.7 Symmetrical lithium/lithium OXPS planar cell encapsulated and filled with
electrolyte and connected to the four contact sample holders.
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5.3.4. OXPS sample optimization and connectivity to the potentiostat

Before cell transferring to the analyze chamber, the sample holder is connected to the
potentiostat through armored cable to minimize the eventual electrical noises between the

sample holder and the electrochemical devise.

The sample holder inside the XPS stage, is grounded to the potentiostat to avoid the

electrical noise induced by the XP spectrometer.

Systematically, the open circuit voltage is recorded before sample transfer in order to
measure the OCV before and after sample transfer. This simple check procedure allows
a direct identification of the electrical noise level between the sample holder and
potentiostat, since the symmetrical cell, Li/IL electrolyte/Li, must have an OCV around

zero volt.

After introducing the cell, the X-ray beam is turned on to perform sample optimization

along z-axis (Z-align), while the OCV is recorded (Figure 5.8).
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Figure 5.8 Open circuit voltage evolution before and after cell connection to the XPS stage.
The effect of electron and argon gun used for charge neutralization is highlighted through
the OCYV deviation from the equilibrium voltage.
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While the cell is introduced to the analysis chamber and connected to the potentiostat,
the OCV is measured to be 0.15 mV + 0.1 mV. The Z-align performed without charge
neutralization does not perturb the measured OCV, however, the flood gun and the dual
beam charge neutralization induce a voltage increase. After switching off the charge
neutralization the OCV drop to the cell voltage in few hundreds of seconds (0.1 £ 0.1
mV).

Hence, all OXPS measurements are performed without charge neutralization to avoid

any artefact that may disturb the electrochemical process inside the operando cell.

5.3.5. X-ray beam and acquisition parameter optimization

The interface between the lithium (positive and negative electrode) and the
electrolyte is selected based on the secondary X-ray induced image (SXI) allowing the

exact localization of the targeted analysis area (Figure 5.9).

100 pm

100 pm

Figure 5.9 SXI performed with a X-ray beam of 100um? allowing a visualization of lithium
anode and electrolyte. The electrolyte analyzed area are labeled (1, and 2), the
lithium/electrolyte interface (3) and lithium surface (4).
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The beam size can be tuned from 10 pm? to 200 um?. The X-ray spectra were recorded
without charge neutralization, vide supra. The survey and the high resolution spectra were
recorded with a pass energy of 117 and 29 eV, respectively. The Fls, Cls, Ols, N1s, S2p
and Lils were recorded within the energy range of 20 eV within a scan rate of 0.1 eV and
scan step of 20 ms. Two scans for each core level peak was enough to have a good noise
to spectrum ratio. The spectra were not calibrated in order to follow the surface potential

while controlling the voltage of the cell thorough the potentiostat.

5.4. OXPS study of the interface lithium/imidazolium based
IL electrolyte, result and discussion

5.4.1. OXPS study of lithium/IL based electrolyte/lithium under
chronoamperometry

The chronoamperometry is an electrochemical technique in which the potential of
the working electrode is stepped and the resulting current from faradaic processes
occurring at the electrode (caused by the potential step) is monitored as a function of
time. For this purpose, we have used C1CsImTFSI/LiTFSI as electrolyte to correlate the
potential change of the working electrode to the surface potential change between the

lithium, selected as the negative electrode, and the electrolyte.

Figure 5.10 shows the resulting current from faradaic processes occurring at the

lithium anode (caused by the potential step) and monitored as a function of time.


https://en.wikipedia.org/wiki/Working_electrode
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Figure 5.10 Chronoamperometry evolution between 0.5 and 2.0 V with voltage step of 0.5
V. The XPS was performed during potential step.

We noticed that the relaxation profile after each voltage changes as a function of the
applied voltage. This result indicates that our electrochemical cell can be used to diffusion
process through the Cottrell equation:

_ nFC,AVD
i = T

Where i is the current in A, n is the number of electrons, F is Faraday constant, A is
the area of the planar electrode in cm?, Co is the initial concentration of the electrolyte in
mol.cm?. D is the diffusion coefficient for species in cm?.s™!, t is the time in second.
Under controlled-diffusion circumstances, the current-time plot reflects the concentration
gradient of the solution near the electrode surface. The current is directly proportional to

the concentration at the electrode surface.

