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Abstract 

The lithium-oxygen (Li-O2) battery has received much interest in the last few years as 

global energy demand is growing and availability of fossil energies becomes limited. 

With its high theoretical energy density approaching that of gasoline, this technology is 

potentially one of the best solutions for electric vehicles (EV). However, this new 

technology will remain a research topic for at least the next 20 following years, due to the 

low cyclability, the limited electrical efficiency, the low rate capability and the difficulty 

of assembling a safe practical cell working in ambient atmosphere as good as at the 

laboratory scale under well-controlled conditions. Recently, Room Temperature Ionic 

Liquids (RTILs) attracted much attention. Indeed, their high thermal stability, non-

flammability, low vapor pressure and wide potential window can offer an interesting 

alternative to the traditional organic solvents for Li-O2 battery electrolyte. In this context, 

the chemical and physical properties of RTILs are determined in order to design a suitable 

RTIL-based electrolyte. The study of these parameters, compared to the electrochemical 

performance of the battery, enables to find a correlation between the viscosity, the lithium 

solvation of the electrolyte and the capacity of the battery. Given that RTILs viscosity is 

too high for adequate battery reaction kinetics, a mixture of an organic solvent and a RTIL 

is then studied. Electrolytes composed by dimethylsulfoxide (DMSO), 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI TFSI) and LiClO4 are 

characterized, evaluating the suitability of such electrolyte. The optimum concentration 

of EMI TFSI enables to reduce the overpotential from 1.43 V to 1.06 V, with a cyclability 

of 69 cycles with 200 mAh g-1 of limited capacity. Thereafter, a real-time synchrotron X-

ray diffraction technique is applied to analyze the oxidation/reduction of lithium oxide 

derivatives in an operating battery cell. Four different electrolytes composed of DMSO, 

a RTIL and LiClO4 are tested. This study proves that the lithium used as anode material 

is reacting with the RTIL, forming continuously LiOH, independently of the cycling 

stage. The comparisons between the different electrolytes provide insights for future 

investigation on the improvement of electrolyte design of this technology. 
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Resumen 

Las baterías de litio-oxigeno (Li-O2 o litio-aire) son un campo de gran interés y reciente 

actualidad ya que su densidad energética es teóricamente similar a la de la gasolina. Esta 

tecnología es potencialmente una de las mejores soluciones para el diseño y la 

construcción de vehículos eléctricos. Sin embargo, esta nueva tecnología seguirá sujeta a 

investigación al menos durante los próximos 20 años, debido a su baja ciclabilidad, su 

eficiencia eléctrica limitada y la dificultad para montar una celda real, segura, y capaz de 

funcionar en condiciones atmosféricas tan bien como a escala de laboratorio donde las 

condiciones son controladas. Recientemente, el uso de líquidos iónicos como disolventes 

verdes está captando la atención de muchos investigadores por características físico-

químicas, tales como su casi nula inflamabilidad, su baja presión de vapor y su amplia 

ventana de potencial. En este sentido los líquidos iónicos ofrecen una alternativa 

interesante a los disolventes orgánicos tradicionales utilizados para los electrolitos de 

baterías de Li-O2. En la presente tesis doctoral, se determinan las propiedades químico-

físicas de varios líquidos iónicos para diseñar un electrolito adecuado basado en los 

mismos. El estudio de estos parámetros, comparados con las prestaciones electroquímicas 

de la batería, permite encontrar una correlación entre la viscosidad, la solvatación de litio 

en el electrolito y la capacidad de la batería. Dado que la viscosidad de los líquidos iónicos 

es demasiado alta para tener una cinética de reacción adecuada en la batería, se estudian 

mezclas con disolventes orgánicos. Posteriormente, se caracterizan estos electrolitos 

compuestos de dimetilsulfóxido (DMSO), 1-etil-3-metilimidazolio 

bis(trifluorometilsulfonil)imida (EMI TFSI) y LiClO4, evaluando la idoneidad de cada 

formulación. La concentración óptima de EMI TFSI permite reducir el sobrepotencial de 

1.43 V a 1.06 V, con una ciclabilidad de 69 ciclos, con una capacidad limitada a 

200 mAh g-1. Con estos resultados, se utiliza la difracción de rayos X en tiempo real con 

un sincrotrón, con el objetivo de analizar la oxidación/reducción de los derivados de 

óxidos de litio en una batería en funcionamiento. Este estudio demuestra que el litio 

utilizado como material anódico, reacciona con el líquido iónico, formando LiOH en 

continuo, independientemente del estado de carga. La comparación entre los diferentes 

electrolitos, permite incrementar el conocimiento sobre el funcionamiento interno de la 

batería, para futuras investigaciones sobre el desarrollo de electrolitos para baterías de 

Li-O2.  
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1.1. Li-air batteries 

1.1.1. Applications and overview 

Today fossil fuels are the main source of energy but because of their limited reserves and 

their impact on the climate, renewable energies are being more and more developed. 

Moreover, the global energy demand is in constant growth which encourages the 

countries to find alternatives. Renewable energies are mostly coming from sun and wind 

energies, that is to say that energy is produced when the sun is shining and the wind is 

blowing. As these phenomena are not necessarily matching the energy demand, the 

storage of this energy is necessary. Pumped hydro storage systems (PHS) are the most 

used energy storage options. They are the most effective for large amount systems but 

they require large capital costs and an appropriate geography. On the other hand, 

rechargeable batteries are mostly used for mobile applications because they have high 

energy density, which compensate their generally high cost per kWh. 

 

Batteries are electrochemical cells that convert chemical energy into electrical energy. 

There are two types of batteries, the primary one which can only discharge and the 

secondary battery which is able to store energy and recharge for several cycles. The first 

battery was invented by Alessandro Volta in 1800 using a pile of copper and zinc 

electrodes separated with a felt paper soaked with sodium chloride as electrolyte. Since 

then, many other technologies have been developed such as the Lead-acid (Pb-acid), 

Nickel-Cadmium (Ni-Cd), Nickel Metalhydrate (Ni-MH) and more recently Li-ion 

batteries. Li battery was first proposed by M. S. Whittingham in the 1970s but this is with 

their Li-LiCoO2 system that John Goodenough and Koichi Mizushima make the 

commercialization of this battery possible, occurring 12 years later, in 1991, by Sony. 

The production will then keep growing, reaching today an annual production of 6 billion 

cells, equivalent to 90 GWh, for a market of US$20 billion, mostly oriented to small 

electronic (laptops, smartphones, tablets…) and electrical mobility (PHEV, BEV). And 

the production will keep increasing as the forecast indicates 300 GWh produced in 2025 

(Avicenne Energy 2016). 

 

The energy density of Li-ion battery is since then still increasing with the optimization of 

the manufacturing and the development of new materials. Indeed, the development of 
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high voltage spinel or nickel rich cathode or others such as layered and cobalt based oxide 

(NMC, NCA) and higher capacity anode such as phosphides or Si composites enable to 

increase the energy density, which is proportional to the voltage and the capacity. Next 

Li-ion battery generations include also solid electrolytes and lithium metal as anode. 

However, the Li-ion technology is reaching its limit around 250-300 Wh kg-1 and 600-

700 Wh L-1 due to its intrinsic features, as it can be seen in the Figure 1, where the 

different options of cathode and anode materials are mapped in function of their voltage 

and capacity.  Moreover, several other concerns are met in the Li-ion battery sector. The 

cycle life of high voltage spinel and other high energy systems is quite low, typically 

losing 80% of the beginning of life (BoL) before 500 cycles [1]. The layer-structured 

cathode materials have generally low thermal stability leading to safety issues [2]. The 

cobalt used in the cathode is listed in the critical raw materials by the European 

Commission, as the resources are limited, coming for the most part from the Congo with 

serious environmental and ethical concerns. Miners are indeed using hand tools, under 

low safety standards and include also children [3].  

 

 
Figure 1: Current (Today) and future (Tomorrow) material options for Li-ion battery technology. 

 

More recently, new technologies called Post Li-ion are emerging, such as Na-ion, Mg-

ion, Al-ion, lithium-sulfur or lithium-air that present high theoretical energy density and 

would be excellent alternatives to Li-ion batteries for applications like electrical vehicles 

or grid support. Indeed, they give the possibility to develop low carbon footprint cell 

manufacturing with more abundant and accessible materials. 
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Among these Post Li-ion technologies, the Li-air battery has the highest theoretical 

energy density compared to all other battery chemistry (Figure 2), with 5217 Wh kg-1 

[4,5]. Such value would offer a specific energy higher than 1000 Wh kg-1 [6] at the cell 

level, versus 250 Wh kg-1 at present for Li-ion battery, if several challenges can be 

overcome. The first paper on Li-air battery has been published in 1976 [7] where A. 

Galbraith presented a “Li-water-air battery” for automotive propulsion. Then, the first 

nonaqueous Li-air battery was published by K. Abraham et al. in 1996 [8] with a system 

including a polymer electrolyte membrane and a carbon composite electrode. But it is in 

the past decade that the interest has grown significantly, with more than 600 patents per 

years in the last five years, as global energy demand is growing and availability of fossil 

energies becomes limited. Moreover, the population growth and the European policy that 

targets to reduce the CO2 emissions by 40% by 2030 [9] push to the transportation 

electrification. From this context and regarding the potential energy density of this new 

technology, which is close to the one of internal combustion engine technology (ICE) 

[10], the main application for Li-air battery would be electric vehicles (EV). The concept 

consists in developing an electric car that reduces the range-anxiety, complying with the 

same distance range as gasoline, cheaper and CO2 emission free. Several companies 

including automotive manufacturers already applied for many patents on Li-air 

technology [11–26]. In particular, Toyota worked on new kind of electrolytes [13] and on 

a 2-compartment cell using lithium ion conductive membrane [21], Hyundai developed 

hybrid cell using both liquid and solid electrolytes [15] and Badding and coworkers [12] 

patented a Ni foam current collector that includes nanowire catalysts. 

 

In the case of non-rechargeable Li-air batteries, their high energy density would enable a 

higher autonomy defined by the Minimum Average Duration (MAD) with respect to 

current commercial primary battery such as Zn-air batteries for small electronic (e.g. 

emergency devices or hearing aids) [4].  
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Figure 2: Specific energy density (Wh kg-1) of different types of batteries. The theoretical values (grey 

bars) are based strictly on thermodynamics while the real values are indicated by the red bars. 

 

While many researchers refer to “Li-air battery”, most of their work actually focuses on 

the Li-O2 battery, as O2 is the true cathode active material and components in air such as 

H2O and CO2 can interfere with the electrochemical behavior of the battery. Four main 

architectures (aprotic, aqueous, solid state and mixed aqueous-aprotic) of Li-O2 batteries 

can be highlighted, shown in the Figure 3. All four types consist of lithium metal anode 

and air (oxygen) cathode. 
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Figure 3: The four main architectures of Li-O2 batteries [10]. 

 

The aqueous one is using water as electrolyte solvent and then a protective membrane on 

the lithium anode to protect it from oxidation. The main advantages are the high discharge 

potential of 3.4-4.3 V vs. Li+/Li allowing a specific energy of 700 Wh kg-1, the high 

round-trip efficiency and the solubility of the discharge products in the electrolyte [27]. 

The latter has also a higher conductivity than the most part of organic solvent. The main 

issue is the high reactivity of the lithium metal with water, which entails the use of 

protective, Li+-conductive membranes. Glass ceramics (e.g. LISICON) are generally used 

but they are expensive, degrade with time and are not easy to fabricate [6]. This lead to 

complicated and challenging fabrication process. 

 

The mixed aqueous / aprotic architecture combines both aqueous and aprotic 

architectures, taking advantage of the stable behavior of lithium ions in aprotic solvent 

and the high solubility of the discharge products in water. The inconvenient is the same 

as the aqueous system with the need of a Li+-conductive membranes. The difference is 

that an aprotic solvent is in direct contact with the lithium anode, forming a natural solid 

electrolyte interphase (SEI). Visco et al. [22]. have developed an aprotic Li-O2 cell with 

an artificial ceramic SEI to protect the anode, achieving 60 cycles in air with 50% relative 

humidity. 
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All-solid-state battery is using a solid or gel polymer electrolyte that enables the same 

performance than aprotic batteries but improving the safety of the device as the 

components are nonflammable and generally nontoxic [28]. Moreover, the protection of 

the lithium from moisture and CO2 is increased. However the low ionic conductivity, the 

stability of the polymer electrolyte with the charge/discharge products and the interfacial 

chemistry between the components are the main issues of this architecture. Many material 

developments have to be done to achieve a practical solid-state battery. 

