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Abstract 

 
The future of electrochemical energy storage depends on the advancement of science and 

technology concerning safer recharge-able batteries with enhanced energy densities. With 

respect to the anode, the maximum energy density is eventually obtained when employing the 

reactive metal itself. For rechargeable lithium-based batteries, for instance, the metallic anode 

would allow for a tenfold increase in specific capacity compared to the current state of the art 

lithium-ion anode, graphite. However, multiple issues, e.g., the parasitic reactions of Li metal 

with liquid organic electrolytes and the unstable and dendritic lithium deposition, posing the 

risk of dendrite-induced short circuits, have to be overcome prior to the potential 

commercialization of secondary lithium metal batteries. These issues are largely associated to 

the presently used meta-stable electrolytes, suffering low cationic transference numbers, and in 

case of polymer-based ones, additionally, relatively low ionic conductivities and poor 

mechanical properties. 

My PhD project addressed these issues by employing highly stable and conductive single-ion 

polymer electrolytes to realize safe, sustainable and cost-efficient high-energy density batteries. 

The project was grounded in the appealing potentialities of polyaromatic polymers and 

multiblock copolymers, which provide good ionic conductivity, high thermal stability (>300 

°C), and excellent electrochemical stability (>4.0 V). These polymers were processed as solid 

electrolyte membranes and, in combination with (optimized) high-energy lithium-ion cathode 

materials like Li[Ni8Mn1Co1]O2), as polymer-cathode tapes. The polymer electrolyte serves 

simultaneously as binder and ion transport pathway towards the active material particles. The 

thermomechanical, electrochemical, and structural properties were systematically explored as 

a function of the versatile molecular architecture and plasticizer such as polyethylene glycol 

and propyle carbonate. The concept of a hybride membrane was also explored. 

Furthermore, we addressed the issue of ether-bound stability by designing a new ether-free 

single-conducting polymer electrolyte that provides good thermal stability, excellent ionic 
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conductivity, and a high electrochemical stability window when dopped with propylene 

carbonate. However, the cyclability in Li/Li symmetrical cells appears to be rather poor when 

using high current density even after a short time. Hence, we introduced a thin PEO-based 

protective layer between the single-ion conducting polymer layer and the lithium metal. We 

found that this multilayer system exhibits excellent cyclability in lithium symmetrical cells at 

various current densities but also at constant current density for more than 500 hours and could 

be cycled in full-cells, using lithium metal anode and LFP cathodes, for more than 200 cycles 

with no particular capacity drop. 

In sum, the results reported herein contribute to the development of high-performance polymer 

electrolytes for long-term stable, high-energy lithium-metal batteries. 
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Résumé 

 
L'avenir du stockage d'énergie électrochimique dépend des avancées scientifiques et 

technologiques, notamment du développement de batteries rechargeables plus sûres, avec de 

meilleures densités d'énergie. Du côté de l'anode, la densité d'énergie maximale peut être 

obtenue en utilisant directement le métal réactif, et non un matériau à intercalation. Par 

exemple, pour les batteries rechargeables à base de lithium, l'anode métallique permettrait 

d'augmenter la capacité spécifique par un facteur dix par rapport au graphite, actuellement 

utilisé comme anode dans les batteries lithium-ion. Cependant, plusieurs problèmes, tels que 

les réactions du lithium métallique avec les électrolytes à base de solvants organiques, la 

déposition inhomogène du lithium et la formation de dendrites pouvant induire un risque de 

courts-circuits, doivent être surmontés avant une éventuelle commercialisation de batteries 

basées sur le lithium métallique. Ces problèmes sont largement liés aux électrolytes 

actuellement utilisés, qui souffrent de faibles nombres de transfert cationique et, dans le cas des 

électrolytes polymères, de conductivités ioniques relativement faibles et de mauvaises 

propriétés mécaniques. 

Dans cette thèse nous avons abordé ces problèmes en utilisant des électrolytes polymères 

ionomères, hautement stables et conducteurs, pour fabriquer des batteries à haute densité 

d'énergie qui seraient sûres, durables et économiques. Le projet s'est appuyé sur les propriétés 

prometteuses des polymères polyaromatiques et des copolymères multiblocs, qui offrent de 

hautes conductivités ioniques, une grande stabilité thermique (> 300 °C) et une excellente 

stabilité électrochimique (> 4 V). Ces polymères ont été préparés sous forme de membranes 

d'électrolytes solides et combiné avec des matériaux cathodiques à haute énergie en lithium-ion 

(optimisés) tels que Li[Ni8Mn1Co1]O2, pour former des électrodes positives. Dans ce dernier 

cas, l'électrolyte polymère sert simultanément de liant et de voie de transport ionique vers les 

particules de matériau actif. Les propriétés thermomécaniques, électrochimiques et structurales 

ont été systématiquement explorées en fonction de l'architecture moléculaire et des plastifiants 
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tels que le polyéthylène glycol et le carbonate de propylène. Des membranes hybrides ont 

également été étudiées, et d'excellentes stabilités électrochimiques anodiques ont été obtenues. 

Dans une seconde partie de la thèse, nous avons abordé la question de la stabilité liée aux 

liaisons éther du squelette polymère en synthétisant un nouvel électrolyte polymère ionomère. 

Ce nouveau matériau offre une bonne stabilité thermique, une excellente conductivité ionique 

et une large fenêtre de stabilité électrochimique lorsqu'il est dopé avec du carbonate de 

propylène. Cependant, la cyclabilité dans des piles symétriques Li/Li s'est révélée faible sous 

une forte densité de courant, même après un court laps de temps. Nous avons donc introduit 

une fine couche de protection à base de PEO entre la couche de polymère et le lithium 

métallique. Ce système multicouche présente une excellente cyclabilité dans des piles 

symétriques à différentes densités de courant, mais également à densité de courant constante 

pendant plus de 500 heures. Ce système a également été cyclé dans une batterie composée d'une 

anode en lithium métallique et d'une cathode LFP, pendant plus de 200 cycles sans chute 

particulière de capacité. 

En résumé, les résultats rapportés ici contribuent au développement d'électrolytes polymères 

haute performance pour des batteries lithium-métal à haute énergie et haute stabilité. 
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Kurzfassung 

 
Ziel der weiteren Entwicklung elektrochemischer Energiespeicher ist nicht zuletzt eine 

Verbesserung der Sicherheit und eine Steigerung der Energiedichte. Was die Anode betrifft, so 

wird die maximale theoretische Energiedichte durch die Verwendung des reaktiven Metalls 

selbst erreicht. Bei wiederaufladbaren Batterien auf Lithiumbasis würde die metallische Anode 

beispielsweise eine Verzehnfachung der spezifischen Kapazität im Vergleich zum derzeitigen 

Stand der Technik (Graphit) ermöglichen. Vor der potenziellen Vermarktung von Lithium- 

Metall-Sekundärbatterien müssen jedoch noch mehrere Probleme gelöst werden, z. B. die 

parasitären Reaktionen von Li-Metall mit flüssigen organischen Elektrolyten und die instabile 

und dendritische Lithiumablagerung, die das Risiko von Dendriten-induzierten Kurzschlüssen 

birgt. Diese Probleme stehen größtenteils im Zusammenhang mit den derzeit verwendeten 

metastabilen Elektrolyten, die eine begrenzte elektrochemische Stabilität, eine relativ niedrige 

Kationenüberführungszahl und, insbesondere bei Elektrolyten auf Polymerbasis, auch eine 

relativ geringe Ionenleitfähigkeit aufweisen. 

Mein Dissertationsprojekt befasste sich mit diesen Problemen, indem ich hochstabile und 

leitfähige Einzelionen-Polymerelektrolyte einsetzte, um sichere, nachhaltige und 

kosteneffiziente Batterien mit hoher Energiedichte zu realisieren. Das Projekt basierte auf den 

attraktiven Möglichkeiten von polyaromatischen Polymeren und Multiblock-Copolymeren, die 

eine hohe Ionenleitfähigkeit, eine hohe thermische Stabilität (>300 °C) und eine ausgezeichnete 

elektrochemische Stabilität (>4 V) aufweisen. Diese Polymere wurden zu 

Festelektrolytmembranen und in Kombination mit (optimierten) hochenergetischen Lithium- 

Ionen-Kathodenmaterialien wie Li[Ni0.8Mn0.1Co0.1]O2) zu Polymer-Kathodenmembranen 

verarbeitet. Die Polymerelektrolyte dienen hierin gleichzeitig als Bindemittel und 

Ionentransportweg zu den aktiven Materialpartikeln. Ihre thermomechanischen, 

elektrochemischen und strukturellen Eigenschaften wurden systematisch in Abhängigkeit von 

der vielseitigen molekularen Architektur und den eingebauten kleineren Molekülen zur 
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Unterstützung des Ladungstransports untersucht. Darüber hinaus wurden auch hybride Systeme 

erforscht. 

Schließlich wurde ein neuer etherfreier, einfach leitender Polymerelektrolyt entwickelt, der eine 

gute thermische Stabilität, eine ausgezeichnete Ionenleitfähigkeit und ein breites 

elektrochemisches Stabilitätsfenster aufweist. Allerdings war die Zyklenstabilität in 

symmetrischen Li║Li-Zellen bei hohen Stromdichten vergleichsweise verbesserungsfähig im 

Vergleich zu den anderen Polymerelektrolyten. Daher haben wir eine dünne Schutzschicht auf 

PEO-Basis zwischen dem einzelionenleitenden Polymerelektrolyten und der Lithium- 

Metallelektrode eingebracht. Dieses Mehrschichtsystem weist eine ausgezeichnete 

Zyklenstabilität in symmetrischen Li║Li-Zellen für mehr als 500 Stunden und in Li║LiFePO4- 

Vollzellen für mehr als 200 Zyklen auf. 

Insgesamt tragen die hier vorgestellten Ergebnisse zur Entwicklung von 

Hochleistungspolymerelektrolyten für langzeitstabile, hochenergetische Lithium-Metall- 

Batterien bei. 
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1. Motivation 

 
In 2022, almost 82% of the world's energy consumption came from fossil fuels such as oil, gas, 

and coal, (Figure 1-1) but these energy sources are non-renewable due to their limited natural 

reserves1,2. Furthermore, they are accountable for most CO2 emissions and contribute to global 

warming3. The Paris Agreement, established in 2015, settled the targeted temperature increase 

to a maximum of 2 °C compared to the preindustrial level and ideally only 1.5 °C4. 

Unfortunately, our actual extraction and consumption of the resources will render this objective 

unreachable, and studies suggest that nearly 40% of the committed emissions from existing 

reserves must be avoided to stay below 1.5 °C5. 

The part of renewable energy has been increasing in the last 20 years, but it is still a relatively 

small share of the global energy mix. The main advantages of these energy sources are the 

essentially unlimited resources and the resulting decarbonization. Nevertheless, renewable 

energy sources such as solar and wind power are intermittent, leading to fluctuating and 

unpredictable production. To ensure a continuous energy distribution when replacing fossil 

fuels with renewable sources, stationary energy storage devices are needed. These storage 

technologies mainly rely on mechanical, electrical, chemical, or electrochemical storage 

mechanisms6. 
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Figure 1-1. Worldwide energy consumption by sources from 1965 to 2022. 
 

 
Moreover, the consumption of energy by sector (Figure 1-2.a) and energy consumption of the 

transportation sector by energy source (Figure 1-2.b) show that the world mainly depends on 

non-renewable fuels for transportation. Therefore, energy storage technologies for mobile 

applications are also highly needed to stick to the objectives of the Paris Agreement. The use of 

electric vehicles is a potential solution for reducing the use of fossil fuels in the transportation 

sector, which accounts for approximately 30% of the global energy mix. 



14  

 

Figure 1-2. Energy consumption by sector in the European Union in 2021 (% of the total, based 

on tetra joules)7 and world transportation sector consumption by energy source (in quadrillion 

Btu)8. 

 
To achieve the planned substitution of internal combustion engine-powered vehicles by electric 

vehicles, the batteries powering these vehicles require higher gravimetric and volumetric energy 

densities due to the space and weight limitations in these vehicles. But they also need to, at 

least, match the performances of fossil fuel-based systems in terms of cost, cycle life, refueling 

time, and reliability. Without these prerequisites, commercialization and widespread market 

penetration will remain hard to achieve. 

In this context, the development of advanced batteries with higher energy density is crucial for 

decarbonizing the transportation sector. Among different technologies, lithium-ion batteries 

(LIBs) are the most used today, but their energy density is limited by the use of graphite anode. 

To overcome this, the use of lithium metal anode is the holy grail of researchers. However, these 

lithium metal batteries (LMBs) still suffer from certain drawbacks due to the use of liquid 

electrolytes in combination with lithium metal. Therefore, the implementation of solid 

electrolytes, which can be inorganic solids or polymers, appears to be a suitable approach for 

further improvement. 
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2. Introduction 

 
The growth of the global battery market 9 and the demand for always better performances have 

motivated the development of a new battery technology, first commercialized by SONY in 

1991, the lithium-ion battery. This secondary battery allows much higher specific energy and 

specific power than the previous technologies (Figure 2-1) and can respond to the growing 

energy storage demand. In fact, the invention and development of lithium-ion batteries is 

sometimes considered as the technology that could have one of the biggest impacts of all 

technology in human history. This was recognized by John B. Goodenough, M. Stanley 

Whittingham and Akira Yoshino receiving the 2019 Nobel Prize in Chemistry10. 

 

Figure 2-1. Comparison of the different secondary battery technologies11. 
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2.1 Secondary Batteries 

 
2.1.1 Working Principle 

 
Secondary batteries are devices used to store energy electrochemically. They consist of 

essentially three elements: a positive and a negative electrode where the electrochemical 

processes (oxidation or reduction) occur during charge or discharge, and an electrolyte that 

ensures the transport of the ions between the two electrodes. In the case of liquid electrolytes, 

the liquid is contained within a thin polymer microporous membrane that acts as an 

electronically insulating separator between the two electrodes (Figure 2-2). Reversible 

electrochemical processes in both electrodes enable these batteries to be recharged when a 

voltage or current is applied to the battery cell. This is different from primary batteries, which 

can only be discharged once. 

During the discharge process. i.e., the spontaneous process, the oxidation reaction occurs at the 

negative electrode. Therefore, it is commonly called the anode. Conversely, the positive 

electrode is referred to as the cathode because it is the site of the reduction process during 

discharge. On the contrary during the charge process, the reduction and oxidation occur at the 

negative and the positive electrode, respectively. Usually, these electrodes are made of a blend 

of an active material, carbon, and a polymer binder. This blend is coated on a current collector 

made of aluminum (cathode) or copper (anode). 
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Figure 2-2. Representation of a lithium-ion battery during discharge12. 

 

2.1.2 Characteristic Parameters 

 
To characterize and evaluate the performances of the different types of batteries, several 

parameters have been set: 

-The nominal cell voltage (V) represents the potential difference between the positive and the 

negative electrode. It mainly depends on the chemical composition of the active material used 

in each electrode. 

-The energy density and specific energy represent the amount of energy stored in a system 

respectively, per unit of volume (Wh m-3) and per unit of mass (Wh kg-1). 

-The capacity, represents the quantity of charge stored in a unit of mass (C g-1 or A s g-1 or 

commonly mAh g-1) 

-The C rate is the speed at which the battery can be charged and discharged (C rate of 0.1C 

corresponds to the current needed to fully charge the battery in 10 hours) 

-The Coulombic efficiency is the ratio between the capacity delivered by the system during the 

discharge and the energy used to charge the system. If the efficiency is less than 100%, it implies 

that some of the charge carriers are consumed by side reactions during discharge or that other 

(detrimental) side reactions occur such as electrolyte decomposition. 
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2.2 Lithium Batteries 

 
With the increasing development and practical application of portable electronics, most of us 

come into contact with lithium batteries daily. Nevertheless, the potential of this technology 

could have a much bigger impact on our modern society. Lithium-ion batteries are the preferred 

technology for replacing internal combustion engine-powered vehicles with electric vehicles in 

the near future. This change will ensure a significant reduction in greenhouse gas emissions. 

The need to generally improve the storage of intermittent renewable energy (wind, solar, 

geothermal, …) makes the development of lithium batteries a key factor for the successful 

transition to a more sustainable future. 

The first lithium battery used a lithium metal negative electrode combined with a titanium 

sulfide positive electrode and an electrolyte made of LiPF6 dissolved in propylene carbonate13. 

This initial chemistry, developed by Whittingham and colleagues, was not suitable for industrial 

use but laid the groundwork for further research. These lithium batteries are commonly referred 

to as “rocking chair” batteries, due to the displacement of the lithium ions from the anode to 

the cathode. These electrodes have undergone significant development, and various chemistries 

are now available. 

 

2.2.1 Cathode Materials 

 
Since the first lithium battery proposed by Whittingham, the reversible intercalation of lithium 

in cathodic oxide materials has been demonstrated by Besenhard14. The intercalation materials 

have been the preferred choice for the cathode in most lithium batteries. They consist of a solid 

network in which ions can be inserted and removed reversibly. These networks can have 

multiple chemistries, some of them will be presented below. 
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2.2.1.a Lithium Transition Metal Oxides 

 
In 1980, Goodehough15 proposed LiCoO2 (LCO) as a new layered transition metal oxide 

cathode with the crystal structure presented in Figure 2-3. Lithium and cobalt are situated in 

octahedral sites within alternating layers that are separated by layers of oxygen. This material 

is very attractive due to its high theoretical specific capacity of 274 mAh g-1, low self-discharge, 

high discharge voltage, and excellent cycling performance. LCO was the material originally 

used by SONY in the first commercial lithium battery in 1991 and is still one of the most used 

materials in commercial batteries, specifically in mobile phones16. 

 

Figure 2-3. Crystal structure of LiCoO2
17. 

 

 
The major disadvantages of LCO materials are a fast fade capacity at high current rates and 

deep cycling18, a rather low thermal stability19, and the use of a high amount of cobalt resulting 

in a high cost and issues since cobalt is on the critical raw material list of the European Union20. 

Therefore, research has been focused on reducing or replacing the cobalt in the cathode 

materials. LiNiO2 (LNO) has a similar crystal structure and theoretical specific capacity 

compared to LCO (275 mAh g-1), but with a lower cost as it uses nickel instead of cobalt. 

However, LNO cathodes have two main drawbacks, first their thermal stability is even lower 

than the one of LCO21, second the Ni2+ ions tend to substitute the Li+ ions during synthesis and 

delithiation resulting in a lower cyclability of LNO cathodes22. 
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Manganese has been a transition metal of interest to substitute nickel and/or cobalt in cathode 

materials because of its lower cost and lower toxicity compared to Co and Ni. Nevertheless, the 

resulting LiMnO2 (LMO) material was still not satisfying because of the change in the crystal 

structure observed during cycling23 and the dissolution of Mn in the electrolyte that was 

observed for manganese-rich cathodes24. 

The further efforts in research on cathode material resulted in the combination of the different 

transition metals in materials such as LiNi0.8Co0.15Al0.05O2 (NCA) Li(Ni0.5Mn0.5)O2 (NMO), and 

LiNixCoyMnzO2 (NCM). The NCA cathode was already commercialized and has a high 

discharge capacity (200 m Ah g-1) but suffers from a severe capacity fade at temperatures higher 

than 40 °C25. NMO suffers from the same drawback as LMO, mainly due to the high amount 

of manganese that can be dissolved in the electrolyte, resulting in capacity fade and lower 

cyclability. 

 

Figure 2-4. Comparison of the properties of Li(Ni1-x-yCoxMny)O2 with (x=1/3, 0.5, 0.6, 0.7, 0.8, 

0.85)26. 
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NCM is a very promising material for high-energy-density batteries required for electric 

vehicles. A big advantage is the multiple compositions that are accessible for this type of 

material and that results in different electrochemical and thermal properties as shown in Figure 

2-4. The LiNi1/3Co1/3Mn1/3O2 material has already been used in commercial cells due to its 

relatively high discharge capacity (around 160 mAh g-1), good capacity retention, and the 

highest thermal stability among the NCM compositions. However, its discharge capacity is 

considered low for the next generation of electric vehicles. Therefore, materials richer in nickel 

were investigated. These materials can achieve higher capacities, up to approximately 200 mAh 

g-1 for LiNi0.8Co0.1Mn0.1O2. However, as mentioned earlier, the thermal stability is reduced by 

the higher nickel content in the material. Ultimately, choosing the ideal NCM material always 

involves a trade-off between thermal stability and capacity for the intended application. 

2.2.1.b Polyanionic Compounds 

 
In this class of compound, large (XO4)3- (with X = S, P, Si, Mo) polyanions occupy a lattice 

position in the crystal structure, this helps to stabilize the structure and increase the redox 

potential of the material27. In the late 1980s, Manthiram and Goodenough studied the insertion 

of lithium in 3D frameworks such as Fe2(SO4)3 or Fe2(WO4)3 and proposed their use as cathode 

material for rechargeable batteries28,29. In 1997 Padhi et al.30 reported the first use of LiFePO4 

(LFP) as a positive electrode material in a rechargeable battery. Since then, this type of 

polyanion material has been the subject of intensive research but nowadays LFP is still the most 

used at an industrial scale for example by Tesla for it Model 3 car31. 
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Figure 2-5. Olivine crystal structure with LiFePO4 as an example17. 
 

 
LFP exhibits an olivine structure, with iron and lithium located in octahedral sites and phosphate 

located in tetrahedral sites as shown in Figure 2-5. This cathode material presents several 

advantages such as low cost, abundance and non-toxicity of the components, a low volume 

expansion, a low capacity fade upon cycling and better safety than the layered transition metal 

oxide19. Nevertheless, due to the discharge plateau around 3.4 V, the theoretical specific 

capacity of 170 mAh g-1, and the low electronic and ionic conductivity of LiFePO4, the energy 

density is lower than that of batteries using transition metal oxides as the cathode materials. 

Intensive research has been conducted to improve this aspect of LFP, for example by reducing 

the particle size32 or by using a carbon coating at the surface of the particles33. 
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Figure 2-6. Specific capacity vs. the average potential for several olivine structures (the total 

column corresponds to the theoretical capacity and the saturated colors to the actual practical 

capacity)34. 

 
Recently the use of manganese (LiMnPO4), cobalt (LiCoPO4), or nickel (LiNiPO4) in olivine 

structure has been intensively studied, these materials have a theoretical specific capacity very 

similar to LFP, but they could be very useful to improve the energy density since their average 

potential is higher than the one of LFP (Figure 2-6). However, the practical capacity obtained 

for these “high-voltage” olivine materials is still much lower than LFP and they suffer from 

poor cycling stability and rate performances34. Some work also reported the use of vanadium 

in polyanion material like Li3V2(PO4)3 or LiVPO4F with an average voltage of 3.85 V and 4.2, 

respectively, with specific capacity of 197 mAh g-1 and 140 mAh g-1 35,36. However, these 

vanadium-containing materials raise concerns about toxicity and environmental impact and are 

not yet commercialized. 

 

 

2.2.2 Anode Materials 

 
Whittingham's initial lithium battery design utilized lithium metal as the negative electrode 

material. While this battery served as a proof of concept for subsequent research, it was not 

suitable for industrial use. Since then, in addition to the research on cathode materials 
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mentioned previously, researchers have been concentrating on various anode materials for 

lithium batteries. 

2.2.2.a Graphite Anodes 

 

The commercialization of lithium-ion batteries in the early 90s was enabled by carbon anode 

material. This material is still the most used in today's commercial batteries against a lot of 

different cathode materials. The electrochemical process occurring involves the intercalation of 

lithium between the graphene layers, and it has been studied since the 1950s37. This 

intercalation can be up to one Li atom for 6 C atoms (Figure 2-7). 

Figure 2-7. Schematic representation of lithium intercalated in graphite carbon anodes38. 
 

 
This type of carbon material has many advantages such as the low cost, the abundance of carbon 

on earth, the high electrical conductivity, the low delithiation potential vs. lithium (~0.2 V39), 

the high lithium diffusion (~10-6 cm2 s-1 40), the high electrical conductivity, the high theoretical 

capacity (372 mAh g-1 39) and the rather low volume change during the lithiation/delithiation 

process (~10%41) enabling long cycling stability compared to other intercalation materials (for 

example silicon has a volume expansion up to 300%42). However, graphite suffers from two 

main drawbacks: i) the possible co-intercalation of solvent molecules, resulting in the 

exfoliation of the graphite and loss of capacity43, and ii) the volume change that can, despite its 

rather low value, generate damage in the solid-electrolyte interface (SEI) and reduce the cycle 
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life of the battery. Safety concern also arises from the possible lithium dendrite formation due 

to the low intercalation voltage. 44. 

2.2.2.b Lithium Metal 

 

Lithium is an alkali metal that is highly reactive with air and any common solvent. As said 

earlier, it was used as the negative electrode material in the first proof of concept for lithium 

batteries, but its use in commercial batteries remained very limited owing to severe safety 

issues, as will be discussed in the following. With the continual demand for an increase in the 

energy density, though the research on lithium metal as an anode material has recently increase 

again and is now of great interest to replace conventional graphite anodes. Lithium metal has 

an extremely high theoretical specific capacity of 3860 mAh g-1, which is about an order of 

magnitude higher than that of graphite, accompanied by a very low redox potential of -3.04 V 

vs. the standard hydrogen electrode45. Paired with the previously mentioned cathode material, 

it could result in a battery with the highest energy density, making it suitable for electric vehicle 

applications. However, the development of Li-metal batteries (LMB) has been hindered by two 

main issues. First, the inhomogeneous deposition of lithium leads to dendrite growth and 

subsequently to a short circuit, resulting in a thermal run-away and causing the battery to catch 

fire. The second issue is the low coulombic efficiency of the lithium stripping and plating and 

the formation of "dead lithium" owing to the high reactivity with essentially any electrolyte 

(Figure 2-8), reducing the battery's capacity and shortening its cycle life. 

 

Figure 2-8. Representation of the formation of dendrites and 'dead' lithium during the 

deposition and dissolution of lithium46. 
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During the initial stages of development, this issue has been addressed by using an excess 

amount of lithium. However, the problem of dendrite growth and safety concerns persists. 

Despite this, lithium metal is still considered the holy grail of anode materials, especially for 

enabling high energy density, and will continue to be highly investigated in the future. 

 

2.2.3 Liquid Electrolytes 

 
2.2.3.a Organic Solvents 

 
In the actual commercial lithium-ion batteries, liquid electrolytes are still the main used 

technologies. They are conventionally made of a lithium salt dissolved in an organic solvent or 

a mixture of organic solvents. 