The Cls, N1s and S2p XPS core peaks measured at different voltages, is reported in
Figure 5.11. We noticed that all core peaks down shift by ~1.5 eV without peak shape
change (Table 5. 3). The core level binding energy shift exhibits a linear and reversible
correlation with the applied voltage of -1 eV/V. In the frame of rigid band model, this
could find origin in the change of the Fermi level of the surface electrolyte with respect

to the analyzer.
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Figure 5.11 Cl1s, N1s, S2p core level shift as function of the applied potential between cell
electrodes.

Table 5. 3 Binding energy shift as a function of the applied voltage.

“"}(’)ﬁgg‘: Cls N 1s S 2p
0.5 287.0 4042 | 1723
1.0 286.6 4038 | 171.7
1.5 286.2 4032 | 1712
2.0 285.6 4029 | 170.7
1.5 286.2 403.0 | 171.1
1.0 286.7 4037 | 171.6
0.5 2872 4043 | 1721

5.4.2. OXPS study of lithium/IL based electrolyte/lithium at the OCV

For comparison with the study performed in the chapter 3, we have studied the EIS
evolution the cell at the OCV in the OXPS condition. We have chosen for this purpose,
the C1CsImTFS/LiTFSI based electrolyte system. We noticed that in the case of coin cell
configuration, the EIS was measured right after cell assembling, whereas in the case of
the operando cell the EIS measurement was performed after one two hours after
assembling in the glove box (delay time due to cell transfer between the glove box and
pumping the XPS introduction chamber). In order to compare the EIS results of the planar
operando and the coin cell, we have established a geometrical ratio of the lithium active
surface in contact with the electrolyte of both cells. We found out that the active surface

of the operando cell is ten time smaller than the coin cell case.
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The Figure 5.12-a, shows the Nyquist plot evolution recorded in the case of
Li/C1CeImTFSI- LiTFSI/Li cell in OXPS conditions. The inset figure represents the
characteristic EIS signature of the same system in the coin cell configuration. Using the
same approach reported in the chapter 3, we reported the evolution of the Rej and Rin¢ in

comparison with the coin cell values, Figure 5.12-b.
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Figure 5.12 a) Nyquist plot recorded at the OCV in the OXPS condition in the
Li/CiCeImTFSI-LiTFSI/Li. The inset figure is the Nyquist plot recorded in the case of the
coin cell. b) R and Riy¢ evolution at the OCYV as a function of the time.

We notice that a linearity test between 20 to 100 mV have shown that the Nyquist plot
has the same shape with regards of the characteristics frequencies. Hence, the EIS spectra
were recorded between 1 MHz and 1 mHz with an amplitude signal of 50 mV. The Rei
and Rinymeasured at the OCV evolve similarly to that recorded in the case of the coin cell.
This result evidences that our OXPS protocol has a potential to pave the way toward new

coupling studies between XPS and EIS in operando mode.

5.4.3. OXPS study of the interface Lithium/IL electrolyte under
polarization

5.4.3.1. Ci1CsImFSI/LiTFSI based electrochemical cell

We have applied a current of 100pA (eq. to 200uA.cm™ in coin cell configuration) to

the symmetrical cell. The Figure 5.13 shows the voltage profile over time. It is clearly
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seen that the cell voltage exhibits two behaviors: Ohmic behavior up to 0.15 V, followed
by a Nernstian profile. The voltage profile is similar to that recorded in the coin cell
configuration (chapter 4). The first short circuit occurs after ~40 min (28 min in the coin
cell configuration), followed by a successive fuse effect. The optical image recorded
before and after cell polarization, shows clearly the presence of lithium dendrite growing

from the negative to the positive electrode.
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Figure 5.13 Operando voltage profile recorded in the XPS chamber, showing short circuit
and fuse effect behavior. Lithium dendrite growing from the negative to the positive
electrode is observed after cell polarization.

The EIS measured before and after cell polarization is reported in the Figure 5.14. We
noticed a decrease of the Rin as the lithium dendrite growth. The Nyquist plot evidences
the growth of SEI layer upon polarization. In order to understand the chemical structure
of the SEI layer we have performed OXPS measurement upon polarization. We noticed

that the X-ray beam did not disturb the voltage profile.
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Figure 5.14 PEIS evolution before and after cell polarization.
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The OXPS recorded at the interface Li/C1CsImFSI-LiTFSI during the first and second

polarizations, at current density of 200uA.cm?, is reported in Figure 5.15.
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Figure 5.15 OXPS recorded at the interface Li/C{CeImFSI-LiTFSI during the first and
second polarization, at current density of 200 pA.cm,

Our result evidenced the formation of SEI layer mainly composed of LiF. The high
intensity of Lils, is signature of accumulation of lithium at the interface in accordance

with the formation of lithium dendrite and/or LiF.

