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Abstract

Today, most of the commercially available Li-ion batteries use liquid electrolyte (a lithium
salt dissolved in an organic solvent). Substituting liquid electrolyte by a solid-state one is
considered as a highly promising way to increase electrochemical performances and safety of the
next lithium battery generation. Indeed, composite solid-state electrolytes are designed to
combine the positive features of polymer and ionic conductive ceramic electrolytes. Improving
their critical properties such as ionic conductivity and processability is a crucial step required to
be competitive with liquid electrolytes.

My work focuses on understanding Li* ions diffusion mechanisms occurring within
solid-state  electrolytes = composed of  poly(ethylene oxide) containing  lithium
bis(trifluoromethanesulfonyl)imide as lithium salt, and the garnet-type ceramic
(Lis.aLasZri.4Taoe012). To study lithium mobility, time-of-flight secondary ion mass spectrometry
(ToF-SIMS) and high-resolution solid-state nuclear magnetic resonance (ssNMR) are two
complementary advanced techniques allowing studies based on lithium isotopic tracing. A
chemical analysis by ToF-SIMS allows to determine at the surface °Li isotopic abundance from
intensities of 6Li* and ’Li* fragments at submicronic scale. On the other hand, probing the chemical
environments of °Li and ’Li nuclei by ssNMR allows to estimate °Li abundance in bulk by combining
®Li and ’Li absolute integrals. Furthermore, lithium quantification is possible by using ssNMR. In
this work, ToF-SIMS and ssNMR are combined together to develop robust methodologies based
on the study of polymer electrolytes prepared with various ®Li abundances. Both data acquisition
conditions and data processing are optimised, allowing ®Li abundance estimation of a solid
lithiated material with a high precision of 1% and 2%, respectively.

These methodologies are implemented to characterise Li* ions diffusion (including
self-diffusion) after applying a chronoamperometry or a chronopotentiometry (CP) sequence at
60° C on electrochemical systems. They are based on two geometries growing in complexity,
namely in-plane and sandwich. A positive electrode in lithium enriched at 95.4% in ®Li and a
negative electrode in lithium at natural isotopic abundance (7.6% of °Li ) are used. The ®Li-foil
induces °Li* ions diffusion through the device already containing lithium at natural isotopic
abundance. Lithium dynamics effects can be investigated by detecting both isotopes. ssNMR
characterisations prove that, after applying a CP sequence, ®Li* ions diffuse through all the layers
of a sandwich device because °Li abundance estimation is higher than °Li natural abundance.
Finally, Li* ions diffusion is thoroughly studied through a third device composed of a polymer
electrolyte matrix containing a dispersion of ceramic particles. Such composite electrolyte could
be implemented in commercial solid-state batteries. According to ssNMR characterisations,
ceramic particles have a greater °Li content than the polymer electrolyte matrix after applying a
CP sequence. Furthermore, models of lithium isotopic exchanges are described. They take into
account continuity equations solving non-equilibrium transport under voltage, and
electrochemical transfers at interfaces. Implementing experimental results into numerical
simulations enable to extract critical parameters such as Li* ions self-diffusion coefficient in
solid-state electrolytes or lithium transfer properties at interfaces. With the help of relevant
physical models, strategies can be developed to improve solid-state electrolyte design.

All these results obtained by using lithium isotopic tracing illustrate the strengths of the
methodologies presented in this work. They provide new keys to a better understanding of Li* ions
diffusion pathways in these complex devices. Methodologies may also be adapted to investigate
lithium dynamics in solid materials for other applications.



Résumé

Aujourd’hui, la plupart des batteries Li-ion commercialisée utilisent un électrolyte liquide
(un sel de lithium dissous dans un solvant organique). Sa substitution par un électrolyte solide
pourrait améliorer les performances électrochimiques et la sécurité de la future génération de
batteries au lithium. Les électrolytes solides composites sont congus pour combiner les avantages
des électrolytes polymére et céramique. Améliorer leur conductivité ionique et leur mise en forme
est crucial pour qu’ils soient compétitifs par rapport aux électrolytes liquides.

Mon travail porte sur la compréhension des mécanismes de diffusion du lithium dans des
électrolytes  solides  composés de poly(oxyéthyléne) contenant  du lithium
bis(trifluorométhanesulfonyl) imide, et de céramique grenat (LissLasZr1,4Tags012). Pour étudier la
mobilité du lithium, les informations fournies par la spectrométrie de masse a ions secondaires a
temps de vol (ToF-SIMS) et par la résonance magnétique nucléaire a I'état solide haute-résolution
(ssNMR) sont associées. Ces deux techniques d’analyse complémentaires permettent des analyses
fondées sur le tracage isotopique du lithium. Une analyse chimique par ToF-SIMS permet de
déterminer en surface I'abondance en °Li a partir des intensités des fragments °Li* et ’Li* & une
échelle submicrométrique. Sonder I'environnement chimique du °Li et ’Li par ssNMR dans le
volume du matériau permet d’estimer I"abondance en °Li en combinant leurs intégrales absolues.
De plus, la quantification des isotopes du lithium est possible en ssNMR. Ces travaux décrivent des
méthodologies ToF-SIMS et ssNMR robustes permettant I’analyse d’électrolytes polymeéres
présentant différentes abondances en °Li. L’acquisition des données et leur traitement sont
optimisés afin d’obtenir une incertitude de 1% et de 2% sur I’abondance en °Li, respectivement.

Ces méthodologies sont mises en ceuvre pour étudier la diffusion du lithium (incluant
I"autodiffusion) apres application d’une chronoampérométrie ou d’une chronopotentiométrie
(CP) a 60°C sur des systemes électrochimiques spécifiques. Ces derniers présentent deux
géométries de complexité croissante, appelées «in-plane » et « sandwich ». Une électrode
positive de lithium enrichi a 95.4% en °Li et une électrode négative de lithium a I'abondance
naturelle (7.6% de °Li) sont utilisées. Le feuillard de °Li induit la diffusion des ions °Li* au travers
d’un systéme contenant déja du lithium a I'abondance naturelle. Son comportement peut étre
étudié en détectant alors ses deux isotopes. Il est prouvé par ssNMR que les ions °Li* diffusent au
travers de toutes les couches du systeme « sandwich » aprés |'application d’une CP car les
estimations de I’'abondance en °Li sont supérieures a I’labondance naturelle. Pour finir, la diffusion
du lithium au travers d’un électrolyte polymeére contenant une dispersion de particules de
céramique est méticuleusement étudiée. Un tel électrolyte composite pourrait étre mis en ceuvre
dans des batteries « tout-solide » commerciales. D’aprés les caractérisations par ssNMR, les
particules de céramique contiennent plus de °Li que le polymére aprés application d’une CP. Des
modeles décrivant les échanges isotopiques du lithium ont été développés. lls prennent en
compte des équations de continuité résolvant le transport hors équilibre sous champ, ainsi que
les transferts électrochimiques aux interfaces. La comparaison des résultats expérimentaux aux
simulations numériques conduit a déterminer des parametres importants tels que le coefficient
d’autodiffusion du lithium ou les propriétés de transfert aux interfaces. Avec des modeéles
physiques adaptés, des stratégies peuvent étre développées pour améliorer la conception des
électrolytes solides.

Les résultats obtenus offrent ainsi de nouvelles clés de compréhension des chemins de
diffusion du lithium dans ces matériaux. Ces méthodologies peuvent en outre étre adaptées a
d’autres applications ou a d’autres matériaux contenant du lithium.
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General introduction

e Energy transition towards full electrification

The main goal of the Paris Agreement adopted in 2015 lies in global warming limit
below 2° C. [1] This objective can be reached by reducing drastically the emitted greenhouse
gas. Several countries have established their own energy transition plans to achieve this
target. Germany has committed to reducing its greenhouse gas emissions by almost 90% by
2050, and United Kingdom to eliminate entirely them. [1] The Paris Agreement has also stated
that developed countries have to provide financial support to developing countries to face
climate challenges.

The development of electric vehicles (EV) is presented as one way among the potential
routes to reduce greenhouse gas emissions. Such objective is included in many energy
transition plans established by developed countries. Wu and Zhang studied the real impact of
EVs on air pollutants and greenhouse gases, depending on the country where they are used.
[2] Their results demonstrated that using EVs has a huge effect on CO, emission reduction,
compared to the use of conventional gasoline internal combustion engine vehicles (ICEV).
Nonetheless, the associated air pollution due to other gases, such as SO; or NOy, differs
regarding countries. [2]

The development of EVs transfers pollution from the use phase of ICEV to the
production phase which highly depend on the origin of electricity. [2] Nuclear power and
hydropower are the main sources of electrical energy in France (76.1%) and in Brazil
(75.2%), respectively. [2] This is why replacement of a gasoline ICEV by a plug-in hybrid
electric vehicles (PHEV) leads to a CO, emission reduction of 2365 and 2356 kg - year™1,
respectively. [2] Even higher reduction is estimated at 2834 and 2823 kg - year ™!, with the
use of EVs. [2] On the contrary in China, the primary source of electrical energy is derived from
coal. Thus the use of EVs is not efficient to reduce CO; emission in this country. To conclude,

the real impact of EVs development depends on the energy mix of each country.

Various batteries technologies are currently investigated. Ma et al. presented several
research strategies, such as lithium-oxygen or lithium-sulfur, sodium-ion, potassium-ion or
solid-state lithium batteries (Figure 0-1). [3]
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Figure 0-1. Publications related to battery concerns from 2000 to 2019. The insert highlights
the publication percentage investigating Li-ion, Na-ion, Li-O;, solid-state lithium-ion battery
technologies (SSLB), Al-ion, Li-S, Zn-ion and K-ion battery. [3]

Ma et al. have listed battery technologies identified in articles published between 2000
and 2019 (Figure 0-1). The number of publications increases exponentially. The main studied
technology is currently the Li-ion battery.

e Lj-ion battery

The Nobel Prize in chemistry 2019 was awarded to three scientists for their
contributions paving the way to lithium-ion batteries development and commercialisation.
Stanley Whittingham built the first operating lithium battery in the 1970s. It was composed of
a titanium disulfide (TiS;) positive electrode and a lithium metal negative electrode. One
advantage of TiS, during lithium intercalation lies in the fact that it presents a limited lattice
expansion. [4] However, this technology was unsafe due to the use of lithium perchlorate
dissolved in dioxolane as liquid electrolyte and metallic anode leading to dendrite growth.
Thus, short-circuits and explosions could occur. Goodenough et al. replaced the titanium
disulfide positive electrode material by lithiated cobalt oxide (LiCoO3), which has also a good
ability to intercalate lithium ions in this lamellar structure. [5] This switch of material allows
to increase the battery voltage from 2 V to 4 V. Furthermore, LiCoO; has a theoretical energy
density of 1.11 kWh - kgAM_1 (considering only the amount of active material (AM)). [5]
Finally, Yoshino suggested to replace the lithium metal negative electrode by a petroleum
coke avoiding the use of lithium in metallic state. The first Li-ion batteries were
commercialised by Sony in 1991.

A Li-ion battery converts electrical energy into chemical energy. This process is
reversible, meaning that the battery can be charged again after that the stored chemical
energy has been delivered during the discharge of the battery. The Li-ion battery principle is
schematised on Figure 0-2.
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Figure 0-2. Schematic of a Li-ion battery. [6]

Li-ion batteries are composed of three components, a positive electrode, a negative
electrode and a separator in-between soaked in liquid electrolyte (Figure 0-2). Liquid
electrolyte can easily infiltrate the porous electrodes. [7] Insertion of lithium ions in the
electrode materials can occur at triple points linking active material, electronic conductor and
liquid electrolyte standing for lithium ionic conductor. [7] Organic liquid fills the voids and
enhances the contact at the interface. [8] Furthermore, they are low cost electrolytes and
their preparation is simple. [6] Table 0-1 sums up the advantages and drawbacks of Li-ion
battery technology.

Table 0-1. Advantages and drawbacks of a conventional Li-ion battery containing a liquid
electrolyte. [6] [9] [10] [11] [12]

Li-ion battery

Advantages Drawbacks
- High voltage: 3.6 V - Limited stability at high temperature
- High energy density: [160; 260] Wh - kg™t (Degradation over 65°C)
- High power density: [0.5; 1] kW - kg™? - Use of flammable organic liquid
- Lifetime > 3000 cycles electrolytes
- Large operating temperature: [-20;60] °C - Use critical raw materials (Co, Ni, Li)
- Low self-discharge: [2; 8]% per month - Sensitive to overcharge
- Fast charge possible

To enhance Li-ion battery performances, all components in particular electrode
materials have been improved in the 20 last years and engineering developments have been
implemented. Now, they have almost reached their theoretical limits in terms of
electrochemical performances. [6] [13] A switch of technology may be a solution to reach even
higher energy densities. A way to achieve better electrochemical performances is to develop
a disruptive technology such as lithium metal battery. [14] Previously, lithium metal was
discarded due to safety issues while using it with liquid electrolyte. Currently, lithium metal as
negative electrode can be used in combination with a solid-state electrolyte (SSE). It is seen
as the « Holy Grail » to significantly improve battery energy density. [3] [13]
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To conclude, conventional lithium-ion batteries still have drawbacks, that can be
overcome without a breakthrough technology. Within this scope, solid-state batteries and
more specifically the SSEs they contain can represent a promising solution. It will be the prime
motivation of this thesis.

¢ Insights of solid-state electrolytes (SSE)

The energy density can be significantly increased by using lithium metal as the negative
electrode. [6] It can provide a theoretical capacity of 3,860 mAh - g1 and a low potential
(—3.04V vs. H* /H). [3] A way to improve lithium metal safely consists in replacing the liquid
electrolyte by a SSE, providing higher energy density than conventional Li-ion batteries with
carbonates-based liquid electrolytes. The latter are inefficient against dendrite growth,
whereas SSEs may impede such detrimental effects. Additionally, SSEs are non-flammable and
non-volatile, compared with their counterparts. [11] However, the development of SSEs is not
easy for commercial applications, such as electric vehicles. Higher ionic conductivities at
typical operating temperatures, higher cycle life, and the possibility of fast charging are
required. More specifically some challenges still have to be solved such as intimate contact
between lithium metal/SSE or electrode materials/SSE interface. [3] In such context, SSEs
need to be investigated in order to select the most promising ones and to enhance their
electrochemical performances. Different SSEs can be mixed in order to combine various
advantages of each SSE. Among the numerous questions that remain to be answered, the
dynamics of lithium in SSEs stands as a key point. This PhD work strives to answer it.

e Investigation of lithium dynamics through SSEs based on lithium isotopic tracing

In this PhD work, we investigate lithium mobility in polymer-ceramic SSE known as
composite or hybrid electrolytes. Lithium isotopic labelling, combined with time-of-flight
secondary ion mass spectrometry (ToF-SIMS) and high-resolution solid-state nuclear magnetic
resonance spectroscopy (ssNMR) characterisations, and with numerical simulations are the
cornerstones of this research work. Various studies offered the opportunity to developed
ToF-SIMS and high-resolution ssNMR methodologies in order to characterise lithium isotopic
abundance of battery materials. Indeed, our group has already demonstrated the power of
this approach while studying graphite and silicon anodes with liquid electrolytes in particular
some investigations related to the solid electrolyte interface (SEI) formation. [15] [16]

This thesis is divided in five chapters. The first chapter relates the interest of solid-state
batteries. A specific attention is paid on SSE materials. Studies investigating mainly battery
materials based on lithium isotopic labelling are discussed. The advanced characterisation
techniques implemented to trace lithium isotopes are presented and compared.

The second chapter introduces the studied materials and the used techniques. Some
ToF-SIMS and high-resolution ssNMR methodologies are established to accurately determine
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lithium isotopic abundance. Relevant parameters to characterise lithium isotopes are
detailed. Furthermore, the developed methodologies are optimised and validated on polymer
electrolytes having known lithium isotopic abundances.

The third chapter deals with lithium dynamics investigation in a polymer electrolyte at
60° C. Here, a specific configuration namely in-plane is set up in order to facilitate the
determination of lithium self-diffusion coefficient in the polymer electrolyte, by combining
ToF-SIMS experimental results with numerical simulations.

The fourth chapter focuses on two configurations growing in complexity. The in-plane
configuration is still considered, but a constant voltage is applied in addition to temperature.
An alternative sandwich configuration is also designed in order to introduce a ceramic pellet
in between two polymer electrolyte layers. Lithium dynamics are studied after applying a
constant current density. In both cases, a positive electrode in lithium enriched at 95.4% in
®Li and a negative electrode in lithium at natural isotopic abundance (7.6% of °Li ) are used
to perform lithium isotopic labelling.

Finally, a polymer electrolyte matrix containing ceramic particles is investigated. The
configuration of such composite SSE was named dispersion. Lithium dynamics after applying
a constant current density are characterised by high-resolution ssNMR and orthogonal
ToF-SIMS.
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Chapter I. State-of-the-art: Lithium tracing for the characterisation of
solid-state lithium metal batteries

Nowadays, the majority of commercially available Li-ion batteries contains liquid
electrolytes. The latter are continually evolving to become more efficient and reliable in terms
of electrochemical performances and safety. A disruptive battery technology based on
solid-state electrolyte (SSE) could overcome Li-ion battery limits. However, SSEs still need to
be investigated to reach the targeted properties. Among all the SSEs, composites made of a
dispersion of a conductive ceramic particles blend into a polymer matrix containing a lithium
salt, may be the most promising. They are expected to merge the different material strengths
in terms of electrochemical performances, stability and processability. To make these systems
viable for a commercial use, enhancing their ionic conductivity is vital. A better understanding
of the mechanisms governing lithium ions transport within these materials and through the
existing interfaces is thus mandatory. Lithium behaviour in the bulk and at the interfaces
remains unclear and requires further understanding. [17] Firstly, objectives leading to the
development of solid-state batteries are detailed, and the studied SEE materials are
presented. Then, essential concepts are defined in order to set the framework of this PhD
work. Principle of advanced characterisation techniques allowing to trace lithium isotopes are
presented and comparisons are drawn based on information they provide. Finally, studies
involving lithium isotopic tracing in various scientific domains including battery materials are
discussed.
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|.1. Solid-state lithium metal batteries

All-solid-state batteries (ASSBs) are only composed of solid components even for the
electrolyte. Their working principle is the same as liquid electrolyte-based Li-ion batteries as
presented in the general introduction. During the charge step, lithium ions are forced to move
from the positive electrode to the lithium negative electrode. [8] Thus, lithium ions move
through the SSE, before plating on the lithium anode. The ASSB principle is schematised on
Figure I-1.

Solid-state electrolyte

Composite
positive electrode

Lithium metal
negative electrode

Figure I-1. Schematic of an ASSB. [6]

As previously mentioned, lithium metal anode has been initially implemented in
batteries before the development of the Li-ion concept. The main interest to use lithium as
the negative electrode lies in its specific properties (high specific capacity, lightness, low
potential). Indeed, it has a standard potential of —3.05V/ESH and a specific capacity of
3,862 Ah - kg~1.[18] [19] The use of lithium metal has to be mastered. Indeed, challenges to
commercialise Li-metal batteries are the following:

- To avoid lithium dendrite growth, and thus any short-circuit or explosion by using SSE

- To find SSEs chemically compatible with Li-metal

- To improve interfaces stability and lithium transfer at the interfaces in order to
enhance ionic conductivity of the SSE

- To obtain electrochemical performances competitive with liquid electrolytes

- Availability of the resources

Technologies based on Li metal was discarded due to safety issues [20], except Lithium
Metal Polymer (LMP®) technology commercialised by Blue Solutions. LMP batteries are
composed of a lithium foil as the anode, and lithium iron phosphate (LiFePOa) as the cathode.
A solid-state poly(ethylene oxide) (PEO)-based electrolyte containing a lithium salt is used
in-between both electrodes. Recently, thanks to SSEs, the use of Li-metal as a negative
electrode is considered again and could lead to a significantly increase of the energy density
from 250 Wh - kg~ to 400 Wh - kg~!. [6] Indeed, SSEs are non-flammable and non-volatile

19



compared with liquid electrolytes. [11] Thus, devices are expected to be safer. [21] However,
one of the weaknesses of solid-state batteries lies in the lower ionic conductivities
(107t0 107™* S - cm™! at 30° C) compared to liquid ones (1072 to 1073 S - cm™1). [6] [21]
SSEs properties are described in the following section.

1.1. Solid-state electrolyte properties

A SSE acts at the same time as an electrolyte and as a separator between both
electrodes. Consequently, it has to be a good ionic conductor with a negligible electronic
conductivity. An ideal SSE has to fulfil the following criteria which can be interdependent [22]
[23]:

- an ionic conductivity competitive with those of liquid electrolytes, (> 103 S - cm™ at
RT) on a large range of temperature,

- anegligible electronic conductivity,

- to be (electro-)chemically stable against both lithium metal and positive electrode
material,

- agood mechanical stability,

- to provide intimate contacts with the Li anode and with the positive electrode leading
to low resistances at the interfaces,

- to avoid dendrite growth.

SSEs are divided into two types: organic polymer or ionic conductive ceramic, which
can also be combined to form a third class known as “composite” or “hybrid” SSEs. [6]
Properties of polymer and ceramic based SSEs are presented in sections a) and b),
respectively.

a. Poly(ethylene oxide) (PEO)-based electrolyte

Solid-state polymer electrolytes (SPE) are usually based on a lithium salt dissolved in a
polymer matrix. The emerging class of ionic polymer called “single-ion” is not considered in
this part. SPE have many advantages [6] [23] [24]:

- they are electrochemically stable against lithium metal, limiting the evolution of
interfacial resistance,

- they are safe (non-flammable, non-toxic, do not generate gas),

- they can be implemented as a thin film using dry process (solvent free),

- they are able to compensate of volume changes.

A specific attention has to be paid on polymer crystallinity to reach a sufficient ionic
conductivity. Polymers can be crystalline, semi-crystalline or amorphous (Figure 1-2).
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Figure I-2. Schematic of amorphous, crystalline and semi-crystalline polymers.

The combination of the host polymer and the lithium salt has to be carefully chosen.
For instance, the host polymer must present a high dielectric constant, and the salt lattice
energy should be low. It will facilitate salt dissociation and enhance the ionic conductivity. [25]
Notice that the ionic conductivity of SPEs is promoted by low crystallinity, low glass transition
temperature (T,, — 64°C for PEO), free volume and temperature. [24] As free volumes
increase with temperature segmental motion is facilitated.

PEO is the most famous polymer which has a good electrochemical stability against
lithium and an excellent compatibility with lithium salts. [26] [27] It is widely investigated,
even with modelling approaches. [28] Figure I-3 presents its repeating unit.

T M

Figure I-3. Repeating unit of poly(ethylene oxide) (PEO).

There are an ether bond and a lot of accessible coordinate sites in the PEO backbone.
Li* ions transport can occurs intrachain and interchain. [29] On Figure I-4, Li* ions are moving
from a solvation site to another. They are surrounded by five oxygens of a PEO chain.

Figure I-4. Schematic of the segmental motion into the PEO matrix. The circles represent the
ether bonds of PEO. [25]

Li* ions transport in PEO is possible thanks to the polymer segments motions in the
amorphous domains of the polymer. [25] [30] This movement will ease lithium progression
from site to site. Thus, lithium ionic conductivity is improved. [31] On the contrary, crystalline
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domains are insulating which affects the ionic conductivity. [30] Reducing the crystallinity ratio
of a semi-crystalline polymer can enhance its ionic conductivity. Stolwijk et al. demonstrated
that increasing lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt concentration in PEO
leads to reduce its crystallinity. Thus, the salt concentration modulates ionic conductivity of
the polymer electrolyte. [32] On the other hand, highly crystalline polymers would increase
mechanical strength and allow to mitigate dendrite growth.

PEO electrolyte works well at temperature above 60°C but its ionic conductivity is low
at 25°C. According to Zhang et al., pure PEO ionic conductivity was estimated
at7.5x107°S- cm ! and at 9 x 107* S+ ¢m™! at 25° C and 80° C, respectively. Heating
above the PEO melting temperature (65° C) explains such ionic conductivity difference. [24]
[33] This can be an issue since their operating temperature has to match the targeted
application. [24] However, above 60° C the PEO layer is unable to suppress the growth of
lithium dendrites. [25] This is related to its low melting point (65° C). [24] A compromise has
to be found between the highest ionic conductivity and an acceptable mechanical strength.
[25]

b. Oxide-based ceramic electrolytes

Inorganic SSEs are conductive in crystalline or glassy state and also play the role of a
separator between both electrodes. Thus, they should be good lithium ionic conductors with
a negligible electronic conductivity. Oxide and sulfide-based SSEs are the two main inorganic
classes and compared in Table I-1.

Table I-1. Comparison between oxide and sulfide based SSEs. [8] [14]

Oxide Sulfide
lonic conductivit
y Low: 107* —10"2S-cm™?! Fast: 1072 S-cm™?!
at room temperature
Electrochemical stability Large stability window Narrow stability window
. - . Ductile, less sensitive to
Mechanical stability Brittle, cracks may occur
crack
Safety Non-flammable H,S release
Sintering High temperature Room temperature

Oxide-based electrolytes are compatible with lithium metal. They have a large stability
window and they are non-flammable. However, compared to sulfide-base electrolytes, they
have a lower ionic conductivity, a higher sintering temperature and are brittle. Thus, despite
their short stability window and the release of hydrogen sulfide (H,S), this type of inorganic
electrolyte is also widely studied. One of the drawbacks of the oxide-based SSEs is that they
require a high sintering temperature (above 1,000° C) to densify the material. [34] However,
Gao et al. recently obtained an ionic conductivity of 8.02 x 1075 S-cm™! at 30°C by
characterising a LiBHs-modified Tantalum doped Lithium Lanthanum Zirconium Oxide (LLZTO)
pellet pressed under 300 MPa. [35] It becomes competitive compared to sulfide-based SSEs
preparation.

22



Here, a focus on the oxide properties is presented. Indeed, only few SSE allow the use
of Li-metal as negative electrode due to electrochemical stability (Figure I-5).

Li Chemical potential 4, (€V)
(0] -1 -2 -3 -4 -5

Li2S
LGPS|
LisPSaf

LiPONo.1af
LiPONo.4s
LLZO
LLTOF
LATP

2 3 . 4
Potential ¢ vs LilLi" (V)

Figure I-5. Electrochemical stability window of various inorganic SSEs. [36]

LizLasZr,01; (LLZO) presents the largest electrochemical stability window between
0.05and 2.91 V vs. Li*/Li. [36] Below 0.05 V vs. Li*/Li, the reduction of the LLZO occurs forming
components, such as Zr30 and Li;0. Above 2.91 V vs. Li*/Li, the oxidation of the LLZO occurs
forming components, such as Li,O; and LaxZr;07. [36] It has an ionic conductivity around
107* — 1073 S - cm™! at room temperature. [37] Its structure is presented on Figure I-6. The
main drawback is poor solid/solid contact at the interface. [38] Indeed, the high interface
resistance at the LLZO/Li interface can be explained by non-ideal physical contact. [39] Thus,
it induces a high global resistance of the system leading to affect the ionic conductivity.

Thangadurai et al. was the first to develop a garnet-type solid electrolyte, LisLazM;012
(M = Nb, Ta), with an ionic conductivity of 1 X 107¢ S - cm™! at room temperature. [40]

2 A
&JA I 10, 240)
‘ “ ‘ vh > Lio - (48g/96h)

Figure I-6. Chemical structure of Li;LasZr;01, (LLZO). « (a) Crystal structure of cubic Li;LazZr>01;
and (b) Wyckoff positions of the Li* ions. The centres of tetrahedral and octahedral sites are
noted as 24d and 48g sites, respectively, and the 96h sites are slightly displaced off the 48g
sites. LiOg and LiO4 connection and the two possible Li migration pathways (A and B), adapted
from [41] Path B is the most likely mechanism of Li migration in LLZO. ». [37]

A way to improve the Li/SSE contact is to add a coating around the SSEs. Wang et al.
have coated LLZO with a ZnO layer by using atomic layer deposition (ALD). [42] The added
layer of 50 nm thick clearly improved the contact at the LisgsLaz.9Cao.1Zr1.75Nbo.25012/Li
interface. Indeed, adding a thin coating allows to decrease the initial interfacial resistance of
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2,000 Q- cm? to 20 Q - cm?. Furthermore, this coating is stable during the plating/stripping
mechanisms. Luo et al. have deposited a lithiated silicon coating of 10nm by
plasma-enhanced chemical vapor deposition (PECVD). [39] It improves the wettability of
lithium metal by decreasing the Li/LLZO interfacial resistance from 925 to 127 Q - cm?. Design
of future SSEs might be inspired from these results. Dubey et al. enhanced the initially poor
wettability between the lithium metal and the LLZO by adding antimony (Sb) at the interface.
[43] It led to decrease the interfacial resistance down to 4.1 Q- cm?. Such a decrease is
explained by the formation of a Li-Sb alloy characterised by XPS, which enhances electronic
percolation at the LLZO/Li interface.

To sum up, ASSBs containing inorganic SSE are presented as a new solution to obtain
safe and long cycle life batteries with higher energy density than conventional Li-ion batteries.
[8] However, between two solids poor Li* ions transport at the interface induces high
interfacial resistance. It is one key point which hinders their application. [8] To face this issue,
developing composite SSEs made of polymer and ceramic stands as a solution for enhancing
their performances. It will be discussed in the following section.

24



1.2. Interest of composite solid-state electrolytes

A ceramic dispersion within a polymer matrix holds significant promise for
commercialisation of ASSBs thanks to its potential to enhance battery safety and to increase
energy density. [6] [44] In order to be commercialised ASSBs need to present high-power
density as well as high energy density. Indeed, high power density is required to perform fast
charging. [6] Table I-2 sums up the interests of combining properties of polymer and ceramic
SSEs.

Table I-2. Interests of combining properties of polymer and ceramic SSEs. [6] [8] [11] [29] [45]
[46]

| Polymer electrolyte (PEO+LITFSI) | Ceramic electrolyte (LLZTO) |

Benefits

- Non-flammable and non-volatile 2 safe in term of materials
- Negligible electronic conductivity

- Low interfacial resistance contact at the - High interfacial resistance contact at the
interface with electrode materials interface with electrode materials
- Flexible, easy to implement - Difficult to implement
- Temperature preparation between 25 and - High temperature sintering
60° C - Brittle
- Low ionic conductivity (< 107* § - cm™1) - High ionic conductivity (1073 — 1072 5§ - cm™1)
- Possible formation of lithium dendrites - Allows the use of Li-metal
- Poor thermal and chemical stability - Good thermal, chemical, and mechanical

stability

Drawbacks

H - lonic conductivity still low compared with liquid electrolyte H

A focus has been done on composite SSEs which will be studied in this thesis. At 25°C,
the garnet-type nanoparticles of Lis.aLasZri.4Tao.s012 (LLZTO) ceramic has an ionic conductivity
of 1073 S - cm~1.[22] Adding polymer such as PEO leads to a decrease of the ionic conductivity
down to 107* S-cm™1. [45] Such effect can be explained by the strong Li-O links that
decreases lithium ions mobility. [47] Furthermore, tortuosity is enhanced, affecting lithium
ions transport. [47] However, polymer offers good contact at the interface, it is flexible and
easy to implement. [46] PEO is compatible with most of the lithium salts, such as LiTFSI or
LiClO4. [26] [48] PEO chains movement ensures lithium ions transport through the polymer
membrane. However, they are inefficient to avoid lithium dendrite growth. Adding ceramic
could allow the use of lithium metal as the negative electrode. [45] [49] This would increase
the charge density. Ceramic has to have good thermal, chemical and mechanical stability. [45]
[50] However, contact issue between two solids can be solved by using a polymer layer.
Indeed, such material flexible and easy to implement offers good contact between materials.
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LLZTO were dispersed into a PEO matrix. lonic conductivity of 2.1 X 10°*S - cm™ at
30 °C and 5.6 x 10°* S - cm™ at 60 °C were reached. [21] According to Zhang et al. the
addition of LLZTO particles enhances electrochemical stability and avoid lithium dendrite
formation. [21] Furthermore, such device presents a large electrochemical window of 4.7 V
and a maximum Li* transference number of 0.46 for a PEO membrane containing 12.7 vol%
of LLZTO particles. This value is double the Li* transference number of pure PEO (0.22). [21]

Zheng and Hu studied lithium diffusion in a composite SSE composed of LLZO and PEO
by high-resolution ssNMR. [46] They demonstrated that Li* ions pathways may depend on the
electrolyte composition. Strong resistances at the different interfaces affect the ionic of the
whole system. To improve them and more specifically the ones between the ceramic and the
polymer, Li* ions behaviour at the interface has to be better understood.

To conclude, some key points have to be solved in order to open the way to the
solid-state batteries development at the industrial scale. Firstly, lithium dynamics have to be
enhanced specifically at the various interfaces. Furthermore, the mechanical pressure applied
on the device during cycling has to be investigated because it affects electrical performances
and stability over time. Finally, in order to substantially boost energy density, it is imperative
to explore innovative methods to make the use of lithium metal possible as the negative
electrode in lithium-ion batteries. We need however to gain a better understanding of lithium
transport dynamics. The use of materials enriched in °Li isotopes can be relevant to label the
lithium of a specific component of the device and thus to facilitate their tracing. The
functioning and interests of such experiments are explained in section I.2.
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|.2. Lithium isotopic labelling as a tool to trace lithium

2.1. Definitions laying foundations of the following works
a. Lithium isotopic abundance

Two isotopes are related to the same nucleus. They have the same number of protons
(Z) but a different number of neutrons (N) leading to a difference of mass. There are two stable
isotopes in the lithium case, §Li and }Li. Their mass (Z+N) differs by the mass of one neutron.
Notice that isotopes of a nucleus present similar chemical properties because they have the
same number of protons.

The abundance of an element refers to its proportion on Earth (natural state) or in a
material. Here, the isotopic abundance is considered as the relative amount of an isotope
compared to the total amount all the isotopes of the same atom. Thus, lithium isotopic
abundances (% '‘Li) are given by the following Equation I-1 and Equation I-2:

n 61

% 6Ll = 1-1
n 7Ll' + n 6Ll

. n7p
% Li = ——— -2
nz;+ Ney;

with n i ; (mol), the number of moles of the ‘Li isotope.

I 6Li abundance
I "Li abundance

7.6%

4

95.4%

i
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Natural Li isotopic abundance highest enriched lithium compound

Figure I-7. Natural lithium isotopic abundance in conventional compounds versus in the
commercially available highest enriched lithium compounds.

On one hand, when our work referred to a compound at lithium natural isotopic
abundance,% °Li and % ’Li are equal to 7.6% of SLi and 92.4% of ’Li, respectively
(Figure 1-7).[47] [52] On other hand, commercially available compounds with 95.4% of °Li and
4.6% of ’Li have been used to prepare enriched lithium isotopic materials at various levels.

Lithium isotopic ratio is also used in literature. [52] It compares the relative isotope
proportions in a given material (Equation I-3).

_ oLi
Liyqtio = 7Li

27



The lithium isotope composition, 8”Li;_gygc, is expressed by Equation -4,

"Li
6L :
sample

S 87LiL—SVEC = -1 1|X 103 -4

“Li
671
standard

7.
with G—Z = 12.019, the ratio relative to standard lithium (L-SVEC). [53] Penniston-Dorland et

al. have listed several works, which reveal that lithium isotope composition (8§”Li) can vary
from -15 %o to 45 %o on Earth. [54]

The following section will explain how such variables can be determined and used to
investigate origin of materials and lithium dynamics. Lithium isotopic tracing can be applied
to various applications, with a specific focus on battery. It is discussed in the following section.

b. Lithium isotopic labelling and tracing

Lithium isotopic labelling consists in enriching in 6Li a specific component of a system
containing lithium at natural isotopic abundance. Materials with a higher ®Li abundance than
the °Li natural abundance are quite expensive, and as previously mentioned, Li and ’Li have
the same chemical properties. The only interest of lithium isotopic labelling is to be able to
distinguish lithium coming from a specific component compared to lithium present in the
system. Thus, lithium isotopic tracing can be carried out to track lithium paths and/or
interactions with its environment.

Lithium isotopic tracing is based on the estimation of lithium isotopic abundance or
lithium isotopic ratio. Indeed, these two variables will be modified while performing
experiment with materials labelled in ©Li. Lithium isotopic tracing consists in estimating these
modifications thanks to advanced characterisation techniques. Various lithium behaviours can
be investigated. Some of them are mentioned in the following sections.

c. Lithium mobility

Lithium self-diffusion is a process describing a disordered lithium motion in a material,
without applying any external stress. In battery field, such notion is important because it
directly affects the ionic conductivity of the material.

On the contrary, lithium migration is a process describing an oriented lithium motion,
by applying an external stress. In battery field, this process occurs for instance while applying
a constant current during charge or discharge cycles.

“Lithium dynamics” or “lithium diffusion” terminologies are used in this work to name
both processes (lithium self-diffusion and lithium migration) which can take place
simultaneously. Lithium dynamics can be investigated based on advanced characterisation
techniques that can detect simultaneously or separately “Li and °Li isotopes. The main ones
are presented in the section 2.3.
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2.3. Various characterisation techniques allowing lithium isotopic analyses

a. Secondary-ion mass spectrometry (SIMS) and time-of-flight SIMS (ToF-SIMS)

e Secondary-ion mass spectrometry (SIMS)

Secondary-ion mass spectrometry (SIMS) enables surface characterisation of the
sample. The principle of the SIMS technique is described in a simplified formed on Figure 1-8.

secondary ions

primary ion beam o @ (negative)

(positive)

Figure I-8. Schematic of the SIMS principle. [55]

The surface of the sample is sputtered by a focused and continuous beam represented
in green on Figure |-8. Several primary ion sources exist, such as Cs*or O". [55] Secondary ions
are ejected (blue) by the incident ion beam. The polarity of the collected secondary ions is
determined by polarising the sample. Firstly, the secondary ions are extracted by an
electrostatic sector creating electric fields. Then, a magnetic deflection spectrometer modifies
the electric fields to extract specific secondary ions. Finally, secondary ions are detected by
varying the magnetic field to deflect the selected ones. Thus, the detection is sequential,
meaning that secondary ions are detected one after the other. The magnetic spectrometer

separate the secondary ions by their mass-to-charge ratio (?) The various selected secondary

ions are not detected at the same depth in the sample. [56] Isotopes can be detected with a
high sensitivity. [55] [57]

The parameter determining lateral resolution is the minimum primary ion beam spot
size. Either mass resolution or lateral resolution can be promoted regarding the used settings.
On one hand, it is possible to reach a mass resolution higher than 6,000 with a lateral
resolution of 5 um. [58] On the other hand, the lateral resolution can be increased up to
300 nm to the detriment of the mass resolution which will be around 1. [58]

The drawbacks of the technique are related to high variation in element sensitivity and
matrix effects. [57] Isotope relative quantification requires to previously characterise
reference samples with the same matrix.
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e Time-of-flight secondary-ion mass spectrometry (ToF-SIMS)

Historically, J. J. Thomson opened the way to the time-of-flight secondary ion mass
spectrometry (ToF-SIMS) technique. [59] He determined in 1887 the % ratio, with e the charge

of an electron and m its mass. Then, he demonstrated in 1910 that gas, atoms and ions are
ejected from a solid surface with cathode copper rays while sputtering. He worked on metals
and other solids, such as graphite or volcanic dust. [59] Nowadays, this characterisation
technique is widely used in microelectronics. [60] Other fields such as cosmochemistry, [61]
battery materials [62] and more recently biology [63] beneficiate from ToF-SIMS
characterisation technique.

ToF-SIMS spectrometry allows the study of surface chemistry through the detection of
molecular fragments extracted from the surface of the sample by using a primary ion beam.
This is a localised analysis at the submicronic scale. ToF-SIMS has excellent mass resolution,
sensitivity and high lateral resolution, providing chemical information at the surface of the
sample. [64] [65] [66] [67] Light elements can be detected, such as hydrogen or lithium.
Furthermore, isotopes can be distinguished because it is a mass spectrometry method. The
principle of the ToF-SIMS technique is described on Figure I-9.

Time-of-flight analyser

+ reflectron
m/z as a fonction Mass
of the time-of-
) flight — spectra
LMIG Bi* 15 keV —
Liquid metal ion gun Detector 70 us
(LMIG) Extractor Sputter gun
= 7
Pulsed and
focalised primary Continuous 10 ps
ion source Secondary ions ion beam
cycle time = 100 ps
¢ |
3/ .- Floodgun | Analysis beam 0.5 —100ns
- (LMIG)

Figure I-9. Principle of the ToF-SIMS technique.

As in SIMS, the sample is placed into an ultra-high vacuum (UHV) analysis chamber
with a pressure below 10~° mbar. The characterisation of air-sensitive samples can occur
without prior exposure to ambient air before insertion into the UHV chamber by a sealed box.
[62] The analysis beam is based on a liquid metal ion gun (LMIG) forming a 45° angle relatively
to the normal of the sample. [68] On Figure I-9, a pulsed (0.5 — 100 ns) and focused ion beam
allows ejecting the molecular fragments from the surface of the sample by sputtering
accelerated primary ions on it. [62] [64] The fact that the analyser beam is pulsed and focused
allows time-of-flight determination. [62] A very low primary ion dose (due to the pulsing
mode) is applied on the surface of the sample, around 2 x 102 jons - cm™2. [69] Thus, it is
considered that experiments are performed in a static mode and that they are
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non-destructive. Only the extreme surface is characterised by using a pulsed beam, rather
than a continuous one as in SIMS. The molecular fragments ejected from the extreme surface
of the sample are extracted by a polarised electric field localised between the surface of the
sample and the analyser. Positive or negative analyses can be performed according to the
polarisation direction. This analyser can separate them with a reflection system, as a function

of their mass-to-charge ratio (?) The lightest ions reach the detector at first. [62] [70]

Time-of-flight of the secondary ions (t1,r) is directly related to their weight and can thus be
estimated. More details are provided in Appendix A-I-1. Time-of-flight and ionisation yield
notions. A mass spectrum calibration is achieved with known ions. Two-dimensional images
can be obtained from the mass spectra. Furthermore, three-dimensional analyses can also be
performed by sputtering the surface of the sample in order to access to buried interfaces. [64]

ToF-SIMS is a powerful technique, in particular because of parallel mass detection. [64]
[70] [71] A single analysis provides access to all ejected positive or negative molecular
fragments contained within the mass range, which is determined by the cycle time parameter
described above. Moreover, experimental data can be processed after the analyses. It is a
huge advantage of this technique. Acquisition parameters have to be appropriate to get
wanted information. A compromise must be established between a satisfactory mass
resolution and a sufficient lateral resolution. It depends on the chosen primary beam. To

distinguish isotopes, analyses have to be performed with a high mass resolution. Lithium
6L-
isotopic ratio (—l> can thus be estimated.

7Li
ToF-SIMS analyses can offer high mass resolution, high sensitivity (ppm) or high lateral
resolution (> 100 nm), depending on the acquisition parameters. [64] [72] However, in most
of the analyses, a compromise has to be found between a high mass resolution, and a high
lateral resolution. ToF-SIMS provides a far better spatial resolution compared to X-ray
photoelectron spectroscopy (XPS) (<300 nm vs. 10 um). [73]

Since ’Li* molecular fragment reaches the detector more than 600 ns after °Li*
molecular fragment, ToF-SIMS analyses can easily separate lithium isotopes. Both isotopes
contained in a given matrix have an equivalent ionisation yield and detection efficiency. [74]
Thus, lithium isotopic ratio or lithium isotopic abundance can be determined from the
measured intensities of °Li* and “Li* molecular fragments. [64] Experimental data have to be
carefully processed after the acquisition to accurately estimate lithium isotopic abundance.

Two-dimensional (2D) images can be obtained from the mass spectra. Furthermore, it
is also possible to carry out three-dimensional (3D) analyses by sputtering the sample with
another (not pulsed) ion beam, such as Cs*, O,* or argon clusters (Ar,*). Having access to buried
interfaces by ToF-SIMS can be difficult and requires sputtering the sample. It is important to
consider the evolution kinetic at the interfaces. In particular, the analyses should not modify
the material. The sputter gun has to be tuned to limit any material alteration of the chemical
composition during the sputtering steps. [64] On Figure 1-9, the interlaced mode is
represented. The sample is sputtered during the time-of-flight of the secondary ions while
they are in the analyser. Another sputter mode called “non-interlaced” can be used. It allows
sample relaxation because the sputtering occurs only after the set cycle time.
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As a first approach, ToF-SIMS is not a quantitative technique. However, Henss et al.
investigated calcium distribution and quantification in bone cross sections by ToF-SIMS and
XPS. [73] They demonstrated that a linear response exists between the calcium amount in a
calibration reference sample and the Ca* signal intensity. Thus, it is possible to quantify
calcium by using mineralised hydroxyapatite collagen with various calcium content as
calibration reference samples. ToF-SIMS 2D analyses with a lateral resolution of 1 ym were
obtained by using a low current bunched mode. XPS and ToF-SIMS results were thus
confronted. Both techniques led to coherent results and validated the ToF-SIMS methodology
using reference samples to perform quantification. Notice that calibration samples with a
similar matrix were chosen to avoid any matrix effect. To conclude, calibration sample quality
affects the quantification accuracy.

b. Nuclear magnetic resonance (NMR)

e liquid-state nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) analyses provide global information on lithium
ions environment and quantitative experiments can lead to the determination of ’Li and °Li
concentrations, but it can probe isotopes only one by one due to their respective resonance
frequencies. The principle of the NMR technique is described on Figure I-10.

Vacuum, liquid argon, and liquid helium
l_%

NMR tube
Sample
Probe

Figure I-10. Schematic of an NMR spectrometer.

To carry out NMR experiments, the sample is placed in a homogeneous and strong
magnetic field created nowadays by a superconducting magnet. The NMR probe consists of a
coil that is used to excite the sample with appropriate radio frequencies and to record the
NMR response signal of the spin system. These different events are defined by pulse
sequences.

Historically, the nuclear spin was discovered theoretically by Pauli in 1924. [75]
Liquid-state NMR was then developed to characterise the chemical environments of the

probing atom. It allows a global, non-destructive and non-contact analysis of a liquid sample
and provides fast results with low sample consumption. [76] It is commonly used to follow
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chemical reactions at different steps in organic chemistry. NMR can only probe nuclei having
a magnetic moment which behaves as a magnet. The magnetic moment p is expressed by the
following Equation I-5,

w=y-1 15
withy (rad.s™1.T~1) the nuclear gyromagnetic ratio and I the nuclear spin. The nuclear spin

is an intrinsic property. For nuclei, spin quantum number can only take half-integer or integer
discrete values in quantum mechanics.

The sample is placed in a stationary strong magnetic field B, created by a
superconducting magnet. The spins of the sample align along B, direction. An alternating
magnetic field B; oscillating at the frequency w, is applied within a perpendicular plan to B,,.

When the excitation frequency matches the Larmor frequency of the spins (IvOI = h;':"), their

time domain response (FID for Free Induction Decay) is acquired. It is due to the recovery of
magnetisations to their equilibrium state. Notice that v is modulo the chemical shielding and
other potential interactions. Therefore, the recorded FID contains all information on nucleus
chemical environment. [76] Pulsed NMR useful for the chemist, delivers frequency
information (chemical shifts), which need to be Fourier transform to FID. Notice that FID
behaviours also depend on the dynamics of the spin systems (mainly T2 and T1 known as
transverse and longitudinal relaxation times, respectively). From the spin response, their local
chemical environment can be determined. More details are provided in Appendix A-I-2.
Description of NMR pulse sequence and signal acquisition.

e High-resolution solid-state nuclear magnetic resonance (ssNMR)

Contrary to ToF-SIMS analyses, high-resolution solid-state nuclear magnetic resonance
spectroscopy (ssNMR) provides a global analysis of the sample at the atomic scale. Nuclei
chemical environment can be determined. The obvious advantage of high-resolution ssNMR
is to analyse solid samples. No dissolution is required. Therefore, the atomic structure can be
investigated by analysing the isotropic signals and potentially their spinning sidebands. [77]
[78] 6Li and Li high-resolution ssNMR can be performed without dissolving the samples, that
was not the case for liquid NMR. The principle of the NMR technique is described on
Figure I-11.
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Figure I-11. Principle of the high-resolution ssNMR technique.