Organic solvents have a higher electrochemical stability than water and are therefore highly 

used in lithium batteries. In addition to this basic requirement, the solvent, or solvent mixture, 

needs to meet several criteria, i) a high dielectric constant to enable a high concentration of 

dissolved salt, ii) a low viscosity, resulting in an easier Li+ transport, iii) a good compatibility 

with booth anode and cathode within the voltage range of the battery, iv) good thermal 

properties to increase the safety, v) non-toxicity and low-cost for potential industrial use. In the 

1980s, ethers were the most studied solvent for lithium batteries. The ionic conductivity of these 

electrolytes was high and the deposition of lithium was reported to be homogenous47. 

Nevertheless, the implementation of this type of electrolyte in batteries was unsuccessful due 

to the poor capacity retention and the low life cycle48 and their limited stability until 4 V vs. 

Li+/Li49. In this case, the stability of carbonate solvents up to 5 V has made these solvents very 

interesting for electrolyte applications. The electrodeposition of lithium, from a LiBr in 

propylene carbonate electrolyte, has been demonstrated already in 195850. Propylene carbonate 

has been used as an electrolyte solvent in the first lithium battery commercialized by SONY. 

Nowadays, liquid electrolytes are typically composed of at least two different types of carbonate 

solvents, a linear carbonate such as dimethyl carbonate (DMC), diethyl carbonate (DEC), with 

very low viscosity and a cyclic carbonate such as ethylene carbonate (EC) or propylene 
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carbonate (PC) for their high dielectric constant. PC would be a better solvent mainly because 

of its much lower melting point compared to EC but the poor ability to generate a proper SEI 

with graphite anodes hampers its use in lithium batteries51. EC, on the other hand, can form a 

stable SEI with graphite anodes and therefore reduce the solvent co-intercalation and the 

graphite exfoliation upon cycling52. The drawbacks of EC are related to the high melting point 

(~35 °C) and viscosity, therefore linear carbonates mixed with EC are used to lower the melting 

point and viscosity and make the electrolytes high conducting at lower temperature53. The LP30 

electrolyte, made of 1M LiPF6 in 1:1 wt:wt EC:DMC, is commonly used in scientific labs and 

has shown good cyclability. 

2.2.3.b Lithium Salt 

 
The second main component of liquid electrolytes is lithium salts. For battery applications, the 

criteria are, i) high solubility in the common organic solvent with easy dissociation of Li+, ii) 

high electrochemical stability, iii) no side reaction with solvent, electrode material, or current 

collector, iv) easy preparation and purification at low costs. Some of the most common lithium 

salts are presented in Table 2-1. 

Conductivity 

Lithium salt in EC/DMC 

(mS cm-1) 

Electrochemical 

stability vs. lithium 
 

Advantages 
 

disadvantages 

12,54 
LiClO4 8.4 5.1 V Good SEI formation Explosive 

12,54 
LiBF4 4.9 5 V No aluminum corrosion and performs on Low ionic conductivity 

  the largest range of temperature  

12,54 
LiAsF6 11.1 4.5 V Highest ionic conductivity and stable Toxicity 

  rate cyclability  

12,54 
LiPF6 10.7 5.1 V Most well-balances properties Poor thermal stability and decomposition 

LiFSI55,56 12.3 5.6 Good thermal stability and ionic Can corrode aluminum at voltage > 3.3 

  conductivity V 

Table 2-1. Comparison of different lithium salts for lithium battery applications. 
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Nonetheless, the conventional liquid electrolytes are not usable with the “holy grail” of anode 

materials, Li metal. The organic solvents are highly flammable, toxic, corrosive, and unstable 

against Li metal57. It is also reported that the lithium deposition with these electrolytes is 

inhomogeneous and leads to lithium dendrite growth, short-circuit, and loss of performance. 

 

2.3 Solid-State Electrolytes 

 
To overcome these issues, solid state electrolytes are investigated. Their fundamental structure 

is mechanically more stable and is supposed to prevent the growth of lithium dendrites, 

improving the safety of lithium batteries. Such electrolytes must be characterized by wide 

electrochemical window stability (of 4.5-5.0V), possess good compatibility with both 

electrodes, have high mechanical strength, and provide high ionic conductivity (> 4.10−4 S.cm−1 

at 25 °C) while being electrically insulating. The two main classes of solid-state electrolytes are 

inorganic and polymer materials. 

 

2.3.1 Inorganic Solid-State Electrolytes 

 
Inorganic solid-state electrolytes present a high shear modulus, excellent thermal stability, and 

a lithium-ion transference number close to one. The most investigated classes of inorganic ion 

conductors are presently oxides-based and sulfides-based. The structure of these materials can 

be crystalline or amorphous, having an impact on the electrochemical properties. The ionic 

conductivity, advantages, and drawbacks of some inorganic ion conductors are presented in 

Table 2-2. 
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Ion conductor type Ion conductor structure Conductivity Advantages Drawbacks 

Sulfide ThioLISICON58 10-4 S cm-1 -high ionic conductivity -unstable vs. lithium metal 

 Li11Si2PS12 
   

 Amorphous glasses59 10-3 S cm-1 -high ionic conductivity -highly hygroscopic 

 Li2S-SiS2-Li4SiO4 
 -high thermal stability -low compatibility with cathode 

    materials 

Oxide Perovskite (LLTO) 

LixLa(2-x)/3TiO3 
60 

10-3 S cm-1 High stability against oxidation -Ti4+ reduction at the interface 

with lithium metal 

 LISICON61 10-7 S cm-1 -stability against oxidation -highly reactive with lithium 

 Li14ZnGe4O16 
 -mechanical resistance metal 

 LIPON62 10-6 S cm-1 -stable with battery materials -high cost 

 Li2.88PO3.73N0.14 
 -easy thin-film fabrication  

 Garnet structure63 10-5 S cm-1 -high stability against lithium metal -unstable with cathode 

 Li5La3M2O12 (M=Ta, Nb)  -thermal stability materials 

 NASICON (LATP)64 10-3 S cm-1 -very high ionic conductivity -reactive with lithium metal 

 Li1+xAlxTi2-x(PO4)3 
   

Table 2-2. Overview of selected inorganic solid-state ion conductors. 
 

 
Despite their promising electrochemical and mechanical properties, inorganic solid-state 

electrolytes suffer from brittleness and rigidity. This results in a poor solid-solid interface with 

a lithium metal anode or any cathode material. It can also lead to fragmentation of the electrolyte 

and therefore even poorer interfaces and low cycle life for the battery. Research on interface 

modification has been carried out to improve the electrode/electrolyte interface. They mainly 

focus on adding a polymer65, metal66,67, or metal oxide layer68 between the inorganic solid 

electrolyte and the positive and/or negative electrodes. 
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2.3.2 Solid Polymer Electrolytes and PEO-Based Polymer Electrolytes 

 
Solid polymer electrolytes (SPEs) typically consist of an inorganic salt dissolved in a polymer 

matrix. Armand et al.69 proposed the use of polymeric ion conductors as solid electrolytes for 

safer rechargeable batteries in the late 1970s. Moreover, they have many other advantages such 

as good mechanical strength, ease of thin film fabrication with desirable shapes, and the ability 

to form a good electrode/electrolyte contact and interface with a much better lithium dendrites 

inhibition as compared to the liquid electrolytes. Nevertheless, the main drawback is the low 

ionic conductivity. Since then, different polymer matrices have been investigated (polyethylene 

oxide, polycarbonate, etc.) but also different formulations such as gel polymer electrolytes 

(GPEs), composite polymer electrolytes (CPEs), or solvent-free, i.e., solid polymer electrolytes 

(SPEs). These formulations combined with the number of available polymer matrix allow for a 

lot of possibilities to develop polymer electrolytes (Figure 2-9). Nevertheless, these polymers 

must fulfill several criteria for SPE applications, i) good cation solvation, which means a 

balanced polymer-cation interaction to allow the salt to dissolve and the cation to move from 

one coordination site to the other; ii) a high dielectric constant to have an effective charge 

separation of the salt; iii) a flexible backbone to ensure an easy motion of the polymer chains; 

iv) good mechanical stability, mainly insured by a high molecular weight70. 
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Figure 2-9. Chronological developments of polymer electrolytes for lithium batteries70. 
 

 
Poly(ethylene oxide) (PEO) is a polymer prepared by ring-opening polymerization of ethylene 

oxide. Its chemical structure is H-(O-CH2-CH2)n-OH and its molecular weight is usually above 

20 000 g mol-1. This structure with lower molecular weight is commonly referred as 

poly(ethylene glycol) (PEG). These polymers are available commercially with varying 

molecular weights and terminal groups (Figure 2-11), resulting in different properties. It is also 

known for its low toxicity. 

 

Figure 2-10. Different structure of linear PEO71. 

 

PEO is a very flexible semi-crystallin polymer with Tg< -60 °C and Tm<66 °C (both 

temperatures are depending on the polymer chain length), and has a strong ability to solvate the 
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lithium cation (Li+). Its ethylene oxide units have a high donor number and ability to complex 

Li+ cations and its dielectric constant allows for a good charge separation of the ions. The 

conduction mechanism takes place via the segmental motion of the Li+ coordinating polymer 

chains, as schematically illustrated in Figure 2-11. The PEO properties made PEO one of the 

most investigated polymer matrices so far for battery applications. 

 

Figure 2-11. Schematic illustration of Li+ ions transport mechanisms in PEO electrolyte70. 
 

 
Since Fenton et al.72 reported the first conductivity of alkali metal salts in PEO, the main 

drawback of PEO-based SPEs has been the low ionic conductivity (~10-6 S cm-1) at room 

temperature73 due to the semi-crystalline character of the polymer. It has been reported that the 

ion transport occurs mainly in the amorphous region, while the crystalline phase was considered 

to be only poorly conducting due to the high energy barrier for the Li+ transport and the required 

cooperative motion Li+ between the preferred sites74. After the polymer melting, a high increase 

in ionic conductivity is reported for PEO at 80 °C (~10-3 S cm-1 75). However, the use of polymer 

in a molten state results in loss of the mechanical properties affecting the membrane's ability to 

stop dendrites growth and subsequent short-circuit, thus impacting performance and safety of 

the battery. Consequently, several methods have been explored to enhance the conductivity at 

low temperatures, including adding organic plasticizers, blending PEO with other polymers, 

and modifying the PEO polymer structure. 

Plasticization is a common method for reducing the crystallinity and increasing the amount of 

amorphous region in PEO electrolytes. The first idea was to plasticize with the organic solvent 
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used for liquid electrolytes, as presented earlier. In addition to the plasticization effect, they 

have the advantage of enhancing the lithium salt dissociation in the SPEs. The plasticization of 

a PEO-LiCF3SO3 with EC and PC was studied by Frech et al.76,77. They concluded that when 

adding EC or PC, the plasticizer mostly interacts with the crystalline phase and changes it to an 

amorphous phase. The polymer-salt complexes become more amorphous at room temperature, 

resulting in an increase by 2 orders of magnitude in the ionic conductivity. The mixture of PC 

and EC as a plasticizer was also studied. Nan et al.78 prepared a polymer electrolyte presenting 

a high ionic conductivity and mechanical stability by mixing PEO and poly(vinylidene fluoride- 

co hexafluoropropylene) (PVDF-HFP) with LiClO4 plasticized with a mixture of EC and PC. 

Lang-sheng et al.79 investigated full-cells made of Li as the anode, PEO-LiClO4+EC as the 

electrolyte, and polyaniline as the cathode material. At room temperature, this cell performed 

for more than 250 cycles but presented a low specific capacity (~45 mAh g-1) with a Coulombic 

efficiency of 98%. Despite these quite low performances, this cell proves that these PEO+EC 

are suitable for LMBs. 

The second approach is to use low molecular weight PEO (PEG) as a plasticizer. Unfortunately, 

the PEG molecule possesses a hydroxyl end group that might react with lithium metal. The 

modification of the end groups resulted in two plasticizers, poly(ethylene glycol) monomethyl 

ether (PEGME) and poly(ethylene glycol) dimethyl ether (PEGDME), both were employed to 

improve the conductivity of PEO-based SPEs80 at low temperature. Wang et al.81 studied the 

conductivity of a PEO-LiTFSI system with different amounts of PEGDME and highlighted an 

increase in the ionic conductivity but also in the lithium transference number. Following the 

same idea, tetraethylene glycol (TEG) and tetraethylene glycol dimethyl ether (TEGDME) were 

investigated76. For booth systems, PEO-LiCF3SO3 with TEG and PEO-LiCF3SO3 with 

TEGDME, the ionic conductivity was much higher than that of (PEO)9LiCF3SO3 at 30 °C. 

The modification of the PEO structure has been another approach to improve the ionic 

conductivity of these SPEs. The aim is to obtain a new PEO with a less regular structure, by 

introducing some “defects” in the PEO main chain or by making a PEO with a side chain. The 

presence of these moieties will impact PEO's ability to crystallize, reduce the transition 
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temperature, and thus enhance conductivity. For example, Watanabe et al.82 synthesized a high- 

molecular-weight branched polyethers P(EO/MEEGE) by ring-opening copolymerization of 

ethylene oxide (EO) with 2-(2-methoxyethoxy) ethyl glycidyl ether (MEEGE). An ionic 

conductivity of 3.3 x 10-4 S cm-1 at 30 °C and a good compatibility with lithium metal electrodes 

was obtained. 

The synthesis of copolymers involving PEO and another linear polymer was also largely 

investigated. Poly(acrylonitrile) is a good candidate for SPEs with an ionic conductivity of 9.2 

x 10-4 S cm-1 and excellent stability toward lithium metal83. Therefore Yuan et al. proposed to 

use it in combination with PEO in a graft copolymer prepared by reaction of PEO with 

methacryloyl chloride in a toluene solution with pyridine. They used LiClO4 as lithium salt to 

build the SPE membrane and obtained an ionic conductivity of 6.79 x 10-4 S cm-1 at 25 °C and 

an electrochemical stability until 4.8V versus Li+/Li, making it a potentially usable SPE for 

high energy density applications84. 

Block copolymers are another possible approach. The idea is to combine two dissimilar 

polymers bonded end to end. Generally, a lithium-salt-solvating polymer is chosen as one block 

to ensure ionic conductivity and a second block to ensure mechanical stability. It has been 

observed that a micro-phase separation occurs in this type of material, creating nanoscopic 

domains that enable continuous conductivity pathways in the membrane85. For instance Niitani 

et al.86 reported a lock copolymer synthesized by living radical polymerization between 

poly(ethylene glycol) methyl ether methacrylate and styrene. The nano structuration of this 

polymer was observed via TEM images (Figure 2-12.a). They prepared the SPE by mixing this 

polymer with LiClO4 and obtained an ionic conductivity of 2 x 10-4 S cm-1 at 30 °C and 

electrochemical stability until 4.3 V. They investigated this SPE in a full-cell with lithium metal 

as anode material and LiCoO2 cathode material between 3.0 and 4.3 V at 0.1C. This cell showed 

a discharge capacity of ~100 mAh g-1 with a Coulombic efficiency of 99% after 4 cycles 

(Figure 2-12.b). 
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Figure 2-12. (a) TEM images of block copolymers composed of PEO and polystyrene; (b) 

charge and discharge curves for LiCoO2/SPE/Li cell at 30 °C and 0.1C86. 

 
The last approach to improve the ionic conductivity of PEO-based SPEs relies on increasing 

the percentage of amorphous domains by blending PEO with other polymers. The main 

advantage of this approach is that similar results to the structure modification approach can be 

obtained but without the need for nontrivial synthesis. This results in easier preparation and 

better composition control. Tanaka et al.87 proposed a system composed of a PEO-LiClO4 blend 

with polyethylenimine (PEI). They showed that with the composition [(8:2)PEO/PEI]10-LiClO4 

the crystallization of PEO was drastically reduced and a conductivity of ~10-4 S cm-1 was 

achieved at room temperature. Another polymer of interest is Poly(vinylidene fluoride) (PVDF) 

which has been investigated for lithium batteries applications for a long time, although it suffers 

from poor ionic conductivity. The blend of PEO with PVDF was studied by Jacob et al.88. They 

incorporated different amounts of PEO in a PVDF-LiClO4 system and obtained an increase in 

ionic conductivity by more than one order of magnitude for the PVDF-LiClO4:PEO (80:20) 

composition. Another direction is the use of biopolymers which has gained interest over the 

last two decades for various applications, and the field of battery technology has not been an 

exception to this trend. Cellulose is an abundant biodegradable and low-cost material and was 

already used as a separator for batteries working with liquid electrolyte89. Samad et al.90 

prepared a blend of PEO and networked cellulose (NC) with different compositions and 20 
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wt.% of LiClO4. These blends presented excellent thermal and mechanical stability compared 

to pure PEO and an acceptable ionic conductivity of ~10-5 S cm-1 at 60 °C for the 

PEO/NC(85:15)-LiClO4. 

 

2.4 Single-Ion Conducting Polymer Electrolytes 

 
Nevertheless, all the solid polymer electrolytes discussed earlier suffer from the same 

drawback, they are dual-ion conductors containing free inorganic salt which leads to a low Li+ 

transference number. Brissot et al.91 studied an SPE made of PEO mixed with LiTFSI/LiNPSI 

(50/50 mol %) and using in situ imaging, they demonstrated that this free inorganic salt, 

particularly the free-anions that are not involved in the electrochemical reactions, results in a 

concentration gradient in the electrolyte (Figure 2-13). 

 

Figure 2-13. (a) Optical absorption in a PEO-LiTFSI/LiNPSI electrolyte, the light region 

corresponds to the low TFSI-anion concentration region, whereas the dark region corresponds 

to the high TFSI-anion concentration region. (b) Absorption profile in the PEO-LiTFSI 

electrolyte and the corresponding concentration profile91. 

 
This concentration gradient results in a polarization of the cell, which is considered to be a 

driving factor for the dendrite growth92, leads to an undesirable change in the electrolyte (phase 
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transition, salt precipitation, etc.) and therefore is responsible for the loss of performances in 

lithium solid-state battery93. 

To overcome this issue, the use of single-ion conductors has been proposed. This type of 

polymer aims to reduce to zero the transference number of the anions, hence the transference 

number of the Li-ion is theoretically equal to one. Using simulation, it has been demonstrated 

that, in the case of t+Li = 1, no concentration gradient should occur94, more homogenous lithium 

deposition with no dendrite growth should be obtained95, and higher state-of-charge and current 

density could be achieved96. On the other hand, simulations also reveal lower conductivity for 

this type of material because of slower polymer mobility and a lower Li+ diffusion 

coefficient96,97. 

 

2.4.1 How to Design a Single-Ion Conductor? 

 
2.4.1.a Immobilization of the Anion 

 
As mentioned earlier, the goal of single-ion conducting polymer electrolytes (SIPEs) is to 

minimize the transport number of the anions to zero. Therefore, the first design parameter of 

SIPEs is the immobilization of the anion. There are two strategies in this direction: using anion 

acceptors or covalently bonding the anions. 

An anion acceptor, is a neutral molecules that can, at least partially, immobilize the anionic 

movement in the electrolyte by interactions between the acceptor and the anion of the lithium 

salt. Here the Lewis acid-base theory is used. After dissociation, the cation of the lithium salt is 

an electron pair acceptor whereas the anion is an electron pair donor (Lewis base) by using an 

acceptor that is also an electron pair acceptor (Lewis acid), a strong Lewis acid-base interaction 

can be formed and suppress the movement of the anion. In 2005, Blazejczyk et al.98 synthesized 

different calix[4]arene derivatives and used them as an additive in common SPEs containing 

PEO as polymer matrix and LiI or LiCF3SO3 as lithium salt. They obtained an ionic conductivity 

of ~10-6 S cm-1 as expected for this type of PEO-based SPEs but they also demonstrated a 

lithium transport number up to 1 for certain ratios. Boron compound can also be used in the 
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matter, Abe et al.99 prepared a common SPE containing PEO and LiCF3SO3, but they used 

tris(pentafluorophenyl)borane (TPFB) as an additive. Their results also proved that adding an 

anion acceptor can improve the lithium transport properties of SPE. These anion acceptors can 

also be bonded directly on the polymer backbone. Matsumi et al.100 synthesized an organoboron 

polymer based on PEO (Figure 2-14). 

Figure 2-14. Polymerization of PEO-based monomer with mesityl borane to form an 

organoboron polymer100. 

 
This polymer exhibited an ionic conductivity of 2.11 x 10-6 S cm-1 when mixed with 10% 

LiCF3SO3, the lithium transport number also exhibited a higher value (0.50) than the 

conventional PEO-based SPEs. 

The second approach is the most common one and involves covalently bonding the anionic part 

of the salt to the polymer backbone. This will avoid the anionic movement in the electrolyte 

and drastically reduce the anion transport number. Herath et al.101 prepared ionic melts by 

bonding a phenyl sulfonyl (trifluoromethylsulfonyl)imide to a low molecular weight PEG chain 

and investigated the properties of these oligomers, called ionic melts in the article. These melts 

exhibited a conductivity of ~10-4 S cm-1 60 °C but unfortunately no t+ measurements were 

presented in the work. 

 

 
2.4.1.b Dissociation of Lithium Ions 

 

The first step in creating a single-ion conductor is to immobilize the anion, but this alone is not 

enough to achieve the desired properties for lithium battery applications. To achieve sufficient 

lithium cation conductivity and migration, it is important to minimize the interaction between 
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the anion and cation as much as possible. To ensure the best dissociation of Li+, the negative 

charge density of the anion must be dispersed. 

The first strategy was to synthesize a copolymer with one unit containing the anion bonded to 

the backbone and a second unit containing electron-withdrawing groups to enhance the ion 

dissociation. Cao et al.102 synthesized a SIPE by copolymerization of maleic anhydride (MA) 

with a lithium 4-styrene sulfonyl (phenylsulfonyl)imide ion conductor monomer. The obtained 

copolymer was mixed with PVDF-HFP in DMSO, and a self-standing membrane was obtained 

after solvent evaporation. Excellent values for t+ (~0.9) and ionic conductivity (2.67 x 10-3 S 

cm-1 at room temperature with EC:PC as plasticizer) were reported. They concluded that the 

alternating arrangement of MA with a high dielectric constant and the styrene-based unit results 

in a high and uniform dissociation of the lithium ions. 

A second strategy was focused on the anionic part of the single-ion conductor. As shown earlier, 

many lithium salts are available for liquid electrolytes and a lot of similar structures can be used 

to design a single-ion conductor. 

The first investigated anions were -CO2
- (carboxylate anions). Already in the 80s, Tsuchida et 

al.103 reported a single-ion conducting homopolymer synthesized from lithium salts of poly[(o- 

carboxy)oligo(oxyethylene) methacrylate], the oligo(oxyethylene) side chain stand for the 

lithium transportation when the -CO2Li side chain termination provides the lithium cations. In 

the end, a rather low ionic conductivity of ~10-9 S cm-1 at room temperature reaches for this 

homopolymer. This conductivity value was increased to ~10-7 S cm-1 by using a random 

copolymer synthesized from oligo(oxyethylene) methacrylate with lithium 

acrylamidocaproate104. Even if other works focus on the optimization of the backbone 

structure105,106, the conductivity reported is still rather low. The negative charge of -CO2
- is not 

well dispersed, resulting in a strong anion-cation interaction between Li+ and -CO2
- and a poor 

ability for lithium cations to migrate. Additionally, -CO2
- groups are reported to be 

electrochemically unstable at high voltage, limiting their potential applications. 

Therefore, the next anion structure of interest was -SO3
- (sulfonate anions). With the three 

oxygen atoms surrounding the sulfur, the delocalization of the electron is much higher which 
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should result in a weaker anion-cation interaction. Park et al.107 prepared a blend of PEO with 

a single-ion conducting homopolymer based on lithium 4-vinylbenzenesulfonate. Despite the 

excellent value for the lithium transport number (t+=0.85), the maximum conductivity measured 

was 3.0 x 10-8 S cm-1 at room temperature. The use of copolymer structures once again helps to 

increase the ionic conductivity, but only to values close to 10-7 S cm-1 108. Studies from Cowie 

et al.109 and Snyder et al.110 also confirm an improvement in conductivity with the use of a 

copolymer containing a PEO-based unit for Li+ transportation. But more interesting, they also 

showed that including fluorine atoms in the anionic side chains has a significant effect on 

improving the conductivity of these polymers to 10-6 to 10-5 S cm-1. Fluorine is known to have 

a strong electron-withdrawing behavior, in this case, it helps for the electron delocalization of 

sulfonate anions and therefore for the dissociation of lithium cations, resulting in a higher 

conductivity. These indicate that improvements were still needed in the choice of anions in 

single-ion conductors. 

A third anion of interest is -SO2N-SO2-CF3 (trifluoromethane sulfonyl imide anions). It was 

already the main lithium salt anion used in liquid electrolytes and for conventional SPEs for its 

good electrochemical properties. In this structure, the four oxygen atoms ensure a high 

delocalization of the electrons and the -CF3 has a high inductive electron-withdrawing behavior 

that will increase the delocalization of the negative charges. A homopolymer was synthesized 

by Feng et al.111 based on lithium (4-styrenesulfonyl)(trifluoromethanesulfonyl)imide. A self- 

standing SIPE was prepared by mixing this polymer with PEO and a transference number of 

0.92 was measured with ionic conductivity of ~10-7 S cm-1 at 40 °C. In the same study, they 

also prepared a random copolymer based on lithium (4-styrene sulfonyl)(trifluoromethane 

sulfonyl)imide and methoxy polyethylene glycol acrylate and almost managed to match the 

ionic conductivity of the conventional PEO:LiTFSI SPE with a transport number equal to 

0.93111. The anionic group was also bonded to other types of backbone, Siska et al.112 prepared 

a copolymer based on polysiloxane with anionic and oligoether side chains. They obtained a 

maximum conductivity of 1.2 x 10-6 S cm-1 at room temperature but did not measure the lithium 

transport number. Ma et al.113 tried to further modify the anionic group by replacing one of the 
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=O by a =NSO2CF3 to obtain what they called a super-delocalized polyanion. Practically, they 

synthesized lithium (4- styrene sulfonyl)(trifluoromethyl(S- 

trifluooromethylsulfonylimino)sulfonyl)imide and managed to polymerize this monomer in a 

homopolymer similar to the one made by Feng et al111. The blend of their super-delocalized 

homopolymer with PEO exhibited an ionic conductivity higher than 10-5 S cm-1 with t+= 91 at 

60 °C. These results once again tend to confirm that the higher the delocalization, the higher 

the conductivity. In this matter, -SO2N-SO2-CF3 is a candidate of choice for research on SIPEs 

since it combines a high enough delocalization with a rather easy synthesis method. 