 

The aprotic one has received most attention in literature due to the problems with 

important ohmic losses, low reversibility and low energy density observed in other 

systems. It is typically made of a Li metal anode, an aprotic solvent, a separator (e.g. glass 

fiber or polymer membrane) and a porous “air-cathode”. For the latter, carbon material is 

an adequate choice considering their light weight, high conductivity, large surface area 

and oxygen channel flexibility [29]. A slurry is prepared by mixing a carbon black and a 

polymer binder in an organic solvent or water. This slurry is then coated on a metal 

grid/foam or a gas diffusion layer (GDL). This three-phase boundary electrode where 

meet the oxygen, the electrolyte and the reaction products, requires a high surface area, 

an appropriate pore volume and distribution, mostly mesoporous, a good electrical 

conductivity and should be designed for gas transport.  

 

The reaction mechanism, which depends on the electrolyte, is described for each type in 

the Table 1. 
Table 1: Types of Li-O2 batteries with their cell reactions, advantages and disadvantages [30]. 

Type Cell reactions Advantages Disadvantages 

Aprotic 
[31] 2Li+ + 2e- + O2 = Li2O2 (2.96 V) 

High theoretical 
energy density, 
rechargeability 

Insoluble discharge 
products, material 
challenges 

Aqueous 
[32] 

4 Li+ + 4e- + O2 = 2Li2O (2.90 V) 
4Li + O2 + 2H2O = 4LiOH 
(alkaline electrolyte) 
4Li + O2 + 4H+ = 4Li+ + 2H2O 
(acidic electrolyte) 

No pore clogging, no 
moisture effects as 
discharge products are 
soluble in aqueous 
system 

Lack of Li-ion 
conducting 
membrane, 
undetermined 
charging behavior 

Hybrid 
[22] 

4Li + O2 + 2H2O = 4LiOH 
(alkaline electrolyte) 
4Li + O2 + 4H+ = 4Li+ + 2H2O 
(acidic electrolyte) 

No pore clogging, no 
moisture effects, 
natural SEI formation 
on Li anode in aprotic 
electrolyte 

Lack of solid Li-ion 
conducting 
membrane, 
undetermined 
charging behavior 

Solid state 
[33] 2Li+ + 2e- + O2 = Li2O2 (3.10 V) 

Good stability, may 
use air, rechargeability, 
avoids dendrite 
formation 

Low conductivity, 
capacity and energy 
density 
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As the discharge products generated in the aprotic system can be reversed into the original 

reagents, this system is more advantageous than the other three. The aprotic Li-O2 battery 

has actually attracted the most attention worldwide compared to the other systems [31] 

and is the focus of this thesis. 

1.1.2. Working principles of the aprotic Li-O2 system 

Li-O2 batteries are open at the cathode side to allow oxygen inside the battery. During the 

discharge, the oxygen that diffused to the cathode is reduced to the superoxide (O2-) in a 

one-electron process, usually referred to the Oxygen Reduction Reaction (ORR). As a 

hard base, the superoxide tends to form ionic bonds with hard Lewis acids such as lithium 

[34]. The lithium superoxide (LiO2) is then formed (Equation 1) but is unstable with a 

very short half-life and decomposes to lithium peroxide (Li2O2) and O2 according to the 

chemical reaction described by the Equation 2 [34,35]. At the anode, the lithium oxidizes 

to form the Li+ cations (Equation 3). 

 

O2 + Li+ + e-  LiO2  (E˚ = 3.0 V vs. Li+/Li) Equation 1 

2 LiO2  Li2O2 + O2  (E˚ = 3.0 – 3.5 V vs. Li+/Li) [36] Equation 2 

Li  Li+ + e-  (E˚ = -3.0401 V vs. SHE) Equation 3 

 

 

The Figure 4 represents the electrochemistry of the Li-O2 battery. 
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Figure 4: Schematic electrochemistry of an aprotic Li-O2 battery. 

 

The LiO2 that survives decomposition is reduced to Li2O2 following the electrochemical 

reaction described by the Equation 4. 

 

LiO2 + Li+ + e-  Li2O2 (E˚ = 3.1 V vs. Li+/Li) Equation 4 

 

Then the lithium peroxide possibly decomposes according to Equation 5. 

 

Li2O2 + 2 Li+ + 2e-  2 Li2O (E˚ = 2.87 V vs. Li+/Li) [37] Equation 5 

 

During the recharge, Li2O2 is oxidized at the cathode and O2 is released (Equation 6), 

hence the so-called Oxygen Evolution Reaction (OER). At the anode, lithium is plated by 

reduction of the Li+ (Equation 7). 

 

Li2O2  2 Li+ + 2e- + O2  Equation 6 

Li+ + e-  Li  (E˚ = -3.0401 V vs. SHE) Equation 7 
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The specific capacity of a Li-O2 battery is generally expressed in mAh g-1 where the 

weight is referring to the mass of carbon at the cathode although it is the not the active 

material. Indeed, unlike Li-ion batteries, the active material of Li-O2 batteries (Li2O2) is 

essentially synthesized during the discharge process. But to form Li2O2, the triple junction 

where electrolyte, carbon and oxygen coexist is necessary. In other words, the more tri-

phase regions, the more Li2O2 will be produced and therefore the higher the capacity 

obtained. This ideal electrochemical process has been quantitatively defined by Luntz et 

al. [38] as following: 

(1) The yield of Li2O2 relative to that anticipated from the current and ideal cathode 

reaction 2 Li+ + 2 e- + O2  Li2O2 during discharge is 1. In other word, no other 

products are formed during discharge either on the cathode or in the electrolyte 

(e.g. LiOH, Li2CO3 [39], LiF, carboxylates, etc.). 

(2) During discharge, the electrochemical current consumes only O2, (e-/O2)dis = 2. 

And during charge, all electrochemical current evolves O2, (e-/O2)ch = 2. 

(3) No parasitic gas evolution (H2, CO2, etc.) occurs during the charge/discharge 

cycle. 

(4) All O2 consumed during discharge (ORR) is released during charge (OER) so that 

OER/ORR = 1. 

 

The Li-O2 battery is perfectly rechargeable if all these requirements are met. 

1.1.3. Challenges in Li-O2 batteries 

Despite this promising performance, Li-O2 technology will remain a research topic for at 

least the next two decades, due to the low cyclability, the limited electrical efficiency, the 

low rate capability and the difficulty of assembling a practical cell working in ambient 

atmosphere and not at the laboratory scale under well-controlled conditions (Figure 5). 
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Figure 5: General challenges in current aprotic Li-O2batteries. 

 

1.1.3.1. Development of cathode materials 

Many works have been focused on the optimization of the cathode material, tuning the 

morphology, surface structure, surface area, pore distribution and the pore size [29,40–

71]. For instance, Kuboki et al. [49] show that a mesoporosity of the carbon would be 

favorable to improve the discharge capacity. To extend the reaction of Li2O2 formation 

and then reach high specific capacity for a full discharge, Mei et al. [55] synthesized 

SnO2-C core-shell nanoparticles that exhibits a capacity of 8500 mAh g-1 at 75 mA g-1.  

Chawla et al. [40] investigated on cathodes using palladium filled carbon nanotubes that 

show a discharge capacity of 11000 mAh g-1 at 250 mA g-1. Zhang et al. [71] fabricated 

mesoporous Ta2O5 nanoparticles as cathode catalyst and obtained 13000 mAh g-1 of 

specific capacity. Wu et al. [69] prepared a 3D porous boron-doped reduction graphite 

oxide material that achieves a capacity of 18000 mAh g-1 at 100 mA g-1. Jung et al. [46] 

report a vertically aligned carbon nanotube-ruthenium dioxide core-shell cathode that 

increases the capacity up to 35000 mAh g-1 at 800 mA g-1. 

 

Such capacities seem to be quite high, which is why care must be taken in considering 

the test conditions, especially the carbon loading per unit area (mg cm-2) of the cathode. 

The area-specific capacity (mAh cm-2) is a more practical parameter to optimize the 

performance of the complete air-cathode in a practical Li-O2 cell. Indeed, it is 

proportional to the area of the air-cathode exposed to the air and then to the specific 
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capacity per gram carbon (mAh g-1) and the carbon loading per unit area. In the literature, 

authors generally use a carbon loading around 1 mg cm-2 but rarely above 2 mg cm-2 

(Figure 6). With such low carbon loading, they obtain very high capacities, higher than 

6000 mAh g-1 in most cases, which shows the high potential of such technology. 

However, in a real manufacturing process, the active material loading is usually higher 

than 2 mg cm-2. 

 

 
Figure 6: Specific capacity of Li-O2 battery cells published in the literature in function of the carbon 

loading specified by the authors. 

 

The major challenge for Li-O2 battery system is the relatively poor cycle life. Indeed, the 

specific capacity of the battery drastically decreases after 10-20 cycles in most cases 

(Figure 7) [72].  
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Figure 7: Typical cycling behavior of a Li-O2 battery using a carbon air-cathode (loading of 2 mg cm-2) at 

a constant current of 0.1 mA cm-2 and 100% of DOD. 

 

Li2O2 and the other discharge products formed are insulating and insoluble in the aprotic 

electrolytes generally used, which leads to the clogging of the cathode pores and the 

capacity fading. By limiting the time of charge/discharge and using a relatively low 

current, cyclability of 100 cycles or more can be obtained. Gong et al. [73] obtained 112 

cycles by limiting the capacity at 1000 mAh g-1 and Leng et al. [51] obtained a long-term 

stable cycling of 400 cycles with a limited capacity of 1000 mAh g-1 at 400 mA g-1, using 

a nitrogen-doped reduced graphene oxide as cathode material. However, none of these 

materials is the ultimate choice and an effective catalyst has still to be identified. 

1.1.3.2. Catalysts 

Another challenge is the low coulombic efficiency of the battery showed by a high 

overpotential or polarization loss, i.e. a voltage gap between the discharge and charge 

processes that can reach almost 2 V (Figure 8).  
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Figure 8: Typical charge and discharge curves of a Li-O2 battery using a carbon air-cathode (loading of 2 

mg cm-2) at a constant current of 0.1 mA cm-2 and 100% of DOD. 

 

This phenomenon is due to the Li2O2 OER that is kinetically limited by the energy barrier 

for the evolution of O2 molecules [58]. Such challenge can be overcome by using effective 

catalysts. Many literature reports demonstrate that incorporation of metal or metal oxides 

catalysts in the cathode enhance the energy efficiency of the cell. Kim et al. [74] 

synthesized RuO2 nanoparticles and manganite as OER and ORR bifunctional catalyst to 

reduce the charge potential from 4.3 to 3.9 V. Park et al. [75] used Ag electrodes, 

obtaining a charge potential of 3.6 V. Martinez et al. showed that carbon nanofibers doped 

with Pd nanoparticles enable to reduce the charge plateau from 4.2 V vs. Li+/Li to 3.2 V 

[76].  

 

Another way to improve the ORR and OER kinetics and reduce the overpotential is 

adding soluble redox mediators in the electrolyte. A redox mediator (Mred) is a molecule 

in solution that is oxidized directly at the electrode surface to give its oxidized form (Mox) 

that in turn, oxidizes the discharge products by reducing itself back to Mred and so 

catalyzes the reaction. Some mediators such as tetrathiafluvalene (TTF) [77], LiI [78,79], 

CsI [80], 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) [81] and N-methylphenothiazine 

(MPT) [82] have already shown some improvements for Li-O2 battery, reducing the 

overpotential and increasing the efficiency. In the latter case, the incorporation of MPT 

in the electrolyte results in a reduction of the charge plateau from 4.3 to 3.63 V. 
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A different approach is to take into consideration the Gutmann donor number (DN), 

which depicts the electron donating properties of a solvent and hence its ability to interact 

with acceptors such as Li+ [83]. A high DN means high basicity of the solvent and then a 

strong interaction with hard Lewis acids like Li+ [37]. In particular, electrolytes with high 

DN or acceptor number (AN) promote solvation of Li+ or Li+-containing species (e.g. 

LiO2), resulting in the formation of Li2O2 through the solution-mediated pathway i.e. the 

one-electron pathway (Equation 2). On the other hand, in low DN solvents, LiO2 is not 

solvated but adsorbed at the cathode surface where it is reduced to form a film of Li2O2 

(Equation 4). In the former case, the formation of toroidal Li2O2 particles is promoted, 

leading to higher capacity than in the latter one. Thus, Aetukuri et al. [84] showed that 

H2O, which has a strong acidity (AN = 54.8), promotes the solution-mediated mechanism 

when added in trace amount. Johnson et al. [85] demonstrated that high DN solvents favor 

also this mechanism, enabling high capacity and low overpotential. Cho et al. [86] used 

Pd3Co nanoparticles as cathode additive to reduce the size of the toroidal Li2O2 particles 

and then improve the rechargeability of the cell. Indeed their high DN electrolyte led to 

the formation of crystalline Li2O2, showing poor rechargeability with a pristine carbon 

cathode. Matsuda et al. [87] showed that the addition of high AN species such as NH4+ 

in N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium TFSI (DEME TFSI) 

electrolyte can improve the energy capacity of the battery. Nevertheless, the prolonged 

presence of LiO2 in solution may negatively impacts on the stability of the electrolyte 

[88]. 