The high-resolution ssNMR principle is the same as the NMR principle. However, one
of the main challenges is to obtain high resolute spectra while analysing solid materials. During
ssNMR analyses, both isotropic and anisotropic NMR interactions affect the NMR spectra.
Anisotropic interactions lead to broad NMR signals. Furthermore, broad peaks can hide
several isotropic chemical shifts. The main challenge lies in enhancing the NMR spectra
resolution. The main discovery allowing to obtain high-resolution ssNMR spectra is based on
the magic angle spinning developed at the end of the 1950’s. Lowe published ssNMR
characterisations of CaF, and Teflon by probing *° F while rotating the sample in 1959. [79]
The “magic angle spinning” concept was not yet established but a rotation of the sample was
applied while acquiring data. However, the presence of sidebands due to the angular speed
was already understood by comparing non-spinning and spinning spectra. Lowe demonstrated
that the sample must be rotated along an axis oriented at 54.7° from the magnetic field. [79]
This angle will be called later, the “magic angle spinning”. Lowe refers also to Andrews et al.
who published ssNMR studied on NaCl in 1958. [80] They were probing Na%* while rotating
the sample.

®Li and ’Li quantitative characterisations are possible, while using appropriate
acquisition conditions and an optimised way to execute data processing. [16] It allows to
estimate lithium isotope abundances and lithium concentration. 6Li and ’Li are quadrupolar

nuclei by definition because their nuclear spin is higher than % (Appendix -Table A-1-1). Thus,

their quadrupolar moment is coupled to B, and it will induce peak broadening. To perform
guantitative high-resolution ssNMR analyses on a quadrupolar nucleus may present a greater

. . 1 . .
challenge than on a nucleus with a nuclear spin of e The non-spherically symmetric charge

distribution of quadripolar nuclei can be an explanation. [78] To probe quadrupolar nuclei with
a high quadrupolar coupling, short pulses around 30° are generally recommended. [78]
However, it leads to decrease the detected signal compared with a 90° pulse. Isotropic signal
and spinning sidebands are detected on spectra, while probing an atom having quadripolar
spins. [77] [78] Thus, high-resolute spectra are obtained by applying a pulse sequence which
has to be well designed.
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c. Inductively coupled plasma mass spectrometry (ICP-MS) technique

Inductively coupled plasma mass spectrometry (ICP-MS) is a highly sensitive technique
allowing to quantify elements. The principle of the ICP-MS technique is described on
Figure I-12.
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Figure I-12. ICP-MS principle in the case of gold nanoparticles. [81]

A high-temperature plasma is created to break down the chemical compounds present
in the samples to induce ions formation. Following this step, the produced ions in the plasma
are detected by a mass spectrometer allowing to quantify them. ICP-MS can detect almost all
the elements of the periodic table except hydrogen, nobles gases, and atoms which are
difficult to liquefy such as C, O, N, F and Cl. [82] Furthermore, ICP-MS also allows to distinguish
isotopes. [82] It has a high sensitivity of 0.15 pg - [~ or few ng - [~ thanks to high ionisation
yields and quadripolar filters. Multicollectors allow parallel detection of several ions within
the same mass range such as isotopes. [83] Therefore, quantification of isotopic ratio is
possible, though matrix effects can affect their accuracy. [81] Paucot and Potin-Gautier
explained that it is possible to consider that the intensity of various detected isotopes is
proportional to the isotopic abundance. [82] However, various interferences can affect the
results, such as spectral, polyatomic and isobaric interferences.

Strengths of the technique are based on an easy calibration, no sample inhomogeneity
issue and a high sensitivity. [57] However, the required dissolution step before injecting the
resulting liquid in the mass spectrometer may be a drawback. [57] Sample preparation can
difficultly be compared to other techniques. [82] Acid digestion at specific temperatures or
vapour phase decomposition pre-treatments are performed to liquefy solids. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) can also be used to characterise
the surface of solid samples. Lithium isotopic abundance can be estimated by LA-ICP-MS with
an uncertainty of 2 %o. [84]
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d. Laser-induced breakdown self-reversal isotopic spectrometry (LIBRIS)

Laser-induced breakdown self-reversal isotopic spectrometry (LIBRIS) is based on the
same principle as laser-induced breakdown spectrometry (LIBS) technique. The principle of
the LIBS technique is described on Figure 1-13.
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Figure I-13. Schematic of the LIBS principle. [85]

LIBS is an elemental analysis involving optical emission spectrometry and allows to
characterise solid, liquid or gaseous samples. [85] The surface of the sample is vaporised by a
pulsed laser which is focused on the surface of the sample (Figure I-13). A plasma is generated.
The optical emission spectrum of the plasma is analysed. Excited ions in the plasma undergo
de-excitation, emitting characteristic light within a large wavelength range depending on the
sample elemental composition. [85] Thus, the presence of several elements can be detected
at the same time.

In LIBS, a fraction of the emission of the most intense atomic lines can be absorbed by
the plasma itself. This so-called “self-absorption” phenomenon can be so pronounced that the
lines become reversed, as shown on Figure |-25.A. The principle of the LIBRIS technique lies in
the linear dependence of the wavelength of the resulting absorption dip on the isotopic
abundance. [86] The measurement range is rather small. It is equal to the isotopic shift
between °Li and “Li isotopes, i.e. 15.8 pm for the 670.776 nm line. The LIBRIS technique can
still allow lithium isotopic analysis after determining a calibration curve with reference
samples. A lateral resolution of 250 pum can be reached in standard ablation conditions, down
to 7 wm with specific settings. [87] Moreover, sample preparation is easy and experiments can
be performed under air or under an argon flux to enhance °Li abundance determination. [87]

36



f. Neutron diffraction

The principle of neutron diffraction technique is described on Figure |-14.
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Figure I-14. Principle of neutron diffraction technique. [88]

A neutron beam is created, for instance, from a reactor producing continuously
neutrons thanks to nuclear fission of heavy atomic nuclei, such as 23°U. Neutrons interact with
atoms of the sample. They are scattered by atomic nuclei. Thus, neutron diffraction enables
the determination of the atom nuclei positions in a crystalline material for instance. [89] It is
possible to analyse the bulk of the samples. Light atoms can be probed and it is a
non-destructive experiment. [88] Several studies carry out hydrogen replacement by
deuterium in order to increase the scattering power to obtain higher quality spectra. [89]
Furthermore, it can theoretically distinguish lithium isotopes. However, the large absorption
and incoherent length density scattering of ®Li make its detection difficult. [90] Neutron
diffraction is more sensitive to ’Li (compared to °Li detection).
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g. Summary

Table I-3 provides a summary of advantages and drawbacks of the presented advanced
techniques allowing to characterise both lithium isotopes.

Table I-3. Comparison of advanced techniques allowing to characterise both lithium isotopes.

- more sensitive to ’Li

Technique Benefits Drawbacks
SIMS / - chemical information - matrix effect on the ionisation yield
ToF-SIMS | - extreme surface analysis - complex quantification (matrix effects)
- high sensitivity - no global analysis information
(ppb / ppm) - sequential mass detection (for SIMS)
- high lateral resolution
(300 nm / < 100 nm)
- high mass resolution
(6,000/12,000)
- parallel mass detection (for ToF-SIMS)
- 3D analyses (by using ion or FIB gun)
- analyses in an UHV chamber
ssNMR - chemical environment information - more sensitive to ’Li compared to °Li
- concentration determination in bulk | - cannot probe both lithium isotopes
analysis during the same analysis
- spin dynamics information -the normalisation factor has to be
estimated for each given matrix
- broad contributions
- long analysis time
- loose of lateral resolution
ICP-MS - elemental information - requires sample dissolution
- concentration determination in bulk | - loose of lateral resolution
analysis - no localised analysis
- high sensitivity
- global analysis
- no sample inhomogeneity issue
- easy calibration to determine lithium
isotopic ratio
- surface chemical information - analyses under ambient air or un argon
LIBRIS - parallel element detection flow
- fast acquisition (<few minutes) - low lateral resolution (7 uym - 250 pum)
- no specific sample preparation is compared to SIMS and ToF-SIMS
required before analysis - matrix effect on the calibration curve
determination
- no global analysis information
Neutron | - chemical information -sample may be deuterated to detect
diffraction | - atomic position information lithium

- more sensitive to ’Li compared to °Li
- difficult access to neutron facilities
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All these techniques can detect both lithium isotopes simultaneously, expect liquid
NMR and ssNMR. One characterisation technique may hold greater relevance than the others.
Depending on the anticipated outcomes, the characteristics of the sample and the properties
being investigated, or even the targeted application. In this thesis work, SSEs have to be
characterised. Neutron diffraction is more sensitive to ’Li. Thus, it is supposed to work with
materials enriched in ®Li and to track ’Li. Furthermore, sample may be deuterated to enhance
lithium detect. Thus, this technique seems difficult to setup. Liquid NMR and ICP-MS are also
widely used to characterise lithium into various samples. However, they require a conditioning
step that induce a loss of lateral resolution and may be detrimental to the overall study. [91]
Characterisation techniques that offer the possibility to keep materials under controlled
atmosphere during an analysis are also mandatory for battery applications. Indeed, ambient
air can alter the surface chemistry of the sample. Thus, ICP-MS, LA-ICP-MS and LIBRIS
technique will not be selected. Nonetheless, LIBRIS technique has a great potential and is still
under development. Instrumental studies in order to improve lateral resolution are currently
being carried out. Furthermore, specific setups might be developed to perform LIBRIS analyses
under inert atmosphere. In the end, ToF-SIMS and high-resolution ssNMR do allow
characterisation of solid samples, while keeping them under inert atmosphere. Furthermore,
they can provide complementary information. More detailed explanations are provided on
these two advanced characterisation techniques, which have been selected to investigate
lithium dynamics through SSEs.

2.2. Battery applications of lithium isotopic tracing

Significant conclusions can be drawn from the estimation of lithium isotopic
abundance of lithiated materials but also from its evolution according various parameters
(time, temperature, age, etc...). Lithium isotopic tracing consists in using an enriched material
in 8Li to track ®Li dynamics in the whole device. [91] This tool is necessary when the system
already contains lithium since it enables to differentiate the injected lithium from the one
present. Thus, a very precise estimation of lithium isotopic abundance is mandatory to follow
Li* ions dynamics in its environment.

Several sectors such as medicine, biochemistry, geology, and energy resort to lithium
isotopic tracing. Thanks to an enriched lithium chloride solution in ®Li (°LiCl) and neutron
irradiation, Glaros et al. determined lithium amount in various animal body parts, by analysing
the expired air with specific gas separation equipment. [92] Balter and Vigier compared
lithium isotopic abundance changes between sheep organs. Thus, lithium therapeutic dose
concentration could be adapted. [93] Their work was based on multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) characterisations. Based on these works,
lithium treatments could be adjusted. MC-ICP-MS technique is commonly used to track °Li.
Millot and Négrel demonstrated that comparing lithium isotopic variations help to better
understand geological events. [94] Human industrial activities effects on the environment
were estimated by analysing lithium isotopic abundance in waterways.

The following part is dedicated to the development of lithium isotopic tracing for
battery applications.
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Recently, Desaulty et al. provided a method based on lithium isotopic tracing to
identify the lithium source by determining lithium isotopic ratio. [52] This methodology is
based on the fact that lithium isotopic ratio depends on the geological site where lithium was
extracted. [52] Desaulty et al. study deals with battery materials as traceability of lithium
origin, which one of the criteria having the highest impact on the environment (Figure 1-15).
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Figure I-15. Lithium isotopic composition 8”Li;_gyc (L-SVEC: the ratio relative to standard
lithium) versus lithium content (ppm, mg - I=1) for several lithium sources. [52]

Figure 1-15 illustrates &7Li;_gygc variations as a function of its origin (cf. 2.1).
Furthermore, Figure I-15 highlights some countries where lithium can be extracted such as
Australia, China, Argentina, and Bolivia. Others countries are also producing lithium, such as
Chile, Brazil, Zimbabwe, and Portugal.

Battery materials characterisations is increasingly using lithium tracing to investigate
lithium behaviour in complex devices and it is particularly relevant to study ASSBs. The
development of these electrolyte materials is driven by expected significant improvements
related to enhance safety and to increase energy densities. These new prospectives bring new
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challenges especially due to interfaces issues which need to be better understood. Industries
aim to introduce batteries with higher energy densities and to make of non-flammable solid
electrolytes. To obtain an efficient solid electrolyte, various criteria need to be considered
such as ionic conductivity, lithium-ion transport number and electrochemical, thermal and
mechanical stabilities. The implementation of lithium metal as a negative electrode is one of
the main objectives. As previously mentioned, this could lead to increase energy densities.
However, several significant technological challenges need to be overcome, including the
formation of dendrites leading to short circuits, or generation of high interface resistances
impeding lithium transfers. [1] By introducing some specific components enriched in SLi,
lithium tracing could advantageously be used to study ASSBs limitations. It could help to gain
a more precise understanding of lithium transport dynamics in the whole device by revealing
fundamental information such as lithium pathways demonstrating ways to optimise cell
design.

A corpus of articles published between 2011 and 2023 are discussed in the following
part. They deal with Li tracing in battery materials. A specific attention is paid on the
characterisation techniques used in order to track lithium isotopes. To carry out such
experiments, tracers enriched in bLi are needed. Publications are gathered according the used
technique.

e SIMS and ToF-SIMS characterisations

One of the first studies involving lithium isotopic tracing by ToF-SIMS, was published in
2011 by Lu and Harris to better understand lithium behaviour in battery materials. [95] Their
aim was to characterise lithium dynamics using ToF-SIMS in the case of a SEl electrochemically
grown on copper foil in ’LiClO4 based liquid electrolyte. The SEI layer was studied by lithium
isotopic tracing after soaking samples in bLiBF4 solution during various contact times. ®LiBF4

was used as a tracer to distinguish lithium ions located in the electrolyte from those coming
6

from the SEI. The T: ratio was determined from the °Li* and ’Li* intensities as a function of

the SEl depth. The assumptions are that Li* ions can diffuse along grain boundaries composing
the SEI or through pores, while applying a galvanostatic discharge of the half coin cell. Authors
considered that electroneutrality conservation requires that BFs should be transported
simultaneously with Li* ions. Three-dimensional ToF-SIMS characterisations allowed to
estimate bLi" ions migration in depth. After contact time of 30 s or 3 min, the estimated ratio
is 0.85 on the surface of the SEI and decreases until it stabilises above 0.4 at 20 nm. After
15 min of contact time, the enrichment profile is different (purple dots on Figure 1-16.a).
Indeed, the ratio is above 1.2 on the surface and exceeds 1.6 at 5 nm to finally decrease until
0.65 at 20 nm. These results provide information about SEI porosity. The first part of the layer
(about 5 nm thick) seems more porous than the rest of the SEl. These results were later
confirmed by Shi et al. in 2012 (Figure 1-16.a). [96]
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Figure I-16. a) ToF-SIMS characterisation of the ’LiClO4 SEl after 15 min of immersion in ®LiBF4
electrolyte. b) Schematic of the proposed formation mechanism of the SEl: “The open circles
represent the Li* already in the SEl. In the porous organic layer, the blue solid lines denote
channels through which Li* in the electrolyte (green filled circles) transports with anions (yellow
filled circles) via pore diffusion. The red arrows denote that only Li* can diffuse in the dense
inorganic layer via the knock-off mechanism”. [96]

Shi et al. also concluded that the SEI film is composed of two layers by using a diffusion
model. On Figure I-16.a, the green solid curve corresponds to their simulated result. They

estimated the thickness of the organic layer at 5 nm by obtaining the same unexpected
6Li+

7Lit

isotope ratio profile as the one obtained experimentally by Lu and Harris. (Figure I-16.a).

On Figure 1-16.b, a schematic of lithium dynamics leading to the SEI formation are presented.

Liu et al. also studied the SEl formation and composition. [97] Their setup and ToF-SIMS
results are presented on Figure I-17.
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Figure I-17. a) Sample preparation and ToF-SIMS depth profiles of the SEI on Cu electrode
surface: b) °Li’Li ratio and Cu*; ¢) C2H2™ (organic), Li:F~ (inorganic), and Cu*. d) Proposed SEI
formation mechanism. [97]
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6
Liu et al. also concluded that the SEl is formed of several layers. [97] High 7—Z ratio was

. . °Li . .
observed close to the electrolyte/SEl interface compared with the 7—Li ratio estimated near the

SEI/Cu interface (Figure |-17). Therefore, they assumed that SEI formation starts from the
electrolyte side and grows close to the copper. Even if both ToF-SIMS and XPS results confirm
the SEI two-layer structure (organic and inorganic), only °Li tracing enables to understand
which layer is formed first. The strength of lithium isotopic tracing allowed them to deeper
understand the formation of this passivation layer by using a 1 M solution of ®LiBFa.

Some other publications reported the use of ToF-SIMS or SIMS advanced techniques
to trace °Li. Huger et al. published two publications on lithium permeation processes within
battery materials. [98] [99] They determined two permeation mechanisms of lithium within
amorphous silicon by characterising modifications of the lithium isotope fraction measured by
SIMS. They also studied the same type of permeation processes within coated multilayers of
lithium niobate (LiNbOs). The protection of electrodes by coating thin films aims at improving
performances Li-ion battery electrodes by increasing lifespan for instance. °LiNbO3 was used
to track lithium permeability through ultrathin layer made of either Cr, Si or C. The goal was
to find the most appropriate one. Characterisations were performed by SIMS at room
temperature and by neutron diffraction while heating at 100° C. By SIMS, lithium isotopic
abundance was determined as a function of the sputtering time. The conclusion is that, at
room temperature, lithium permeation is faster through carbon ultrathin layers compared to
silicone and chromium, even if lithium permeability through chromium can be improved by
heating at 100° C.

Lithium diffusion coefficient in amorphous lithium phosphate LisPO4 and in spinel oxide
LixMn;04 thin films was estimated by combining lithium labelling with secondary ion mass
spectrometry (SIMS). [74] [100] Kuwata et al. obtained lithium self-diffusion coefficient in
LisPO4 wich is an option as SSEs by estimating 6Li abundance with an uncertainty of 5%. [74]
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Figure I-18. Setups allowing to study lithium dynamics through lithium phosphate LisPO4 by
using lithium isotopic labelling: a) ion-exchange method, and b) mask method. [74]
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At 60° C, the lithium diffusion coefficient in amorphous lithium phosphate LisPO4 was
estimated at 1.20 x 107'' ¢m?-s~ ! with the ion-exchange method and at
1.14 x 107 ¢m? - s71 with the mask method. [74] These methods are presented on
Figure 1-18. They are both coherent. The highest diffusion coefficient lithium in LixMn;04
(7.7 X 10713¢m? - s71) was obtained when lithium relative concentration x is equal to 0.72.

[100] It was determined by applying the ion-exchange method. Such information can allow to
optimise material composition.

Berthault et al. also worked on Li* ions dynamics through the SEI formed on
graphite-based electrodes (Figure 1-19). [15]

LITHIATION - DELITHIATION

ELECTROLYTE

SEI

GRAPHITE

50C=0

Figure I-19. Lithium isotopic ion exchanges occurring during lithiation or delithiation process
of a graphite electrode. [15]

To track lithium isotopes, a half-cell using graphite electrode in coin format is charged
in standard conditions in order to create a SEl with lithium natural isotopic abundance. Then,
they took out and washed the graphite electrode before reassembling it in a new cell against
a ®Li-foil and a liquid electrolyte enriched in °Li at 95%. They finally characterised the SEI
lithium isotopic abundance after a lithiation and after a delithiation step by performing
ToF-SIMS. Results are presented on Figure |-19. They demonstrated that Li* ions contained
into the SEI still play a role in lithium diffusion processes. It could not be observed without

using lithium isotopic tracing. Furthermore, they estimated the thickness of the inorganic layer
at 2.3 nm.

e Solid-state nuclear magnetic resonance (ssNMR)

Berthault et al. used lithium tracing to characterise lithium behaviour between a liquid
electrolyte enriched in ®Li and a silicon-based electrode. [16] They performed °Li and ’Li
high-resolution ssNMR (Figure 1-20). While probing solid, the rotation at the magic angle
spinning allows to obtain high resolute spectra.
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Figure 1-20. ’Li (a) and °Li (b) NMR spectra of lithiated silicon-based electrode in the case of
lithium natural isotopic abundance soaked into a °SLi-electrolyte (charge limited to
1,000 mAh - g~1). [16]

They developed a specific methodology to estimate lithium isotopic abundances by
high-resolution ssNMR (Figure 1-20). 6Li and ’Li analyses cannot be performed using the same
acquisition settings. Thus, Berthault et al. developed a methodology to combine °Li and “Li
spectra. The determination of a normalisation factor by characterising a reference sample at
lithium natural isotopic abundance allows an accurate estimation of lithium isotopic
abundances of the other samples. After 52 h of contact time, the soaked electrode (initially
at lithium natural isotopic abundance) was containing 74% of ’Li. They demonstrated that
there are fast liquid/solid isotopic exchanges after 1 h of contact time between the electrode
and the electrolyte. Furthermore, they detected a slower dynamic: °Li* ions diffuse through
the silicon bulk. Thus, silicon was enriched in 6Li over the cycling steps. Lithium isotopic
exchanges were highlighted by °Li and ’Li high-resolution ssNMR characterisations. All these
results were complemented with ToF-SIMS and liquid-state NMR. A better understanding of
lithium dynamics in such materials could lead to enhance electrode design.

Chang et al. worked on the lithium dendrites growth issue, which is one of the reason
why Li-foil is not widely used in commercial batteries. [101]
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Figure I-21. “Change of °Li and ’Li NMR spectra before and after growth of microstructures:
comparison of in situ (a, b) °Li and (c, d) ’Li NMR spectra of the cell composed of a °Li metal
and ’Li metal foil separated by a glass microfiber separator soaked of electrolyte, after current
flow at 1.1 mA/cm? for 240 min. In panels a and c, Li* ions move from the Li to ’Li strip, and in
panels b and d, Li ions move from the ’Li to °Li strip. The black spectra correspond to the pristine
state (before passing current), and the red spectra correspond to the final state (after current
flow). The arrows refer to the change in intensity of electrolyte, and the dots indicate no
noticeable change in intensity.” [101]

The goal of their work is to understand lithium microstructure growth in a Li/Li
symmetric battery containing a carbonate liquid-based electrolyte (1M LiPFs: EC/DMC). It
corresponds to lithium dendrites formation. By applying a current, 6Li* ions migration was
forced from a ®Li-foil enriched at 95% in ®Li to a ’Li-foil at lithium natural isotopic abundance.
The use of two lithium foils at different lithium isotopic abundance allows to determine the
origin of shift and peak intensity variations. The peak detected around 245 ppm is attributed
to lithium microstructure. Modifications can be due either to microstructure formation or to
changes in the bulk Li-foil. The enrichment in bLi helps to assign the origin of the probed
lithium. On Figure 1-21, lithium isotopic migration is highlighted. The effect of the applied
pressure on lithium stripping process have been investigated by NMR. Notice that in this study,
NMR experiments were performed in situ. Thus, no rotation at the magic angle spinning was
possible, leading to broad peaks.
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Lithium dynamics were characterised by Zheng and Hu in a composite SSE (Figure I-22).
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Figure I-22. Schematic of Li* ions pathways within a polymer electrolyte matrix (PEO+LiTFSI)
containing various wt% of LLZO ceramic particles. [46]

They worked on a composite SSE made of a polymer electrolyte (PEO+LIiTFSI)
containing ionic conductive ceramic particle (LizLasZr,01, LLZO). [46] They performed SLi
high-resolution ssNMR experiments in order to demonstrate that resistances at the interfaces
affect the ionic conductivity of the whole device. Lithium tracing allowed them to observe that
the ceramic nanoparticles concentration into polymer membrane impacts Li* ions pathways.
Indeed, for polymer electrolyte containing less than 50 wt% of LLZO, lithium ions diffuse
through the polymer matrix because ceramic particles do not percolate. On the other hand,
while polymer membrane containing 50 wt% of LLZO, ceramic particle percolation occurs and
modifies lithium diffusion pathways, which mainly take place through the ceramic particles.
As high-resolution ssNMR can distinguish lithium chemical environment, bLi abundance in
both materials could be compared between a reference sample at natural abundance and
tested ones.
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e Inductively Coupled Plasma Mass Spectrometer (ICPMS)

Recently, Morita et al. demonstrated that is it possible to use lithium separation
method by ionic conductor in order to enrich a lithium hydroxide solution in ®Li in just one
step by applying a specific voltage profile (Figure I-23). [102]
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Figure 1-23. Schematic of °Li enrichment by using a lithium separation method by ionic
conductor. [102]
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On Figure 1-23, a thin layer of Lio.29Lao.s7TiO3 (schematised by a yellow bar) was used as
ionic conductor in-between both electrodes. A voltage was applied to speed up the
enrichment process. Lithium isotope separation was possible because their mass differs,
which induces different extraction speed. They mentioned that lithium isotope diffusion

coefficient ratio (D 6i/D 7L ) is approximately equal to 1.08. °Li and ’Li concentrations were

measured by ICP-MS. Morita et al. mentioned that a high separation factor D of 1.06 was
determined using the following Equation I-6,

D Isotopic ratio into the °Li enriched solution 16
~ Isotopic ratio into the source solution

Schwarzburger et al. studied a solution of butyl lithium (BuLi) enriched in °Li put in
contact with pre-lithiated TiS; single crystals. [103] Their objective was to identify irreversible
steps during the lithiation process, such as the octane formation at the TiS; surface. LA-ICP-MS
was used to track ®Li and “Li in lithiated titanium disulfide (LiTiS,) single crystals. Lithium
self-diffusion coefficients were extracted by fitting isotopic exchange results with numerical
fittings based on the Fick’s second law. Lithium diffusion coefficient was estimated at
4,68 + 0.55 x 10~ m? - s in 6LiTiS; at 22° C. Furthermore, by performing 6Li tracing, some
crucial steps of lithium intercalation in TiS; single crystals from a BulLi solution were explained.
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Anode, cathode and electrolyte of LiNipsMno2C00202 (NMC622)/graphite based

battery were studied by Diehl et al. while using of liquid electrolyte (°LiPF¢) enriched at
93.25% =+ 2.21% in °Li (Figure 1-24). [91]
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Figure I-24. °Li abundance a) in the graphite anode, b) in the NMC622 cathode, and c) in the
liquid electrolyte determined by ICP-MS and GD-SF-MS after cycling a
LiNio.sMno.2Co0.202/graphite based battery. [91]

On Figure 1-24, despite variations between ICP-MS and glow discharge sector field mass
spectrometry (GD-SF-MS) results, these techniques provide similar trends on the estimated
lithium isotopic abundance over charge/discharge cycles. bLi abundance decreases in the
anode and in the electrolyte, whereas it increases in the cathode. They demonstrated that
lithium isotopic abundance is affected by the applied C-rate. They also observed a fast isotope
mixing kinetics during the first charge/discharge cycle. In the end, they suggested to perform
SIMS analyses in order to obtain lithium isotopic distribution on the studied electrodes.
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e laser-induced breakdown self-reversal isotopic spectrometry
(LIBRIS)

A new methodology, called LIBRIS was recently developed by Touchet et al
(Figure 1-25). [86] Lithium isotopic abundance of samples can be determined by such
characterisation technique.
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Figure I-25. A) LIBRIS spectra obtained on three lithium carbonates with various °Li abundance
of 7.5%, 49.8% and 95.5% B) Calibration curve obtained from LIBRIS analyses. [86]

Touchet et al. prepared three samples with a °Li abundance of 7.5%, 49.8% and
95.5% by mixing two different powders of lithium carbonate: one at lithium natural isotopic
abundance and the other enriched at 95.5% in °Li. LIBRIS characterisation of these samples
enable to obtain a calibration curve allowing to estimate ®Li abundance of an unknown sample
within the same matrix. The lateral resolution of the analysis was 250 um. Ultraviolet laser
ablation in ambient air leads to a 21% uncertainty on the ®Li abundance of samples containing
50% of °Li. Touchet et al. also demonstrated that working under argon flux reduces the
uncertainty down to 13%.

More recently, Gallot--Duval et al. used the same methodology to track lithium
isotopes into Li2Cos and a polymer electrolyte, PEO+LiTFSI which can be used for solid-state
batteries. [87] They obtained two calibration curves of the °Li isotopic abundance, one for
PEO+LIiTFSI and on for Li,COs (Figure 1-26).
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Figure 1-26 highlights that LIBRIS can provide a fast determination (between few
seconds to few minutes) of lithium isotopic abundances with an uncertainty of 30% and 25%
on the °Li abundance determination of lithium carbonate and polymer electrolyte,
respectively. Furthermore, the lateral resolution is estimated at 7 um.

Conclusion

ASSBs are an attractive alternative to traditional lithium-ion batteries thanks to their
potential for higher energy density and enhanced safety. One of the main objectives is to
design an ASSB containing lithium metal at the anode. Thus, the energy density is expected to
be significantly increased. Composite SSEs are even more promising for the development of
ASSBs because they combine benefits of inorganic SSEs and polymer SSEs. However, they are
known to have low ionic conductivity, compared to traditional liquid electrolytes, due to high
interfacial resistances. Therefore, it is essential to deeper understand parameters that control
lithium dynamics within these composite materials. A way to investigate lithium transport
mechanisms into these solid materials already containing lithium lies in performing lithium
isotopic tracing experiments. They are based on the use of materials enriched in bLi. Some
advanced characterisation techniques allowing to detect simultaneously or separately ’Li and
®Li isotopes have been briefly detailed. The choice of the technique will depend on the nature
of the material, and also on the required information. A summary of various benefits and
drawbacks related to each technique is provided. Then, their applications were demonstrated
throughout relevant articles involving the use of lithium isotopic labelling. Notice that lithium
isotopic tracing is used to study battery materials only from 2011. All these research works
aim at a better understanding of lithium dynamics in battery materials. For instance, the
estimation of lithium self-diffusion coefficient, the choice of best permeable ultrathin layers,
formation mechanisms of the SEl and its thickness could be successfully studied. Furthermore,
electrodes or composite SSEs compositions could be optimised in order to improve
electrochemical performances of the devices. Finally, lithium microstructures such as lithium
dendrites formation was studied to better understand this unwanted process.
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Chapter Il. Methodologies development to accurately determine
lithium isotopic abundance

As presented in chapter |, there is a significant interest to increase electrochemical
performances of lithium batteries. Lithium isotopic tracing can be seen as a powerful tool to
enhance the understanding of lithium dynamics in existing systems or in new battery
components especially electrode materials and electrolytes (liquid or solid). More precisely,
lithium labelling can help to investigate lithium behaviour at the various interfaces present in
the electrochemical system.

Firstly, the polymer, the lithium salt and the ionic conductive ceramic studied in this
work are presented. Electrochemical tests are also described. Then, the most relevant
parameters of ToF-SIMS and ssNMR techniques for lithium isotopes characterisation are
determined. These methodologies provide accurate lithium isotopic abundance estimations
of lithiated materials. Finally, to demonstrate their robustness, the developed methodologies
are applied on polymer electrolytes with various ®Li abundances.

This chapter is heavily inspired from our publication: “Lithium Self-diffusion in a
Polymer Electrolyte for Solid-State Batteries: ToF-SIMS/high-resolution ssNMR Correlative
Characterization and Modeling Based on Lithium Isotopic Labeling” published in ACS Applied
Material & Interfaces in 2023. [104]
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I1.1. Solid-state electrolytes preparation and electrochemical tests on specify
devices

In an all-solid-state battery (ASSB), the electrolyte acts as lithium ions conductor and
as a separator between the two electrodes. An ideal solid-state electrolyte should provide a
high ionic conductivity (> 10* S - cm™ at RT), a negligible electronic conductivity to avoid
self-discharge (< 102 S-cml at RT), a large electrochemical stability window
(0to 5Vws.Li*/Li), a good chemical and mechanical stability regarding the electrodes
material and a large operating temperature range suited to the intended application
(-40 to +70°C). [22]

1.1. Polymer electrolytes preparation with a lithium salt enriched in Li
a. The selected materials: poly(ethylene oxide) (PEQO) and lithium salt (LiTFSI)

Polymer membranes were made of poly(ethylene oxide) (PEO) (Sigma-Aldrich, Mw:
300,000, purity > 99%) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
(Sigma-Aldrich, purity > 99.95%). Figure II-1 and Figure 11-2 illustrate their semi-developed

formula.
AV

Figure lI-1. Semi-developed formula of the poly(ethylene oxide) (PEO), with n the number of
repeated units of the polymer.

Figure II-2. Semi-developed formula of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt.

LiTFSI (LiN(SO2CF3)2) was chosen because it is compatible and soluble in PEO polymer
matrix. [105] The LiTFSI salt is available at lithium natural isotopic abundance (92.4% ’Li and
7.6% °Li noted ’LiTFSI), but also enriched at 95.4% in °Li (4.6% ’Li and 95.4% °Li noted
SLiTFSI) (Sigma-Aldrich, purity > 98%). This last grade was used to modify the lithium natural
isotopic abundance in polymer electrolytes. The synthesis of ®LiTFSI enriched in °Li was
investigated by using a LiOH.H,0 precursor enriched in °Li. Mixing ®LiOH.H,0 and HTFSI in
water lead to the preparation of °LiTFSI after drying due to an acid-base reaction. However, a
commercial salt was used for this work to guarantee the quality and accuracy enriched °LiTFSI.
Working with 6LiTFSI offers the opportunity to follow dynamics of lithium ions contained in a
polymer electrolyte.
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Polymer powder was dried during a five-day under dynamic vacuum at 60 °C. The
lithium salts were also dried during five days, but at 150 °C. Various ratio of ’LiTFSI and °LiTFSI
were mixed to obtain polymer electrolyte with several °Li abundances. Karl Fisher analyses
confirmed that lithium salt was containing only 2 ppm of water and can be considered as
battery grade.

b. Polymer electrolytes preparation

Polymer electrolytes preparation was performed in a dry room. PEO and LiTFSI were
dissolved in a blend of two anhydrous solvents: 1,3-dioxolane (Diox) (Sigma-Aldrich,
anhydrous, purity > 99.8%) and 1,2-dimethoxylethane (DME) (Sigma-Aldrich, anhydrous,

purity > 99.5%). The % ratio was set at 16:1, which is equivalent to a lithium salt
concentration of 1.2 M. The solution was casted on copper foil after a 48 h stirring at 50° C.

Then, the film is dried during 24 h under dynamic vacuum at 60 °C allowing to evaporate the
solvents. The polymer electrolyte thickness was measured at 100 pm.

Four polymer electrolytes with various lithium isotopic abundances were prepared.
Table 1I-1 sums up the expected lithium isotopic abundances of each polymer electrolyte
based on mass calculations.

Table II-1. Polymer electrolytes made of PEO and LiTFSI at 1.2 M, with various expected lithium
isotopic abundances.

Polymer electrolyte % "Li (%) % OLi (%) Used salts

A (reference sample) 92.4 + 0.1 76 + 0.1 ’LiTFSI
B 66.1 + 0.1 339 + 0.1 LiTFSI and °LiTFSI
C 33.6 + 0.1 664 + 0.1 LiTFSI and °LiTFSI
D 4.6 + 0.1 954 + 0.1 SLITFSI

Electrolyte A was prepared using only the commercial lithium salt, ’LiTFSI. Later, this
polymer electrolyte will be used as a reference sample to determine the lithium isotopic
abundance in others by advanced characterisation techniques based on lithium isotopic
tracing. Electrolyte D was also prepared with commercial lithium salt SLiTFSI enriched at
95.4% in °Li. Lithium isotopic abundances in electrolytes A and D were set according to the
datasheets provided by supplier. Thus, the uncertainty is set at 0.1%. Electrolytes B and C
were obtained by mixing the two commercial salts in various proportions. Thus, lithium
isotopic abundances in electrolytes B and C were estimated from the weighed masses. To
determine the error, an uncertainty (Am;;) of 10™* g was associated to the weighing salts
inside an argon-filled glovebox. According to Equation II-8, lithium isotopic abundances
uncertainty of electrolytes B and C was also estimated at 0.1%. It is clear that the uncertainty
in mass measurement can be considered as negligible regarding the uncertainty associated
with the lithium isotopic abundance.

The mixing step might also increase uncertainty if lithium salts are not evenly
distributed within the solution. A mixing time of 48 h at 50° C ensures a homogeneous
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distribution of the lithium salts into the polymer membrane. Electrolyte A at lithium natural
isotopic abundance was used as the reference electrolyte in all the following results.
Figure II-3 is an example of a polymer electrolyte casted on a copper foil.

Figure 11-3. Polymer electrolyte disk punched after casting on copper foil and dried at 60° C
under dynamic vacuum.

On Figure 1I-3 the polymer electrolyte is not easily visible because it is translucid.

1.2. Commercial ceramics and dispersion preparation

a. LLZTO ceramic pellet

The selected ceramic is a garnet-type ceramic, the LigslasZri4TaosO12 (LLZTO).
Redhammer et al. determined by performing neutron diffraction that LLZTO crystallises in
Ia3d space group. [106] Figure Il-4 schematises the chemical structure of the LLZTO ceramic.

)
ZrO4/TaOq4 - octahedra

LaOg- polyhedral

Li(2) — distorded octahedral site
Li(1) — tetrahedral site

Figure II-4. Chemical structure of the Lis.sLasZr1.5Tao.s012 ceramic. Images modified from [106].
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On Figure ll-4, atoms organisation is clearly described by Redhammer et al. [106]
Oxygen atoms are forming polyhedral around other atoms. LaOsg polyhedral are represented
in blue. Zr* and Ta>* added by doping are occupying regular octahedral sites represented in
purple. The way they are connected with each other by their edge designs lithium pathways
through the ceramic. Lithium ions are either occupying 24d tetrahedral sites (Li(1) in orange)
or 96h distorted octahedral sites (Li(2) in yellow).

The used LLZO ceramic pellet doped with tantalum (Ta) is commercially available
(Ampcera®). The pellet is 0.7 mm thick, and has a diameter of 14 mm. The supplier has
estimated its ionic conductivity between 4 X 107*S-cm™! and 1073 S cm™! at room
temperature. Lithium concentration is estimated at 33.81 M.

It was established in previous works that substituting zirconium (Zr) by Ta enhances
chemical properties. This substitution is favoured because they are both inert against lithium
metal. [107] The presence of Ta stabilises the cubic garnet structure, which is more ionic
conductive than the tetragonal phase composing LLZO. Indeed, LisyLasZr17Tao3012 presents
an ionic conductivity of 9.6 X 10™*S-cm~![108] whereas LisLasZr,01, has an ionic
conductivity of only 1.63 x 107 S - cm™! at room temperature. [109] Regarding literature,
the Lis.7sLasZr1.75Tao.25012 ionic conductivity is 2.9 X 10™* S - cm™! at 25° C for instance. [110]
Moreover, Yang et al. have demonstrated that added 1 wt% of LisPOs increases the ionic
conductivity upto 7.2 X 10™* S - cm™1 at 25° C. [110]

Itis known that LLZTO is sensitive to air and moisture. [111] Thus, CO;, Li,CO3 and LiOH
can be formed at the surface after air exposure, increasing the contact resistance of the
ceramic pellet. LLZTO was stored and handled inside an argon-filled glovebox before being
used. Ceramic pellets were packaged into non-hazardous mineral oil. The provided protocol
was followed to remove it. The first micrometres were polished with an 800-grit sand paper.
Then, pellets were washed with anhydrous acetone.

The X-ray diffraction pattern presented on Figure II-5 was obtained by characterising
the LLZTO pellet with the Briker D8Advance equipment.
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Figure II-5. X-ray diffraction pattern of the LLZTO pellet.
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On Figure II-5, LLZTO ceramic pattern was identified from the database. [112] All peaks
are assigned. Thus, no crystallised impurity was detected.

b. LLZTO ceramic particles

Ceramic nanoparticles are composed of LisslaszZri4Taps012 (Ta-doped LLZO, LLZTO)
(Ampcera®, purity > 99.9%). Their composition and their structure are identical compared
to that of the ceramic pellet. Their diameter is between 400 and 600 nm. Their theoretical
density is 5.5 g - cm ™3 and their ionic conductivity is estimated between 5 X 107*S-cm™1!
and 1073 S - cm™1! at room temperature by the supplier.

The ionic conductivity of the polymer electrolyte is significantly lower compared to that
of the ceramic pellet. [45] Thus, adding ceramic particles into the electrolyte might lead to
increase the global ionic conductivity.

c. Dispersion preparation of a polymer electrolyte containing ceramic particles

To prepare a composite electrolyte, 0.78 g of LLZTO particles were mixed with 0.7 g
of polymer electrolyte in a blend of solvents. The composite electrolyte is containing
52.7 wt%, corresponding to 20 vol% (Appendix A-1I-1. Composite electrolyte preparation).
The mixture was placed into a Teflon vial with a 20 mm-diameter ball of yttria-stabilised
zirconia. The vial was sealed in pouch packaging under vacuum at 100 mbar because it had
to be stirred outside the dry room. A three-dimensional dynamic mixer (TURBULA®) was used
to stir during 5 h. The mixture was then casted on Teflon plate in the dry room. The coating
was dried 48 h at 60° C, under dynamic vacuum to extract solvents.

After the drying process, the composite electrolyte thickness was measured at 181 um
in average. Disks of 16 um in diameter were punched. They were placed between a ®Li-foil
and a ’Li-foil. The ®Li-foil was prepared from chunks laminated at 290 um and the commercial
’Li-foil was 100 pm thick. Coin cell assembly was carried out in the dry room and coin cells
were sealed in an argon-filled glovebox.

1.3. Electrochemical experiments performed on various devices

An EIS spectrum was recorded before and after applying an electrochemical stress.
Chronoamperometry (CA) technique as well as chronopotentiometry (CP) technique were
investigated. These techniques are presented in the following sections.
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a. Electrochemical impedance spectrometry (EIS)

Electrochemical impedance spectroscopy (EIS) offers the opportunity to estimate
chemical properties based on electrical analyses in frequency. The characterisation technique
is performed to determine the ionic conductivity (o) of a material by measuring the electrical
resistance (R) of the material. R corresponds to the ability of a material to resist the electric
current. [113] o expression is given by the following Equation II-1,

c=— II-1

with e the thickness (cm), R the resistance (), and S the contact surface (cm?). To
determine the resistance from the Nyquist plot, an equivalent electrical circuit is used. [114]

During the acquisition, a sinusoidal perturbation of few millivolts is applied on a device.
The resulting current is measured. Results are presented in a Nyquist plot: Re(Z) as a function
of —Im(Z). R corresponds to the real part of the impedance Re(Z). Thus, the ionic
conductivity can be calculated from Equation II-1.

A VMP-300 equipment was used for EIS measurement on a device maintained under
1 bar pressure. The EIS spectra were potentiostatically measured at a specific voltage with an
oscillation of 70 mVV amplitude over frequencies standing from 7 MHz to 100 mHz. The
recorded EIS were fitted using ZFit software implemented in EC-Lab V11.43. The equivalent

circuit Ry + % was used to determine resistances Ri1 and R». R;is related to the resistance of
2

the connectors, which is negligible compared with R,, which corresponds to the resistance of
the device. All electrochemical tests were performed at 60° C. The temperature was
monitored close to the sample by a probe placed into the oven and directly connected to the
Biologic equipment.

b. Chronoamperometry (CA) technique

The chronoamperometry (CA) technique consists in applying a constant voltage, while
recording the current as a function of time. This technique can be used to investigate diffusion
coefficient in battery materials, such as electrode materials. [115]

A CA sequence with a constant voltage set at 0.25 V was applied on an in-plane device
during lithium diffusion experiments. The device is presented in chapter Ill. This setup device
will be described in chapter Il and chapter IV. Polarisation effects were avoided because the
CA technique sets the voltage and tracks the current. However, the 7 mm distance between
both electrodes requires the application of a rather low voltage to observe lithium diffusion.
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c. Chronopotentiometry (CP) technique

The chronopotentiometry (CP) technique consists in applying a constant current
between both electrodes, while recording the voltage as a function of time.

A CP with a constant current density set at 50 pA - cm™2 was applied on the sandwich

and the dispersion devices during lithium diffusion experiments. The devices are presented in
chapter IV and V, respectively. These devices will be described in chapter IV and chapter V,
respectively. The specific capacity Q (A-h) is proportional to the duration of the
electrochemical step, according to Equation II-2.

Q=1-t 11-2

with I(A) the current and t(h) the time of the chronoamperometry sequence. The amount of
exchanged lithium, n;; (mol), is expressed by the following Equation II-3,

3600 % Q

= —p II-3

with F, the Faraday constant (F = 96,485 C.mol™1). Then, a percentage of exchanged
lithium compared to the amount of lithium contained in the polymer electrolyte, %n;; (%),
can be calculated by using the following Equation 1I-4,

Ny

— 100 -
n;;(polymer) -4

Yony; =
with n;;(polymer), the amount of lithium contained into the polymer electrolyte.

The presented materials will be characterised by performing mainly ToF-SIMS and
high-resolution ssNMR. These two advanced techniques were already presented in chapter I.
Here, specific aspects will be discussed in order to explain how to set up experiment providing
accurate determination of Li isotopic abundances.
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II.2. Determination of relevant parameters of ToF-SIMS and ssNMR techniques
for lithium isotopes characterisation

2.1. Relative lithium isotopic abundance determination by ToF-SIMS

Based on the acquisition settings, ToF-SIMS characterisation can offer local chemical
information with high mass resolution (% = 10,000) [72], high sensitivity ( ppm) [58] and

relatively good lateral resolution (< 100/200 nm). [71] The time-of-flight of both lithium
isotopes differs by more than 600 ns, depending on the used equipment. Thus, ToF-SIMS
technique can distinguish lithium isotopes.

Surface of the polymer electrolytes was characterised by ToF-SIMS by using an
ION-TOF ToF-SIMS 5 spectrometer. Polymer electrolytes were stuck on a sample holder with
the help of a double-side copper tape. A sealed vessel allowed to transfer samples from a dry
room to the ToF-SIMS ultra-high vacuum (UHV) analysis chamber without any exposure to
atmosphere. The pressure in the analysis chamber was below 6 X 10~° mbar. A monoatomic
bismuth gun (Bi*) at 15 keV with an incidence of 45° was used. ToF-SIMS allows to
characterise the chemical composition of the extreme surface of materials. Indeed, only few
nanometres were analysed. Saturation effects appear in standard conditions. To avoid them,
the primary ion chopper width was set at 6 ns empirically, which corresponds to a current
intensity of 0.18 pA. The chopper width effect will be discussed later. Surfaces of
300 x 300 um? were characterised. They were segmented into
65,536 pixels (256 X 256 pixels?). The positive acquisition mode was selected to exhibit
greater sensitivity to the Li* signal. During analysis, positive and negative molecular fragments
are ejected from the surface of the sample. A negative polarisation applied to the analyser
column allows only the collection of the positive molecular fragments. The cycle time was set
at 100 ps. It has a direct impact on the highest mass that can be detected (mass range being
proportional to the cycle time). Images are resulting from a superimposition of 46 scans
acquired with 1 shot - pixel™'. Surfaces were analysed by using a “random” acquisition
mode, which allows to apply fewer local strains on polymer electrolytes and avoid unwanted
charge effects. An electron flood gun was also turned on to improve charging effects
compensation of those insulating samples. The electron flood gun has an energy of 21 V and
a delay of 1 ps. ION-TOF in-house software Measurement Explorer® was used to process
experimental data.

According to literature, “Li* and 6Li* molecular fragments present identical ionisation
yield and detection efficiency for a given matrix. [74] Thus, lithium isotopic abundances
(%"Li) can be estimated from the measured intensities. [15],[100],{116],[117]

%X Li expressions are given by the following Equations 1I-5 and I1-6,

%’Li = ICL™) 100 -5
O T I0LY + 15LiY)

I(°Li*
%°Li = ( ) 100 -6

ICLiY) + I(°Li*)
where I(%Li%) is the intensity of the molecular fragment ¥Li * with k = 6 or 7.
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ToF-SIMS is not a quantitative technique because ionisation yield highly depends on
matrix effects. [118] However, as already mentioned in chapter |, a way to perform
quantification of an element in an unknown sample was developed by Henss et al. [73] This is
why in our work, lithium isotopic abundance of the LiTFSI is studied into the polymer matrix,
in which LiTFSl is incorporated to form the polymer electrolyte.