2.4.1.c Optimization of the Ion-Polymer Interaction 

 

Once the anions were immobilized and the lithium cation dissociation was optimized, the last 

important design factor was the interaction between the lithium cation and the polymer 

backbone. A strong interaction helps the anion-cation dissociation but slows the cation's 

transport and vice versa. A lot of SIPE presented until now incorporate PEO in a blend122,126 or 

as a side chain in the polymer structure118,124,125,126. This PEO addition is supposed to transport 

the lithium cations by ion-dipole interactions between -O- and Li+ like in the conventional 

PEO:lithium salt SPEs, but this interaction in PEO was demonstrated to be strong and therefore 

reduces the transport of Li+ 114. Wen et al.115 proposed to regulate this ion-dipole interaction by 

adding other types of units for copolymers. They synthesized a copolymer based on vinyl 

ethylene carbonate (VEC) and lithium 3-sulfonyl(trifluoromethanesulfonyl)imide propyl 

methacrylate (MASTFSILi). The obtained polymer was mixed with PVDF for mechanical 

stability and plasticized with succinonitrile. This SIPE exhibited a maximal ionic conductivity 

of 1.72 x 10-4 S cm-1 with a lithium transport number of 0.93. They combined these results with 

the investigation of the ion-dipole interactions by FTIR and concluded that this behavior is 

mainly due to the C=O…Li+ ion-dipole interaction that provides a better cations transport than 

C-O…Li+ in PEO. 

Anions also interact with the polymer backbone and can impact conductivity and transport 

properties in general. For example, several SIPEs that have been presented so far feature a side 
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chain consisting of a phenyl group positioned between the backbone and the anionic part122,126. 

This group is rather rigid, which impacts the mobility of the chains and, therefore, the transport 

of cations116. There are also short groups, resulting in a short distance between the backbone 

and the anion and rather strong interaction. The easiest way to increase the mobility of the chain 

and reduce the anion-backbone interactions is the incorporation of spacer groups. The efficiency 

of this technique had been demonstrated with simulation117 but also by experimentation. 

Devaux et al.118 studied the differences between SIPEs with polystyrene-TFSI and 

polymethacrylate-TFSI structural blocks. Their results show a better ionic conductivity for 

polymethacrylate, suggesting a real impact of the spacer groups on the transport properties. 

 

2.4.2 Structure and Performances of SIPEs in Lithium Batteries 

 
Although the concept of single-ion conductors for batteries and studies on the design of SIPEs 

have been reported for about 30 years, most of the works only focused on improving ionic 

conductivity. However, as mentioned earlier, good ionic conductivity is not the only key factor 

for potential use in lithium batteries. An electrolyte must also exhibit good compatibility with 

both anode and cathode, a good electrochemical stability window, and proper mechanical 

stability. 

Several groups have investigated grafted polymers as single-ion conductors. Chen et al.119 used 

a commercially available poly(ethylene-co-vinyl alcohol) (EVOH) and grafted a lithium 3- 

chloropropanesulfonyl(trifluoromethane sulfonyl)imide (LiCPSI) side chain to obtain EVOH- 

graft-LiCPSI polymer (Figure 2-15.b). They prepared their membrane by solution casting a 

mixture of EVOH-graft-LiCPSI with PVDF-HFP (50:50 wt.%) and NMP. The obtained 

membrane was then soaked with EC/DMC (v/v, 1:1) and subjected to electrochemical test. This 

grafted polymer exhibited an ionic conductivity of 5.7 x 10-5 S cm-1 at 25 °C with an 

electrochemical stability until 4.8 V vs. Li+/Li and a lithium transport number of 0.88. They 

then demonstrated the good compatibility of their SIPE with lithium metal anode by conducting 

a lithium stripping-plating test in symmetrical Li-Li cells. These results also confirm that this 
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SIPE can effectively suppress lithium dendrite growth. They finally investigated the 

performances in Li/SIPE/LiFePO4 cells, which showed a really good C rates capability (Figure 

2-15.a) and an initial discharge capacity of 100 mAh g-1 at 1C with an excellent capacity 

retention of 95% after 500 cycles (Figure 2-15.c). The SIPE also demonstrated excellent 

performance in C rate capability testing, displaying good reversibility (Figure 2-15.a). Another 

example of a grafted polymer was reported by Du et al.120. They used a commercial and 

extremely rigid polymer backbone (poly(4,4′-(diphenyl ether)-5,5′- bibenzimidazole) (PBI)) 

and grafted lithium 3-chloropropanesulfonyl(trifluoromethyl sulfonyl)imide (Figure 2-15.d). 

The thus obtained PBI-g-LiPSTFSI polymer formed a self-standing membrane with no addition 

of a supporting polymer (like PVDF or PEO) and was soaked with an EC/DMC (v/v 1:1) 

solution and subjected to electrochemical test. Excellent compatibility with lithium metal 

anodes was demonstrated from the stripping-plating test. The ionic conductivity was measured 

to be 1.5 x 10-4 S cm-1 with stability until 4.2 V vs. Li+/Li. C rates capability test exhibited a 

really good reversibility and long-term cycling with an initial discharge capacity of 144 mAh 

g-1 and a capacity of 122 mAh g-1 after 50 cycles (85% capacity retention) suggesting good 

compatibility with LFP cathodes (Figure 2-15.e and 2-15.f). 
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Figure 2-15. C rates capability (a) and long-term cycling stability (c) tests for Li/SIPE/LFP 

full-cell comprising the polymer structure (b) as single-ion polymer electrolyte at room 

temperature. C rates capability (e) and long-term cycling (f) stability for PBI-g-LiPSTFSI (d) 

in lithium metal/LFP full-cells. 

 
Another well-investigated structure for SIPEs is the cross-linked network. In this type of 

structure, the cross-linked polymer matrix is designed to provide mechanical stability, while the 

pendant chains ensure segmental mobility and transport of lithium cations. Zhang et al.121 

prepared a single-ion conducting polymer by cross-linking lithium (4-styrenesulfonyl) 

(trifluoromethanesulfonyl) imide (LiSTFSI), pentaerythritol tetraacrylate (PETA) and 

Pentaerythritol tetrakis(3- mercaptopropionate) (PTMP) under UV for 30 min (Figure 16.a). 

The obtained membrane was soaked with EC/DMC (v/v 1:1) and used as a SIPE in Li/Li 
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symmetric cells and Li/LFP full-cells. They measured a lithium transference number of 0.93, 

and strong compatibility with both cathode and anode materials was demonstrated (Figure 2- 

16.b and 2-16.c). 

 

Figure 2-16. (a) Schematic illustration of the synthesis route of the SIPE; (b) C rates capability 

test with a Li/SIGPE/LFP full-cell at room temperature; (c) long-term cycling stability test for 

Li/SIGPE/LFP compared with the same test for a standard liquid electrolyte (LE). 

 
Liang et al.122 used the same UV technique to cross-link with pentaerythritol tetraacrylate 

(PETA) and lithium (3-methacryloyloxypropylsulfonyl)-(trifluoromethylsulfonyl)imide 

(LiMTFSI). This anionic chain was chosen because of its better flexibility than the one 

containing a phenyl group. After cross-linking, they were able to adjust the thickness of the 

membrane easily by hot-pressing. The SIPE was obtained by soaking the membrane with PC 

and exhibited an ionic conductivity of 2.1 x 10-4 S cm-1 at 20 °C with electrochemical stability 

of up to 4.4 V upon oxidation. The lithium stripping-plating test demonstrated a good 

compatibility of the electrolyte with lithium metal anodes and the SIPE was tested vs LFP and 

NMC622 in full-cells. Results with both cathode materials reveal a good C rates capability with 

good reversibility. For LFP, excellent capacity retention at 0.5C after 300 cycles was measured 

despite the initial discharge capacity of 108 mAh g-1 being lower than the theoretical capacity 
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(Figure 2-1.a). The test with NMC622 (Figure 2-17.b) showed an initial discharge capacity of 

123 mAh g-1, but a faster decrease in capacity retention (~90% after 200 cycles at 0.3C). An 

even faster loss of capacity retention was observed when using a higher cut-off voltage, 

probably due to the decomposition of the electrolyte. 

 

Figure 2-17. Long-term cycling test at 40 °C for a) Li/SIPE/LFP and b) Li/SIPE/NMC622 at 

respectively 0.5 and 0.3C122. 

 
Finally, one of the most investigated structures for SIPEs are block copolymers. They consist 

of two or more monomer units that are covalently bonded together in a specific arrangement. 

For example, a triblock copolymer comprising monomer units A and B can be depicted as -A- 

A-A-A-A-B-B-B-B-B--A-A-A-A-A-. These polymers are usually synthesized by living 

polymerization technics in which a first polymerization of A will be conducted followed by the 

addition and polymerization of B to obtain the block copolymer -A-A-A-A-A-A-B-B-B-B-B- 

B-123. Generally, the design of each block is chemically sufficiently different to make them 

immiscible. This immiscibility leads to one of the main features of these materials: their ability 

to phase separate and therefore to self-assemble in nanostructured domains (Figure 2-18)124. 
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Figure 2-18. Schematic illustration of the potential phase separation in block copolymer 

materials124. 

 
In the case of single-ion conducting polymer for lithium battery applications, one block is 

usually responsible for the mechanical stability of the SIPEs while the other ensures a good 

segmental motion to help the charge transport. The nano-structuration results then in a pathway 

for lithium that ensures a good transport through the electrolyte. Bouchet et al.125 prepared a 

triblock copolymer with two lithium poly(styrene sulfonyl(trifluoromethane sulfonyl)imide) 

blocks surrounding a PEO block, which is responsible for the ions dissociation and lithium 

cations transport. The block made of polystyrene ensures good mechanical stability, allowing 

for the preparation of a self-standing membrane without the need for additional polymers. The 

basic electrochemical characterizations revealed a good electrochemical stability window (~4 

V), a decent ionic conductivity at 60 °C (10-5 S cm-1), and a good lithium transport number 

(0.85). The results are impressive, especially since the polymer membrane was not 

supplemented with any plasticizers. The authors also tested this block copolymer in full-cells 

comprising lithium metal as anode and LFP as cathode, and reported good cycling stability at 
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60 °C and multiples C rates. Lingua et al.126 synthesized a diblock copolymer based on 

polycarbonate and lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1- 

(trifluoromethylsulfonyl)imide (LiMTFSI). First poly(trimethyl carbonate) (TMC) was 

synthesized by ring-opening polymerization with 4-cyano-4-(dodecyl sulfanyl thiocarbonyl)- 

sulfanyl pentanol as initiator. Afterward, on the one hand, a diblock copolymer was prepared 

by RAFT polymerization between TMC and LiMTFSI (poly[TMCn-b-LiMm]) and on the other 

hand another diblock copolymer, but with one block being a random copolymer, was also 

prepared by RAFT polymerization from TMC with LiMTFSI and poly(ethylene glycol) methyl 

ether methacrylate (poly[TMCn-b-(LiMm-r-PEGMk)]). The two polymer structures are shown 

in Figure 2-19a and 2-19b. 

 

Figure 2-19. poly[TMCn-b-LiMm] (a) and poly[TMCn-b-(LiMm-r-PEGMk)] (b) structures and 

cycling performances of Li/ poly[TMCn-b-(LiMm-r-PEGMk)]/LFP (c) and Li/poly[TMCn-b- 

(LiMm-r-PEGMk)]/NMC(d). 

 
The electrochemical characterization was performed without the addition of any other polymer 

or plasticizer. Despite a rather low ionic conductivity (4 x 10−6 S cm−1 at 70 °C), excellent 
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electrochemical stability until 5 V vs Li+/Li was reported. Furthermore, the compatibility with 

lithium metal electrodes was demonstrated to be excellent during the lithium stripping-plating 

test. Tests with LFP and NMC cathodes were performed at 70 °C with lithium metal as anode. 

The Li/poly[TMCn-b-(LiMm-r-PEGMk)]/LFP full-cell delivered an initial specific discharge 

capacity of ~150 mAh g -1 and the long-term cycling exhibited a good capacity retention after 

more than 50 cycles with a Coulombic efficiency of nearly 100% for all cycles. The cycling 

with NCM revealed a rather fast decrease of the capacity after only 10 cycles at 0.05C. At 0.1C 

better capacity retention was obtained but the specific discharge capacity was only ~50 mAh g- 

1 (Figure 2-19.c and 2-19.d) showing that improvements are still needed for high-energy- 

density batteries. 

Several groups proposed adding small organic carbonate solvents (such as EC or PC) to enhance 

the properties of these single-ion conductors. In this matter, Zhang et al.127 reported a new 

diblock copolymer. Two different homopolymers were synthesized separately, a PEO-based one 

(poly((2,20 -ethylenedioxy)- bis(ethylamine)isophthalic acid amide) (PEEIA)) and a lithiated 

one (lithium poly((2,20 -ethylenedioxy)bis(ethylamine)bis(phenylsulfonyl imide)- isophthalate 

amide) (PEEPSI)). These two homopolymers were then linked to obtain the block copolymer 

abbreviated PEEIA-co-LiPEEPSI (Figure 2-20). The polymer was mixed with PVDF-HFP to 

ensure good mechanical stability and a self-standing membrane was prepared by solution 

casting. This resulting membrane was soaked with a solution of EC/PC (v/v 1:1) and subjected 

to electrochemical tests. In comparison with other block copolymers, the higher ionic 

conductivity value (3.39 x 10-4 S cm-1) at 25 °C is a result of soaking with EC/PC. Indeed, these 

molecules act as molecular transporters by facilitating the movement of the cation from one 

coordination site to the other128. The use of these carbonate solvents does not affect the single- 

ion behavior of the polymer (t+=91) or the electrochemical stability (4.3 V). 
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Figure 2-20. Structure and cycling performances PEEIA-co-LiPEEPSI in a Li/SIPE/LFP full- 

cell. 

 
PEEIA-co-LiPEEPSI was able to perform at room temperature in full-cells comprising LFP as 

cathode material. The cell exhibited a specific discharge capacity of ~130 mAh g-1 at room 

temperature and 0.5C, unfortunately no long-term cycling stability results were presented by 

the authors. At 80 °C and 0.1C, a specific capacity of 150 mAh g-1 was fairly close to the 

theoretical capacity of LFP material. Other C rates also yield high specific discharge capacity, 

yet long-term cycling stability results were not provided. 

 

Figure 2-21. (a) structures of the partially fluorinated multi-block copoly(arylene ether sulfone) 

single-ion conductor; (b) cycling stability test of Li/SIPE/NMC cell, (c) and (d) lithium 

stripping plating performances of symmetrical lithium-lithium cells with SIPE. 
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Finally, Nguyen et al.129 synthesized a partially fluorinated multi-block copoly(arylene ether 

sulfone) backbone by a one-pot polycondensation reaction with covalently attached TFSI-like 

side chains (Figure 2-21.a). A self-standing membrane was obtained by solution casting and 

the dry polymer was then soaked with EC. They studied the conductivity of the SIPE as a 

function of the EC content and observed an increase until 50% EC. At higher EC content, an 

increase was still observed but not as pronounced as before. The authors concluded that the EC 

is mainly located in the ionic domains, formed during the nano structuration of the block 

copolymer. These ionic domains are mostly responsible for the lithium cation transport and 

therefore it was suggested that EC act as a cation transporter as it was already observed before 

128. The compatibility of this SIPE with lithium metal was once again demonstrated by excellent 

lithium stripping-plating performances (Figure 2-21.c and 2-21.d) and the battery 

performances were investigated with NMC cathodes. The results at 0.2C and 40 °C exhibited 

excellent cycling stability with even an increase in capacity before stabilization around 150 

cycles and an excellent Coulombic efficiency (99.5%) for all cycles (Figure 2-21.b). 

Nevertheless, the discharge capacity was measured at around 100 mAh g-1. The authors 

continued to investigate this polymer structure and managed to improve the performances to 

higher specific discharge capacity and longer cycling stability130,131. 
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3. Aim of this Work 

 
Through this review, we saw that despite their excellent ionic conductivity values and their ease 

of preparation, the actual commercial liquid electrolytes are not stable at high voltage, they are 

corrosive, flammable, and cannot be used with lithium metal. 

Therefore, developing suitable solid electrolytes with high electrochemical stability, high ionic 

conductivity, and good mechanical stability is crucial for implementing high-energy-density 

batteries. Inorganic solid electrolytes meet most of these criteria but largely struggle to form 

smooth interfaces with cathode and anode materials. Salts in polymer solid electrolytes solve 

this issue but present much lower ionic conductivity and the low cation transport number affects 

the battery's performance. Due to their tLi
+ close to unity, their good mechanical stability, and 

easy film fabrication, SIPEs have been of great interest but their commercialization was 

hindered by low conductivity values for dry SIPEs (10-7 to 10-5 S cm-1). Higher conductivity 

values were achieved by immersing the SIPE membrane in a liquid carbonate solvent (such as 

EC, PC, DMC, etc.), which raises again concerns about flammability. In this context, one aim 

of this thesis is to obtain a “true” SIPE from the already studied partially fluorinated multi- 

block copoly(arylene ether sulfone) polymer. For this, membranes containing the multi-block 

copolymer and PEG as plasticizers were prepared, and their electrochemical performances were 

studied. The addition of inorganic particles (LATP) to this “true” solid-state electrolyte was also 

studied. 

A second aim was to continue the development of new polymer structures for SIPEs. We 

designed a new ether-free backbone that was then coupled with a LiTFSI-like side chain. Self- 

standing membranes of this polymer were obtained, and its electrochemical properties were 

investigated. Finally, we developed a new multilayer polymer electrolyte combining the 

previously synthesized ether-free single-ion conducting polymer with a conventional 

PEO:LiTFSI electrolyte as an interlayer to enhance the charge transport at the interface with 

lithium metal and obtain a well-performing membrane. 
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4. Theoretical Part: Instrumentation & Techniques 

 
4.1 Physicochemical Characterization Techniques 

 
4.1.1 Nuclear Magnetic Resonance Spectroscopy 

 
Nuclear magnetic resonance (NMR) spectroscopy is a characterization technique with many 

potential application fields (chemistry, medicine, physics, biochemistry, …). The determination 

of the chemical structure of organic molecules in solution is the main use of NMR in 

chemistry132. NMR spectroscopy is suitable for nuclei having a spin number, I, different from 

zero. Nuclei with I = 0 (12C, 16O, …) cannot be characterized by NMR spectroscopy. When 

applying an external magnetic field to a nucleus with I ≠ 0, a transition can be observed between 

the nuclear spin states, called Zeeman levels (Figure 4-1.a). This energy transition is highly 

dependent on the studied nuclei and the chemical environment of the nuclei which is 

characterized by a resonance frequency called Larmor Frequency. 

Figure 4-1.b represents a schematic NMR spectrometer. In a typical NMR measurement, a 

fixed magnetic field is first applied to the sample to align the nuclei magnetic spins, this results 

in a magnetic moment. Once the spins are aligned, they are perturbated by a radio frequency 

pulse. This will induce a change in the magnetic moment that can be detected as a tension by 

induction and a tension vs. frequency signal is measured. The NRM signal (intensity vs. 

frequency) is then obtained by a Fournier transformation. Since this frequency is highly 

influenced by the chemical environment (chemical bond, interaction with neighbor atoms, …), 

the NMR signal provides insights into the chemical structure of the studied material. 
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Figure 4-1. (a) energy split of spins in function of the applied magnetic field, (b) schematic 

representation of an NMR spectrometer133. 

 
Despite the ease of use and the very reliable results obtainable, certain limitations remain. Some 

elements are difficult or even impossible to analyze with NMR for two main reasons: first, 

because of the very low natural abundance of the active isotopes (for example 17O which is only 

0.035% abundant) and, second, because of the extremely low magnetic moment of some 

elements that do not allow for enough detection133. 

 

4.1.2 Thermogravimetric Analysis 

 
Thermogravimetric Analysis (TGA) is a quantitative technique, which serves to investigate the 

mass loss processes and obtain information such as the water content, solvent uptake, or thermal 

stability of materials. In the case of battery research, thermal stability is a key factor for 

materials, considering the thermal runaway that can occur in a battery when short-circuited, for 

example, by dendrite growth. Figure 4-2 represents a scheme of the instrument. 
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Figure 4-2. Schematic representation of TGA equipment134. 
 

 
In a typical measurement, a sample from several milligrams to several grams is placed in a pan 

and introduced into the instrument. The sample will be subjected to a temperature program 

under a controlled atmosphere and the mass of the sample will be measured as a function of 

time or temperature. The choice of the controlled atmosphere is important: inert gas such as 

argon or helium will avoid any reaction with the sample and enable thermal stability and more 

accurate and readable analysis. On the other hand, the use of oxidizing gases (air or oxygen) 

will combust and/or oxidize the material which can be useful to study the mass evolution or the 

mechanism happening during thermal treatment, for example, carbonization or pyrolysis of 

material135,136. The limitation of this technique is mainly for the study of high-mass samples 

(>50 mg). In this case, the heating rates are not fast enough in the bulk of the sample and a 

gradient of concentration occurs and therefore uncertainty in the results134. 
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4.1.3 Differential Scanning Calorimetry 

 
Differential scanning calorimetry (DSC) is one of the most commonly used thermoanalytical 

techniques. It serves to investigate structural transformations such as phase transitions or 

crystallization. In the case of polymers, the crystallinity and the glass transition temperature 

(Tg) are key factors for the ionic conductivity of a solid-state polymer electrolyte and these 

characteristics can be determined by DSC137. 

 

Figure 4-3. Schematic cross-section of a DSC instrument. 
 

 
In a thermally isolated chamber, two identical pans (one reference and one containing the 

sample) are subjected to the same heating rate. When the sample undergoes a transition, more 

or less heat will flow through the sample compared to the reference. These differences in the 

heat flow are reported vs. temperature to obtain the DC thermograms. The only limitation of 

this technique is that it does not provide information on the material structure. 

 

 

4.1.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a microscopy technique not using light but a focused 

electron beam instead to scan the surface of a sample. This technique has been used worldwide 
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in many fields to analyze organic and inorganic materials at the nanometer to micrometer scale. 

The primary electrons are produced by an electron emitter, usually a tungsten wire with a sharp 

tip. These electrons accelerate to a voltage comprised between 1 to 40 kV by an electric field 

and are focused by lenses until a narrow beam (Figure 4-4). The sample is scanned by the beam 

and the primary electrons interact with the electron at the surface of the sample, producing a 

new electron signal that is detected by an electron detector. This signal provides information 

about the morphology and composition of the material. 

Figure 4-4. Schematic of the different components of SEM microscope138. 
 

 
The interactions between the primary electrons and the sample can produce different types of 

electrons. First, the secondary electrons: are typically weak valence electrons from the material. 

These electrons usually have low kinetic energy which is limited by the depth from which they 

can escape from the sample to a few nanometers (Figure 4-5), and they give topographic 

information. Second, backscattered electrons result from the elastic scattering between 

electrons from the beam with the atomic electric field, which allows for reaching deeper parts 
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of the sample (Figure 4-5). The electrons come from a direct interaction with the material and 

therefore provide information about the composition of the sample. 

 

Figure 4-5. Scheme of the different sample-beam interactions at the surface139. 

 

4.2 Electrochemical Characterization Techniques 

 
4.2.1 Voltammetric and Potentiostatic Methods 

 
Linear sweep voltammetry (LSV) is a voltammetric method to measure the current at a working 

electrode (WE) while the potential between the WE and the reference electrode (RE) is swept 

linearly as a function of time between two defined potentials. Cyclic voltammetry (CV) is based 

on linear sweep voltammetry, but the experiment does not end after a single sweep in the voltage 

range but returns to the initial potential after reaching the end potential. This will then be 

repeated for a certain number of cycles (Figure 4-6). 
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Figure 4-6. (a) Voltage vs. time profile for linear sweep and cyclic voltammetry and (b) 

example of cyclic voltammogram with anodic and cathodic peaks140. 

 
The result for LSV presented either an anodic peak or a cathodic peak depending on the sweep 

direction giving information about oxidation or reduction potentials for the material or process 

studied. The CV can provide also other information like the reversibility or the cyclability of 

an electrochemical process. In both cases, a very important parameter is the sweep rate (V s-1 

or mV s-1), and modifying it can provide information on the kinetics. 

The potentiostatic technique consists of applying a constant potential between the WE and the 

RE and recording the current at the WE in function of time (chronoamperometry). The obtained 

current depends on the electrochemically active substances and can be used in combination 

with other methods like electrochemical impedance spectroscopy for example to determine 

lithium transference number141. 

 

4.2.2 Electrochemical Impedance Spectroscopy 

 
Electrochemical impedance spectroscopy (EIS) is the technique of choice to investigate the 

electrochemical processes occurring at the interfaces in batteries. This technique consists of the 

perturbation of an electrochemical system in equilibrium by applying a small amplitude 

sinusoidal voltage signal over a large range of frequencies. The corresponding current signal is 
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recorded. This current signal commonly presents a phase shift that allows calculation of the 

impedance Z(ω) via Euler’s equation (with Ф = phase shift and j = imaginary number): 

𝑍(𝜔) = 𝑍0 cos(Ф) + 𝑍0𝑗𝑠𝑖𝑛(Ф) 

 
The most common way to present impedance data is to use a Nyquist plot, representing the 

imaginary part of the impedance (Z’’ = Z0sin(Ф), representing capacitance and inductance) as 

a function of the real part of the impedance (Z’ = Z0cos(Ф), representing resistance). 

An advantage of EIS is the possibility of simulating a Nyquist plot from an equivalent electrical 

circuit (Figure 4-7). When fitting the experimental impedance plots with an equivalent circuit, 

it is possible to relate the values of the different circuit components to the properties of the cells. 

 

Figure 4-7. Examples of simulated Nyquist plots with their equivalent circuit142. 
 

 
The Nyquist plots can usually be separated into two main domains, one at low frequencies 

where the electrochemical processes are controlled by charge transfer phenomena and another 

at high frequencies where the electrochemical processes are controlled by mass transfer 

phenomena142. Characteristics such as the resistance of the electrolyte (RE), the resistance of 

the electrolyte/electrode interfacial SEI (RSEI), or diffusion of the Li+ cations can be determined 

from EIS spectra. 
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4.2.3 Galvanostatic Techniques 

 
The galvanostatic measurements consist of recording the voltage response between the working 

electrode (WE) and the counter electrode (CE) under a constant current with defined cut-off 

voltages. The voltage response is plotted versus time or capacity and voltage or dis-/charge 

profiles are obtained (Figure 4-8). This technique is the most fundamental and practical one to 

study the capacity, reversibility, stability, and rate capability of electrode materials. From the 

dis-/charge profiles, important information about the cell performances is accessible. 