The cell was di-assembled in the glove box and transferred to the Auger spectrometer
to perform the SEM image of the lithium negative electrode lateral section (Figure 5.16).
The SEM image was performed without washing with DMC solvent. Hence, we still
observe the presence of IL electrolyte that screen the lithium dendrite. The optical

microscope of the space between the lithium negative and positive is reported as well.

We can observe that the dendrite has needle like shape, as reported in chapter 4. This
result is at preliminary stage and need some optimization to avoid lithium dendrite

detachment during cell manipulation in the glove box.
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Figure 5.16 Optical microscope and SEM image of the lithium negative electrode after
operando cell polarization.

5.4.3.2. C1C6eImTFSI/LIiTFSI based electrochemical cell

We have performed similar study on Li/CiCsImTFSI-LiTFSI/Li. The Figure 5.17
reports the polarization profile recorded at the applied current of 25puA, corresponding to
150pA.cm™ in coin cell configuration. The GEIS is recorded, every 20 min, to evaluate
the interface resistance evolution upon voltage change. We notice the interface resistance
increases, whereas the interface and diffusional processes measured at low frequencies

vary, signature of SEI formation.
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Figure 5.17 Voltage profile change under fixed applied current density (150pA.cm?). The
GEIS is recorded every 20 min.

The voltage profile shows a divergence behavior similar to that evidenced in the
chapter 4. In parallel the pressure inside the XPS analysis chamber, keep increasing,
signature of gas evolution during SEI formation. The experiment was stopped after 2
hours, since the pressure conditions start to be critical for the spectrometer sources and

analyzer.

The OXPS was recorded between to GEIS measurement at the interface Li

(negative)/IL electrolyte. The core level peaks evolution is reported in the Figure 5.18.
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Figure 5.18 OXPS recorded at the interface Li/C;CslmTFSI-LiTFSI during the
polarization, at current density of 150pA.cm,

The OXPS evolution clearly proved the formation of LiF layer and the anion
degradation by-products (poly-oxy sulfur, LizN). We noticed an increase of the intensity
of the Cls alkyl related peak, suggesting the decomposition of cationic hetero structure
to form a putative NHC carbene (see chapter 3). The Ols and F1s binding energy down
shift and the vanish of the S2p spin-orbit doublet related to TFSI, confirm a chemical
structure change induced by the decrease of lithium ions concentration at the interface

with lithium negative electrode.

5.5. Conclusions

In this chapter, we have described our approach for developing the operando XPS,
OXPS, that allowed direct correlation between electrochemical properties and the
chemical structure evolution at the lithium/IL electrolyte interface. To our knowledge,
such study has never been developed with such accuracy, paving the way for better

understanding of the chemical structure of the SEI without inducing external artefacts.
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Toward an accurate OPXS, we have developed and designed several cells, to perform

as much as possible a realistic electrochemical behavior. The contact wires between the
stage and the potentiostat were optimized to reduce noise level.

Two systems, Li/CiCsImTFSI-LiTFSI/Li and Li/C1C¢ImFSI-LiTFSI/Li, have been

studied by OXPS and compared to post-mortem results (chapters 3 and 4). Beside the

gain of time and the matter saving the OXPS results corroborate the conclusions reported

in the chapter 3 and 4.

For instance:
- Lithium reactivity toward IL electrolyte at the OCV
- Dendrite growth following two regimes, short-circuit in the case of

Li/C1CeImFSI-LiTFSI/Li and divergence regime for Li/C1CeImTFSI-LiTFSI/Li.

The OXPS developed in this thesis can be extended to all solid batteries and

supercapacitor devices.
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General conclusions

The current lithium ion battery technology is facing against new challenges because of the
growing demand of more energetic storage systems for electronic devices and electric vehicles. It
is necessary the development of safer electrolytes with improved electrochemical stability, being
able to work with cathode material at potentials higher than 5 V vs. Li*/Li. These challenges have
brought out the need of use of anode material such as the lithium metal, which can be integrated

into new battery technologies such as lithium/sulfur and lithium/oxygen.