To determine lithium isotopic abundance in polymer electrolytes by ToF-SIMS, the
appropriate acquisition parameters had to be tuned. The way to process the resulting data
were also meticulously investigated. A polymer electrolyte at lithium natural isotopic
abundance (electrolyte A) was used as a reference sample. Thus, matrix effect differences are
negligible between samples. [73] To be validated, the developed methodology should lead to
an estimation of 92.4% of ’Li for the reference sample.

A single analysis can provide both isotope intensities thanks to parallel mass detection.
However, standard acquisition parameters may lead to saturated signals. The determination
of lithium isotopic abundance is thus discussed below (Figure II-6).
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Figure 1I-6. ’Li* ToF-SIMS analyses of a polymer electrolyte at lithium natural isotopic
abundance. Chopper width (cw) effect (a=>b) and Poisson correction effect (b->c).
%/ Li calculated in the three cases. The selected primary gun was set to Bi* 15 keV with a
beam current of 1.1 pA (a) or 0.18 pA (b-c).

It is mandatory to obtain non-saturated signals in order to allow further relative
guantification. Otherwise, lithium isotopic abundance would be wrongly estimated. On
Figure II-6.a, ’Li abundance in electrolyte A was estimated at 68.4% instead of the expected
92.4% using standard parameters. Inaccurate estimation of ’Li* intensity was obviously due
to a saturation effect. Electrolyte A contains 1.2 M of lithium corresponding to a concentration
of 1.1 Mof ’Li. The saturation effects can be explained by the high ’Li concentration.
Moreover, the positive mode exhibits a strong sensitivity to molecular fragments generated
as positive ions such as Li*. Switching to negative mode may be a solution to avoid any
saturation effect of Li* signal as Li" presents a lower stability. Nevertheless, it might not be
efficient to detect °Li- because °Li abundance of 7.6% is low. Carrying out experiments in
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positive mode is more relevant to detect lithium. Thus, another way to avoid saturation effect
had to be prospected.

Although all signal intensities will be decreased, the easiest way to face saturation
issues is to simply reduce the current of the Bi* primary ion beam. It can be achieved by
shortening its pulse length. Set at 16 ns in standard conditions, the pulse length was
empirically decreased down to 6 ns, inducing an ion beam current decay from 1.1 to 0.18 pA.
Thus, the sample was less subject to the Bi* ion beam exposition, though the molecular
fragments yield was lower. However, the goal was reached because non-saturated signals
were obtained. On Figure II-6.b, an estimation of 87.7% of ’Li was obtained with
non-saturated signals. The value is closer compared to the previous estimation. However,
there is still a 4.7% gap with the expected ’Li abundance.

After determining the best conditions to perform data acquisition, raw data treatment
is also examined. Data processing is investigated on non-saturated signals in the following
discussion.

ToF-SIMS detection is based on a “single ion count” mode. [119] It means that only one
secondary ion can be detected per microchannel and per shot. Thus, counted ions are
underestimated when an excessive number of identical secondary ions are reaching the
detector simultaneously. Indeed, microchannels are saturated. Molecular fragments ejected
from the surface of the sample are thus miscounted.

A certain amount of time is necessary between each detection event by the same
channel. This delay is called the dead time of the detector. [120] It is intrinsic to the
equipment. It is set to 15 ns for the TOF-SIMS 5 instrument used in this study. The amount of
molecular fragments reaching the detector within the dead time can be estimated by applying
a Poisson correction. [119] The number of missed events can then be calculated. Therefore,
corresponding intensities can be corrected. The expression of the Poisson corrected
intensity, I orrected » 1S given by Equation II-7.

Imeasured ) II-7

leorrectea = —N *1n <1 - N

With I, 0qasurea the measured intensity by the detector and N the number of shots applied on
each pixel.

The linearity response is enhanced at least up to 3.5 count - shot™!. [119] The
correction is significant only if the primary ion pulse width is lower than dead time.
Furthermore, the number of shots per pixel has to be high enough to be relevant for statistical
estimation, as it is a method based on statistics. Both conditions were achieved in this work.

The polymer electrolyte at lithium natural isotopic abundance (electrolyte A) was also
used to evaluate the effect of the Poisson correction (Figure II-7).
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Figure 1I-7. “Li* (left) and °Li* (right) ToF-SIMS mass spectra of the polymer electrolyte A at
lithium natural isotopic abundance. Comparison between non-corrected intensity (solid black
line) with the Poisson corrected intensity (dotted red line). The selected primary gun was Bi* at
15 keV with a beam current of 0.18 pA.

On Figure II-7, solid black lines represent the non-corrected intensities. Notice that the
scale on the vertical axis is different on both spectra. ’Li* intensity is higher than
200,000 counts, whereas °Li* intensity is almost ten times less. The dotted red lines represent
intensities obtained after applying a Poisson correction. The effect of the Poisson correction
is noticeable on the ’Li spectrum (Figure I1-7). Even without reaching saturation, the number
of ’Li* counts is still very high. As previously explained, applying the dead time correction
allows to evaluate the total of undetected events (dotted red line). Therefore, a more accurate
estimation of ’Li abundance can be obtained by taking into account the missed ’Li* molecular
fragments. On Figure 11-6.c, 91% of ’Li was estimated when applying a Poisson correction to
non-saturated signals. The Poisson correction allows an accurate compensation of the ’Li*
molecular fragments not detected by the detector. The electrolyte was at lithium natural
isotopic abundance. Thus, the correction has just few impacts on 6Li* intensity. Indeed, the
detector was easily able to count most of the molecular fragments. Only 6% of °Li* ions
reached the detector within the dead time and were missed, to be compared to the 35%
missed ’Li* ions (Figure 1I-7).

To investigate the consistency of these ToF-SIMS characterisations, an uncertainty was
calculated. A standard deviation of 3.2% on the measured intensities was estimated on
reference electrolyte (electrolyte A) on the basis of ten ToF-SIMS analyses. According to
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Equation 11-8, lithium isotopic abundances are determined by ToF-SIMS with an uncertainty of
1%. This low uncertainty may be also explained by the high sensitivity of the ToF-SIMS
technique to lithium detection, which is equal to 0.34 ppm. [58]

Equation 1I-8 allows to estimate ToF-SIMS uncertainties on the determination of the
lithium isotopic abundance. Formula dedicated to errors propagation was used to calculate
uncertainties of expected lithium isotopic abundance estimated in the analysed polymer
electrolytes. This equation is based on partial derivative of functions. The uncertainty of each
variable is considered. Only the first-order Taylor series was taken into account (Equation |I-8).
[121][122] The uncertainty expression of f, Af , is given by

0 2
Af (Uq, ey Uy) = (%) - | A |2 -8

n
i=1
with u; variables of the function f and Au; the uncertainty of u;.

ToF-SIMS characterisations only affect the extreme surface of the samples. Thus,
high-resolution ssNMR can still be performed on the same samples in order to provide global
information afterwards. We also focused our interest in improving quantification
methodology related to high-resolution ssNMR analyses of °Li and ’Li nuclei.

2.2. Absolute lithium isotopic abundance determination by high-resolution ssNMR

Contrary to ToF-SIMS analyses, high-resolution ssNMR provides a global analysis of the
sample at the atomic scale. Nuclei chemical environment can be determined. For instance,
lithium contained in ceramics or in a polymer matrix can be distinguished from the chemical
shift of the isotropic peaks. [48] High-resolution ssNMR might allow to determine factors that
impact on the ionic conductivity such as lithium diffusion pathways. Lithium behaviour at the
interfaces is not clearly understood. [46] Comparing the amount of ®Li and ’Li in a reference
sample and in a sample, which has undergone electrochemical stress can provide clues to
understand lithium diffusion pathways. [48]

High-resolution ssNMR can be seen as an effective advanced technique to probe the
atomic structure of a material. Therefore, it will be used to better understand lithium
transport mechanisms at the atomic scale. The ssNMR signal is proportional to the lithium
natural isotopic abundance. Thus, °Li abundance can be estimated. Specific methodologies
were developed to accurately determine °Li abundance. Optimal acquisition settings have to
be determined to carry out ’Li and °Li experiments in quantitative conditions. Then, a proper
manner to combine ’Li and ®Li data will be discussed in detail.

High-resolution ssNMR allows quantification of lithium amounts by probing either Li
or ’Li. However, it is not true when working on samples enriched in °Li with unknown SLi
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abundance. Both °Li and ’Li nuclei have to be probed in such case. This section will explain
how to carry out lithium isotopic abundance characterisations, and how to properly combine
®Li and ’Li results.

At first sight, probing ’Li may offer an easier detection thanks to its high abundance of
92.4% compared to °Li. Furthermore, it has a high relative receptivity (0.29 compared to H).
However, SLi absolute quadrupolar moment (—0.0808 x 10739 m?) is lower in absolute
value than ’Li absolute quadrupolar moment (—4.01 x 1073%° m?), leading to narrower
spectral bands than those obtained for “Li. [123] °Li high-resolution ssNMR characterisations
remain challenging due to °Li low natural isotopic abundance of 7.6% and long relaxation
times compared to Li.

An NMR spectrometer Briker Avance NEO 500 MHz was used to perform
high-resolution solid-state NMR of ®Li and ’Li at room temperature. An 11.7467 T magnetic
field was used to acquire all spectra. This magnetic field is equivalent to a 500.130 M Hz magic
angle spinning (MAS) NMR frequency for *H. ®Li and ’Li high-resolution ssNMR analyses were
carried out to determine lithium isotopic abundance in polymer electrolyte. ®Li and ’Li
operating Larmor frequencies are 73.61 and 194.38 MHz, respectively. The calibration of the
nuclei chemical shifts was performed by using a lithium phosphate powder (Li3sPO4) as a
reference. Samples were placed in sealed inserts designed to be compatible with 4 mm MAS
rotors. Inserts are made of polychlorotrifluoroethylene (CFCI-CF;),, Kel-F). They avoid air
contamination during sample transfer from a dry room or from an argon-filled glovebox to the
spectrometer. Samples are also protected during the acquisitions. Inserts were introduced
into 4 mm MAS rotors made of zirconia (ZrO;). Notice that using inserts allows to keep clean
rotors. The speed of the rotors rotation was set at 10,000 Hz at the magic angle (54.44°).
[77] The power was established at 190 W, the receiver gain at 101 and the number of
accumulated transients at 64 for both nuclei. 19,230 and 2,890 points were acquired in time
domain for ’Li or Li free induction decay (FID), respectively. It is due to their spectral width,
which corresponds at 192,307 and 28,901 Hz. 32,768 digital points were considered to carry
out the Fourier transformation.

Here, bLi and ’Li quadrupolar behaviour in polymer electrolytes was evaluated by
obtaining nutation curves for a 90° pulse. The pulse length needs to be meticulously selected
to carry out lithium isotopic abundance characterisations. Indeed, its value impacts the global
signal intensity. [78] Probed nuclei have to be excited with a specific pulse length in order to
obtain a linear response for each nucleus, whatever their quadripolar coupling constant.
Nutation curves for a 90° were acquired to determine the right pulse length for bLi (Figure 11-8)
and ’Li (Figure 11-9).
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Figure 1I-8. Nutation curves obtained from the °Li MAS NMR spectra of a polymer electrolyte
(electrolyte D) and ®LiOH.H,0 both enriched in °Li. The signal intensity is plotted as a function
of pulse length. By comparing both curves, °Li pulse was set at 4 us, as the maximum signal
intensity was reached in these conditions.

On Figure 11-8, a 1 M liquid solution of 6LiOH was used as a reference (dotted red line).
The liquid present negligible quadripolar interactions. It seems to be also the case for the
polymer electrolyte enriched at 95.4% in Li (electrolyte D). It can be explained by the °Li
nuclear spin of 1, relatively close to % .Sample enriched in °Li was used to increase signal/noise

ratio. An estimation of the maximum pulse length still providing a linear response was
obtained by comparing the nutation curves. It was estimated at 4 ps.
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Figure II-9. Nutation curves obtained from the ’Li MAS NMR spectra of an electrolyte at lithium
natural isotopic abundance (electrolyte A) and ’LiCl.H20. The signal intensity is plotted as a
function of pulse length. By comparing both curves, ’Li pulse was set at 3.5 us, as the maximum
signal intensity was reached in both cases, in these conditions.

On Figure 11-9, a 1 M liquid solution of 6LiOH was used as a reference (dotted red line).
The liquid present negligible quadripolar interactions. However, the polymer electrolyte at
lithium natural isotopic abundance (electrolyte A) is slightly quadripolar. It can be explained

by the ®Li nuclear spin of % The maximum pulse length providing a linear response was
estimated at 3.5 ps.
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To sum up, regarding the nutation curves of °Li (Figure 11-8) and ’Li (Figure 11-9) the
proper pulse length can be set. The following °Li and ’Li high-resolution ssNMR analyses will
be performed by applying a 90° single-pulse excitation sequence, with a pulse length of either
at 4 and 3.5 ps, respectively. It is also required to wait a sufficient amount of time called
“recycling delay” between each applied pulse in order to let the system recover its whole
magnetisation. This recycling delay (D;) has to be at least higher than 5 - T;, with T; the spin
lattice relaxation time of the probed nucleus. T;value variation is related to the material
structure of the probed nucleus and to the temperature of the sample during acquisition.
[124] An estimation of T; has to be achieved for each nucleus. Inversion-recuperation
sequences allowed estimating the corresponding T;. [125] Figure 11-10 is an example of the
inversion-recovery results, while probing °Li in a polymer electrolyte.
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Figure 1I-10. Example of an inversion-recovery sequence: °Li ssNMR analyses of PEO/LITFSI at
lithium natural isotopic abundance.

On Figure 11-10, several experiments were carried out with a recycling delay (D,) set
at 0.1, 0.3, 0.6, 1, 10, 30, 60, 120, 200, 400 and 600 s. The aim was to determine the
minimum D; value allowing to work in quantitative conditions. The saturated plateau means
that the completely relaxed equilibrium state was reached. Thus, D; was set at 140 s to be
sure to get all the signal intensity. Using the same procedure, the recycling delay was set to
70 s while probing the ’Li nucleus. A substantial portion of the signal was obtained in a
reasonable amount of time.

To conclude, the pulse lengths were set at 4 and 3.5 us for °Li and ’Li nuclei,
respectively. The responses are linear and the maximum intensity can be recorded in these
conditions. To ensure consistent results, it is necessary to set various acquisition parameters
identically for each experiment probing both lithium isotopes such as the rotation speed, the
excitation pulse and its corresponding recycling delay. Additional settings can be modified,
including the number of scans or the receiver gain. However, they have to be used to
normalise the resulting signal to combine °Li and “Li results.
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To determine lithium isotopic abundance of a probed sample, a reference sample with
a known lithium isotopic abundance has to be characterised using the same acquisition
conditions. The reference sample matrix has to be identical compared with the unknown one,
otherwise non-consistent lithium isotopic abundance would be estimated after data
processing. To combine °Li and ’Li spectra, a normalisation factor (S) was calculated from
electrolyte A. Indeed, ®Li and ’Li results cannot be directly compared because probe
adjustments are carried out to probe each isotope. Tuning and matching were modified due
to different 6Li and ’Li Larmor frequencies. S expression is given in the following Equation II-9,

_ Lef (L) %L
 Lep(6LD)  %7Li

11-9

with Iref(kLi) the ¥Li absolute integral of electrolyte A used as a reference sample, and %" Li
the expected abundance in ¥Li, with k = 6 or 7. The integrals have to be normalised by the
number of scans and/or by the receiver gain if these acquisition parameters are modified
between °Li and “Li experiments. It is not necessary to normalise I(¥Li) by the lithium mass
as the same sample is probed in both analyses. Based on Equation II-9, S was estimated at 15

by characterising electrolyte A. The expression of ’Li abundance, % ’Li , is provided by the
following Equation 11-10,

100

Isampie( °L1) I1-10
Isample( 7Li)

% "Li =

1+S-

with Isample(kLi) the normalised ¥ Li absolute integral of the probed sample, with k = 6 or 7.
Equation II-10 was obtained through the resolution of the two-equation system 1l-11 and 11-12,

% °Li I ®Li
0 — - . sample( - ) N-11
% "Li Isample( Ll)

1-12
%7Li + %°Li = 100%

Details on how to obtain integral values are mentioned in this paragraph. Data
treatment such as phasing and automatic baseline correction was done with the software
TopSpin 3.6.2° provided by Briiker. Notice that an exponential line broadening factor of 20 Hz
was also applied on raw data. bLi and ’Li absolute integrals of high-resolution ssNMR spectra
(I) were obtained by integrating spectra on 10 ppm and on 300 ppm centered on the origin
(0 ppm), respectively. Integration must take into account spinning sidebands to obtain
consistent results. Thus, the integrated window is broader on ’Li spectra compared to the °Li
ones. The software developed by Massiot et al. named Dmfit® was used to extract data and
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plot spectra. [126] Spectrum deconvolution can be achieved when several contributions
overlap. It will be the case for sample containing a lithium salt and a lithiated ceramic.

Three analyses of a polymer electrolyte at lithium natural isotopic abundance were
performed by ssNMR to estimate a standard deviation. Uncertainties were determined by
considering a 0.5% standard deviation on the absolute integral intensity values. Therefore,
lithium isotopic abundance can be determined by high-resolution ssNMR with a maximum
uncertainty of 2% (Equation 11-8).

The ToF-SIMS and high-resolution ssNMR methodologies are applied on polymer
electrolytes presented in section 1.1 to be validated and optimised.

I.3. Determination of lithium isotopic abundance with the developed
methodologies

3.1. Polymer electrolytes characterised by ToF-SIMS

As said before, ToF-SIMS is a powerful technique allowing the discrimination of lithium
isotopes. The methodology described in section 2.2.a is applied to characterise four polymer
electrolytes presented in Table IlI-1. The obtained ToF-SIMS images are presented on
Figure 11-11.
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Figure 1I-11. Four polymer electrolytes (A, B, C, and D) with various °Li abundances were
analysed by ToF-SIMS. Their expected lithium isotopic abundances are mentioned. Normalised
’Li* and °Li* intensities by the total ion counts can be compared. The selected primary gun was
Bi* 15 keV with a current of 0.18 pA.
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The total intensity was checked to be sure that signals were homogeneous on the
selected area. A Poisson correction was applied to non-saturated signals. Intensities were
normalised by the total intensity for an easier visual comparison. The evolution trend of ’Li*
and °Li* intensities was coherent with the expected ratio. Lithium isotopic abundance was
estimated from ToF-SIMS images over their processing improvements (Figure 11-11).

While modifying the way to process raw data, evolution of polymer electrolyte ’Li
abundances estimated by ToF-SIMS was investigated (Figure 11-12).
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Figure 1I-12. Comparison of expected ’Li abundances (blue bars) for electrolytes A, B, C and D
described in Table II-1, with the ones determined by ToF-SIMS: lithium isotopic abundances
obtained from raw data (purple bars); effect of the Poisson correction (light-green bars); and
effect of the deviation correction (green bars).

On Figure 11-12, the quantification of lithium isotopic abundances of three processing
steps are presented for each polymer electrolyte. They were calculated using Equation II-5
and Equation II-6. Only “Li abundance is presented on Figure 1I-12 as °Li and ’Li abundances
are obviously dependant one with each other. The expected ’Li abundances estimated by
weighing the lithium salts correspond to the blue bars (Table II-1). Raw data of electrolytes A,
B and C processed without applying any correction led to far ’Li abundances compared to the
expected ones (hatched purple bars on Figure 1I-12). Processing data by applying a Poisson
correction allowed to obtain more consistent ’Li abundances. They are presented by
light-green bars. For electrolyte A, 91.0% of ’Li was estimated instead of the 87.7% of ’Li
without using a Poisson correction. Similarly, for electrolytes B and C, corrected data with a
Poisson correction led to an estimation of 62.7% instead of 60.2%, and to 33.3% instead of
38.7% of ’Li, respectively. Therefore, it is essential to apply the Poisson correction to more
accurately estimate lithium isotopic abundances from ToF-SIMS analyses. [119] Finally, the
estimated ’Li abundances were adjusted by assuming that electrolyte A is at lithium natural

70



isotopic abundance. The hatched green bars represent the calibration effect. The final “Li
abundance estimations of electrolytes B and C are 63.7 and 33.7%, respectively.

Electrolyte D was prepared with pure SLiTFSI. It contains only 4.6% of ’Li. The
advantage is that no saturation effect should occur with such low amount of ’Li. Furthermore,
high sensitivity of ToF-SIMS technique (ppm) allows its detection. [72] Without applying any
correction, the ’Li abundance is slightly overestimated at 4.8%. On the contrary, a Poisson
correction leads to a slight underestimation of ’Li abundance at 4.4%. Notice that the Poisson
correction has a lower impact of the estimated ’Li abundance in electrolyte D compared with
the other electrolytes because the detector was able to count most of the ’Li* ejected
molecular fragments. Finally, the “Li abundance slightly increases to 4.5% by using electrolyte
A as a reference sample.

To conclude, ToF-SIMS characterisations led to accurate lithium isotopic abundance
estimations. It was achieved by using the correct acquisition conditions allowing to avoid any
saturation effect, and by correcting molecular fragments intensities by using a Poisson
correction. The appropriate acquisition parameters and data processing are crucial to
precisely estimate lithium isotopic abundance in a polymer electrolyte.

3.2. Polymer electrolytes characterised by high-resolution ssSNMR

High-resolution ssNMR characterisations were performed on the same four polymer
electrolytes characterised by ToF-SIMS. 6Li (left) and “Li (right) were probed (Figure 11-13) to
estimate lithium isotopic abundances with the help of the previously determined
normalisation factor (Equation 7).
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Figure 11-13. ®Li (left) and ’Li (right) high-resolution ssNMR spectra of four polymer electrolytes
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with various °Li abundances. Spinning sidebands are indicated by asterisks.
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On Figure 11-13, the overlapping of the four high-resolution ssNMR spectra points out
that polymer electrolytes contain different °Li abundances. The integrals of ®Li and ’Li
high-resolution ssNMR spectra presented on Figure 1l-13 were obtained with the
TopSpin 3.6.2° software. On ’Li spectra, spinning sidebands intensities present a relatively low
intensity compared with the isotropic peak. However, they have to be considered, while
measuring the absolute integrals. Anisotropic quadrupolar interactions induce spinning
sidebands on “Li spectra. The magic angle spinning averages most of them. The rotation speed
may be increased to better average quadrupolar interactions. On °Li spectra, no spinning
sideband is observed (Figure 11-13). ®Li has a lower absolute quadrupolar moment
(—0.0808 x 10739m?) than ’Li (—4.01 x 1073° m?), which can explain the absence of
spinning sideband on SLi spectra. Furthermore, the spectral resolution on °Li spectra is
improved, though the relative receptivity compared to 'H is lower in ®Li than in
7Li (8.50 x 1073 vs.0.29).

Determination of ’Li abundances in polymer electrolytes B, C, and D were achieved by
using electrolyte A as a reference sample at lithium natural isotopic abundance (Figure 11-14).

100 -

92.4 92.4 Il Expected “Li abundance (%)
z /) ssNMR Li abundance (%)

(00]
o
1

72.0

66.1 %’

(o))
o
1

N
o
1

’Li abundance (%)

N
o
1

A B C D
polymer electrolyte

Figure 1I-14. Comparison of expected ’Li abundances (blue bar) with the ones estimated by
high-resolution ssNMR (hatched orange bar). Uncertainties are represented by red bars.

According to the developed methodology, ‘Li abundance in polymer electrolytes B, C
and D are estimated at 72.0, 36.9 and 3.5%, respectively. Data are reported on Figure 1I-14
(hatched orange bars). ’Li abundances determined by ssNMR have the same order of
magnitude compared with the expected ’Li abundances by weighing (blue bar).
High-resolution ssNMR characterisations seem to overestimate ’Li abundances.

Moreover, one of the strengths of high-resolution ssNMR experiments lies in lithium
amount quantification on the basis of the absolute integral values. Indeed, this is made
possible because such integrals are proportional to the probed atom concentration. [127]
Table I1-2 sums up ’Li amount in each electrolyte.
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Table II-2. Comparison of the ’Li amounts calculated by weighting the electrolytes with the
ones estimated by high-resolution ssNMR.

Amount of “Li calculated (n 7;;)

Polymer electrolyte by weight (mol) by high-resolution ssNMR (mol)
A (reference sample) 1.4 x 107> /

B 6.2 x 107° 59 x 107°

C 3.8x107° 3.4 x10°°

D 5.5%x 1077 3.1x 1077

To carry out lithium quantification and thus to estimate the ’Li amount within samples,
the polymer electrolyte A was used as reference. Its insert contains 14.79 mg of polymer
electrolyte. Regarding the polymer electrolyte preparation and the fact that this reference
sample is at lithium natural isotopic abundance, 1.4 x 10~° mol of ’Li were probed. Other
samples were characterised within the exactly same acquisition conditions. According to
Table 11-2, the 7Li amounts estimated by high-resolution ssNMR are consistent with the
amounts calculated by weighing the polymer electrolytes. Coherence of both ’Li amounts
validates that high-resolution ssSNMR experiments were performed in quantitative conditions.

3.3. Comparison of the results
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Figure II-15. Comparison of expected “Li abundances (blue bar) with the ones estimated by
ToF-SIMS (green bar) or by high-resolution ssNMR (orange bar). Uncertainties are represented

by red bars.
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The specific methodologies developed in chapter Il allow precise determination of
lithium isotopic abundance in polymer electrolytes by using ToF-SIMS (green bars) as well as
high-resolution ssNMR (orange bars). The estimation of ’Li abundance by both techniques can
easily be compared on Figure II-15. ToF-SIMS estimations seem closer to the expected ’Li
abundance compared with high-resolution ssNMR ones. The accuracy of ToF-SIMS results may
be explained by the parallel mass detection of both lithium isotopes. Thus, ToF-SIMS data
processing is relatively simple compared with the ssNMR one. Nevertheless, whatever the
characterisation technique, results are close to the expected ones. The same trend can be
observed between the four samples. Furthermore, complementary information can be
deducted from both techniques. ToF-SIMS analyses offer local chemical information of the
surface, while high-resolution ssNMR analyses offer global information on lithium chemical
environment within the electrolytes. One of the biggest strengths of ToF-SIMS technique is
that all molecular fragments can be detected at the same time thanks to parallel mass
detection of a full mass range, whereas additional ssNMR experiments would be required to
probe other nuclei, such as carbon from the polymer membrane or fluor from the lithium salt.

One characterisation technique may be more relevant than the other, based on the
required information. They have their own advantages and limitations. ToF-SIMS experiments
lead to fast surface characterisations, allowing simultaneous detection of lithium isotopes.
Therefore, lithium isotopic abundance can be determined straight away after a quick
acquisition contrary to high-resolution ssNMR experiments. However, no absolute lithium
quantification is possible by ToF-SIMS. On the other hand, non-simultaneous °Li and ’Li
high-resolution ssNMR characterisations can last a minimum of 2h30 and 1h30,
respectively. Nevertheless, one of the main advantages of high-resolution ssNMR is to carry
out lithium isotopic abundance characterisations into the bulk of the material. Additionally,
this technique can distinguish lithium which is contained in the polymer electrolyte from the
one contained into the ceramic. Indeed, the chemical environment of the probed nucleus is
determined.
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Conclusion

PEO containing LiTFSI has already been widely studied as solid-state electrolyte. Here,
precise ToF-SIMS and high-resolution ssNMR methodologies were developed on polymer
electrolytes with various 6Li abundances to be validated and to be optimised. It was
demonstrated that ToF-SIMS and high-resolution ssNMR characterisations can offer accurate
estimations of lithium isotopic abundance with an uncertainty of 1% and 2%, respectively. To
achieve this high precision, methodologies are considering acquisition conditions as well as
data processing steps. Both advanced techniques are complementary. On one hand, ToF-SIMS
provides a local characterisation of the surface offering chemical information. Molecular
fragments are detected at a micrometric scale. The estimation of lithium isotopic abundance
is based on the measured °Li* and ’Li* molecular fragments intensities. On the other hand, °Li
and ’Li high-resolution ssNMR characterisations provide global information on lithium
chemical environments. Furthermore, lithium isotopic abundance can also be estimated by
probing ®Li and ’Li high-resolution ssNMR spectra. Additionally, lithium isotopes quantification
is possible, whereas it was not the case with ToF-SIMS characterisations. Notice that these
methodologies can be applied on other lithiated materials.

The developed methodologies will be useful to precisely characterise lithium
self-diffusion in chapter Il and lithium diffusion phenomenon under an electrical stress in
chapters IV and V.
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Chapter Ill. Lithium dynamics investigated in a polymer electrolyte by
advanced characterisation techniques based on the lithium isotopic
labelling

This chapter aims at investigating lithium dynamics in a polymer electrolyte, which
could be implement in solid-state batteries. First experiments involving lithium isotopic
labelling are set up. Methodologies developed in chapter Il are used to describe lithium
exchanges between a lithium foil enriched at 95.4% in °Li (°Li-foil), and a polymer membrane
containing a lithium salt at lithium natural isotopic abundance. The use of a ®Li-foil allows to
track lithium in a material already containing lithium at natural abundance. ToF-SIMS and
high-resolution ssNMR correlative lithium isotopic characterisations will provide
complementary information on lithium exchange dynamics in an in-plane device.
Furthermore, a modelling approach also based on lithium isotopic labelling will offer a deeper
understanding of lithium behaviour in each material and at their interface by providing
exchange dynamics at the interface and lithium self-diffusion into both materials.

This chapter is heavily inspired from our publication: “Lithium Self-Diffusion in a
Polymer Electrolyte for Solid-State Batteries: ToF-SIMS/ssNMR Correlative Characterization
and Modeling Based on Lithium Isotopic Labeling” published in ACS Applied Material &
Interfaces in 2023. [104]
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I1l.1. Description of the experimental setup to study lithium dynamics

1.1. In-plane configuration

The geometry of the in-plane device is presented on Figure IlI-1. It is composed of a
lithium foil and a polymer electrolyte. Such configuration is used to characterise lithium
self-diffusion at 60°C in each material and lithium exchanges at the interface between both
materials.

130 um
H Teflon
100 um
56 um s

Figure lll-1. Schematic of the in-plane configuration composed of polymer membrane (PEO)
containing a lithium salt (LiTFSI) at lithium natural isotopic abundance with a lithium foil
enriched in °Li (°Li-foil) stuck on one extremity. Dimensions of the device lying on a Teflon sheet
are indicated.

The polymer electrolyte is made of PEO containing 1.2 M of LiTFSI. Rectangles of
14 x 5mm? were cut in a casted polymer electrolyte film. They were deposited on a thin
Teflon sheet (Figure 1lI-1). A lithium foil enriched at 95.4% in ®Li was stuck on one extremity
of a polymer membrane containing LiTFSI at lithium natural isotopic abundance (7.6% in °Li).
Thus, there was a lithium isotopic concentration difference between both materials. Itinduces
spontaneous °Li* ions diffusion from the °Li-foil into the polymer electrolyte. This exchange
process can be tracked thanks to lithium isotopic abundance variations. Otherwise, it could
not be possible. It occurs without external driving force in order to reach thermodynamic
equilibrium. More specifically, no electrochemical force is applied. Thus, lithium self-diffusion
was induced only beneath the influence of Brownian motion at a specific temperature. [128]

1.2. Experimental protocols and sample preparation

A device was assembled in an in-plane configuration (Figure IlI-1). Even if experiments
were carried out in a dry room, precautions were taken because PEO and LiTFSI are highly
hydroscopic. The device was sealed under vacuum at 100 mbar into an air-tight pouch to limit
the water intake of the membrane. Then, the assembly was left in an oven at 60 °C during
several contact times. The use of the expression “contact time” will always implies a “contact
time between a °Li-foil and a polymer electrolyte” in this manuscript. Furthermore, when it is
mentioned that the polymer electrolyte is at lithium natural isotopic abundance, it is a
language shortcut meaning that the lithium salt used to make the polymer electrolyte is at
lithium natural isotopic abundance. Lithium exchanges will be estimated over time.
Characterisations were performed after 24 h, 72 h and 255 h of contact time at 60°C. Sample
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preparation is necessary before ToF-SIMS analyses. It was performed at room temperature to
prevent as much as possible evolution of lithium relative abundance in polymer electrolyte.
The preparation steps are described on Figure IlI-2.

a) Cutting step

b) Result of the cutting

TS —

Figure Ill-2. Description of sample preparation at room temperature. a) The ®Li-foil is removed
by cutting prior to ToF-SIMS analyses. b) Obtained sample after the cutting step.

First trials were performed at room temperature. (Appendix A-lll-1. Lithium
self-diffusion at room temperature (25° C)). The conclusion is that no lithium exchange occurs
at room temperature. Thus, considered contact times correspond only to the duration during
which the device stays in the oven at 60° C. Times just after assembly and before dissembling
have not to be taken into account. Furthermore, the °Li-foil was not removed. Its lithium
isotopic abundance could be determined. However, the 130 um thick °Li-foil presence creates
a hidden area due to shading effects. To facilitate the accessibility of the edge of the polymer
electrolyte on the side of the °Li-foil, the electrolytes were cut to take out the °Li-foil
(Figure 111-2). On the same time, the polymer electrolyte under the ®Li-foil was also removed.

A device in the in-plane configuration was set up and kept at 60° C during 120 h. Then,
combined ToF-SIMS and high-resolution ssNMR were performed to confirm the relevance of
the developed methodologies. ToF-SIMS analyses were carried out first. Indeed, even if
high-resolution ssNMR is a non-destructive technique, the sample preparation requires to
dismantle the electrolyte to introduce it into an insert for acquisition. The polymer electrolyte
could not be used for further characterisation after high-resolution ssNMR analyses. A
three-dimensional schematic of the device emphasises that ToF-SIMS analyses lead to
extreme surface characterisation, less than 1 nm, whereas high-resolution ssNMR technique
provides bulk analyses (Figure 11I-3).

Figure llI-3. Description of the polymer electrolyte domains analysed by ToF-SIMS (green
surfaces) and by high-resolution ssNMR (volume contained in the orange dotted box).

Only the green surfaces on top of the polymer electrolyte were analysed by ToF-SIMS
(Figure 11I-3). Then, the polymer electrolyte volume contained in the orange dotted box was
introduced into an insert and probed by high-resolution ssNMR (Figure 1lI-3). Finally, the
ToF-SIMS and high-resolution ssNMR experimental data were compared with numerical
simulations results.
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l11.2. Determination of lithium dynamics through in-plane devices

2.1. Characterisation of lithium dynamics in in-plane devices by ToF-SIMS

ToF-SIMS characterisations were performed on the device described on Figure lll-4.
The same acquisition parameters mentioned in chapter Il were used: an analysed Bi* beam at
15 keV with a chopper width of 6 ns. Therefore, lithium isotopic abundance can be accurately
estimated.

Figure IlI-4. ToF-SIMS characterisation of the accessible polymer electrolyte surface (green
area) contained in the (xy) plan. The red point B corresponds to the edge of the polymer
electrolyte on the side of the °Li-foil. Dimensions of the device lying on a Teflon sheet are
indicated.

The green surface of the polymer electrolyte on plane (xy) was characterised by
ToF-SIMS. (Figure 11l-4). A surface of 0.4 X 11.4 mm? was scanned from the red point B to
the edge of the polymer electrolyte on the side of the °Li-foil. The scan direction is along the
x-axis. The dimensions are configured by making use of a “Two-Dimensional Large Area”
(2DLA) scan mode on the ION-TOF ToF-SIMS 5. The 2DLA mode performs an automatic
mapping of 114 analyses of 0.2 X 0.2 mm?. Edge effects can be avoided while scanning
surfaces smaller than 0.4 mm?2. To improve the signal-to-noise ratio, each image results from
a superimposition of 10scans acquired with 1 shot-pixel™l.Images are divided
into 14,400 pixels (120 x 120 pixels?), and obtained with a “random acquisition” mode.
This specific random mode consists of analysing pixels in disorder to avoid any charging effect
around the analysed surface. Chemical molecular fragments were mapped after 24 h of
contact time at 60° C (Figure 1lI-5). In this chapter, the Poisson correction was applied on all
the presented ToF-SIMS results.

79



a) b) c)
6Li-foil PEO/’LITFSI

10% 107 10?
B . i I
Re s sssiinnia o | SN D it o ostitin o
m F) 2000 4000 tixm} 10! um © 2000 4000 6000 10! um 0 2000 4000 6000 10!
fotal Li* SLj*
10° 10° 100
total Li+ SLi+

d) " e) - ) i

= FRAS~——= | | P r—————r | S ———
N — A —— e —

0 2000 4000 6000 10! (i O 2000 4000 6000 10! i O 2000 4000 6000 10!

C,H.0* F*, CF*,CF,*

Hm

+ + +
CH*, CH,*,CH,

Sum of: CH+, CHo+, CHs+ C2HsO+ Sum of: F+, CF+, CF3+

Figure IlI-5. ToF-SIMS 2DLA scan on the surface of a polymer electrolyte from B (xg = 0 um),
after 24 h of contact time at 60° C: a) Intensity of all detected molecular fragments, b) Intensity
of ’Li*, and c) Intensity of °Li* d) Sum of the CH*, CH,* and CHs" intensities e) Intensity of C2HsO",
and f) Sum of the F*, CF* and CF3* intensities.

Figure IlI-5 presents the obtained images with the 2DLA scan mode of a polymer
electrolyte from B (xz = 0 um) after 24 h at 60° C. The automatic 2DLA mapping enhances
the continuity between each analysed area. Indeed, manual movement led to discontinuities
between analysed areas and made difficult data treatment. However, the z-alignment
procedure (consisting in optimising the distance between the sample and the analyser lens to
get the maximum intensity) must be applied before the global acquisition: it cannot be
modified afterwards between each mapping. Thus, the roughness of the polymer electrolyte
can affect the obtained results. Peak splitting can be observed on the mass spectrum, and it is
mandatory to take it into account.

On Figure I11-5.c, a higher °Li* enrichment of the polymer electrolyte close to the edge
of the ®Li-foil can be observed on the first 800 um, compared to the rest of the polymer
electrolyte. However, ToF-SIMS characterisations are not quantitative. Thus, lithium isotopic
abundances have to be calculated from both ’Li* and °Li* measured intensities (Figure 1lI-5.b
and Figure IlI-5.c). Molecular fragments characteristic from the polymer electrolyte, such as
CH*, CHy*, CHs* (Figure I1l-5.d) and C;HsO* (Figure lll-5.e) or characteristic from the lithium salt,
such as F*, CF* and CFs* (Figure llI-5.f) were detected. It confirms that the detected lithium
comes from the polymer electrolyte. Parallel mass detection is a strong asset of this
characterisation technique.

ToF-SIMS 2DLA analyses on the surface of a polymer electrolyte from B, after 24, 72
and 255 h of contact time at 60° C are presented on Figure I11-6.
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Figure IlI-6. ToF-SIMS 2DLA scan on the surface of three polymer electrolytes from
B (xg = 0 um), after 24, 72 and 255 h of contact time at 60° C, respectively: a, d and g)
Intensity of all the detected molecular fragments, b, e and h) Intensity of ’Li*, and ¢, f and i)
Intensity of °Li*.

A logarithmic scale is used to facilitate images comparison obtained by ToF-SIMS
after 24, 72 and 255 h of contact time (Figure 111-6). A different device was needed for each
studied contact time because lithium diffusion was almost stopped by cooling the sample. On
Figure I11-6.a, Figure Il-6.d and Figure 1lI-6.g intensities are homogeneous. The ’Li* molecular
fragments were detected all along the polymer electrolyte in each case (Figure III-6.b,
Figure Il1-6.e and Figure 1lI-6.h). On Figure lll-6.c, a low °Li* enrichment can be observed close
to the edge of the °Li-foil (B) after 24 h of contact time. An enrichment in ®Li is more visible
on Figure Il1-6.f. The first 1,200 um from B seem enriched in SLiafter 72 h of contact time. On
Figure Il1-6.i, a high ®Li* enrichment can be clearly observed on the first 1,600 um from B, after
255 h of contact time. Furthermore, ®Li* ions still diffuse beyond 4,800 pm.

It is mandatory to compare ’Li* and °Li* intensities to get an accurate estimation of
lithium isotopic abundances. The equations mentioned in chapter Il were used to calculate Li
and ’Li abundances from B to the end of the polymer electrolyte, or at least until reaching the
lithium natural isotopic plateaux. The following curves presented on Figure IlI-7 could be
obtained by averaging the 240 pixels sharing the same x-coordinate.
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Figure llI-7. Lithium isotopic abundance profiles along a polymer electrolyte determined by
ToF-SIMS after three various contact times of 24 h (orange), 72 h (red), and 255 h (green)
with ®Li-foil at 60 °C. Each analysis was performed on different samples. The point B stands for
the edge of the polymer electrolyte on the °Li-foil side. The dotted lines correspond to lithium
natural isotopic abundance plateaus.

Figure IlI-7 represents the evolution of lithium isotopic abundances as a function of the
distance from the °Li-foil to the end of the polymer electrolyte. Three experiments were
carried out for various contact times of 24 h (orange), 72 h (red), and 255 h (green). The 2DLA
scan start at the edge of the °Li-foil, which is materialised by the point B on Figure IlI-7. This
position was set arbitrary at 0 mm. The part of the electrolyte under °Li-foil was not
considered. Analyses were carried out along the accessible surface of the polymer electrolyte.
Close to the previous location of ®Li-foil, an enrichment in °Li was detected. After a contact
time of 24 h, 50.3% of °Li were detected at the edge (B) of the polymer electrolyte on the
side of the °Li-foil. After 72 h and 255 h, 66.5 and 76.6% of °Li were detected at B,
respectively. The lithium isotopic abundance is gradually converging to lithium natural isotopic
abundance as the analysed area moves away from the °Li-foil. °Li and ’Li natural isotopic
plateaux are represented by the horizontal dotted lines, in brown for Li and in blue for “Li.
They facilitate the determination of Li* ions diffusion distance along the polymer electrolyte.
For relatively short contact times, typically 24 h and 72 h, °Li* ions have diffused through 1.11
and 2.39 mm from B, respectively. These estimations are more accurate than considering
only bLi intensity images because ToF-SIMS is not a quantitative technique. Furthermore, at
lithium natural isotopic abundance there is already 7.6% of ®Li. Thus, the presence of éLi* ions
in the polymer electrolyte does not necessary imply an enrichment in éLi coming from the
®Li-foil. An estimation of lithium isotopic abundance must be performed. Experimental results
obtained after 255 h of contact time present less consistency compared to the others. In
particular, it is more difficult to determine the exact length of the lithium diffusion front.
Indeed, alterations of lithium self-diffusion paths, but also a competition between bulk and
surface phenomena can occur since after more than 10 days in the oven. Some irregularities
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were exacerbated on the electrolyte surface. ToF-SIMS is an extreme surface sensitive
technique in the static mode. [73] Thus, differences between the surface and the bulk of a
sample can be observed due to inhomogeneities. [73] Quality of the results highly depends on
the surface state. [73] Indeed, the roughness of the surface alters the quality of the
measurements. Even if uncertainties might be increased, the main trends are maintained in
this experiment. bLi* ions have diffused through at least 3 mm from B along the polymer
electrolyte after 255 h of contact time. The results highlight that the longer the contact time,
the further ®Li* ions diffuse through the electrolyte. In order to better interpret the ToF-SIMS
results, a model based on the in-plane configuration was developed as described on
Figure IlI-1. Modelling can help to validate experimental results and to estimate lithium
diffusion coefficients. Furthermore, it can also provide valuable information on lithium
behaviour at the °Li-foil/polymer interface. Indeed, even if it was not characterised
experimentally, it was assumed that an enrichment of the polymer electrolyte in ®Li implies an
enrichment of the éLi-foil in “Li. The developed model should be able to verify this hypothesis,
to quantify lithium exchanges at the 6Li-foil/polymer interface and to determine numerical
parameters playing a major role in lithium exchanges and lithium self-diffusion.

2.2. Characterisation of lithium dynamics in in-plane devices by modelling

The developed model aims at describing lithium exchanges between a °Li-foil and a
polymer electrolyte at lithium natural isotopic abundance. Lithium self-diffusion in polymer
electrolyte and in the °Li-foil are also modelled in the same time. The in-plane configuration
geometry described on Figure Ill-1 was modelled with COMSOL Multiphysics 6.0°. The
experimental geometric parameters are used in the COMSOL model. Parameters of interest
are presented on Figure Il1-8.
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polymer D _ P 0.10 mm
kLl+_,’
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Figure IlI-8. Geometry implemented in COMSOL to simulate by modelling lithium exchanges at
the °Li-foil/polymer electrolyte interface, and lithium self-diffusion through the polymer
electrolyte and the °Li-foil.

Multiple parameters were required to carry out numerical simulations. They are listed
in Table lll-1. Their abbreviation, meaning, numerical value and unit are specified.
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Table IlI-1. Parameters implemented in the model to characterise lithium dynamics in the
in-plane device at 60° C. Their meaning, numerical value and unit are specified.

Parameter Meaning Numerical value Unit
Co Li concentration in ®Li-foil 76,805 mol -m™3
c .L| salt concentration 1250 ol - m=3
in polymer electrolyte
%°Lif Initial 6Li isotopic abundance in éLi-foil 95.4 %
%°LiP Initial ®Li isotopic abundance in polymer 7.6 %
Décu; D;Li 6/7Li self-diffusion coefficient in ®Li-foil 107 m?-s~1
p? =pP ®/7i* self-diffusion coefficient in polymer 1.6 x 10-12 2 g1
Li Li electrolyte
v Spontaneous transfer frequency 2.0x 107° st

Table lll-1 sums up parameters playing a role in lithium dynamic. The lithium
concentration in °Li-foil (cy) is calculated with the following Equation IlI-1,

Co= —= IMl-1

with V/* (m3.mol™1) the molar volume of a lithium atom. ¢, was set regarding a VT
of 13.02 X 107® m3.mol™%, leading to a concentration of 76,805 mol.m™3. The same
calculations were presented by Gunnarsdoéttir et al. [129] The volume of a lithium atom
(V2™ could be estimated from VT with the Equation I1I-2,

ym
ypam — _LL -2
Li NA

with N, (mol™1), the Avogadro constant (= 6.0221 x 1023 mol™1). Thus, V2™ was
estimated at 2.162 X 1072° m3. This value is important when the lithium volume fraction will
be modelled in chapter IV.

The lithium salt concentration in the polymer electrolyte (c) was set considering the
preparation protocol. The information given by the suppliers allowed setting up the initial °Li
isotopic abundance for both materials. A set of three parameters is formed with the °Li

diffusion coefficient in the SLi-foil (Décu), the SLi* diffusion coefficient in the polymer
electrolyte (DgLi+) and the spontaneous transfer frequency between both domains (v). It

describes lithium molecular dynamics in both domains and at the interface (I') between the
bLi-foil and the polymer electrolyte. Parameters were optimised to fit the experimental data.
Numerical values of diffusion parameters, such as lithium self-diffusion coefficient and
spontaneous transfer frequency at the interface (I") will be estimated by comparing
experimental results with the simulated ones. A strength of this model lies in the modelling of
lithium self-diffusion in the depth of the °Li-foil. Furthermore, careful attention was devoted
to describe spontaneous lithium isotopic exchanges at the I interface (Figure 111-8). The model
relies on the Fick’s second law, given by the following Equation IlI-3,
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with c} (mol - m~2), the lithium concentration and ]5- (mol-m~2-s71), the flux of lithium
isotope j (’Li or °Li) in domain i (the polymer domain (p) or the bLi-foil domain (f)). EJ‘ is an
added source term (mol - m~3 - s71) applied at the interface (I') between the °Li-foil and the
polymer electrolyte to describe lithium exchanges.]ﬁ- and Eji|rare expressed by the following

Equations IlI-4 and llI-5,

Ji =-D}vd I11-4

with Dji (m? - s71) the self-diffusion coefficient of lithium isotope j in domain i.