 

As shown in the previous paragraphs, many works are focused on the cathode 

development, optimizing the materials and their properties. Indeed, all the porous 

materials and all the catalysts based on metals or metal oxides offer an infinite number of 

possibilities. However, in the view of the practical application of the Li-O2 battery in 

ambient atmosphere, much of the effort must be dedicated to the development of the 

lithium anode too, especially its protection. 

1.1.3.3. Lithium anode 

With its highest theoretical capacity (3860 mAh g-1) and lowest electrochemical potential 

(-3.04 V vs. SHE), lithium metal is the anode of choice for a battery. But its high reactivity 

with moisture and CO2 present in the air and/or in the electrolyte is a critical issue for 
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long-term operation. Firstly, this affects the safety of the battery and secondly, there is 

formation of lithium hydroxide (LiOH) in contact with the water coming from the ambient 

air and/or the electrolyte decomposition [72]. Even if the transport of Li+ cation is 

maintained through porous channels in the LiOH layer, the metallic lithium is oxidized 

until it is completely consumed. Then, for the manufacturing of a practical cell, the 

protection of the Li anode is necessary. Li ion conducting ceramics (LISICON, LIPON) 

were widely studied to protect the anode from moisture [30] but they are more adapted to 

aqueous and solid-state systems. Liu et al. [89] developed a stable solid electrolyte 

interphase (SEI) film based on fluoro ethylene carbonate on the lithium anode, which 

tripled the number of cycles. Guo et al. [90] prepared a lithiated Al-carbon composite that 

show lower voltage gap between the charge and the discharge and better cycling 

performance in ambient air. Wu et al. [91] built a polyfluorocarbon SEI on a commercial 

Si particle-based anode to protect it against corrosion from oxygen side reactions and 

obtained more than 100 cycles. Lee et al. [92] designed a Al2O3/polymer composite as 

protective layer for a Li-O2 cell that exhibited a stable cycling up to 175 cycles. 

 

At laboratory scale, Li-O2 battery cells generally have a massive excess of lithium. Then 

its degradation can occur without limiting the electrochemical assessment carried out in 

this work. This enable to study the other components such as the cathode and the 

electrolyte more accurately. 

1.1.3.4. Development of electrolytes 

The role of the electrolyte in a battery is to enable the ion transfer between the anode and 

the cathode. It is usually a solution (solvent) containing dissociated salts that insure this 

transfer. One of the biggest challenge to progress in Li-O2 batteries is development of an 

electrolyte that requires the following characteristics: (i) compatibility with the anode, (ii) 

low volatility to avoid the evaporation of the solvent in open cell systems, (iii) high 

oxygen solubility and diffusivity, (iv) a low viscosity to ensure fast kinetics of mass 

transport and a high ionic conductivity and (v) a wide electrochemical stability window. 

Usual carbonate solvents, such as ethylene carbonate (EC), propylene carbonate (PC) and 

dimethyl carbonate (DMC) from the lithium-ion technology [93] would be good 

candidates with their stability at high potentials, their ability to form a stable “solid 

electrolyte interphase” (SEI) on lithium and their high polarity that enables to transport 
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lithium cations effectively. But they are also good substrates for the nucleophilic attack 

of the superoxide (O2-) coming from the ORR [94,95]. Then the decomposition of the 

carbonate, forming mostly lithium carbonate will result to the passivation of the cathode 

and a very poor cycle life of the battery. On the other hand, ether solvents are more stable 

to the superoxide and the discharge products and show the advantages of cathodic stability 

and low volatility [35]. Both 1,2-dimethoxyethane (DME) and tetraethylene glycol 

dimethyl ether (TEGDME) are the most-used ether solvents as they form the most of 

Li2O2 during discharge and evolved the most oxygen during charge [38]. However, the 

degradation of these electrolytes has been observed with the formation of side products 

like acetates, fomates and carbonates [39,94] (Figure 9), which makes them unsuitable 

for a practical commercial battery. 

 

 
Figure 9: Proposed mechanism for the oxidative degradation of triglyme during ORRs in the presence of 

Li+ cations [94]. 

 

Dimethyl sulfoxide (DMSO) is also a promising candidate for stable ORRs [66], as it 

shows longer cycling than the most part of ether solvents. Peng et al. [96] have obtained 

100 cycles with a Li-O2 battery cell using DMSO-based electrolyte and porous gold 

cathode. Ottakam et al. [97] also showed 100 cycles with DMSO electrolyte and TiC 

cathode. However, the DMSO may cause the formation of decomposition product when 

using the common carbon cathode [27]. Sharon et al. [98] investigated on the DMSO 

decomposition and proposed a mechanism (Figure 10) that may explain the formation of 

side-products such as LiOH, dimethyl sulfone (DMSO2), Li2SO3 and Li2SO4. 
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Figure 10: Proposed mechanism of DMSO during ORRs in the presence of Li+ cations [98]. 

 

Concerning the salt, the study of its influence on the Li-O2 battery operation is more 

sporadic than the solvent. Nevertheless, several systematic studies have been published, 

assessing the stability and the performance of various possible salts. Because it provides 

the best balance between ionic conductivity, thermal stability and formation of a proper 

SEI, LiPF6 (dominant salt in commercial Li-ion batteries) would be an adequate 

candidate. However, several works show that this salt is unstable in Li-O2 battery, 

decomposing in the presence of O2-, LiO2 and Li2O2 [37]. Other salts are then mostly used 

such as Li triflate, Li TFSI or LiClO4. Elia et al. [99] demonstrated the overpotential is 

affected by the anion nature of salt that alters the SEI resistance, the lithium transference 

number and the ionic conductivity of the electrolyte. Although their conclusion leans 

towards the lithium triflate, other salts such as lithium bis(trifluoromethylsulfonyl)imide 

(Li TFSI) and lithium perchlorate (LiClO4) are also widely used. In particular, LiClO4 is 

less reactive to oxygen or reduced oxygen [100]. 

 

The identification of an adequate solvent-salt combination is crucial to realize a 

rechargeable Li-O2 system. Considering their instability, the carbonates solvents can be 

discarded, whereas the DMSO and ethers are acceptable candidates. The challenge is to 

identify more stable electrolyte, compatible with the cathode and that facilitates the Li2O2 
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formation. In this regard, an alternative to these electrolytes is the use of ionic liquids, 

whose characteristics, advantages and disadvantages are detailed in the next part. 

1.2. Room Temperature Ionic Liquids (RTILs) 

1.2.1. Overview 

Room temperature ionic liquids are salts that are in liquid phase at standard temperature 

and pressure. They are also called room temperature molten salts or simply “ionic liquids” 

although the latter is generally defined as salts with melting temperatures below 100 ˚C.  

 

This is in the mid-19th century that the first documented observation of ionic liquids 

appeared with a so-called “red oil” formed during Friedel-Crafts reactions [101]. This 

“red oil” would now be identified as a heptachlorodialuminate salt, which is a stable 

intermediate of the AlCl3-catalyzed Friedel-Crafts reactions. The first RTIL, published in 

1914, was the ethylammonium nitrate (EtNH3-NO3) with a melting point of 12 ˚C 

[102,103]. Then in the 1930s, a patent application described the dissolution of the 

cellulose in molten pyridinium salts above 130 ˚C [104]. Then some works were 

published in the 1940s [105,106] and later in the 1070s [107] on the electroplating of 

aluminum with N-alkylpyridinium chlorominates used as electrolyte. One of the first 1,3-

dialkylimidazolium RTIL, obtained by mixing the 1-ethyl-3-methylimidazolium chloride 

(EMI Cl) with the aluminum trichloride (AlCl3), was reported by Wilkes et al. [108] in 

the 1980s. This is only during the next decade that the EMI+ cations was more extensively 

studied with for instance the 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI BF4) 

or the 1-ethyl-3-methylimidazolium hexafluorophosphate (EMI PF6) that thanks to their 

better stability in air conditions, increase the possibilities for applications. Until 2001, the 

halogenoaluminates (III) and alkylhalogenoaluminates (III) ionic liquids have been the 

most widely studied [109]. Nowadays, imidazolium salts are one of the most popular 

classes of ionic liquids, especially for cellulose dissolution [110]. Other cations that are 

also more and more studied are the non-aromatic cyclic cations such as pyrrolidinium and 

piperidinium [111]. 
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1.2.2. Properties of RTILs 

The main properties that most of the ionic liquids present and that make them a subject 

of great interest, are their thermal, chemical and electrochemical stability [101]. Indeed 

they have the main advantages of molten salts but they avoid the disadvantages caused 

by high temperature. Then they can be used as solvent with the particularity to have a 

very wide liquidus range, low flammability and to be non-volatile as they have no 

measurable vapor pressure [112]. They can be considered as green solvents as they are 

compatible with a wide selection of organic and inorganic materials, generally highly 

polar yet non-coordinating and they offer an alternative for two-phase systems [109]. 

Other important properties are the wide electrochemical window that can reach 5-6 V 

versus 1.23 V for water (Figure 11), reasonable ionic conductivity (2-10 mS cm-1) and 

high thermal stability (> 350 ˚C). 

 

 
Figure 11: Electrochemical windows for some typical ionic liquids compared to water and acetonitrile 

(0.1 M Et4NBF4, Pt) [113]. BMI: 1-butyl-3-methylimidazolium, Bu4N: tetrabutylammonium, BMP: 1-

butyl-3methylpyridinium, EMI: 1-ethyl-3-methylimmidazolium. 

 

Besides, some physical properties such as the melting point and the viscosity of the ionic 

liquid can be influenced by the size and the symmetry of the cation. For example, the 

tetraalkylphosphonium hexafluorophophate (Pnnnn-PF6) shows a maximum melting point 
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for the symmetric cation P6666 (Figure 12). On the other hand, the anion influences more 

generally the chemical properties and the reactivity. This means there is the possibility to 

tune the properties of the ionic liquid by combining the adequate cation and anion. One 

million simple ionic liquids can be easily prepared in the laboratory versus about 600 

conventional solvents used in industry. Then there are one billion binary combinations 

and one trillion ternary systems possible. With only about 300 ionic liquids 

commercialized at the moment, there are still many opportunities in this field. 

 

 
Figure 12: Melting points of P666n-PF6 as a function of n [114]. 

1.2.3. Applications of RTILs 

Thanks to these particular properties, ionic liquids have many applications, especially in 

synthesis materials [115,116], sensors [117,118], extraction and separation [119,120], as 

lubricants [121,122] or in electrochemical processes and devices [123,124]. For instance 

as dye-sensitized solar cell electrolyte, different ionic liquids have been tested in order to 

improve the conversion efficiency [125]. Promising results were obtained with a fast 

diffusion of triiodide but the efficiency is still lower than with traditional solvent like 

acetonitrile, mainly due to the high viscosity of the ionic liquids. Such electrolyte was 

also used for electrochemical double layer capacitors [126] allowing higher voltage (up 
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to 5 V) and then higher energy compared to aqueous (1 V) or organic system (2.5 V). 

They are also advantageous to operate fuel cells at room temperature although the 

sensitivity to water contamination remains an issue [127]. 

 

Concerning Li batteries, traditional carbonate-based electrolytes are perfectly compatible 

with lithium anode as they form a protective passivation layer on its surface and enable 

an excellent diffusion of the Li+ cations in the electrolyte. However they generate safety 

issues as they are highly volatile and flammable. That is why using ionic liquid is 

interesting for this application too. Several findings have brought ionic liquids closer to a 

practical Li-ion battery [128,129] but they also attract research interest for other battery 

technology such as Li-S [130–132], Al-ion [133–135], Zn-air [136,137] and Li-O2 

[29,87,95,138–155]. 

 

Concerning the latter, Nakamoto et al. [95] showed the advantage of the RTILs stability 

against electrochemical oxidation vs. Li+/Li and O2 redox reversibility. Cai et al. [142] 

proved that ionic liquid could show higher specific capacity (1160 mA g-1) compared to 

carbonate solvent electrolyte (1030 mAh g-1). Cechetto et al. [143] observed a decrease 

of 0.4 V of the overpotential by mixing ionic liquids with an ether-based electrolyte. 

Asadi et al. [140] used also a mixed electrolyte but with EMI BF4 and DMSO, achieving 

700 cycles in simulated air atmosphere with a molybdenum disulfide cathode. Yamagata 

et al. [155] have shown that the interface between the ionic liquid electrolyte and the 

anode can be stabilized and protected from the ionic liquid decomposition, using an 

organic additive such as ethylene carbonate and vinylene carbonate. Using cyclic 

voltammetry and AC impedance measurements, they proposed an electrode/electrolyte 

interface structure that depends on the ionic liquid used and the coordination of the 

lithium cation with the anions in solution.  