Regarding the electrolytes, ionic liquids (ILs) have been studied in this work because of their
retarded flammability, wide electrochemical window and weak vapor pressure, being suitable for
the study at ultra-high vacuum conditions, as require most of the surface analysis techniques.
However, the reactivity of these electrolytes against lithium metal have not been extensively
studied from a fundamental point of view, giving priority of the study of the performances of these
systems negligent the comprehension of the different chemical and electrochemical phenomena

happening at the interfaces electrolyte/lithium.

In order to understand all of these processes, a fundamental study of the IL based electrolytes
and the initial state of the pristine lithium electrode have been detailed in chapter 2. Herein, the use
of the VFT model to fit the conductivities of the electrolytes have demonstrated the dependency of
thermodynamic parameters (B, activation volume and Ty, glass transition temperature) on the
changes in the transport properties of the ILs (conductivity and viscosity) upon the addition of

LiTFSI salt and carbonate additives and the methylation of the C1CsIm" cation at the C2 position.

With CiCsImTFSI, the data of conductivity, viscosity and diffusion coefficient (measured by
NMR) have been compared, showing a good correlation between all of the parameters. This
comparison has been extended to the case of the same IL doped with LiTFSI. The results have
demonstrated a good correlation with the physical transport equations when the formation of

complexes like [Li(TFSI)2] is considered.
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The characterization of the ILs by XPS have highlighted based on core-level binding energies
shifts, the change in the molecular organization and in the cation-anion interactions depending on

1) the type of cation and anion and ii) the use of LiTFSI and additives.

Regarding the initial state of the lithium metal electrode, XPS measurements evidence the
presence of a passivation layer covering the surface and constituted of LioO buried beneath a
Li>COs layer. After etching the lithium surface with a monoatomic Ar" or cluster beam, the
measurements have been carried out to determine the thickness of LiO and Li2COs layers.
However, the induction of new kind of morphologies and the formation of Li-O have been

demonstrated in these experiences, modifying the initial state of the lithium surface.

The results of the chapter 2 serve us as reference to undertake the study of the reactivity of the

IL based electrolytes at open circuit conditions and under the application of an electrical current.

During OCV conditions, the electrical resistance of the electrolyte and interphases were
characterized by EIS. By means of this technique, we highlight the different stabilities of the neat
ILs which can be ordered from the most stable to the least stable as following: C;CeImFSI >
Ci1CiCeImTFSI > C1CsImTFSI. Moreover, EIS show an improved stability when LiTFSI is added.
This order of stability has been validated by the XPS analyses of the separators, showing an
accelerated decomposition of the CiCsIm" cation in neat IL. In the presence of LiTFSI, the
improvement stability can be related to the formation of [Li(TFSI)2]" complexes. As a consequence,
the imidazolium cation remains protected from the attack of Li* ions. The effect of C2 methylation
and additives have been discussed, giving rise to better stabilities of the electrolyte and a protection

from further decomposition of cation in contact to lithium electrode

Regarding the interphases formed at OCV, EIS shows that the electrolyte combinations
containing the FSI anion are the less resistive compared to TFSI based combinations. However, for
any IL doped with LiTFSI the evolution of the resistances seems to be managed by the
decomposition of the TFSI anion or of the organic additive (VC and FEC) when they are present.
Note that with FEC, an effective stabilization of the C1CsImTFSI/LiTFSI interphase has been

evidenced.
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The XPS analyses of the lithium surface after aging in contact with IL based electrolytes at OCV
shows the formation of fresh SEI layers composed mainly by Li»COs, LiF and Li>SxOy. The
presence of Li2COs, present at the surface of native lithium was used to estimate the thickness
evolution of the SEI layer, which seems to be thinner than 5 nm. This result is in good accordance
with the thickness of the SEI estimated by EIS. With anion FSI, the formation of LiF and sulfones
byproducts are favored leading to the formation of a homogeneous SEI evidenced by the SEM/AES

technique.

The behavior of the IL based electrolyte at different potentials has been studied by cycling
voltammetry. Results shows that the used combinations of imidazolium ILs exhibit an onset
potential of oxidation around 4.5 V vs. Li/Li" with better stability for the combinations containing
only the TFSI anion and the FEC additive. For the case of the reduction, decompositions of the
electrolytes started even before 1.0 V vs. Li/Li". This is in contradiction with the literature, where
several publications affirm a great stability window of IL based electrolytes even for the case of
LMB. We have highlight the fact that even at these potentials the current densities are in the order
of some pA.cm? which leads to a decrease of the performances and the consumption of the

electrolyte during prolonged cycling.