El.=¢7| . —e]. lIl-5

with e;” and e;~ (mol - m~3 - s71) standing for the back and forward spontaneous flux of

lithium isotopes at the interface I' between both materials. The Equation IlI-6 corresponds to
Y
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The exchange source term expression (Equation 1lI-6) is established based on the
spontaneous transfer frequency between both materials,v (s™1), the initial lithium
concentration in the ®Li-foil, ¢, (mol.m™3), and cji (mol.m™3).1t allows to estimate the
amount of °Li* ions added into the polymer electrolyte from the °Li-foil. It also takes into
account that statistically few °Li* ions of the polymer electrolyte can leave the polymer
electrolyte to go into the éLi-foil. The Equation Ill-7 corresponds to the exchange source term
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of bLi* ions from the polymer electrolyte to the °Li-foil (E’; .
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Notice that E];Ll_ . Furthermore, equalities 1lI-8 and IlI-9 are

is equal to —E’éu

r r
assumed according to electroneutrality.
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Equalities IlI-8 and 1lI-9 are translating the fact that if a lithium from the lithium foil
diffuses to the polymer electrolyte, a lithium ion from the polymer electrolyte diffuses to the
lithium foil at the same time. This hypothesis is based on the conservation of the
electroneutrality, which can be expressed by the following Equation IlI-10,

vf—>p = _vp—>f 11-10

with v (s71), the spontaneous transfer frequency between both domains, the °Li-foil (f) and
the polymer electrolyte (p).

Regarding recent publication from Morita et al., ®Li diffusion is 8% faster than ’Li
diffusion. [102] It is assumed that such low difference cannot be perceptible by ToF-SIMS
characterisation. A prior study conducted by llott and Jerschow has shown that the slight mass
difference between both lithium isotopes is neglected in the context of diffusion kinetics.
[130] Therefore, it was postulated that the self-diffusion coefficients of both lithium isotopes
would be equal within each domain. The assumption can be translated by the following
equalities presented on Equation IlI-11,

f — pf p _ pp
Ds,; = Dy, and D, = D7, l-11
with Dj];,(‘m2 - s71), the ILi self-diffusion coefficient in the °Li-foil and D].p ,(m?-s7), theLi*

i Li

self-diffusion coefficient in polymer electrolyte.

The model developed model was confronted to experimental data. The goal was to
validate and to optimise it. Thus, numerical simulations were carried out in the same
experimental conditions in order to extract lithium diffusion coefficients from the simulated
curves, matching the experimental ones.

2.3. Deeper interpretation of ToF-SIMS results thanks to numerical
simulations

A two-dimensional diffusion model was developed to understand lithium dynamics in
the in-plane device at 60° C described on Figure IlI-8. A transport equation (Equation 11l-12) is
applied to model lithium diffusion in both domains, the °Li-foil (f)and the polymer
electrolyte (p). The divergence of the °Li flux (]3-) describes lithium diffusion in both materials.

In addition, an exchange source term (E}) expresses lithium isotopic exchanges at the
interface (T'). Here, Dfu’DgL-+ and v are the three relevant parameters. Their values were
i

adjusted through the comparison of numerical simulations and experimental results. To
accomplish this comparison, specific values were taken into account, such as °Li abundance at
the edge of the polymer electrolyte on the side of the °Li-foil (B). The intersection position
between the °Li and ’Li curves (x;), and the position when the lithium natural isotopic
abundance plateaux are reached (x,). These parameters are represented on Figure I11-9.
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Figure IlI-9. Lithium isotopic abundances profiles modelled at 60 °C in the in-plane device after
255 h of contact time. Specific results were checked to estimate the consistency of the
numerical simulation. The enrichment in °Li* was compared with experiments at xg, x,, and
X5.

Figure I11-9 illustrates the position of B, x; and x, to avoid any misinterpretation.
Several numerical simulations were run with various sets of parameters (Appendix A-lll-2.

P pf  and v). From the

6+ 6L’
Li
comparison between experimental results and numerical simulations, the model presenting

Parametric studies to set appropriate numerical value of D

the highest consistency was obtained by setting DfLi,DgL_+,andv at 10714 m?.s71,
l

1.6 Xx 10712 m? - s71,and 2 X 1072 s, respectively. The results shown on Figure I-10 were
obtained with this specific set of parameters.
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Figure 11I-10. Comparison of lithium isotopic abundance profiles at 60 °C in a polymer

electrolyte determined by ToF-SIMS (coloured dotted lines) and simulated (solid black lines) at

three various contact times of 24 h, 72 h, and 255 h. Each analysis was performed on different

samples.

Lithium exchanges between both materials were simulated at 60° C after 24 h, 72 h
and 255 h of contact time. On Figure 111-10 solid black curves correspond to simulated ones.
Coloured dotted curves were obtained by ToF-SIMS. They were already discussed on
Figure Ill-7. The first lithium isotopic abundance values obtained at the edge (B) of the
polymer electrolyte on the side of the Li-foil were crucial to set up the parameters. They were
reported in Table IlI-2.

Table IlI-2. Comparison between experimental and modelled results of °Li abundances at the
edge (B) of the polymer electrolyte on the side of the °Li-foil.

Contact time (h) 24 h 72 h 255 h
Experimental % °Liin B (%) | 503 + 1 66.5 + 1 76.6 + 1
Modelling % °Li in B (%) 48.9 68.9 80.2

After a contact time of 24 h, 50.3% of °Li were detected experimentally at the edge of
the polymer electrolyte on the side of the °Li-foil (B), and 48.9% of °Li were calculated by
modelling (Table 11l-2). After 72 h and 255 h of contact time, 68.9 and 80.2% of °Li were
calculated by modelling in B, respectively. Results generated by the numerical simulations are
relatively coherent compared with the experimental ones. As previously seen,
66.5 and 76.6% of °Li were detected in B, after 72 h and 255 h of contact time, respectively.
A specific attention had been also paid to the intersection position (x;) of the °Li and "Li
curves. It obviously occurs when both isotopic abundances are equal to 50%, but it does not
occur at the same distance from the °Li-foil. They were reported in Table 11I-3.
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Table IlI-3. Comparison between experimental and simulated results of the intersection
position (x,) between the 5Li and ’Li curves, occurring for % ®Li = % "Li = 50%

Contact time (h) 24 h 72 h 255h
Experimental x;-intersection (um) 5+ 1 273 + 1 813 + 1
Modelling x;-intersection (um) -5 270 840

After a contact time of 24 h, curves intersection occurred at 5 um far from the éLi-foil,
experimentally (Table IlI-3). After 72 h and 255 h of contact time, it occurred at 273 pm and
813 um far from the SLi-foil, respectively. Modelling results differ from 3 to 27 um
(Table 111-3). The experimental and the simulated results are leading to the same position of
the intersection. Thus, they are in accordance. The diffusion distance along the polymer
electrolyte was also considered to optimise the model. The experimental and simulated ones
were reported in Table Ill-4.

Table IlI-4. Comparison between experimental and simulated results of the position (x,), when
the lithium natural isotopic abundance plateaux were reached.

Contact time (h) 24 h 72 h 255 h
Experimental x, position (mm) 111 £ 1 239 + 1 /
Modelling x, position (mm) 1.49 2.79 5.54

After 24 h and 72 h of contact time, the lithium isotopic plateaux were reached at 1.11
and 2.39 mm far from the Li-foil, respectively (Table 1lI-4). These distances were calculated
by modelling at 1.49 and 2.79 mm far from the °Li-foil, respectively. After a contact time of
255 h, it was supposed that °Li* ions have diffused through at least 3 mm from B. However,
the experimental setup led to uncertainty of tens of micrometres on the in B position. It is
due to the °®Li-foil cutting, and has an impact on the estimated diffusion distance. The
numerical simulations led to the conclusion that the lithium isotopic plateaux were reached
at 5.54 mm far from the ®Li-foil. It was not necessary to set different values for | vf_,p| and

| vp_>f|. Thus, electroneutrality is guaranteed (Equation 111-10).

The determined DgLi,Dé’L,Jr,andv values were compared with values reported in
L

previous works. Messer and Noak estimated a lithium self-diffusion coefficient in pure lithium
of 5x 1071 m?-s~1 at 60 °C, by performing nuclear magnetic relaxation. [131] In 2010,
Dologlou has mentioned Messer and Noak. [132] Experimentally, lithium self-diffusion
coefficient in pure lithium of 7.65 X 10™1° m? - s~ at 25°C and 2.16 X 10™13 m? - s~ 1 at
77 °C. [131] Dologlou obtained relatively coherent results by modelling. Lithium self-diffusion
coefficient in pure lithium were estimated at 6.12x 107 m?-s~1at 25°C and
1.87 x 1073 m?-s~1 at 77 °C. [132] Here, the estimation of Dng_ is in-between, which is
coherent regarding the operating temperature of 60° C. This value has the same order of
magnitude and is close to the estimation provided by numerical simulations (10~1* m? - s71).

The Dé)uu+ has already been investigated in literature. Chauvin et al. provided an
estimation of lithium diffusion coefficient of 5.6 + 0.2 X 107'2 m? - s~1 at 73 °Cin PEO having
the same studied molecular weight (M,, = 300,000 g - mol™1), but with a lower lithium

concentration (%z 60 instead of 16). [133] They obtained this result by performing
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pulsed-field gradient (PFG) NMR spectroscopy. Timachova et al. carried out the same
PFG-NMR experiments but at higher temperature and various salt concentrations. [134] They
provided an estimation of 1.5 X 10711 m? s~ at 90 °C with the same studied lithium

concentration (% =16), but with a lower molecular weight (M,, = 4,000 g - mol™1).

These values are close to the one obtained by numerical simulations (1.6 X 10712 m?2 - s71),
Variation arises from a combination of factors such as temperature, PEO molecular weight,
and lithium concentration.

Finally, no literature could be found regarding the spontaneous transfer frequency v.
Thus, the combination of ToF-SIMS results with numerical simulations offered the possibility
to obtain a first estimation of the spontaneous transfer frequency to describe lithium
behaviour at the interface between a °Li-foil and a polymer electrolyte (I"). All the results led
to better describe lithium behaviour in such device.

The surface of the °Li-foil in contact with the polymer electrolyte could have been
characterised by ToF-SIMS to detect a possible “Li enrichment. However, as the polymer
electrolyte is stuck to the bLi-foil, it is not possible to access the interface I'. A sputtering
process could be considered, but even a Cs* ion beam at a high energy of 4 kV would not be
enough to remove more than 50 um of polymer. Furthermore, the polymer electrolyte could
be degraded under such high energy Cs* ion beam.

11.3. Lithium dynamics determination in the in-plane device after 120 h at 60° C

The in-plane device was characterised with the developed methodologies dedicated to
study lithium dynamics through the whole in-plane device. Lithium exchanges were analysed
at 60 °C after 120 h of contact time between a lithium foil enriched in ®Li and a polymer
membrane containing a lithium salt at lithium natural isotopic abundance. ToF-SIMS and
high-resolution ssNMR characterisations were performed. The previously described COMSOL
model was also used to deeper understand the lithium isotopic exchanges at the interface
between both materials. A schematic of the device reminds the initial enrichment in °Li of
each domain (Figure IlI-11).

/L
sLi-foil

PEO/’LITFSI

|

7.6 % in average

Figure Ill-11. Schematic of the in-plane configuration highlighting initial enrichment in °Li of
each material.

Initially, the ®Li-foil was enriched at 95.4% in 6Li and all the polymer electrolyte was at
lithium natural isotopic abundance (Figure 111-11).
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3.1. Surface analyses of the in-plane device by ToF-SIMS

ToF-SIMS 2DLA scan was performed on the surface of the device from the °Li-foil to
the polymer electrolyte, after 120 h of contact time at 60° C (Figure IlI-12). The same
acquisition parameters described in part l1l.2 were used.
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Figure lll-12. ToF-SIMS 2DLA scan on the surface of a polymer electrolyte from B (xg = 0 um),
after 120 h of contact time at 60° C: a) Intensity of all the detected molecular fragments, b)
Intensity of “Li*, and c) Intensity of °Li*.

The “Li* and °Li* recorded intensities (Figure I11-12) were processed to estimate lithium
isotopic abundance as a function of the distance from the éLi-foil ( x5 set at 0 mm) to the
opposite edge of the polymer electrolyte. Results are presented on Figure IlI-13.
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Figure IlI-13. a) Setup of the in-plane device allowing to estimate lithium self-diffusion in each
material and lithium exchanges at the interface. The red point B indicates the edge of the
polymer electrolyte on the side of the °Li-foil. The green area corresponds to the analysed area.
b) ToF-SIMS characterisation of lithium isotopic abundance profiles through the polymer
electrolyte after 120 h at 60° C.
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Exclusively the polymer electrolyte surface that is reachable was scanned linearly
(Figure 111-13.a). The presence of the ®Li-foil prevents to analyse the whole polymer electrolyte
surface. Thus, ToF-SIMS characterisations do not provide indication about lithium behaviour
under the °Li-foil. On Figure 1lI-13.b, lithium isotopic abundance was only estimated on the
surface of the polymer electrolyte as a function of the distance from B. To improve statistics,
each point on the curves was obtained by averaging the lithium isotopic abundance of the
pixels having the same x-coordinate. At 60 °C, °Li* enrichment was detected along almost
2 mm in the polymer electrolyte. It occurred during the heating due to a °Li* ions gradient
between both materials in contact. Further than 2 mm, lithium isotopic abundances reached
lithium natural isotopic abundances. Thus, the polymer electrolyte far from the °Li-foil was
still not affected by lithium isotopic exchanges which occurred at the interface. ToF-SIMS
analyses provide only extreme surface information on the chemical composition.
Nonetheless, the 6Li abundance estimations on the surface of the polymer electrolyte may be
extended to its volume. This assumption is done because the thickness of the polymer
electrolyte was negligible compared to its length (100 um «< 13.9 mm). In other words,
estimated lithium isotopic abundances on top of the polymer electrolyte should be the same
in depth. The average ®Li abundance on the electrolyte surface was approximated to 11.8% of
8Li. This estimation was obtained by averaging each °Li abundance value along the polymer
electrolyte.

No detection of the °Li-foil signal occurred. Indeed, the polymer electrolyte domain
having the SLi-foil on top was previously removed to avoid any shading effect due to the
130 pum-thick SLi-foil. The detected intensity of the molecular fragments is affected by the
roughness of the polymer electrolyte. However, the estimated Li abundances are not
impacted by the roughness because it is defined as the relative ratio of ’Li* and °Li* intensities.
Notice that ’Li* and °Li* fragments are expected to present the same ionisation yield at each
point, regardless of the polymer electrolyte topology.

3.2. Global analyses of the in-plane device by high-resolution ssNMR

Complementary characterisations were performed by high-resolution ssNMR. A 4-mm
insert was filled with the same polymer electrolyte previously analysed by ToF-SIMS. The part
covered by the °Li-foil was not analysed to maintain coherence with ToF-SIMS
characterisations. In contrast to ToF-SIMS analyses lateral resolution is lost, but the bulk of
the electrolyte is probed. A mass of 6.4 mg of polymer electrolyte was collected. Regarding
polymer electrolyte preparation, it means that the insert was containing 6.4 X 10~° mol of
lithium. Figure lllI-14.a emphases that high-resolution ssNMR characterisations probe the
whole polymer electrolyte contained in the orange dotted box. ®Li and ’Li nuclei were probed
using the acquisition parameters as specified in chapter Il (Figure 111-14.b).
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Figure IlI-14. a) Schematic of the setup allowing to estimate lithium isotopic abundances in the
device after 120 h at 60 °C. b) °Li (left) and ’Li (right) high-resolution ssNMR spectra of the
polymer electrolyte. Asterisks indicate spinning sidebands.

®Li and “Li results were combined using the polymer electrolyte A as a reference and
its corresponding normalisation factor. °Li abundance was estimated at 13.1% by
high-resolution ssNMR (Figure 111-14). This value is close to the ToF-SIMS estimation of 11.8%
of ®Li. Concordance between the surface estimation by ToF-SIMS and the bulk estimation by
high-resolution ssNMR of lithium isotopic abundances confirms that the surface is
representative of the bulk in such geometry. Jeanne-Brou et al. have also observed that in a
geometry where the thickness is negligible compared to the length. [135] Furthermore,
high-resolution ssNMR analyses allowed determining that the polymer electrolyte contains
5.5 X 107° mol of lithium. This lithium amount was close to the 6.4 X 10~® mol of lithium
estimated by weighing the polymer electrolyte. More precisely, the electrolyte contained
7.3 x 107 mol of °Li after 120 h of contact time at 60 °C. ®Li amount was higher than the
4.2 x 1077 mol of ®Li present in a polymer electrolyte of equal weight at lithium natural
isotopic abundance. Thus, the enrichment in °Li was precisely quantified by high-resolution
ssNMR.

On Figure llI-14.b, only one isotropic contribution was detected on both spectra, which
corresponds to the chemical environment of the lithium contained into the polymer
electrolyte. On the left, the °Li spectrum is plotted. The chemical shift of the isotropic peak
is —0.9 ppm. On the right, the ’Li spectrum is plotted. The chemical shift of the isotropic peak
is —0.8 ppm. Additional peaks appear on the spectrum. The distance from the isotropic peak
to the peaks indicated by asterisks are separated by around 51.3 ppm corresponding to the
rotation frequency of 10,000 Hz (Appendix A-llI-3. Conversion of ppm in Hz). Thus, asterisks
indicate spinning sidebands.
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Lithium exchanges occur at the °Li-foil/polymer electrolyte interface. However, this
buried interface was not accessible by ToF-SIMS. It was thus impossible to characterise
polymer electrolyte enrichment in °Li and isotopic interdiffusion at the interface region.
Manual removal was tested, but led to a rough polymer surface difficult to characterise by
ToF-SIMS. It also led to a partial loss of information, as the polymer electrolyte sticks on the
®Li-foil. The polymer electrolyte below the °Li-foil could be more easily analysed by
high-resolution ssNMR, but results would have been difficult to compare with ToF-SIMS
characterisations. It appeared that a modelling approach could provide the opportunity to
study the lithium isotopes behaviour at the °Li-foil/ polymer electrolyte interface.

3.3. Deeper interpretation of ToF-SIMS results thanks to numerical
simulations

The lithium exchanges model described in part 111.2.2. was used to run a simulation of
lithium exchanges after 120 h at 60° C. The simulated results were compared with the
experimental ones obtained by ToF-SIMS on Figure IlI-15.

+ Modelling

801 = = =7Li natural abundance (92.4 %)

50 ——Li simulated abundance (%)
——5Li simulated abundance (%)
@ ’'Li estimated abundance (%)

40
@ °Li estimated abundance (%)

20 4 = = =®Lj natural abundance (7.6 %)

Lithium isotopic abundance (%)

Distance (mm)

Figure 1lI-15. Comparison between experimental (coloured dotted lines) and simulated (black
solid lines) results. Lithium isotopic abundances of the polymer electrolyte were plotted as a
function of the distance from the °Li-foil (B).

On Figure IlI-15, the experimental and simulated results are compared. After a contact
time of 24 h, 64.0% of °Li were detected experimentally at the edge of the polymer
electrolyte on the side of the °Li-foil (B) and 74.6% of °Li were calculated by modelling. The
experimental value seems low compared to the simulated one. It might be due to a loss of
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information at the edge of the electrolyte while cutting the electrolyte to remove the °Li-foil.
Then, curves intersection occurred at 320 pum far from the bLi-foil, experimentally. Regarding
the numerical simulation, it should occur at 458 um far from the éLi-foil. Finally, the lithium
isotopic plateaux were reached at 2.32 mm far from the °Li-foil. This distance was estimated
by modelling at 3.69 mm far from the °Li-foil. Their superimposition highlights that the set of
parameters previously determined is quite coherent. The studied case was carried out months
after the first characterisations of lithium exchanges. Furthermore, the same polymer
electrolyte composition was used but the polymer electrolyte was not issued from the same
casting. This may explain the larger gaps between experimental and simulated values.

Numerical simulations not only provided access to the surface of material, but also to
the bulk. Figure IlI-16 was obtained by modelling lithium exchanges in the in-plane device
during 120 h at 60° C. 6Li abundance variations were calculated in each point of the in-plane
device.
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Figure IlI-16. a) Enlargement of b) allowing to focus on lithium isotopic abundance variations
into the °Li-foil and at the interface with the polymer electrolyte. b) Final enrichment in °Li of
each material composing the in-plane device were modelled after 120 h of contact time at
60° C. Black lines correspond to isovalue lines. The scale I. applies to the °Li-foil and the scale
Il. applies to the polymer electrolyte.

Thanks to numerical simulation, Figure 11I-16 describes the final enrichment in 6Li of
each material composing the in-plane device after 120 h of contact time at 60° C. It should be
noted that coloured scales are different in each domain, otherwise no contrast would be seen.
It is clear on Figure lll-16.a that the polymer electrolyte area localised under the Li-foil is
highly enriched in °Li. The lithium isotopic abundance gradient along the polymer electrolyte
is highlighted by the isovalue black lines. It was previously mentioned that at some point
(3.69 mm) the lithium natural isotopic abundance was reached. Figure Ill-16.a is an
enlargement to examine the °Li abundance variations at the °Li-foil/polymer electrolyte
interface. The final ®Li-foil enrichment in ®Li might be more difficult to explain. The bottom
right corner of the °Li-foil was less enriched in °Li. This can be explained by the geometry and
the diffusive effect of the polymer electrolyte. It is easier to understand °Li abundance
variations in the device (Figure Ill-16) by presented °Li concentration evolution in the SLi-foil
over time (Figure 111-17).
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Figure IlI-17. Modelling of °Li concentration variations at the interface between the ®Li-foil and
the polymer electrolyte.

The initial concentration of 6Li is calculated by the following Equation 111-13

¢l (°Li) = 0954 x ¢ INl-13

According to Equation 11I-13, c({( 6Li) was equal to 73,272 mol. m3. The black line on
Figure IlI-17 illustrates the initial conditions. Then, by increasing the contact time to 15 min,
2 hor 10 h, the ®Li concentration is decreasing in the °Li-foli, meaning that °Li is diffusing from
the foil to the polymer electrolyte through the interface. Thus, éLi-foil is enriching the polymer
electrolyte in °Li. Simultaneously, °Li diffusion occurs along the polymer electrolyte from the
left to the right, inducing a °Li gradient previously discussed. 6Li diffusion along the polymer
electrolyte is dependent of the transfer frequency at the interface between both materials.
Furthermore, Figure 111-17 allows to notice that the ®Li-foil is more enriched in ’Li on its bottom
right corner than on its bottom left corner. This phenomenon appears after few hours of
contact time. On Figure I11-17, it was unexpected that °Li concentration in °Li-foil was higher
after 50 h of contact time compared to 10 h of contact time. An explanation is that the 6Li-foil
starts to be enriched in °Li at the interface because around the interface the polymer
electrolyte was more enriched in °Li than the ®Li-foil. Such case can occur due to the
spontaneous transfer at the interface (2.0 X 1072 s™1), which is quicker that the °Li diffusion
through the polymer electrolyte (1.6 X 10712 m?2.s~1). Furthermore, while there are °Li*ions
exchanges with ’Li* ions from the Li-foil to the polymer electrolyte, lithium self-diffusion
being relatively slow in the °Li-foil (10~1*m?2.s~1), it cannot compensate °Li* ions, which are
going out of the °Li-foil. Thus, the polymer electrolyte was more enriched in °Li under the
bLi-foil compared to the enrichment in °Li of the surface of the bLi-foil in contact with the
polymer electrolyte. All these conditions induce an enrichment in °Li of the ®Li-foil at the
interface.

The polymer electrolyte is more enriched in ’Li under the bottom right corner. Thus, it
induces “Li* exchanges from the polymer electrolyte to the °Li-foil, leading to locally decrease
the bLi concentration into the ®Li-foil. It explains the yellow area on the bottom right corner of
the bLi-foil (Figure I11-16.b).
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As a reminder, the enrichment in ®Li of polymer electrolyte analysed by ToF-SIMS and
high-resolution ssNMR were estimated at 11.8% and 13.1% in °Li, respectively. Here,
modelling provides another estimation of the polymer electrolyte enrichment in °Li
(Figure 111-18).

yay
6Li-foil

PEO/’LITFSI

| J

[

26.4 % in average

Figure IlI-18. Final average enrichment in °Li of each material or part of the material were
modelled on the in-plane configuration schematic after 120 h of contact time at 60° C.

The final average enrichment in bLi of the characterised part of the electrolyte was
estimated at 12.3% in ®Li by modelling (Figure 111-18). This value is in-between the ones
obtained by ToF-SIMS and high-resolution ssNMR. The model is once again reinforced by the
experimental results. Furthermore, the polymer electrolyte average enrichment under the
®Li-foil was estimated at 91.4% in °Li by modelling (Figure 111-18), whereas it was not
characterised experimentally. Regarding the numerical simulation, the global polymer
electrolyte enrichment is estimated at 26.4% in °Li. Furthermore, the °Li-foil final enrichment
was estimated at 94.1% in Li. Thus, it has been slightly enriched in “Li by comparing to values
on Figure llI-11. The ultimate equilibrium state would be to obtain both materials at the same
lithium isotopic abundance. Regarding numerical simulations, it would require more than
5 years at 60° C to reach this equilibrium state in such configuration (Figure 111-19).
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Figure I1I-19. Evolution of the global ®Li enrichment of the polymer electrolyte (blue) and of the
éLi-foil (grey).
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Numerical simulations estimated that after more than 5 years (2000 days) of contact
time, the polymer electrolyte and the °Li-foil lithium isotopic abundance would be equal
(Figure 111-19). Experiments involved significantly shorter contact times.

Combining ToF-SIMS, high-resolution ssNMR and modelling approaches is a strength.
Firstly, experimental characterisations are complementary because surface and bulk of the
polymer electrolyte were characterised. Then, unlike ToF-SIMS or high-resolution ssNMR
ex situ characterisations, numerical simulations provide access to continuous information on
lithium exchange dynamics through the whole device. Furthermore, numerical simulations are
faster to run than experiments. They last only few minutes. To conclude, these results are
helpful to better understand lithium mobility in a polymer membrane such as PEO containing
LiTFSI.
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Conclusion

Lithium exchanges were characterised at 60° C between a bLi-foil enriched at 95.4% in
6Li, and a PEO membrane containing LiTFSI as lithium salt at lithium natural isotopic
abundance (7.6% in °Li). Furthermore, lithium self-diffusion though the °Li-foil and the
polymer electrolyte were also determined at 60° C. Lithium isotopic concentration differences
led to spontaneous lithium exchanges between both materials. ToF-SIMS and high-resolution
ssNMR are the two complementary advanced characterisation techniques carried out.
ToF-SIMS provides local chemical information of the polymer electrolyte surface. Thus, lithium
isotopic abundance profiles along the polymer electrolyte could be obtained by tracking °Li*
and ’Li* intensities. On another side, high-resolution ssNMR could give access the global
enrichment in °Li of the polymer electrolyte bulk. Furthermore, lithium quantification could
be performed, which was not the case in ToF-SIMS. Finally, a model describing lithium
exchanges based on lithium isotopic labelling was built and helped to interpret experimental

data. Lithium self-diffusion coefficient in the °Li-foil (Dgu, =107 m?2-s71) and lithium
self-diffusion coefficient in the polymer electrolyte (DEL,+ = 1.6 X 1072 m? - s71) were

determined by fitting ToF-SIMS results with numerical simulations. They are coherent with
reported values. Spontaneous exchanges of lithium were modelled at the °Li-foil/PEO
interface by assuming electroneutrality conservation. A transfer frequency
(v = 2 x 1072 s71) translates lithium exchange dynamics at the interface. Furthermore, the
average enrichment in bLi of the polymer electrolyte obtained by modelling matches with the
ones estimated by high-resolution ssNMR and by ToF-SIMS. This study highlights that using
modelling tools is necessary to enhance the full exploitation of such experimental data. A
numerical model enabled to mathematise lithium exchanges between solid materials and to
determine their corresponding lithium self-diffusion. Furthermore, lithium isotopic
abundance in depth under the ®Li-foil was provided, whereas it could not be obtained
experimentally. Lithium diffusion is a continuous phenomenon. However, ToF-SIMS
experiments were performed only after specific contact time, whereas modelling can give
access to lithium behaviour over time in whole the device. Numerical simulations offer a
deeper understanding of lithium diffusion phenomena occurring in solid materials, such as
PEQ/LITFSI, a polymer electrolyte dedicated to solid-state batteries. The developed model can
be adapted for other materials, by modifying the polymer properties for instance.

The same strategies will be applied on various electrolyte configurations to better
understand lithium diffusion mechanisms during the application of potentiostatic or
galvanostatic steps. ToF-SIMS and high-resolution ssNMR characterisations demonstrated
that lithium exchanges occur at 60° C between a ®Li-foil enriched at 95.4% in 6Li and a polymer
electrolyte at lithium natural isotopic abundance (7.6% in Li). Thus, these dynamics have to
be taken into account in the following studies. Within the progression of the thesis work, the
model will be adapted to simulate lithium diffusion while applying an electrical stress. These
results will be discussed in detail in chapter IV and in chapter V.
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Chapter IV. Lithium dynamics through an in-plane and a sandwich
device

The rules governing the dependence of lithium exchange dynamics with temperature
were stated in chapter lll. Here, the developed ToF-SIMS and ssNMR methodologies will be
applied to investigate lithium migration through two different devices. An in-plane and a
sandwich configuration will be studied after applying an electrical stress. Both devices are
containing SSE materials. Firstly, lithium migration through polymer electrolyte in an in-plane
configuration is studied after applying a constant voltage. Keeping the same configuration
studied in chapter Il will help to distinguish various processes involved in lithium dynamics.
Then, lithium migration is tracked in another device containing a composite electrolyte. Such
configuration was called “sandwich” due to its geometry. Indeed, an ionic conductive ceramic
pellet is placed in-between two polymer electrolyte layers. It will facilitate the characterisation
of lithium behaviour in each material and at their interfaces.

Numerical models describing lithium dynamics under an electrical stress are used to
deeper understand lithium behaviour through the whole studied devices. A conventional
model based on mixing theory and a more advanced model allowing to implement lithium
isotopic tracing are used. Simulated lithium isotope dynamics results will be compared with
experimental results.
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IV.1. Lithium diffusion through the in-plane device under voltage

1.1. Description of the in-plane device assembly

Lithium exchanges at 60° C were previously characterised in an in-plane device
between a lithium foil enriched in ®Li (°Li-foil) and a polymer electrolyte containing a lithium
salt at lithium natural isotopic abundance (chapter Ill). The same in-plane configuration used
to characterise lithium exchange dynamics was maintained in order to facilitate data
comparison between both devices. As lithium exchange dynamics at 60° C were already fully
characterised in the previous chapter, it will allow separating and distinguishing additional
contributions coming from an applied voltage. Polymer electrolyte and Li electrodes are
described in Appendix A-IV-1. Polymer electrolyte and Li electrodes preparation.

The in-plane configuration is composed of a polymer electrolyte and two lithium foils.
Both lithium foils are placed on the surface of both the polymer electrolyte extremities
(Figure IV-1).
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Figure IV-1. Schematic of the in-plane configuration composed of a ®Li-foil and a ’Li-foil stuck
on the surface at each polymer electrolyte extremity. An external electric circuit connects them.
The green arrow indicates the current direction, and the purple arrow indicates the °Li* ions
migration direction, which is opposite to the electrons flux.

The in-plane configuration was assembled in a dry room. A °Li-foil
(5 X 3 mm?) enriched at 95.4% in ®Li was stuck onto one extremity, and a ’Li- foil at lithium
natural isotopic abundance, having the same dimensions was stuck onto the opposite
extremity. Such configuration has already been studied by Jeanne-Brou et al. [135] The Li-foils
were separated by 7 mm space leading to an important resistance between two electrodes.
The device was sealed under vacuum at 100 mbar into an airtight packaging. Then, it was
placed in an oven at 60 °C. A particular attention was paid to protect the polymer electrolyte
from moisture and mechanical damages thanks to a specific sealed packaging.
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The polymer electrolyte initially contains only LiTFSI at lithium natural isotopic
abundance. It is proposed to follow specifically the diffusion of °Li isotope to distinguish
lithium already present in the electrolyte from the one added during the test. Consequently,
a °Li-foil was connected as the positive electrode and a ’Li-foil as the negative electrode. A
positive voltage was then applied to initiate the ®Li* migration through the device. Indeed, the
electron flow goes from the negative electrode to the positive electrode, inducing a lithium
ions flow in the reverse way in order to balance charges (Figure IV-1). According this
schematised device, it was assumed that 95.4% of the injected lithium was composed of °Li
isotope. Figure V-2 illustrates the first and the second packaging.

<+——— |nside of the pouch cell packaging
Nickel tab

Polyethylene terephthalate film (PET)

Polyvinyl fluoride film (PVF)

Copper grid

PEO/LITFSI
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packaging (At !
Inside of the device

Figure IV-2. Pictures of the in-plane device and description of the various components.

The electrochemical tests were performed out of the dry room. Thus, the device had
to be sealed in an airtight packaging (Figure 1V-2). The packaging is made of coffee bag
commonly used to seal pouch cells. However, the polymer electrolyte sticks on its packaging,
while performing experiments at 60° C. Thus, strategies have been found to avoid polymer
electrolyte degradation while opening the packaging. The polymer electrolyte was placed on
a 56-um polyvinyl fluoride film (PVF, TMR20SM3, DuPont™ Tedlar®) to easily take it out of the
packaging after the heating and electrochemical sequences, (Figure IV-2). The polymer
electrolyte was prone to stick to this film instead of sticking to the packaging. Thus, polymer
electrolyte was left on this rigid film, facilitating electrolyte handling. Additionally, another
film was needed to prevent the top of the polymer electrolyte to stick to the packaging. A
24-um protective film of polyethylene terephthalate (PET, Hostaphan® RNK 2PRK) was put on
top (Figure IV-2). The main advantage of this film is that it can be easily removed without
causing any damage to the polymer electrolyte. Regarding provided data by the supplier this
film was coated with silicone. The supplier ensures that there is no risk of silicon migration
from the film to the studied polymer electrolyte because the silicone was highly polymerised.
Several films have been tested before selecting a PET film.

To conclude, thanks to both films (PET and PVF), a way to take out the electrolyte
without destroying it or altering its surface has been found. Notice that only non-conductive
films have been selected to avoid any short-circuits.
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1.2. Electrochemical results
a. Electrochemical impedance spectroscopy (EIS) characterisation

Electrochemical impedance spectroscopy (EIS) was carried out to determine ionic
conductivity of six identical in-plane devices at 60° C before and after applying a constant
voltage of 0.25V during either 24 h, 48 h or 72 h. Figure IV-3 presents the Nyquist plots
obtained by performing EIS before (initial) and after (final) applying an external electrical
stress on the devices.
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Figure IV-3. Nyquist plots obtained by performing EIS on in-plane devices before (black and
blue curves), and after (red and green curves) a chronoamperometry sequence (E = 0.25V)
of either 24 h (a), 48 h (b) or 72 h (c).

The EIS technique allows to estimate the resistance of the material used to calculate
the ionic conductivity. Interface modifications can be detected by comparing initial EIS with
those obtained after the experiment (Figure IV-3). The surface alteration seems to have
increased after applying a constant voltage at 60° C. Jeanne-Brou et al. studied a device having

the same design. [135]
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The ionic conductivity of such device (0i,_piane) Was given by the following
Equation IV-1,
L

p
Oin— =—— V-1
in—plane Rel ‘w-d

with L, (cm), the length between the two electrodes, R.;(£2), the resistance of the
electrolyte, w (cm), the width of the polymer electrolyte, and d (¢cm), the thickness of the
polymer electrolyte. Parameters related to dimensions were introduced on Figure IV-1.

Here, L, w, and d are equal to 0.7, 0.5, and 0.01 cm respectively. After 1 h at 60° C,
the average resistance (R,;) of the six devices presented on Figure 1V-3 was estimated
at 232,902 + 17,325 Q by performing a serie of EIS on the six devices. This leads to a
Oin-plane average of6.0 x 107* £ 0.5 X 107*S-cm™. At the end of the
chronoamperometry sequence, an open circuit-voltage (OCV) step of 10 min allows devices
to return at their equilibrium state. Then, the average R,; was again estimated by performing
an EIS. R, slightly increased up to 238,931 £ 28,931 (. Thus, the average 0;,_piane Slightly
decreasedto 4.5 X 10™* + 0.7 x 107*S-cm™1.

The ionic conductivity of the polymer electrolyte was also estimated by performing EIS
on Li/Li symmetric coin cell in CR2032 format (Figure IV-4).
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Figure IV-4. Nyquist plots obtained at 60° C by performing EIS on three Li/Li symmetric coin
cells containing the polymer electrolyte made of PEO+LITFSI.

On Figure V-4, the three Nyquist plots obtained at 60° C are superimposable. The
average R, was estimated at 22.0 + 0.5Q. The ionic conductivity (0.pin cer) Was
determined by using the conventional Equation 1V-2 already mentioned in chapter Il

d

O - V-2
coin cell Rel . S

with S (cm?), the surface of the polymer electrolyte. An ionic conductivity of
6.4%x 107* + 0.2 x 107*S - cm~! was estimated at 60° C in the Li/Li symmetric coin cell.
This value is close compared to the one obtained by performing EIS on the in-plane device.
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The ionic conductivity is an intrinsic property of a material. As the ionic conductivity
depends on the thickness, it would be relevant to estimate the thickness modifications during
the storage at 60° C, which is just below the polymer melting point which is 65° C. [24]

The determination of the electrical equivalent circuit of each device is presented in
Appendix A-IV-2. Determination of the electrical equivalent circuit of each device.

b. Chronoamperometry (CA) sequence

A chronoamperometry (CA) sequence was applied on the devices. The voltage was set
at 0.25 V. It was applied during either 24 h, 48 h or 72 h. The CA sequence was performed at
60° C. Previously, lithium self-diffusion through a similar in-plane device was detected at 60° C
(chapter Ill). Thus, a non-tested device was systematically introduced simultaneously as a
reference in the oven to have a reference sample allowing to distinguish lithium migration
induced by an electrical stress from lithium self-diffusion at 60° C. Figure IV-5 presents the
results of a CA sequence performed on an in-plane device by applying a constant voltage of
0.25 V during 24 h.
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Figure IV-5. Example of a chronoamperometry (CA) sequence with E = 0.25 V applied during
24 h. Voltage crenel (in black) applied between two lithium electrodes of an in-plane device.
The current response I (blue) and the charged capacity Q (red).

On Figure IV-5, the applied voltage corresponds to the black crenel. The blue curve is
the resulting current variation and the red curve indicates the charged capacity determined
over time. It provides an estimation on the amount of exchanged lithium.

Here, the CA sequence was performed instead of chronopotentiometry (CP) sequence
because, due to the huge polarisation, the cut-off voltage was quickly reached with a CP
sequence. Applying a CP sequence does not allow to maintain the voltage in the range of the
electrochemical stability window of the polymer electrolyte during several days.
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The evolution of the current as function of time is presented on Figure IV-6.
Furthermore, the specific capacity could be determined, leading to an estimation of the
amount of the exchanged lithium (Figure IV-6).
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Figure IV-6. Evolution of the current I (left axis) and specific capacity Q (right axis) as a function
of time. Three devices were tested by applying a constant voltage of 0.25V during 24 h (red
curves), 48 h (blue curves), and 72 h (green curves).

On Figure IV-6, electrochemical results are presented for three in-plane devices after
applying a constant voltage of 0.25 V during 24 h (red curves), 48 h (blue curves) or 72 h
(green curves). It is important to notice that applying a constant voltage during 48 h instead
of 24 h will not double the amount of inserted lithium into the polymer electrolyte. The
specific capacity Q (A. h) is determined with the following Equation 1V-3,

Q=1I-t IV-3

with I(A), the current and t(h), the time of the CA sequence. The amount of exchanged
lithium, nf¥ (mol), is expressed by the following Equation 1V-4,

ex _ 3600 x Q
Li F
with F, the Faraday constant (F = 96,485 C - mol™1). Then, a ratio of exchanged lithium

compared to the amount of lithium originally contained in the polymer electrolyte,%n;; (%),
can be estimated by using the following Equation IV-5,

V-4

ex
np;

- 100 IV-5
n.i(polymer)

Yon, =

with n;;(polymer) (mol), the amount of lithium contained into the polymer electrolyte.
Table IV-1 sums up the estimated specific capacity, and the absolute and relative amount of
exchanged lithium of each device.
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Table IV-1. Specific capacity, amount of exchanged lithium, and the corresponding percentage
estimated for each in-plane device. For each time stored at 60°C, the sample in which more
lithium has diffused was characterised. They are highlighted in green.

Devices Q (nA-h) n.; (umol) Yon;: (%)
1 24h 21 0.8 10

2 24h 18 0.7 9

1 48h 28 11 14

2 48 h 31 1.2 16

1. 72h 47 1.8 24
2-72 h 46 1.7 23

Experimental characterisations were performed on in-plane devices highlighted in
green (1_24 h, 2_48 h and 1_72 h). Applying a constant voltage during 24 h, 48 h or 72 h
allowed reaching a specific capacity of 21, 31, and 47 pA - h, respectively (Table IV-1). This
corresponds to 0.8, 1.2, and 1.8 pmol of exchanged lithium, respectively. It represents 10,
16, and 24% of exchanged lithium compared to lithium contained in the polymer electrolyte.

More samples should be characterised to improve reproducibility. Other experiments
were performed by applying 0.5V and 1V to increase the amount of moved lithium.
However, applying higher voltage exacerbate the polarisation related to the distance of 7 mm
standing in-between both electrodes.

After electrochemical characterisations, devices were dismantled in a dry room to take
out the polymer electrolyte. Samples were transferred to ToF-SIMS and ssNMR spectrometers
by using airtight transfer systems.
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1.3. Advanced characterisations based on lithium isotopic tracing

Samples cannot be characterised by ToF-SIMS after high-resolution ssNMR analyses
because of sample preparation, which consists of compacting them into inserts. Therefore,
ToF-SIMS characterisations were performed first. The methodologies described in chapter Il
were followed. According to previous results (Appendix A-lll-1. Lithium self-diffusion at room
temperature (25° C)), it was assumed that the contact time at room temperature between a
SLi-foil enriched in °Li and a polymer electrolyte at lithium natural isotopic abundance does
not affect the final 6Li abundance estimation. Indeed, lithium isotopic exchanges do not occur
at room temperature or are too low to be detected.

ToF-SIMS and high-resolution ssNMR characterisation results on of three in-plane
devices during various time at 60°C (1_24 h,2_48 hand 1_72 h) are presented and compared
in the next sections.

a. ToF-SIMS characterisations

The device was designed in order to easily have access to the polymer electrolyte
surface. As the electrode were separated by 7 mm, ToF-SIMS analyses between both Li-foils
can easily be performed (Figure 1V-7).

3 mm 3 mm

ISOum

Teflon

Figure IV-7. Schematic of the in-plane device highlighted the areas analysed by ToF-SIMS.

ToF-SIMS analyses were carried out on the polymer electrolyte surface standing
between the two electrodes. The analysed surfaces were indicated in green on Figure 1V-7.
Several analyses were performed on a same electrolyte to check reproducibility by tracking
potential variations in the y axis. The same two-dimensional large area (2DLA) acquisition
mode described in chapter Il was used to scan the surface of the electrolyte from the °Li-foil
to the ’Li-foil. Sample preparation after dissembling for ToF-SIMS characterisations are
thoroughly explained on Figure 1V-8.
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a) Cutting step

b) Result of the cutting

c) Analysed area by ToF-SIMS

Figure IV-8. Sample preparation for ToF-SIMS characterisations of the polymer electrolyte
composing the in-plane device.

Both electrodes and polymer electrolyte layer under were removed (Figure 1V-8.a to
b). As previously explained in chapter I, it allows avoiding any shading effect due to the
thickness of the Li-foils. Molecular fragments were mapped after applying a constant voltage
0.25 V various times at 60°C. The Poisson correction was applied on all ToF-SIMS results
presented in this chapter. According to the methodology developed in chapter Il, accurate
estimation of lithium isotopic abundances can be obtained. °Li* ions migration was
characterised after applying a constant voltage of 0.25V during various time at 60°C
(Figure 1V-9).
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Figure IV-9. Characterisation of °Li* ions migration at 60° C after applying a constant voltage
of 0.25 V by performing ToF-SIMS 2DLA scan on the surface of three polymer electrolytes from
B (xg = 0 um). Intensity of all the detected molecular fragments (total), ’Li* and °Li* are
represented on three different images after 24 h (a, b, c), 48 h (d, e, f), and 72 h (g, h, i).

Figure IV-9 presents the obtained images with the 2DLA scan mode along polymer
electrolyte started from B (red point) after applying a constant voltage of 0.25 V during either
24 h (Figure IV-9.a, b, c), 48 h (Figure IV-9.d, e, f) or 72 h (Figure IV-9.g, h, i) at 60°C. The
intensity of the ’Li* molecular fragment seems homogeneous along the polymer electrolyte.
However, on images representing the ®Li* intensity, variations can be observed (Figure 1V-9.c,
f, i). On Figure IV-9.c, next to B, the bLi* intensity is clearly higher than in the rest of the
electrolyte. ®Li* ions migrate further along the polymer electrolyte when a constant voltage of
0.25V is applied over a longer time. However, from these images it is difficult to provide
accurate conclusions. Therefore, images were processed to obtain lithium migration mappings
as a function of the distance from the °Li-foil (B). Figure IV-10 presents the °Li* ions migration
profiles obtained by combining ®Li* and ’Li* mappings after applying a constant voltage of
0.25 V at 60° C during various times.
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Figure IV-10. ToF-SIMS characterisation of lithium isotopic abundance profiles along the
polymer electrolyte at 60° C under 0.25 V. Three tested times were studied: 24 h, 48 h, and
72 h.

Figure IV-10 was obtained by processing images presented on Figure IV-9 using the
developed ToF-SIMS methodology presented in chapter Il

Lithium isotopic abundances were estimated as a function of the distance from B. To
save acquisition time, the polymer electrolyte surfaces were not always characterised until
the other extremity if the lithium natural isotopic abundance plateaux were already reached.
On Figure IV-10, it is obvious that increasing the time of the CA sequence at 60° C induces a
further lithium migration through the polymer electrolyte. Indeed, °Li* ions significatively
enrich the first 1.4 mm, 2.5 mm, and 3 mm of the polymer electrolyte after applying a
constant voltage of 0.25 V during 24 h, 48 h and 72 h, respectively.

Temperature and the applied CA sequence effects cannot be distinguished on these
profiles. Both effects participate additionally to the °Li* ions diffusion profiles obtained by
ToF-SIMS.

Using reference samples may help to distinguish lithium self-diffusion and lithium
migration. As previously mentioned, non-tested samples were systematically introduced
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simultaneously in the oven. ToF-SIMS 2DLA performed on these reference samples are
presented on Figure IV-11.
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Figure IV-11. Characterisation of lithium self-diffusion at 60° C by performing ToF-SIMS 2DLA
scan on the surface of polymer electrolytes from B (xg = 0 um). Intensity of all the detected
molecular fragments (total), ’Li* and °Li* are represented on three different images after 24 h
(a, b, c), after 48 h (d, e, f) and after 72 h (g, h, i).

Results presented on Figure IV-11 were processed to obtain lithium self-diffusion
profiles over time. Furthermore, they were compared with lithium dynamics profiles under a
voltage of 0.25 VV at 60° C (Figure 1V-12).
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Figure IV-12. ToF-SIMS characterisation of lithium isotopic abundance profiles as a function of
the distance from the °Li-foil (B). Comparison between lithium self-diffusion (dotted lines)
induced at 60° C and lithium migration due to the application of a constant voltage of 0.25V
(solid lines) after, a) 24 h, b) 48 h, and c) 72 h at 60°C.

Figure IV-12 was obtained by processing images presented on Figure IV-11 using the
developed ToF-SIMS methodology presented in chapter Il.

113



The 2DLA scans on the surface allow the determination of lithium isotopic abundance
in the polymer electrolyte as a function of the distance from the °Li-foil. Figure 1V-12.a,
Figure IV-12.b and Figure IV-12.c present results obtained after only storing or also testing
in-plane devices during 24 h, 48 h and 72 h at 60° C, respectively. There is a difference
between lithium self-diffusion (dotted lines) induced only at 60° C, and lithium migration due
to the application of a constant voltage of 0.25 V (solid lines). Lithium migration front under
voltage is detected further from the interface compared with lithium self-diffusion front.
Indeed, lithium self-diffusion at 60° C induced °Li* ions diffusion through only the first 1 mm
(dotted orange curve), 1.6 mm (dotted light-blue curve), and 2.5 mm (dotted light-green
curve) after 24 h, 48 h and 72 h, respectively. The °Li* ions diffusion profiles obtained after
applying a constant voltage of 0.25V led to further °Li* ions diffusion. On Figure IV-12.a,
Figure IV-12.b, and Figure IV-12.c, this shift is highlighted. It is due to the application of a
0.25 V voltage acting as an additional driving force.