 

The main families of ionic liquid cations and anions used for Li-O2 batteries are shown 

in the Figure 13. The main advantage of these RTILs is their hydrophobicity that reduces 

the problem of compatibility with the Li anode [156]. Then, other properties will depend 

on the cation or anion family. As an example, for a given anion, the ionic conductivity 

decreases in the order: imidazolium > pyrrolidinium > ammonium [157] but the 

pyrrolidinium- and piperidinium-based cations are more stable against peroxide radical 

attack than imidazolium-based cations [144]. By changing the anion, other properties can 
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be altered such as the oxygen solubility that is higher for the TFSI than for the 

hexafluorophosphate (PF6) and the tetrafluoroborate (BF4) [158]. The TFSI anion is also 

widely used for its high hydrophobicity and stability [159]. 

 

 
Figure 13: Typical cations and anions used in ionic liquid-based electrolytes. R groups may take one 

hydrogen atom or different alkyl groups. 

 

However the main drawback associated with RTILs is related to their high viscosity, 

which results in lower conductivity and therefore in lower capacity compared to the 

organic solvents. Moreover, they generally decompose at the negative electrode which 

can lead to a lack of reversibility of the battery reaction [144]. 

1.3. About this work 

1.3.1. Thesis objectives 

The Li-O2 battery has received much interest in the last few years as the global energy 

demand is growing and the availability of fossil energies becomes limited. In this context 

and regarding the potential energy density of this new technology, which is close to the 
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one of internal combustion engine technology (ICE), the project STABLE (“STable high-

capacity lithium-Air Batteries with Long cycle life for Electric cars” FP7-NMP, Grant 

agreement nº 314508) aimed to conceive, from innovative materials, a full electrical 

vehicle with the best performances and the lowest cost possible. The objective was to 

obtain a Li-O2 battery with a specific capacity higher than 2000 mAh g-1 with a cyclability 

of 100-150 cycles. A multidisciplinary work team employed his expertise in material 

synthesis, characterization and cell assembly to achieve the following tasks: (i) 

nanostructuration of the Li-anode by electrodeposition, (ii) fabrication of nanostructured 

carbon cathode and (iii) preparation of ionic liquid-based electrolyte. 

 

The present PhD thesis was carried out in the frame of this project and focused on the 

development of new electrolytes based on ionic liquids in the final goal to improve both 

the capacity and cycling life of the battery. It is important to highlight that in 2014, i.e. at 

the beginning of this work, Cai et al. [142] presented a battery using an ionic liquid 

electrolyte with a capacity of 1160 mAh g-1 and  Elia et al. [145] achieved 30 cycles using 

a PYR14 TFSI-LiTFSI electrolyte. The main research objectives of the PhD thesis are 

listed below. 

(1) To understand better the working principles of the Li-O2 battery. 

(2) To identify the most suitable RTILs for Li-O2 battery electrolyte and then to build 

a Li-O2 battery cell using only an ionic liquid and a Li salt as electrolyte that 

presents a specific capacity of at least 1500 mAh g-1 at a current density of 0.1 

mA cm-2 and 100% DOD. 

(3) To design a Li-O2 battery electrolyte partially or fully composed of ionic liquids 

that allows a cyclability of 100 cycles with limited capacity of 600 mAh g-1 at 200 

mA g-1. 

(4) To determine the nature of the products formed during the battery cycling in order 

to propose the mechanisms of the Li-O2 battery reactions that involves ionic 

liquids. Although there are many results reported on this subject, a few of them 

were obtained in such medium. 
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1.3.2. Thesis organization 

This thesis has been validated to be presented as a compendium of publications shown in 

the appendices. The main body is consisted of four chapters written with the following 

arrangement. 

 

Chapter 1 introduces both Li-O2 battery and the use of Room Temperature Ionic Liquids 

as electrolyte for this specific technology. Li-O2 is described as a potential candidate to 

replace both primary and secondary system due to its high energy density. In this section, 

the working principle, the challenges of the electrolytes and the possible prospects of 

using RTILs are highlighted. Besides these, the research objectives and the thesis 

organization of this study are also stated. 

 

Chapter 2 describes the experimental procedures, including the apparatus and methods 

for characterization techniques used to study the electrolytes prepared. 

 

Chapter 3 reports on the results obtained and the corresponding discussion. In a first part, 

new electrolytes fully composed of ionic liquids in Li-O2 battery are studied. The thermal 

and electrochemical stability, the non-volatility and non-flammability of the ionic liquids 

make them an ideal candidate for Li-O2 battery electrolyte. They would resolve the 

problem of safety that present the current battery containing flammable and explosive 

solvents. That is why a first selection of ionic liquids has been done according to their 

commercial availability, hydrophobicity and potential window. These ionic liquids were 

tested as electrolytes in Li-O2 battery cell and compared to organic solvents to find a 

correlation between the physicochemical properties of the electrolytes and the 

rechargeability of the Li-O2 battery. The results were published in New Journal of 

Chemistry with an article entitled “Room Temperature Ionic Liquids versus organic 

solvents as lithium-oxygen battery electrolytes” [160]. 

 

The second part of the work presents a study of blended EMI TFSI / DMSO electrolytes. 

The ion mobility is a key factor for improving the battery performance and consequently, 

an ionic liquid that generally presents a high viscosity, is limited. That is why blended 

ionic liquid/organic solvent electrolytes were tested, taking advantage of both liquids 

properties to achieve better capacity and better cyclability. Some of these mixtures 
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showed indeed some improvements that would come from the alteration of the reactions 

medium and therefore the products formed. 

 

The nature of these products has been investigated in the final part where the products 

formed during the Li-O2 battery cycling are studied. An in situ synchrotron X-ray 

diffraction was employed to obtain more information on the chemical species involved in 

the electrochemical process of the battery, which is essential to identify the obstacles to 

achieve high performance. The results were published in New Journal of Chemistry in 

the article entitled “In operando X-ray diffraction of lithium-oxygen battery using ionic 

liquid as electrolyte co-solvent” [161]. 

 

Finally, it also includes the perspectives of this technology. 

 

Chapter 4 summarizes the results obtained and their interpretation. 
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2.1. Materials 

The lists of the solvents, reactants and other materials used, including their provider are 

presented in the Table 2, Table 3 and Table 4 respectively. Ionic liquids, 99% pure, were 

purchased from Solvionic or IoLiTec (Ionic Liquids Technologies GmbH). TEGDME, 

DMSO, EC and DEC were purchased from Sigma Aldrich with purity higher than 99% 

as well as the salts of lithium bis(trifluoromethanesulphonyl)imide (LiTFSI – 99.95%), 

lithium perchlorate (LiClO4 – 99.99%) and lithium hexafluorophosphate (LiPF6 – 

99.99%). The molecular structure of the solvents and RTILs used are shown in the Figure 

14. Electrolytes are prepared by direct mixing of appropriate amount of salt with either a 

RTIL or a solvent to reach the molar fraction or the concentration desired. The water 

content of all samples is measured by Karl Fischer (Coulometer KF 831) titration, before 

and after drying the electrolyte with 4 Å molecular sieves (Aldrich) for two days and 

stored in argon filled glove box (H2O < 1 ppm, O2 < 1 ppm). To exclude the influence of 

water contamination in the electrolyte, which could affect its stability and the cyclability 

of the battery [142], the water content of the ionic liquids is lowered until it reaches values 

below 500 ppm. The same range as for the organic solvents is then obtained. 

 
Table 2: List of the solvents used. 

Solvents Name Provider Reference 

BMI TFSI 1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, 99% Iolitec IL-0029-HP 

DEC diethyl carbonate, 99% Sigma Aldrich 517135 

DMPI TFSI 1,2-dimethyl-3-propylimidazolium 
bis(trifluoromethylsulfonyl)imide, 99% Iolitec  IL-0134-HP 

DMSO dimethyl sulfoxide, 99.5% Sigma Aldrich D5879 
EC ethylene carbonate, 99% Sigma Aldrich 676802 

EMI TFSI 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide, 99% Solvionic Im0208c 

NMP N-methyl-2-pyrrolidone, 99.5% Sigma Aldrich 328634 

PMI TFSI 1-methyl-3-propylimidazolium 
bis(trifluoromethylsulfonyl)imide, 99% Iolitec  IL-0024-HP 

PP13 TFSI 1-methyl-1-propylpiperidinium 
bis(trifluoromethylsulfonyl)imide, 99% Iolitec  IL-0045-HP 

PYR13 TFSI 1-methyl-1-propylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide, 99% Iolitec  IL-0044-HP 

PYR14 TFSI 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide, 99% Iolitec IL-0035-HP 

TEGDME tetraethylene glycol dimethyl ether, 99% Sigma Aldrich 172405 
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Figure 14: Molecular structure of solvents and RTIL ions used. EMI: 1-ethyl-3-methylimidazolium; 

PMI: 1-methyl-3-propylimidazolium; DMPI: 1,2-dimethyl-3-propylimidazolium; BMI: 1-butyl-3-

methylimidazolium; PYR13: 1-methyl-1-propylpyrrolidinium; PYR14: 1-butyl-1-methylpyrrolidinium; 

PP13: 1-methyl-1-propylpiperidinium; TFSI: bis(trifluoromethylsulfonyl)imide; DMSO: 

dimethylsulfoxide; EC: ethylene carbonate; DEC: diethyl carbonate; TEGDME: tetraethylene glycol 

dimethyl ether 
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Table 3: List of the reactants used. 

Reactants Description Provider Reference 

Li chip lithium chips for anode MTI Corp. EQ-Lib-LiC25 
Li ribbon lithium ribbon for electrochemical cell Sigma Aldrich 265985 

Li TFSI 
lithium 

bis(trifluoromethanesulphonyl)imide, 
99.95% 

Sigma Aldrich 544094 

LiClO4 lithium perchlorate, 99.99% Sigma Aldrich 634565 
LiPF6 lithium hexafluorophosphate, 99.99% Sigma Aldrich 450227 

Oxygen Oxygen gas, 99.995% pure Air Products Oxygen Premier 
PICAtif carbon activated carbon PICA PICAtif 

 
Table 4: List of the other materials used. 

Materials Description Provider Reference 

PVDF polyvinylidene fluoride Arkema Kynar ADX 
161 

Pt electrode platinum electrode, 3 mm diameter Bio-Logic A-002422 
Al2O3 suspension 

0.05μm Suspension of alumina 0.05 μm Buehler 40-10083 

Al2O3 suspension 
1μm Suspension of alumina 1 μm Buehler 40-10081 

Cell electrochemical Li-O2 test cell EL-Cell ECC-Air 
PI tube polyimide tube, 3mm diameter Goodfellow 278-183-54 

GDL24BA gas diffusion layer, 190 μm thick SGL Group 24BA 
GDL24BC gas diffusion layer, 235 μm thick SGL Group 24BC 

GF/A separator Glass-fiber filter paper Whatman 
sheets GF/A 

Sigma 
Aldrich WHA1820866 

 

2.2. Preparation of the cathode 

As explained in the introduction, many works are focused on the development of better 

cathode for Li-O2 battery. In this thesis, the objectives are related to the improvement of 

the Li-O2 battery via the development of new electrolytes. Therefore, in order to test the 

different electrolytes studied in comparable and reproducible conditions, the same 

cathode using an activated carbon (PICAtif) coated on a GDL is used. No catalyst neither 

any kind of additive is used in the cathode coating, so that the improvement of the 

electrolyte can be observed more easily when tested in the full cell. Then the cathode is 

prepared from a mixture of PICAtif (PICA) as active material, polyvinylidene fluoride 

(PVdF Kynar ADX 161, Arkema) as binder and N-methyl-2-pyrrolidone (NMP, 99.5%, 

Sigma-Aldrich) as solvent.  The weight percentage of each component is given in the 

Table 5. 
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Table 5: Composition of the ink used for the cathode preparation. 

Ink components Weight % (wet) Weight % (dry) 
PICAtif 11.2 90 
PVDF 1.3 10 
NMP 87.5 - 

 

The PICAtif is an activated carbon with a mesoporous volume of 0.68 cm3 g-1, suitable 

for Li-O2 battery cathode [45]. A full description of this material is given by Brousse et 

al. [162]. Once the PICAtif is weighted in a vial, the PVDF, previously dissolved in NMP, 

is added in the same vial. Then the rest of NMP needed is added and the whole mixture 

is homogenized in a sonication bath for 30 min. The resulting slurry is tape casted on a 

Gas Diffusion Layer (GDL SIGRACET 24BC – SGL Company) using the doctor blade 

technique with a wet thickness of 100 µm. The coating is then dried at 70°C under vacuum 

for 12 hours, resulting to a coating thickness between 20 and 30 µm. Subsequently, 18 

mm-diameter disks are punched and weighted, reaching a mass up to a PICAtif loading 

of 1.5 ± 0.2 mg cm-2. Although the GDL may participate to the overall capacity of the 

battery [163], only the mass of PICAtif is taken into account to normalize the specific 

capacity calculated. The different layers that compose the cathode are presented in the 

Figure 15.  