The study when an electrical current is applied to the Li/Li systems shows the formation of two
different regimes of polarization depending of the type of electrolyte at current densities between
60 and 100 pA.cm®> For the first regime (electrolytes CiCeImTFSI/LiTFSI and
Ci1CiCeImTFSI/LiTFSI) the voltage of the cell diverges at some time which coincide with the
formation of mossy-like lithium deposition. While with (CiCsImTFSI/LiTFSI/VC,
C1CeImTFSI/LITFSI/FEC and C1CsImFSI/LiTFSI) the voltage falls down and eventually banishes,

corresponding to the formation of needle-like dendrites that produces short-circuit of the system.

The onset time of the divergence regime seems to follow the inverse-square law (t o 1/J%), in
agreement with the Sand’s law and the Chazalviel’s model. For the case of the short-circuit regime,
the onset times exhibit some variations with the Sand’s law. This study has allowed to evaluate the
transport number of the Li" ions which are weak as 0.06 at room temperature independently of the

imidazolium IL based electrolytes.
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The XPS analyses have demonstrate that the type of interphase formed during polarization
depends on the type of electrolyte. For CiC¢ImTFSI/LiTFSI and CiCiCsImTFSI/LiTFSI, the
interphase is mainly composed by Li2CO3; coming from the native layer, suggesting that the fresh
SEI is thin with a low concentration of LiF which does not allow a good reversibility of the
plating/stripping processes favored the formation of mossy-like deposits. For the other
combinations (C1CsImTFSI/LITFSI/VC, C1CsImTFSI/LITFSI/FEC and CiCsImFSI/LiTFSI), the
peak of Li2COs is less intense corresponding to the formation of a thicker layer composed mainly

by LiF and Li2SxOy species. However, this layer can easily be crossed by needle-like dendrites.

When VC and FEC are present in the electrolyte, the cycled interphase exhibits the formation
of Li2O and Li>S in great concentrations. Herein, we hypothesized that the formation of these
species comes from the high reactivity of the Li" ions during the process of plating. This agree with
the good reversibility of the plating/stripping process proved by cyclic voltammetry and the
observation of the peak of lithium metal (~53 eV) in the XPS spectra.

In conclusion, we can propose that in order to design more performant systems two
considerations have to be taken into account. The first one correspond to the macromolecular
transport properties of the electrolyte: high ionic conductivity and high Li* transport number. The
second one correspond to the engineering of the SEI layer. This work demonstrates that the use of
additives is crucial for the efficiency of the plating/striping process. In addition, the degradation
mechanism of the anion that leads to the formation of a more homogeneous interphase must be
considered. Nonetheless, the anion FSI seems to be highly reactive and not suitable for work with
cathode materials with potentials higher than 4.5 V vs. Li*/Li. A good choice of combination IL +

lithium salt + additive must be considered.

Finally, the last chapter, consecrated to the development of the OXPS that allowed direct
correlation between electrochemical properties and the chemical structure evolution of the interface
lithium/IL electrolyte under electrochemical solicitation. To our knowledge, such study has never
been developed with such accuracy, paving the way for better understanding of the chemical
structure of the SEI without inducing external artefact. The OXPS results was discussed based on

the XPS post-mortem and operando EIS results developed in the chapter 3 and 4.
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APPENDIX 1: Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) in a general sense is a vector quantity
describing the relationship between a potential wave and a current wave, when an electrochemical
system is perturbed by an alternating current or potential. Impedance extends the concept of
resistance to alternating current. In EIS, the response of current (or potential) is measured when
a sinusoidal perturbation of potential (or current) is applied at different frequencies. Perturbation
has to be limited to small amplitude in order to ensure linear (or pseudo-linear) relationship between
the current and potential wave. In a linear (or pseudo-linear) system, the current response to a

sinusoidal potential will be a sinusoid at the same frequency but shifted in phase (Figure A1.1).
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Figure Al.1 Sinusoidal current response in a linear system.