To sum up, using reference samples stored at 60° C without applying any electrical
stress can allow to detect a further lithium diffusion after applying an electrical stress on the
in-plane devices compared with the only ones stored at 60° C. However, distinguishing
precisely lithium self-diffusion and lithium migration processes from Figure IV-12 is difficult.
Modelling is mandatory to describe each contribution (lithium self-diffusion and lithium
migration) playing a role in lithium dynamics. Numerical simulations presented thereafter
(section 1.4) will allow a more accurate description of lithium dynamics processes.

b. High-resolution ssNMR characterisations

The polymer electrolytes, already analysed by ToF-SIMS, were introduced in 4 mm
inserts. Then, inserts were placed in rotors to perform high-resolution ssNMR analyses. Li
abundance is estimated by using the developed high-resolution ssNMR methodology
presented in chapter Il. Acquisitions were performed in quantitative conditions. °Li and ’Li
spectra were compared by using a reference polymer electrolyte at lithium natural isotopic
abundance. This reference sample was characterised in the same conditions as the studied
polymer electrolytes.

On Figure IV-13, Figure IV-14, and Figure IV-15, lithium self-diffusion through in-plane
devices was compared with lithium migration after applying a constant voltage of 0.25 V.

On the following high-resolution ssNMR spectra, the absolute integral values were
normalised by the amount of material contained in each probed insert. It allows to easily
compare absolute integral values obtained in the same acquisition conditions. Notice that
asterisks indicate spinning sidebands on each ’Li spectrum. Their intensities are negligible
compared to the isotropic peak, but they have to be considered according to the presented
methodology in chapter Il.
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Figure IV-13. 6Li (left) and ’Li (right) high-resolution ssNMR spectra of polymer electrolytes
stored at 60° C during 24 h. Comparison between lithium self-diffusion (orange spectra) with
lithium migration due to the application of 0.25 V during 24 h. (red spectra).

While an in-plane device underwent the described CA sequence, another one was
stored during 24 h at 60° C. Figure IV-13 presents the high-resolution ssNMR spectra obtained
by probing both polymer electrolytes. ®Li absolute integral value has more or less doubled
after the CA sequence compared to the amount of bLi contained in the device only stored at
60° C during 24 h. On the contrary, ’Li absolute integral is slightly higher for the device only
stored at 60° C. Thus, lithium self-diffusion dynamics are detected by ssSNMR. According to the
methodology presented in chapter Il, a normalisation factor S was determined to combine 6Li
and ’Li spectra. A °Li abundance estimation of 11% was obtained for the only stored device
at 60° C. Furthermore, lithium migration led to an even higher ®Li abundance estimation. It
was increased up to 21% of 6Li. Thus, lithium migration could be characterised in addition of
lithium self-diffusion.

Other experiments were carried out during 48 h (Figure IV-14) and 72 h (Figure 1V-15)
in order to estimate the effect of the stored time at 60° C and the CA sequence time on lithium
dynamics.
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Figure IV-14. °Li (left) and ’Li (right) high-resolution ssNMR spectra of polymer electrolytes
stored at 60° C during 48 h. Comparison between lithium self-diffusion (light-blue spectra)
with lithium migration due to the application of 0.25 V during 48 h. (blue spectra).

Figure 1V-14 presents the high-resolution ssNMR spectra obtained by probing two
polymer electrolytes. °Li absolute integral value is higher after applying a constant voltage of
0.25 V during 48 h compared to the amount of ®Li contained in the device only stored at 60° C
during 48 h. “Li absolute integral is still slightly higher for the device only stored at 60° C.
Lithium self-diffusion led to a °Li abundance estimation of 23% in such conditions.
Furthermore, lithium migration after a CA sequence led to a ®Li abundance estimation of 33%
of 6Li.
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Figure IV-15. bLi (left) and ’Li (right) high-resolution ssNMR spectra of polymer electrolytes

stored at 60° C during 72 h. Comparison between lithium self-diffusion (light-green spectra)
with lithium migration due to the application of 0.25 V during 72 h (green spectra).
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Figure IV-15 presents the high-resolution ssNMR spectra obtained by probing two
polymer electrolytes. °Li absolute integral value is still higher after applying a constant voltage
of 0.25V during 72 h at 60° C compared to the amount of ®Li contained in the device only
stored at 60° C during 72 h. ’Li absolute integral is again slightly higher for the device only
stored at 60° C. Lithium self-diffusion led to a ®Li abundance estimation of 28% in such
conditions. Furthermore, lithium migration after a CA led to a bLi abundance estimation of
41% of °Li. Figure IV-16 is a superimposition of all °Li high-resolution ssNMR spectra of
non-tested or tested devices.
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Figure IV-16. °Li high-resolution ssNMR spectra of polymer electrolytes storing at 60° C during
24 h, 48 hor 72 h. Comparison of isotropic peak intensities between lithium self-diffusion (left,
non-tested devices) with lithium migration after applying a constant voltage of 0.25 V at 60° C
(right, tested devices).

Figure IV-16 clearly illustrates that ®Li abundance increases with a longer stored time
at 60° C. Furthermore, a greater rise of the éLi abundance was obtained by applying a constant
voltage of 0.25 V on the in-plane device at 60° C. The results of the respective °Li abundance
are reported in Table IV-2.

Table IV-2. °Li abundances of the in-plane devices estimated by high-resolution ssNMR. Some
samples were only stored at 60° C, and others have undergone a CA sequence with a constant
voltage of 0.25 V at 60° C during 24 h, 48 h or 72 h.

®Li abundance (%)
Conditions 24 h 48 h 72 h
Only stored at 60° C 11+2 23+ 2 28+ 2
Stored at60°Cand E = 0.25V 21+ 2 33+2 41+ 2
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Table IV-2 sums up °Li abundances determined by high-resolution ssNMR of the
in-plane devices as a function of the storing time at 60° C and the CA sequence duration
(E = 0.257).

Firstly, self-diffusion effect is still detected. Indeed, after 24 h of storing time at 60° C,
the bLi abundance is estimated at 11% in the polymer electrolyte. This enrichment increases
with the storing time. Levels of 23 and 28% in °Li are reached after 48 h and 72 h of storing
time, respectively. The polymer electrolyte domain located under the ®Li-foil was not analysed
and thus not considered for lithium quantification, even if it is the richest part in °Li of the
polymer electrolyte. Furthermore, lithium migration after applying a voltage of 0.25 V is high
enough to be detectable. Indeed, ssNMR uncertainty has been estimated at 2%.
®Li abundance variations between lithium self-diffusion at 60° C and lithium migration after a
CA sequence can be detected. After applying a constant voltage of 0.25 VV during 24 h at 60° C,
the polymer electrolyte is enriched at 21% in °Li. Enrichments of 33 and 41% in °Li are
reached after 48 h and 72 h of tested time, respectively.

Equation IV-6 allows the discrimination of the various origins of 5Li (% ®Li.stimated ):

67 ; — o 67 67 ; o/ 67 :
% Llestimated =% Llinitial abundance + % Llself—diffusion"' %) leigration V-6

With % ®Liinitial abundance » the 6Li initial abundance which is the 6Li natural abundance (7.6%
of bLi) in most of the cases,% 6Liself—diffusionr the enrichment in ®Li due to self-diffusion
process described in chapter I, and % 6Limigmu-on, the enrichment in bLi under an electrical

stress, which is the studied process in this chapter. According the Equation IV-6, the three
contributions can be distinguished and are reported in Table IV-3.

Table IV-3. Dissociation of the contributions leading to the estimated °Li abundance

bLi abundance (%)
Contributions 24 h 48 h 72 h
% ®Liinitial abundance (%) 7.6+ 0.1 7.6 + 0.1 7.6+ 0.1
% ®Liserf—aiffusion (%) 3242 15.9 + 2 20.2 +2
% ®Limigration (%) 9.9 +2 219+ 2 29.9 + 2

ToF-SIMS and high-resolution ssNMR analyses highlighted the effect of applying a
voltage on lithium dynamics. However, dissociated experimentally this process from the effect
of the temperature is difficult. A modelling approach was carried out in order to better
understand the effect of the applied voltage. The goal was to model lithium mobility through
polymer electrolyte under voltage. Lithium dynamics occurring at 60° C were already
modelled in chapter Ill. Here, lithium isotopes dynamics under voltage at 60° C are modelled.
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1.4. A modelling approach to better understand lithium dynamics

Some modelling tools have been specifically developed in parallel of this PhD in the
modelling laboratory of the French Atomic Energy and Alternative Energies Commission (CEA).
The goal is to simulate lithium dynamics. Numerical simulations are implemented to extract
more information from my experimental results and to provide additional information on
lithium dynamics through a polymer electrolyte. Volume fraction and diffusion coefficient can
be determined for each component for instance. Intermediate steps are required before
building an appropriate model of lithium dynamics taking into account lithium isotopic
exchanges through the in-plane device (Figure 1V-1). The various steps are discussed in the
next section throughout the presented geometries.

a. Description of the geometries and involved dynamics

The model is able to reproduce common electrochemical experiments performed in
battery field such as EIS and CA sequence. Firstly, a sandwich geometry is simulated to
determine the ionic conductivity of the polymer electrolyte (a;,) at 60° C. Furthermore, charge
transfer dynamics at the interface while applying a constant voltage are modelled
(Figure IV-17).
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Figure IV-17. Schematic of the 1D geometry which is composed of a polymer electrolyte layer
in-between two lithium electrodes. Zoom on lithium migration at the interface. Dlp are the
diffusion coefficients of each species ( i = Li*; TFSI, PEO) in the polymer electrolyte. igy,
represents the exchange current at the Li-foil/polymer interface.

On Figure IV-17, the one-dimensional (1D) geometry is used to model lithium dynamics
into a sandwich containing a polymer electrolyte layer in-between two lithium electrodes. EIS
and CA sequence of 30 min will be performed experimentally and modelled. Butler-Volmer
(BV) equations are required to describe lithium migration and to describe lithium exchanges
while applying a constant voltage. The electrochemical response of the system is modelled.
The polymer electrolyte ionic conductivity (0,) and the exchange current at the interface
(igy) will be extracted from these experiments.
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Then, the determined parameters will be applied on a more complex geometry in order
to compare ToF-SIMS results with simulated ones. The in-plane geometry is presented on
Figure IV-18.
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Figure IV-18. Schematic of the 2D in-plane geometry and its associated parameters. Zoom on
lithium migration at the interfaces. Dlp are the diffusion coefficient of each species ( i = Li*;
TFSI, PEO) in the polymer electrolyte. ig, represents the exchange current at the interface.

This geometry was already investigated in chapter lll. Other parameters such as lithium
volume fraction has to be modelled. In this chapter, the 2D models are developed from the
presented one in chapter Ill. Here, 'Li-electrodes are added on each extremity of the polymer
electrolyte (Figure IV-18). It allows applying a constant voltage on the device. The used device
to study lithium dynamics is presented on Figure IV-18. Dimensions were defined according to
the ones of the experiments. Fick’s second law was still used to describe lithium self-diffusion
at 60° C.
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Finally, a ’Li-electrode is replaced by a ®Li-electrode in order to perform lithium isotopic
tracing experiments (Figure 1V-19).
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Figure IV-19. Schematic of the 2D in-plane geometry involving a °Li-foil enriched at 95.4% in °Li
and its associated defined parameters. Zoom on lithium migration and lithium self-diffusion at
the interfaces. Dip are the diffusion coefficients of each species ( i = Li*; TFSI', PEO) in the
polymer electrolyte. igy, represents the exchange current at the interface.

The use of a °Li-electrode at the positive electrode will provide more detailed
information on lithium dynamics into the polymer electrolyte (Figure 1V-19).

Notice that only the main parameters were mentioned on the schematic. Geometries
are implemented in COMSOL Multiphysics to study lithium dynamics. The models are using
either a generalised mixing model (GMM) based on thermodynamics of mixing equations or
an isotopic mixing model (IMM). The IMM is based on the GMM, but it is taking into account
lithium isotopic tracing.

b. Use of the generalised mixing model (GMM)

e Description of the general mixing model

The variation in lithium ion concentration is typically simulated using a Nernst-Planck
equation [136],

aCLl'
dat

CLi
=V- DLi (V Cri + _VV> V-7

with D;; (m? - s71) the lithium diffusion coefficient, c;;(mol) , the lithium concentration, and
V (V), the applied voltage. More details are provided in Appendix A-IV-3. Présentation du
modeéle utilisé.
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The first term corresponds to the driving force associated with the presence of a
concentration gradient in the electrolyte. Second one arises from the driving force induced by
an electric potential gradient. This equation is an approximation of a more general mixing law,
based on the electrochemical potential gradient of the electrolyte components.

In order to understand the polymer electrolyte dynamics, a model based on the theory of
polymers in solution is proposed in this work. Thus, notice that it is based on existing theory.
The GMM used in the following numerical simulations is based on the thermodynamics of
mixing. Here, a ternary system composed of Li*, TFSI, and PEO, is modelled. The following
equation-system | presented in Table 1V-4 has to be solved. More details are provided in
Appendix A-IV-4. Simplification du modéle de mélange.

Table IV-4. Summary of the equation-system | used into the generalised mixing model (GMM)
and the meaning of each equation.

Equation Origin
aqg—Ltﬁ ==V Jp+ + S+ Continuity equation
¢ L 'QTFSI byt Deduced from
TESI Q¢ electroneutrality
Gpgo =1 — @+ (1 + %) Volume fraction conservation
Lit
0AG A,
. A v L% gy "
]L_l+ Z Lit j— <a¢] ) q QLL'+ v Li* flux
NG\  Apgi-
Jresi- = _ZATFSI JAS (6 ) q QTF - vv TFSI flux
7 ¢] TESI—

Aih A?I%*"SI_' aAG_
V-qE aF . J v< >+0VV =0
- i ( Qp Qrpsy ¢

o=q? <A‘£z+ ATFSI‘)
QLL+ Q%FSI_

Charge conservation

Note: j stands for the components of the ternary system, Li*, TFSI", and PEO.

To summarise, the equation system | consists of solving the volume fraction ¢ of the
three components (Li*, TFSI, and PEO) by integrating the volume fraction, the flux, the charge,
and the electroneutrality conservation. These four conservation properties are solved in all
location and at every time step.
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Table IV-5 sums up all the set parameters that were set to describe lithium diffusion
from a Li-foil to a polymer electrolyte.

Table IV-5. Set parameters describing lithium diffusion phenomena while applying a constant
voltage on the in-plane device at 60° C. Parameters are implemented into the generalised
mixing model (GMM,).

Material Set parameters Numerical value Unit
Li-foil Conductivity (oy,;_f) 1x 107 S-mt
Ll-;o;IC/tr;g:z:;er Symetric coefficient (a) 0.5 /
Salt concentration (Cpirrs;) 1,250 mol - m~3
Lithium self-diffusion coefficient _ _
p 1.6 x 10712 m?- s71
(DLL'"')
polymer LITFSI volume fraction (. irrst) 0.27 /
electrolyte PEO volume fraction (ppgp) 1 — drirrss /
Effective charge of °Li or "Li (Z};) 1 /
Effective charge of TFSI (Zrs;) -1 /
Effective charge of PEO (Zpgp) 0 /

All the parameters presented in Table IV-5 were set. They were either set from
literature, determined from the experiments or set thanks to the model presented in chapter
lll. Different combinations of the parameters are not discussed in this report because some
parameters depend on the model itself, which can be modified.

Boundary conditions have to be taken into account, such as the Butler-Volmer
equation expressed as the following Equation V-8, [136]

igy =lp" ¢2i5 ) {exp (“ %) — exp [—(1 - a)ﬂ }
0

Vo IV-8

with iy (s™1), the Butler-Volmer transfer coefficient, which is similar to the spontaneous
transfer frequency (v) determined in chapter Ill, «, the charge transfert, V, = R—FT (V),an
electric potential constant, and n,;(V) the activation overpotential defined as the following
Equation IV-9,

Mmi=V—-V V-9

with V¢ (), the calculated electric potential in the lithium foil domain. It is extremely close to
the applied potential value, and V (V), the electric potential in the polymer electrolyte.

Lithium dynamics into the lithium foil domain and at the interface with the polymer
electrolyte domain are simulated based on the Equation I1V-10,
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V' 0Li-p Vs = 0 IV-10

with ap;_¢(S - m™1) the conductivity into the lithium metal. In addition of the Butler-Volmer
It is defined as the following

current, a capacitive current (icqpq) is also modelled.

Equation IV-11,

IvV-11

leapa =

with Capa(F - m?), the electric capacity

The total current at the interface is the sum of the two contributions occurring at the
interface. Thus, the measured exchange current at the interface (ijnterrace) is €xpressed as

the following Equation 1V-12,

i; = igy +1i
interface BV capa V-12

The ijpterface cOrresponds to the current recorded during a CA sequence.

Set parameters were presented in Table IV-5, whereas parameters that can be

adjusted to better fit experimental data are listed in Table IV-6.

Table IV-6. Adjusted parameters describing lithium diffusion phenomena while applying a
constant voltage on the in-plane device at 60° C. Parameters are implemented into the general

mixing model (GMM,).
Material Adjusted parameters Numerical value Unit
o Exchange current (igy) 21.5 A-m?
Ll—fﬁllét;)a:z/;ner Capacity (Capa) 0.02 F-m?
lonic conductivity (g,,) 0.064 S-m™t
PEO self-diffusion coefficient (D}, 1076 x DF., m? - s71
RT
polymer TFSI self-diffusion coefficient (Dhyg,-) GT -DP, m?- s71
electrolyte . - Fee
Volume fraction of Li (¢y;) 0.02 /
TFSI volume fraction (drgs;) 0.27 — &y /

Notice that parameters related to the Li-foil are all set in the GMM.




Table IV-7 sums up equations allowing to determine the component volume fraction.

Table IV-7. Effective volume parameter (); determination for each component i (i = Li*; TFSI,
PEO)

Effective volume parameter Value Unit
b

o TS m?

Crirrst * Na

PLirFs

Qpirrs -~ N m>

Criresi = Na
Qpor 103 x Q;; m3

The effective volumes are either determined for ¢;; and ¢;;rrs; Or estimated in the
case of the polymer (Table IV-7). They have an effect on the Gibbs free energy density, which
is expressed by the following Equation IV-13,

AG = —TAS + AU IV-13

with AS the density entropy variation, defined as the following Equation 1V-14,

i brrsi Preo IvV-14
AS = —kp <_l In¢,; + ——In¢rpg; + —In ¢)PEO)
Qp Qrpst Qppo
with AU, the internal energy variation, defined as the following Equation IV-15,
AU = XpirrsiPLi®Prrst + XLipEoPLiPPEO + XTFSipEOPPEOPTFSI IV-15

with xpirrs (J - m™3) the Flory interaction parameters of the internal energy. [137] Their
values are defined in Table IV-8.

Table 1V-8. Flory interaction parameters of the internal energy x; ;

Flory interaction parameters Value Unit
XLi,TFSi 500/Qpgo J-m™3
XLi,POE 2000/Qppo J-m™
XTFsi,POE —2000/ Qpgo J-m™3

The estimation of the effective volume parameters can be modified as a function of

the Flory interaction parameters of the internal energy (Table 1V-8).

Equation 1V-14 and Equation IV-15 highlight that the density entropy variation AS is
weighted by the effective volume parameters, while the internal energy variation AU is
weighted by the Flory interaction parameters.
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To conclude, in order to fit the experimental data, around ten independent parameters
have to be tuned and three variables have to be solved such as V, the calculated electric
potential in the lithium foil domain, V, the electric potential in the polymer electrolyte and
¢, the lithium volume fraction into the polymer electrolyte. Notice that all parameters and
variables have a physical meaning.

The GMM is used in the following section to perform numerical simulations that will
be compared to experimental results. Parameters listed in Table IV-5 were set and parametric
studies allowed to optimise the parameters presented in Table IV-6, Table IV-7, and Table IV-8.
The following simulated results were obtained with the specific presented set of parameters.

e Simulated results confronted to the experimental results

EIS results are simulated by applying frequencies between 10 and 107® Hz on a
sandwich coin cell composed of a polymer electrolyte between two lithium electrodes
(Figure 1V-17). This range is wide compared to the experimental one (from 7 MHz
to 100 mHz). Results from numerical simulations are compared with experimental data on
Figure 1V-20.
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Figure IV-20. a) EIS spectra recorded between 10° and 10~® Hz on a polymer electrolyte in
between two Li-foils at 60° C, with b) the corresponding module, and with c) the corresponding
phase. d) and e) Current response during the Bruce-Vincent experiment while applying a
chronoamperometry (CA) sequence during 30 min, comparison between experimental data
(red curves) and simulated results (black curves), f) Lithium gradient into the polymer
electrolyte.

On Figure IV-20, the bulk resistance of the polymer electrolyte (R,;) and the interface
resistance (R;) can be determined at the green and purple point, respectively (Figure IV-20.a
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and Figure 1V-20.d). The green and purple points placed on Figure 1V-20.a correspond to the
two plateaus present on Figure 1V-20.d. The Nyquist plot (Figure IV-20.a ) provides information
on resistances at the high frequency regime, whereas the current profile offers information
on diffusion phenomena at the low frequency regime. The module and the phase are plotted
on Figure 1V-20.b and Figure 1V-20.c. A characteristic frequency was measured at 4 kHz
experimentally and simulated at 2 kHz in the high frequency regime. Furthermore,
Figure IV-20.d allows to compare the evolution of the current response during the
Bruce-Vincent experiment. Figure IV-20.f presents the gradient profile of lithium volume
fraction. From the EIS the ionic conductivity was set at 6.4 X 10725 m™?! (cf. green point).
The igy current was set at 21.5 A - m™~2 from the CA sequence. The i, current is determined
from the obtained plateau. The experimental EIS was performed with a lower range of
frequencies. Thus, just the beginning of the Warburg diffusion can be seen. Notice that the
model well estimates Zg,, whereas other contributions should be added in the model in order
to enhance the fitted of Z;;,,.

To conclude, the determined ionic conductivity of the polymer electrolyte, g, and the
exchange current, i, are then set in the model describing lithium dynamics through the
in-plane geometry. A CA sequence was carried out during 72 h by appling a constant voltage
of 0.25 V on the in-plane geometry (Figure IV-18). The results are presented on Figure 1V-21.
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Figure IV-21. Volume fraction distribution into the in-plane device after a CA sequence of 72h.
The lithium, TFSI, and PEO volume fraction are represented in black, red and blue, respectively.

A slight increase of lithium concentration occurs under the lithium foil electrically
connected to the positive electrode. It induces a higher variation of the PEO and TFSI volume
fractions (Figure IV-21). Indeed, as the conservation of the electroneutrality is set (cf.
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Table IV-4). Adding lithium into the polymer electrolyte induces TFSI diffusion under the
lithium foil, and PEO diffuses in the other direction. Non-negligible variations of the TFSI and
PEO volume fraction are simulated. A strength of the GMM is to take into account all
components volume fractions which are related one to each other.

Here, lithium dynamics into the in-plane device were described with the help of the
GMM. The same in-plane geometry will be now studied, but as presented on Figure IV-19, the
positive ’Li-electrode is replaced by a °Li-electrode. It will allow to carry out lithium isotopic
tracing experiments. Therefore, the GMM can no longer be used. An IMM will be used because
it can take into account the distinction of lithium isotopes.

c. Use of an isotopic mixing model (IMM)

e Description of the isotopic mixing model (IMM)

The IMM used in the following numerical simulations is based on the thermodynamics
of mixing. Here, a quaternary system composed of éLi*, ’Li*, TFSI, and PEO, is modelled. All the
parameters related to lithium ions are duplicated in order to be attributed either to the ®Lior
to the ’Liisotope.

When lithium ions are separated in two groups, °Li* and 7’Li*, having the same
effective volume and charge (Q 60 = Q7 0= e, Lo = L7 0 = Lyt ), the following
equation-system Il presented in Table IV-9 has to be solved.
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Table IV-9. Summary of the equation-system Il used into the isotopic mixing model (IMM) and
the meaning of each equation.

Equation Origin
0P 6+ B SLi* continuity
ar V- Jepir + 56+ equation
0P 7,;+ B ’Li* continuity
ot =V Joe S equation
Qrpsi- Deduced from
Grrsi- = 0L (¢ opi+ + @7y ) electroneutrality

Volume fraction
—1{_ ( )( Qrpsi- ) :
$reo Gopr + conservation

9AG -
Jo i+ = —Z 6, i+ J 3%, —q 0 Li* flux
j
G A7Ll

L Ath
S ==, <a¢,) T
Jresim == ) A% ( AG
TFSI ]- TFSITj¥\ 3 é; QTFSI-

AtgLi’fj At;lu j TFSI j 0AG
V- qE + \% +oVV|=0

TLi* flux

ATFSI_

vv TFSI- flux

'QLL' 'Q 'QTFSI

7 0¢; Charge
conservation
o= q> A 62Li+ A" 72Ll A;"FSI_
07+ 07+ OTpsi-

Note: j stands for the components of the quaternary system, °Li*, “Li*, TFSI, and PEO.

In the IMM, parameters are added related to the distinction of the lithium isotope
populations. Both lithium self-diffusion into components and lithium exchanges at the
interfaces are modelled. SLi-foil/polymer and polymer/’Li-foil interfaces are taken into
account. Thus, Butler-Volmer equations are also modified in order to involve the distinction
between both lithium isotopes.

A continuity equation in lithium metal is added (Equation 1V-16) and the flux of each
lithium isotope is considered (Flux equation in Table IV-9), taking into account the theory of
mixtures. Table IV-10 sums up all the set parameters that were set to describe lithium isotopic
diffusion from a Li-foil to a polymer electrolyte.
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Table IV-10. Set parameters describing lithium diffusion while applying a constant voltage on

the in-plane device at 60° C. Parameters are implemented into the isotopic mixing model
(IMM).

Material Set parameters Numerical value Unit
Lithium isotopic abundance (% °Li) 95.4 %
SLi-foil ®Li self-diffusion coefficient (Dgu) 10714 m?-s~1
Lithium concentration (Cp;_f) 76,805 mol -m™3
er:ec;z:lflie 6Li isotopic abundance (% °Li) 7.6 %
"Li-foil 6Li isotopic abundance (% °Li) 7.6 %
®Li self-diffusion coefficient (DgLi) 10714 m?-s71
Lithium concentration (Cp;_f) 76,805 mol -m™3

As presented in chapter lll, it is now necessary to consider the lithium isotopic mixture
in materials. The GMM is upgraded to model an isotopic mixture system by following the

mathematics of mixture thermodynamics (Equation IV-16 and Equation 1V-17), based on the
resolution of the Gibbs energy density of the mixture.

p s,
&Z_v.]m“gmm IV-16
ot = =L '
aG
Jorim = —AV | 2o
1L, —\d¢ 6Lim IvV-17

Lithium isotopic distinction has also an effect on the Gibbs free energy density. Its
expressed as previously detail in Equation IV-13. In the IMM, the density entropy variation
(4S) is defined as the following Equation IV-18,

Q 6Lt 7Lit Qrps PEO

b oyt P+ $rrst $rEo
AS = _kB ( In d) 6rit + _Q—ln ¢ it + In ¢TFSI + Q—ln ¢PEO IV-18

And the internal energy variation (AU) is defined as the following Equation 1V-19,

AU = X o+ rpsiP o+ Prest + X opi+ pro® 6Li+PrEo
X 70+ rrsi® 7L+ PrEst T X 71+ pro®P 7Lit PrEO T XTESIPEOPPEODPTESI IV-19
+ Xop+ 7+ P opi+ @ 7t X7k e+ ey ey e
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Notice that additional Flory interaction parameters appear due to lithium isotope
distinction, but equalities are mentioned in Table IV-11.

Table IV-11. Flory interaction parameters of the internal energy.

Flory interaction parameters Value Unit
Xepit, 7Lt = X7pit, 6Lt 0 J-m™
Xopi+Trs1 = X 7LitTFsI 500/Qpgo J-m™3
X oL+ peo = X 7Li* PEO 2000/Qpgo J-m™3

XTFSL,PEO —2000/ Qpgo J-m™3

Boundary conditions are duplicated in the case of lithium isotopic labelling have to be
taken into account. The Butler-Volmer equations applied at the Li-foil/polymer electrolyte
were decomposed as presented in the following Equation 1V-20 and Equation 1V-21,

. . Nii [ NLiN

lpy, 61i = lo {(P 6Li,m¢ 71i €XP (a 71> - ¢ 6Li¢ 7Lim €XP -1-a) V_L IV-20
0 L 0

, , Nii [ NLiN

Lpv,7Li = Lo {‘P 61i®P 71im EXP (a 701) — @6y P 7L €XP _—(1 —a) V_Ol_ IV-21

Thus, le global igy, is expressed by the following Equation IV-22,

gy = gy, 61i T lpy, 71 IV-22

According to Equations IV-20, IV-21 and IV-22, the final expression of the exchange
current at the interface igy is expressed by the following Equation 1V-23,

. 3 T]L' T’L'
igy = io (d) sLim® 71 + Doy ® 7Li,m) {exp (“ 7;) — €xp [_(1 —a) V_Ol } IV-23

Notice that if n;; is null, the igy is null. Thus, formula would be equivalent to the model
described in chapter Ill, where lithium dynamics are studied without applying any electrical
stress. Indeed, a general case is presented here, whereas in chapter Il a simplified case was
modelled assuming low lithium concentrations.

Notice that a strength of the IMM is that there are obviously new parameters, but most
of them are set from literature or from the experimental data. Furthermore, the previously
tuned parameters obtained with the GMM were set identical in the IMM.
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To conclude, in order to fit the experimental data five variables have to be solved such
as V,, V, both lithium isotopes volume fractions into the polymer electrolyte ¢2Li+ and ¢p7u.+,

and only the °Li* volume fraction into the lithium foil, ¢’;Li . The qb’;u depends on gb];“.
fo_ 4 _ o f e
(@%,, = 1= ¢’%,, in the Li-foils).
The IMM is used in the following section to perform numerical simulations that will be
compared to experimental results. Parameters used into the GMM are involved. However,

some of them have been adjusted according to Table 1V-9, Table IV-10 and Table IV-11. The
following simulated results were obtained with the specific mentioned set of parameters.

e Simulated results confronted to the experimental results

Numerical simulations are run with the new IMM. Figure IV-22 compares lithium
volume fraction variations into the polymer electrolyte according to the used model, and at
various times.

S L A S A Ay
a) Lif 0 b) iy ;
0.030 - .030 -
30 GMM = = = |nitial Li volume fraction 0.03 ||V| M - = = Initial Li volume fraction
f—24 h —24 h
—48h ——48h

c 0025 ——72h c 0.025- —72h
S | S
© 5]
o o
— —
@ ()
£ 0020t -cccmce e g a o m e e e a £ 0.020-
=2 =
o o
> >
| ]

0.015 1 0.015 1

0.010 T T T T T T 0.010 T T T T T T

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Distance (mm) Distance (mm)

Figure 1V-22. Simulated lithium volume fraction variations into the polymer electrolyte after
applying a CA sequence of 24 h (red), 48 h (blue) and 72 h (green) by using either the GMM
(a) or by using the IMM (b).

On Figure IV-22, the initial lithium volume fraction is represented by the dotted black
line at 0.020. Figure 1V-22.a presents intermediate results. Before involving isotopic tracing,
the GMM was tested. A lithium gradient can be observed into the polymer electrolyte. In
addition, the amount of lithium added into the system increases with the CA sequence time
because of lithium exchange dynamics. Then, the same numerical simulations were run with
the IMM. Both models led to the same lithium volume fraction variation trends. The IMM
provides softer lithium volume fraction variations. It may be due to the way that Butler-Volmer
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equations are written. It was confirmed that model modifications between the GMM and the
IMM do not affect the final results. Thus, more detailed studies are conducting on the
simulated results obtained by the IMM, which is able to distinguishing Li and “Liisotopes.
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Figure IV-23. Lithium isotopic volume fraction variations into the polymer electrolyte contained
in the in-plane device after applying a constant voltage of 0.25 V during a) 24 h, b) 48 h, and
¢) 72 h. Li volume fraction variation corresponds to the purple curves and ’Li volume fraction
variation corresponds to the orange curves.
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The following Equation IV-24 was applied to determine ®Li abundance (%°Li) from the
lithium isotopic volume fraction.

%°Li = ———— IV-24

Therefore, simulated results can be compared with ToF-SIMS results. Indeed, the

lithium isotopic abundance profiles along the polymer electrolyte are presented on
Figure IV-24.
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Figure 1V-24. Comparison of lithium isotopic abundance profiles after applying a constant
voltage of 0.25 V at 60 °C on a polymer electrolyte determined by ToF-SIMS (coloured dotted
curves) and simulated (solid black curves) at three various contact times of 24 h, 48 h, and
72 h. Each analysis was performed on different samples.

First lithium dynamics simulated are presented on Figure IV-24. They were obtained
after applying a constant voltage of 0.25 V at 60 °C on a polymer electrolyte. Simulated curves
correspond to the solid black curves at three various contact times of 24 h, 48 h, and 72 h.
They can be compared to ToF-SIMS results (coloured dotted curves). Experimental data and
simulated results match with the selected set of parameters used in the IMM. Therefore, the
using isotopic Butler-Volmer equations seem to be adequate.
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A strength of the model is to provide information of lithium behaviour under the
Li-foils. The ®Li abundance increases under the °Li-foil while the CA sequence time also
increases. Furthermore, a local ’Li enrichment occurs just under the ’Li-foil. It may be
explained by ’Li plating on the lithium negative electrode (’Li-foil). On Figure IV-23, it was
observed that under the ’Li-foil both lithium isotopes concentrations decrease. According to
Equation 1V-24 a small variation of the °Li volume has a huge impact of the estimated °Li
abundance. This prediction could be investigated experimentally.

As previously mentioned in section 1.3, reference samples were only stored at 60° C
during various times. Thus, only spontaneous lithium exchanges were simulated by setting the
external applied voltage at 0 V in the IMM. Results are presented on Figure 1V-25.

- Simulated curves
Experimental data:
24 h

48 h
72h

Li isotopic abundance (%)

Distance (mm)

Figure 1V-25. Comparison of lithium isotopic abundance profiles at 60 °C on a polymer
electrolyte determined by ToF-SIMS (coloured dotted curves) and simulated (solid black curves)
at three various contact times of 24 h, 48 h, and 72 h. Each analysis was performed on
different samples.

On Figure IV-25, the experimental and simulated results after storing the in-plane
device 48 h at 60° C are identical. However, the obtained results after 24 h and 72 h differ.
This shift was investigated on Figure IV-26.
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Figure IV-26. Enlargement of Figure IV-25 from 0 to 3 mm. The effect of a 0.2 mm lateral shift
on the °Li-foil position is represented by the coloured areas.

On Figure IV-26 an enlargement of Figure IV-25 from 0 to 3 mm is presented. It
illustrates the effect of a 0.2 mm lateral shift on the ®Li-foil position. Such low difference may
explain the observed lithium isotopic abundance variations. The geometry parameters are
crucial. An error of 0.2 mm leads to significant variations regarding lithium isotopic abundance
(Figure IV-26).

Variations between numerical simulations and experimental results on Figure IV-24
may be explained by the simulated current response while applying a constant voltage of
0.25 V (Figure IV-27).
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Figure IV-27. Resulting current profiles while applying a constant voltage of 0.25V on the
in-plane device during 72 h: current profile obtained experimentally (red curve), current profile
simulated by the GMM (green curve), and current profile simulated by the IMM (black curve).

On Figure 1V-27, the resulting current profile obtained while applying a constant
voltage of 0.25 V on the in-plane device during 72 h is represented in red. Both GMM and
IMM were used to simulate the current profile. They are represented in green and in black,
respectively. The current response has the same trend. However, the initial measured current
is 100 nA or 300 nA4 higher than the initial simulated current with the GMM or the IMM,
respectively. Therefore, parameters set in the IMM can be discussed and may be adjusted to
enhance the current response fit as well as the ToF-SIMS fits.

Furthermore, the in-plane geometry induces curved electric field lines, which are
difficult to accurately model (Figure IV-28).

SLi-foil |

Figure 1V-28. Schematic of the electric field lines simulated into the polymer electrolyte of the
in-plane configuration.

Another explanation of differences between the experiments and the model was
found in literature. In our work, we assumed that lithium diffusion coefficient into the polymer
electrolyte is the same whatever the geometry studied. However, Jeanne-Brou et al.
demonstrated that the ionic conductivity of a polymer electrolyte composed of PEO and LiTFSI
can differ according to the diffusion direction studied. [135] In other words, lithium diffusion
coefficient may be different in a through-plane geometry (corresponding to a sandwich
system) compared to an in-plane geometry. Jeanne-Brou et al. determined an anisotropic
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conductivity ratio of 1.8 corresponding to an in-plane and a through-plane conductivity of
1.0x1073S-cm™! and5.7x107*S-cm™1, respectively. [135] Thus, the lithium
self-diffusion coefficient may also be tuned.

Finally, the applied pressure on the devices may affect contacts at the interface and
thus the quality of lithium exchanges between materials. The applied pressure value might
also influence lithium dynamics and lithium ionic conductivity.

An alternative set of parameters can be investigated in order to accurately fit the
obtained current profiles while maintaining correct fittings of the ToF-SIMS results.
Parameters such Dygg; , Flory interaction parameters (x) as well as the polymer electrolyte
properties can be modified. Furthermore, the lithium salt concentration of 1.25 M may also
be adjusted. Indeed, it was estimated be weighing masses. Thus, an uncertainty should be
attributed. Furthermore, if a part of lithium is blocked into section of the polymer electrolyte
or non-solvated, it may affect the final results because in the model all lithium ions are moving.
The choice of the parameters presented in Table IV-5 and in Table 1V-10 can be improved.
Therefore, it could provide another valid set of parameters leading to better fit of both current
profile and ToF-SIMS profile. Initial lithium salt and volume fractions will for instance influence
the determination of the other parameters.

Lithium dynamics were studied in detail at the interface between a Li-foil and a
polymer electrolyte. ToF-SIMS characterisations, high-resolution ssNMR characterisations and
even modelling were used to investigate lithium exchanges between materials. The same
methodologies will be applied on another configuration in order to understand lithium
dynamics at the interface between a polymer electrolyte layer and an ionic conductive
ceramic pellet. A configuration called sandwich is investigated in the following section.

IV.2. Lithium dynamics through the sandwich device under electrical current

2.1. Description of the sandwich device

The sandwich device is composed of an ionic conductive ceramic pellet in-between two
polymer electrolyte layers. It is schematised on Figure IV-29. As described in chapter I, the
used Lig.alasZri4Taps012 (Ta-doped LLZO, LLZTO) ceramic pellet was commercially available,
and the polymer electrolyte was prepared with a lithium salt at lithium natural isotopic
abundance. Disks with a diameter of 14 mm were punched in the polymer electrolyte. Disks
of a Li-foil and a ’Li-foil were used as positive and negative electrode, respectively. The goal
of such design is to facilitate lithium behaviour characterisations at the interface between a
polymer electrolyte layer and a ceramic pellet.
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Figure 1V-29. Schematic of the sandwich device composed of a ceramic pellet in-between two
layers of polymer electrolyte assembled in a coin cell. A ®Li-foil and a ’Li-foil were placed on
both sides of the sandwich, forcing °Li* ions to flow through all the layers of the SSE. The green
arrow indicates the current direction and the purple arrow indicates the °Li* ions migration
direction.

Coin cells were assembled in a dry room. Components required to assemble a coin cell
are mentioned on Figure 1V-29. Coin cells were sealed in a glovebox under argon atmosphere.
The applied pressure was about 1 bar. The ceramic pellet and the polymer electrolyte
thickness of each device S1, S2 and S3 are mentioned in Table 1V-12.

Table IV-12. Thickness of the polymer electrolyte layers (°Li side and ’Li side) and the ceramic
pellet as a function of the studied device. Test conditions (current density and test time) are
indicated.

Device PEO/LITFSI LLZTO PEO/LITFSI Current density Test time at
ne SLi side (um) | (um) | ’Liside (um) (A - cm™?) 60° C (h)
S1 96 731 101 50 48
S2 101 741 80 50 86
S3 62 738 62 39 90

Thickness values presented in Table IV-12 will be taken into account to estimate the
ionic conductivity of a sandwich device. They will also be used to model lithium dynamics in

such device.
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2.2. Electrochemical results
a. Electrochemical impedance spectroscopy (EIS) characterisation

Here, the distance between the two lithium foils (d) is determined by the following
Equation 1V-25,

d= tpolymer— 6Li side *+ teeramic t tpolymer— 7Li side IV-25

with t;(um), the thickness of the layer i. d was estimated at 928 and 922 pum for S1 and S2,
respectively. EIS measurements were performed at 60° C before applying any electrochemical
tests (Figure IV-30).
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Figure IV-30. Nyquist plots obtained by performing EIS on S1 (a) and on S2 (b) before (black
curves) and after (red curves) applying a constant current density of 50 uA - cm?during either
48 h (a) or 86 h (b).

After applying the first EIS (black curves), the resistances were estimated at 46 + 3 and
34 4+ 3 Q for S1 (Figure 1V-30.a) and S2 (Figure 1V-30.b), respectively. From these resistances
and the various thicknesses reported in Table IV-12, the ionic conductivities of S1 and S2 were
estimated at 1.3 X 107 3and 1.7 x 1073 S-cm™! at 60° C, respectively. They are higher
than the one estimated for the pure PEO assembled in the same configuration
(6.5 x 107*S-cm™1). The ionic conductivity enhancement is due the ceramic pellet
integration.

An EIS experiment was also performed at 60° C after applying a current density of
50 pA - cm~2 on both devices (red curve). The resistance was estimated at 31+ 3 and
27+ 3Q for S1 (Figure IV-30.a) and S2 (Figure IV-30.b), respectively. Thus, ionic
conductivities of 2.0 X 1073 S-cm™! and 2.3 x 1073 S cm™?! were estimated for S1 and
52, respectively. The determination of the electrical equivalent circuit of each device is
presented in Appendix A-IV-2. Determination of the electrical equivalent circuit of each device.
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b. A chronopotentiometry (CP) sequence

After the initial EIS, a chronopotentiometry (CP) sequence with a constant current
density of 50 pA4 - cm ™2 was applied on S1 and S2 during either 48 h (Figure IV-31) or 86 h
(Figure IV-32). The CP sequence was performed at 60° C. The time effect affects the amount
of exchanged lithium.
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Figure IV-31. Evolution of the voltage as a function of time (black line) due to the applied
electrical stress (CP with I = 77 UA, blue line) during 48 h on the sandwich device. The specific
capacity was determined as a function of time (red line).
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Figure IV-32. Evolution of the voltage as a function of time (black line) due to the applied in
electrical stress (CP with I = 77 UA, blue line) during 86 h on the sandwich device. The specific
capacity was determined as a function of time (red line).

On Figure 1V-31 and Figure IV-32, the application of a constant current (I) is
represented by the blue crenel. The evolution of the voltage (E) is recorded as a function of
time (black curve), and the specific capacity (Q) is determined (red line). As the current is
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constant, the evolution of Q is linear. A constant current of 77 pA was applied in order to
control the current density during the entire chronopotentiometry sequence. Regarding the
surface of 1.5 cm?, it corresponds to a current density of 50 u4 - cm™2. The specific capacity
measured electrochemically provides a first estimation of the amount of exchanged lithium.
Specific capacities of 3.7 and 6.6 mA - h were determined after a CP sequence of 48 h and
86 h, respectively.

2.3. Advanced characterisations based on lithium isotopic tracing
a. ToF-SIMS characterisations

The main challenge was to gain access to the buried interfaces. Sandwich devices were
taken out of coin cells by using a coin cell disassembling tool (from Hohsen®) in a glovebox.

The various interfaces were characterised by performing ToF-SIMS two-dimensional
measurements. To ensure their accessibility, Li-foils and polymer electrolytes were
successively removed manually from the sandwich device (Figure 1V-33).

SLi-foil
PEO+/LITFSI
’LLZTO ®Li-side

Figure IV-33. Sandwich device preparation for ToF-SIMS characterisation of each interface.
Green areas represent the analysed surface.

VAR

As few micrometres of the polymer electrolytes were stuck on the Li-foils, the z
coordinate of the analysis could not be properly estimated. The z coordinate corresponds to
the position along the axis between both lithium electrodes. Then, the polymer electrolytes
were analysed by ToF SIMS on both sides of the ceramic after peeling and scraping. Thus,
lithium isotopic abundances could be determined at the various sandwich interfaces. Green
areas on Figure 1V-33 stand for the characterised surfaces.

As described in chapter I, three-dimensional ToF-SIMS analyses can be performed.
However, sputtering materials without inducing any additional degradation is slow.
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Furthermore, artefacts such as peak slitting can appear on the mass spectrum by sputtering
deeply into such materials. If the distance from the sample surface to the analyser increases
more than 20 um during the analysis, the same molecular fragments will take more time to
reach the detector as the distance has increased. Thus, the detector will detect them as
heavier molecular fragments. ToF-SIMS technique is not dedicated to sputter thick materials.
Table 1V-13 confronts ToF-SIMS results of both sandwich devices, S1 and S2.

Table IV-13. ToF-SIMS estimations of °Li abundances of both Li-foils and at the four interfaces
of a sandwich device after applying a constant current density of 50 wA - cm™2 during either
48 h (51) or 86 h (S2).

% 6Li estimated by ToF-SIMS (%)

Material S1(48h) 52 (86 h)
6Li-foil 954+1 95.4+1
P,: PEO+’LITFSI 651 82+1
LLZTO - °Li side 24+1 53+1

SLi* diffusion
LLZTO ’Li side 101 23+1
P,: PEO+’LIiTFSI 9+1 15+1
Li-foil 7.8%+1 7.8+1 4

Firstly, ®Li abundance of both Li-foils were determined at 7.8 and 95.4% (Table 1V-13).
These values are in agreement with the provided information by the supplier (7.6 and 95.4%
of bLi, respectively).

The surface of the polymer electrolyte under the °Li-foil (P1) of S1 was enriched at 65%
of °Li. The top of the ceramic (LLZTO-%Li side) was enriched at 24% of °Li, while the bottom of
the ceramic (LLZTO-Li side) was enriched at 10% of ®Li. These new results confirm that lithium
can migrate from the polymer electrolyte to the ceramic pellet. Finally, the surface of the
polymer electrolyte under the ’Li-foil (P2) of SI was also enriched at 9% in °Li. Thus, it
demonstrates that °Li* ions migrate through the whole device. Furthermore, the °Li
abundance decreases along the z axis, from the ®Li-foil to the ’Li-foil. The same conclusion was
obtained by characterising S2. Higher enrichments in °Li were expected because more lithium
amount was exchanged according the charged capacity. The surface of the polymer electrolyte
under the °Li-foil was enriched at 82% of °Li. The top of the ceramic (LLZTO-Li side) was
enriched at 53% of °Li, while the bottom of the ceramic (LLZTO-’Li side) was enriched at 23%
of °Li. Finally, the surface of the polymer electrolyte under the ’Li-foil was also enriched at
15% in ®Li. To conclude, °Li abundance increases with the specific capacity and lithium was
able to cross all layers in such sandwich device.

Having access to lithium isotopic abundance variations inside each layer would be an
additional key information. Figure IV-34 presents pictures of a sample holder on which
sandwich cross sections of sandwich devices are stuck vertically. Cross sections were obtained
by manually breaking the sandwich devices.
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cross section 1

SLi-foil

P,: PEO+7LITFSI

LLZTO

P,: PEO+/LITFSI

“Li-foil

cross section 3

Schematic of the surface
potentially accessible
by ToF-SIMS after a manual
cross section

Side view Top view

Figure IV-34. Pictures of sandwich cross sections placed on the used sample holder.