 

 
Figure 15: A) SEM image of the transversal cut of the cathode obtained. B) Schematic representation of 

the different cathode layers. 
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2.3. Instrumentation and methodology 

2.3.1. Ionic conductivity 

The ionic conductivity is measured with a titanium tip (Ref. 50 73) on an EC Meter Basic 

30+ conductimeter from Crison Instrument (Figure 16).  

 

 
Figure 16: Photo of the EC Meter Basic 30+ conductimeter (Crison Instrument). 

 

The tip is composed of four electrodes with well-defined surface area S and distance 

between them d. A current i is applied between the outer pair of electrodes and a potential 

E between the inner electrodes is measured. Then the Ohm’s law (Equation 8) enables to 

determine the resistivity ρ, which is the inverse of the conductivity.  

 

𝐸

𝑖
=  

𝑑

𝑆
𝜌 Equation 8 

 

But generally, for accuracy, a calibration is employed using standard solutions of well-

known conductivity. 

 

Thus, the apparatus was first calibrated thanks to the three standard solutions at 147 µS 

cm-1, 1413 µS cm-1 and 12.88 mS cm-1 respectively. Then, the samples are measured 

under constant magnetic steering in a range of temperature from -10 °C to 80 °C. For the 
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temperature below 0 °C, the vial containing the sample is placed in a mixture of ice and 

salt. Then the sample is heated using a hot plate. The temperature is stabilized for 30 min 

before running each measurement. 

2.3.2. Viscosity 

The viscosities are measured using a Malvern Bohlin CVO 100-901 rheometer (Figure 

17).  

 
Figure 17: Photo of the Malvern Bohlin CVO 100-901 rheometer. 

 

The rheometer is used to measure the way in which some liquid flows in response to 

applied forces. Generally, it is used to measure the evolution of the viscosity of this liquid 

in function of the shear stress applied i.e. its rheology. In this work, the volume of the 

sample is limited, especially due to the cost of the RTILs. Then the use of a viscometer 

that requires at least 10-20 mL per sample is not viable.  

 

With the rheometer, a quantity of around 1 mL of sample is placed on the metallic disk 

until the whole surface area is covered. Then, shear rates are varied between 0.1 s-1 and 

10 s-1 in air, at room temperature. No shear thinning behavior due to the variation of the 

shear rate is observed. Hence, the viscosities are determined from the plateau value at 

high shear rates (Figure 18), 76.1 cP in the case of PYR14 TFSI. 
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Figure 18: Evolution of the viscosity of PYR14 TFSI sample in function of the shear rate applied. 

2.3.3. Thermal stability 

Thermogravimetric analysis (TGA) is done with a TA Instruments Q500 apparatus 

(Figure 19). The TGA consists in measuring the variation of a sample mass over time as 

the temperature changes. This technique enables to give information about physical 

phenomena such as phase transitions, degradation temperature and oxidation kinetics of 

the material studied. 
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Figure 19: Photo of TGA TA Instruments Q500 apparatus. 

 

Using a Pasteur pipette, a drop of around 5-10 mg is placed in a platinum pan, which is 

then hanged on the hook above the furnace. When the furnace is closed, a ramp of 10 ºC 

min-1 is applied until 800 ºC in O2 and then in N2 atmosphere. In the case of the BMI 

TFSI, the loss of 100% of the mass at 405°C, highlighted by the peak of the derivative 

(Figure 20) indicates that it degrades at this temperature. 

 

 
Figure 20: TGA spectra of BMI TFSI measured under nitrogen atmosphere. 
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Differential scanning calorimetry (DSC) results are obtained using a TA Instruments Q20 

apparatus (Figure 21). The DSC is a technique of thermal analysis that consists in 

measuring the differences of heat exchanges between a sample and a reference (generally 

the air). It enables to determine the phase transitions of a sample i.e. glass transition, 

melting point and crystallization temperature. 

 

 
Figure 21: Photo of DSC TA Instruments Q20 apparatus. 

 

Samples weighting 5-14 mg are hermetically sealed in Al pans and cooled to -90˚C 

followed by heating to 200˚C applying a scan rate of 10 ˚C min-1. Finally, the samples are 

cooled back to -90˚C at the same scan rate. As shown in the case of the DMSO/LiClO4 

mixture (Figure 22), the positive peak indicates exothermic reaction, here the 

crystallization, and the negative peak an endothermic reaction like the melting point. 
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Figure 22: DSC profiles of DMSO/LiClO4 mixture. 

2.3.4. Raman spectroscopy  

The Raman spectroscopy is a characterization technique used to observe vibrational, 

rotational and other low-frequency modes in a system to identify molecules and study 

chemical bonding. The technique consists in illuminating the sample with a laser beam 

and analyzing the light diffused. When the light passes through the sample, the frequency 

is slightly modified, which corresponds to an exchange of energy and is called the Raman 

effect. This technique is complementary to the Infrared spectroscopy that enables to study 

the vibrational modes of a molecule too but with a different selection rules. For instance 

the carbon dioxide, a linear symmetrical molecule, shows only one vibrational band at 

1388 cm-1 with the Raman spectroscopy, corresponding to symmetrical elongation of two 

bonds [164]. On the other hand, two vibrational bands are observed with Infrared 

spectroscopy at 2349 and 667 cm-1, which corresponds to the antisymmetric elongation 

and bond angle deformation respectively. 

 

The Raman spectra are recorded using a Bruker RFS/100 FT-Raman spectrometer with a 

Nd-YAG laser (wavelength of 1064 nm). The collected spectra are the average of 512 

scans at an optical resolution of 2 cm-1. The samples are sealed in glass ampoules under 

argon and measured at room temperature. For a detailed analysis of the region 730-770 
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cm-1, the RTILs spectra are fit with the multipeak fitting package in IGOR PRO 6.37 

using a Voigt function with a fixed Lorentzian/Gaussian ratio, following the procedure of 

Lassègues et al. [165]. The lithium coordination number CN is calculated for each RTIL 

electrolyte from the deconvoluted spectra, dividing the area Acoordinating of the band 

corresponding to Li+-coordinated anions with the total band area (including also the 

contributions from “free” anion Anon-coord) and the molar fraction of Li salt x (Equation 9).  

 

𝐶𝑁 =  
𝐴𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑖𝑛𝑔

(𝐴𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑖𝑛𝑔 +  𝐴𝑛𝑜𝑛−𝑐𝑜𝑜𝑟𝑑)𝑥
 Equation 9 

 

For instance, with the PYR13 TFSI with Li TFSI salt at a molar fraction of 0.2, the peak 

at 742 cm-1 is deconvoluted in two peaks, one at 742.1 cm-1 with an area of Anon-coord = 

9.59 and another one at Acoordinating = 748.4 cm-1 with an area of 4.41 (Figure 23). Then 

the lithium coordination number is 1.57. 

 

 
Figure 23: Raman spectra of a solution containing LiTFSI (molar fraction 0.2) and PYR13 TFSI in the 

range between 760 and 730 cm-1. 

2.3.5. Scanning Electron Microscopy 

The SEM consists in producing a magnified image of a sample from the interactions of 

an electron beam with atoms at various depths within the sample. The use of an electron 

beam enables to produce very high-resolution images of the sample surface, revealing 

details less than 1 nm in size. Indeed, the wavelength of the electrons in a SEM is in the 
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range of 10-15 pm and according to the Abbe diffraction limit (Equation 10), the smaller 

is the beam wavelength λ, the smaller is the spot size SS. 

 

𝑆𝑆 =
𝜆

2𝑛 sin 𝜃
 Equation 10 

 

The portion of the denominator n sin θ, where n is the refractive index and θ is the half-

angle of the spot, is called the numerical aperture (NA). As a comparison, an optical 

microscope uses a beam of light i.e. with a wavelength of 400-700 nm, obtaining a SS 

around 250 nm. In the SEM, the electron beam is emitted from an electron gun fitted with 

a heated filament (generally made of tungsten) and focused by one or two condenser 

lenses to a spot from 0.4 to 5 nm in diameter. The beam passes through deflector plates 

in the electron column which deflect the beam in the x and y axes so that it scans over a 

rectangular area of the sample surface. The interaction of the primary electrons with the 

sample results in the reflection of high-energy electrons by elastic scattering, emission of 

secondary electrons by inelastic scattering and the emission of electromagnetic radiation 

(Figure 24). Each emission/reflection is detected by specialized detectors. The secondary 

electron detector collects the low energy (< 50 eV) secondary electrons that are ejected 

from the sample, giving a qualitative information of the sample morphology. The 

backscattered electron detector detects the electrons coming from the elastic collisions 

with the atoms nuclei of the sample. As they present the same energy as the primary 

electrons and then higher energy than secondary electrons, they enter deeper in the sample 

and give more information in the chemical nature of the sample. 

 

 
Figure 24: Schematic representation of electron beams involved in a SEM. 
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Only a part of the incident electrons are back-scattered or resulting to secondary electron 

emission. The sample needs then to be electrically conductive and electrically grounded 

to prevent the accumulation of electrons, leading to image artifacts. The non-conductive 

samples are generally coated with a thin layer of gold deposited by sputtering. Once the 

sample is ready and placed under vacuum in the equipment, different parameters are 

adjusted in order to optimize the resolution of the image in function of the nature and the 

morphology of the sample. The voltage, that controls the acceleration of the electrons, is 

increased until good enough resolution is obtained without penetrating too much in the 

sample. The working distance (WD) is adjusted in function of the morphology of the 

sample. If the sample is flat, the adapted WD is the distance between the sample and the 

detector. For a sample with high relief, a higher working distance is needed in order to 

“see” the sample from a farther point of view, then with a better resolution. The type of 

detector, either secondary electron or backs-scattered electron detector, is selected in 

function of the nature of the sample and what information needs to be highlighted. The 

secondary electron detector is used if high resolution of the relief is needed. The back-

scattered electron detector enables to see better the differences of density in the material 

(e.g. metallic coating). The SS can be adjusted too. It corresponds to the aperture of the 

lens enabling to control the percentage of electron beam reaching the sample. Increasing 

the SS leads to less signal noise but diminishes the resolution. 

 

In this work, the morphology of the cathodes is examined using a scanning electron 

microscope (SEM, JEOL JSM-6010LV) at accelerating voltage of 15 kV and WD of 12 

mm. Indeed the sample is flat enough to work with a WD equivalent to the sample-

detector distance. The secondary electron detector is used as the materials observed are 

homogenously distributed. Besides, the carbon is conductive enough to use the sample as 

it is, without preparing it before. 

2.4. Electrochemical techniques 

All the electrochemical characterizations were carried out using a multichannel VMP3 

potentiostat/galvanostat from Biologic. This equipment enables to measure in a 20 V 

range adjustable from [-20 V; 0 V] to [0 V; +20 V] with a current ranging from 10 μA up 

to 400 mA and a current resolution of 760 pA. The data acquisition time is 20 μs, using a 

control software named EC-Lab®. This software enables to setup the different 
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techniques, adjusting the conditions parameters, display and analyze the results obtained. 

The techniques used are detailed in the following paragraphs. 

2.4.1. Voltammetry 

The voltammetry is an electrochemical technique that enables to identify the chemical 

reactions occurring in an electrolyte at different potentials. The current is measured as the 

potential is varied at a defined scan rate. 

 

In the present work, the electrochemical stability window of different electrolytes is 

determined by linear sweep voltammetry between 2 electrodes, carried out in glovebox 

(oxygen and moisture content below 1 ppm). The working electrode is a 3 mm-diameter 

platinum disk, which is manually polished before the measure to remove possible 

contaminants and ensure the control of the electrode dimensions. Two suspensions of 

alumina are used on a soft pad, first a 1 µm-size and then 0.05 µm-size particles. The 

counter and reference electrode is a band of lithium metal. In the electrolyte is added 

potassium ferricyanide (K3[Fe(CN)6]) at a concentration of 5 mM. This salt is typically 

used in electrochemistry as redox probe as it presents fast and reversible redox reactions 

(Equation 11).  

 

[Fe(CN)6]3- + e-  [Fe(CN)6]4- (E˚ = 0.358 V vs. SHE) Equation 11 

 

Applying a ramp of potential in function of the time (Figure 25), the potential and the 

current of the corresponding peak enable to check there is no potential shift and that the 

surface area of the working electrode remains the same from a measure to another. 

 
Figure 25: A) Representation of the scan rate applied and B) the resulting voltammogram of potassium 

ferricyanide. 
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The potential between both working and counter electrodes is swept at a scanning rate of 

1 mV s-1 from the open circuit voltage toward positive and negative potentials to evaluate 

the anodic and cathodic limit respectively. 