Figure 4-8. Typical charge-discharge profile versus capacity143. 
 

 
First, the specific capacity (Qspecific) in mAh g-1, is the product of the apply current (I) with the 

charge/discharge time (t), divided by the mass of the active material (mactive material). The current 

divided by the mass of active material can also be designated as the specific current (Ispecific): 

𝑄specific = 
I∗t 

mactive material 
= 𝐼specific ∗ 𝑡 

 
The specific energy (in Wh kg-1) can then be calculated from the specific current by integrating 

the product of specific current with the cell voltage over time: 
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𝐸 = ƒ 𝐼specific ∗ 𝑉cell (𝑡)𝑑𝑡 

 
The study of the long-term cycling stability of a cell can be made by repeating charge and 

discharge cycles and evaluating the Coulombic efficiency. This corresponds to the ratio between 

the discharge and charge capacity for each cycle: 

 

𝐶𝐸 = 
𝑄discharge 

 
 

𝑄charg 

∗ 100% 

 
For potential battery materials, excellent reversibility is needed which means close to 100% 

Coulombic efficiency. Furthermore, the discharge capacity of each cycle has to be compared to 

the initial discharge capacity to calculate the capacity retention (CR): 

 

𝐶𝑅 = 
𝑄specific cycle n 

 
 

𝑄specific cycle 1 

∗ 100% 

 
The lifespan of a battery is commonly defined by the cycle at which the capacity retention is 

equal to 80% or less. This is the key parameter for a potential commercial implementation of 

the studied materials. 
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5. Experimental Part: Materials & Methods 

 
5.1 Chemicals 

 
4,4’-difluorodiphenyl sulfonee ((C6H4F2)2SO2, DFDPS), bromine (Br2, 99.5%), lithium 

hydroxide monohydrate (LiOH, battery grade), para-terphenyl (99%) were purchased from 

Thermo Scientific Chemicals. Decafluorbiphenyl ((C6F5)2, DFBP) was purchased from ABCR 

GmbH. 4,4’-dihidroxidiphenyl sulfone ((C6H4OH)2SO2, DHDPS) was purchased from Alfa 

Aesar. Tetrafluoro-2-(tetrafluoro-2-iodoethoxy)ethanesulfonylfluorid (ICF2CF2OCF2CF2SO2F, 

95%) and trifluoromethanesulfonamide (CF3SO2NH2, 98%) were purchased from Matrix 

Scientific. 4’-brom-2,2,2-trifluoracetophenone (Br(C6H4)COCF3, 99%) was purchased from 

Fluorochem. Trifluoromethanesulfonic acid (CF3SO3H, 99%), poly(ethylene glycol) dimethyl 

ether (CH3O(CH2CH2O)nCH3, PEG), propylene carbonate (PC, 99%), acetic acid (CH3CO2H, 

99%) were purchased from Sigma Aldrich. 4,4’-biphenol ((C6H4OH)2, BP), potassium 

carbonate (K2CO3, 98%), triethylamide ((CH3CH2)3N, TEA, 99.7%), copper powder (Cu), 

dimethyl sulfoxide ((CH3)2SO, DMSO, 99.8%), toluene (C6H5CH3, 99.8%), hydrochloric acid 

(HCl, 37%), dichloromethane (CH2Cl2, 99.8%), methanol (CH3OH, 99.8%), acetonitrile 

(CH3CN, 99.8%), ethyl acetate (CH3COOC2H5, 99.5%), dimethylacetamide (CH3CON(CH3)2, 

DMAc, 99.8% ), 1-methyl-2-pyrrolidon anhydrous (C5H9NO, NMP, 99.5%) were purchased 

from VWR. 

4,4’-biphenol was repurified by recrystallization in isopropanol. In a round-bottom flask, a 

mixture of biphenol in isopropanol (~15 mL g-1) was heated at 60 °C until the solid was 

dissolved. The solution was slowly cooled down at room temperature and the crystals were 

recovered by filtration under vacuum with a Büchner funnel. The same procedure was applied 

to 4,4’-difluorodiphenyl sulfone for purification. 
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For 4,4’-dihydroxidiphenyl sulfone, the mixture with isopropanol (~15 mL g-1) was heated at 

70 °C, and after the mixture was cooled down to room temperature. Subsequently, the solvent 

was removed on a rotary evaporator, and crystals were obtained. 

For decaflurorobiphenyl, the purification was made by sublimation using the glassware144 

shown in Figure 5-1. The four chemicals were then dried at 60 °C overnight. 

 

 

 
Figure 5-1. Scheme of a glass vacuum sublimator144. 
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5.2 Synthesis of the Block Copolymer SIPE 

 
5.2.1 Synthesis of the PES-FPES Backbone 

 

 

 
 

 
 

 

 

 
 
 

 
 
 
 

 

 

 
Figure 5-2. Synthesis scheme of PES-FPES block copolymer. 

 

 
The PES-FPES block copolymer backbone was synthesized via one-pot-two-reaction synthesis. 

In a typical procedure, a polymer with a chain length of 15000 g mol-1 for the non-fluorinated 

block and 5000 g mol-1 for the fluorinated block was synthesized. In a three-necked flask 

equipped with an argon inlet, a mechanical stirrer, and a Dean-Stark trap, 3.01 g (16.2 mmol) 

of 4,4’-biphenol (BP), 4 g (15.7 mmol) of 4,4’-difluorodiphenyl sulfone (DFDPS) were 

introduced and dissolved in 30 mL of dimethyl sulfoxide (DMSO). Then 6.7 g (48.5 mmol) of 

potassium carbonate (K2CO3) and 15 mL of toluene as azeotropic agent were added. The 

reaction mixture was heated at reflux at 160 °C for 4 h to dehydrate the system. The temperature 

was then raised to 180 °C to distill off the toluene for 4 h. The temperature was then cooled 
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down to 125 °C, the reaction mixture was allowed to proceed at this temperature for 24 h. After 

24 h, the temperature was decreased to 70 °C, and a solution of 0.87 g (3.49 mmol) 4.4’- 

dihydroxidiphenyl sulfone (DHDPS) in 20 mL DMSO was added. 1.45 g (10.5 mmol) of K2CO3 

and 1.31 g (3.93 mmol) of decafluorobiphenyl (DFBP) were then successively added. The 

reaction mixture was allowed to proceed at this temperature for 2 h. Finally, the polymer was 

precipitated in an aqueous solution of hydrochloric acid (HCl) at 1 M and stirred for 24 h. A 

white solid was obtained after filtration. 

 

5.2.2 Synthesis of the Brominated Intermediate 
 

 

 

 

 

 

 
Figure 5-3. Bromination of the PES-FPES backbone. 

 

 
The bromination of PES-FPES was carried out in a solution of dichloromethane and acetic acid 

(10% v/v) by the addition of a large excess of bromine (Br2) at room temperature. In a typical 

procedure, 5 g (9.3 mmol of non-fluorinated block) of PES-FPES was introduced in a three- 

necked flask equipped with an argon inlet, refrigerant, and magnetic stirrer and dissolved in 

100 mL of distillated dichloromethane. 10 mL of distilled acetic acid was added and after the 

precipitation of the polymer, 7.3 mL (140.9 mmol) of Br2 were added drop by drop in two steps 

(3.7 and 3.6 mL per step). After 24 h of reaction, the mixture was poured in methanol. A white 

powder was obtained after filtration and dried at 60 °C under vacuum for 12 h. 
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5.2.3 Synthesis of the Anionic Side Chain 
 

 

 
 
 

 
Figure 5-4. Synthesis of the LiTFSI-like anionic side chain. 

 

 
In a typical procedure, 8.40 g (0.0563 mol) of CF3SO2NH2 was introduced in a 100 mL two- 

neck round bottom flask equipped with an air condenser and a magnetic stirrer. Then, 10.43 g 

(0.103 mol) of triethylamine (TEA) and 20 mL of acetonitrile were added. The mixture was 

stirred to dissolve CF3SO2NH2 and 20 g (0.0469 mol) of ICF2CF2OCF2CF2SO2F was added. 

The mixture was heated at 40 °C and the reaction was allowed to proceed at this temperature 

for 36 h. After 36 h, the resulting red mixture was concentrated on the rotary evaporator at 40 

°C. The residue was dissolved in 250 mL of dichloromethane, washed four times with 250 mL 

of distilled water, and dried over magnesium sulfate. Finally, the dichloromethane was 

evaporated at 40 °C and a red oil was obtained. The oil was stirred with 200 mL of a LiOH 

aqueous solution (~0.2 M i.e. 5% molar excess of LiOH) for 1h. The water was removed by 

freeze-drying for 24 h, the resulting oil was dissolved in 250 mL of ethyl acetate, dried over 

magnesium sulfate and the solvent was evaporated using a rotary evaporator at 60 °C. 
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Figure 5-5. Addition of the I-psLi side chain by Ullman’s coupling reaction. 
 

 
The anionic side chain was added by Ullman coupling reaction using copper as a catalyst. In a 

typical procedure, 3 g (4.35 mmol) of BrPES-FPES was dissolved in 30 mL of DMSO, under 

stirring at 60 °C, in a three-neck 100 mL round-bottom flask, equipped with a mechanical stirrer, 

a condenser, an argon inlet, and a dropping funnel. After dissolution, 4 g (62.9 mmol) of copper 

powder was added, the temperature was raised to 120 °C and the stirring was set at a fast speed 

(400 rpm) for 3h. The stirring speed was slowed down to 100 rpm and 14 g (24.9 mmol) of 

ionic side chain was dissolved in 25 mL of DMSO and added drop by drop with the dropping 

funnel. The temperature was set to 140 °C (200 rpm) and the reaction was allowed to proceed 

at this temperature for 48 h. The mixture was then poured into a 600 mL aqueous solution of 

HCl (1 M) and a slightly orange solid was obtained after filtration, washed several times with 

F F F F 

F F F F 

F F F F 

F F F F 
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distilled water, and dried at 40 °C under vacuum for 4 h. The obtained polymer was designated 

as SIPE. 

The IEC of SIPE was measured by acid–base titration in an organic solvent. The titrant solution 

was prepared by dissolving 0.05 g of anhydrous NaOH in 100 mL of diethylene glycol (DEG). 

The analyte solution was prepared by dissolving 0.1 g of ionomer powder in the acidic form in 

5 mL of DGME. The acidic form of the ionomer was obtained by stirring the powder in a 2 M 

HCl solution for 24 h; the powder was then dried at 60 °C in vacuo for 12 h. Methyl orange was 

used as a pH indicator for the titration 

 

 

5.3 Synthesis of the Ether-free SIPE 

 
5.3.1 Synthesis of the TFPBr-TP Backbone 

 

 
 
 
 
 
 
 

 

 
Figure 5-6. Synthesis scheme of TFPBr-TP backbone. 

 

 
In an argon-filled glove box, 2 g (7.9 mmol) of 4’-brom-2,2,2-trifluoracetophenone and 1.818 

g (7.9 mmol) of para-terphenyl were introduced in a one-neck 50 mL round-bottom flask 

equipped with a magnetic stirrer. Subsequently, 20 mL of dichloromethane were added as the 

reaction solvent. Once both compounds were dissolved, 4.2 mL (47 mmol) of 

trifluoromethanesulfonic acid were added drop by drop to avoid rapid heating, and the reaction 

was allowed to proceed at room temperature. After 8 h, the mixture was poured drop by drop 
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into 500 mL of methanol. After 4 h under strong stirring, a white solid was obtained by filtration 

and dried at 40 °C under vacuum. No further bromination step was needed. 

 

5.3.2 Addition of the Anionic Side Chain 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
Figure 5-7. Addition of the I-psLi side chain to TFPBr-TP by Ullman’s coupling reaction. 

 

 
In a typical procedure, 1g (2.6 mmol) of TFPBr-TP was dissolved in 5 mL of dimethylacetamide 

(DMAc) in a three-neck 100 mL round-bottom flask equipped with a mechanical stirrer, a 

condenser, an argon inlet, and a dropping funnel and heated at 60 °C. Once the polymer was 

completely dissolved, 2.5 g (39.6 mmol) of copper powder was added under strong stirring with 

the temperature raised to 120 °C. After 3 h, 2.89 g (5.2 mmol) of the anionic side chain, 

dissolved in 5 mL of DMAc, was added drop by drop via the dropping funnel. The temperature 

was raised to 140 °C and the reaction was allowed to proceed at this temperature. After 24 h, 

another 3.6 g (6.4 mmol) of anionic side chain was added and the reaction proceeded for another 

24 h. The mixture was poured drop by drop in 500 mL of aqueous solution of HCl (1 M). After 

24 h under stirring, the solid was filtrated and dried at 40 °C under vacuum for 12 h. The 

obtained polymer was designated as SIPE-EF 
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5.4 Membrane Preparation 

 
5.4.1 Single-Ion Conducting Polymer Electrolyte in Li form 

 
To prepare the polymer electrolyte membrane of SIPE and SIPE-EF, 500 mg of polymer powder 

was dissolved in DMSO (~5% w/v) at 60 °C for 4 h via magnetic stirring. The solution was 

then cast in a petri dish. The solvent was evaporated in an oven at 60 °C for 24 h. The obtained 

solid membrane was cut into discs with a diameter of 14 mm. The ion exchange in the 

membrane was performed by immersing the discs in a 1 M LiOH aqueous solution and stirring 

for 4 h. The discs were then washed with deionized water many times, and subsequently dried 

at 80 °C in a Büchi oven for 24 h. After drying, the membranes were soaked with propylene 

carbonate in a dry room with a dew point below -70 °C. The solvent content (SC) was calculated 

as follows: 

𝑆𝐶 = 
𝑤s − 𝑤d 

 
 

𝑤s 
∗ 100% 

 
With ws the weight of the soaked membrane and wd the weight of the dry membrane. 

 

5.4.2 “True” Solid-state Electrolyte 

 
The SIPE powder (250 mg) and polyethylene glycol (1000 g mol-1) (250 mg) were dissolved in 

DMSO (~25% w/v) at 60 °C for 4 h via magnetic stirring. The solution was then cast in a Petri 

dish. The solvent was evaporated in an oven at 60 °C for 24 h. A gummy membrane was 

obtained, this membrane was then hot pressed between two Mylar foils for 3 min at 60 °C under 

30 µm. The membranes had a thickness of ~50 µm, were cut into discs (Ø=14 mm), and dried 

in a Büchi oven at 60 °C for 24 h. This material was designated as SIPE+PEG. 
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5.4.3 “True” Solid-state Hybrid Electrolyte 

 
The SIPE powder (250 mg) and polyethylene glycol (1000 g mol-1) (250 mg) were dissolved in 

DMSO (~25% w/v) at 60 °C for 2 h via magnetic stirring. A predetermined amount of LATP 

particles (300 nm with d=2.92 g cm-3) was then added (20, 30, or 40% wLATP/wblend). The 

mixture was placed in an ultrasonic bath for 15 min to ensure good dispersion of the LATP 

particles. The solution was then cast in a Petri dish. The solvent was evaporated in an oven at 

60 °C for 12 h. A gummy membrane was obtained, this membrane was then hot pressed for 3 

min between two Mylar foils at 60 °C under 30 tons. White membranes were obtained with a 

thickness of ~50 µm, cut into discs (Ø=14 mm), and dried in a Büchi oven at 60 °C for 48 h. 

The obtained membranes were designated as SIPE-HE20, SIPE-HE30 and SIPE-HE40. 

 

5.4.4 Multi-layer Polymer Electrolyte 

 
In a dry room with a dew point well below -70 °C, 500 mg of PEO, 326 mg of LiTFSI (EO:salt 

ratio of 10:1), and 25 mg of benzophenone were mixed in a vial without any solvent. The 

resulting solid mixture was annealed at 100 °C for 36 h. A transparent and slightly yellow solid 

was obtained. This solid was hot-pressed between two mylar foils at 100 °C under 50 tons. The 

resulting transparent membranes were crosslinked under UV-light irradiation for 3 min on each 

side and finally, a polymer electrolyte with a thickness of ~20 µm was obtained. In parallel 

SIPE-E membranes were prepared as described earlier and soaked with 55% of propylene 

carbonate. These membranes were then sandwiched between two PEO membranes, or a PEO 

membrane was put in contact with only one side of the SIPE-EF membrane for the 

electrochemical characterization. The membrane was designated as SIPE-EF+PEO-L. 

 

5.5 Electrode Preparation 

 

LiFePO4 (LFP) electrodes were prepared by mixing 80 wt.% of LFP, 10 wt.% of C65 black 

carbon, 5 wt.% of poly(vinylidene difluoride) (PVdF), and 5 wt.% of the single-ion conducting 
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polymers (SIPE or SIPE-EF) in an appropriate amount of N-methyl-2-pyrrolidone (NMP) to 

obtain a homogeneously dispersed slurry which was then placed in ultrasonic bath for 15 min 

to ensure the dispersion of the LFP and C65 particles. This slurry was then cast on battery-grade 

aluminum foil using a doctor-blade technique with a wet-film thickness of 100 µm. The sheet 

was dried in an oven at 70 °C for 12 hours, and afterward cut into discs with a diameter of 12 

mm. Subsequently, the discs were dried for 24 h in a Büchi oven at 100 °C under vacuum. The 

electrodes were then pressed at 10 tons for 10 seconds to increase the electrode's density. 

The LiNi0.8Mn0.1Co0.1O2 (NMC811) electrodes were prepared by mixing 90 wt.% of NMC811 

powder, 5 wt.% of C65 conducting carbon, 2.5 wt.% of PVdF and 2.5 wt.% of single-ion 

conducting polymer (SIPE or SIPE-EF) in an appropriate amount of NMP to obtain a 

homogeneously dispersed slurry. The subsequent steps are the same as the previously described 

for the LFP electrodes. The complete process of electrode preparation was performed in a dry 

room with a dew point well below -70 °C. 

 

5.6 Physicochemical Characterization 

 
NMR spectroscopy (1H NMR and 19F NMR) was performed using a Bruker Advance at room 

temperature. The data analysis was performed with Bruker’s TopSpin software. The NMR tubes 

were prepared by dissolving ~5 mg of the material in ~0.5 mL of deuterated DMSO or 

deuterated chloroform. 

TGA was performed between 20 °C and 600 °C with a heating ramp of 5 °C min-1 under a 

nitrogen atmosphere (flow of mL min-1) using a thermogravimetric analyzer (NETZSCH). In 

an aluminum crucible, 2.5 mg to 5 mg of sample were sealed in an argon-filled glove box or a 

dry room with a dewpoint well below -70 °C. 

DSC was performed on a Mettler Toledo DSC analyzer in a temperature range from -50 °C to 

275 °C with a heating ramp of 5 °C min-1. In an argon-filled glovebox or a dry room, about 5 

mg of sample were sealed in an aluminum crucible before measurement under a nitrogen flow 

of 50 mL min-1. 
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SEM images were recorded using a Zeiss Crossbeam 340 field-emission electron microscope 

equipped with a Capella-focused ion beam (FIB, gallium ion source). Samples were fixed on 

an aluminum sample holder with conductive carbon tape (Plano G3347) and transferred from 

the argon-filled glove box, or dry room, to the microscope using a Transfer chamber. 

 

5.7 Cell Assembly and Electrochemical Characterization 

 
All the coin cells for electrochemical characterization were assembled in an argon-filled 

glovebox with O2 and H2O contents well below 2 ppm. 

The ionic conductivity was measured with stainless steel║stainless steel cells in a climatic 

chamber (Vötsch VTM 4004) between 20 °C and 90 °C via EIS using a Hewlett Packard 

Impedance Analyzer in a frequency range from 1 MHz to 10 mHz with an AC amplitude of 10 

mV. The cells were allowed to relax at each testing temperature for 3 h before the next 

measurement. 

The conductivity was calculated as follows: 
 

𝜎 = 
𝐿 

 
 

𝑅 ∗ 𝐴 

where L is the thickness of the membrane, A is the electrode area, R is the bulk membrane 

resistance and σ the ionic conductivity. 

The limiting current density was measured using symmetric Li║Li cells and a VMP Biologic 

electrochemical workstation. Linear sweep voltammetry was conducted with a constant sweep 

rate of 0.01 mV s-1 from open circuit voltage (OCV) to 6.0 V. 

The electrochemical stability window was determined in stainless steel║Li cells via linear 

sweep voltammetry at a constant sweep rate of 1 mV s-1. The anodic sweep was performed from 

OCV to 6 V and the cathodic sweep from OCV to -0.5 V using a VMP Biologic electrochemical 

workstation. 

The lithium-ion transference number (tLi
+) was measured in Li║Li cells via chronoamperometry 

(CA) and EIS. The constant voltage for CA was 10 mV and the EIS was measured in a frequency 
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range from 200 kHz to 100 mHz with an AC amplitude of 10 mV before and after polarization. 

The transference number was calculated as follows 141: 

𝑡+ = 
𝐼S(𝛥𝑉 − 𝐼0𝑅0) 

Li 𝐼0(𝛥𝑉 − 𝐼S𝑅S) 

 
where I0 and IS are the initial and steady-state current, R0 and RS are the initial and steady-state 

resistance, and ΔV the polarization potential. 

The stripping-plating experiments were conducted in symmetric Li║Li cells using a Maccor 

S4000 battery tester and a VMP Biologic electrochemical workstation; the latter was used to 

combine stripping-plating with EIS measurements (from 200 kHz to 100 mHz with AC 

amplitude equal to 10 mV). One cycle is composed of a 30 min stripping step, followed by a 5 

min rest, and a 30 min plating step, followed by 5 min rest. 

Galvanostatic cycling was performed using a Maccor S4000 battery tester. The 

charge/discharge behavior of Li║LFP cells was studied with a dis-/charge rate of 1C 

corresponding to a specific current of 170 mA g-1 and in the case of Li║NMC811 cells 1C 

corresponds to a specific current of 190 mA g-1. 

For each characterization, 3 cells were prepared and tested for reproducibility. The results 

presented in the following are an average of these three tests. 
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6. Results and Discussions 

 
6.1 Replacing the Doping Solvent to Obtain a “True” Solid-State 

Single-Ion Conducting Polymer Electrolyte. 

This section presents the study of the blend of poly(ethylene glycol) dimethyl ether (1000 g 

mol-1) with the partially fluorinated multi-block co-poly (arylene ether sulfone) with lithium 

perfluorosulfonimide side chains. These copolymers have been already studied in our group 

doped with PC or EC. In this study, we maintained the general structure of the single-ion 

conducting polymer but opted to modify the average length of the different blocks compared to 

previous studies129,145. Herein, a polymer with average backbone block lengths of 15 kg mol-1 

for the PES block, bearing the lithium perfluorinated sulfonimide function (called ionophilic 

block), and an average block length of 5 kg mol-1 for the FPES block (ionophobic block) was 

prepared. This design was chosen to obtain a higher lithium concentration but also a better 

flexibility of the polymer to ensure good lithium mobility even with PEG molecules being much 

more viscous than the usual PC or EC molecules. 

 

6.1.1 Synthesis 

 
The block length and the grafted side chains was confirmed by 1H NMR analysis (Figure 6-1 

to Figure 6-3 ). 

Figure 6-1 shows the NMR spectra recorded after the synthesis of PES-FPES. The ratio 

between the hydrophilic block (PES) and the hydrophobic block can be calculated from the 

integral of the H2 or H4 peaks and the integral of the H6 peak. The experimental ratio is 5 which 

is a bit higher than the theoretical ratio calculated for this polymer (4.2 146) this means the 

hydrophobic part is longer than expected one, i.e. if we consider PES block 1500 g/mol (n=37), 

the FPES will be about 5950 g/mol (m=11). 
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Figure 6-1. H NMR spectrum recorded for PES-FPES recorded in chloroform. 
 

 
Figure 6-2 presents the NMR spectra recorded after the bromination of the PES-FPES 

backbone. The apparition of a singlet at 7.85 ppm confirms the substitution of a hydrogen atom 

by a bromine atom. The ratio of the integral for H2 and H7 allows us to determine that the 

substitution yield is 90 %, which is in good accordance with previous results on this polymer 

146. 

n= 37 

m= 11 
y~ 3-5 
Ip~ 2 
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Figure 6-2. 1H NMR spectrum recorded for Br-PES-FPES recorded in chloroform. 

 

 
After the coupling reaction, the 19F-NMR spectra of the single-ion conducting multiblock 

copolymer was recorded (Figure 6-3). This spectrum allow us to calculate the grafting degree 

of perfluoroalkyl sulfonimide groups with the following equation: 

2 ∗ 𝐼1 

𝑁NMR = 
𝐼 ∗ 𝑅exp 

where NNMR is the number of ionic function per PES repeating unit, I1 is the peak integral of F1 

(-110.69 ppm), I7 is peak integral of fluorine atoms of the FPES block F7 (-137.72 ppm) + peak 

integral of fluorine atoms at the end of the FPES block (F7’) and Rexp the experimental ratio 

between the PES and FPES blocks (measured to be 5). With the integral values on the spectra, 

we determined that there are 0.86 ionic functions per PES repeating unit. This value can then 

be used to determine the Ionic Exchange Capacity (IEC) of the polymer with the following 

equation: 

𝐼𝐸𝐶NMR = 𝑁NMR ∗ 𝐼𝐸𝐶theo = 𝑁NMR ∗ 
𝑀 𝑛 

2 ∗ 𝜒𝑛PES 
+ 𝑀𝑛 ∗ 1000 

psi–PES FPES 

7 
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where χnPES= 37 is the average repeating unit number in PES blocks, MnFPES (5950 g mol-1) is 

the molar mass of the FPES block. Mnpsi-PES is the molar mass of psi-PES block = (MPES + N x 

Mpsi) x χnPES (where MPES is molar mass of structural unit of PES and Mpsi is molar mass of psi 

side chain). This calculation results in an IEC of 1.22 meq Li+ g-1, which is once again in 

excellent accordance with previous results 146. To confirm this value, the IEC was also measured 

by acid–base titration in an organic solvent. After titration, a value of 1.37 meq H+ g-1. This 

value is close to the theoretical and NMR values, once again confirming the successful synthesis 

of this single-ion conducting polymer. 

 

Figure 6-3. 19F NMR spectrum recorded for SIPE recorded in DMSO. 

 

The thermal properties, ionic conductivity, and electrochemical properties were compared to 

those of the single-ion membranes doped with propylene carbonate. 
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6.1.2 Membrane Preparation and Thermal Characterization 
 

 

Figure 6-4. Molecular structure of the single-ion polymer and the preparation of “true” solid- 

state single-ion conducting polymer electrolyte. 