The excitation signal, expressed as a function of time, has the form:

E, = E, sin(wt) Eq. Al.1

Where E; is the potential at time t, E, is the amplitude of the signal, and ® is the radial
frequency. The relationship between radial frequency o (expressed in radians/second) and

frequency f (expressed in Hertz) is:

w = 2nf Eq. Al.2

In a linear system, the response signal, I;, is shifted in phase (¢p) and has a different amplitude
than 1.
Iy = Iy sin(wt + ¢) Eq. A1.3
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An expression analogous to Ohm's Law allows us to calculate the impedance of the system as:

E, E, sin(wt) sin(wt)
—_t__ = Zy— Eq. Al.4
I, Iysin(wt + ¢) sin(wt + ¢)

The impedance is therefore expressed in terms of a magnitude, Z, and a phase shift, ¢.

If we plot the applied sinusoidal signal E; on the X-axis of a graph and the sinusoidal
response signal I; on the Y-axis, the result is an oval (Figure A1.2). This oval is known as a

"Lissajous Figure”.
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Figure A1.2 Lissajous Figure.

With Euler’s relationship, where j = v—1:

exp(jop) = cos¢ +j sing Eq. A1.5

It is possible to express the impedance as a complex function. The potential is described as,
E; = Ejexp(jwt) Eq. A1.6
And the current response as,

I, = Iy exp(jwt — ¢) Eq. A1.7

The impedance is then represented as a complex number,

Z(w) = ? =Zyexp(jo) = Zy(cos ¢ + j sin ¢) Eq. A1.8

t
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The components of Z(®) thus consist of an imaginary part referred to as Z; and a real part
referred to as Z,. When plotting Z; versus Z., one obtains a semicircle called a “Nyquist” plot, as
described below. Note that in the absence of capacitance and inductance, the Nyquist plot for a
simple resistor would be a simple vertical straight line with the intercept on the Z; axis representing
the value of the resistor in ohms. For complex systems representing electrodes in cells and batteries,
the Nyquist plots can be interpreted in terms of various electrode-electrolyte parameters such as
solution resistance, kinetics (charge transfer), and capacitance; inductive effects are generally not
observed in these electrochemical systems. To relate the complex impedance of the
electrode/electrolyte interface to electrochemical parameters, it is necessary to model an equivalent
circuit to represent the dynamic characteristics of the interface. The model consists of a number of
impedance elements in networks based on series, parallel, or series/parallel combinations. For

example, the total impedance for n elements in series is given by:

Ziotat =21+ 2y + 23+ -+ 27y Eq. A1.9

For n elements in parallel, the impedance will be given by:

! ! + ! + ! + -+ ! Eq. A1.10
Ztotal Z1 ZZ Z3 Zn

The important elements to be considered in modeling EIS data to electrodes are summarized in
Table Al.1. A realistic model will then allow one to determine the electrochemical parameters for
an electrode/electrolyte interface, which is discussed below.

Table Al.1 Equivalent circuit elements

Circuit element Impedance
Resistance, R R
Capacitance, C 1/Cjw
Constant phase element, Q (CPE) 1/Q(jw)”
Warburg impedance, W (infinite) 1/Y (jw)/?
Warburg impedance, W (finite) tan [8D2(jw) "]/ (jo)'?
Inductance, L jwL
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In all of the equivalent circuits and Nyquist figures shown below the double layer capacity is
represented by C, which is the symbol used for a pure (ideal) capacitor. However, due to surface
inhomogeneity and faradaic current (i.e., a “leaky” capacitor), for most electrochemical systems
the double layer rarely behaves as an ideal capacitor. In this case, the capacity C is replaced by a

constant phase element (CPE) in which the impedance is given by:

1

Z = — Eq. Al.11
CPE 0Gw)“ q

where a is an adjustable parameter. When a=1, the CPE acts as an ideal capacitor, i.e., Q=C,
and when o=0, the CPE is equivalent to a pure resistor. As indicated in Table A1.1, there are two
ways to represent the Warburg impedance based on an infinite or finite diffusion layer thickness.
For the latter, the relation for the impedance contains the thickness of the diffusion layer (5) and

the diffusion coefficient (D) for the diffusing species.