2.4.2. Galvanostatic 

Li-O2 batteries are assembled inside an Ar-filled glove box using ECC-air cell (EL-Cell 

- Figure 26). This cell was conceived for electrochemical characterization of gas diffusion 

electrodes in aprotic electrolytes. The upper diffusion electrode, i.e. the cathode, is 

contacted by a perforated stainless steel plate on top. The gas is circulated continuously 

inside the cell above the plate via two ports in the cell lid. 

 

 
Figure 26: Photo of an ECC-Air cell and split view of the different components. 

 

The cathode used is prepared as explained before. A circular lithium chip (Ref: EQ-Lib-

LiC25, MTI Corp.) is used as the anode. The separator is a glass fiber membrane 
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(Whatman GF/A) soaked for 15 min with the tested electrolyte. The thickness of 260 μm 

is ensuring that the electrolyte is in excess with around 100 μL. Prior applying any current, 

the cell is maintained under O2 flow (8 mL min-1) up to stabilize the open circuit voltage 

after 10 hours. The gas entered through the inlet nut, goes down following the external 

part of the siphon until the perforated stainless steel plate, then leaves the cell through the 

siphon and the outlet nut (Figure 27). This system enables a constant flow above the 

cathode through which the oxygen can diffuse. 

 

 
Figure 27: Schematic view of the gas flow inside the ECC-Air cell. 

 

For the full initial discharge measurement, galvanostatic tests are performed with a 

current of 100 μA cm-2 applied until 2.15 V vs. Li+/Li with an oxygen flow rate of 8 mL 

min-1. For the cycling test, discharge and recharge curves are recorded at a constant 

specific current applied between 2.15 V and 4.35 V and limiting in time then limited in 

capacity, specified for each experiment. 

2.4.3. Li/Li stripping/plating 

Lithium/lithium stripping/plating tests are carried out in CR2032 coin cells (Figure 28) 

using lithium chip (Ref: EQ-Lib-LiC25, MTI Corp.) as anode and cathode and a glass 

fiber membrane (Whatman GF/A) as separator. A quantity of 150 µL of the electrolyte 
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studied is used. Then, a spring and a spacer are placed in the coin cell before sealing it 

with a press, so that good electrical contacts are assured. A galvanostatic cycling test is 

then performed with an applied current of 10 mA cm-2 with limited charge/discharge time 

of one hour and a cut-off voltage limit of +/- 1 V vs. Li+/Li. This typical test in battery 

study enables to evaluate the chemical compatibility of an electrolyte with the anode 

material and its electrochemical compatibility i.e. its ability to host the reduction and 

oxidation reactions of the species. 

 

 
Figure 28: Photo of a CR2032 coin cell and its components for the Li stripping/plating test. 

2.5. Synchrotron experiment setup 

2.5.1. Cell preparation 

Li-O2 batteries are assembled in an Ar-filled glovebox by sandwiching a 200 μm-thick 

carbon-coated Gas Diffusion Layer cathode (GDL Sigracet 24BA from SGL Group), a 

260 μm-thick glass fiber separator (Whatman GF/A) soaked with the studied electrolyte 

and a 250 μm-thick Li foil (MTI Corp.) in a polyimide tube (diameter: 3 mm) as shown 

in Figure 29-A and Figure 29-B. The electrolyte is in excess in the cell as the quantity 

brought with the soaked separator is more than enough for the battery to work. Then the 
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parasitic degradation reactions will not affect the electrochemical measurements. The 

cathode current collector is a stainless steel tube filled with pure O2 and a stainless steel 

rod was used at the anode side. Both rod and tube fit exactly in the polyimide tube, 

although a Teflon tape was used to wrap the junctions for a better impermeability. 

 

 
Figure 29: A) Photo (x24) of the anode/separator/cathode stack between the stainless steel tube and rod 

in the polyimide tube. B) Schematic representation of the cell. 

2.5.2. Electrochemical setup 

The chemical aging has been carried out as well as electrochemical studies with the 

following setup. The discharge/recharge cycling of the cell is controlled by a VSP 

potentiostat (Bio-Logic) under a current density of 20 mA g-1 between 2.15 and 4.35 V 

vs. Li+/Li as cut-off voltage for discharge and recharge respectively, with 

discharge/recharge cycle duration of 5h each. Four different battery configurations 

(DMSO, DET, DPT and DBT) are tested, changing only the electrolyte (Table 6). 

 
Table 6: List of electrolytes tested and their composition.  

Sample name Electrolyte composition 

DMSO DMSO : LiClO4 (95:5 mol%) 
DET DMSO:EMIM TFSI:LiClO4 (87:8:5 mol%) 
DPT DMSO:PMIM TFSI:LiClO4 (87:8:5 mol%) 
DBT DMSO:BMIM TFSI:LiClO4 (87:8:5 mol%) 
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2.5.3. X-ray diffraction (XRD) 

While recording the battery voltage, diffraction scans were continuously registered every 

minute. Operando microdiffraction measurements are performed at the synchrotron 

MSPD beamline [166], using transmission geometry with the beam going through the 

battery cell from its side. A set of several XRD data points at different cathode layer 

depths is collected by moving the battery for every selected state-of-charge. As the 

cathode-electrolyte-anode stack has a thickness of 760 μm, the number of scans per set is 

8 data points taken along the cell’s stack from the anode to the cathode. To achieve such 

data points, the measurements are performed on the HP/MD station of the BL04_MSPD 

beamline able to deliver a 15 x 15 μm FWHM beam size matching the size of the probed 

sample. The operating energy selected is 23.22 keV (Rh K-edge, the choice of a specific 

absorption edge is for calibration purpose). The corresponding wavelength is long enough 

to minimize Bragg peak overlap and has the interesting peaks in optimum detector range 

(2θ angle between 6 and 14 degrees). Data are collected using the 2D Rayonix CCD 

detector positioned within a distance range of 200-300 mm. A suitable support is built to 

mount in horizontal position the electrochemical cell on the HP/MD stages in compliance 

with the beamline staff (Figure 30).  

 

 
Figure 30: Picture of the cell support placed in the beam line. 
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The interaction of an incident X-ray beam with the structure of a crystal causes its 

diffraction into many specific directions. The measure of the diffracted beam angles and 

intensities enables to identify the lattice planes of the crystal thanks to the Bragg’s law 

(Equation 12): 

2𝑑 sin 𝜃 = 𝑛𝜆 Equation 12 

 

Here, d is the spacing between diffracting planes, θ is the incident angle, n is the order of 

diffraction and λ is the wavelength of the beam. 

 

The atomic planes are defined by the Miller indices (hkl) (Figure 31). Each plan on which 

the X-ray beam is scattered is characterized by a peak on the XRD pattern. This pattern 

represents the intensity of these peaks in function of the angle and is characteristic of a 

crystalline structure that can be compared to the Joint Committee on Powder Diffraction 

Standards of the International Centre for Diffraction Data (JCPDS-ICDD) to identify the 

crystal. 

 

 
Figure 31: X-ray diffraction phenomenon on atomic planes indexed with the Miller indices (hkl). 

 

Synchrotron radiations are more powerful X-ray beams, generated by synchrotrons that 

accelerate electrically charged particles, often electrons, to nearly the speed of light and 

confine them in a circular loop using magnetic fields. Thus, X-rays with energy from 20 

to 80 keV can be generated, which enables the analysis of samples through a solvent like 

an electrode in an electrolyte. Indeed, common XRD typically uses Cu-Kα source 

generating beam with an energy of 8 keV. As the X-rays intensity is diminished through 

scattering by the solvent molecules, a more powerful beam is needed to perform such in 

situ analysis. 
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The objective of this thesis is to design an electrolyte composed of ionic liquids to 

enhance the performance of Li-O2 batteries. In a first time, electrolytes composed only of 

RTIL and a Li salt are characterized to evaluate their physicochemical properties and 

tested in Li-O2 batteries cell. As a comparison, two typical electrolytes of Li-ion and Li-

O2 battery respectively, are also characterized. This study enables to identify the key 

parameters to select the adequate electrolyte. 

 

In a second time, RTILs are evaluated as co-solvent, i.e. in blended RTIL/organic solvent 

electrolytes. Indeed, RTILs are generally too viscous compared to organic solvents, which 

makes them unsuitable for the battery. That is why a study of electrolytes containing 

different amount of RTIL is carried out. 

 

Finally, in order to understand better the behavior of the battery and especially the 

influence of RTILs in the electrolyte, a characterization of the product formed during 

cycling is needed. That is why an in situ XRD is performed at different positions between 

the anode and the cathode of the battery, at different states-of-charge. The results enable 

to identify the chemical reactions occurring in the battery and then to refine the selection 

of the electrolyte components. 
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3.1. RTILs versus organic solvents as Li-O2 battery electrolytes 

The results were published in New Journal of Chemistry with an article entitled “Room 

Temperature Ionic Liquids versus organic solvents as lithium-oxygen battery 

electrolytes” [160]. 

 

The first part of the work consists in evaluating the physical and chemical properties of 7 

RTIL-based electrolytes and 2 organic solvent-based electrolytes. The lithium salt used 

is LiTFSI as it is the common salt used in Li-O2 battery, known for its stability and 

hydrophobicity [159]. Only the carbonate electrolyte (EC:DEC) contains LiPF6, in order 

to have a typical Li-ion battery electrolyte for comparison. The characterization of these 

electrolytes enables to determine their thermal stability, ionic conductivity, viscosity, 

lithium cation solvation and electrochemical stability window. 

 

The TGA of the different electrolytes (Figure 32) shows that organic electrolytes 

evaporate at relatively low temperature, 150 ˚C in the case of the TEGDME-LiTFSI. On 

the other hand, RTILs electrolytes show higher thermal stability between 350 and 450 ˚C. 

This result represents a real advantage of these electrolytes for the safety of the battery. 

 

 
Figure 32: TGA spectra of ionic liquids and organic electrolytes measured under nitrogen atmosphere. 
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The ionic conductivity of the electrolytes is also studied (Figure 33), showing that the 

conductivity of the RTIL electrolytes is in the same range that the one of the organic 

electrolytes, i.e. between 1 and 8 mS cm-1. A particularity observed for the RTILs is that 

the ionic conductivity increases with the temperature, whereas ionic conductivity of 

organic solvent is stable from room temperature to higher temperature. 

 

 
Figure 33: Ionic conductivity versus temperature for different families of electrolytes: in blue the RTILs 

and in red the organic solvents. 

 

The Li coordination number of the RTIL electrolytes, which quantify the lithium cation 

solvation, was also measured by Raman spectroscopy. This value indicates how strong 

the interaction between the anion and the cation of a RTIL is and gives some information 

on the lithium cation mobility. In TFSI-based RTILs the coordination of the anion [TFSI]- 

can be evaluated considering the peak at a wavenumber of ≈ 742 cm-1. Such a peak is 

associated to the anion expansion and contraction. In the presence of Li+ cations, the 

TFSI- anions coordinating with Li+ generate an additional signal, which is shifted to 

higher wavenumbers in the Raman spectra (Figure 34). As shown, the areas Acoordinating of 

this peak and Anon-coord of the non-coordinating TFSI- peak are strongly dependent on the 

cation-anion interaction occurring in the RTIL. The comparison of both areas is used to 

determine the lithium coordination number of the electrolyte (Table 7). The stronger is 

the anion-cation interaction occurring in the RTIL, the lower is the lithium coordination 

number.  Thus, the Li coordination number increases in the following order PMI TFSI-
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LiTFSI < PYR13 TFSI-LiTFSI < BMI TFSI-LiTFSI < EMI TFSI-LiTFSI < PYR14 

TFSI-LiTFSI < DMPI TFSI-LiTFSI < PP13 TFSI-LiTFSI. The number of protons, the 

ring size of the cation and the length of the alkyl chain may influence these ion 

interactions.  

 

 
Figure 34: Raman spectra of solutions containing LiTFSI (molar fraction 0.2) and RTILs in the range 

between 760 and 730 cm-1. The red lines represent the measured data, the circles represent the fitted curve 

and the grey lines represent the two individual fitted peaks for coordinated and non-coordinated [TFSI]- 

anions. 

 

Additionally to these parameters, the water content, the viscosity and the potential 

window of these electrolytes are measured and presented in the Table 7. 
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Table 7: Composition, degradation temperature, H2O content, ionic conductivity, potential window and 

Li coordination number of the studied electrolytes. 