The flattest cross sections were selected to be characterised. They were vertically
attached to a specific sample holder, which allows the use of an airtight suitcase to protect
samples during transfers from the dry room to the analysis chamber of the spectrometer. The
positioning of the cross section was crucial because non-planar surface is prone to
characterisation artefacts. There is room for enhancement of the setup presented on
Figure 1V-34. Indeed, obtaining planar surfaces was difficult. An optimised sample holder
should allow to easily stick samples in vertical position. Figure IV-35 illustrates the first results.
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Figure IV-35. ToF-SIMS characterisation of lithium isotopic abundances along the scanned axis
of a cross section of S3 after applying a constant current density of 39 uA - ¢cm™? during 90 h
at 60°C: a) °Li abundance mapping on the cross section b) Average of °Li abundance
determination in each selected area. Uncertainties were estimated at 2%.

On Figure 1V-35, the image was obtained by determining °Li abundance in each pixel.
Data were processed by using a specifically developed Python code. According to the analysed
axis, the “Li-foil and the °Li-foil have a ®Li abundance of 9.7 and 84.2%, respectively, after
applying a constant current density of 39 pA. cm? during 90 h at 60° C. (Figure IV-35). These
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results slightly differ from the expected abundances for the Li-foils. This small deviation could
be explained by a slight contamination during sample preparation coming from the polymer
electrolyte layer. The polymer electrolyte in-between a °Li-foil and a ceramic pellet was
enriched at 53.6% in °Li. Analysing cross sections can lead to estimate the evolution of lithium
isotopic abundance through a thick ceramic pellet. °Li abundance of the ceramic pellet
decreased from 24 to 14.5% in bLi. Thus, lithium migration seems to be a continuous process
in the ceramic pellet. The thin polymer electrolyte in-between the ceramic pellet and the
’Li-foil was not detected and appears as a dark zone on Figure IV-35. The manual way to
prepare the cross section can induce the roughness of the cross section. Therefore, it is more
difficult to analyse the cross sections. As already mentioned, sample preparation should be
investigated. Some sandwich devices were fractured into liquid nitrogen at -196° C in order to
facilitate the breaking process. However, it did not work. As a workaround, it was considered
to polish the cross sections. However, a standard polishing approach may lead to a mixing of
all the atoms at the surface and to create artefacts. Cryo-Focused lon Beam Scanning Electron
Microscopy (FIB-SEM) cross section may be a way to obtain flat surfaces by minimising their
alteration. However, it cannot be performed on such thick ceramic pellets, but only on smaller
sections.

Figure IV-35 illustrates one of the only analyse in which a polymer electrolyte cross
section was slightly detected. Indeed, in most cases, polymer electrolytes were not detected
due to slicing and planarity issues. However, the polymer electrolyte was too thin to allow
detection of any variations along its cross section.

On Figure 1V-36.a, only the cross section of a ceramic pellet was characterised after
applying a constant current density of 50 pA - cm™2 during 48 h at 60° C.
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Figure IV-36. ToF-SIMS characterisation of lithium isotopic abundances along the cross section
of S1 after applying a constant current density of 50 pA - cm™?2 during 48 h at 60° C: a) °Li
abundance mapping on the cross section b) Average of °Li abundance determination in each
selected area. Uncertainties were estimated at 2%. The red arrow indicates the °Li abundance
gradient.
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On Figure 1V-36.a, only the cross section of the ceramic pellet contained in S1 was
characterised. Polymer electrolyte cross sections were not accessible. ®Li abundances were
determined on the ceramic cross section along three parallel lines following the °Li* ions
migration direction (purple arrow on Figure IV-36.a): from A to |, from A’ to I’ and from A? to
I2. The estimated °Li abundance of each zone is reported on Figure 1V-36.b. On the °Li-foil side
(A), 8Li abundance was estimated at 14% in average. A higher °Li abundance estimation would
be expected compared with the previous °Li abundance surface estimation of 24%
(Table IV-13).

®Li abundance was estimated at 11% on the ’Li-foil side (H), which is in agreement with
the ToF-SIMS surface characterisation results of 10% (Table IV-13). Furthermore, the °Li
abundance decreases close to the ’Li-foil. It is indicated by the red arrow on Figure IV-36.b. It
may be explained by the fact that °Li* ions diffuse from the ®Li-foil to the “Li-foil. Thus, a higher
SLi enrichment is expected close to the bLi-foil. No clear 6Li abundance gradient is obtained in
the ceramic (Figure IV-36.b). On the contrary, an average °Li abundance of 21% was estimated
in the middle of the ceramic (from B to G).

After applying a constant current density, lithium isotopes may still reorganise in the
ceramic pellet. The constant bLi abundance in the middle of the ceramic pellet suggests that a
homogenisation may occur. If this assumption is confirmed, freezing sample after applying the
electrochemical test could be a way to avoid any unwanted Li* ions self-diffusion into the
device, even after stopping the applying constant current density and the heating.

On Figure 1V-37, only the cross section of the ceramic pellet contained in S2 was
characterised. Here, a longer CP was applied compared to S1. Thus, higher Li enrichments are
expected.
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Figure IV-37.ToF-SIMS characterisation of lithium isotopic abundance along the cross section
of S2 after applying a constant current density of 50 pA - cm™?2 during 86 h at 60° C: a) °Li
abundance mapping on the cross section b) Average of °Li abundance determination in each
selected area. Uncertainties were estimated at 2%. The red arrow indicates the °Li abundance
gradient.
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bLi abundances were determined on the ceramic cross section along three parallel lines
following the ®Li* ions migration direction (purple arrow on Figure IV-37.a): from M to A, from
M’ to A’ and from M? to A% The estimated °Li abundance of each zone is reported on
Figure IV-37.b. Here, the °Li abundance gradient is more pronounced from | to B (compared
to S1 analyses), but still not present through all the ceramic pellet thickness. The red arrow on
Figure IV-37 indicates the Li abundance gradient. On the SLi-foil side (L) higher éLi abundances
would be expected. Indeed, only 15% of °Li was detected by averaging characterisation of L,
M, L, and L?, whereas 53% of °Li were estimated by characterising the surface of the ceramic
pellet (Table IV-13).

b. High-resolution ssNMR characterisations

To prepare samples, the ceramic pellet was crushed and an insert was filled with the
obtained powder. Only few milligrams of polymer electrolytes were collected due to the low
thickness of the layers. Thus, polymer electrolyte layers were mixed with potassium bromide
(KBr) powder to obtain properly and fully filled inserts. Indeed, inserts have to be
homogeneously filled to avoid any rotation issue as rotor are spinning very fast (10,000 Hz).
Small movements of the materials in the inserts can unbalance them. Three inserts were
prepared to characterise the three layers composing the sandwich, namely the polymer
electrolyte on top of the ceramic pellet (P1), the interlayer ceramic pellet, and the polymer
electrolyte under the ceramic pellet (P2). Thus, the ceramic pellet and both polymer
electrolytes (P1 and P,) were characterised separately. The contamination by the polymer
electrolyte of the ceramic insert cannot be excluded as the polymer is sticky. However, it is
not an issue because their chemical shift is different. Li-foils were not analysed by
high-resolution ssNMR.

On Figure IV-38, Figure IV-39, and Figure 1V-40, lithium dynamics through sandwich
devices was compared according to the duration of the CP sequence. Furthermore, Li
abundance of each layer was estimated to better understand lithium diffusion mechanisms.
Normalising the absolute integral values by the amount of material contained in each insert
allows to easily compare the absolute integral values obtained in the same acquisition
conditions. Sidebands are indicated by asterisks on each ’Li spectrum. They appear on both
sides of the isotropic signal and are separated by 10,000 Hz.

®Li and ’Li were probed to estimate lithium isotopic abundances by following the
methodology described in chapter Il. Figure 1V-38 represents high-resolution ssNMR spectra
obtained by probing 6Li and ’Li nuclei in the polymer electrolyte between the ®Li-foil and the
ceramic pellet contained in the sandwich device (P:).
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Figure IV-38. °Li (left) and ’Li (right) high-resolution ssNMR spectra of the polymer electrolyte
between the °Li-foil and the ceramic pellet (P1) after applying a current density
of 50 pA- cm™2 on a sandwich device during either 48 h (red line) or 86 h (black line).
Sidebands are indicated by asterisks.

On Figure IV-38, P; was characterised after applying a current density of 50 pA -+ cm™2

during either after 48 h (red line) or after 86 h (black line) at 60° C. bLi abundance in P; was
estimated at 62% in S1 and at 73% in S2.

Figure IV-39 represents high-resolution ssNMR spectra obtained by probing °Li and “Li
nuclei in the ceramic pellet contained in the sandwich device.
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Figure IV-39. °Li (left) and ’Li (right) high-resolution ssNMR spectra of the ceramic pellet after
applying a current density of 50 A - cm™2 on a sandwich device during either 48 h (red line)
or 86 h (black line).
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On Figure IV-39, the ceramic pellet was characterised after applying a current density
of 50 pA - cm™2 during either after 48 h (red line) or after 86 h (black line) at 60° C. °Li
abundance in LLZTO was estimated at 28% in S1 and at 30% in S2.

Figure IV-40 represents high-resolution ssNMR spectra obtained by probing °Li and "Li
nuclei in the polymer electrolyte between the ceramic pellet and the ’Li-foil contained in the
sandwich device (P2).
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Figure IV-40. °Li (left) and ’Li (right) high-resolution ssNMR spectra of the polymer electrolyte
between the ceramic pellet and the ’Li-foil (P,) after applying a current density
of 50 uA - cm™2 on a sandwich device during either 48 h (red line) or 86 h (black line).
Sidebands are indicated by asterisks.

On Figure IV-40, P, was characterised after applying a current density of 50 pA - cm™2

during either after 48 h (red line) or after 86 h (black line) at 60° C. bLi abundance in P> was
estimated at 18% in S1 and at 29% in S2.
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Results from Figure IV-38, Figure IV-39, and Figure IV-40 are summed up in Table IV-14.

Table IV-14. High-resolution ssNMR global estimations of Li abundances of the three layers
composing S1 and S2. Theoretical °Li abundances of Li-foils are indicated, but not determined
experimentally.

% °Li estimated by ssNMR (%)

Material S1(48h) 52 (86 h)

6Li-foil %

P,: PEO+’LIiTFSI

_

LLZTO 28 +2 30+2 5Li* diffusion

P,: PEO+’LIiTFSI 1812 2912

wdl | 78 | 78 v

Table IV-14 highlights that in each SSE layer the 6Li abundance is higher when the
duration of the CP sequence increases. It is obvious in the polymer electrolyte layer:
62% < 73% in P1, and 18% < 29% in P,. However, °Li abundances estimated in the
ceramic pellet are relatively equivalent because the methodology provides abundances with
an uncertainty of 2%. Thus, 6Li abundance of the ceramic pellets seems identical in both cases.
High-resolution ssNMR characterisation provides average values. Here, the ceramic pellets are
thick compared to polymer electrolyte layers. It could be possible that the same average value
is obtained with relatively different °Li abundance distributions into the ceramic pellet.
Table IV-15 confronts Li abundance estimations of layers composing S1 and S2 by ToF-SIMS
and by high-resolution ssNMR.
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Table IV-15. °Li abundances estimations by ToF-SIMS and by high-resolution ssNMR after
having applied a constant current density of 50 uA - cm~2during 48 h on 51 and during 86 h
on S2.

—_— ———
_— W o ——

% SLi estimated by ToF-SIMS (%) % 5Li estimated by ssNMR (%)
Material S1(48h) 52 (86 h) Material 51(48h) S2 (86 h)

5Li-foil 95.4+1 95.4+ 1 5Li-foil 5 . B
P,: PEO+’LIiTFSI 65+1 82+1 P,: PEO+LIiTFSI l 62 ‘i 2 . 75 +2 o
LLZTO - oLi side 24+1 53+1

LLZTO 28+2 30£2 bLi* diffusion

LLZTO ’Li side 10+1 2311
P,: PEO+’LIiTFSI 9+1 15+1 P,: PEO+LIiTFSI 18+2 29+2

“Li-foil 7.8+1 7811 Li-foil

The main result is that in both cases (51 and S2), P, 6Li abundance is higher than lithium
natural isotopic abundance in °Li. It is a proof that lithium migrates through all the layers
during the CP sequence in such device. Applying a constant current density of
50 uA - cm~2during 48 h on S1 led to lower °Li enrichments of the SSE layers compared to
applying a constant current density of 50 pA - cm~2during 86 h on 52 (Table IV-8).

More specifically, in the case of S1, P1 was enriched at 65% of °Li on its surface
(ToF-SIMS) and at 62% by considering the whole electrolyte thickness (ssNMR). ToF-SIMS and
high-resolution ssNMR estimations are in agreement. Furthermore, the higher enrichment of
the surface of the polymer electrolyte in direct contact with the ®Li-foil compared to the bulk
is coherent due to the lithium migration direction. Then, the ceramic enrichment was
estimated at 28% of °Li by high-resolution ssNMR. This corresponds to the average
bLi-enrichment of the ceramic pellet. It is not in between the ToF SIMS boundaries 10 and
24%. However, it might be tricky to compare surface and bulk analyses for relatively thick
layer compared to the polymer layer thickness. Modelling could offer the opportunity to
further investigate these results in order to estimate lithium dynamics through the ceramic
for instance. Finally, P, was enriched at 9% of Li on its surface (ToF SIMS) and at 18% by
considering the whole electrolyte (ssNMR). The high-resolution ssNMR estimation is twice
higher the ToF-SIMS one. However, the lesser enrichment of the surface of the polymer
electrolyte in direct contact with the ’Li-foil than the bulk is also coherent and expected.

To some degree the same conclusions were obtained by characterising S2. P; was
enriched at 82% of °Li on its surface (ToF-SIMS) and at 74% by considering the whole
electrolyte (ssNMR). The ceramic enrichment was estimated at 30% of °Li by high-resolution
ssNMR. This average is, in this case, in-between ToF-SIMS estimations of 23 and 53%, for the
bottom and the top of the ceramic pellet. ToF-SIMS surface and cross section characterisations
confirm that the ceramic pellet contained into S2 is locally more enriched in °Li than the one
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containing in S1. However, it was not clearly understandable by high-resolution ssNMR.
Finally, P, was enriched at 15% of °Li on its surface (ToF SIMS) and at 29% by considering the
whole polymer electrolyte layer (ssNMR).

To conclude, the observed trends by ToF SIMS and by high-resolution ssNMR
characterisations are coherent. ®Li abundance decreases by moving away from the Li-foil. It
confirms that lithium migration seems to be a continuous process. Additionally, according to
electrochemichal measurements, the amount of exchanged lithium was doubled between S1
and S2, and a °Li abundance increase was detected by ToF-SIMS and ssNMR characterisations.
However, bLi abundance estimated in S2 layers is not twice the ones estimated in the S1 layers.
An explanation is that lithium self-diffusion also occurs at 60° C and it modifies the detected
®Li abundance.

Characterising sandwich devices highlights the relevance of tracking lithium through
polymer and ceramic electrolytes by combining ToF-SIMS and high-resolution ssNMR.
Furthermore, characterisations proved that lithium ions migrate between each interface.
Numerical simulations are mandatory to better understand lithium diffusion parameters
involved. Following the example of in-plane device, the sandwich device has been modelled
based on the same isotopic mixing model (IMM). The model presented in section 1.4.c is
updated in order to simulate also lithium dynamics at the interface between polymer
electrolyte layers and the ionic conductive ceramic pellet.

2.4. Modelling approach to better understand lithium dynamics

a. Description of the sandwich geometry

Numerical simulations could allow to deeper understand °Li* ions migration through
the ceramic pellet and at its interfaces in direct contact with polymer electrolyte layers. A
lithium diffusion coefficient through the ceramic will be estimated and compared with
literature. Furthermore, lithium behaviour at the interface between a polymer electrolyte and
a ceramic pellet will be mathematised. An exchange current at the interface between both
materials will be determined by confronted experimental and simulation results.

A one-dimension (1D) model has been developed to simulate lithium diffusion through
a sandwich device. Thickness of the various layers were taken into account. Figure 1IV-41
illustrates the considered geometry.
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Figure 1V-41. Schematic of the one-dimensional and main parameters such as the constant
current density, j, lithium diffusion coefficient in i, D;, and the exchange current at the various

interface, igy.

b. Use of an isotopic mixing model (IMM)

e Description of the isotopic mixing model (IMM)

Exactly the same parameters, related to Li-foils and to the polymer electrolyte
(described in section 1.4.c), are used. Here, additional parameters related to the ceramic

pellet presence are discussed in Table I1V-16.

Table IV-16. Set and optimised parameters describing lithium diffusion through ceramic pellet

while applying a constant current density.

Material Parameters Numerical value Unit
. The exchange current 250 A-m-2
Polymer/Ceramic (igy cer)
Interface Lithium isotopic abundance in
61 7.6 %
LLZTO (% °Li)
Lithium concentration (C/7" 5000 mol - m™3
1- ¢V0id - ¢6Li+
LLZTO volume fraction (¢cer) — /
7Lt
Void volume fraction (¢y,iq) 0.001 /
Ceramic lonic conductivity LLZTO (0, 5 X 0y, S-m™!
(LLZTO) SLi* diffusion coefficient (D¢’ Equation IV-26 m2- s—1
Lit diffusion coefficient (D§ZT+ D6Li+ m2- 51
Effective charge of Li (Z,.,) 1 /
Effective volume (Qéu+ = Q7Li+) Q 3
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Set and optimised parameters related to the addition of the ceramic pellet are listed
in Table IV-16.

An IMM is defined, including lithium isotopes presence, structural vacancies (voids)
enabling lithium mobility, and a representation of the ceramic structure as negatively charged
and static, ensuring electroneutrality. Here, the °Li* diffusion coefficient into the ceramic

pellet, Dgi_i, is determined by the following Equation IV-26,

2
peer — <Q 6Li+> Ocer kT IV-26
6 .+ — _

Li q Qe . (¢ 6.+ + ¢ 7Li+) (¢V0id + ¢cer )

with Q iLi+(m3), the effective volume of the 'Li isotope, 0 ., (S - cm), the ionic conductivity of
the ceramic and ¢;, the volume fractions of voids, ceramic or lithium isotopes.

The lithium concentration in the ceramic pellet, Cf

following Equation IV-27,

" (mol - m™3), is expressed by the

Lt )
CEem = (¢ ut P IV-27
.Q 6Li+ " NA

More details are provided in Appendix A-IV-5. Conductivité céramique dans le modéle
sandwich. Therefore, the diffusion coefficient D" can also be expressed by the following

6.+
Equation 1V-28,
g = (%) Ocer RT
“t N gper (1= Qe CENY) Iv-28

According to the set parameters, with a Cff" of 5000 mol - m~3, and with an ionic
conductivity 5 times higher than the polymer electrolyte, the D" is estimated at

6.+
3.3x 10711 m2. s71,

The lithium concentration in the ceramic pellet, C/f", the ceramic ionic
conductivity, g..,, and the Butler-Volmer transfer coefficient at the polymer/ceramic
interface, iy ref cer, Can be tuned in order to enhance numerical simulation results. Notice that
io ref cer IS @analogous to the spontaneous transfer frequency, v, determined in chapter lll. The
io ref cer takes also into account the application of a constant current density.

Boundary conditions in the case of lithium isotopic labelling have to be taken into
account. The Butler-Volmer equations applied at the polymer electrolyte/ceramic interface
were decomposed as presented in the following Equation 1V-29 and Equation 1V-30,

154



. . N Nii,

lgy, 6Li = loref cer {¢ 6Li,m¢) 71i €XP (“ 701) —¢ 6Li¢ 71Lim €XP [_(1 - a) ‘l/;er]} IV-29

. . NLi nLi,cer

lBV, 71i — loref cer d) 6Li¢ “Li;m exp Of? - d) 6Li,m¢ 71i €XP _(1 - a) % IV-30
0 0

with 17,; cer (V) the activation overpotential defined as the following Equation IV-31,

Niicer = V —Veer IV-31

with V.., (V) , the calculated electric potential in the ceramic domain from the following
equation, and V (1), the electric potential in the polymer electrolyte.

Lithium dynamics into the ceramic pellet domain and at the interface with the polymer
electrolyte domain are simulated based on the Equation IV-32,

V- 0cerVWeer =0 IV-32

with 0,0 (S - m™1) the ionic conductivity into the ceramic.

Here, the IMM, takes into account the presence of an ionic conductive ceramic pellet.
It is used in the following section to perform numerical simulations, which will be compared
to experimental results. The following simulated results were obtained with the specific
polymer electrolyte parameters already set in the 1.4 section and with the presented
parameters listed in Table IV-16 related to the addition of the ceramic pellet.

e Simulated results confronted to the experimental ones

Numerical simulations are run with the IMM. Figure IV-42 presents lithium volume
fraction variations in each component after applying a constant current density of
50 pA - ¢cm~? during 86 h at 60° C on a sandwich device.
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Figure IV-42. Lithium volume fraction in each component simulated after applying a constant
current density of 50 pA - cm™2 during 86 h at 60° C on a sandwich device. Grey, blue and
orange lines correspond respectively to the Li-foils, the polymer electrolyte layers and the
ceramic pellet. Zoom A on the lithium volume fraction of the polymer electrolyte reveals a
lithium gradient. Zoom B on the lithium volume fraction of the ceramic pellet reveals no lithium
gradient.

On Figure 1V-42, the zoom A on the lithium volume fraction of the polymer electrolyte
reveals a lithium gradient, whereas the zoom B on the lithium volume fraction of the ceramic
pellet reveals no lithium gradient. Thus, it confirms the conservation of the electroneutrality.
It can be explained by the fact that the counter ion (TFSI) is mobile into the polymer
membrane, whereas the ceramic skeleton containing the negative charges does not move.
Notice that lithium gradient is identical in both polymer electrolyte layers.

As previously explained, the IMM offers the possibility to distinguish both lithium
isotopes. Thus, lithium volume fraction of each lithium isotope can be observed after a CP
sequence of 48 h (Figure IV-43.a) or 86 h (Figure 1V-43.b).
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Figure IV-43. Lithium isotopic volume fraction variations in each component simulated after
applying a constant current density of 50 pA - cm™2 on a sandwich device during either a) 48 h
or b) 86 h at 60°C. °Li and ’Li volume fractions are represented in purple and in blue,
respectively.

Lithium isotopic volume fraction variations in each component simulated after
applying a constant current density of 50 pA - cm™2 on a sandwich device during either 48 h
or 86 h at 60° C are presented on Figure IV-43.a and on Figure IV-43.b, respectively. Looking
at the zooms, 6Li volume fraction of the ceramic pellet has increased from 0.015 to 0.020 by
increasing the CP sequence time from 48 h to 86 h. In order to better interpret these
variations, lithium isotopic abundances are determined from Figure IV-43.

On Figure IV-44, 5Li abundances are determined from simulated lithium isotopic
volume fractions (Figure IV-43) by applying the Equation IV-24.
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Figure IV-44. 5Li abundance variations in each component simulated after applying a constant
current density of 50 pA - cm™2 on a sandwich device during either a) 48 h or b) 86 h at 60° C.

Figure IV-44 presents simulated results that could be obtained by ToF-SIMS assuming
an ideal sample preparation that can provide clear cross section without damaging the
sample. Furthermore, an overlap of ceramic cross section by stick polymer electrolyte must
be avoided. The cryogenic of the sample may be a solution. Performing the cross-section
should not modify the detected lithium isotopic abundance.

Table IV-17 summarises the simulated °Li abundances at each interface of a sandwich
device after applying a constant current density of 50 uA - cm™2 during 48 h (S1) and 86 h
(S2). Furthermore, lithium gradient into materials is also detected by modelling. It is sharper
into the polymer electrolyte than the one simulated into the ceramic pellet.

Thanks to the IMM applied to describe lithium isotopes dynamics into the sandwich

device, the lithium self-diffusion coefficient into the ceramic pellet, D6Lf_Z+TO, could be
1A

estimated at 3.3 X 10711 m?2 - s~ 1 at60° C.
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Table IV-17.Simulated °Li abundances at each interface of a sandwich device after applying a
constant current density of 50 pA - cm™2 during 48 h (S1) and 86 h (S2).

Surface % 5Li estimated by modelling (%)
Material S1(48h) $2(86 h)
5Li-foil 95.4 95.4
P,: PEO+’LITFSI 68 72
LLZTO - SLi side 21 29
6Li* diffusion
LLZTO ’Li side 19 28
P,: PEO+’LITFSI 14 20
Li-foil 7.6 7.6 L 2

Tendencies are relevant in Table IV-17. ®Li abundance is decreasing from the °Li-foil to
the “Li-foil. As the polymer electrolyte layer, P, is enriched in °Li it is a proof by modelling that
bLi* ions have diffused through all the layers. Furthermore, ®Li abundances obtained from
numerical simulations are lower after applying a constant current density of
50 A - cm™2 during 48 h (S1) compared with results obtained after 86 h (S2). Simulated
results presented in Table IV-17 are compared with ToF-SIMS analyses (cf. section 2.3.a)
because they both refer to °Li abundances at various interfaces.
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Figure IV-45. Comparison between surface °Li abundances estimated by ToF-SIMS (green bars)
and global simulated °Li abundances (red bars). Back bars correspond to ToF-SIMS
uncertainties of 1%.

On Figure IV-45, simulated °Li abundances at the interface (red bars) are compared
with ToF-SIMS surface analyses (green bars) in both sandwich devices. Simulated SLi
abundance on polymer electrolytes (P1 and P,) are close to the one estimated by ToF-SIMS.
Looking at °Li abundance of the ceramic pellet there are differences. Indeed, a sharper °Li
abundance gradient is estimated into the ceramic pellet by ToF-SIMS compared with the
simulated one. According to ToF-SIMS analyses there is a gap of 14% between the SLi
abundance on the °Li side and on the ’Li side in S1 device (Figure IV-36). This gap is even higher
(30%) in the case of the S2 device (Figure IV-37), whereas numerical simulations provide a
gapof2and 1% in S1 and S2 devices, respectively. Thus, the set parameters describing lithium
dynamics into the ceramic pellet must be adjusted.
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Numerical simulations can also provide global ®Li abundances in each component after
applying a constant current density of 50 pA - cm™2 during 48 h (S1) and 86 h (S2). These
results are summarised in Table 1V-18.

Table IV-18. Simulated global °Li abundances of the three layers composing S1 and S2 such as
Pi1, LLZTO (ceramic) and P..

Global % °Li estimated by modelling (%)
Material 51 (48 h) 52 (86 h)
P,: PEO+'LITFSI 64 70
LLZTO 20 28 6Li* diffusion
P,: PEO+LITFSI 18 24

Simulated results presented in Table IV-18 provide global 6Li abundance simulated in
each component. They can be compared with °Li abundance estimations obtained by
high-resolution ssNMR characterisations (Figure 1V-46).
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Figure IV-46. Comparison between global °Li abundances estimated by high-resolution ssNMR
(orange bars) and simulated (red bars). Back bars correspond to ssNMR uncertainties of 2%.

On Figure IV-46, global 6Li abundances estimated by modelling (red bars) are compared
with the ones obtained by high-resolution ssNMR surface analyses (green bars) of both
sandwich devices. They are close. Indeed, except for P, of the S2 device, in other polymer
electrolyte layers the °Li abundance differ by a maximum of 3%, which is non-significant
compared to the ssNMR uncertainty of 2%.

Regarding global Li abundance into the ceramic pellet, results match well in the case
of S2, whereas numerical simulations underestimate the global °Li abundance compared to
the one estimated by high-resolution ssNMR. A way to solve this issue may be to consider two
lithium populations according to the type of site they are occupying into the ceramic, either
tetrahedral or octahedral site. As lithium ions mainly move through the tetrahedral sites into
the LLZTO structure, lithium global dynamic may change. The way lithium dynamics is
modelled into the ceramic pellet can be modified because part of the lithium is not involved
into the migration.
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Conclusion

Two configurations were thoroughly studied to investigate lithium dynamics while
applying either a CA or a CP sequence. Lithium self-diffusion and lithium migration were
revealed for the in-plane configuration after applying a CA sequence (constant voltage of
0.25 V), with the help of data obtained in chapter IlI.

Lithium dynamics were also characterised in sandwich devices after applying a
constant current density of 50 pA - cm™2. Such specific geometry was designed to probe the
various interfaces (Li/polymer and polymer/ceramic) by using ToF-SIMS. Each layer of the
device can also easily be analysed by high-resolution ssNMR. One significant result is that the
polymer electrolyte under the ceramic pellet is enriched in °Li, which is a clear evidence of
lithium diffusion through the whole device. Moreover, cross section characterisations were
performed by ToF-SIMS. They confirm that lithium migration is a continuous process. Lithium
isotopic homogenisation seems to occur partially in the time between the electrochemical
test and the analysis.

The setup improvements could be achieved by freezing the sample straight after the
electrochemical test to mitigate lithium diffusion prior to sample analysis. In addition, cross
section preparation appears to be a critical parameter.

Both studied configurations, in-plane and sandwich, were modelled and experimental
results were used as input data. The IMM, based on mixing thermodynamics and taking into
account lithium isotopic exchanges, was specifically developed. Numerical simulations
provided additional information on lithium dynamics in the whole device. The IMM was also
adapted to take into account the ceramic pellet integration in the sandwich device. The lithium
self-diffusion coefficient into the ceramic pellet could be estimated at 3.3 X 10711 m? - s1
at 60° C.

These devices (in-plane, sandwich) have been designed in our work as model systems
in order to develop robust methodologies and numerical models for the study of lithium
isotopic abundance spatial distribution and its determination in the bulk of materials or at
interfaces. To explore further, it is entirely logical to approach a genuinely commercially viable
composite SSE, which is promising in battery applications. Thus, in the last chapter, a
dispersion configuration will be studied in detail. It is composed of ionic conductive ceramic
particles embedded in a polymer electrolyte matrix.
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Chapter V. Lithium dynamics through a composite solid-state
electrolyte: A ceramic dispersion in a polymer matrix

Lithium dynamics were studied in chapter IV by working on two devices having specific
geometries: the in-plane device and the sandwich device. The goal was to facilitate the
determination of numerical parameters such as lithium self-diffusion coefficients in each
material composing the SSE and lithium exchange frequencies at the interfaces between two
materials. However, these geometries do not reflect the targeted ones and composites with
viable geometry have to be optimised in order to be competitive with existing liquid
electrolytes. Indeed, they present high resistance compared to liquid electrolytes. It is mainly
due to the distance between both lithium electrodes, low ionic conductivity of the polymer
electrolyte and high polymer/ceramic interfacial resistance. Here, lithium dynamics are
investigated through a configuration named dispersion that has promising perspectives in
battery applications. The configuration is composed of a polymer electrolyte matrix containing
an ionic conductive ceramic dispersion. Such design is widely reported in literature. [21], [44],
[46] The developed ToF-SIMS and high-resolution ssNMR methodologies are applied on this
increasingly intricate device. Additionally, a collaboration initiated with QOrsay Physics
company will allow to investigate the suitability of orthogonal ToF-SIMS (o-ToF-SIMS)
characterisation approach to obtain a better lateral resolution for our purposes. In the end,
lithium ions pathways can be proposed from these various studies.
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V.1. Lithium dynamics through a composite solid-state electrolyte

5.1. Description of the dispersion device

The dispersion device is composed of ionic ceramic particles dispersed into a polymer
electrolyte matrix. It is schematised on Figure V-1.
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+
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Figure V-1. Schematic of the composite SSE composed of a polymer electrolyte (PEO/LITFSI)
containing 20 vol% submicronic ceramic particles (LLZTO) assembled in a coin cell. A °Li-foil
and a ’Li-foil were used as positive and negative electrode, respectively, allowing °Li* ions
migration through the device while applying an electrical stress.

The composite SSE was investigated because such composite electrolyte could be
implemented in commercial solid-state batteries. As described in chapter I, the used
Lis.aLasZr1.4Taos012 (Ta-doped LLZO, LLZTO) submicronic ceramic particles are commercially
available, and the polymer electrolyte was prepared with a lithium salt at lithium natural
isotopic abundance. Dispersion preparation is described in chapter Il. As a reminder, the
composite SSE is containing 20 vol% of ceramic particles, corresponding to 52.7 wt%. The
assembly step is identical to the sandwich device. A ®Li-foil and ’Li-foil disks are used as
positive and negative electrode, respectively. Coin cells were assembled in a dry room
(Figure V-1), and sealed in a glovebox under inert atmosphere. The applied pressure was of
1 bar. Device dimensions (C1, C2, C3, and C4) and their respective test conditions are
mentioned in Table V-1.
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Table V-1. Thickness of the composite SSE as a function of the studied device.

Device Composite SSE: Current density Test time at 60° C
PEO/LITFSI + LLZTO particles (pum) (4 - ecm™?) (h
C1 183 0 0
c2 171 0 100
C3 216 50 100
C4 161 50 50

C1 was not tested. It is used as reference in the whole chapter (Table V-1). C2 was not
connected to a potentiostat, but it was assembled in coin cell and stored during 100 h at 60° C.
A constant current density of 50 pA - cm™2 was applied on €3 and €4 during 100 h and 50 h
at 60° C, respectively. Firstly, the effect of the temperature will be investigated by comparing
C1 and C2. Then, the effect of the applied current density will be investigated by comparing
C2, C3 and (4.

5.2. Electrochemical results

a. Electrochemical impedance spectroscopy (EIS) characterisation

Figure V-2 presents the Nyquist plots obtained by performing an EIS on C3 and C4.
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Figure V-2. Nyquist plots obtained by performing EIS on C3 (a) and C4 (b) before (black curves)
and after (red curves) applying a constant current density of 50 uA - cm?during either 100 h
(a) or only 50 h (b).

On Figure V-2 black curves represent EIS performed before applying a CP sequence on
both devices. The red curves correspond to EIS performed at the end of the CP sequence.

The applied CP sequence is described in the following section. Table V-2 sums up the
resistances obtained by Zfit module of the EC lab software.
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Table V-2. Electrolyte resistance obtained before and after applying a CP sequence on the C3
and C4 during 100 h and 50 h, respectively.

Device (CP sequence time) Initial resistance (£2) Final resistance (1)
C3 (100 h) 11 £3 12+ 3
4 (50 h) 28 +3 29+3

The resistance contribution attributed to the bulk electrolyte is reported in Table V-2.
At 60°C, the global ionic conductivity of the composite SSE (0composite) Was of
6.3 X 107* 4+ 3.4 x 107*S-cm™. This value is close the determined ionic conductivity
into the pure polymer electrolyte (6.4 X 107*S - cm™1!). Addition of ceramic particles does
not increase the global ionic conductivity of the whole system. The second resistance
contribution is attributed to the interfaces between the Li-foils and the composite SSE. The
determination of the electrical equivalent circuit is presented in Appendix A-V-1.
Determination of the electrical equivalent circuit of each device.

b. A chronopotentiometry (CP) sequence

A chronopotentiometry (CP) sequence with a constant current density of
50 pA - cm~? was applied after the initial EIS on two dispersion devices, during either 50 h
(Figure V-3) or 100 h (Figure V-4). Two levels of charge capacity could be investigated.
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Figure V-3. Evolution of the voltage (black line) and charged capacity (red line) as a function of
time due to the applied electrical stress (CP sequence with I = 100 pA, blue line) on the
dispersion configuration during 50 h (C4).
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Figure V-4. Evolution of the voltage (black line) and charged capacity (red line) as a function of
time due to the applied electrical stress (CP sequence with I = 100 pA, blue line) on the
dispersion configuration during 100 h (C3).

A current of 100 uA was applied, corresponding to a current density of
50 pA - ¢cm~? during either 50 or 100 h at 60° C. The evolution of the voltage was recorded
as the function of the time (Figure V-4). The specific capacity was calculated as a function of
time. Coin cells were taken out of the oven straight after the end of the electrochemical test
to carefully take into account lithium isotopic exchange dynamics occurring at 60° C. Lithium
dynamics were also characterised after 100 h at 60° C without undergoing any electric driving
force.

On Figure V-3 and Figure V-4, the application of a constant current (1) is represented
by the blue crenel. The evolution of the voltage (E) is recorded as a function of time (black
curve), and the charged capacity (Q) is calculated (red line). As the current is constant, the
evolution of Q is linear. A constant current of 100 pA was applied in order to control the
current density during the entire CP sequence. Regarding the surface of 2 cm?, it corresponds
to a current density of 50 pA - cm™2. The specific capacity measured electrochemically offers
a first estimation of the amount of exchanged lithium. Specific capacities of 5and 10 mA - h
were calculated after a CP sequence of 50 h and 100 h, respectively.
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5.3. Advanced characterisations
a. High-resolution ssNMR characterisations

Coin cells were disassembled in a glovebox. The Li-foils were peeled off from the
composite SSEs. Then, samples were transferred to the dry room in order to fill inserts. The
mass of each composite SSE (1,ympesice) Was weighed. Lithium amount in each component was
estimated according to the composite SSE preparation mentioned in chapter II. All masses and
lithium amounts are reported in Table V-3.

Table V-3. Mass of the composite SSE contained in each insert (m omposite) Was weighed and
the corresponding amount of lithium in each material n??”™" and n§sr™, and the total
amount of lithium ( ni?**") were calculated.

Composite | Insert containing the I ;
SSE composite SSE Meomposite(MG)| 1y 7 (mol) | nif™™¢ (mol) nttl(mol)
At lithi tural

c1 [ IEiUm natdra 34.85 1.6 X 105 1.3 x 107 1.5 x 1074
isotopic abundance

c2 After 100 h at 60° C 30.97 1.5 x 1075 1.2 x107* 1.3x107*
After a CP sequence _s _4 _4

c3 during 100 h at 60° C 36.10 1.7 x 10 1.4 x 10 1.5x 10
After a CP sequence _5 —4 _4

c4 during 50 h at 60° C 34.10 1.6 x 10 1.3x 10 1.5x 10

Inserts contain a maximum of 1.5 X 10™% mol of lithium, which is a low amount
(Table V-3). Lithium confined in the ceramic particles (n{"™¢) has a different chemical
environment from lithium incorporated in the polymer electrolyte (nf*”™"). [46] Acquisition
parameters have to be adapted to obtain enough signal. The gain was set at the maximum
(101), and the numbers of scans were set at 32 and 64 for °Li and ’Li, respectively. To be
guantitative, the longest D1 value between the polymer and the ceramic particles have to be
applied, as they were both present in the samples. The ceramic parameters were selected to
record lithium spectra to be quantitative and to get well-defined contributions for lithium
contained in ceramic particles as well as lithium contained in polymer electrolyte. Thus, D1
was set at 500 s to record ’Li spectra and at 230 s to record ®Li spectra. Increasing the number
of scans could increase the signal/noise ratio, but also the acquisition time. The acquisition
time of ®Li and “Li high-resolution ssNMR spectra already last 2 h 04 and 1 h 14 in these
conditions, respectively. All spectra were acquired with an 11.744 T magnetic field, and rotors
were spun at 10 kHz at magic angle (54.7°).

The methodology developed in chapter Il was used. Figure V-5 presents the
high-resolution ssNMR spectra acquired using specific settings allowing to perform
experiments on composite SSEs, providing accurate results on lithium isotopic abundance.
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Figure V-5. Li and ’Li high-resolution ssNMR spectra of the composite SSE at lithium natural
isotopic abundance (C1, reference). Asterisks indicate spinning sidebands.

C1 is at lithium natural isotopic abundance. Therefore, it was used as a reference
sample to determine ®Li abundances of composite SSEs C2, C3, and C4. To combine ®Li and ’Li
high-resolution ssNMR spectra, it is mandatory to determine a global normalisation factor
(Sgiopar)- [16] It was calculated from each °Li and ’Li absolute integrals obtained by
characterising the composite SSE at lithium natural isotopic abundance (C1). These
high-resolution ssNMR spectra are presented on Figure V-5. The determination of the
integrals requires systematic process. °Li and ’Li spectra are integrated using TopSpin software
over a range of 20 ppm and 700 ppm centred at 0 ppm, respectively. An enlargement of the
’Li isotropic peaks of ceramic particles and polymer is also presented. The green contributions
stand for the lithium inside ceramic particles (LLZTO), and the blue ones for the lithium
contained into the polymer electrolyte (PEO/LITFSI). They result from spectrum
deconvolutions of the experimental spectrum (black) using the Dmfit software. The red curve
corresponds to the calculated spectra obtained with Dmfit (Model) by summing the polymer
(blue) and the ceramic particles (green) contributions.

As a first approximation, no contribution distinction between the polymer electrolyte
and the ceramic particles contribution was carried out. Thus, a S4;4,4; Was estimated at 23.1

by combining both bLi and ’Li spectra of C1. This factor is used to calculate ®Li abundance of
C2, C3, and (4.

Figure V-6, Figure V-7, and Figure V-8 represent °Li and ’Li high-resolution ssNMR
spectra obtained by probing C2, C3, and C4, respectively.
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Figure V-6. °Li and ’Li high-resolution ssNMR spectra of the composite SSE after 100 h at 60° C
(C2). Asterisks indicate spinning sidebands.
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Figure V-7. Li and ’Li high-resolution ssNMR spectra of the composite SSE after applying a
constant current density of 50 pA- ¢cm™2 during 100 h at 60°C (C3). Asterisks indicate
spinning sidebands.
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Figure V-8. Li and ’Li high-resolution ssNMR spectra of the composite SSE after applying a
constant current density of 50 pA - cm~2during 50 h at 60° C (C4). Asterisks indicate spinning
sidebands.

High-resolution ssNMR spectra presented on Figure V-6, Figure V-7, and Figure V-8
were processed in the same way as the reference sample, C1. Phase adjustment and baseline
correction were identical for instance. Additionally, all integrals were obtained by applying the
same spectral limits as those used on C1 spectra. Legend colours are identical to facilitate
comparison between spectra. Finally, a new isotropic contribution was detected on the ’Li
spectrum of composite SSEs C2, C3 and C4 at 265 ppm. On Figure V-9, an enlargement allows
to observe the new isotropic peak fitted by the purple dotted line.
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Figure V-9. Enlargement of the ’Li high-resolution ssNMR spectrum of C2 highlighting the
detection of the “Li-foil contribution at 265 ppm. Asterisk indicates a LLZTO spinning sideband.
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Based on literature, this new isotropic peak can be assigned to metallic lithium. [138]
[139] [140] Its detection is explained by the little scraps of lithium metal remaining at the
surface of the composite SSEs. The isotropic peak of metallic lithium overlaps one spinning
sideband of the ceramic particles represented by an orange dotted line on Figure V-9. An
overestimation of ’Li may lead to an underestimation of the ®Li abundance. Thus, by using the
Dmfit software, both contributions were deconvoluted, allowing to subtract the absolute
integral of metallic lithium contribution from the global absolute integral. According to
deconvolution performed on Dmfit, the metallic lithium contribution represents
only 0.7%, 1.8%, and 2.0% of the ’Li absolute integral of C2, C3, and C4, respectively. Thanks
to this data processing, the Li-foils contribution presence does not affect ®Li abundance
estimation of composite SSEs. The signal of the Li-foils was not detected on the °Li spectra
because the studied chemical shift window is narrower: [—196.3 ; 196.3] ppm.

®Li abundances of C2, C3, and C4 were estimated by combining the ®Li and ’Li absolute
integrals determined on Figure V-6, Figure V-7, and Figure V-8, respectively, thanks to the

Sgiobar Of 23.1. Table V-4 sums up global °Li abundance (% 6Ligloba1) of the composite SSEs.

Table V-4. Global °Li abundance estimations (% 6Ligzobaz) of the composite SSEs C2, C3, and
C4, by using Sgiopar-

Composite SSE % 6Liglobal (%)
At lithium natural isotopic abundance (C1, 7.6 + 0.5
reference)
After 100 h at 60° C (C2) 35.7+ 2.0
After a CP sequence during 100 h at 60° C (C3) 56.0 + 2.0
After a CP sequence during 50 h at 60° C (C4) 525+ 2.0

Results presented in Table V-4 led to a global estimation of the lithium isotopic
abundances induced after heating and after applying a CP sequence at 60° C. The composite
SSE C2 was enriched up to 35.7% of Li after 100 h at 60° C (Table V-4). The applied pressure
due to the spring in the coin cell (about 1 bar) also may help to keep intimate contact at the
interfaces. Applying a current density of 50 p4 - ¢cm™2 led to an increase of the enrichment
up to 56.0% of 6Li (C3). The applied current density during 100 h at 60° C contributed to an
increase of the °Li abundance by 21.7%. A last experiment was carried out by applying the
same current density only during 50 h at 60° C on C4. bLi abundance was estimated at 52.5%
of 6Li. Only half of each composite SSE was analysed, it can affect the results if lithium diffusion
pathways are not homogeneous in the whole sample.

Two distinct materials are present in each sample. Consequently, it becomes exciting
to differentiate ®Li abundance of the ceramic particles and of the polymer electrolyte by
processing data differently. It may help to trace lithium diffusion pathways in such a complex
device. On the °Li spectrum (Figure V-5), both contributions were detected at 0.4 ppm for the
ceramic particles, and at —1.0 ppm for the polymer electrolyte. On the ’Li spectrum, both
contributions were detected, at 0.9 and —0.9 ppm, for the ceramic particles and the polymer
electrolyte, respectively. The absolute integrals percentage of each contribution can thus be
determined by using Dmift. Peaks assignment was based on literature. [141] [142] Same
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trends arise from these works. However, chemical shifts differences may be due to the
influence of the specific matrix present in our study.

In such case, the global normalisation factor Sg;,p4; cannot be used anymore, and new
S factors have to be determined to combine ®Li and ’Li absolute integrals of the polymer
electrolyte or the ceramic particle contributions. Therefore, as a first approximation,
normalisation factors were estimated from high-resolution ssNMR characterisations of the
pure reference materials (only polymer electrolyte or only ceramic particles) obtained with
the same acquisition conditions applied to characterise the composite SSEs. The normalisation
factor of the polymer (Sp5/"  ,-) and that of the ceramic particles (S},;,-.;.) were determined
to be 21.1 and 35.7, respectively. Figure V-10 presents a summary of the estimated °Li
abundance of both materials (polymer and ceramic particles) by combining 6Li and ’Li absolute
integrals with either SP*'¢  or SPY° . respectively.
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Figure V-10. éLi abundance estimations of composite SSEs C2, C3, and C4 by using SF*'¢

polymer
(blue bars) and SY"° . (orange bar) obtained from the pure materials and C1 as reference

sample. Comparison with global estimations sum up in Table V-4 (purple bar). Uncertainties
are estimated at 0.5% on the reference sample and at 2.0% on the others.

On Figure V-10, °Li abundance of composite SSEs C2, C3, and C4 are estimated by using
Sgglg,emer (blue bars) and Sf;raemic (orange bar) obtained from the pure materials and C1 as
reference sample. Uncertainties are estimated at 0.5% on the reference sample and at 2.0%
on the others. ®Li abundances obtained in each domain were higher compared to the °Li global
estimation already presented Table V-4 (purple bar). Thus, results are not correct because °Li
abundance of both contributions was overestimated. To solve this issue, an alternative way
to process data is suggested. A normalisation factor S is still calculated for each material, but
instead of using pure references, the deconvolution of the ®Li and ’Li spectra obtained from
the composite SSE C1 (Figure V-5) are used. Lithium chemical environment should be the same
in the analysed samples and in the reference sample, C1. Thus, the response to the 90° pulse
may depend only of the lithium isotopic abundance, considering identical, the acquisition
parameters between the reference sample analysis and the analysis of samples with unknown
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lithium abundance. [16] New normalisation factors for the polymer (S;Z;;ﬁfesrite) and for the
composite

ceramics ) Were estimated at 9.0 and 26.5, respectively. A §composite cqn

be calculated by weighted S factors of each material (S;ggfri’;rite and SEOPOSIEE) oy the full

width at half maximum (FWHM) percentage of the peak contribution. Weighting by FWHM is
relevant because, it was found that S factors are affected by the dynamics of the different
types of lithium (related to their chemical environment) in a given sample. The origin of this
problem arises from the effective spin-spin relaxation time (T,*) differences that can be
observed for different NMR signals inside the same sample. T>* is describing the transverse
relaxation. [143] As a matter of fact, shorter T, may underestimate the signal intensity under
magic angle spinning (MAS) conditions. This weighting process is a way to take into account
the effects of various T, differences in high-resolution ssNMR. [144] Equation V-1 was
established in order to compare S factors of various materials.

ceramic particles (S

Scomposite — Scomposite FWHMpolymer + Scompqsite FWHMceramics V'l
polymer FWHMpolymer + FWHMceramics ceramic FWHMpolymer + FWHMceramics

with §;, the normalisation factor of the domain i composing the composite SSE, and FWHM,;,
the full width at half maximum of the i contribution. FWHMy,,1,ymer and FWHM ey gmics Were
determined with Origin 2020. They were estimated at 0.37 and 1.24 ppm, respectively. With
these values, a S€OMPOsite of 22 5 was calculated. SEO™POSite js close to Sgiopar (23.1) implying
that the width of the peaks affects the normalisation factor. That is why a normalisation factor
has to be calculated for each studied matrix. Thus, bLi abundance can be accurately estimated
in both domains, by using their respective normalisation factor (Figure V-11).
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Figure V-11. 6Li abundance estimations of composite SSEs C2, C3, and C4 by using S;g?;ﬁf:rite

(blue bars) and S chzfnolscfe (orange bar) obtained from the composite SSE C1 as reference.
Comparison with global estimations sum up in Table V-4 (purple bar). Uncertainties are
estimated at 0.5% on the reference sample and at 2.0% on the others.
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On Figure V-11, the estimated °Li abundances are summarised. The ceramic particles
are more enriched in ®Li than the polymer electrolyte in C2, C3 and C4. Thus, °Li* ions seem to
diffuse preferentially through the ceramic. After 100 h at 60° C, the polymer electrolyte was
enriched at 26.5% of ®Li against 37.6% of °Li in the ceramic particles. Then, applying a current
density of 50 pA - cm™2 during 100 h led to an increase of the enrichment up to 35.5% of °Li
in the polymer electrolyte and up to 59.0% in the ceramic particles. Finally, applying a current
density of 50 pA - cm™2 during 50 h led to an increase of the enrichment up to 41.4% of °Li
in the polymer electrolyte and 54.9% in the ceramic particles.