 
SIPE/PEG in mass ratio 1/1 was blended and after the hot-pressing process, an orange 

translucent membrane with a thickness of about 50 µm was obtained. T membrane displays 

suitable mechanical stability even when stretched. However, the membrane is sticky and needs 

to be manipulated carefully. 

Regarding the thermal properties, the SIPE, before doping with PC, is stable until 250 °C before 

a linear weight loss was observed in the TGA data (Figures 6-5). The small weight loss starting 

around 100 °C is due to residual water. The SIPE as well as the casting solvent are very 

hydrophilic and, due to the high Tg of the SIPE and the strong interaction between the SIPE 

and water, the drying step was probably not enough to completely remove the water. 
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The TGA profile for SIPE+PEG reveals a weight loss starting around 220 °C, which accounts 

for about 50% of the total weight and is attributed to the PEG incorporated in the blend. 

Interestingly, this weight loss starts at a higher temperature than the degradation of pure PEG, 

suggesting that the PEG is in interaction with the SIPE. The blend SIPE +PEG shows a higher 

onset temperature for weight loss compared to SIPE+PC, with more than 100°C, indicating 

excellent thermal stability. Furthermore, the introduction of solvent, either PEG or PC, does not 

affect the thermal stability of SIPE. 

 

Figure 6-5. TGA curve of the SIPE+PEG (red) compared to the TGA curves of PEO (blue) and 

“after casting” SIPE (black). 

 
The DSC diagram of the SIPE (Figure 6-6) is typical of an amorphous polymer exhibiting two 

glass transition temperatures, one at about 130 °C (Tg
SIPE1) assigned to the ionophilic block and 

one at about 240 °C (Tg
SIPE2) assigned to the ionophobic block. The lower Tg of ionophilic bloc 
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is due to both the non-fluorinated backbone and the presence of the side chains. In the DSC 

diagram of SIPE+PEG, Tg
SIPE+PEG1= -30 °C and Tg

SIPE+PEG2= 255 °C were measured. The second 

value is a little higher than the one for the ionophobic block of SIPE, probably indicating a 

better separation and organization of the ionophobic part in the blend, due to the higher mobility 

of ionophilic block. On the other hand, the first value is well above the reported Tg for PEG (- 

80 °C for 1000 g mol-1 147) and well below the measured Tg
SIPE1 meaning that the PEG is mainly 

incorporated in the ionophilic domain by interaction probably with the Li cation. The theoretical 

Tg can be calculated by applying the Flory Fox equation 148: 

1 
= 

𝑇g 

𝑤1 
 

 

𝑇g1 

𝑤2 
+ 
𝑇g2 

 

 
We consider the system to be composed only of the hydrophilic block of the single-ion 

conducting polymer and the poly(ethylene glycol) dimethyl ether since the Tg of the 

hydrophobic block is not highly impacted by the blending with poly(ethylene glycol). 

w1 is the weight fraction of ionophilic block 

w2 is the weight fraction of poly (ethylene glycol) 

Tg1 is the transition glass temperature of the hydrophilic block (130 °C = 403.15 K) 

Tg2 is the transition glass temperature of poly (ethylene glycol) (-76.5 °C = 196.65 K 

(see appendix A.2)) 

The calculated value is -18 °C, higher than the measured one. This difference can be related to 

the imprecision in the calculation of the ionophilic block % in the total polymer as well as the 

Tg value measured with a crystalline PEG (see Figure S2 in appendix) while in the SIPE it is 

completely amorphous. 
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Figure 6-6. DSC diagrams of the SIPE after casting with DMSO (black) and of the SIPE+PEG 

after hot-pressing (red) 

 

6.1.3 Electrochemical Properties 

 
Figure 6-7 presents the ionic conductivity of the SIPE+PEG electrolyte compared to the SIPE 

doped with 55% PC in a temperature range of 20 °C to 90 °C. The 55% PC content was selected 

because at this concentration it was shown in previous publications to be the best compromise 

between conductivity, mechanical, and thermal properties. The conductivity data reveal a 

typical Vogel-Tramman-Fulcher (VTF) behavior, indicating in booth case the lithium cation 

transport is related to the coordination of the cation with the solvent, e.g. with PC in the case of 

SIPE+PC or with PEG in the case of SIPE+PEG. The solvent molecules coordinate the Li+ 

cations and act as transporters for lithium. Nevertheless, a huge difference is observed between 

SIPE+PC and SIPE+PEG. The much lower conductivity of SIPE+PEG can be explained by 
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the nature of two solvents. The PC has a lower viscosity (2,54 mPa s-1 at 25 °C 149) and much 

higher dielectric constant (64.92 at 25 °C 148) that can affect positively both lithium mobility 

and dissociation (lithium cation concentration), while with the higher viscosity (~110 mPa s-1 

for PEG with 600 g mol-1 at 30 °C 150), lower dielectric constant (11.55 at 40°C 151) and high 

donor number PEG, the transport is slown down resulting in lower conductivity. Also, the 

change from an ion hopping mechanism (in the case of PC) to a complexation/decomplexation 

mechanism (similar to the one in PEO:LiTFSI electrolytes) for the lithium cation transport 

could explain the lower Li cation mobility. 

Nonetheless, the SIPE+PEG conductivity was measured to be 10-5 S cm-1 at 40 °C, a high value 

for a single-ion conducting polymer electrolyte with no volatile organic liquid plasticizers. 

 

Figure 6-7. Conductivity, as a function of temperature, of the SIPE+PEG electrolyte compared 

to the conductivity of the SIPE+PC electrolyte with 55wt% PC. 
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To determine the t+ of SIPE+PEG, we employed the Bruce and Vincent potentiostatic 

polarization method (Figure 6-8). The current measured in Figure 6-8.a went through a quick 

drop at the very beginning of the polarization with stabilization at a constant current after about 

20 minutes. The impedance spectra before and after 115 minutes of polarization gave nearly 

identical results, indicating the achievement of a stable SIPE+PEG║lithium interface. For the 

equation used in the Bruce-Vincent method, we do not need to separate the bulk resistance from 

the interfacial resistance and therefore the total resistance was used for the calculation (Figure 

6-8.c). Through this method, we obtained a lithium transference number of 0.99. The single- 

ion conducting nature of the solvent-free electrolyte was well addressed by this high lithium 

transference number. 

 

Figure 6-8. Determination of the transference Number by Bruce and Vincent potentiostatic 

method. a) chronoamperometry data obtained when applying a constant voltage of 10 mV to a 

symmetric Li/Li cell containing the SIPE as electrolyte. b) Impedance measurement before 

(black) and after (blue) the chronoamperometry measurement. c) Values used in the Bruce and 

Vincent equation to determine the transference number. 

 
The limiting current density was also measured at 40 °C (Figure 6-9). The obtained value was 

0.2 mA cm-2 which is lower than the previously reported value for this polymer structure145. 

The limiting current density is related to the mobility of the cation in the electrolyte; this lower 
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value is then not surprising taking into account the significant difference in conductivity 

reported previously for SIPE+PC and SIPE+PEG. 

 

Figure 6-9. Determination of the limiting current density of SIPE+PEG by linear sweep 

voltammetry at 40 °C (sweep rate= 0.01 mV s-1). 

 
The determination of the electrochemical stability window of the SIPE+PEG system is 

presented in Figures 6-10 and 6-11. On the cathodic sweep from LSV (Figure 6-10 (red)), the 

current density increase at 0 V is assigned to the metallic lithium deposition, and the small 

increase at 0.8 V can be attributed to the reductive decomposition of the remaining trace of 

DMSO from the casting process152. Another small increase is observed at 1.6V, which was also 

observed in a previous study dealing with polyethylene oxide based electrolytes and was 

assigned to water and oxygen reduction153. On the anodic sweep (Figure 6-10 (black)) no 

oxidative peak was observed until a sharp increase at 4.6 V. This corresponds to the oxidative 
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decomposition of the bulk electrolyte. The stability almost matches SIPE+PC reported in 

another study129 and overcomes the usually reported values for polyethylene oxide-based 

electrolytes154. 

 

Figure 6-10. Determination of the electrochemical stability window of SIPE+PEG by linear 

sweep voltammetry at 40 °C using Li/Stainless steel cells (sweep rate = 1 mV s-1). 

 
To analyze this behavior in more details, the electrochemical stability was then further 

investigated also by cyclic voltammetry (Figure 6-11). Starting from OCV, the cell was 

polarized up to 4.6 V and an oxidation peak appeared at around 4.4-4.5 V. The intensity of this 

peak decreases, indicating stabilization of the electrode║electrolyte interface during cycling. 

Two reductive peaks at close value to thus in LSV, i.e. at 1.5 V and 0.9 V are observed. However, 

these peaks are irreversible, agreeing with previous observation, the reaction of DMSO, or 

water traces.  Whereas some other peaks appear between 1.1-1.2 V, and the intensity of these 
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peaks tends to decrease and stabilize after the first cycle, indicating the formation of a stable 

SEI at the lithium surface. For the first cycle, a strong reduction peak was observed between 0 

to -0.3 V, which is ascribed to lithium plating on the stainless-steel surface155. Surprisingly, this 

sharp current decrease was suppressed after the first cycle. This could suggest that the lithium 

metal plated in the stainless steel during the first cycle reacted with the electrolyte to form dead 

lithium. This is even more probable considering that the amount of lithium plated is very low 

(0.0095 mAh cm-2 in the first cycle) and can easily be consumed by side reaction. 

 

Figure 6-11. Cyclic voltammetry for electrochemical stability determination by using freshly 

built Li/stainless steel cells between -0.3 V and 4.6V vs. Li+/Li (sweep rate = 1 mV s-1). 

 
To conduct a more in-depth examination of the electrochemical stability, separate cathodic and 

anodic cyclic voltammetry tests were performed. This should avoid the influence of oxidative 

degradation in the following reduction process and vice versa. The anodic scan was performed 
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between OCV and 4.6V with a scan rate of 1 mV s-1 for 6 cycles and is presented in Figure 6- 

12. The first scan showed some minor current evolving after 3.9 V, the maximum current density 

was 2.8 µA cm-2, indicating some reaction upon oxidation, which is much lower than 10 µA 

cm-2 generally considered as lower value for an oxidation process. Upon cycling an increase in 

oxidation voltage and a decrease in current density was observed. Their values become closer 

after 3 cycles, which indicates a stabilization of the interface with the electrode. 

 

Figure 6-12. Anodic cyclic voltammetry for further investigation of electrochemical stability 

by using freshly built Li/stainless steel cells between OCV and 4.6V vs. Li+/Li (sweep rate= 1 

mV s-1). 

 
Similarly, the cathodic scans were conducted from OCV to 0V with a scan rate of 1 mV s-1 and 

are presented in Figure 6-13. We decided to stop at 0V to avoid the lithium plating on the 

stainless steel and investigate only the potential side reactions. The first cycle showed a strong 
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reaction between 0 -1.7 V which could be associated with the formation of a passivation layer, 

and then the intensity of the reaction decreased in the following cycles. Additionally, a pair of 

small peaks could be observed at 0.7 V and 1.1 V, which appear to be reversible. These tiny 

peaks could be associated with the presence of oxides on the surface of the working electrode 

and the intercalation of lithium ions in these metal oxides156. 

 

 

 
Figure 6-13. Cathodic cyclic voltammetry for further investigation of electrochemical stability 

by using freshly built Li/stainless steel cells between OCV and 4.6V vs. Li+/Li (sweep rate= 1 

mV s-1). 

 
In the end, the electrochemical stability until 4.6 V, obtained on the LSV and CV measurements, 

allows for the implementation of the SIPE+PEG electrolyte in batteries using high-energy 

density cathode material such as Nickel-Manganese-Cobalt electrodes (NMC). The irreversible 
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observed reactions between 1.7 V and 0.5 V should not affect since the full-cell investigations 

with NMC are conducted between 3 and 4.2 V. 

 

6.1.4 Lithium Stripping/Plating 

 
To assess the potential use of a new electrolyte material in lithium metal batteries, it is crucial 

to determine its capacity to facilitate the transfer of lithium cations between electrodes and its 

ability to inhibit or minimize the formation of lithium dendrites. Therefore, lithium 

stripping/plating tests were conducted in symmetrical Li/Li cells with the SIPE+PEG 

electrolyte sandwiched between the two Li electrodes at different current densities. The 

resulting data are presented in Figure 6-14 to Figure 6-14. First, we conducted this test at very 

low current densities (Figure 6-14). The results revealed a rather low overpotential for the 

lowest current density (0.002 V for 0.002 mA cm-2) followed by an increase when applying 

higher current density until 0.037 V for a current density of 0.027 mA cm-2. These overpotential 

values are higher than the one observed for the same polymer structure swollen with PC129, this 

can be explained by the higher ionic conductivity for the PC-doped electrolyte compared to the 

SIPE+PEG electrolyte. However, it can be noted that the increase in overpotential is lower (one 

order of magnitude) than the difference in conductivity which is much higher (about two orders 

of magnitude). Also, important to notice, that the voltage response at all current densities is 

stable upon cycling with a steady state reach almost immediately, after applying the current, 

indicating that lithium cations are the only charge carrier and once again, confirming the single- 

ion conducting behavior of the membrane (Figure 6-11 insert). 
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Figure 6-14. Investigation of the stripping/plating behavior of the SIPE+PEG electrolyte in 

Li/Li symmetrical cells at 40 °C subjected to elevated current 0.002, 0.005, 0.01, 0.015, 0.02, 

0.03 mA, i.e., 0.002, 0.004, 0.009, 0.013, 0.017, 0.027 mA cm-2, respectively (Ø=12mm and 

electrode surface area = 1.131 cm-2). 

 
Further investigation of the behavior was conducted with higher current density (Figure 6-15). 

When applying 0.044 mA cm-2, lithium stripping/plating was still observed but, in this case, the 

overpotential is increasing during one stripping or one plating step. However, the same potential 

is reached at the end of each cycle. This last observation tends to indicate that the increase in 

potential is not due to the decomposition of the electrolyte. The increase in polarization 

indicates a sluggish charge transfer at the interface, potentially owing to the depletion of Li+ in 

the interphase157. Higher current densities were then applied (more than 0.18 mA cm-2) and 

huge increases in the overpotential were observed (Figure 6-15). The increase was so important 

that the cut-off voltage of 2 V was reached in a few minutes or even seconds for the highest 



93  

current density. This is not surprising since these current density values are very close (0.18 mA 

cm-2) or higher (0.44, 0.66, 0.88 mA cm-2) than the limiting current density measured earlier 

(0.2 mA cm-2). However, these high voltages do not result in any degradation of the electrolyte, 

as a similar lithium stripping/plating behavior was observed when reducing the current density 

back to 0.018 and 0.044 mA cm-2. 

 

Figure 6-15. Li/Li cell subjected to elevated current 0.02, 0.05, 0.2, 0.5, 0.75, 1 mA, i.e., 0.017, 

0.044, 0.18, 0.44, 0.66, 0.88 mA cm-2, respectively (Ø = 12mm and electrode surface area = 

1.131 cm-2) followed by lowering the current back to 0.017 and 0.044 mA cm-2 for subsequent 

stripping/plating cycles. 

 
To confirm the non-degradation of the electrolyte, we performed impedance spectroscopy after 

each full stripping/plating cycle, and the EIS data were fitted with an equivalent circuit 

composed of two constant phase elements (CPE) (Figure 6-16). The resistance of the high- 
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frequency semi-circle corresponded to the resistance obtained during the ionic conductivity 

measurement with blocking electrodes, therefore this first semi-circle is related to the resistance 

of the polymer electrolyte. At low-frequency, the semi-circle is associated with the charge 

transfer at the electrode║electrolyte interface158. We can see that the first semi-circle before and 

after the high polarizations observed at 0.18, 0.44, 0.66, and 0.88 mA cm-2 are perfectly 

superposing indicating no change in the bulk electrolyte, confirming the non-degradation. 

Nevertheless, after the high polarization, the interfacial resistance has decreased, which remains 

unclear to us. The impedance results after decreasing the current back to 0.018 and 0.044 mA 

cm-2 are almost superposing the impedance results before the high polarization, showing that 

the interfacial resistance decrease was reversible and that overall the electrolyte is not degraded 

by the polarization at the highest current densities tested here. 

 

Figure 6-16. Nyquist plots of the EIS data recorded after the last stripping/plating cycles for 

different current densities. 

 
Post-mortem SEM images were recorded after the cycling at different current densities and 

compared to the pristine lithium metal foil directly taken from the glovebox (Figure 6-17). 

Figure 6-17.a shows the surface of the pristine lithium is flat and homogeneous. A rather 

smooth and flat lithium surface with no indication of lithium dendrite growth was observed in 

Figure 6-17.b recorded after stripping plating at 0.018 mA cm-2 and 0.044 mA cm-2 for 10 

cycles each (capacity= 0.225 mAh cm-2), and Figure 6-17.c recorded after the full 
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stripping/plating procedure presented in Figure 6-17 (capacity= 0.675 mAh cm-2). This 

demonstrates homogeneous lithium deposition throughout cycling, confirming the excellent 

compatibility of the SIPE+PEG electrolyte with lithium metal. 

Figure 6-17. Comparative SEM images of the pristine lithium surface (a), the lithium surface 

after stripping/plating at 0.018 and 0.044 mA cm-2 (b) and after lowering the current back to 

0.018 and 0.044 mA cm-2 (c) 
 

 
At this stage, as the SIPE+PEG was found to be very stable against lithium metal, we evaluated 

its long-term behavior by subjecting a symmetrical Li/Li to long-term lithium stripping/plating 

cycling at 0.018 mA cm-2 for more than 2000 h (Figure 6-18). A slight increase of the 

overpotential during this long-term cycling was observed, with stabilization occurring after 

1700 hours. This variation is commonly related to the formation and organization of the 
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electrode║electrolyte interface during the lithium stripping/plating before reaching a steady 

state corresponding to the stabilization of the overpotential. The magnifications of the 

stripping/plating cycles at 510 hours and 1700 hours indicate a stable overvoltage during both 

the stripping and plating steps. Furthermore, no indication of degradation of the SIPE+PEG 

electrolyte was observed even after more than 2000 h, once again showing the stability and 

compatibility of this polymer electrolyte with lithium metal. Unfortunately, after long cycling 

test, it was not possible to remove properly the lithium metal from the electrolyte and analyze 

by SEM its surface. 

 
Figure 6-18. Li/Li cell subjected to a constant current of 0.02 mA, i.e., 0.018 mA cm-2 for than 

2000 h (each cycle is composed of a 30-minute stripping step followed by a 5 minutes rest and 

a 30-minute plating step and another 5 minutes rest). 

 
To further investigate the compatibility of our SIPE+PEG electrolyte and to see how the 

temperature impact the interface behavior, we conduct the same stripping/plating test as 
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previously presented but at 60 °C. The results obtained with the lower current density (Figure 

6-19) are very similar to the ones obtained at 40 °C. The voltage response at all current densities 

is stable upon cycling with a steady state reached almost immediately after applying the current, 

which was already observed at 40°C. It was surprising to see, that despite an increase in 

conductivity by a factor 4, the overpotentials at all current densities remain very close (Figure 

6-20). The overpotential vs. current plot are linear in accordance with the Ohm’s law: 

𝑈 = 𝑅 ∗ i 

The linear fit of these data allows us to calculate R40 °C= 1264 Ω and R60 °C= 1296 Ω. For 40 

°C. The conductivity being higher at 60°C, this value can only correspond to the interfacial 

resistance. These results show that, within this low range of applied current densities, interfacial 

resistance is probably the driving factor and temperature does not have a significant impact on 

this resistance. 

 

Figure 6-19. Investigation of the stripping/plating behavior of the SIPE+PEG electrolyte in 

Li/Li symmetrical cells at 60 °C subjected to elevated current 0.002, 0.005, 0.01, 0.015, 0.02, 

0.03 mA, i.e., 0.002, 0.004, 0.009, 0.013, 0.018, 0.027 mA cm-2, respectively (Ø =12mm and 

electrode surface area= 1.131 cm-2). 
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Figure 6-20. Overpotential as a function of current for the stripping-plating at 40 °C and 60 °C 

and linear fit. 

 
At higher current density (Figure 6-21), a big improvement was observed compared to the same 

test at 40 °C. First, for 0.018 and 0.044 mA cm-2 a more rectangular shape was observed, 

indicating a better and faster charge transfer at the interface157. When using 0.18 mA cm-2 at 40 

°C, the polarization of the cell was extremely fast, and no stripping plating was observed. At 60 

°C, on the contrary, a really good stripping/plating was obtained at this current density. It can 

also be seen that the steady state is not immediately reached meaning the polarization of the 

cell starts to limit the charge transfer at the interface. At more than 0.44 mA cm-2, huge increases 

in the overpotential were observed. The increases were so important that the cut-off voltage of 

2 V was reached in a few minutes or even seconds meaning no stripping/plating at these current 

density values. But, as previously observed, this does not result in electrolyte degradation since 

a good reversibility was observed when lowering the current back to 0.018 and 0.044 mA cm- 

2. 
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Figure 6-21. Li/Li cell at 60°C subjected to elevated current 0.02, 0.05, 0.2, 0.5, 0.75, 1 mA, 

i.e., 0.018, 0.044, 0.18, 0.44, 0.66, 0.88 mA cm-2, respectively (Ø = 12mm and electrode surface 

area = 1.131 cm-2) followed by lowering the current back to 0.018 and 0.044 mA cm-2 for 

subsequent stripping/plating cycles. 

 
Overall, these results at 40 and 60 °C indicate excellent compatibility of the SIPE+PEG with 

lithium metal and the ability to form a very stable electrode║electrolyte interface at different 

current densities. The increase in the temperature from 40 to 60°C allows platting/stripping at 

higher current density without any SIPE degradation and with a stable interface. 

 

6.1.5 Evaluation of Li║NMC811 Cells 

 
To further investigate the implementation of this polymer electrolyte with a high-energy density 

cathode, we assembled Li/NMC811 cells and subjected them, in the first time, to galvanostatic 

cycling at 40 °C (Figure 6-22). Considering the rather low limiting current density measured 
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earlier and the electrode mass loading (~1.8 mg cm-2) we decided to cycle the cells only at 

0.05C to stay at a rather low current density. The cell exhibited a specific discharge capacity of 

127 mAh g-1 in the first cycle with an initial Coulombic efficiency of 99% with an average 

99.6% Coulombic efficiency for the subsequent cycles. After 40 cycles, a capacity retention of 

80% was obtained with no indication of electrolyte degradation, meaning that this fade mostly 

comes from the cathode material. The rather fast capacity decay for NMC811 is a well-known 

phenomenon that was already observed at 25 °C. It is assumed that this decrease results from 

the formation of stable phases upon cycling, leading to an increase in the interfacial resistance26. 

 

 
Figure 6-22. Investigation of SIPE+PEG electrolyte in Li/NMC811 cells at 40 °C. Charge and 

discharge capacity and Coulombic efficiency as a function of cycle number. 

 
The voltage profiles at different cycles (Figure 6-23) do not show any voltage fluctuation that 

could indicate dendrites growth or degradation of the SIPE+PEG electrolyte. This tends to 

confirm a chemically stable electrolyte material toward NMC. Despite the noticeable capacity 
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loss, all the voltage profiles exhibit a similar shape, indicating a consistent electrochemical 

process throughout the cycle (Figure 6-23). This indicates a general good compatibility of the 

SIPE+PEG electrolyte with positive and negative electrode materials. Concerning the capacity 

decay, we assume that this is not (or only to a very small extent) related to the electrolyte 

degradation. It is known that the decay/aging of the cells is a very complex process and should 

be connected to many parameters including electrode morphology, quality of the lithium, 

temperature, pressure on the cell, current density, compatibility between the binder and polymer 

electrolyte, and so on. We assume this phenomenon is linked to the incomplete de-/lithiation of 

the active material caused by sluggish kinetics at the lower temperature (40 °C) as well as to 

the loss of the ionic and electronic percolation. 

 
 

 

 
Figure 6-23. Investigation of SIPE+PEG electrolyte in Li/NMC811 cells at 40 °C. Voltage 

profiles for selected cycles, all cycles were conducted at 0.05C with 1C= 190 mA g-1 and cut- 

off voltage set to 3.0 and 4.2 V vs. Li+/Li. 
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At 60 °C, the Li│SIPE+PEG│NMC811 cell was then subjected to a C rates capability test at 

0.05C, 0.1C, 0.2C, 0.5C and 1C (1C not represented here since the specific capacity was 0 mAh 

g-1) followed by a long-term constant current cycling stability test at 0.05C with (Figure 6-24). 

The cell exhibited a reversible discharge capacity of about 180 mAh g-1 during the first cycles 

at 0.05C with a Coulombic efficiency (CE) of 90%. This low CE indicates that some side 

reaction occurs during the first cycle. We can suppose the formation of the SEI but also some 

degradations, i.e. of electrolyte, SIPE+PEG, at the interface with NMC811 at 4.2 V. In the next 

four cycles at 0.05C, the coulombic efficiency reaches an average value of 95% with a rather 

high decrease of specific capacity, proving still some side reactions. At 0.1 and 0.2C, a higher 

coulombic efficiency with a more stable specific capacity was obtained (CE= 98% with C= 140 

mAh g-1 and CE= 99% with C= 100 mAh g-1 respectively), only the first cycle does not exhibit 

these values of C. This means that during the first cycle, the higher current density induces 

changes at the interface to support the higher current. With the C rates capability increase a 

decrease of the capacity was observed (144 mAh g-1 at 0.1C, 103 mAh g-1 at 0.2C, and 40 mAh 

g-1 at 0.5C). This decline of capacity is due to kinetic and mass transport limitation and 

increased polarization which leads to incomplete lithiation/delithiation of the active NMC 

material and also to the more sluggish charge transfer at the interface that we already observed 

at higher current density during stripping/plating test. At last, the test was carried out at 0.05C 

again to check if the capacity decline was reversible or not. The 21st cycle yielded a capacity of 

138 mAh g-1, which is relatively close to the capacity of the 5th cycle (155 mAh g-1), showing 

an acceptable reversibility of the capacity decline during the C rates capability test. 

At 60 °C, the capacity decay from cycles 1 to 5 was measured to be 88% and 0.91% from cycles 

21 to 25. This decay is faster than the one at 40 °C (96%) and is probably related to the rather 

low thermal stability of NMC811 or side reaction with the polymer electrolyte. Indeed, it has 

been shown that increasing the temperature increases de capacity lost for this cathode 

material26. 
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Figure 6-24. Investigation of SIPE+PEG electrolyte in Li/NMC811 cells at 60 °C. Charge and 

discharge capacity and Coulombic efficiency as a function of cycle number. 