Solvent / RTIL Salt 
(x = 0.2) 

Degradation 
temperature (ºC) 

H2O content 
(ppm) 

Ionic 
conductivity 

at 25˚C 
(mS cm-1) 

Viscosity 
at 25˚C 

(cP) 

Potential 
window 
(V vs. 
Li+/Li) 

Lithium 
coordination 

number Under N2 Under O2 Before 
drying 

After 
drying 

TEGDME Li TFSI 118 115 851 156 1.79 14.2 [0.1 ; 4.9] - 

PMI TFSI Li TFSI 411 406 1062 33.1 2.3 102 [1.1 ; 5.4] 1.53 

EMI TFSI Li TFSI 407 369 3800 46 3.22 85.2 [1.3 ; 5.4] 1.76 
EC:DEC 
(2:1vol) Li PF6 88 75 22 - 8.87 5.1 [0.0 ; 5.7] - 

BMI TFSI Li TFSI 405 362 110 43 1.42 102 [1.3 ; 6.2] 1.76 

DMPI TFSI Li TFSI 480 448 249 204 0.54 140 [1.1 ; 6.0] 1.97 
PYR14 TFSI Li TFSI 421 380 92 54 0.39 165 [0.2 ; 6.8] 1.88 
PP13 TFSI Li TFSI 406 413 2108 126 0.4 463 [0.1 ; 6.9] 2.08 

PYR13 TFSI Li TFSI 414 407 2031 78 0.8 206 [0.3 ; 6.6] 1.57 

 

In parallel, the electrolytes are tested in Li-O2 battery cells to measure the full discharge 

capacity (Figure 35) and the cyclability (Figure 36). PP13 TFSI-LiTFSI, PYR13 TFSI-

LiTFSI, PYR14 TFSI TFSI-LiTFSI and DMPI TFSI-LiTFSI show specific capacity 

lower than 200 mAh g-1, which may be due to their high viscosity and low ionic 

conductivity. The five other electrolytes tested have higher capacity from 559 mAh g-1 

for the BMI TFSI-LiTFSI to 4268 mAh g-1 for the TEGDME-LiTFSI. However, both 

viscosity and the ionic conductivity are not enough to explain the results obtained. Indeed, 

it seems that for electrolytes with viscosity in the same range, a lower coordination 

number will enable a better transport of the species. 
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Figure 35: Initial discharge curve of Li-O2 cells assembled with the different electrolytes studied, at a 

current of 100 μA cm-2. 

 

 
Figure 36: Galvanostatic cycling test of Li-O2 cells at a constant current of 75 μA cm-2. 

 

Concerning the cyclability, which is measured for the five electrolytes with the highest 

capacity, the best result is obtained for the TEGDME-LiTFSI with 40 cycles. The 

EC/DEC-LiPF6 do not show any reversibility as the carbonate solvent are not stable in 

presence of the superoxide radical. For the RTIL electrolytes, only 1, 15 and 16 cycles 
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are observed for BMI TFSI-LiTFSI, PMI TFSI-LiTFSI and EMI TFSI-LiTFSI 

respectively. This may be due to the degradation of the imidazolium cation, characterized 

by a reduction peak at 1.1-1.3 V vs. Li+/Li (Figure 37), i.e. before the reduction of the 

lithium. 

 

 
Figure 37: Linear sweep voltammograms of ionic liquids and organic electrolytes measured under argon 

atmosphere at 25˚C. 

 

Based on data tables, it is suggested that viscosity and Li coordination number are the 

most relevant parameters (Figure 38) to select an adequate electrolyte and obtain higher 

capacity. 
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Figure 38: Representation of the specific capacity in function of the viscosity and lithium coordination 

number of the RTIL electrolyte. 

 

The characterization of different RTIL and organic electrolytes enables to show some 

advantages of the RTILs such as their thermal stability. However, an adequate 

reversibility of the Li-O2 battery reaction is not attainable probably due to their high 

viscosity that affects the ion diffusion and the kinetics of the battery reaction [34]. 

Moreover, poor battery capacity [95] and a cyclability lower than 30 cycles is generally 

obtained [142,145]. The compromise is then to mix RTIL and organic solvent in order to 

take advantage of both species and design of blended electrolyte that show enhanced 

performance. As explained previously, DMSO gives relatively stable electrochemical 

performance in Li-O2 system and is then selected as organic solvent. Concerning the 

RTIL, PMI TFSI shows the highest specific capacity and cyclability but EMI TFSI, which 

exhibits almost equivalent performance, is cheaper and more available. That is why the 

RTIL chosen to be tested as co-solvent is EMI TFSI. 
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3.2. Suitability of blended RTIL-DMSO electrolyte for Li-O2 

battery 

In this second part of the work, we study the influence of the 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI TFSI) as co-solvent of Li-O2 

battery electrolyte in the final aim of designing an adequate solution for this technology. 

Thermal properties, stability with lithium metal and electrochemical performance are 

evaluated for DMSO-based electrolyte containing different amount of EMI TFSI, a RTIL 

known for its thermal resistance, high conductivity and electrochemical stability [167]. 

Hence, four mixed electrolytes ET-0, ET-30, ET-50 and ET-100 are prepared by adding 

5w% of LiClO4 to the mixed solution of DMSO and EMI TFSI, the weight ratio of EMI 

TFSI/DMSO being 0/100, 30/70, 50/50 and 100/0 respectively. The results are 

summarized in the Table 8. 

 
Table 8: Ionic conductivity, viscosity, degradation temperature, capacity, overpotential and cycling life of 

the four studied electrolytes. 
 ET-0 ET-30 ET-50 ET-100 

Ionic conductivity (mS cm-1) 7.88 13.1 10.1 0.49 
Viscosity (cP) 6.5 6.3 12 81 
Degradation temperature (˚C) 105 182 >200 >200 
Capacity full discharge (mAh g-1) 5651 7618 4631 3060 
Overpotential 1st cycle (V) 1.43 1.06 0.90 1.16 
Cycling life (cycles) 98 69 18 7 

 

The effect of the use of ionic liquids on the thermal stability of the above-mentioned 

electrolytes are analyzed by performing DSC tests. Before the heating ramp, the samples 

are cooled and equilibrated at -90˚C to allow their crystallization. In the case of ET-0 and 

ET-30, the DSC profiles (Figure 39) show endothermic peaks at 13 and 2˚C respectively, 

corresponding to the melting point. The ET-0 shows another endothermic peak at -7˚C 

that may correspond to a solid-solid phase transition. For the samples with more EMI 

TFSI content, i.e. ET-50 and ET-100, no crystalline phase is detected, showing that for 

the procedure used, the electrolytes remained amorphous. Moreover, thermal stability is 

improved with the addition of EMI TFSI.  Without RTIL, an endothermic peak occurred 

at 105˚C but when 30% of EMITFSI is added, the endothermic peak is postponed to 

182˚C. For ET-50 and ET-100, no endothermic peak is observed, showing that the 

degradation of the electrolyte occurs at higher temperature. The safety of the battery can 
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be then improved with the addition of an RTIL, as it can enhance the thermal stability of 

the electrolyte.  

 

 
Figure 39: DSC profiles of the ET-0, ET-30, ET-50 and ET-100 electrolytes. 

 

Ionic conductivity and viscosity of the blended electrolytes are measured and represented 

in function of the DMSO/EMI TFSI ratio (Figure 40). The ionic conductivity initially 

increases with increasing EMI TFSI content, reaching a maximum of 13.1 mS cm-1 at 

30% by weight. Because EMI TFSI itself is a salt, the number of ions in the electrolyte 

increases with increasing EMI TFSI content and then the ionic conductivity too. 

However, adding EMI TFSI increases also the viscosity of the electrolyte from 6.5 cP for 

ET-0 to 81.4 for ET-100, due to the increased ion-solvent interactions and Coulombic 

interactions between ionic species [149]. Thus, the decrease of the ionic conductivity 

from 50% of EMI TFSI content can be attributed to the increase of the viscosity. It is 

shown then that the addition of a small amount of RTIL in the electrolyte can increase its 

ionic conductivity, which may be beneficial for the battery. 
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Figure 40: Ionic conductivity and viscosity of blended electrolytes as function of EMI TFSI content in 

the EMI TFSI/DMSO solution. All the solutions have LiClO4 content of 5w%. 

 

To verify the compatibility of these new electrolytes with the lithium anode, Li/Li 

stripping/plating test is realized within the different electrolyte at 10 mA cm-2 and 25 ˚C. 

The cell is charged at constant current for 1 hour at 10 mA cm-2 and subsequently 

discharge for 1 hour at -10 mA cm-2. A typical voltage profile is shown in the Figure 41-

A. Since the cell is symmetric, it is not affected by parasitic chemical or electrochemical 

reactions and the cycles are symmetrical. The evolution of the overpotential of the Li/Li 

cell is shown for each electrolyte (Figure 41-B). With the ET-0 as electrolyte, the cell 

voltage is seen to be very low, around 9 mV vs. Li+/Li and stays constant upon cycling 

for at least 200 cycles. This low voltage amplitude indicates that no passivation layer is 

formed. Concerning both blended electrolytes (ET-30 and ET-50), the cell voltage varies 

between 0.2 and 0.5 V vs. Li+/Li, which is due to the formation of a solid electrolyte 

interphase (SEI) layer. A cell voltage around 0.1 V vs. Li+/Li for ET-100 is observed, 

showing that the lithium surface is passivated in the presence of the EMI TFSI, probably 

due to molecule adsorption at the surface within lower voltage amplitude with respect to 

blended electrolytes. In all cases, the electrolyte enables the stripping/plating of the 

lithium. 
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Figure 41: A) Typical voltage behavior of Li-Li cell during galvanostatic lithium stripping/plating cycle 

test (case of ET-0). A current of 10 mA cm-2 was applied for 1 hour in each direction. B) Evolution of the 

cell-voltage cutoff with the number of cycles for the different electrolytes studied. 

 

The full discharge capacities of the Li-O2 cells were measured at a constant specific 

current of 0.1 mA cm-2. The first full discharge curves obtained with the different 

electrolytes are shown in the Figure 42. The cell with ET-30 presents the highest capacity 

with 7618 mAh g-1, whereas the cell with RTIL-free electrolyte (ET-0) has a capacity of 

5651 mAh g-1. This improvement by adding 30% of EMI TFSI can be explained by the 

higher ionic conductivity and a better wettability of the ET-30. However, adding more 

EMI TFSI in the electrolyte increases the viscosity, which leads to lower capacity. An 

optimization of the electrolyte content is then needed to achieve high battery performance. 
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Figure 42: Initial full discharge curves of Li-O2 cells with ET-0, ET-30, ET-50 and ET-100 electrolytes 

at 0.1 mA cm-2. 

 

The four electrolytes are then tested in Li-O2 cells to obtain discharge/recharge cycles at 

a controlled depth of discharge of 600 mAh g-1 and constant current of 200 mA g-1. On 

the first cycle (Figure 43), the oxidation potential decreases with increased content of 

EMI TFSI. Indeed, the higher ionic conductivity of ET-30 and ET-50 compared to ET-0 

enables faster kinetics of the oxidation reactions. The difference between ET-30 and ET-

50, 3.86 and 3.68 V vs. Li+/Li respectively, may be ascribed to a better wettability of the 

ET-50 electrolyte [149]. The higher EMI TFSI content makes the electrolyte more 

hydrophobic, wetting then more effectively the hydrophobic carbon cathode. Concerning 

the ET-100, the discharge plateau has a lower voltage (2.66 V vs. Li+/Li) than for the 

electrolytes containing DMSO (2.80 V vs. Li+/Li). Despite its high viscosity, the ET-100 

show low oxidation potential of only 3.82 V vs. Li+/Li, which may be due its 

hydrophobicity [149]. However, this potential rapidly increases with the cycles (Figure 

44-D). 
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Figure 43: First cycle galvanostatic discharge and recharge of Li-O2 cell with the different electrolytes 

studied, at the applied current of 200 mA g-1 and limited capacity of 600 mAh g-1. 

 

The evolution of the overpotential with the cell cycling is shown in the Figure 44. 

Although it shows the highest overpotential, ET-0 has better cycling stability with 98 

cycles whereas the ET-30 and ET-50 work for 69 and 18 cycles respectively. The 

overpotential of ET-0 is the highest observed at the first cycle and the charge voltage 

increases rapidly to 4.35 V vs. Li+/Li after only 12 cycles. On the other hand, the ET-30 

shows charge voltage below 4.35 V vs. Li+/Li until the 54th cycle. As shown previously, 

the addition of EMI TFSI enables to increase the ionic conductivity of the electrolyte but 

it may also enhance the O2 solubility [168,169]. Thus a better reversibility is observed for 

the electrolytes containing the ionic liquids for the first cycles. Indeed, the charge 

potential increases with the number of cycles until the battery fails, which occurs earlier 

when the electrolyte contains EMI TFSI. This can be ascribed to the degradation products 

formation which was proved in previous work, that it is faster in presence of EMI TFSI 

than in DMSO without RTIL [161]. It was observed indeed that with cycling, LiOH 

concentration increases more rapidly in presence of ionic liquids, due to the high 

reactivity of the C2 proton of imidazolium cations, especially in presence of radical 

peroxide [144,170]. Concerning the DMSO, Sharon et al. [98] observed the formation of 

side products when exposed to superoxide. This would explain the battery cycling being 

limited at 98 cycles when using the ET-0.  
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Figure 44: Cycling performance (blue curves) and corresponding cell-voltage cut-off (red and black 

curves) of Li-O2 cells with A) ET-0, B) ET-30, C) ET-50 and D) ET-100 electrolytes at a constant current 

of 200 mA g-1 and 600 mAh g-1 capacity limit. 