In order to better interpret the obtained results, the average °Li abundance of a
composite SSE (% 6Lif{,’,’e"r”a‘;fé” ) is calculated with the following Equation V-2,

o/ 67 ;composite _ o, 67 : oz mol o 67 opmol
% Llaverage =% Llpolymer X A)polymer + % Llceramics X A)CBTamlCS

. Npolymer(Li) 67+ n ics(LD)
=0 6L poLy 05 °L . ceramics
0 "Li, o X - —+ % "Li X - -
potymer Npolymer(LD) + Neeramics (L) ceramics Npolymer(LD) + Nceramics(LL) V-2

with % 6Lii the °Li abundance of the material i, and n;(Li) the mole of lithium in the material i.

The % SLiigmbons'® determined from both contributions must match with the global °Li

eLiE?:;Z?Site ). Note that the °Li abundances of each

material was weighted by the percentage of lithium moles contained in each material (%?“”)
in order to provide accurate result. Table V-5 sums up and confronts the °Li abundance
averages obtained by Equation V-2, and the determined global 6Li abundances.

abundance of a composite SSE (%

Table V-5. Comparison of ®Li abundances estimated by using S;zngrfesrite ds ch::lfrffclste ith

the global estimation of the °Li abundance estimated by using Sgiopar-

Composite SSE % CLigooas . (%) | % CLismpbr® (%)
At lithium natural isotopic abundance (C1, 7.6 +05 7.6 £ 0.5
reference)
After 100 h at 60° C (C2) 36.0 + 2.0 35.7+ 2.0
After a CP sequence during 100 h at 60° C (C3) 559+ 2.0 56.0 + 2.0
After a CP sequence during 50 h at 60° C (C4) 527+ 2.0 525+ 2.0

_ o/ 67 ;composite o/ 67 ;composite .
In Table V-5, the % "Ligyerqge are close to the % °Lij,,,, . Regarding

Equation V-2, the composite SSE C2 is enriched at 36.0% of °Li after 100 h at 60° C. The
composite SSE C3 is enriched at 55.9% of °Li after applying a constant current density of
50 uA - cm~2 during 100 h. The composite SSE C4 is enriched at 52.7% of °Li after applying a
constant current density of 50 p4 - cm™2 during 50 h.

Taking into account uncertainties of 2%, the global and the average abundances of
each material match. It confirms the relevance of the developed methodology to perform 6Li
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and ’Li isotope abundance estimation using high-resolution ssNMR, involving specific
acquisition parameters and advanced data processing.

The fact these high-resolution ssNMR analyses allow the determination lithium
amount was verified. Figure V-12 reports the amount of lithium estimated by high-resolution
ssNMR in the polymer electrolyte (nSSNMR ) and in the ceramic particles (nsSVMR

polymer ceramics/*
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Composite solid-state electrolyte

Figure V-12. Lithium amount (n**"™®) was determined by ssNMR in C2, C3 and C4. Comparison
of lithium amounts in the whole composite SSEs (n$SNI®), specifically in the polymer electrolyte
(n;,;mr) and specifically in the ceramic particles (n3NMR ), estimated by weighing (purple,
blue, and orange hatched bars) and by high-resolution ssNMR (pink, light blue, and yellow
bars). Sample C1 was used as reference sample. Uncertainties are estimated at 5% on the
determination of the lithium amount.

On Figure V-12, the total amount of lithium estimated by weighing the composite SSE
present in each insert (nﬁiﬂf’lhmg) corresponds to the purple bars. It is compared to the total
amount of lithium estimated by high-resolution ssNMR (n$sN%) represents by the pink bars.
Sample C1 was used as a reference sample, and the n**9"9 values were set regarding the
composite SSE preparation and the probed weight of each insert (Table V-3). The estimations
of n¥MR are slightly overestimated compared to nl'¢9""9  Through more detailed
high-resolution ssNMR analyses, lithium from the polymer electrolyte (blue and light-blue
bars) is distinguished from the one contained into the ceramic particles (orange and yellow
bars). Notice that lithium is 27 times lower in the polymer electrolyte than in ceramic particles

due to their respective initial lithium concentration of 1.25 M and 33.81 M.

To conclude, high-resolution ssNMR characterisations led to global estimations of °Li
abundance in the whole composite SSEs C2, C3, and C4. Furthermore, distinction between
lithium contained into the polymer electrolyte and into the ceramic particles allow to
determine a °Li abundance for each domain. ®Li* ions seem to diffuse more into the ceramic
particles. It would be a strength to confirm this hypothesis at the local scale. Indeed, as
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high-resolution ssNMR characterises sample bulk, it is not possible to affirm that in a
composite SSE area, ceramic particles are more enriched in 6Li than the polymer electrolyte.
However, advanced surface characterisation techniques with a high lateral resolution may
provide some keys in order to better understand Li* ions diffusion dynamics in composite SSEs.

b. ToF-SIMS characterisations

ION-TOF ToF-SIMS 5 spectrometer has a standard lateral resolution of a few
micrometres by using an analyser mode with high mass resolution. [64] Analyser modes set
to enhance lateral resolution also exist. They allow to obtain a lateral resolution lower
than 100/200 nm but to the detriment of the mass resolution. [64] However, an “Extractor
Delay” mode developed by ION-TOF can increase the lateral resolution down to 100 nm
without losing much on the mass resolution. [145] This mode was used to attempt discerning
the ceramic particles having a diameter between 400 and 600 nm. No molecular fragment
corresponding to the ceramic was detected by performing only surface analyses, confirming
that particles are deeply embedded in the polymer matrix. To reach them, it is mandatory to
achieve a controlled sputtering of the composite SSE surface. A crater of 300 X 300 pm? was
sputtered by using a gas cluster ion beam (GCIB) composed of Arisoo 15 keV (I = 10,70 nA)
during 1 h. Then, an analysis of 80 X 80 pm? was performed in the crater centre. Ceramic
particles were revealed thanks to the sputtering step. Figure V-13 is an example of a
5 X 5 um? enlargement of such ceramic particle after a sputtering step by GCIB.

6Li+

T T S S TN ST T T I S

Total
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- 6|_i+ /(7Li++ 6Li+)

LaO+ 5Li+ normalized to Sum of: Li+, Li+ Sum of: Li+, fLi+

Figure V-13. ToF-SIMS analyses of the composite SSE at lithium natural isotopic abundance.
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On Figure V-13, the presence of the ceramic particles was confirmed by the detection
of the LaO* molecular fragment characteristic from the LLZTO ceramic particles. Furthermore,
data processing revealed an abundance of 94.2% in ’Li on the particles. This value is awaited
because the composite SSE is at lithium natural isotopic abundance. However, the lateral
resolution was not high enough to access the interfaces between the ceramic particles and
the polymer electrolyte. Furthermore, polymer electrolyte abrasion is not perfect. Thus, while
studying enriched samples, 6Li abundance determination of the ceramic particles can be
affected by the one of the polymer electrolyte. Here, lateral resolution may be affected by the
sputtering methodology. Revealing ceramic particles was difficult.

To conclude, in such conditions, lateral resolution of these ToF-SIMS characterisations
was not high enough to properly probe ceramic particles contained into a polymer electrolyte.
Therefore, with the help of Orsay Physics company another characterisation technique,
orthogonal ToF-SIMS, is performed in order to obtain a better lateral resolution while probing
the chemistry and lithium isotopic abundance of ceramic particles embedded in a polymer
electrolyte.

c. Orthogonal ToF-SIMS characterisation coupled with focused ion beam scanning electron
microscopy (FIB-SEM) characterisations

e Description of an orthogonal ToF-SIMS (o-ToF-SIMS) coupled with FIB-SEM

EXOTOF

» Extraction at +/-3 keV

» 25x25 pm of image
size acceptance

4[——-—' = OTOF: HTOF

Element and molecule
ions in both polarities
» Mass range: 0 to 1000 u
» Coupled with ExXOTOF V1,
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FIB: Cobra UHV
» GalMIs

» Resolution : 2.5 nm

» Energy:1-30keV

" SEM: Eclipse UHV
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Figure V-14. Equipment used by Orsay Physics to perform orthogonal ToF-SIMS coupled with
FIB-SEM. (from Orsay Physic)

Orsay Physics company owns the advanced equipment presented on Figure V-14. This
instrument allows to combine FIB-SEM analyses with SIMS characterisations. However, until
now, samples are exposed to air between the FIB cross section and o-ToF-SIMS analysis.
However, risks that lithium isotopic abundance could be impacted on the sample surface are
low. Furthermore, a transfer under inert atmosphere could be possible by using a sealed
transfer vessel or using a specific stage allowing to modify the inclination of the sample into
the analysis chamber.
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Figure V-15 presents the principle of an orthogonal ToF-SIMS (o-ToF-SIMS).
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Figure V-15. Schematic of the orthogonal ToF-SIMS principle. (from Orsay Physic)

The o-ToF-SIMS principle is based on the ToF-SIMS principle previously described in
chapter |, but there are some non-negligible differences. The key advantage of the o-ToF-SIMS
technique compared with the ToF-SIMS lies in the use of a continuous and focused primary
ion beam, while it is pulsed in the case of standard ToF-SIMS (Figure V-15). [146] [147] While
the continuous primary ion beam continuously sputters the sample surface, secondary ions
are collected by an optic column and transferred into the mass spectrometer. Once inside the
mass spectrometer, the secondary ions are accelerated orthogonally through the reflectron
by a pulsed electrode. [146] This pulse provides a precise starting time of the time-of-flight
measurement without disturbing the primary ion beam. [148] As a result, the o-ToF-SIMS
technique allows high lateral resolution, while keeping a high mass resolution. [148] Almoric
et al. could reach a lateral resolution lower than 30 nm by upgrading an o-ToF-SIMS with a
new optic of secondary ion extraction designed to improve transmission and mass resolution.
[147] Furthermore, a high mass resolution of 4,500 was also obtained by characterising 22Si
by o-ToF-SIMS. [147] Thus, the o-ToF-SIMS technique can easily distinguish lithium isotopes.
These assets are investigated to determine if o-ToF-SIMS can also allow accurate lithium
isotopic abundance estimation, and if it can provide precise °Li abundance mapping thanks to
its high lateral resolution.

The major drawback lies in the low duty cycle on collected secondary ions due to the
pulsation of the secondary ion beam. The duty cycle is the filling time of the pulsed cell before
the pulsation of a considered species divided by the time of flight after the pulsation of the
same species. Therefore, the duty cycle depends on the mass of the considered secondary ion
and on the mass range selected. For instance, the duty cycle is around 30% for heaviest
masses and a few percent for lightest masses, with a mass range of 150 u. [147] The time
between two pulses is called the cycle time. It is set to allow the heaviest ion detection. A low
duty cycle only lengthens the conventional ToF-SIMS analysis time, while it additionally leads
to a signal loss of the lightest secondary ions during o-ToF-SIMS acquisition. However, as
lithium has one of the highest ionisation yields, the signal loss on small masses is not a problem
for our study.

To sum up, such characterisation technique provides high lateral resolution without
altering the high mass resolution. Indeed, as the primary ion beam is continuous, no bunching
step is required. Thus, no lateral dispersion is induced.
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. Determination of lithium isotopic abundances by o-ToF-SIMS

Polymer electrolytes composed of a PEO polymer membrane containing LiTFSI as
lithium salt were prepared with various °Li abundance as described in chapter Il. They are
analysed by o-ToF-SIMS to assess if this advanced characterisation technique can provide
accurate estimations of lithium isotopic abundance. Table V-6 sums up the expected lithium
isotopic abundances of four polymer electrolytes obtained based on mass calculations.

Table V-6. Polymer membranes made of PEO and containing LiTFSI at 1.2 M, with various
expected lithium isotopic abundances.

Polymer electrolyte % "Li (%) % °Li (%) Used salts

A (reference sample) 92.4 + 0.1 7.6 + 0.1 ’LiTFSI
B 66.2 + 0.1 33.8 + 0.1 ’LiTFSI and SLiTFSI
C 35.2 + 0.1 64.8 + 0.1 ’LiTFSI and SLiTFSI
D 4.6 + 0.1 954 + 0.1 SLiTFSI

Firstly, ToF-SIMS characterisations were performed on the four polymer electrolytes,
based on the developed methodology presented in chapter Il. Lithium isotopic abundances of
polymer electrolytes were estimated in each case. Then, polymer electrolytes were
characterised by o-ToF-SIMS. Notice that o-ToF-SIMS measurements and data treatment were
carried out by Orsay Physics collaborators.

The o-ToF-SIMS analyses were performed on an area of 10 X 10 pm?. A Ga*ion beam
with an energy of 30 kV and a current of 1 pA was used. 500 frames were milled to obtain
depth-averaged information. The analysed area can be observed in the centre of Figure V-16.a
and Figure V-16.b by performing scanning electron microscope (SEM) after the o-ToF-SIMS
analyses. Figure V-16 illustrates the surface state after o-ToF-SIMS analyses on A and D.

Polymer electrolyte A Analysed area Polymer electrolyte D

Figure V-16. SEM images of polymer electrolytes A and D after o-ToF-SIMS analyses. The green
squares indicate the analysed areas.
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Regarding SEM images on Figure V-16, polymer electrolyte surfaces seem rough.
However, the o-ToF-SIMS technique is much less dependent on the roughness of the sample
than conventional ToF-SIMS. Therefore, the roughness observed on these SEM images induces
no problem for our measurements. [74] On Figure V-17, the ®Li and ’Li peak intensities
obtained on the mass spectrum of the polymer electrolyte A are presented.
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Figure V-17. ®Li* and ’Li* mass peaks on the mass spectrum of the polymer electrolyte A.

The mass spectrum on Figure V-17 confirms and illustrates that lithium isotopes can
be separated. ’Li abundance was estimated by o-ToF-SIMS thanks to the same equation as
presented in the ToF-SIMS methodology, involving Li* and ’Li* signal intensities.

On Figure V-18, ToF-SIMS and o-ToF-SIMS results are both compared. They are also
confronted to the expected ’Li abundances.
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Figure V-18. Comparison of expected lithium isotopic abundances of polymer membranes (blue
bars) with the ones determined by ToF-SIMS (green bars), and the ones determined by
o-ToF-SIMS (purple bars). Red bars represent uncertainties.
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ToF-SIMS results (green bars) and o-ToF-SIMS results (purple bars) are confronted on
Figure V-18. Blue bars represent the expected ’Li abundances determined by weighting the
lithium salts. ToF-SIMS characterisations of polymer electrolytes A, B, C and D lead to ’Li
abundance estimations of 92.4 + 0.5%, 66.8 +1%, 36.6+ 1%and 5.4 + 0.5%,
respectively. Considering the uncertainties indicated in red, ToF-SIMS results are accurate
compared to the expected ’Li abundances. Furthermore, o-ToF-SIMS characterisations also
provide relevant results. ’Li abundances of polymer electrolytes A, B, C and D were estimated
at 92.6 + 0.03%, 67.7 + 0.1%, 37.9 + 0.1% and 5.0 + 0.03% of ’Li, respectively. Notice
that o-ToF-SIMS uncertainties are ten times lower than the ToF-SIMS ones. Uncertainties of
’Li abundance estimations of polymer electrolytes B and C are higher than those of polymer
electrolytes A and D, for both techniques. This is due to the mixing salts step, which slightly
increases the uncertainty on the lithium isotopic abundance estimation. The main trend is that
’Li abundances are slightly overestimated, but still close to the expected lithium isotopic
abundance. Thus, as for ToF-SIMS, o-ToF-SIMS technique can be performed to accurately
estimate lithium isotopic abundance of lithiated sample, and to track lithium diffusion in
various conditions.
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e Application to the study of lithium dynamics in composite SSEs

Exactly the same four composite SSEs characterised by high-resolution ssNMR in
section 5.3.a are analysed by o-ToF-SIMS. Their preparation was described in section 5.1.
Preliminary steps were required in order to access the depth of the composite material. Cross
sections were milled by performing FIB-SEM. They allow to reveal ceramic particles contained
into the polymer electrolyte matrix. FIB cross sections have already been characterised by
o-ToF-SIMS in literature. Lorincik et al. performed orthogonal ToF-SIMS and energy dispersive
X-ray spectroscopy (EDX) analyses on FIB-SEM cross sections to quantify rare Earth elements,
such as Er3*, and Yb3*, which are doping optical fibres. [149] SEM images on Figure V-19
illustrate a FIB cross section carried out on the composite SSE C3.

Cross section Enlargementon the cross section 39.4 % of particle

Figure V-19. a) FIB-SEM cross section on C3 with 30 keV and 30 nA. b) Enlargement of the
FIB-SEM cross section. Voids are indicated by green circles c) Determination of the surface
occupied by the ceramic particles.

FIB cross sections were performed on each sample by using a gallium FIB at 30 kev.
Figure V-19.a offers a large view of the FIB-SEM cross section carried out on C3, and
Figure V-19.b presents an enlargement of it. Curtaining artefacts can be observed due to
heterogeneity density of the milled section. Furthermore, presence of voids can be detected
on SEM images (green circles on Figure V-19.b). It is most probably due to the electrolyte
porosity occurring during its preparation. The mixing step may incorporate air into the
polymer electrolyte. Additionally, solvent evaporation has to be slow in order to obtain a
homogenous membrane. Porosity will affect lithium ions pathways. However, voids volume
density seems low. Figure V-19.b was processed in order to obtain Figure V-19.c. It is
estimated that ceramic particles are recovering 39.4% of the surface according to 2D images.
Percolation paths may exist in such conditions. However, this value is overestimated because
the used threshold technique to estimate this percentage is affected by curtaining effects.
Some particles are in contact, but tomography FIB-SEM may be required in order to quantify
it.

Table V-7 confronts the ®Li abundances estimations obtained by characterising the four
studied samples by either high-resolution ssNMR (section 5.3.a) or by o-ToF-SIMS. The
o-ToF-SIMS analyses were performed on the top of the FIB cross sections, near the side which
was in direct contact with the bLi-foil. The analysis position was at 20 or 30 um in depth from
the surface (Figure V-20.a).
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Table V-7. Global °Li abundance of the composite SSEs, which have undergone various tests.

Composite SSE % °Ligiopar (%) | % °Ligaruce > (%)
At lithium natural isotopic abundance (C1, 7.6 +0.5 74401
reference)
After 100 h at 60° C (C2) 35.7+ 2.0 58.4 1+ 0.1
After a CP sequence during 100 h at 60° C (C3) 56.0 + 2.0 442+ 0.1
After a CP sequence during 50 h at 60° C (C4) 525+ 2.0 76.0 £ 0.1

In Table V-7, 6Li abundance of C1 is accurately estimated at 7.4% by o-ToF-SIMS. It is
close to the expected 7.6% of °Li. This estimation confirms that o-ToF-SIMS technique can be
used with confidence to determine ®Li abundance in a complex sample. In Table V-7, oLi
abundances determined by o-ToF-SIMS are based on an average of two or three measured
areas. °Li abundances were estimated at 58.4, 44.2 and 76.0% for C2, C3, and (4,
respectively.

®Li abundances estimated by o-ToF-SIMS differ from the ones obtained by
high-resolution ssNMR. They are higher for C2 and C4. This may be attributes to the fact that
high-resolution ssNMR technique probes the whole sample. Whereas o-ToF-SIMS technique
focuses on a narrow area on the FIB-SEM cross section (Figure V-20.a). Therefore, it is
consistent that close to the Li-foil, the ®Li abundance is higher than the 6Li average of the
whole sample. A higher ®Li abundance would be expected for C3. More precisely, a higher °Li
abundance than what was estimated for C4 would be expected according to the applied
electrochemical test. The local ®Li abundance may not be representative of the whole surface
of the tested sample. Another possible explanation is that the composite SSE side in contact
with the “Li-foil may be characterised, instead of the side in contact with the °Li-foil. In such
case, these results would be coherent because the estimated °Li abundance is lower than the
bulk estimation obtained by high-resolution ssNMR. Characterising again this sample is
mandatory to strengthen the conclusions of this work.

Comparison of lithium isotopic abundances has also been achieved between the
ceramic particles, the polymer electrolyte and also at their interface. The methodology to
distinguish each domain is explained. Firstly, FIB-SEM cross sections were performed with an
energy of 30 keV to reveal the ceramic particles. Results are presented on Figure V-20.

Figure V-20.a) SEM image of the FIB cross section carried out with an energy of 30 keV. b)
Enlargement of the analysed area by o-ToF-SIMS (contained in the red scare). c) o-ToF-SIMS
analysis revealing the presence of the lanthanum molecular fragment (La*).
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SEM image presented on Figure V-20.a shows the obtained FIB cross section. The
planar face was then characterised by o-ToF-SIMS. Figure V-20.b presents the analysed area
by o-ToF-SIMS, and Figure V-20.c the mapping of the lanthanum molecular fragment (La*)
presence in this area. Characterising composite materials is difficult due to their different
sputter yield. These results provide an idea of the sputtering rate of the polymer electrolyte
and of the ceramic particles. The correlation between the SEM image taken after the
o-ToF-SIMS analysis and La* mapping reveals a much lower sputtering rate for the ceramic
particles than for the polymer electrolyte. Indeed, ceramic particles are detected on the
surface, meaning that the polymer electrolyte has been removed all around the ceramic
particles. Knowing the sputtering rate of a material is a crucial information to perform
o-ToF-SIMS analyses. From these results, acquisition settings were optimised in order to
reduce polymer electrolyte degradation during the acquisition by decreasing the FIB beam
current. The various steps to obtain °Li abundance mappings from o-ToF-SIMS analyses are
discussed on Figure V-21.

5Li abundance mapping

I(°Li™)
%OLi = —————
25 1(6Li*) + 1(7Li*)

J

Figure V-21. o-ToF-SIMS analysis on C4 revealed the presence and the localisation of a) La* and
of b) éLi* and ’Li*. ¢) éLi abundance mapping by combining °Li* and “Li* intensities.

The chemical composition of the surface can be characterised by o-ToF-SIMS. The
molecular fragment La*is characteristic from the used LLZTO ceramic particles (Figure V-21.a).
®Li abundance is mapped (Figure V-21.c) from the analysis of °Li* and ’Li* intensities
(Figure V-21.b). Notice that topographic visible effects on lithium isotope mappings are
removed on the °Li abundance mapping, since it results from a division. Here, acquisition
settings are chosen to optimise characterisation of the extreme surface, and to avoid any
over-sputtering of the polymer electrolyte. From the °Li abundance mapping, the global °Li
abundance can then be estimated for each sample.

Finally, white areas on the 6Li abundance mapping seem to match with the ceramic
particles location by superimposing it with the La* mapping. White pixels forming these white
areas do not indicate a ®Li abundance, but a lack of signal to calculate the lithium isotopic
abundance (Figure V-21.c). Thus, a low sputtering rate of ceramic particles compared to the
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polymer electrolyte is confirmed. Therefore, pixels corresponding to the ceramic particles can
be distinguished from pixels corresponding to the polymer electrolyte matrix. This is why °Li
abundance can be specifically determined for each domain. Various masks were used to
specifically select a domain. From a °Li abundance mapping presented on Figure V-22.a, a
segmentation program on Python allows to distinguish three domains: the ceramic particles
(Figure V-22.b), the polymer electrolyte matrix (Figure V-22.c), and the edge of the ceramic
particles (Figure V-22.d).

a) bLi abundance mapping b) Ceramic mask c) Electrolyte mask d) Edge mask
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Figure V-22.a) °Li abundance mapping obtained by o-ToF-SIMS characterisations of CA4.
Segmentation results of: the ceramic particles (b), the polymer electrolyte matrix (c), and the
edge of the ceramic particles (d). The selected domains are filled in yellow. Average °Li
abundance of the considered domain is indicated below each image.

On Figure V-22, °Li abundance was estimated for each domain and compared. °Li
abundanceis equal to 75.6 + 0.10% in average (Figure V-22.a). Thanks to the segmentation,
more detailed information was obtained. °Li abundance was estimated at 82.8 + 3.4%n the
ceramic particles, at 75.6 + 0.10% in the polymer electrolyte, and at 76.3 + 0.80% at the
edges of the ceramic particles. éLi abundance is higher in ceramic particles than in polymer
electrolyte. Furthermore, the °Li abundance value at the edge is in-between. Li* ions have
diffused in both materials regarding to their high éLi abundance. However, °Li* ions seem to
diffuse preferentially through the ceramic particles.

A strength of the o-ToF-SIMS technique is its high lateral resolution allowing to detect
submicronic ceramic particles and their edges (Figure V-22.d). On Figure V-23, enlargements
of the ®Li abundance mapping is presented.
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Figure V-23.a) °Li abundance mapping obtained by o-ToF-SIMS characterisations of C4 after
FIB cross section with 30 keV and 4 pA, b) Enlargement of the area circle in red, c)
Enlargement of the area circle in blue.
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Enlargements of the °Li abundance mappings presented on Figure V-23.b and
Figure V-23.c highlight that ceramic domains are mostly composed of white pixels. It means
that not enough signal is detected to calculate ®Li abundance for the white pixels. This explains
a higher uncertainty of 3.4% (compared to the other domains). The polymer electrolyte is
much better detected than the ceramic particles in such acquisition conditions. Tests were

performed to acquire more signal intensity from the ceramic particles and they led to polymer
electrolyte degradation (Figure V-20).

The segmentation protocol was performed on various areas analysed on each sample
(€1, €2, C3 and (4). Various segmentation results are presented in Appendix A-V-2.
Segmentation results on each composite electrolyte. Figure V-24 summarises some
o-ToF-SIMS analyses performed by Orsay Physics company.
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Figure V-24. ®Li isotopic abundance as a function of the studied domain in each device.

On Figure V-24, the purple bars represent the global Li abundance of each composite
SSE. Blue, green, and orange bars correspond to the 6Li abundance of the polymer electrolyte,
the ceramic particle edges, and the ceramic particles, respectively. The average °Li abundance
was estimated at 7.4% in C1, which is close to the expected 7.6% of °Li. It is consistent, as this
sample is at lithium natural isotopic abundance. ®Li abundance was also estimated around

7.4% in each domain. No variation was expected as no heating and no electrochemical step
was applied on C1.

Regarding results on C2 and (4, it seems that lithium ions diffuse preferentially into
ceramic particles, compared to the polymer electrolyte (Figure V-24). Indeed, ceramic
particles °Li abundance is estimated at 59.5 and 81.9%, whereas the polymer electrolyte
around has a °Li abundance of 58.3 and 75.9%, respectively. ®Li abundance of the polymer
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electrolyte is lower than the ceramic particles one, but still high compared to lithium natural
isotopic abundance. °Li* ions also diffuse through the polymer electrolyte. Lithium diffusion
pathways through the ceramic particles might not be present in the whole composite SSE. The
existence of ceramic particles percolation pathways was not precisely investigated in this
study. It would be relevant, though difficult, to achieve ceramic percolation characterisation
through the whole composite SSE depth. Notice that the ®Li abundance of the interface
between both domains (edges of ceramic particles) has an intermediate value in all cases,
except for C2 in which it is slightly higher than the ceramic particles ®Li abundance. Following
the trend highlighted in Table V-7, o-TOF-SIMS analyses on C3 should provide the highest °Li
abundance. A similar trend is found on Figure V-24. This confirms that the opposite face of the
polymer electrolyte may have been analysed.
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5.4. Perspectives

Further investigations can be carried out on composite SSEs. Performing ToF-SIMS and
o-ToF-SIMS depth profiling analyses using a 3D analysis mode may be possible. However, it
can be difficult to obtain accurate results while working on composite samples. Indeed,
composite materials often induce a significant difference in abrasion between the different
chemical phases. Thus, obtained data are a mixing of information from different depths
processed on the same SIMS image. Thus, 6Li abundance of the ceramic particles would be
mixed with the one of the polymer electrolyte around. Cryogenic conditions could avoid any
undesirable damage induced by the primary ion beam. Furthermore, while performing
experiment at room temperature, degradation products can be created, depending the
selected acquisition mode. [62] Most of the battery materials are composites. To characterise
several materials having various properties, such as a melting of polymer partly filling the
electrode pores cryogenic acquisition conditions are required in order to keep material
integrity during the acquisition. [62]

X-ray tomography is a non-destructive characterisation technique, which provides 3D
images of the probed sample. [150] The reconstructed volume can be in the order of
submillimetre. X-ray tomography may allow to determine if ceramic particles are percolating
or not and if diffusion pathways exist through ceramic particles into the polymer electrolyte
matrix. As mentioned in chapter |, Zheng and Hu demonstrated that ceramic percolation
affects lithium diffusion pathways and thus the ionic conductivity of the whole system. [46]
Yufuit et al. performed X-ray computed tomography in order to determine the origin of Li-ion
polymer battery failure. [151] EIS only warned them about a decline of battery performances.
However, thanks to X-ray computed tomography, they detected deformations due to
formation of gas increasing the pressure into the cell. Thus, post-mortem analysis allowed to
determine the origin of the short circuits. Méry at al. also mentioned that X-ray
microtomography combined with numerical simulation could be a powerful tool to determine
porosity through a ceramic pellet. [152]

New investigations on composite SSEs can be carried out by combining both
experimental characterisations and theoretical calculation methodologies. [153] Regarding
the modelling approach, tools such as monte carlo, Vogel-Tammann—Fulcher (VTF) or density
functional theory (DFT) may be required. [153] Kim et al. demonstrated by electrochemical
characterisations and modelling that modifying the LLZTO surface by adding an Ag/Ag-C
interlayer electrochemical performances could be enhanced. [154] The system worked over
800 cycles (charge/discharge), instead of only 2. Furthermore, resistance was also decreased.
They used density functional theory (DFT) calculation to simulate lithium behaviour at the
atomic scale. Ab initio molecular dynamics simulations were also carried out in order to
describe interface modifications. Based on the mentioned numerical tools, it could also be
relevant to model lithium dynamics through a dispersion of ceramic particles in a polymer
electrolyte.
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Conclusion

A composite SSE made of a polymer electrolyte matrix containing a dispersion of ionic
conductive ceramic particles was studied in this chapter. This last device has the most
representative design regarding what could be implemented in commercial solid-state
batteries. Such SSEs aim at combining advantages of each material. However, it presents a
lower ionic conductivity than liquid electrolyte. Thus, investigating specifically lithium
diffusion may lead to better understand lithium dynamics through the device. High-resolution
ssNMR characterisations highlighted that the choice of the reference sample is crucial in order
to obtain accurate °Li abundance estimations. The reference sample needs to have a similar
matrix compared to the one of the analysed samples. High-resolution ssNMR
characterisations provide a global estimation of 6Li abundance in the whole composite SSE.
Applying a CP sequence on a dispersion device at 60° C induces °Li abundance variations in the
composite SSE. Additionally, the ability to distinguish lithium contained in the polymer
electrolyte from the one in ceramic particles allows to determine that 6Li* ions seem to diffuse
preferentially through the ceramic particles. ToF-SIMS technique does not have a high enough
lateral resolution to carry out precise analysis of such submicrometric ceramic particles.
However, o-ToF-SIMS characterisations performed by Orsay Physics company provide
accurate estimations of ®Li abundance in composite SSEs at the local scale. Moreover, these
analyses are in agreement with high-resolution ssNMR characterisations. Indeed, a higher °Li
abundance was estimated in the ceramic particles, close to the °Li-foil, compared to the °Li
abundance estimated in the polymer electrolyte matrix around.

Further investigations can be carried out. Performing 3D analysis such as X-ray
tomography can offer additional information on ceramic particles distribution into the
polymer electrolyte matrix. Even if chemical analyses are not possible, morphology
information may explain preferential Li* ions pathways. Determining if the LLZTO ceramic
particles are percolating is a crucial information because it can influence Li* ions pathways.
Additionally, several compositions could be investigated to further estimate the influence of
the ceramic particle contain on the Li* ions diffusion pathways. An optimum could be
determined. Finally, a modelling approach could also help to describe and to understand
lithium dynamics in such complex dispersion configuration.
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General conclusion and perspectives

Energy transition plans to reduce greenhouse gas emissions are involving the
development of secondary batteries. Li-ion technology is already widely used in our daily lives.
Furthermore, banning internal combustion engines from vehicles by 2035 requires significant
technological improvements in terms of energy density, safety, cycle life and fast charging. In
such context, all-solid-state batteries can be a relevant alternative to conventional Li-ion
technology. They are supposed to improve safety, due to the replacement of the liquid
electrolyte by a SSE. Additionally, the implementation of a SSE opens the way to the use of
lithium metal as the negative electrode, which can provide a theoretical capacity of
3,860 mAh - g~ 1, further enhancing the energy density. However, critical issues (cited above
as technological improvements to achieve) have to be solved before integrating SSEs into
commercial batteries.

The ultimate objective of this PhD work was to understand lithium mobility in a
composite polymer-ceramic SSE. Well-known materials can be used as a SSE, such as a blend
of PEO, submicrometric ceramic particles of LLZTO, and LiTFSI as the lithium salt. In order to
understand lithium dynamics within such a complex device, first studies were typically
achieved on simpler systems to gradually gather all the necessary information and build robust
methodologies.

In particular, the latter are based on lithium isotopic tracing. This consists in using a
material enriched in bLi. This approach is mandatory because as lithium enters in the
composition of the various battery components, isotopic tracing allows to identify lithium
isotopes in the whole device as a function of their initial position in the studied system.
Combined with ToF-SIMS and high-resolution ssNMR characterisations, lithium isotopic
labelling can reveal crucial information on lithium dynamics. A surface chemical analysis by
ToF-SIMS allows to determine °Li abundance from intensities of 6Li* and ’Li* fragments at
submicrometric scale. On the other hand, by probing the chemical environments of Li and “Li
nuclei by ssNMR allows to estimate ®Li abundance in bulk by combining 6Li and ’Li absolute
integrals. Furthermore, lithium quantification is possible by using ssNMR. Thanks to lithium
isotopic tracing it was demonstrated that lithium isotopic exchanges occur at the
Li-metal/polymer interface at 60° C, whereas no diffusion was detected at room temperature.
Li* ions migration was also investigated through composite SSE. Additionally, numerical
simulations obtained from isotopic mixing models are also one of the fundamental pillars of
this research. Indeed, an innovative synergy between experiments and modelling was created
in order to characterise lithium dynamics, including lithium self-diffusion into SSE, lithium
migration through SSE, and lithium isotopic exchanges at the various interfaces: Li-metal
/polymer and polymer/ceramic.

A precise estimation of lithium isotopic abundance is mandatory to follow °Li* ions
diffusion or migration in its environment. ToF-SIMS and high-resolution ssNMR methodologies
were thus developed to accurately determine lithium isotopic abundance in either region
(surface or bulk) of a lithiated (or delithiated) material. Polymer electrolytes with various °Li
abundances were prepared to carry out such experiments. It was demonstrated that ToF-SIMS
and high-resolution ssNMR characterisations can provide a lithium isotopic abundance
estimation with an uncertainty of 1% and 2%, respectively. To achieve such high precision,
acquisition conditions as well as data processing steps have been deeply optimised.
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Furthermore, the methodologies developed are based on quite complementary
information: ToF-SIMS analyses provide a local characterisation of the surface, offering a
chemical information, while lithium high-resolution ssNMR characterisations provide a global
information on lithium chemical environments. These methodologies could then be applied
with a high degree of confidence to characterise different configurations of solid-state
electrolytes (SSEs).

Previous studies in literature demonstrated the existence of spontaneous lithium
isotopic exchanges. In our case, lithium exchange dynamics were investigated at 60° C
between a bLi-foil enriched at 95.4% in bLi, and a PEO membrane containing LiTFSI as lithium
salt at lithium natural isotopic abundance (7.6% in bLi). Specific configurations were set up in
order to ease their characterisations by ToF-SIMS and high-resolution ssNMR. Numerical
simulations were also performed, based on an isotopic mixing model and relevant hypotheses.
Lithium self-diffusion and lithium migration through a polymer electrolyte and an ionic
conductive ceramic electrolyte were thoroughly studied when an electrical stress was applied.
Furthermore, these simpler geometries also ease the use of numerical models. The modelling
approach offers better data interpretation by providing lithium isotopic concentration
variations into devices, while experimental results provided input parameters required for
simulations.

Studies of the in-plane configuration allowed the determination of lithium
self-diffusion coefficient in the SLi-foil (Dg‘u=10-14 m?-s71), lithium self-diffusion
coefficient in the polymer electrolyte (DgL.+=1.6><10‘12 m?-s 1) and a specific

parameter, named lithium “transfer frequency” at the interface (v = 2 x 1072 s71), by
fitting ToF-SIMS results with numerical simulations. Furthermore, the average enrichment in
bLi of the polymer electrolyte obtained by modelling match with those estimated by
high-resolution ssNMR. This study highlights that using modelling tools is a critical step to
enhance the full exploitation of such experimental data. Additionally, a constant voltage of
0.25V was applied at 60°C, which induces lithium migration. Both effects could be
distinguished by combining ToF-SIMS, ssNMR and a modelling approach.

In a second step, a sandwich configuration was studied in order to facilitate lithium
isotopic tracing at the polymer/ceramic interface. All the previous parameters of lithium
dynamics through the polymer electrolyte previously determined, were known from the
previous study (in-plane configuration). Thus, only lithium dynamics through the ionic
conductive ceramic pellet, and lithium behaviour at the polymer/ceramic interface, were
unknown at this point. Lithium dynamics were studied by ToF-SIMS, ssNMR, and modelling in
such configuration after applying a constant current density of 50 pA-cm™2. Lithium
self-diffusion coefficient in the ceramic pellet was determined at 3 x 10~ m? 571,
However, lithium mobility in the ionic conductive ceramic pellet could not be perfectly
understood.

Finally, a dispersion configuration made of a composite SSE was studied. In this case,
lithium dynamics were characterised by high-resolution ssNMR and orthogonal ToF-SIMS after
applying a constant current density of 50 u4 - cm™2. This device is the most representative of
what could be implemented in commercial solid-state batteries. High-resolution ssNMR as
well as o-ToF-SIMS characterisations can both allow the estimation of lithium isotopic
abundance of each component of the composite material. In accordance with global
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high-resolution ssNMR analyses and local o-ToF-SIMS analyses, it appears that °Li* ions seem
to diffuse preferentially through the ceramic particles. Ceramic particle percolation should be
investigated because it may significantly modify lithium diffusion pathways. Furthermore,
Orsay Physics company demonstrated that the orthogonal ToF-SIMS characterisation
technique can provide high lateral resolution for such systems, while ToF-SIMS reaches its
lateral resolution limits.

All these results, obtained by an extensive use of lithium isotopic tracing, illustrate the
strengths of the methodologies presented in this work. They provide new keys to a better
understanding of Li* ions pathways in these complex devices. Models based on lithium isotopic
tracing and characterisation techniques such as ToF-SIMS, o-ToF-SIMS and high-resolution
ssNMR might be adapted and applied to investigate other lithiated materials. Only preliminary
experiments will be required on reference samples having the same matrix and known lithium
isotopic abundance. Along this work, we highlighted the importance of the reference sample
choice, especially in high-resolution ssNMR, in order to accurately estimate the Li abundance.
The models can be adapted for other materials, by tuning materials properties and
geometries. In this sense, modelling the dispersion configuration could also be carried out and
compared with high-resolution ssSNMR and o-ToF-SIMS results. Numerical simulations can also
quickly provide lithium isotopic concentration in the whole composite SSE.

High-resolution ssNMR spectroscopy is a powerful technique to investigate lithium
dynamics in SSEs for solid-state batteries. [155] Indeed, this advanced characterisation
technique can be used to determine key parameters related to lithium dynamics such as
diffusion coefficient, ionic jump rates, and transference number. [155] Furthermore, other
ssNMR sequence could be investigated such as 6Li-°Li 2D exchange spectroscopy (EXSY)
sequence, which can provide information on lithium exchange dynamics between two
different phases. [156] Finally, operando NMR might be investigated to monitor lithium
dynamics into composite materials during charge or discharge cycles. However, NMR spectra
under static conditions lead to a drastic loss of resolution and subsequently loss of information
regarding lithium due to the appearance of anisotropic interactions (e.g. chemical shifts,
dipolar or quadrupolar).

Initial orthogonal ToF-SIMS analyses were conducting in collaboration with Orsay
physics company. It would be relevant to continue developing such studies in order to
enhance composite material characterisations at the submicrometer scale. In parallel, in order
to go even further than o-ToF-SIMS, the combination of Helium lon Microscopy and Secondary
lon Mass Spectrometry techniques (HIM-SIMS) developed in 2015 could also be performed. It
provides a lateral resolution of below 20 nm, which is one of the smallest lateral resolutions
achievable instrumentally. [157] Ceramic particles contained into the polymer electrolyte
matrix could be easily detected and effect of particle size may be investigated.
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Appendices — Chapter |

A-I-1. Time-of-flight and ionisation yield notions

The time-of-flight corresponds to the flight duration of a secondary ion from the
surface of the sample to the detector. Its expression is given by Equation A-I-1

m
R S A-l-1
ToF 2 -7 U

with L the analyser length, m the mass of the ejected molecular fragment and z its charge,
and U the potential difference allowing ions extraction. tr,r depends on set intrinsic
parameters of the equipment such as L and U, and also on the secondary ion characteristics,

m and z. ToF-SIMS technique is based on the mass to charge ratio (?) determination of each

detected secondaryion. The % ratio can be determined for each pixel from the measured t,f.
Equation A-I-2 is deduced from Equation A-I-1.

m tror\’
Z-2 0 () a2

Several analyses beams can be used such as Bi*, Bi?* or Bi** at 15 keV. Larger sputtering
clusters permit to lower the surface sensitivity. [62] The energy of the beam can also be
increased up to 30 keV. By increasing the energy and consequently the current, it results in
an improved ionisation yield. The ionisation vyield (r,)is defined by the following
Equation A-I-3,

number of ejected molecular fragments A%
T'A =

A-1-3
number of ejected molecule A

Several parameters are affecting the ionisation yield, such as the beam energy, [158]
the beam nature, [159] the mass of the ejected molecular fragment, [158] and the binding
energy of the considered fragment in its environment. [160] The last parameter is commonly
called the “matrix effect”. That is why ToF-SIMS characterisation is not quantitative. Indeed,
various molecular fragments have different ionisation yield, and an atom is present in various
molecular fragments. However, relative quantification may be possible by analysing a
reference sample having a known composition and the same matrix as the characterised
samples. Moreover, it is assumed that the matrix effects do not have any impact on isotope
detection. [74] The intensity of a molecular fragment varies according for instance to the
primary ion dose, the ionisation yield and the atom concentration. [65]
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A-I-2. Description of NMR pulse sequence and signal acquisition

The objective of this appendix is to provide few keys to understand NMR technique
functioning.

NMR technique detects ground state nuclear spin. Thus, NMR can only observe atoms
with non-zero ground state nuclear spin because they are magnetic. Probed atom spin will
precess around the magnetic field with the resonance frequency. Lithium isotopes can be
observed by NMR because their spin is not equal to 0. The ground state nuclei spin of °Li and

‘Liarel = l1land = % respectively. Thus, they can be probed by applied a pulse sequence
described on Figure A-I-1.

EEEEEERRRATL -lIlllllllll'.q

ty  trmp ty

Figure A-I-1. Description of a pulse sequence and the acquisition of the NMR signal.

On Figure A-I-1, the three steps of a pulse sequence are schematised. Firstly, a pulse is
applied during few microseconds (t,). Then, the free induced decay (FID) is recorded during
the acquisition time (tz;p). Finally, before applying the next pulse, it must wait a certain
amount of time called the relaxation delay (t,.). The t, is required for the longitudinal
relaxation to reach its equilibrium state. This time will be investigated to carry out quantitative
analyses.

The local environment and the resonance frequency have an impact on the local
magnetic field response. On Figure A-I-2 the description of the magnetisation precession after
applying a 90° pulse is schematised.

d v
By

My

Initial state 90° pulse Precessing of the Ideal final state
magnetisation

Figure A-I-2. Description of the magnetisation precession after applying a 90° pulse. Figure
inspired from Figure 1 presented by Louis-Joseph and Lesot. [161]
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On Figure A-I-2.a, the nuclear magnetic moments of a sample are aligned by applying
a magnetic field (By). By is created by a superconducting magnet. Larmor frequencies (v) are
determined by the following Equation A-I-4,

vy| = lv1Bo
Vol = 21T 0-1

with y, the gyromagnetic ratio (Table A-I-1). The Larmor frequency corresponds to the
precession frequency. It is different for isotopes. By is operating at 73.6 and 194.4 MHz
Larmor frequencies for Li and ’Li, respectively (Table A-I-1). The nuclear Larmor frequencies
are in the range of radio frequencies, which have a low energy. That is why NMR is a
non-destructive technique. The sample is placed in an area where B, is homogeneous. Then,
on Figure A-1-2.b, the probe can tilt the sample magnetisation away from B, by producing a
transverse radiofrequency magnetic field (B;). The probe produces radio frequency field to
excite the spins of the probed nucleus. B; oscillates at the Larmor frequency. A 90° pulse
sequence rotate the magnetisation into an orthogonal plane to B,. It corresponds to the
(xz) plan. Thus, the magnetic moment is perpendicular to By. When the applied pulse stops,
the magnetisation will come back to its equilibrium state (Figure A-1-2.c). The acquisition time
(tg;p) has to be set regarding the relaxation phenomenon. The recovery to the equilibrium is
measured by an NMR console. The NMR console has different roles. Firstly, it creates and
amplifies the radiofrequency pulses. Then, NMR signals are detected and transformed into a
digital form.

Finally, a computer through dedicated (commercial or homemade) software is
necessary to handle the different steps required for the emission and detection of NMR signals
and process the digitised NMR signals by applying a Fourier transform and various treatment
such as phase adjustment or baseline correction. An NMR spectrum represents the intensity
of the detected nucleus as a function of the chemical shift in ppm.

Table A-I-1. NMR characteristics of lithium isotopes.

Properties oLi L
Spin (S) 1 3/2
Natural isotopic abundance (%) 7.6 92.4
Gyromagnetic ratio (MHz/T) 6.266 16.546
Resonance frequency at 11.74 T (500Mz) (MHz) 73.578 194.317
Quadrupolar moment (m?) —0.0808 - 103° —4.01-103%°
Relative sensibility (*H = 1.00) 8.50-1073 0.29
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Appendices — Chapter Il

A-lI-1. Composite electrolyte preparation

The aim was to prepare a composite electrolyte containing at least 50 wt% of LLZTO
particles. This percentage was set from Zheng and Hu who demonstrated that ceramics
percolation may be possible in such conditions. [46]

The question is what is the equivalent ceramic volume percentage?

Table A-lI-1 is a summary of the density and the mass of the used materials.

Table A-1I-1. Sum up of the set parameters.