 
However, the voltage profiles at different C rates (Figure 6-25) do not show any voltage 

fluctuation that could indicate dendrites growth or degradation of the SIPE+PEG electrolyte, 

which confirms the good compatibility of the electrolyte material toward NMC, even at 60 °C. 

The polarization of the cell can be estimated by the dis-/charge hysteresis, i.e., the voltage 

difference between charge and discharge at the point of 50% capacity. The differences at 0.05C, 

0.1C, 0.2C, and 0.5C were 81, 171, 359, and 763 mV respectively. These polarization voltages 

follow a linear trend with the corresponding current densities (Figure 6-26), which suggests the 

impedance of the cell at 50% of the state of charge (SOC) was stable also at the increased 

current densities. 
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Figure 6-25. Investigation of SIPE+PEG electrolyte in Li/NMC811 cells at 60 °C. Voltage 

profiles for selected cycles during the C rates capability test with cut-off voltage set to 3 and 

4.2 V vs. Li+/Li. 

 

Figure 6-26. (a) Polarization vs. current density and (b) Specific capacity vs. polarization of 

Li║NMC811 cell subjected to a C rate test at 60 °C. 
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The C rate test has fully demonstrated that the Li║NMC811 cell has good capacity retention at 

different current densities. The capacity loss from increased C rate is rather high, probably due 

to rather low ionic conductivity and lithium-ion transport, but was also demonstrated to be 

reversible. 

Several works have already been reporting the use of full solid-state polymer electrolytes with 

NMC811 cathodes. But they are all using the usual polymer matrix + lithium salt approach with 

a polymer matrix based on PEO (133.7 mAh g-1 at 40 °C with a capacity retention of 85.7% 

after 200 cycles at 0.2C) 159, poly(ethylene glycol) dimethylether (PEGDME) (101.4 mAh g-1 

at 45 °C with a capacity retention of 82% after 200 cycles at 0.1C) 160, 

poly(diallyldimethylammonium) bis(fluorosulfonyl) imide (PDADMAFSI) (161 mAh g-1 at 25 

°C with 92% capacity retention after 120 cycles at 0.1 mA cm-2) 161 and poly-oxalate (190.5 

mAh g-1 at 45 °C with a capacity retention of 82% after 100 cycles at 0.15C) 162. All these 

electrolytes exhibit good cyclability with NMC but none are actual single-ion conducting 

polymers which means they can present the polarization problem presented in the motivation 

part of this work. On another hand, single-ion polymer electrolytes have shown good results 

with NMC811 at 40 and 60 °C 163,164,165 but these membranes were all swollen with at least 50% 

of carbonate solvent. This means that to the best of our knowledge, this is the first work 

reporting good battery performance at 40 °C and 60 °C with NMC 811 and a solvent-free SIPE. 

 

 

6.1.6 Conclusions 

 
In this section, we have shown that the already reported partially fluorinated multi-block co- 

poly (arylene ether sulfone) with lithium perfluorosulfonimide side chains can be blended with 

low molecular weight poly(ethylene glycol) dimethyl ether instead of volatile organic solvent 

such as propylene or ethylene carbonate. The film fabrication was found to be relatively easy; 

the obtained membrane was self-standing and provided sufficient mechanical stability with a 
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remarkable conductivity of 10-5 S cm-1 at 45 °C, which is among the highest reported 

conductivity for a polymer electrolyte containing no volatile molecules. In addition, a good 

electrochemical stability window until 4.6 V was reported with an excellent electrolyte║lithium 

metal compatibility during stripping/plating test at 40 °C and different current densities but also 

for long-term cycling with a constant current density. These stripping/plating at 60 °C 

highlighted the good results already obtained at 40°C. Nevertheless, the polymer electrolyte 

demonstrated at 40°C rather low limiting current density of 0.2 mA cm-2, which hindered fast 

charging and discharging in a full-cell setup using NMC811 as the cathode material. The cycling 

test at 40°C and a current of 0.05C exhibited a good initial discharge capacity and, despite the 

rather fast loss of capacity retention, the cell exhibited an excellent Coulombic efficiency upon 

cycling. The use of higher temperatures allows us to conduct a C rates capability test, which 

demonstrates a good capacity retention at different current densities but a rather high capacity 

loss when increasing the current density. These results make this polymer electrolyte an 

interesting candidate for further development. 

Improving the cyclability versus NCM8111 should be the focus for future work for example by 

working on the mass loading of the electrode or optimizing the electrode and the cycling 

procedure. 
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6.2 Solvent-Free Hybrid Solid-State Single-Ion Conducting 

Polymer Electrolyte 

To address the challenge presented by lithium metal anodes, researchers have preferred solid- 

state electrolytes as the material of choice. However, neither the solid polymer electrolytes 

(SPEs) nor the solid ceramic electrolytes (SCEs) have been successful for commercial 

implementation. To combine the advantages of each while reducing their drawbacks, hybrid 

electrolytes have been a new promising approach. 

This technique has already largely been used with the common polymer electrolyte using a 

polymer matrix and a lithium salt. For example with poly(ethylene oxide) (PEO)166,167,168,169, 

poly(vinylidene fluoride-hexa-fluoropropylene) (PVDF-HFP)170, PEO/PVDF-HFP171, PEO/ 

Poly(methyl methacrylate) (PMMA)172, polyacrylonitrile (PAN)173, poly(vinylidene fluoride) 

(PVDF)174, poly(vinyl carbonate) (PVCA)175 or poly(propylene carbonate) (PPC)176. However, 

the number of studies on hybrid electrolytes containing single-ion conducting polymer is very 

limited177,178,179,180. These studies show that the addition of inorganic filler has a beneficial effect 

on the electrochemical stability window, the stripping/plating cyclability, and the cycling 

stability of the full-cells. They also show that generally, the addition of particles increases the 

ionic conductivity but the trend is not as obvious as for the other electrochemical properties 

since a high dependence on temperature and filler content is reported. However, none of these 

studies investigate the hybrid electrolyte containing single-ion conducting polymer with NMC 

materials and most of them are using organic solvents as plasticizers. Moreover, to the best of 

our knowledge, no studies about the multiblock copolymer in hybrid electrolytes have been 

published yet. 

Therefore, this section investigated the combination of the previously studied blend and 

different amounts of NASICON-type LATP particles (Li1+xAlxTi2-x(PO4)3) to form HEs. 
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6.2.1 Membrane Preparation and Thermal Characterization 

 
Three Solvent-Free Hybrid SIPE were prepared starting from 50/50 in weight SIPE/PEG at 

which 20, 30 and 40 % of LATP was added. 

 

Figure 6-27. Molecular structure of the single-ion conducting polymer and the preparation of 

the hybrid solid-state electrolyte. 

 
After the hot-pressing process of the SIPE-HE blend at 60 °C and 50 bar, a slightly colored and 

non-translucent membrane was obtained with a thickness of about 50 µm (Figure 6-27). The 

first consequence of LATP particle addition is to improve mechanical stability compared to the 

SIPE membrane when reasonably stretched. This test is qualitative, but the observations appear 

obvious. Another aspect is that the SIPE-HE membranes are less sticky than the SIPE 

membranes making them much easier to manipulate but also meaning that the membrane is 

more “rigid” than SIPE+PEG alone. We find that the composite membranes are homogeneous 

after preparation with an homogeneous dispersion of LATP particles. Indeed, as seen in the 

SEM images of the three membrane surfaces (Figure 6-28) no aggregation of LATP was 
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observable and the particles appear to have a rather homogeneous size and repartition in the 

membrane, which should ensure homogeneous conductivity and lithium transport along the 

electrolyte in a battery application. The cross-section allows for the same conclusion in the 

thickness of the membrane and shows that no sedimentation happened during membrane 

preparation. 

 

Figure 6-28. SEM images of the different SIPE-HE after membrane preparation. (a), (b), (c) 

surface of the hybrid electrolyte; (d), (e), (f), (g), (h), (i) cross-section and zoom from the hybrid 

electrolytes. 

 
The thermal properties of the partially fluorinated multi-block co-poly (arylene ether sulfone) 

with lithium perfluorosulfonimide side chains were already reported elsewhere129. We also 

reported the thermal properties of the SIPE in the previous chapter. From the TGA 

4 µm 
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measurements (Figure 6-29), all the SIPE-HE (20, 30, 40) show a stability higher than 200 °C 

followed by a linear weight loss due to the degradation of PEG contained in the membrane. The 

different percentages of mass loss observable are due to the increase in LATP weight percent in 

the membrane that logically reduced the PEG weight percentage. It can be observed that the 

weight loss of PEG is faster for SIPE-HE as compared to the SIPE-PEG, which could be due 

to the impurities that may be present at the surface of the ceramic particles (e.g., the precursor 

of the LATP synthesis) and may catalyze the decomposition of the polymer chain, in this case 

of the PEG166. The second weight loss starting around 360 °C corresponds to the degradation 

of the single-ion conducting polymer, in accordance with previous results. Overall, the addition 

of LATP particles does not affect the degradation temperature of the electrolyte. 

 

 
Figure 6-29. TGA curve of the SIPE-HE compared to the TGA curves of SIPE+PEG. 
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The addition of inorganic particles in PEO-based polymer electrolytes is known to typically 

decrease the Tg of the membrane, as these particles reduce the crystallinity of the polymer 

matrix181. In our work, an opposite behavior was observed with the addition of LATP particles 

tending to increase the Tg from -35 °C for SIPE-HE20 to -20 °C for SIPE-HE40 (Figure 6-30). 

This results indicate a strong interaction between the polymer blend and the inorganic particles. 

 

Figure 6-30. DSC diagrams of the SIPE-HE and SIPE after hot-pressing. 
 
 

 

6.2.2 Electrochemical Properties 

 
The ionic conductivity (Figure 6-31) was determined in a temperature range from 20 °C to 90 

°C and the conductivities of the hybrid electrolyte at 40 °C for SIPE-HE20, SIPE-HE30 are 

1.86 x 10-6 S cm-1, 3.9 x 10-6 S cm-1, for respectively, which are lower than of SIPE-PEG (6.6 

x 10-6 S cm-1 ). The conductivity of SIPE-HE40 at 40°C is 8.4 x 10-6 S cm-1 which is slightly 
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higher than the one of SIPE+PEG. In the SIPE+PEG the transport occurs through the domains 

formed by the ionic block and the PEG whereas in the hybrid electrolyte, different ionic 

conduction pathways can be supposed: i) through the domain formed by the ionophilic block 

of the polymer and PEG, ii) though the polymer-filler interfaces, iii) through the fillers particles 

181. However, the decrease in conductivity in the case of SIPE-HE20 and SIPE-HE30 as 

compared with SIPE-PEG proves that the presence of LATP affects negatively the conductivity 

of the host polymer. In the SIPE+PEG the ionophilic and ionophobic domains are phase 

separated and in the previous publication it was shown that the sizes of these domains are about 

20-40 nm 129. The size of LATP particles is about 300 nm, meaning that the inorganic filler can 

block the ionic domains and therefore reduce the conductivity compared to SIPE+PEG, by 

increasing the tortuosity. 

On the other hand, the conductivity of the hybrid electrolyte increases with the filler content to 

reach more or less the same conductivity as SIPE+PEG with SIPE-HE40. For polymers, the 

conductivity is dependent on chain mobility, and we showed previously that the Tg values 

measured also constantly increase with the increase of LATP content. This means that the 

mobility of the polymer chains in the ionophilic domains decreases while the LATP content 

increases allthough an increase in ionic conductivity was observed. Considering the three 

pathways presented earlier, we therefore assume that the conductivity through the polymer- 

filler interface and the conductivity through the filler particles are predominant over the 

conductivity through the hydrophilic domains when increasing the LATP content beyond 

certain concentration threshold. Nonetheless, these conductivity values are good considering 

that no organic solvent plasticizer was added and, for SIPE-HE40, even almost achieved 10-5 S 

cm-1 at 40°C. 
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Figure 6-31. Conductivity, as a function of temperature, of the SIPE-HE electrolyte compared 

to the conductivity of the SIPE+PEG electrolyte 

 
To further investigate the transport properties of this hybrid electrolyte, the limiting current 

density and transference number were measured at 40 °C. The Bruce and Vincent potentiostatic 

polarization method was used for the determination of t+ and values of 0.89, 0.88, and 0.91 were 

obtained for respectively SIPE-HE20, SIPE-HE30, and SIPE-HE40 (Figure 6-32). They are 

lower than the 0.99 measured for the SIPE and lower than the theoretical t+=1 for single-ion 

conducting polymer. The current measured in Figure 6-32.a went through a quick drop at the 

very beginning of the polarization with stabilization at a constant current after about 1000 

minutes. The impedance spectra before and after 1400 minutes of polarization reveal that the 

first semi-circle, assigned to the resistance of the bulk electrolyte and therefore the ionic 

conductivity, are almost identical, indicating that the electrolyte is stable during the 

polarization. On another hand, the second semi-circle is assigned to the SIPE-HE║lithium 
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interfacial resistance and this interfacial resistance shows an increase after polarization. This is 

due to side reactions between LATP and lithium metal which results in change in the oxidation 

state of the LATP compounds and eventually formation of mixed conducting interphase which 

results in a more resistive interface182. The modification of the oxidation state can also be follow 

by the release of ionic species which could explain the t+ values lower than 1. 
 

Figure 6-32. Determination of the transference Number of SIPE-HE30 by Bruce and Vincent 

potentiostatic method. a) Chronoamperometry data obtained when applying a constant voltage 

of 10 mV to a symmetrical lithium/lithium cell containing the SIPE as electrolyte. b) Impedance 

measurement before (black) and after (blue) the chronoamperometry measurement. c) Values 

used in the Bruce and Vincent equation to determine the transference number. (Figures for 

SIPE-HE20 and 40 can be found in the Appendix). 

 
The limiting current densities are shown in Figure 6-33, with values of 0.035, 0.041, and 0.058 

mA cm-2 for SIPE-HE20, SIPE-HE30, and SIPE-HE40, respectively. These results follow the 

same trend observed in the ionic conductivity but are almost one order of magnitude lower than 

the previous 0.2 mA cm-2 measured for SIPE+PEG. For SIPE-HE20 and SIPE-HE30, it can be 

explained by a lower ionic conductivity since the two properties are linked. But SIPE-HE40 

also exhibited a lower limiting current density even with a slightly higher ionic conductivity 

than SIPE+PEG. Therefore, these lower limiting current densities mainly result from the 

instability of LATP with lithium metal as already reported in the literature183, but we should 

also take into account that the SIPE-HE are more “rigid” and therefore suppose that the 
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lithium║SIPE-HE interfaces are not as good as for SIPE+PEG. These low values will reduce 

the accessible C rates for this electrolyte in full-cell tests. 

 

Figure 6-33. Determination of the limiting current density of the SIPE-HE by linear sweep 

voltammetry at 40 °C (sweep rate = 0.01 mV s-1). 

 
The determination of the electrochemical stability window of the three hybrid electrolytes by 

linear sweep voltammetry is presented in Figure 6-34. For the three SIPE-HE, decomposition 

can be observed on the cathodic sweep (between OCV and -0.5 V) starting around 2.5 V and 

particularly around 1.5 V. This corresponds to the lower potential value of the electrochemical 

stability window reported in the literature for LATP 184. A small contribution from the remaining 

solvent from the casting process was previously observed for SIPE, but it is negligible here 

compared to the reductive degradation of LATP. Surprisingly, no sharp decrease of the current 

density was observed at 0 V for SIPE-HE20 and SIPE-HE40 compared to the results for 

SIPE+PEG. However, a decrease was still observed and could correspond to lithium plating. 

The characteristic sharp decrease is present for SIPE-HE30 indicating lithium plating on the 

stainless steel for this material. We assume this non-obvious lithium plating indication for SIPE- 
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HE20 and SIPE-HE40 is due to the degradation of the LATP. The amount of lithium that should 

theoretically be plated during one cycle is very low and the lithium may instantly react with 

LATP and passivate the stainless-steel electrode. During the anodic sweep (from OCV to 6V) 

no particular oxidative peak was observed until about 5,2 V for the three hybrid electrolytes 

(value at which 10 µA cm-2 was reached). This sharp increase is assigned to the oxidative 

degradation of the bulk electrolyte. It corresponds to a higher electrochemical stability window 

compared to the SIPE+PEG without LATP particles and the previously reported single-ion 

conducting multiblock copolymer doped with propylene carbonate130. This high stability value 

versus oxidation allows for the use of these hybrid electrolytes with high-voltage cathode 

materials such as Nickel-Manganese-Cobalt electrodes (NMC). Usually, the cut-off voltage of 

these materials during discharge is 3 V which means that the reductive degradation observed 

during LSV measurement will not be reached and therefore these hybrid electrolytes are a 

potential candidate for further battery investigation. 

 

Figure 6-34. Determination of the electrochemical stability window of SIPE-HE by linear 

sweep voltammetry at 40 °C using Li/stainless steel cells (sweep rate = 1 mV s-1). 
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SIPE-HE20 SIPE-HE30 

SIPE-HE40 

A more in-depth examination of the electrochemical stability was conducted by performing 

separate cathodic and anodic cyclic voltammetry tests. This helps to avoid the influence of 

oxidative degradation in the following reduction process and vice versa. The anodic scan was 

performed between OCV and 5 V with a scan rate of 1 mV s-1 for 6 cycles and is presented in 

Figure 6-35. For the three-hybrid electrolyte, the first scan showed some minor current 

evolving between 3.8 and 5 V, indicating some side reaction upon oxidation. Nevertheless, the 

current density never exceeds the commonly used value to determine the anodic stability (10 

µA cm-2). The following cycles showed a much more stable behavior with the intensity of the 

current decreasing upon cycling, which indicates a stabilization of the electrode/electrolyte 

interface. All three electrolytes exhibited a similar behavior with excellent stability until 5 V 

which allows for the use of high energy density cathode material. 

 

Figure 6-35. Anodic cyclic voltammetry for further investigation of electrochemical stability 

by using freshly built Li/stainless steel cells between OCV and 0 V vs. Li+/Li (sweep rate = 1 

mV s-1) for the three SIPE-HE hybrid electrolytes. 
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Similarly, the cathodic scans were conducted from OCV to 0V with a scan rate of 1 mV s-1 and 

are presented in Figure 6-36. For all the hybrid electrolytes, the first cycle showed a strong 

reaction between 0 -1.7 V which could be associated with the formation of a passivation layer 

on the electrode and/or the reductive degradation of LATP. The intensity of the reaction 

decreased in the following cycles which tends to validate the passivation layer formation. 

Additionally, a pair of small peaks could be observed between 0.6 and 0.7 V and between 1.1 

and 1.25 V for the three hybrid electrolytes studied. These peaks appear to be reversible when 

sweeping from 0V to OCV. These tiny peaks could be associated with the intercalation of 

lithium ions in the metal oxide at the stainless steel electrode surface156. 

In the end, the electrochemical stability until 5V, obtained on the LSV and CV measurements 

is a great improvement compared to the electrolyte without inorganic particles and should allow 

for the implementation of the SIPE-HE electrolyte in batteries using high-energy density 

cathode material. Moreover, the irreversible side reaction between 1.7 V and 0.5 V should not 

be a problem since the full-cell investigations with NMC are conducted between 3 and 4.2 V. 
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Figure 6-36. Cathodic cyclic voltammetry for further investigation of electrochemical stability 

by using freshly built Li/stainless steel cells between OCV and 0 V vs. Li+/Li (sweep rate = 1 

mV s-1) for the three SIPE-HE hybrid electrolytes. 

 

6.2.3 Lithium Stripping/Plating 

 
The ability of the hybrid electrolyte to transfer lithium cation from one electrode to the other is 

the next key factor that needs to be investigated via lithium stripping-plating tests. These tests 

were conducted in symmetrical lithium/lithium cells where the SIPE-HE were sandwiched 

between two electrodes and subjected to different current densities. The resulting data are 

presented in Figure 6-37. First, we subjected the cells to very low current densities (Figure 6- 

37.a, 6-37.c, and 6-37.e for respectively SIPE-HE20, SIPE-HE30, and SIPE-HE40). The data 

for stripping /plating at low current densities exhibited similar overpotential values for the three 

SIPE-HE20 SIPE-HE30 

SIPE-HE40 
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electrolytes and identical overpotential behavior at 0.002, 0.005, and 0.009 mA cm-2. For 0.013, 

0.018, and 0.027 mA cm-2, the overpotential is slightly decreasing upon cycling, this could 

indicate a change in the interfacial resistance which could be due to a better organization of the 

interface or some degradations of the electrolyte resulting in a change in the interface. However, 

the slight decrease and the absence of short circuits suggest that better organization is more 

likely. The stripping/plating at higher current densities (Figure 6-37.b, 6-37.d, and 6-37.f) 

confirms this assumption since no short-circuit or dendrites growth indication appears at these 

higher current densities. The SIPE-HE30 electrolyte also exhibits excellent reversibility since 

similar overpotential, and behavior can be observed after lowering the current density back to 

0.018 mA cm-2 even if the high cut-off voltage was achieved when trying to have a stripping 

plating at high current density. For the SIPE-HE40 electrolyte, no changes in overpotential upon 

cycling were obtained at the lower current densities, indicating a stable electrode/electrolyte 

interface from the beginning. When increasing the current densities (Figure 6-37.f), the same 

behavior as for SIPE-HE30 was observed with also excellent reversibility when lowering the 

current back. Overall, these results show the ability of this solid-state electrolyte to transport 

lithium cations from one electrode to the other. Nevertheless, the current density values should 

not exceed the limiting current density value otherwise the lithium transport abilities are lost. 

For i = 0.044 mA cm-2 (slightly exceeding the limiting current density), the overpotential during 

the stripping or the plating step is not reaching a steady state but is continuously increasing. We 

assume that it comes from an accumulation of electrons at the interface due to a slow transfer 

of the cations compared to the transfer of the electrons to the interface. Overall, a trend can be 

observed with the overpotential being lower when increasing the inorganic particles percentage. 

This means that the interface formed by SIPE-HE40 is better than for SIPE-HE30 and SIPE- 

HE20. 
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Figure 6-37. Investigation of the stripping/plating behavior of hybrid electrolyte in Li/Li 

symmetrical cells at 40 °C: (a), (d) and (g), respectively SIPE-HE20, SIPE-HE30 and SIPE- 

HE40, Li/Li cell subjected to elevated current 0.002, 0.005, 0.01, 0.015, 0.02, 0.03 mA, i.e., 

0.002, 0.004, 0.009, 0.013, 0.018, 0.027 mA cm-2, respectively (Ø=12mm and electrode surface 



122  

area= 1.131 cm-2); (b), (e) and (h), SIPE-HE20, SIPE-HE30 and SIPE-HE40, Li/Li cell 

subjected to elevated current 0.02, 0.05, 0.2, 0.5, 0.75, 1 mA, i.e., 0.018, 0.044, 0.18, 0.44, 0.66, 

0.88 mA cm-2, respectively (Ø=12mm and electrode surface area= 1.131 cm-2) followed by 

lowering the current back to 0.017 and 0.044 mA cm-2 for subsequent stripping/plating cycles 

(each cycle is composed of 30 minutes stripping step followed by a 5 minutes rest, a 30 minutes 

plating step and another 5 minutes rest). 

 
The long-term stripping/plating tests are presented in Figures 6-38.a, 6-38.b, and 6-38.c, for 

respectively SIPE-HE20, SIPE-HE30, and SIPE-HE40. They show that the three hybrid 

electrolytes can support lithium stripping/plating without any indication of electrolyte 

degradation and/or dendrites growth even after more than 600 hours. Nevertheless, a few 

differences can be observed. SIPE-HE20 (Figure 6-38.a) exhibits the highest overpotential 

among the three hybrid electrolytes with a slight increase upon cycling and no particular 

stabilization after 600H. SIPE-HE30 (Figure 6-38.b) exhibits a lower overpotential which is 

slightly increasing upon cycling, which indicates changes in the electrode/electrolyte interface. 

On the other hand (Figure 6-38.c), the overpotential for SIPE-HE40 is lower, which is probably 

due to a better electrode║electrolyte interface. A slight decrease can be observed until about 

150 hours followed by a slow increase before eventually stabilizing after 450 hours. This is 

usually attributed to a reorganization of the interface. Those results confirm the trend observed 

earlier: the higher the inorganic particle content, the lower the overpotential and the better the 

electrolyte║lithium interface. 
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Figure 6-38. Long-term stripping/plating investigation for SIPE-HE20 (a), SIPE-HE30 (b), and 

SIPE-HE40 (c), Li/Li cell subjected to a constant current of 0.03 mA, i.e., 0.027 mA cm-2 for 

more than 600 hours. 
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Than To confirm these different assumptions about interfacial changes, impedance 

spectroscopy measurements were performed after each stripping/plating cycle and are 

presented in Figure 6-39. These EIS spectra consist of two semi-circles: a high-frequency one 

corresponding to the electrolyte conductivity, and a low-frequency one assigned to the 

electrode║electrolyte interfacial process. This interfacial resistance is much lower for SIPE- 

HE40 (Figure 6-39.c) than for SIPE-HE30 (Figure 6-39.b) and SIPE-HE20 (Figure 6-39.a), 

explaining the lower overpotential during stripping-plating. In Figure 6-39.a and Figure 6- 

39.b, changes in the first semi-circles upon cycling can be seen but these changes are rather 

small compared to the increase of the interfacial resistance observable on the low frequencies 

semi-circles. This continuous increase corresponds to the rising overpotential observed on the 

stripping/plating data. The reason for this resistance increase is not clear to us and needs further 

investigation. For SIPE-HE40 (Figure 6-39.c), the high-frequency semi-circles are all similar, 

and the main changes are related to the low-frequency semi-circle (the big change from the first 

to the fiftieth cycle is related to the formation of the SEI during the first lithium deposition). 

The evolution of the interfacial resistances follows the trend observed for the overpotential 

during the long-term stripping plating with a decrease until 100 cycles followed by an increase 

until 400 cycles and a stabilization of the interfacial resistance values, confirming the 

reorganization of the interface to be the most stable possible. Overall, these long-term 

stripping/plating and EIS results show the abilities of the hybrid electrolyte SIPE-HE40 to form 

a better interface, than SIPE-HE20 and SIPE-HE30, with lithium metal for battery application. 
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Figure 6-39. Nyquist plots of the EIS data, recorded after certain stripping/plating cycles during 

the long-term cycling at 0.027 mA cm-2 and 40 °C, for respectively SIPE-HE20 (a), SIPE-HE30 

(b) and SIPE-HE40 (c). 
 