In modeling the electrode/electrolyte interface for a single electrode, the adjustable (fitting)
parameters include R, C, O, Y, L, and a. It is therefore important to select a realistic model for the
analyses of EIS data. The equivalent circuit for the basic model of the electrode/electrolyte
originally proposed by Randles (Disc. Faraday Soc. 1, 11 1947) is shown in Figure Al.3-a, and
the basic Nyquist plot for this equivalent circuit is shown in Figure A1.3-b, where Rs is the
electrolyte solution resistance, Cq 1s the double layer capacitance, and R is the charge transfer

resistance from which the exchange current density can be calculated.
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Figure A1.3 a) Randles’ basic equivalent circuit for an electrode/electrolyte interface, b) schematic
Nyquist plot for the Randles’ circuit.
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If the system exhibits diffusion control, this can be accounted for by the circuit shown in Figure
Al.4-a in which the Warburg impedance is added in series with Re:.. The corresponding Nyquist
plot is shown in Figure Al.4-b where the Warburg impedance appears at low frequencies as a

straight line with a slope of 45°.

a) b) 10__
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Figure Al.4 a) Randles’ equivalent circuit for an electrode/electrolyte interface including the
Warburg impedance, b) schematic Nyquist plot for the Randles’ circuit.
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APPENDIX 2: X-ray photoelectron spectroscopy

X-Ray Photoelectron Spectroscopy also known as electron spectroscopy for chemical analysis
(ESCA) is based on the photoelectric effect. The general working principle of XPS is shown in
Figure A2.1.

- alaciron anangy analyzer
photo emetted elecirons :
elachnon alaciron detacior

collacion ™.
lars b

Tocused X-ray baam

sample " signal

Figure A2.1 Schema of the XPS technique.

The basic mechanism behind an XPS instrument is illustrated in Figure A2.1. During an XPS
measurement high energy X-ray photons (Al K, = 1486.6 eV, Mg K, =1253.6 ¢V) are
incident on the sample. Core electrons are emitted as photoelectrons from matter as a consequence
of their absorption of energy from electromagnetic radiation. Energy of the emitted electron is
described as per Einstein's explanation of the photoelectric effect. From the kinetic energy of the

outgoing photoelectron, its binding energy can be calculated using equation:

BE = hv —KE — ¢ Eq. A2.1

BE = binding energy
hv = energy of the incident X-rays
KE = kinetic energy of the ejected photoelectron

® = work function of the instrument

The binding energy may be regarded as the energy difference between the initial and final states
after the photoelectron has left the atom. Because there is a variety of possible final states of the

ions from each type of atom, there is a corresponding variety of kinetic energies of the emitted
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electrons. Moreover, there is a different probability or cross-section for each final state. Relative

binding energies and ionization cross-sections for an atom are shown schematically in Figure A2.2.
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Figure A2.2 Relative binding energies and ionization-cross section for U.

The Fermi level corresponds zero binding energy (by definition), and the depth beneath the
Fermi level in the figure indicates the relative energy of the ion remaining after electron emission,
or the binding energy of the electron. The line lengths indicate the relative probabilities of the
various ionization processes. The p, d and f levels become split upon ionization, leading to
vacancies in the pis2, p3n, dsi2, dsp, f52 and f72. The spin-orbit splitting ratio is 1:2 for p levels, 2:3

for d levels and 3:4 for f levels.

Because each element has a unique set of binding energies, XPS can be used to identify and
determine the concentration of the elements in the surface. Variations in the elemental binding
energies (the chemical shifts) arise from differences in the chemical potential and polarizability of
compounds. These chemical shifts can be used to identify the chemical state of the materials being

analyzed.

In addition to photoelectrons emitted in the photoelectric process, Auger electrons may be
emitted because of relaxation of the excited ions remaining after photoemission. This Auger
electron emission occurs roughly 10! seconds after the photoelectric event. The competing
emission of a fluorescent x-ray photon is a minor process in this energy range. In the Auger process

Figure A2.3, an outer electron falls into the inner orbital vacancy, and a second electron is
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simultaneously emitted, carrying off the excess energy. The Auger electron possesses kinetic
energy equal to the difference between the energy of the initial ion and the doubly charged final
ion, and is independent of the mode of the initial ionization. Thus, photoionization normally leads
to two emitted electrons: a photoelectron and an Auger electron. The sum of the kinetic energies

of the electrons emitted cannot exceed the energy of the ionizing photons.

e e 0000 Lyjordp

& @ — Lyords
Photon Photoclectron
.0
Y
e Korls
Auger eleciron
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Figure A2.3 The XPS emission process (top) for a model atom. An incoming photon causes the ejection
of the photoelectron. The relaxation process (bottom) for a model atom resulting in the emission of a
KL,;3L 3 electron. The simultaneous two-electron coulombic rearrangement results in a final state
with two electron vacancies.