 

In summary, it is important to remark that for blended DMSO/EMI TFSI electrolytes, 

significant improvements are observed concerning the thermal stability with a 

degradation/evaporation occurring at a temperature 80˚ higher and the ionic conductivity 

increasing from 7.88 to 13.1 mS cm-1 by adding 30% in weight of EMI TFSI. The Li-O2 

battery performance is also improved with a 35% higher full discharge capacity and an 

overpotential reduced to 1.06 V versus 1.43 V for the DMSO electrolyte. Reasonable 

cycling performance are also obtained, although the electrolyte without RTIL shows 

higher cycling life (98 cycles), 69 cycles are obtained with the blended electrolyte. The 

use of a RTIL more stable against peroxide radical attack and in presence of lithium may 

enable a longer cycle life. Besides, this study shows that the bulk electrolyte parameters 

(ionic conductivity, viscosity) have more influence on the battery performance than the 

cathode surface parameters (cell overpotential, wettability) and the anode surface 

parameters (Li/Li overpotential). 

 

Furthermore, in the aim of understanding better the previous observation of lower 

overpotential, higher capacity and lower cyclability, in situ synchrotron XRD analysis is 

carried out. This kind of analysis enables to identify the alteration of the reactions medium 

caused by the addition of RTIL in the electrolyte and therefore to identify the products 
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formed. The nature of these products and the process from which they are formed may be 

different in these blended electrolyte compared to DMSO electrolyte. This would explain 

the difference of behavior observed and the influence of RTIL on the Li-O2 battery. 

3.3. In operando XRD of Li-O2 battery using RTIL as electrolyte 

co-solvent 

The results were published in New Journal of Chemistry in the article entitled “In 

operando X-ray diffraction of lithium-oxygen battery using ionic liquid as electrolyte co-

solvent” [161]. 

 

In the third and final part of the work, in situ XRD of the cycling Li-O2 battery cell is 

carried out thanks to synchrotron light. This experiment enables to identify the species 

formed during the cycling of a Li-O2 battery cell. For all the samples analyzed at each 

position between then anode and the cathode and at each state of charge of the battery, 

the only species identified is lithium hydroxide (LiOH) (Figure 45).  

 

 
Figure 45: XRD pattern recorded on the cathode surface of an operating Li–O2 cell after 1 

discharge/recharge cycle at current density of 20 mA g-1. 

 



Chapter 3. Results & Discussion 

 
69 

The lithium peroxide (Li2O2) formed at the cathode during the discharge is not observed 

as the particles may be amorphous and then not visible by XRD. The SEM analysis of the 

cathode (Figure 46) before cycling, after discharge and after recharge enables to evidence 

the presence of Li2O2. 

 

 
Figure 46: SEM images of the cathode in its pristine state (A), after discharge (B) and after the following 

charge (C) in the DET electrolyte. 
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The comparison of the different XRD patterns enables to see that the peaks of LiOH are 

more intense at the anode. This indicates that LiOH is more concentrated at this position 

and that it may be formed at the surface of the lithium. Moreover, as shown in the Figure 

47, the increase of the peak intensity is independent of the state of charge of the battery. 

Then the LiOH formation is due to the reaction of the lithium with the electrolyte and/or 

the water coming for the degradation of the electrolyte.  

 

 
Figure 47: Discharge–recharge voltage profiles for the first cycle of a Li–O2 cell using the DPT 

electrolyte at 20 mA g-1 (up) and XRD patterns collected from an anode position near the separator at 

different cycling times as marked in the up figure (down). 
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The evolution over time of the (101) peak intensity is studied in function of the electrolyte 

used the battery.  The slopes of curves representing relative intensity vs. time are listed 

in Table 9 for each electrolyte tested. 

 
Table 9: List of electrolytes tested, their composition and the slope of peak intensity evolution (in min-1) 

at both the anode and cathode surface in either a cycling (with current) or resting (without current) battery 

cell. 

Sample name Electrolyte composition 
Anode Cathode 

With 
current 

Without 
current 

With 
current 

Without 
current 

DMSO DMSO:LiClO4 (95:5 mol%) 0.0449 0.0482 0.021 0.036 
DET DMSO:EMIM TFSI:LiClO4 (87:8:5 mol) 0.2329 0.2539 0.2450 0.2702 
DPT DMSO:PMIM TFSI:LiClO4 (87:8:5 mol) 0.3334 0.2828 0.2847 0.3135 
DBT DMSO:BMIM TFSI:LiClO4 (87:8:5 mol) 0.3300 0.3550 0.3302 0.3492 

 

When comparing the evolution of the peak intensity for a battery that is cycling and 

another one characterized without any current applied, no difference is observed (Figure 

48). The formation of LiOH is then due to a spontaneous chemical process between the 

lithium and the electrolyte and does not come from the electrochemical reactions of the 

battery. 

 

 
Figure 48: Comparison of the increase of the relative intensity of the (101) peak among the DET sample 

cell, for which a current density of 20 mA g-1 is applied (black), and of another without any current (red). 

The duration time corresponds to one discharge/recharge cycle.  
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The evolution of the peak intensity observed for each electrolyte is then compared. 

Besides the DMSO sample, three RTILs are tested as co-solvent, each cation of the RTILs 

having a different chain length on the imidazolium. The results show an increase of LiOH 

concentration 5 to 8 times higher for the electrolyte that contains a RTIL (Figure 49). This 

result indicates that the RTILs are more reactive with lithium than DMSO. Then, when 

comparing the RTILs, the imidazolium with the shortest alkyl chain seems to be less 

reactive than the others. This can be explained by the reactivity of the C2 proton of the 

imidazolium, whose pKa is 22.1 for the ethyl and 22.0 for the butyl. 

 

 
Figure 49: Relative intensity of the (101) peak at the anode position during the first discharge/recharge 

cycle of the battery using different electrolytes.  

 

This work described a spontaneously reaction of ionic liquid with Li ions forming LiOH. 

Although the results do not show the formation/evolution of the main battery reaction 

products (e.g. Li2O2), it is meaningful in guiding the application of ionic liquid in Li-O2 

batteries. 
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3.4. Remarks and perspectives 

RTILs are potentially suitable for Li-O2 battery electrolyte as reasonable performance of 

capacity and cyclability are obtained. A combination with organic solvent seems to be 

needed since the viscosity must be reduced, but the interesting thermal stability properties 

are still preserved. Moreover, an increase of the ionic conductivity is possible if the 

optimum proportion of RTIL/organic solvent is reached. This can lead to reduced 

overpotential and better rate capability of the battery. Hence, the key challenge is to 

develop a RTIL that is also stable with the other species present in the cell, especially 

lithium and superoxide, and that presents high oxygen solubility and diffusion. 

 

Concerning the other components of the Li-O2 battery, many issues have also to be 

addressed. An optimization of the cathode structure is needed to maintain as long as 

possible the reaction pathways among oxygen, lithium cations and electrons. This 

involves an improvement of both the cathode wettability and the oxygen flow system. 

Besides, the problem of carbon stability has also to be resolved thanks to either a 

protective layer to avoid the reaction with the electrolyte or catalysts to facilitate the 

decomposition of carbonate species. The use of non-carbon materials is also considered 

but it would need more effort on their development to achieve high capacity [171]. For 

the anode, the main objective is to protect the lithium from degradation and reaction with 

electrolyte using either a protective membrane or a passivation film. The suppression of 

dendrite formation is also important for further research. 

 

Furthermore, considering that the main application for Li-O2 battery is electric vehicles, 

then a power comparable to Li-ion technology and an energy density close to ICE are 

required. Taking into account the low efficiency (15 %) of such engine, leading to an 

energy density of 1750 Wh kg-1 [10], the Li-O2 battery used in an electric motors that 

presents 90 % of efficiency seems to be more advantageous. However, many other 

challenges will come when developing a practical cell. Indeed, the concept of the Li-O2 

battery is to work in ambient air, using the oxygen of the atmosphere. This implies the 

use of an oxygen-selective membrane which presents high permeability to oxygen, blocks 

water vapor and CO2 and enables the electrolyte containment within the cell. Adding such 

membrane as well as the other inactive component of the cell (e.g. binder, current 

collectors), the estimation of the energy density drops to around 1000 Wh kg-1 [6]. This 
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value is still higher than current Li-ion energy density (around 250 Wh kg-1) but becomes 

lower than ICE energy density. Moreover, the current cell are cycled using a constant gas 

flow, which means that practical cells will need a system to keep them under constant 

pressure, decreasing again the energy density. Another possibility is to design a cell 

including an oxygen tank [154], so that the oxygen-selective membrane is not needed. 

However, storing onboard oxygen gas at high pressure would implies safety concerns. In 

any case and despite all these issues, target values of 500 Wh kg-1 and 570 Wh L-1 are 

expected to be met at practical pack level [172]. This is substantially higher than the 100 

Wh kg-1 and 150 Wh L-1 available from current Li-ion battery packs. The target of power 

is 400 W kg-1 and 460 W L-1, with an adequate rate of C/2. But other parameters have to 

be taken into account for EV market penetration. The first enabler would be politics that 

influences the fuel cost, taxes, and laws for environment protection. Then the cost of the 

battery that should be below 100 €/kWh. If that value is unreachable for the Li-ion 

technology, it may be possible for Li-O2 as it does not use Co or Ni. The range anxiety, 

related to the energy density and the time of recharge are also determinant parameters. 

The main barriers to consider are first the safety, the pack volume compromise (the 

volume is more limited in an electric car than in a bus), the performance at low 

temperature and the material cost. 

 

More generally, despite 40 years in the making, with a great effort in research of 

development in the 2 last decades, Li-O2 batteries are still in their infancy but interest in 

this promising novel battery technology keep building in the R&D field worldwide. 

Commonly presented as the typical post-Li-ion battery for EV applications, Li-O2 

batteries have also a great potential to open up new markets as well as applications. 

Indeed, the production cost will be rapidly competitive as lithium foil, electrolyte and 

GDL supply chain are well identified. Even RTIL are already produced at tone scale for 

other applications than batteries. However, this will come at a later stage, when the 

chemical limiting issues will be resolved. 
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The work accomplished in the current PhD thesis has led to the following conclusions: 

 

 The comparison of the physicochemical properties of RTILs with their performance 

in Li-O2 battery enables to establish a correlation between the viscosity, the lithium 

cation solvation and the capacity of the battery. In particular, Li-O2 battery cell using 

PMI TFSI and Li TFSI as electrolyte shows the best specific capacity obtained among 

the RTILs tested with 1856 mAh g-1 at 0.1 mA cm-2. 

 

 Electrolytes composed of only a RTIL and a Li salt are not suitable for Li-O2 batteries. 

Indeed their relatively high viscosity affects the kinetics of the battery reactions, 

resulting to low cyclability, less than 20 cycles with the RTILs tested. 

 

 A blended RTIL/organic solvent is formulated to improve the Li-O2 battery 

performance. Thus, the DMSO:EMI TFSI (70:30) electrolyte shows a specific 

capacity of 7618 mAh g-1 at 100% DOD and at 0.1 mA cm-2. Concerning the 

cyclability, 69 cycles are obtained at 200 mA g-1 with limited capacity of 600 mAh g-1. 

Higher cyclability is obtained with the DMSO electrolyte with 98 cycles. 

 

 The study of the different properties characterized enables to observe that bulk 

electrolyte parameters (ionic conductivity, viscosity) have more influence on the 

battery performance than the cathode surface parameters (cell overpotential, 

wettability) and the anode surface parameters (Li/Li overpotential) 

 

 LiOH is identified as one of the main species formed during battery cycling with this 

electrolyte. Indeed, the EMI TFSI reacts continuously with the lithium, independently 

of the state-of-charge of the battery. This observation explains mainly the limited 

cyclability measured and confirms the low stability of imidazolium-based RTILs with 

lithium.  

 

Concerning the STABLE project, the DMSO:EMI TFSI (70:30) + 5% LiClO4  electrolyte 

shows the highest performances compared to the other electrolytes developed during the 

three years of the project (Figure 50).  
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Figure 50: Li-O2 cell performances with the electrolytes developed at the end of each year of the 

STABLE project (maximum for each axis: capacity: 7618 mA g-1; life span: 69 cycles; overpotential: 

1.06 V; energy: 21330 Wh kg-1; power: 183 W kg-1). 
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