 
To further investigate the compatibility of our SIPE-HE electrolyte, we conduct the same 

stripping/plating test as previously presented but at 60 °C. The results obtained with the lower 

current density (Figure 6-40.a, c, e) are very similar to the one obtained at 40 °C. The voltage 

response at all current densities is stable upon cycling with a steady state reach almost 

immediately after applying the current which is expected for a single-ion conducting polymer 
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electrolyte especially when this behavior was already observed at lower temperatures. But for 

the SIPE-HE, compared to SIPE+PEG, the overpotential at each current density is much lower 

than the one measured at 40 °C. This means that increasing the temperature has a bigger impact 

on the SIPE-HE║lithium interface than the SIPE+PEG║lithium. 

When going to higher current density (Figure 6-40.b, d, f), a big improvement was observed 

compared to the same test at 40 °C. First, for 0.018 and 0.044 mA cm-2, we can see that a more 

rectangular shape was observed with a lower overvoltage, indicating a better and faster charge 

transfer at the interface157 and a better electrolyte║lithium interface. When using 0.18 mA cm- 

2 at 40 °C, the polarization of the cell was extremely fast, and no stripping plating was observed. 

At 60 °C, on the contrary, a really good stripping/plating was obtained at this current density. It 

can also be seen that the steady state is not immediately reached meaning the polarization of 

the cell starts to limit the charge transfer at the interface. This shows that a higher limiting 

current density is obtained at 60°C. For 0.44 mA cm-2 and higher, huge increases in the 

overpotential were observed, the increases were so important that the cut-off voltage of 2 V was 

reached in a few minutes or even seconds meaning no stripping/plating at these current density 

values. But, as previously observed, this does not result in electrolyte degradation since a good 

reversibility was observed when lowering the current back to 0.018 and 0.044 mA cm-2. Once 

again, the trend previously described is observable in these stripping/plating results. 
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Figure 6-40. Investigation of the stripping/plating behavior of hybrid electrolyte in Li/Li 

symmetrical cells at 60 °C: (a), (d) and (g), respectively SIPE-HE20, SIPE-HE30 and SIPE- 

HE40, Li/Li cell subjected to elevated current 0.002, 0.005, 0.01, 0.015, 0.02, 0.03 mA, i.e., 

0.002, 0.004, 0.009, 0.013, 0.018, 0.027 mA cm-2, respectively (Ø=12mm and electrode surface 

e f 
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area= 1.131 cm-2); (b), (e) and (h), respectively SIPE-HE20, SIPE-HE30 and SIPE-HE40, Li/Li 

cell subjected to elevated current 0.02, 0.05, 0.2, 0.5, 0.75, 1 mA, i.e., 0.018, 0.044, 0.18, 0.44, 

0.66, 0.88 mA cm-2, respectively (Ø=12mm and electrode surface area= 1.131 cm-2) followed 

by lowering the current back to 0.018 and 0.044 mA cm-2 for subsequent stripping/plating cycles 

(each cycle is composed of 30 minutes stripping step followed by a 5 minutes rest, a 30 minutes 

plating step and another 5 minutes rest). 

 
The long-term stripping/plating tests at 60 °C are presented in Figures 6-41.a, 6-41.b, and 6- 

41.c, for respectively SIPE-HE20, SIPE-HE30, and SIPE-HE40. They confirm that the higher 

temperature allows us to use higher current density and that the three electrolytes can support 

lithium stripping/plating at this higher current density without any indication of electrolyte 

degradation and/or dendrites growth even after more than 450 hours. Overall, these results at 

higher temperature for long-term stripping plating once again highlight the trend observed 

earlier, e.g. the higher the inorganic particle content, the lower the overpotential and the better 

the electrolyte║lithium interface. 
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Figure 6-41. Long-term stripping/plating investigation for SIPE-HE20 (a), SIPE-HE30 (b), and 

SIPE-HE40 (c) at 60°C, Li/Li cell subjected to a constant current of 0.1 mA, i.e., 0.088 mA 

cm-2 for more than 450 hours. 

 
Overall, these stripping/plating results at different temperatures and different current densities 

reveal the good compatibility of the hybrid electrolyte with lithium metal even though we 
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observed LATP degradation in the electrochemical stability window, transference number, and 

limiting current density measurements presented earlier. This renders these electrolytes good 

candidates for further investigations. 

 

6.2.4 Evaluation of Li║NMC811 Cells 

 
The next step was to test the different hybrid electrolytes with high-voltage cathodes. We 

assembled Li/SIPE-HE/NMC811 cells and subjected them to galvanostatic cycling at 40 °C 

(Figure 6-42) using a C-rate of 0.05C. This C rate was chosen because of the low limiting 

current density measured earlier and the previous stripping plating results. Indeed, the prepared 

electrodes have a mass loading of approximately 1.5 mg cm-2. Therefore, 0.05C corresponds to 

I ≈ 0.015 mA for the standard 1C = 190 mAh g-1 for NMC811 electrodes. 

Figure 6-42.a presents the results for SIPE-HE20. The cell exhibited a specific discharge 

capacity of 117 mAh g-1 in the first cycle with an initial Coulombic efficiency of more than 

100%. This value is probably related to side reactions occurring during the first cycle, the 

formation of the SEI, and a possible small prelithiation of the active material from the synthesis 

process. Afterward, an average 99.6% Coulombic efficiency for the subsequent cycles was 

obtained. After 40 cycles, a capacity retention of 80% was obtained without any indication of 

polymer degradation. For SIPE-HE30 (Figure 6-42.b), the cell exhibits the same behavior with 

a slightly higher initial specific discharge capacity of 122 mAh g-1, a coulombic efficiency 

higher than 100% in the first cycle which averages 99.7% in the subsequent cycles, and a 

capacity retention of 80% after 40 cycles. In the case of SIPE-HE40 (Figure 6-42.c), the cell 

exhibited a specific discharge capacity of 88 mAh g-1 in the first cycle with an initial Coulombic 

efficiency of more than 100%. After these initial cycles, an average Coulombic efficiency of 

99.8% for the subsequent cycles. After 55 cycles, a capacity retention of 80% was obtained. 
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Figure 6-42. Investigation of SIPE-HE electrolyte in Li/NMC811 cells at 40 °C: charge and 

discharge capacity and Coulombic efficiency as a function of cycle number for SIPE-HE20 (a), 

SIPE-HE30 (b) and SIPE-HE40 (c); all cycles were conducted at 0.05C with 1C= 190 mA g-1 

and cut-off voltage set to 3.0 and 4.2 V vs. Li+/Li. 

 
For the three hybrid electrolytes, the voltage profiles at different cycles (Figure 6-43) do not 

show any voltage fluctuation that could indicate dendrites growth or degradation of the SIPE- 
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HE electrolyte. This confirms the chemical stability of the electrolyte material towards NMC. 

Despite the noticeable capacity loss, these profiles all exhibit a similar shape, indicating a 

consistent electrochemical process throughout the cycle. The loss of capacity is here probably 

related to the current density which is close to or higher than the limiting current density, even 

at 0.05C. These results at 40 °C tend to show an opposite trend to the one observed from the 

stripping/plating test with the electrode║electrolyte interface being better with the lower 

inorganic particle content. 

 

Figure 6-43. Investigation of SIPE-HE electrolyte in Li/NMC811 cells at 40 °C: voltage profiles 

for selected cycles for SIPE-HE20 (a), SIPE-HE30 (b), and SIPE-HE40 (c); all cycles were 

conducted at 0.05C with 1C= 190 mA g-1 and cut-off voltage set to 3.0 and 4.2 V vs. Li+/Li. 

 
At 60 °C, the Li│SIPE-HE│NMC811 cell was then subjected to a C rates capability test 

(Figure 6-44) at 0.05C, 0.1C, 0.2C, 0.5C and 1C (1C not represented here since the specific 
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capacity was 0 mAh g-1) followed by a long-term constant current cycling stability test at 0.05C 

with 1C= 190 mAh g-1. 

For SIPE-HE20 (Figure 6-44.a), the cell exhibited a reversible discharge capacity of about 175 

mAh g-1 during the first cycles at 0.05C with a Coulombic efficiency of 93%. In the next four 

cycles at 0.05C, the coulombic efficiency increases from 96% to 99% with a decrease of specific 

capacity. At 0.1 and 0.2C, a higher coulombic efficiency with a more stable specific capacity 

was obtained, except for each first cycle. The C rates capability test also highlighted a decrease 

of the capacity with higher C rates (140 mAh g-1 at 0.1C, 106 mAh g-1 at 0.2C and 20 mAh g- 

1 at 0.5C). 

In the case of SIPE-HE30 (Figure 6-44.b), we observed an initial discharge capacity of 160 

mAh g-1 with a coulombic efficiency of 95%. In the next four cycles at 0.05C, the coulombic 

efficiency increases from 96% to 98% with a decrease of specific capacity. The same 

observations as previously can be made at 0.1, 0.2 and 0.5C with the more stable specific 

capacity and higher coulombic efficiency. The lower specific capacity with higher C rates (115 

mAh g-1 at 0.1C, 80 mAh g-1 at 0.2C and 15 mAh g-1 at 0.5C ) can also clearly be seen. 

Finally for SIPE-HE40 (Figure 6-44.c), the initial specific capacity was 140 mAh g-1 with the 

same behavior as SIPE-HE20 and SIPE-HE30 with lower specific capacity (103 mAh g-1 at 

0.1C, 75 mAh g-1 at 0.2C and 10 mAh g-1 at 0.5C ). 

For all three hybrid electrolytes, similar behavior at 0.05C can be observed like the low 

coulombic efficiency of the first cycle. This is due to the formation of the different SEI during 

the first cycles but maybe also to the reaction of the incorporated PEG that may react with NMC 

at 4.2 V. Also, when increasing the C rates, the coulombic efficiency reaches 99% except for 

each first cycle, showing that side reactions still occur when increasing the currents to enhance 

the electrode║electrolyte interface. This decline of capacity that can be observed for the three 

electrolytes when increasing the C rate, is due to kinetic and mass transport limitation and 

increased polarization from the increased current density which leads to incomplete 

lithiation/delithiation of the active NMC material and also to the more sluggish charge transfer 

at the interface that we already observed at higher current density during stripping/plating test. 
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Figure 6-44. Investigation of SIPE-HE electrolyte in Li/NMC811 cells at 60 °C: charge and 

discharge capacity and Coulombic efficiency as a function of cycle number for SIPE-HE20 (a), 

SIPE-HE30 (b) and SIPE-HE40 (c); C rates test and long term cycling were conducted with 

1C= 190 mAh g-1 and cut-off voltage set to 3 and 4.2 V vs. Li+/Li. 



135  

The voltage profiles at different C rates (Figure 6-45) do not show any voltage fluctuation that 

could indicate dendrites growth or degradation of the SIPE-HE electrolyte, which once again 

confirm the good compatibility of the electrolyte material toward NMC, even at 60 °C. 

Same as we did in the previous chapter, the polarization of the cell was be estimated by the 

voltage difference between charge and discharge at the point of 50% capacity. These 

polarization voltages as function of the current density, for the three SIPE-HE electrolytes, are 

presented in Figure 6-45.d. For SIPE-HE20, the polarization follows a linear trend with the 

corresponding current densities which suggests that the impedance of the cell at 50% of state 

of charge (SOC) was stable also at the increased current densities. For the other two (SIPE- 

HE30 and SIPE-HE40), the linear trend was less obvious which is confirmed by the lower r2 

values. This most probably indicates a less stable impedance at 50% of SOC. These results, the 

C rates capability test, and the long-term cycling at 0.05C all tend to confirm the opposite trend 

to the one observed from the stripping/plating test with the electrode║electrolyte interface being 

better with the lower inorganic particle content. This is probably due to the “rigidity” of the 

membrane being higher with 40% LATP than 20%, and rendering the formation of the 

electrode║electrolyte harder to achieve. 
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Figure 6-45. Investigation of SIPE-HE electrolyte in Li/NMC811 cells at 40 °C: voltage profiles 

for selected cycles for SIPE-HE20 (a), SIPE-HE30 (b) and SIPE-HE40 (c); all cycles were 

conducted with 1C = 190 mAh g-1 and cut-off voltage set to 3 and 4.2 V vs. Li+/Li. (d) 

polarization vs. current density for Li║SIPE-HE20║NMC811, Li║SIPE-HE30║NMC811 and 

Li║SIPE-HE40║NMC811 cells subjected to a C rate test at 60 °C. 

 
These results at 40 and 60°C indicate a generally good compatibility of the SIPE-HE electrolyte 

with positive and negative electrode materials. The good compatibility of hybrid electrolyte 

with lithium metal has already been reported in many studies 177,178,180. The results with NMC 

are hard to compare since no studies on this type of material vs. NMC has been published yet. 

But the experiment with other cathode materials tends to show a better capacity retention with 

hybrid electrolyte which is not really the case in this work. 
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6.2.5 Conclusions 

 
In this section, we show that the previously studied blend of a partially fluorinated multi-block 

co-poly (arylene ether sulfone) with lithium perfluorosulfonimide side chains with low 

molecular weight poly(ethylene glycol)dimethyl ether can be improved by adding LATP 

particles to form a fully solid hybrid electrolyte. The preparation of the membrane by solvent 

casting followed by a hot-pressing step was demonstrated to be rather easy and allowed for the 

formation of a self-standing and mechanically stable film for all LATP percentages. Concerning 

the ionic conductivity, a decrease compared to the blend was obtained with 20% LATP, the 

conductivity then increases with the filler percentage to reach similar values as for the blend 

when 40% of particles were added (8.4 x 10-6 at 40°C). An enhancement of the electrochemical 

stability window until about 5 V was measured. The cathodic linear and cyclic voltammetry, 

the transference number measurement, and the limiting current density determination tend to 

show a degradation of the LATP when in contact with lithium but on the other hand, the hybrid 

electrolyte also exhibited excellent cyclability with lithium metal electrodes during 

stripping/plating tests at different current densities but also at a constant current density during 

long-term test. This means that the reaction of LATP with lithium metal helps to form a stable 

SEI at the lithium electrode surface. From the low limiting current densities measurement, we 

can say that the ability of the hybrid electrolyte for fast charge and discharge is limited. 

Therefore, cycling tests with NMC811 as cathode material at 40°C were conducted only at 0.05C 

and the cells exhibited acceptable initial discharge capacity but a similar capacity retention as 

the blend without LATP particles. A good Coulombic efficiency upon cycling and no indication 

of degradation of the electrolyte upon cycling were also reported. The use of a higher 

temperature (60°C) allows use to conduct C rates capability tests for all HEs. These tests 

demonstrate a rather fast capacity decline in the first cycles at 0.05C before stabilization and 

good capacity retention at other current densities. A rather high-capacity loss when increasing 

the current density was also observed but this capacity loss has been shown to be reversible 

when decreasing the C rate. These results make this composite electrolyte an interesting 
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candidate for further development. Work on improving the electrode/electrolyte interface is the 

next key step to obtain better cyclability for this solid hybrid electrolyte. 
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6.3 New Ether-Free Single-Ion Conducting Polymer Electrolyte 

and Multilayer Electrolyte System for Lithium Metal Batteries 

For single-ion conducting polymer, it has been demonstrated that despite the different possible 

structures, the presence of ether bound can limit the oxidation potential, particularly when these 

bound are not substituted with electron-withdrawing groups185. 

Therefore, in this section, we design a new ether-free single-ion conducting polymer (labeled 

SIPE-EF), and we study its performance when dopped with different amounts of PC. 

 

6.3.1 Synthesis 

 
This ether-free copolymer was synthesized by Fridel Crafts hydroxy alkylation reaction using 

Brønsted superacid trifluoromethanesulfonic acid as a catalyzer. Figure 6-46 presents the 

reaction mechanism for the first step of the polymerization. The intermediate (6) can then react 

with the remaining 4’-brom-2,2,2-trifluoracetophenone and so on to form a high molecular 

weight polymer. This synthesis between deactivated ketones and an electron-rich arenes can 

occur because of the trifluoromethyl group which activates the carboxonium ion intermediate 

(2), leading to enhanced electrophilic reactivity 186. To combine high mechanical properties and 

conductivity we select among the aromatic monomers the p-terphenyl structures, which, due to 

their high rigidity can assure a certain mechanical stability by limiting the movement in the 

backbone. The utilization of 4’-brom-2,2,2-trifluoracetophenone allows the grafting of 

perfluorosulfonimide function by coupling reaction. The synthesis of the backbone occurs in a 

short reaction time (~8 hours) without the use of high temperature and no further purification 

step, rendering this ether-free backbone a quite simple polymer to prepare at the lab scale. 
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Figure 6-46. Reaction scheme for the ether-free backbone. 
 

 
Figure 6-47 shows the NMR spectra of the backbone after precipitation in methanol and the 

drying step. The integral of each peak is in perfect accordance with the expected one and no 

further peak was observed, meaning that the purity of our ether-free backbone is excellent. 



141  

 

Figure 6-47. 1H NMR spectrum recorded for the ether-free backbone. 
 

 
The molecular weight, Mn, of the obtained polymer, was measured by GPC, and a value of 

about 500 000 g mol-1 with a polydispersity index of 1.67 was obtained, which is higher than 

the previous work using this hydroxyalkylation reaction187. 

The use of an already brominated monomer (4’-brom-2,2,2-trifluoracetophenone) allows us to 

obtain directly the brominated polymer and thus suppress the step that was used in our group 

to prepare other single-ion conducting polymer188,189,190 rendering again this synthesis easier 

and safer at the lab scale. The chemical bonding of the anionic side chain to the backbone via a 

copper-catalyzed Ullmann-type coupling reaction was already used for other single-ion 

conducting polymers and allowed for good yield with sufficient substation percentage. 
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After the coupling reaction, the NMR spectrum of the ether-free single-ion conducting polymer 

was recorded (Figure 6-48). This spectrum allows us to calculate the grafting degree of 

perfluoroalkyl sulfonimide groups with the following equation: 

3 ∗ 𝐼2 

𝑁NMR = 
2 ∗ 𝐼 

where NNMR is the number of ionic functions per repeating unit, where I1 is the peak integral of 

fluorine from the ether-free backbone (-113.52 ppm) I2 is the peak integral of F2 (-57.81 ppm). 

With the integral values on the spectra, we determined that there are 0.80 ionic functions per 

repeating unit. This value can then be used to determine the Ionic Exchange Capacity (IEC) of 

the polymer with the following equation: 

𝑛 
𝐼𝐸𝐶NMR = 𝑁NMR × 𝐼𝐸𝐶th = 𝑁NMR × 

𝑀 SIPE th 

Where n is the number of repetition units, and MSIPE th the molar mass of the polymer 

considering one ionic side chain per repetition unit. The calculated IECNMR is 0.98 meq Li+ g-1. 

This value is slightly lower than for the polymer previously presented. 

 

Figure 6-48. 19F NMR spectrum recorded for SIPE-EF recorded in DMSO. 

1 
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6.3.2 Membrane Preparation and Thermal Characterization 

 
The membrane obtained by casting were doped with different amounts of PC (Table 6-1). The 

lithium concentration can be calculated from the IEC and the solvent uptake (SU) as follow: 

𝐶Li = 
𝐼𝐸𝐶 

1 + 0.01 × 𝑆𝑈 
𝑤𝑖𝑡ℎ 𝑆𝑈 = 

𝑤s − 𝑤d 
 

𝑤d 
∗ 100 

where ws is the mass of the swollen membrane and wd the mass of the dry membrane. 

By adding different amounts of solvent, the Li concentration in the membrane will decrease 

from 0.63 to 0.34 mol kg-1. Even when 55% of solvent was added, a self-standing membrane 

was obtained with a thickness of about 100µm with rather good mechanical stability when 

reasonably stretched making this solvent-doped membrane easy to manipulate. 

Sample name  CLi (mol kg-1) 

SIPE-EF dry  0.98 

SIPE-EF+PC (35%)  0.63 

SIPE-EF +PC (45%)  0.53 

SIPE-EF +PC (55%)  0.44 

SIPE-EF +PC (65%)  0.34 

Table 6-1. Lithium concentration (CLi) from the single-ion conducting polymer membrane 

doped with different amounts of propylene carbonate. 
 

 
The thermal stability of the polymers and doped membranes were evaluated by the TGA data 

(Figure 6-49). The degradation of dry polymer starts at a temperature higher than 300°C. For 

SIPE-EF+PC, the mass losses occur in two main steps. The first one corresponds to the 

evaporation of the PC from the membrane and starts around 160 °C. This mass loss can also 

be used to confirm the solvent uptake calculated from the dry and swollen weight of the 

membrane. In this case, the calculated solvent contents were 35, 45, 55, and 65 % and the TGA 

data give a value of 37, 42, 57, and 62% of solvent uptake, showing that the swelling process 
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is quite accurate for the polymer electrolyte preparation. The second weight loss, starting at 

about 350 °C corresponds to the thermal degradation of the polymer that can be observed on 

the TGA data for the dry polymer power. This proves that the PC does not impact the thermal 

degradation of the polymer. The comparison with the TGA data for PC demonstrates that the 

incorporation of PC in the polymer retard the evaporation by about 15 °C, indicating a good 

interaction between the polymer and the doping solvent. In the end, these results show that this 

new ether-free single-ion conducting polymer exhibits good thermal properties even when 

swollen with carbonated solvent and can be further investigated for battery applications. 

 

 

Figure 6-49. TGA curve of the SIPE-EF after casting and after swelling with propylene 

carbonate. 

The thermal behavior was analyzed by DSC. Regarding the dry polymer (Figure 6-50) it shows 

only a glass transition temperature (Tg) of about 165 °C. When the PC is added a very curious 
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behavior can be observed. Firstly, a new Tg appears at -33 ±2°C and seems to be dependent on 

the amount of added PC. The Tg from 165 °C first decreases to 146°C (for 35% PC content) 

and then with adding more and more PC, a slight increase in Tg is observed (up to 150 °C for 

65% PC content), as if the chain would become more rigid despite adding more solvent. To 

understand this behavior, we can suppose that PC is not compatible with the backbone and that, 

when we add it, it interacts only with the ionic functions creating the phase separation between 

the ionophobic domains (backbone) and ionophilic domains (ionic functions). The flexibility 

of the ionic clusters help in better organization of the polymer backbone. The Tg of the 

ionophilic domain remains more or less constant, probably because at 35% PC content, it is 

already saturated in solvent. More added solvent will be probably located between the domains 

and have no impact on the flexibility of ionophobic or ionophilic domains. 

Figure 6-50. DSC diagrams of the SIPE-EF after casting with DMSO and after swelling with 

different propylene carbonate weight percentages. 
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6.3.3 Electrochemical Properties 

 
In the case of new material for battery, it is usually admitted that the ionic conductivity must 

exceed 10-4 S cm-1 at room temperature for a potential industrial implementation. In the case of 

PEO-based polymer electrolytes, the key factor is the lithium salt concentration that commonly 

has an optimal value to obtain the best conductivity191. With our SIPE-EF, the Li 

peflurosulfonimide is grafted on a rigid and non-solvating polymer chain. Thus, to dissociate 

and transport the Li cation, the PC solvent was added, and therefore, the key factor for 

conductivity is the solvent content (SC). The conductivities as a function of the temperature 

for different SC are presented in Figure 6-51. The conductivity increases with the SC and all 

the membranes exhibit a typical Vogel-Tramman-Fulcher (VTF) behavior which indicates that 

the lithium cations transport is related to the coordination of the cations with the solvent 

molecules and therefore, the higher the number of solvents molecules, the higher the cations 

transport and the higher the ionic conductivity. In this particular case, the higher amount of 

solvent does not correspond to higher Tg and therefore not to higher mobility of the side chain. 

This means that the increase in conductivity is probably mainly due to the enhancement of the 

ion pair dissociation, a better percolation, and lower tortuosity of ionic domains, which 

consequently increase the ionic conductivity of the electrolyte despite the decrease of the 

lithium concentration with the increase of solvent content (Table 6-1). The ionic conductivity 

of the SIPE-EF+PC with an SC of 65% gives no reproducible results because the membrane 

becomes too sticky and difficult to manipulate. The data plot in Figure 6-51 exhibited ionic 

conductivities higher than 10-4 S cm-1 for all electrolytes at a temperature of 20 °C or higher 

which are excellent results exceeding the criteria for potential commercial implementation 

(>10-4 S cm-1 at 25 °C). For the rest of the study, we selected the SIPE+PC electrolyte with a 

solvent content of 55% to ensure the best ionic conductivity and the most suitable mechanical 

properties. 

. 
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Figure 6-51. Conductivity, as a function of temperature, of the SIPE-EF swollen with different 

weight percentages of propylene carbonate. 

 
For further information about the transport properties of polymer electrolytes, the Bruce and 

Vincent potentiostatic polarization method was used (Figure 6-52). The current measured in 

Figure 6-52.a went through a quick drop at the very beginning of the polarization with 

stabilization at a constant current after about 10 minutes. The impedance spectra before and 

after 27 minutes of polarization gave slightly different results with a higher interfacial 

resistance, indicating changes of the SIPE-EF+PC║lithium interface i.e., formation of a SEI. 

Nevertheless, a lithium transference number of 0.94 was obtained. This value is slightly lower 

than one and may be explained by the presence of free anions resulting from the SEI formation 

that will reduce the transference number value. 
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Figure 6-52. Determination of the transference Number by Bruce and Vincent potentiostatic 

method. a) chronoamperometry data obtained when applying a constant voltage of 10 mV to a 

symmetrical lithium/lithium cell containing the SIPE as electrolyte. b) Impedance measurement 

before (black) and after (blue) the chronoamperometry measurement. c) Values used in the 

Bruce and Vincent equation to determine the transference number 

 
The limiting current density was also measured at 20 °C (Figure 6-53) and the obtained value 

was 0.4 mA cm-2. The limiting current density being related to the mobility of the cation, a 

higher value was expected considering the excellent ionic conductivity and the close to one 

value of the transference number. This is probably related to the interfacial change already 

observed in the transference number determination. The polarization of the cell seems to create 

a more resistive interface, which could explain the rather low limiting current density. 
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Figure 6-53. Determination of the limiting current density of SIPE-EF swollen with 55 wt.% 

of PC by linear sweep voltammetry at 20 °C (sweep rate = 0.01 mV s-1). 

 
The determination of the electrochemical stability window of the new ether-free SIPE-EF+PC 

is presented in Figure 6-54. The anodic scan (Figure 6-54 (black)) reveals no particular peak 

before a sharp increase starting around 4.3 V corresponding to the decomposition of the polymer 

electrolyte. The current density reached 10 µA cm-2 (commonly used value to determine the 

anodic stability) at 4.5 V which can be considered as the anodic stability of our new ether-free 

single-ion conducting polymer electrolyte. 
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Figure 6-54. Determination of the electrochemical stability window of SIPE-EF swollen with 

55 wt.% PC by linear sweep voltammetry at 20 °C using Li/stainless steel cells (sweep rate = 1 

mV s-1). 