Probabilities of electron interaction with matter far exceed those of the photons, so while the
path length of the photons is of the order of micrometers, that of the electrons is of the order of tens
of angstroms. Thus, while ionization occurs to a depth of a few micrometers, only those electrons
that originate within tens of angstroms below the solid surface can leave the surface without energy
loss. These electrons which leave the surface without energy loss produce the peaks in the spectra
and are the most useful. The electrons that undergo inelastic loss processes before emerging form

the background.
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The electrons leaving the sample are detected by an electron spectrometer according to their
kinetic energy. The analyzer is usually operated as an energy window, referred to as the pass
energy, accepting only those electrons having an energy within the range of this window. To
maintain a constant energy resolution, the pass energy is fixed. Incoming electrons are adjusted to
the pass energy before entering the energy analyzer. Scanning for different energies is
accomplished by applying a variable electrostatic field before the analyzer. This retardation voltage
may be varied from zero up to and beyond the photon energy. Electrons are detected as discrete

events, and the number of electrons for a given detection time and energy is stored and displayed.
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APPENDIX 3: Binding energies, relative atomic concentrations and

FWHM of the XPS core levels of IL based electrolytes
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ABSTRACT

The major challenges in the field of the electrochemical energy storage, need of
a fundamental research effort on the nature of the chosen materials and their
interfaces with electrolytes. This work is crucial for a gain in performance,
durability and safety of such systems.

In this context, it is vital a further understanding of the interfacial processes
affording to the degradation of the lithium metal-electrolyte interface causing a
decrease in the Coulombic efficiency and promoting dendritic growth.

To make progress in these fields, in this thesis we have chosen to study the
reactivity, face to lithium metal, of two ionic liquids composed of the anions
[TFSI] and [FSI] associated with the cation 1-hexyl-3-methylimidazolium in the
presence of the LiTFSI salt (1mol.L ™). The ex-situ reference study of the different
electrolyte combinations aged in Li/Li button cells, by coupling EIS/XPS
techniques, have allowed us to understand the different formation mechanisms of
the SEI at the interface electrolyte/lithium, according to the nature of the anions,
the modification of the cation and the addition of VC and FEC additives. On the
other hand, during the electrical polarization, we have highlighted two different
dendrite growth regimes depending on the current density applied. The different
chemical and morphological states of the lithium surface during these regimes have
been compared by studies coupling XPS and SEM/Auger.

Finally, in order to be as close as possible to the real conditions of the phenomena
studied, this ex-situ study have allowed us to make rigorous progress in the design
and implementation of the operando XPS characterization protocol, paving the way
for a better understanding of the chemical structure of the SEI in real time.

RESUME

Face aux grands défis industriels dans les domaines du stockage électrochimique
de I’énergie, un effort de recherche fondamentale sur la nature des matériaux
choisis et de leurs interfaces avec les électrolytes est aujourd'’hui crucial pour
gagner en performance, en durabilité et en sécurité.

Dans ce contexte, il est primordial de comprendre les processus interfaciaux mis
en jeu qui induisent la dégradation de I’interface SEI lithium métal-¢lectrolyte et
entrainent une baisse du rendement Coulombique et favorisent la croissance
dendritique.

Pour progresser dans ces domaines, dans ce travail nous avons choisi d’étudier la
réactivité, face au lithium métal, de deux liquides ioniques constitués des anions
[TESI] et [FSI] associés au cation 1-hexyl-3-methylimidazolium en présence du
sel LiTFSI (Imol.L"). L’étude de référence ex-situ par couplage EIS/XPS des
différentes combinaisons d’¢électrolyte vieillies en piles bouton Li/Li, nous a permis
d’appréhender les différents mécanismes de formation de la SEI aux interfaces
électrolyte/lithium métal selon la nature des anions, la modification du cation et
I’ajout des additives VC et FEC. D’autre part, lors de la polarisation électrique de
ces piles, nous avons mis en évidence deux régimes différents de croissance des
dendrites dépendantes de la densité de courant appliquée. Les différents états
chimiques et morphologiques de la surface du lithium lors de ces régimes sont
comparés par des études couplant XPS et SEM/Auger.

Finalement, afin d'étre au plus prés des conditions réelles des phénomeénes
étudiés, cet étude ex-situ nous a permis d’avancer de maniére rigoureuse dans la
conception et la réalisation du protocole de caracterisation operando XPS, ouvrant
la voie a une meilleure compréhension de la structure chimique de la SEI en temps
réel.