PEO LiTFSI LLZTO
p(g-cm™3) 1.20 1.33 5.50
m (g) 0.50 0.20 0.78

The volume of the polymer electrolyte (V},) was estimated by using the following
Equation A-1I-1,

Vo= Mpoe N Myirrsi A-ll-1
14
Proe Prirrs

And the volume of the ceramic particles (V;;z10) was estimated by the following
Equation A-11-2,

_ Myrzro
P A-ll-2

p LLZTO

Based on these results, the volume percentage of the ceramic particles
(Wt%,;z10) Was calculated by applying the following Equation A-lI-3,

Vitro A-lI-3

wt%rizro = 55—
Vitzro + %

Thus, as 0.78 g of LLZTO particles were mixed with 0.7 g of polymer electrolyte
(PEO+LITFSI), it corresponds to 52.7 wt%;; st and it represents 20 vol%;; z7¢.
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Appendices — Chapter llI

A-lll-1. Lithium self-diffusion at room temperature (25° C)

Berthault et al. studied lithium isotopic exchanges occurring between a liquid
electrolyte enriched in 6Li and a silicon-based electrode. [16] At room temperature such
exchanges were relatively fast.

Here, lithium isotopic exchanges are occurring between two solids. ToF-SIMS 2DLA
scan was performed on the surface of the device from the °Li-foil to the polymer electrolyte,
after 24 h of contact time at 25° C (Figure A-IlI-1).

Ll fir 10

a) " b) c)

SLi-foil PEO/’LITFSIf _ ) _
Total 7Li* °Li*

total Li+ fLis

d) e

CHy+ CF+

Figure A-lll-1. ToF-SIMS 2DLA scan on the surface of the device from the 6Li-foil to the polymer
electrolyte, after 24 h of contact time at 25° C: a) Intensity of all the detected molecular
fragments, b) Intensity of ’Li*, and c) Intensity of °Li* d) Intensity of CHs"* intensities, and e)
Intensity of CF*.

Figure A-lll-1.a corresponds to the sum of the intensity of all the detected molecular
fragments. Between 1,600 and 2,300 um no molecular fragment is detected. It is due to the
130 um-thickness of the ®Li-foil, creating shading effects. The °Li-foil can clearly be detected
on Figure A-lll-1.c. By applying formula, ®Li and ’Li were estimated along the polymer
electrolyte (Figure A-III-2).
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Figure A-llI-2. Lithium self-diffusion at 25 °C in PEO/LITFSI electrolytes analysed by ToF-SIMS
after 24 h.

The green surfaces, first on top of the °Li-foil, and then on top of the polymer
electrolyte were analysed by ToF-SIMS. According to ToF-SIMS results presented on
Figure A-llI-2, no self-diffusion occurs at room temperature between a lithium foil enriched in
®Li and a polymer electrolyte at lithium natural isotopic abundance.

It is possible to wonder if an enrichment in 6Li did not occur in the hidden area by the
bLi-foil, and if longer contact time could lead to finally detect lithium self-diffusion. Thus, other
experiments were carried out with a longer contact time of 88 h. Raw data are presented on
Figure A-l11-3. TOF-SIMS 2DLA scan was performed on the surface of the device from the ®Li-foil
to the polymer electrolyte, after 88 h of contact time at 25° C (Figure A-111-3).
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Figure A-11I-3. ToF-SIMS 2DLA scan on the surface of the device from the °Li-foil to the polymer
electrolyte, after 88 h of contact time at 25° C: a) Intensity of all the detected molecular
fragments, b) Intensity of ’Li*, and c) Intensity of °Li* d) Sum of the CH*, CH2* and CHs" intensities
e) Sum of the F*, CF* and CFs* intensities, and f) Intensity of Hs0".

There is still a not analysed area from 1000 to 1400 pm (Figure A-Ill-3.a). The ®Li-foil
can clearly be detected on Figure A-llI-3.c. By applying formula, ®Li and ’Li were estimated
along the polymer electrolyte (Figure A-111-4).
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Figure A-lll-4. Lithium self-diffusion at 25 °C in PEQ/LITFSI electrolytes analysed by ToF-SIMS
after 24 h.

Even after 88 h of contact time, no lithium self-diffusion was detected (Figure A-llI-4).
However, the presence of the thick ®Li-foil is still creating shading effects. Thus, the part of the
polymer electrolyte close to the °Li-foil was not accessible. Having access to the enrichment
in ®Li values is crucial. That is why the °Li-foil will be removed in the future ToF-SIMS analyses.
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A-llI-2. Parametric studies to set appropriate numerical value of Dé’ﬁ, Dgu, andv
l

The in-plane device was let 72 h at 60° C. Numerical simulations (solid curves)
performed with various set of parameters were compared with experimental data (red dotted
curves). On each figure, the effect of one parameter was tested, while the others were set
between each numerical simulation. On Figure A-1Il-5 and Figure A-llI-6, the °Li* self-diffusion
coefficient into the polymer electrolyte ( ng) was tested.
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Figure A-llI-5. Effect of Dgﬁ variations. Comparison between on three numerical simulations
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(solid lines) and experimental data obtained after 72 h of contact time.
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Figure A-lll-6. Effect of DEL-+ variations. Zoom of Figure A-IlI-5.

On Figure A-11I-5 and Figure A-llI-6, the °Li* self-diffusion coefficient into the polymer
electrolyte (ng) was set at either 1.0x 1072 m?-s71 (black curve) or
1.6 X 1072 m? - s71 (blue curve) or 2.2x 1072 m?- 571 (brown curve). The other
parameters Dgu and v are set at 107 m? 571, and 2x 1072 s~1. According to the

parameters of interested set on Figure IlI-9, the experimental curves (red dotted curves)
match with numerical simulations while Dé’“is equalto 1.6 X 10712 m?2 - 571,
L
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On Figure A-1lI-7 and Figure A-l11-8, the °Li* self-diffusion coefficient into the polymer
electrolyte ( Dé’ﬁ) was tested.
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Figure A-lll-7. Effect of Décu variations. Comparison between on three numerical simulations
(solid lines) and experimental data obtained after 72 h of contact time.
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Figure A-lll-8. Effect of Dgu variations. Zoom of Figure A-lll-7.

On Figure A-1ll-7 and Figure A-l11-8, the bLi* self-diffusion coefficient into the polymer
electrolyte (DgLi) was set at either 1.0x10"®m?-s71 (black curve) or

1.0 x 107 m?- s=1 (blue curve) or 1.0 X 1073 m? - s~ (brown curve). The other
parameters D{ _and v are setat 1.6 X 1072 m? - s™! and 2 x 107? s™*. According to the

Li

parameters of interested set on Figure Ill-9, the experimental curves (red dotted curves)
match with numerical simulations while DgLi is equal to 1.0 X 107 m? - s~1,

On Figure A-111-9 and Figure A-111-10, the Li* self-diffusion coefficient into the polymer
electrolyte (v) was tested.
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Figure A-l1I-9. Effect of v variations. Comparison between on three numerical simulations (solid
lines) and experimental data obtained after 72 h of contact time.
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Figure A-IlI-10. Effect of v variations. Zoom of Figure A-llI-9.

On Figure A-11I-9 and Figure A-111-10, the Li* self-diffusion coefficient into the polymer
electrolyte (v) was set at either 1.5 X 1072 s~ (black curve), 2 X 1072 s~ (blue curve) or

25x107%s™1 (brown curve). The other parameters Dé’ﬁ andDgLiare set at
14

1.6 x 10712 m?2-s 1 and 1.0 x 107** m? - s~1. According to the parameters of interested
set on Figure 11I-9, the experimental curves (red dotted curves) match with numerical
simulations while v is equal to 2 X 107° s 71,

The same comparisons between experimental data and simulated results were
performed with experimental results obtained after 24 h, 120 h and 255 h of contact time.
They led to the same conclusions that the highest consistency set of parameters was obtained

by setting DfLi,DgL.+ andv at107 ¥ m?-s571, 1.6 x 1072 m?-s7! and 2x107%s71,

respectively.
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A-I1I-3. Conversion of ppm in Hz

The chemical shift §,. of the contribution x is expressed in ppm on the high-resolution
ssNMR spectrum. It is possible to convert it in Hz by using the following Equation A-llI-1,

5, = xvol 16 A-lll-1

Vo

with vythe frequency of the contribution x in Hz, and v, the reference Larmor frequency in
Hz. Equation A-lllI-2 expresses the relation between frequency difference and chemical shift
difference,

lvep — Vol 106 — |Vip - V0|
Vo Vo

Av = |(vep — Vo) — (Vip — vo)| = < - 106> v - 1070 = |8g — 8| - Vo107 A-llI-2

with vg, and v;, the frequencies of the spinning sideband and of the isotropic peak,
respectively, in Hz, and §spand §;, the chemical shifts of the spinning sideband and of the
isotropic peak, respectively, in ppm. To sum up, the frequency separation Av between an
isotropic peak and a spinning sideband is expressed by the following Equation A-llI-3,

Av = |85, — 81|+ Vo A-1I1-3

with Avin Hz, |8g, — 5ip| in ppm and v, in MHz. In the case of probing “Li in a magnetic field
of 11,74 T, vy = 194.317 MHz. On both spectra Figure Ill-14, only one isotropic contribution
was detected, which corresponds to the chemical environment of the lithium contained into
the polymer electrolyte. On the left, the ®Li spectrum is plotted. The chemical shift of the
isotropic peak is —0.8932 ppm. On the right, the ’Li spectrum is plotted. The chemical shift of
the isotropic peak is —0.7894 ppm. In addition, spinning sidebands appear on the spectrum.
The distance from the isotropic peak to the first spinning sidebands, A;,_g;, , were calculated
in ppm (Equation A-1lI-4 and Equation A-III-5).

Aip—Sb right— |—07894‘ + 522615' = 51.5 ppm A-lll-4

Aip—spiere= 150.5265 + 0.7894| = 51.3 ppm A-111-5

As explained above, these distances in ppm can be converted in Hz. According to
Equation A-IlI-3, Ajp_sprighe and Ay spiepe, are equal to 10,002 Hzand 9,972 Hz,
respectively. It matches with the set rotation speed of 10,000 Hz. Thus, the peaks indicated
by asterisks are spinning sidebands.
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Appendices — Chapter IV

A-IV-1. Polymer electrolyte and Li electrodes preparation

a. Preparation of the polymer electrolyte

The polymer electrolyte preparation was already described in chapter Il. The dried
polymer electrolyte film was 100 pm thick. Rectangles of 5 X 13 mm? were cut in a dry
room. The thickness was measured using a Digital Micrometer® 49-56 from Messmer
Buichel™. The relative uncertainty provided by the supplier is in a [1;3] pm range.

b. Preparation of Li electrodes

Lithium chunks enriched at 95.4% in bLi (Sigma-Aldrich, chunks, in mineral oil, 95.4%
of ®Li) were washed with cyclohexane (Sigma-Aldrich, anhydrous, 99.5%). Then, they were
laminated to obtain a °Li-foil with a thickness of 130 pm.

Lithium foils are connected to nickel (Ni) tabs to be integrated into the electrical circuit.
A copper grid was pressed on the lithium foils, and welded to Ni-tabs in order to connect them
(Figure 1lI-1 and Figure IV-2). The use of a grid ensures a homogeneous electric contact
between the Li-foil and the Ni-tabs. The Ni-tabs allow the electrical connection after sealing
out of the future packaging.
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A-1V-2. Determination of the electrical equivalent circuit of each device.

a. Sandwich configuration (equivalent to standard coin cell assembly)

A AR
I Iy
A Q1 Q2 —
RO e L
R1 R2

b. In-plane configuration

Ay A
I/ ir
— Q1 Q -
—_—J | S
R1 R2

Figure A-IV-1. Electrical equivalent circuits used to fit the impedance spectra of a) the
Li/PEO+LITFSI/Li sandwich configuration configuration equivalent to standard coin cell
assembly and b) the in-plane configuration.

The electrical equivalent circuit presented on Figure A-IV-1.a was used to fitimpedance
spectra of the sandwich configuration. It is a mix of the ones proposed by Bouchet et al. [114],
by Xie et al. [162] and by Han et al. [163]

The electrical equivalent circuit presented on Figure A-IV-1.b was used to fitimpedance
spectra of the in-plane configuration. It was proposed by Jeanne-Brou et al. in order to
characterise the same design. [135] Notice that the bulk resistance of the electrolyte is here
determined at the end of the semi-circle.
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A-1V-3. Présentation du modeéle utilisé

La variation en concentration en ion lithium est simulée de facon habituelle par une
relation de Nernst-Planck :

aCLi
at

Dcy;

_ (1)
_y (DZCLL +F RT

w)

Le premier terme concerne la force motrice liée a la présence d’'un gradient en
concentration dans I'électrolyte, et le second terme résulte de la force motrice induite par un
gradient de potentiel électrique.

En réalité, cette forme est une approximation d’une loi plus générale de mélange,
basée sur le gradient des potentiels électrochimiques des composants de I’électrolyte.

Afin de comprendre la dynamique des électrolytes solides a base de polymeére
conducteur ionique, un modele basé sur la théorie des polymeéres en solution [1] est proposé
dans ces travaux.

Chaque flux va étre écrit comme le produit d’'un terme de mobilité et d’'une force
motrice électrochimique

Ji =0 Yy +qZV) (2)
avec
A, = é:D; (3)
kpT

Les concentrations, ou plutét fractions volumiques, de la totalité des espéces
chimiques de I'électrolyte sont résolues en respectant des regles de couplage entre les flux
pour conserver les deux relations locales suivantes :

& (4)
;q—')i =1

(5)
Ji=0

i=1

Ainsi, pour n espéce chimique mélangées, la relation de conservation (3) permet de ne
résoudre que n — 1 équations de continuité s’écrivant de la forme suivante :

i (6)
o - YLt

Avec les flux de mélange définit par la relation suivante :
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Ath dAG AVV (7)
Z l]_ a¢] qQ —

et S; le terme source pouvant decrlre un transfert aux interfaces du domaine ou des réactions
chimiques liées au composé i .

Les flux de mobilités mutuelles thermodynamiques et de mobilités électriques
s’écrivant souvent de la forme suivante :

A = Z A2 (8 — ) (8kj — ¢5) (8)

Y =0, z (— ~2) A6~ 40 ©)

. OAG ., . L. s
Le potentiel chimique de mélange u; = Fre s’écrit comme la dérivée de la densité
J

d’énergie libre de Gibbs :
(10)

AG = kBTE gbllnqbl Z)Cufl’ b;

J#L
j=1

Afin de simuler complétement le systéme, une équation permettant de résoudre le
potentiel électrique dans I'électrolyte est nécessaire. Pour cela, I'équation locale de
conservation de la charge est ajoutée au groupe d’équations de continuité :

(11)
__|_ V < ]elec> —

Avec J¢'¢ |a densité de courant associée au flux J; :

elec _ Zl_q] (12)
i Q; Ji

Enfin, une propriété importante des électrolytes permet d’imposer |'électro-neutralité
dans la majeure partie de I'électrolyte. En effet, seule une trés fine couche d’interface avec
les matériaux actifs perd cette électroneutralité (quelques nanométres). Cette propriété peut
étre simplifiée par I'ajout d’'une capacité a l'interface, en évitant cette résolution fine et
exigeante en termes de maillage. Finalement, I'électroneutralité imposée permet d’ajouter
deux simplifications :

n
_ Zzi¢i —0 (13)
p=q d Qo
ap _ (14)
Frie 0
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Afin de résumé le modele ainsi défini, le modéle mathématique est appliqué a un électrolyte
ternaire constitué d’ions lithium Li*, de contre-ions TFSi~ et de polymére POE, avec les

parametres de charge effectives, respectivement, Z;;+ = 1,Zrpgi- = —1 et Zppp = 0 :
d¢,; . .
% =-V. ]L_1+ + S+ équation (6)
O —
Presi- =~ b+ déduit de I'équation (13)
Lit Q
Ppog =1 — i+ (1 + SFSI_) déduit des équations (4) et (13)
Lit
Jow = ZA OAG qA‘Zi+ v s quation (7
LI. Lit j— 6¢] QLL"*'_ equa 1on
0AG AV por-
Jrrsi- = —ZAtTthz JAA ( > qﬂzV équation (7)
- 7 a(l’; Qrpsy-
Al AR\ (0AG
V-qz Lty CTest V< >+0VV =0 o
- 7 Oy Qrps; ) —\0¢; - déduit des équations (7), (11),
12) et (14
e (AV ) taetd
QZ ‘Q‘%FSI_

Dans le cas ou la population de lithium est séparée en deux groupes isotopiques, dont

les volumes et les charges effectifs sont égaux (Q 60 = Q7 0 =0, Lo =17 4 =1 ) le
systéme a résoudre devient :

06+ . )
Frame —V- Jep+ + S+ équation (6)
3p 7,1+
at“ =V Jo++So équation (6)
Q
brrsi- = —:S’ (¢ osr + b7t déduit de 'équation (13)
QTFSI ; . ; .
Gpog =1— (d) 6+ T P+ ) ( ) déduit des équations (4) et (13)
QLl+
J = ZAt 0AG équation (7)
oLt oLt ]_ 6(1), q QL1+ - a
Z” AN <quation (7)
= équation
]7LL+ it ]_ a¢] —q -Q-Ll+ q
G ATFSI
Jresi- = _ZATFSI A% (6(],’)]) q—— 'Q'TFSI_ équation (7)
AtGLL tj At7Lt *j ATFSI
Z'qz: a 0 J 6¢ +0VV_O
7 L TES J déduit des équations (7), (11),
12) et (14
o= q> A6Ll +A7“ Alrsi- (12) et (14)
‘QLLJr ‘Q‘LL+ Q%FSI_

[1] Rubinstein & Colby « Polymer Physics » 2003
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A-1V-4. Simplification du modele de mélange

Dans cette partie, la simplification du modele de mélange existante lorsque les
concentrations en lithium sont considérées comme diluées permet de retrouver I'équation
classique de diffusion de Nernst-Planck.

L'énergie libre de mélange de Gibbs peut étre simplifiée par son terme d’énergie
entropique, sans considérer la contribution des autres éléments :

= ¢ oLt In ¢ oLt
AG ~ kyT ————+C
Qoo

Et sa dérivée :

OAG kgT
0 6p+ o 6pi+

In d) 67+

Dans cette approximation, les termes croisés peuvent étre négligés dans I’équation du
flux volumique :

_ \%4
" 0AG\ Moy
]6Li+ ~ —A 6Li+jz 9, —q QO vv
%4
kgT A it
__Ath B

Les termes de mobilité mutuelle sont également simplifiés ce qui finalement donne les
mobilités de I'autodiffusion :

Q 6Li+¢ o +D 6+
kgT

th AV - _
A épit oLt =~ A 6 it ~ Nepi+Qep+ =

En utilisant la relation mathématique suivante

dlng dlngap 10¢
ox  9¢ 0ox ¢ox

Le flux peut s’écrire finalement de la maniéere suivante :

|4
k,T 1 A 6t
Oy v ) 4%
] 6Ll+ 6Ll+ 6Ll+ Q 6Li+ ¢ 6Li+ - (¢ 6Ll+) q Q -

Ce qui permet de définir la relation connue

q¢ 6Li+D 6Li+

] 6+ ~ —D 6Li+z (d) 6Li+) -

kgT -
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A-IV-5. Conductivité céramique dans le modele sandwich

La théorie de mélange est appliquée dans le milieu céramique. La contre charge
négative est portée par le réseau de matériaux, et est ramenée a une contre charge effective
statique. Dans ces conditions, |'électroneutralité du matériau est maintenue en considérant
une concentration en lithium stationnaire et homogéne a tout moment de la simulation.
Cependant des échanges °Li et ’Li sont possibles.

La relation établie précédemment pour définir la conductivité est toujours valide et
permet d’estimer un coefficient de diffusion pour les ions lithium :

2 AGLL AV7Li"'
C=C\ T2
Lit Lit
q
o= (o) (W +1%,)

avec la définition des coefficients de mobilité électrique AVsLi+ et AV7LL.+ définis par I'équation

9, on peut écrire :

Z SLit Z “Lit
e LT (1= o) = b |5 o LA

Ay o= —0 -¢ 2ty g LA P NEENIN
TLit T 7Li+- 7Lit Dot 6pi+is 6+ 07y TLite4 Tt Lit

Les coefficients d’auto-diffusion définis a I’équation 3 sont :

¢ 6LL'+D 6Li+

A6Ll+ Q6Li+

Aovir ks T
¢ 7Li+D 7Li+
Nrjjy =———F
kgT
Ainsi,
AV6LL"" = oy [A oLi* (1 —¢ 6Li+) — P+ 7Li+]
AV7LL'+ = Q7 [d’ it = A7y (1 —¢ 7LL'+)]
D 6L1+‘Q eLit
AVGLi"’ + AV7Li+ - [(].’) eLit (1 — Qo=@ 7Li+) tdrpm (1 — P+ — ¢ 6Li+)]

D 6 -+.Q 67+
174 1% Li Li
Nopje + A7 4 = kT (¢ syt + @ 7LL'+) (1 — ¢ — @ 6Li+)
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Finalement, la condictivité s’écrit par la relation suivante :

q 2D 6Li+Q 6Li+
g = (Q_u) T (B s + D7) (1= brgr = ber)

Cela permet de définir le coefficient de diffusion au sein de la céramique par la relation
suivante :

Q\2 okgT
D 6rit = (—
7 Q oLit (¢ s+ T P 7Li+) (1 — ¢ —@ 6Li+)

La somme des fractions volumiques des ions lithium peut étre ramenée a la
concentration en ions mobile au sein de la céramique par la relation suivante :

Pep+ TP e = QLinierNA

En remplagant cette relation dans la formule précédente, et en modifiant gN, = F, on
peut écrire la diffusion en fonction de la conductivité mesurée et la concentration d’ions
mobiles :

b (1)2 oRT
6L.+ = | —
D e (1= Qe NG
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Appendices — Chapter V

A-V-1. Determination of the electrical equivalent circuit of each device.

— ) )
—~ R Q2 Q3 W
1] — — Wi
1 R2 R3

Figure A-V-1. Electrical equivalent circuits used to fit the impedance spectra of the dispersion
device is based on the ones proposed in various studies. [21] [44] [164]

A-V-2. Segmentation results on each composite electrolyte.

Results from the segmentation protocol presented on Figure A-V-2, Figure A-V-3 and
Figure A-V-4 are gather on Figure V-24. Average °Li abundance of the considered domain is
indicated below each image. bLi abundance is mapped (a) and segmentation results of the
ceramic particles (b), the polymer electrolyte matrix (c), and the interface between both
materials located at the edge of the ceramic particles (d) are obtained.

a) Li ratio bin 4 b) Ceramic mask C) Polymer mask d) Edge mask
o = ” .

TN

0 25 50 75 100 150 175

7.41 + 0.06 % of °Li 7.47 +0.14 % of 5Li 7.45 + 0.10 % of SLi 7.34 £ 0.12 % of Li

Figure A-V-2. °Li abundance mapping obtained by o-ToF-SIMS characterisations of C1.

a)  Liratiobin2 b) Ceramic mask

59.21 + 0.12 % of bLi 64.24 +1.73 % of °Li 58.99 + 0.13 % of SLi 60.64 + 0.37 % of bLi

Figure A-V-3. °Li abundance mapping obtained by o-ToF-SIMS characterisations of C2.

a) 6Li abundance mapping b) Ceramic mask c) Electrolyte mask d) Edge mask

T o l _ ’ i

S

s | 7: I

45.5+ 0.05 % of Li 40.4 + 0.5% of 6Li 45.7 +0.05 % of SLi 42.5 + 0.2% of SLi

Figure A-V-4. °Li abundance mapping obtained by o-ToF-SIMS characterisations of C3.
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Appendices — Résumé étendu en francais

Introduction

Le principal objectif de I'Accord de Paris adopté en 2015 réside dans la limitation du
réchauffement climatique en dessous de 2 °C. Pour atteindre cet objectif, il est nécessaire de
réduire de maniére drastique les émissions de gaz a effet de serre. L'Accord de Paris a affirmé
que les pays développés doivent fournir un soutien financier aux pays en développement pour
faire face aux défis climatiques. Le développement des véhicules électriques est présenté
comme l'une des voies potentielles pour réduire les émissions de gaz a effet de serre et est
inclus dans de nombreux plans de transition énergétique établis par les pays développés. C'est
cet essor des véhicules électriques qui conduit a celui des batteries lithium, point d’ancrage
de ce travail de recherche.

Le développement des batteries tout-solide s’accélere avec de forts enjeux liés a
I'amélioration de la sécurité et a lI'augmentation des densités d’énergie stockées. Les
industriels souhaitent commercialiser des batteries toujours plus denses en énergie, non
inflammables et éviter les fuites d’électrolytes liquides en cas d’accident. L’utilisation
d’électrolytes solides est I'une des solutions envisagées. Pour développer un électrolyte solide
performant, différents criteres sont considérés: sa conductivité ionique, le nombre de
transport de l'ion lithium et sa stabilité électrochimique, thermique et mécanique. L'un des
avantages potentiels des batteries tout-solide est de pouvoir utiliser du lithium métal a
I’électrode négative. Cela permet d’augmenter les densités d’énergie car le lithium est un
métal plus léger et plus réducteur que les matériaux d’électrode négative de la technologie
Li-ion tels que le graphite ou le silicium. Son potentiel standard est de —3,05V /ESH et sa
capacité spécifique est de 3,8 Ah-g~!. Cependant, plusieurs verrous technologiques
majeurs ont été identifiés parmi lesquels la formation de dendrites qui conduit a des
courts-circuits, ou la génération de fortes résistances aux interfaces qui limite les échanges.

Dans ce travail de thése divisé en cing chapitres, nous étudions la mobilité du lithium
dans un électrolyte solide polymére-céramique également nommé électrolyte composite ou
hybride. Le marquage isotopique du lithium de certains composants d’une batterie, combiné
a la spectrométrie de masse des ions secondaires par temps de vol (ToF-SIMS) et a la
spectroscopie de résonance magnétique nucléaire a haute résolution en phase solide
(ssNMR), ainsi qu'aux simulations numériques, sont les pierres angulaires de ce travail de
recherche. Diverses études ont montré l'intérét des méthodologies basées sur les
spectroscopies ToF-SIMS et ssNMR afin de déterminer I'abondance isotopique du lithium dans
des matériaux de batterie. En effet, notre groupe a déja démontré la puissance de cette
approche pour étudier les anodes de graphite et de silicium avec des électrolytes liquides, en
particulier certaines recherches liées a la formation de I'interface électrolyte solide (SEl).
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Chapitre | :

Ce premier chapitre explique l'intérét des batteries a I'état solide. Une attention
particuliere est accordée aux électrolytes solides. Les travaux basés sur le marquage
isotopique du lithium de matériaux de batterie sont discutés en détail. Les techniques de
caractérisation avancées mises en ceuvre pour suivre I'évolution spatiale et temporelle des
isotopes du lithium sont également présentées et comparées.

De nos jours, la majorité des batteries Li-ion disponibles sur le marché contienne un
électrolyte liquide. Ces derniers évoluent continuellement pour devenir plus efficaces et
fiables en termes de performances électrochimiques et de sécurité. Une technologie de
batterie fondée sur un électrolyte solide pourrait pallier les limites des batteries Li-ion.
Cependant, les électrolytes solides doivent encore étre améliorés pour atteindre les
propriétés et performances ciblées. Parmi tous les électrolytes solides, une dispersion de
céramiques conductrices ioniques dans une matrice d’électrolyte polymére offre des
perspectives significatives en vue d’'une commercialisation des batteries « tout-solide » grace
a son potentiel pour améliorer la sécurité des batteries et augmenter leur densité
énergétique.

Table. Avantages et inconvénients d’un électrolyte polymeére et céramique.

[ Electrolyte polymere (POE+ LiTFs) | Electrolyte céramique (LLZTO)

Avantages

- Inflammables comparés aux électrolytes liquides et non-volatiles
- Conductivité électronique négligeable

- Faible résistance aux interfaces avec les matériaux | - Forte résistance aux interfaces avec les matériaux
d'électrode d'électrode
- Flexible, facile a mettre en ceuvre - Difficile a mettre en ceuvre
- Préparation a des températures comprises entre 25 | - Frittage a haute température
et 60 °C - Fragile
- Faible conductivité ionique (< 107* S - cm™1) - Conductivité ionique élevée (1073 -10"2S - cm™1)
- Formation de dendrites de lithium possible - Permet I'utilisation de lithium métal
- Faible stabilité thermique et chimique - Bonne stabilité thermique, chimique et mécanique

Inconvénients

“ - Conductivité ionique toujours faible par rapport aux électrolytes liquides H

Les batteries « tout-solide » sont une alternative attrayante aux batteries Li-ion
traditionnelles, grace a leur densité énergétique plus élevée et sécurité renforcée. L'un des
principaux objectifs est de développer des batteries « tout-solide » contenant du lithium
métal a I'anode. Les électrolytes solides composites sont particulierement prometteurs pour
le développement des batteries « tout-solide » car ils combinent les avantages a la fois des
électrolytes solides céramiques et des électrolytes solides polymeres. Cependant, en raison
de résistances élevées aux interfaces entre les deux milieux organiques/inorganiques, ils sont
connus pour avoir une faible conductivité ionique comparés aux électrolytes liquides
traditionnels. Par conséquent, il est essentiel de mieux comprendre les parameétres qui
controlent la dynamique du lithium au sein de ces matériaux composites. Une meilleure
compréhension des mécanismes régissant le transport des ions lithium au sein de ces
matériaux et a travers les interfaces existantes est nécessaire. Le comportement du lithium
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dans le volume et aux interfaces reste peu clair et nécessite une compréhension plus
approfondie.

Une méthode pour étudier les mécanismes de transport du lithium dans ces matériaux
solides contenant déja du lithium consiste a réaliser des expériences de tragage isotopique.
Ces expériences reposent sur l'utilisation de matériaux enrichis en °Li. Certaines techniques
de caractérisation avancées permettant de détecter simultanément ou indépendamment les
isotopes de lithium “Li et ®Li ont été brievement détaillées. Le choix de la technique utilisée
dépendra de la nature du matériau, ainsi que des informations requises. Un résumé des divers
avantages et inconvénients liés a chaque technique est fourni. Leurs applications ont été
illustrées au travers d’articles pertinents impliquant I'utilisation du marquage isotopique du
lithium. A noter que celui-ci est utilisé pour I'étude des matériaux de batterie seulement
depuis 2011. Tous ces travaux de recherche visent a une meilleure compréhension de la
dynamique du lithium dans les matériaux de batterie. Par exemple, I'estimation du coefficient
d'autodiffusion du lithium, le choix des meilleures couches minces perméables, les
mécanismes de formation de l'interface électrolyte solide (SEI) et I’estimation de son
épaisseur ont pu étre étudiés avec succes. De plus, les compositions d'électrodes ou
d’électrolytes solides composites pourraient étre optimisées afin d'améliorer les
performances électrochimiques des dispositifs. Enfin, la formation de dendrites, a été étudiée
pour mieux comprendre ce processus indésirable.

Par définition, des isotopes sont liés au méme noyau. lls ont le méme nombre de
protons (Z) mais un nombre différent de neutrons (N), ce qui entraine une différence de
masse. Dans le cas du lithium, il existe deux isotopes stables, $Li et 3Li. Leur masse (Z+N)
differe de la masse d'un neutron. Notons que les isotopes d'un noyau présentent des
propriétés chimiques similaires car ils ont le méme nombre de protons. L'abondance d'un
élément fait référence a sa proportion sur Terre (a I'état naturel) ou dans un matériau. Ici,
I'abondance isotopique est définie comme la quantité relative d'un isotope par rapport a la
quantité totale de tous les isotopes du méme atome.

I 5Li abundance

7.6% I "Li abundance

4

95.4%

i

92.4% 4.6%

Commercially available
Natural Li isotopic abundance  highest enriched lithium compound

Figure. Abondance isotopique naturelle du lithium dans les composés conventionnels par
rapport aux composés de lithium les plus enrichis disponibles commercialement.

D'une part, lorsque notre travail fait référence a un composé avec une abondance
isotopique naturelle du lithium, les pourcentages de % °Li et de % ’Li valent 7,6% pour
% °Li et 92,4% pour de % ’Li. D'autre part, des composés disponibles commercialement
contenant 95,4% de °Li et 4,6% de ’Li ont été utilisés pour préparer des matériaux enrichis
en isotopes de lithium a divers niveaux.

226



Chapitre Il :

Le deuxieme chapitre, dont les résultats ont été publiés, est fondamental dans le sens
ou les chapitres suivants reposent sur le développement des méthodologies mises en ceuvre.
Ce chapitre est fortement inspiré de notre publication : “Lithium Self-Diffusion in a Polymer
Electrolyte for Solid-State Batteries: ToF-SIMS/ssNMR Correlative Characterization and
Modeling Based on Lithium Isotopic Labeling” publiée dans ACS Applied Material & Interfaces
en 2023.

Il présente les matériaux étudiés et les techniques utilisées. Le tragage isotopique du
lithium est un outil puissant pour mieux comprendre sa dynamique dans les matériaux
d'électrode pour batterie ou les électrolytes liquides ou solides. Plus précisément, il permet
d’étudier le comportement du lithium aux différentes interfaces présentes dans un systeme
électrochimique. Tout d'abord, le polymére, le sel de lithium et la céramique conductrice
ionique étudiés dans ce travail sont présentés. Des tests électrochimiques sont également
décrits. Ensuite, les parametres les plus pertinents des techniques ToF-SIMS et ssNMR sont
déterminés pour une caractérisation efficace des isotopes du lithium. Ces méthodologies
fournissent des estimations précises de I'abondance isotopique du lithium dans les matériaux
lithiés. Elles sont validées en les appliquant a des électrolytes polymeéres présentant
différentes abondances de °Li pour en démontrer la robustesse.

©

100+
92.492.492.4 Il Expected “Li abundance (%)
NN ToF-SIMS "Li abundance (%)
804 ssNMR ’Li abundance (%)

72.0

604

404

“Li abundance (%)

204

polymer electrolyte

Figure. Comparaison des abondances attendues de ’Li (barres bleues) avec celles estimées par
ToF-SIMS (barres vertes) ou par ssNMR (barres orange).

Il a été démontré que les caractérisations par ToF-SIMS et par ssNMR peuvent offrir
des estimations précises de I'abondance isotopique du lithium avec une incertitude de 1% et
2%, respectivement. Pour atteindre cette haute précision, les méthodologies prennent en
compte les conditions d'acquisition ainsi que les étapes de traitement des données. Les deux
techniques avancées sont complémentaires. D'une part, la technique ToF-SIMS fournit des
informations chimiques locales notamment la composition de la surface. Des fragments
moléculaires sont détectés et leurs abondances sont moyennées sur une zone micrométrique.
L'estimation de I'abondance isotopique du lithium est basée sur les intensités des fragments
moléculaires °Li* et Li*. D'autre part, les caractérisations de ssNMR du °Li et du ’Li donnent
acces a des informations globales sur les environnements chimiques du lithium. L'abondance
isotopique du lithium peut également étre estimée en sondant les spectres de ssNMR du °Li
et du ’Li. De plus, la quantification des isotopes du lithium est possible, ce qui n'est pas le cas
avec les caractérisations par ToF-SIMS. Il convient de noter que ces méthodologies peuvent
étre appliguées a d'autres matériaux lithiés.
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Chapitre lll :

Le troisieme chapitre vise a étudier la dynamique du lithium dans un électrolyte
polymére (POE+LiTFSI) a 60°C. Dans cette configuration nommée in-plane, la détermination
du coefficient d'auto-diffusion du lithium devrait étre facilitée. Cela est réalisé en combinant
les résultats expérimentaux de ToF-SIMS avec des simulations numériques.

Les méthodologies développées au chapitre Il sont utilisées pour décrire les échanges
isotopiques de lithium entre un feuillard de lithium enrichie 3 95,4% en °Li et I'électrolyte
polymére. L'utilisation de ®Li-métal permet de suivre le lithium dans un matériau contenant
déja du lithium a une abondance naturelle. De plus, une approche par modélisation fondée
également sur le marquage isotopique du lithium offre une compréhension plus approfondie
du comportement du lithium dans chaque matériau et aux interfaces en fournissant des
dynamiques de transfert a I'interface et de I'autodiffusion du lithium dans les deux matériaux.

A partir de la comparaison entre les résultats expérimentaux et les simulations
numériques, le modele présentant la plus grande cohérence a été obtenu en réglant les

coefficients de diffusion DécLl_,DgL.+ et la fréquence de transfertv a10 '*m?2-s71
L

7

1.6 X 10712 m? - s71et2 x 1079 s71, respectivement. Les résultats suivants ont été obtenus
avec cet ensemble spécifique de parametres.

+ Modelling

y B
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Figure. Comparaison des profils d'abondance isotopique du lithium a 60 °C dans un électrolyte
polymére déterminés par ToF-SIMS (lignes pointillées colorées) et simulés (lignes noires
continues) a trois temps de contact différents de 24h, 72h et 255h. Chaque analyse a été
réalisée sur des échantillons différents.

Les échanges spontanés de lithium entre les deux matériaux ont été simulés a 60 °C
aprés 24h, 72h et 255h de temps de contact. Les regles régissant la dépendance de la
dynamique des échanges de lithium en fonction de la température ont pu étre représentées
a I'aide d’'un modele prenant en compte le tracage isotopique du lithium.
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Chapitre IV :

Dans le quatrieme chapitre, deux configurations plus complexes sont étudiées. La
configuration in-plane correspond a celle présentée dans le chapitre Ill mais une tension
constante est appliquée en plus de la température. Une configuration sandwich est également
réalisée afin d'introduire une pastille céramique conductrice d’ions lithium entre deux
couches d'électrolyte polymére. La dynamique du lithium est étudiée aprés l'application d'une
densité de courant constante dans ce cas. Pour ces deux configurations, une électrode positive
en lithium enrichi & 95,4% en °Li et une électrode négative en lithium & I'abondance
isotopique naturelle (7,6% de °Li) sont utilisées pour favoriser la migration de °Li dans le
systtme en appliquant une contrainte électrique adaptée. Des caractérisations par
spectroscopie d’'impédance sont également mises en ceuvre pour accéder a la conductivité
des dispositifs. Des modéles numériques décrivant la dynamique du lithium sous contrainte
électrique sont utilisés pour mieux comprendre le comportement du lithium au sein des
différents dispositifs étudiés. Un modéle conventionnel basé sur la théorie de mélange et un
modeéle plus avancé permettant de mettre en ceuvre le tracage isotopique du lithium sont mis
en ceuvre. Les résultats simulés de la dynamique isotopique du lithium sont enfin comparés
aux résultats expérimentaux.

p = Copper grid
a Li-foil
Li-
Teflon

e
w=5mm

Figure. Configuration in-plane composée d'un feuillard de °Li et de ’Li collés a la surface de
chaque extrémité de I’électrolyte polymére. Un circuit électrique externe les relie.

Les résultats des analyses par ToF-SIMS en ssNMR sont présentés ci-dessous.

S A Li* self-diffusion Li* diffusion
SLi-f Li-f 210" (T =60°C) 2x10°7  (E=0.25V; T7; E0°C)
c
1001 3 a8 h
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20 g 72h
8 %57Li simulated curves £ N
[= Q
@ 5 48 h 24 h
'g 60 Experimental data: é 1x10% 4 N 1x10% 4 >
3 o 24h G
o ® 48h o 24 h
40 Q
3 ® 72h R} ~J
° ]
2 £
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Figure. A) Profils des abondances isotopiques déterminées par ToF-SIMS (en pointillé) et par
simulation (courbes noires) aprés 'application d’une tension constante. B) Spectres du °Li
obtenus par ssNMR : Comparaison entre des échantillons de référence (juste étuvés a 60°C)
avec des échantillons sous tension a 60° C pendant 24h, 48h ou 72h.
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Les profils de migration des ions °Li* ont été obtenus en combinant les cartographies
ToF-SIMS des ions °Li* et ’Li* aprés |'application d'une tension constante de 0,25V a 60 °C
pendant 24h, 48h et 72h. Plus le temps d’application de la tension est grand, plus le front de
diffusion se décale vers la droite. Les mémes échantillons ainsi que les échantillons de
référence ont été caractérisés par ssNMR pour déterminer I'abondance isotopique globale en
lithium.

En complément de ces caractérisations, un modele développé au CEA en paralléle de
ma these permet de modéliser la diffusion du lithium dans de telles conditions et notamment
de déterminer le courant d’échange aux interfaces (igy). Pour étudier la dynamique des
isotopes du lithium dans les systemes étudiés, les géométries sont implémentées dans
COMSOL Multiphysics et un modele de mélange isotopique fondé sur ['équation
thermodynamique du mélange prend en compte le tragage isotopique du lithium.

La configuration sandwich contient notamment une pastille céramique conductrice
ionique, LisslasZri4Taoe012, entre deux couches d’électrolyte polymere. Elle est présentée
dans la figure ci-dessous.

+

/ \— Positive cap | > 0 + I -

«~—— Wave spring

l+—— Spacer e’

—— BLj-foil

— LLZTO

«—— TLi-foil

S Spacer 5Li-foil ’Li-foil
O-ring —
N /o Negativecap 5Li* diffusion

Figure. Schéma du dispositif sandwich composé d'une pastille céramique placé entre deux
couches d'électrolyte polymere assemblées dans une pile bouton.

L'objectif d'un tel dispositif est de faciliter les caractérisations du comportement du

lithium aux différentes interfaces. Le tableau ci-dessous confronte les estimations
d'abondance en bLi des couches composant S1 et S2 par ToF-SIMS et par ssNMR.

230



Tableau. Récapitulatif des estimations des abondances en °Li par ToF SIMS et par ssNMR aprés

avoir appliqué une densité de courant constante de of 50 pA - cm™2 pendant 48h sur S1 et
pendant 86h sur S2.

— ——
-_— S —
% 5Li estimated by ToF-SIMS (%) % SLi estimated by ssNMR (%)
Material 51(48h) 52 (86 h) Material 51(48 h) 52 (86 h)
5Li-foil 954+1 954+1 SLi-foil
P;: PEO+7LITFSI 65+1 82+1 Py: PEO+/LITFSI 62+2 73+2
LLZTO - °Li side 24+1 53+1
LLzTo 28+2 302 SLi* diffusion
LLZTO “Li side 10+1 23+1
P,: PEO+LITFSI 9+1 15+1 P,: PEO+’LITFSI 18+2 29+2
“Li-foil 7.8%1 7.8%1 Li-foil I ‘ ‘

Le principal résultat est que dans les deux cas (51 et S2), I'abondance en °Li de P2 est
supérieure a I'abondance isotopique naturelle du lithium en bLi. Cela constitue une preuve que
le lithium migre a travers toutes les couches dans un tel dispositif lors de I'application d'une
densité de courant constante de 50 pA - cm™2.

Les abondances en °Li issues des simulations sont déterminées a partir de la fraction
volumique simulée de chaque isotope du lithium.

6Li-foil PEO+LiTFSI LLZTO PEO+LITFSI “Li-foil

— a7

100¢
90+

% 80

g 70 \\\86:‘1
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S 40}

8 86 h

= 30 \86h
20 \
0 Wh  asn
0 -2
0 2 4 6 8 10 12 x10

Distance (m)

Figure. Variations de I'abondance de °Li dans chaque composant simulée aprés I'application

d'une densité de courant constante de 50 pA - cm™2 sur un dispositif en sandwich pendant
48h ou 86h a 60°C.

En résumé, la migration de Li* dans un dispositif sous tension a 60°C a été caractérisée
en ayant recours aux échanges isotopiques de lithium. Les résultats expérimentaux ont permis
de développer un modele de mélange isotopique pour simuler la dynamique du lithium, en
particulier aux interfaces Li-métal/polymére et polymére/céramique. Sur la base de ces

résultats, la dynamique du lithium peut étre étudiée dans un électrolyte composite plus
complexe.
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Chapitre V :

Pour finir, dans ce dernier chapitre, une matrice d'électrolyte polymeére contenant une
dispersion de particules de céramique est étudiée. Une telle configuration, logiquement
nommée dispersion, présente des perspectives prometteuses dans le domaine des
applications de batteries tout-solide. Elle est schématisée dans la figure ci-dessous.

/ \— Positive cap

+—— Wave spring

«— Spacer

+——— SLi-foil

PEO/LITFSI
+
LLZTO particles

+~— Li-foil

61 ; .
—— Spacer Li-foil
+~—— O-ring
\ /— Negative cap

= 5Li* diffusion

Figure. Schéma de la dispersion composée d'un électrolyte polymeére (POE/LITFSI) contenant
20% en volume de particules céramiques submicroniques (LLZTO).

Aprés l'application d'une densité de courant constante, I'abondance en °Li est
déterminée par ssNMR. Parallélement, une collaboration avec la société Orsay Physics permet
d’explorer la pertinence des caractérisations par ToF-SIMS orthogonal (o-ToF-SIMS) pour
obtenir une résolution Ilatérale améliorée par rapport aux analyses ToF-SIMS
conventionnelles. Les abondances estimées de °Li sont résumées ci-dessous.
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Figure. Abondance en °Li déterminée dans chaque échantillon et dans chaque domaine par

ssSNMR (gauche) et par o-ToF-SIMS (droite). C1 est utilisé comme échantillon de référence a
I’'abondance isotopique naturelle.

Les résultats obtenus par ssNMR et o-ToF-SIMS sont en bon accord. Globalement, les
particules céramiques sont plus enrichies en °Li que I'électrolyte polymeére. Ainsi, les ions °Li*
semblent diffuser préférentiellement au travers des particules de céramique.
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A partir des cartographies de I'abondance en °Li obtenues par o-ToF-SIMS, un
programme de segmentation sur Python permet de distinguer trois domaines : les particules
céramiques, la matrice d'électrolyte polymere et le bord des particules de céramique.

a) 5Li abundance mapping b) Ceramic mask c) Electrolyte mask d) Edge mask

! )- ™ ! = L] 9 =
08 | |
: : "a »
Y e
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04 .. .
0.2 .
75.6 + 0.10 % of 5Li 82.8 + 3.4% of oLi 75.6 +0.10 % of 6Li  76.3 + 0.8 % of bLi

Figure. a) Cartographie de I'abondance de °Li obtenue par les caractérisations o-ToF-SIMS de
C4. Résultats de segmentation : b) les particules de céramique, c) la matrice d'électrolyte
polymeére et d) le bord des particules de céramique. Les domaines sélectionnés sont remplis en
jaune. L'abondance moyenne de °Li du domaine considéré est indiquée sous chaque image.

En résumé, il a été confirmé par la ssNMR et par I'o-ToF-SIMS que les ions bLi* diffusent
de maniére préférentielle a travers les particules de céramique. La technique o-ToF-SIMS est
puissante pour imager les particules de céramique. L'étude de la percolation des céramiques
serait la prochaine étape pour mieux comprendre la dynamique du lithium. Une approche par
modélisation appliquée a cette géométrie spécifique pourrait apporter des informations
complémentaires.

Conclusion

Grace a ce travail de recherche, des méthodologies basées sur les spectroscopies
ToF-SIMS et ssNMR ont été mises en place pour déterminer avec précision I'abondance
isotopique du lithium dans des électrolytes solides. Des échanges des isotopes du lithium ont
été détectés a 60° C, sans l'application d'une force électrochimique. Ces échanges spontanés
ont été suivis expérimentalement au cours du temps et modélisés. Diverses géométries
(in-plane, sandwich et dispersion) de complexité croissante ont été caractérisées pour
comprendre étape par étape les mécanismes de diffusion du lithium, notamment aux
différentes interfaces. Les résultats finaux montrent qu'un enrichissement plus élevé en °Li est
détecté dans les particules de céramique par rapport a I'électrolyte polymére. Cependant
aucune amélioration des performances électrochimiques n'a été obtenue avec I'ajout de
particules de céramique, d’apres les mesures de spectroscopie d'impédance. Parallélement,
des modeéles prenant en compte le marquage isotopique du lithium et la thermodynamique
des polymeéres en solution ont été développés. La comparaison des résultats expérimentaux
aux simulations numériques a permis d’optimiser les modeles. Il est important de noter que
ces méthodologies établies peuvent étre étendues a d'autres géométries ou d’autres
matériaux lithiés. Ce travail confirme que pour concevoir des électrolytes solides performants,
les matériaux composites doivent étre caractérisés plus en profondeur et l'ingénierie de
surface doit étre améliorée.
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