 
On the cathodic scan of the linear sweep voltammetry (Figure 6-54 (red)), the sharp increase 

in the current density below 0 V is assigned to the metallic lithium deposition, the other increase 

at about 1.2 V was already observed in a previous study and can be attributed to the reductive 

decomposition of propylene carbonate192 superposed with the reductive decomposition of 

remaining traces of DMSO from the casting process145. Furthermore, the cyclic voltammetry 

conducted on this SIPE-EF+PC (Figure 6-55) indicates that this peak disappears after the initial 

cathodic scan, suggesting a stabilization of the lithium║electrolyte interphase. For the first 

cycle, a strong reduction peak was observed between 0 to -0.3 V, which is ascribed to lithium 

plating on the stainless-steel surface155. Surprisingly, this sharp current decrease was suppressed 

after the first cycle. This could suggest that very low amount of lithium metal plated on the 

stainless steel during the first cycle (0.0083 mAh cm-2) can reacted with the electrolyte to form 
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dead lithium and/or passivate the stainless-steel electrode, which will block the lithium plating 

in the next cycles. 

 

 

 
Figure 6-55. Cyclic voltammetry study of the SIPE swollen with 55 wt.% propylene carbonate 

at 20°C using Li/Stainless steel (sweep rate, 1 mV s-1). 

 
Such value must be handled carefully due to the sweep rate dependence of most electrochemical 

phenomena in LSV measurement. Overall, both electrochemical characterization methods 

confirm an anodic stability up to 4,5 V. 

 

6.3.4 SIPE in Symmetrical lithium║lithium Cells 

 
The ability of our ether-free single-ion conducting polymer to transfer lithium cation from one 

electrode to the other is an important factor for further battery application. This was evaluated 

by lithium stripping-plating tests conducted in symmetrical Li/Li cells comprising the SIPE- 

EF+PC as the electrolyte; subjected to different current densities. The resulting data are 

presented in Figure 6-56. For the low current densities, i.e. 0.018 and 0.044 mA cm-2, rather 

high overpotentials (respectively 0.1 and 0.2 V) are observed with an increase of the 
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overpotential during a stripping or plating step which was a bit surprising. Indeed, it is well 

known that the overpotential during stripping or plating for single-ion conducting polymer 

electrolyte; has a rectangular shape with a constant overvoltage. This is due to the immobility 

of the anions and the absence of charge gradient in the electrolyte193. In our case, this increase 

is closer to the behavior of the common salt in polymer electrolyte194 with the difference that a 

steady state still can be obtained with longer stripping time, corresponding to a single-ion 

conducting polymer behavior. This non-immediate steady state is not completely clear to us but 

might be due to a high charge transfer resistance at the SEI, which would be in accordance with 

the increase of the interfacial resistance observed during the transference number measurement. 

 
Figure 6-56. Investigation of the stripping/plating behavior of the SIPE-EF swollen with 55 

wt.% of propylene carbonate in Li/Li symmetrical cells at 20 °C: (a) Li/Li cell subjected to 

elevated currents of 0.02, 0.05, 0.2, 0.5, 0.75 mA, i.e., 0.017, 0.044, 0.18, 0.44, 0.66 mA cm-2, 

respectively (Ø = 12mm and electrode surface area = 1.131 cm-2) (each cycle is composed of 
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30 minutes stripping step followed by a 5 minutes rest, a 30 minutes plating step and another 5 

minutes rest). 

 
Another idea was to relate this increase to a degradation of the polymer forming anionic species 

and creating a charge gradient. This hypothesis was discarded by the overpotential reached at 

the end of each stripping or plating step. It is constant upon cycling, indicating no degradation 

of the polymer, at least at the lowest current density. It was also confirmed by the impedance 

spectroscopy and post-mortem SEM analysis made after cycling at 0.044 mA cm-2. Figure 6- 

57.a shows the EIS data after the first (black) and the last (blue) full stripping plating cycle (i.e. 

after 30 minutes of plating, 5 minutes rest, 30 minutes of stripping, and 5 minutes rest). The 

observed semi-circles correspond to the electrode/electrolyte interfacial resistance. They are 

perfectly superposing demonstrating a stable electrode║electrolyte interface and consequently 

confirming the non-degradation of the polymer. Figure 6-57.b shows the lithium surface after 

10 stripping plating cycles at 0.044 mA cm-2. A rather flat and homogeneous surface can be 

observed with no evidence of surface degradation or lithium dendrite growth, again confirming 

the previous conclusion. Generally speaking, the rather good stripping/plating behavior at low 

current density is considered as encouraging for further battery application. 
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Figure 6-57. Nyquist plot of the EIS data of the Li/Li cell recorded after the first cycle (black) 

and after the last cycle (blue) and post-mortem SEM images of the lithium surface after the last 

cycles at 0.044 mA cm-2. 

 
But with an applied current density of 0.44 mA cm-2, it can be seen that the overall overpotential 

is increasing upon cycling which indicates a degradation of the SIPE-EF+PC. This current 

density value is similar to the previously determined limiting current density, so it is not 

surprising to observe a degradation during striping/plating. This is even more significant at 0.66 

mA cm-2 where the highly fluctuating current corresponds to the formation of dendrites and 

short circuits in the cell. The impedance spectroscopy data (Figure 6-58.a) and post-mortem 

SEM analysis (Figure 6-58.b) after cycling at 0.44 mA cm-2 confirm these previous 

observations. On the EIS data, the semi-circle after the ten stripping/plating cycles reveals a 
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much lower interfacial resistance indicating a change at the electrode/electrolyte interface. This 

kind of decrease in the interfacial resistance has already been reported. This is attributed to the 

higher amount of lithium being non-homogeneously deposited and creating a porous surface 

that allows for dendrite growth when applying a higher current195. The post-mortem SEM 

images (Figure 6-59.b) confirmed this assumption since a rather porous and non-homogenous 

lithium surface can be easily observed. 

 

Figure 6-58. Nyquist plot of the EIS data of the Li/Li cell recorded after the first cycle (black) 

and after the last cycle (blue) and post-mortem SEM images of the lithium surface after the last 

cycles at 0.44 mA cm-2. 
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Nevertheless, this threshold value for the growth of lithium dendrite is in good accordance with 

the limiting current density measured earlier. In a work by Jiang et al.196, it has been shown that 

the potential at which a -CF3 group can be reduced highly depends on the surrounding groups. 

The authors utilize quantum chemical calculations to predict the reduction and oxidation 

potential of various trifluoromethyl-containing compounds. In the case of a trifluoromethyl 

group surrounded by 3 phenyl groups (CF3-C(Ph)3), they obtained a potential of 0.63 V vs 

Li+/Li (-2.41 V vs SHE) for the anionic reduction. It means that the -CF3 group is reduced to a 

-CF3
- and the rest to a radical form (˙C(Ph)3)) (Figure 6-59). During the stripping/plating test, 

the overpotential reaches this value when a higher current density than the limiting current 

density is applied, meaning that this degradation could happen to the polymer backbone 

degradation. 

 
 

 

 

 

Figure 6-59. Polymer backbone degradation mechanism by anionic reduction. 
 

 
In this case, the radical is extremely stable due to the high electron delocalization. On another 

hand, the -CF3 anion will react with lithium and form a layer on top of the lithium metal 

electrodes. This resistive layer can explain the high overpotential observed at 0.44 and 0.66 mA 

cm-2 and the polymer degradation by anionic reduction of the CF3 groups explains the highly 

fluctuating current observed at 0.66 mA cm-2. This assumption is generally supported by the 

results of the EDX mapping (Table 6-2). The results show that fluorine and carbon are the two 

prominent elements at the lithium surface after 10 stripping/plating cycles at 0.44 mA cm-2 

compared to the pristine lithium metal. This confirms that the degradation of the polymer is 

mainly due to a reaction between lithium metal and a fluorinated group, most probably the 
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trifluoromethyl from the backbone. This degradation mechanism is highlighted when using high 

current density but is most probably also happening at low current density even if the SEM and 

impedance data do not show any evidence. Indeed, the rather high overpotential at 0.018 and 

0.44 mA cm-2 indicates that the formation of a resistive SEI, most probably by the reaction 

discussed before. Overall, these stripping/plating results and linear/cyclic voltammetry data 

show that our ether-free electrolyte is unstable toward lithium. 

 Pristine until 0.44mA cm-2 until 0.44 mA cm-2 with 

PEO interlayer 

Element wt.% wt.% wt.% 

C 14.6 40.5 20.0 

F 0.0 40.7 8.7 

O 85.4 18.8 71.3 

Table 6-2. Weight percentage, determined by EDX mapping, of carbon, fluorine, and oxygen 

measured at the lithium surface for the pristine lithium and after 10 stripping/plating cycles at 

0.44 mA cm-2 for the polymer electrolyte without and with the PEO interlayer protection. 
 
 

 

6.3.5 Improving the Lithium Compatibility with a PEO-Based Protective 

Interlayer 

To overcome the poor compatibility observed between our ether-free single-ion conducting 

polymer electrolyte and Li metal we decided to try a multilayer system with a protective layer 

made of a PEO:LiTFSI (EO:salt ratio of 10:1) polymer electrolyte. After preparation by a hot- 

pressing process, a thickness of about 15 µm was obtained for the PEO:LiTFSI membrane. The 

SIPE-EF+PC membrane was placed between two PEO membranes to create the SIPE- 

EF+PEO-L multilayer electrolyte, which had a thickness of approximately 130 µm and 

exhibited excellent mechanical stability when stretched multiple times. The SIPE-EF+PEO-L 
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shows similar thermal stability as the SIPE+PC, as indicated by TGA analysis in the Appendix 

. The transference number was measured to be t+= 0.56 (Appendix), which is comprised 

between the transference number of PEO:LiTFSI electrolyte with O:Li ratio of 10:1 (t+≈ 0.2 

197) and the value measured for SIPE-EF+PC (t+=0.94). It shows that, despite the introduction 

of a dual-ion electrolyte, our system exhibited a high transference number which should reduce 

the concern about charge gradient in the electrolyte. The main idea of the PEO:LiTFSI 

protective membrane was to improve the compatibility with lithium, therefore we conducted 

the same test as for the SIPE-EF+PC on the SIPE-EF+PEO-L electrolyte but at a temperature 

of 40 °C. The stripping/plating behavior when subjecting the cell to 0.018, 0.044, and 0.18 mA 

cm-2 (Figure 6-60) is similar to the one from SIP-EF+PC with a slightly lower overpotential, 

probably due to better contact and better electrode/electrolyte interface. The interesting point 

starts at 0.44 mA cm-2 where the increase in overpotential observed earlier has disappeared and 

a slightly decreasing overpotential is now observed. This shows the good compatibility between 

the multilayer system and the lithium metal, and the decrease is assigned to a better organization 

of the electrode/electrolyte interface upon cycling. The results at 0.66 and 0.88 mA cm-2 

confirmed good compatibility with lithium metal and the suppression of lithium dendrite 

growth. This improvement of the electrode/electrolyte interface is also shown by the results 

when lowering the current back to 0.18 mA cm-2 since a lower overpotential can be observed 

compared to the first cycling at the same current density. It also shows that our multilayer 

polymer electrolyte is highly reversible in terms of lithium cation transport. 
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Figure 6-60. Investigation of the stripping/plating behavior of the SIPE-EF+PEO-L electrolyte 

in Li/Li symmetrical cells at 40 °C: (a) Li/Li cell subjected to elevated current 0.02, 0.05, 0.2, 

0.5, 0.75, 1 mA, i.e., 0.017, 0.044, 0.18, 0.44, 0.66, 0.88 mA cm-2, respectively (Ø=12mm and 

electrode surface area= 1.131 cm-2) followed by lowering current back to 0.18 mA cm-2 for 

subsequent stripping/plating cycles (each cycle is composed of 30 minutes stripping step 

followed by a 5 minutes rest, a 30 minutes plating step and another 5 minutes rest). 

 
Subsequently, a long-term stripping/plating test was conducted with a symmetrical Li/Li cell 

subjected to 0.18 mA cm-2 for 500 hours (Figure 6-61). A constant overpotential was observed 

for the entire test and no indication of polymer degradation or lithium dendrite growth was 

observed, confirming the excellent compatibility of our SIPE-EF+PEO-L system with lithium 

metal. 
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Figure 6-61. Investigation of the long-term stripping/plating behavior of the SIPE-EF+PEO-L 

electrolyte in Li/Li cell subjected to a constant current of 0.2 mA, i.e., 0.18 mA cm-2 for 500 h 

with a similar cycling procedure as before. 

 
Figures 6-62 show the comparison of the stripping/plating for the SIPE-EF+PEO-L (black) and 

the PEO:LiTFSI electrolyte alone (red) at two different current densities, i.e. 0.044 mA cm-2 

(Figure 6-62.a) and 0.66 mA cm-2 (Figure 6-62.b). The data indicates that the behavior of the 

two systems is highly similar at low current density, exhibiting the same overpotential and a 

closely aligned potential evolution during a single stripping or plating step. However, the most 

notable observation is the significantly improved behavior at higher current density. In this case, 

the multilayer system exhibited a lower overpotential and a lower potential increase during one 

stripping or plating step, rendering this multilayer system an excellent candidate for potential 

battery applications. In the end, it seems that the SIPE-EF+PC benefits from the PEO:LiTFSI 

layer to achieve excellent compatibility with lithium metal but that the PEO:LiTFSI layer also 
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benefits from the SIPE-EF+PC membrane to ensure better lithium cation transport in the 

electrolyte. 

 

Figure 6-62. Comparison of the Li/Li stripping-plating cycling results of SIPE-EF+PEO-L 

(black) and PEO:LiTFSI polymer electrolyte when cycled at respectively 0.044 mA cm-2 (a) 

and 0.66 mA cm-2 (b). 
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6.3.6 Evaluation of the Multilayer System in Li║LFP Cells 

 
To demonstrate the effectiveness of this multilayer electrolyte, we constructed Li/LFP cells, as 

shown in Figure 6-63. The PEO interlayer was positioned next to the lithium metal anode, and 

the ether-free single-ion conducting polymer was in direct contact with the LFP cathode. 

 

Figure 6-63. Scheme of the cell with the interlayer protecting the single-ion conducting 

electrolyte from lithium metal. 

 
This cell was then subjected to a C rates capability test at 0.05C, 0.1C, 0.2C, 0.3C, 0.5C, and 

1C followed by a long-term constant current cycling stability test at 0.1C with 1C= 170 mAh 

g-1 (Figure 6-64). The cell exhibited a reversible discharge capacity of about 160 mAh g-1 during 

the first cycles at 0.05C with a Coulombic efficiency of 90%. This indicates that some side 

reaction occurs during the first cycle but not in the subsequent ones since the Coulombic 

efficiency reaches 98% in the second cycle and is then higher than 99%. The C rates capability 

test exhibited a stable specific discharge capacity at all currents with a high Coulombic 

efficiency except for each first cycle, showing that side reactions still occur at higher currents, 

most probably to form a stable electrode/electrolyte interface. The C rates capability test also 

highlighted a decrease in the capacity with higher C rates (154 mAh g-1 at 0.1C, 152 mAh g-1 

at 0.2C, 151 mAh g-1 at 0.3C, 150 mAh g-1 at 0.5C and 145 mAh g-1 at 1C). This decline in 

capacity is due to kinetic and mass transport limitation and increased polarization from the 

increased current density which leads to incomplete lithiation/delithiation of the active LFP 

material. Nevertheless, the value of 145 mAh g-1 at 1C and 40°C is an excellent result compared 
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to PEO versus LFP cells reported in the literature where much lower discharge capacity where 

obtained at all current densities198,199,200. 

The subsequent long-term cycling stability test at 0.1C shows an “initial” discharge capacity of 

151 mAh g-1 with a Coulombic efficiency of 97% which will increase to reach >99% in the next 

cycle showing that the capacity decline observed during the C rates capability test is reversible. 

A good capacity retention of 84% after 200 cycles was observed with no indications of 

electrolyte degradation or lithium dendrite growth. 

Figure 6-64. Investigation of SIPE-EF+PEO-L electrolyte in Li/LFP cells at 40 °C, charge, and 

discharge C rates capability (cycle 1 to 29) and long-term cycling capacity (cycle 30 to 200) 

and Coulombic efficiency of the Li/LFP cell. 

 
The voltage profiles for the C rates capability test (Figure 6-65) highlight these excellent 

cycling results. The decrease of the plateau voltage at a higher current is an already reported 

result and is related to the low electric conductivity and/or lithium diffusivity in the LFP 
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electrodes201. The sharp end of the plateau at 0.05C suggests a complete lithiation/delithiation 

reaction. For the higher C rates, a slope was observed for the charge and discharge profile, 

which indicates that a part of the lithium from the active material is not easily accessible. This 

explains the capacity decline identified earlier in the cycling data. 

 

Figure 6-65. Potential profiles for the C rates capability at 0.05C, 0.1C, 0.2C, 0.3C, 0.5C, 1C 

with 1C= 170 mA g-1 and cut-off voltage set to 2.5 and 4.0 V vs. Li+/Li. 

 
During the long-term cycling stability test (Figure 6-66), the discharge voltage is extremely 

stable, indicating no degradation of the electrode material during cycling. As observed on the 

cycling data, the capacity lost from the fiftieth to the two-hundredth cycles appears almost linear 

and could be due to multiple factors such as the contact loss between the LFP and the current 

collector, the degradation of the lithium║SIPE-EF+PEO-L interphase, reaction of propylene 

carbonate with lithium. To the best of your knowledge, these good cycling results are the first 
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reported for a multilayer electrolyte comprising a single-ion conducting polymer electrolyte 

and open a large field for further research. 

 

Figure 6-66. Potential profile at different selected cycles during the long-term cycling of the 

Li/LFP cell, all cycles were conducted at 0.1C with 1C= 170 mA g-1 and cut-off voltage set to 

2.5 and 4.0 V vs. Li+/Li. 

 

6.3.7 Conclusions 

 
To summarize, in this work, we developed a new ether-free high molecular weight 

polymer backbone, and we managed to couple it with an anionic side chain to obtain a new 

ether-free single-ion conducting polymer. When doped with an optimal 55% solvent content of 

propylene carbonate, we achieved excellent ionic conductivity at room temperature (>10-4 S 

cm-1). Additionally, the electrochemical stability window was suitable for battery application 

(4.5 V). However, the lithium stripping/plating test with a symmetrical Li/Li cell revealed poor 

compatibility between lithium metal and our electrolyte when subjected to high current density. 
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To solve this problem, we prepared a conventional PEO:LiTFSI polymer electrolyte and used 

it as a thin protective layer between lithium metal and our ether-free single-ion conducting 

electrolyte. A thin trilayer system shows excellent cyclability and reversibility in symmetrical 

Li/Li cells at various current densities. The first tests of the multilayer system in a full-cell with 

lithium metal as anode and LiFePO4 cathode also exhibit good results in C rates capability with 

high specific discharge capacity and a rather low capacity loss when increasing the C-rate. The 

long-term cycling stability shows an excellent Coulombic efficiency upon cycling with a good 

capacity retention of 84% after 200 cycles. 

The next step would be to test and optimize this system to cycle it with high-voltage cathode 

material like NMC. Nevertheless, to the best of our knowledge, this is the first reported 

multilayer system comprising a single-ion conducting polymer layer, and this opens a new field 

of research for the potential implementation of lithium metal batteries. 
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7. Summary & Conclusion 

 
Through the literature review, we realized that our actual battery technologies are not sufficient 

to answer the demand for batteries for a successful substitution of the combustion engine by the 

electrical engine and for the storage of the energy produced by renewable resources. Indeed, 

batteries with higher energy density and power are needed but, despite their excellent ionic 

conductivity and their ease of preparation, the actual commercial liquid electrolytes are not 

stable at high voltage, are corrosive, flammable, and cannot be used with lithium metal. The 

development of suitable solid electrolytes, i.e. with high electrochemical stability, high ionic 

conductivity, and good mechanical stability, could be a solution for commercialization of high- 

energy-density batteries. In this matter, salts in polymer solid electrolytes have been largely 

investigated over the last 20 years but still present drawbacks, especially with high-voltage 

cathode materials. More recently, some research groups are focusing on SIPEs, due to their tLi
+ 

being close to unity, their good mechanical stability, and their easy film fabrication, 

Nevertheless, these polymers need to be doped with organic solvent to achieve acceptable ionic 

conductivity, raising again concerns about flammability. On another hand, most of the SIPEs 

reported in the literature have backbones containing ether bound that are known to be unstable 

toward oxidation and could limit their use with high-voltage cathodes. 

In chapter 6.1, we address the issue of doping the SIPEs with organic solvents, by preparing a 

blend of an already reported multi-blocks copolymer SIPE with low molecular and non-volatile 

weight poly(ethylene glycol) dimethyl ether. The obtained membrane was self-standing and 

provided sufficient mechanical stability with a remarkable conductivity of 10-5 S cm-1 at 45 °C, 

a good electrochemical stability window until 4.6 V, a transference number of 0.99 and an 

excellent electrolyte║lithium metal compatibility during stripping/plating test at different 

temperatures and current densities. Nevertheless, the polymer electrolyte demonstrated at 40°C 

rather low limiting current density of 0.2 mA cm-2, which hindered fast charging and 

discharging in a full-cell setup using NMC811 as the cathode material. The cycling tests at 40°C 
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were limited to 0.05C but exhibited a good initial discharge capacity and, despite the rather fast 

loss of capacity retention, an excellent Coulombic efficiency upon cycling was obtained. The 

use of higher temperatures (60 °C) allows us to conduct C rates capability tests, which 

demonstrate good capacity retention at different current densities but a rather high but reversible 

capacity loss when increasing the current density. 

In Chapter 6.2, we focus on improving the previous blend by addition of LATP particles to 

obtain a solvent-free hybrid electrolyte. The preparation of the membrane by solvent casting 

followed by a hot-pressing step was easy and allowed for the formation of a self-standing, 

homogeneous, and mechanically stable film at all LATP percentages. Concerning the ionic 

conductivity, a decrease compared to the blend was observed with 20% LATP. When increasing 

the filler content to 30 and 40% an increase of conductivity was observed compared to the 20% 

composition and the values for 40% reached a similar value as for the blend (8.4 x 10-6 at 40°C). 

An enhancement of the electrochemical stability window until about 5 V and a transference 

number of ~0.9 was measured for all compositions. However, all electrochemical 

characterization tends to show a degradation of LATP when in contact with lithium but, on the 

other hand, the hybrid electrolyte exhibited excellent cyclability with lithium metal electrodes 

during stripping/plating tests, meaning that this degradation helps to form a stable SEI. Cycling 

tests with NMC811 at 40°C were conducted at 0.05C and the cells exhibited acceptable initial 

discharge capacity but a similar capacity retention as the previous blend. A good Coulombic 

efficiency upon cycling and no indication of degradation of the electrolyte was also reported. 

The C rates capability tests at 60 °C demonstrate a rather fast capacity decline in the first cycles 

at 0.05C before stabilization and a good capacity retention at other current densities. A high but 

reversible capacity loss was observed when increasing the current density. 

Finally, in chapter 6.3 we synthesized a new ether-free high molecular weight polymer 

backbone, and we managed to couple it with an anionic side chain to obtain a single-ion 

conducting polymer. When doped with an optimal 55% solvent content of propylene carbonate, 

we achieved good mechanical stability, excellent ionic conductivity at room temperature (>10- 

4 S cm-1), and suitable electrochemical stability window (4.6 V). However, the lithium 
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stripping/plating tests revealed poor compatibility with lithium metal. Therefore, we introduced 

a thin protective PEO:LiTFSI layer and the so obtained multi-layer system showed excellent 

cyclability and reversibility in symmetrical Li/Li cells but also in Li/SIPE/LFP with high 

specific discharge capacity, excellent Coulombic efficiency, and a capacity retention of 84% 

after 200 cycles. 

All these results open several perspectives for further work. 

Concerning the blend, improving the cyclability versus NCM8111 should be the main focus for 

example by working on the mass loading of the electrode or optimizing the electrode and the 

cycling procedure. Testing this blend versus other cathode materials and particularly other NMC 

compositions could also be considered. 

The same work perspective applies to the solvent-free hybrid electrolyte, but the improvement 

of the electrode/electrolyte interface is the next key step to obtain better cyclability with 

NMC811. 

For the ether-free single-ion conducting polymer, two main paths open to us. First, work on the 

backbone design to replace the -CF3 with a more stable group could be interesting. On the other 

hand, the optimization of the multilayer system to achieve good cyclability versus high-voltage 

cathode material is the next step. 
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Appendix 

 
A.1 Supplementary Information for Chapter 5.2 

 

 

Figure S1. 19F NMR spectrum recorded for the LiTFSI-like anionic side chain. 
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A.2 Supplementary Information for Chapter 6.1 
 

 

Figure S2. DSC analysis of poly(ethylene glycol) dimethyl ether 
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A.3 Supplementary Information for Chapter 6.2 
 

 

Figure S3. Determination of the transference Number of SIPE-HE20 by Bruce and Vincent 

potentiostatic method. a) chronoamperometry data obtained when applying a constant voltage 

of 10 mV to a symmetrical lithium/lithium cell containing the SIPE as electrolyte. b) Impedance 

measurement before (black) and after (blue) the chronoamperometry measurement. c) Values 

used in the Bruce and Vincent equation to determine the transference number. 

 

 

Figure S4. Determination of the transference Number of SIPE-HE40 by Bruce and Vincent 

potentiostatic method. a) chronoamperometry data obtained when applying a constant voltage 

of 10 mV to a symmetrical lithium/lithium cell containing the SIPE as electrolyte. b) Impedance 

measurement before (black) and after (blue) the chronoamperometry measurement. c) Values 

used in the Bruce and Vincent equation to determine the transference number. 
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A.4 Supplementary Information for Chapter 6.3 
 

 

Figure S5. Determination of the transference Number by Bruce and Vincent potentiostatic 

method. a) chronoamperometry data obtained when applying a constant voltage of 10 mV to a 

symmetrical lithium/lithium cell containing the SIPE as electrolyte. b) Impedance measurement 

before (black) and after (blue) the chronoamperometry measurement. c) Values used in the 

Bruce and Vincent equation to determine the transference number 



174  

 

 

 
Figure S6. TGA curve of the SIPE swollen with 55 wt.% propylene carbonate (black) compared 

to the TGA curve of the multilayer system made of SIPE+PC and a PEO protective layer (red) 
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