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RESUMO 

 

Na última década, o interesse pela substituição de combustíveis fósseis por alternativas de energia 

limpa aumentou substancialmente devido à considerável diminuição das reservas de petróleo, 

oscilação de preços e adoção de políticas públicas de incentivo às tecnologias limpas. No setor de 

transportes, a introdução da eletroquímica é bastante atrativa, principalmente o uso de baterias metal-

ar que possuem uma grande capacidade energética. Nesse aspecto, a bateria Li-O2 é uma das 

tecnologias mais promissoras, devido à sua impressionante densidade energética próxima à da 

gasolina. No entanto, esta bateria ainda não está disponível comercialmente, e a fabricação de um 

sistema com alta eficiência, ciclabilidade, estabilidade térmica e química, com todos os componentes 

compatíveis entre si é um grande desafio. A elaboração de um eletrólito ideal seria capaz de atender 

muitas dessas questões, se destacando o uso de aditivos em eletrólitos apróticos, os quais conseguem 

melhorar a estabilidade do sistema. Recentemente, o uso de eletrólitos à base de líquidos iônicos (LIs) 

tem se destacado por suas características únicas como ampla janela eletroquímica, baixa volatilidade e 

capacidade de dissolver muitos compostos orgânicos e inorgânicos. No entanto, os altos 

sobrepotenciais necessários para o funcionamento da bateria podem danificar o eletrólito e seus 

eletrodos, limitando sua ciclabilidade e reduzindo sua eficiência. Para evitar esses problemas, os 

mediadores redox (MRs) estão sendo bastante utilizados como catalisadores solúveis, dissolvendo-se 

uniformemente no eletrólito e reduzindo os sobrepotenciais de carga. Mesmo assim, o uso de LIs e 

MRs ainda está em seu estágio inicial, e a combinação de ambos é encontrada em poucos trabalhos, 

necessitando de maiores investigações. Portanto, visando atender parte dessas limitações, este projeto 

focou no desenvolvendo de baterias de Li-O2 compostas de um cristal líquido iônico [C16mim][Br] 

como aditivo para eletrólitos de DMSO/LiClO4. O cátion [C16mim]+ possui longa cadeia alquila, 

conferindo propriedades de cristal líquido ao material, enquanto o [Br]– é um contra-íon utilizado 

como mediador redox. As propriedades eletroquímicas, estruturais e de transporte do eletrólito foram 

investigadas, sendo observado que o uso do aditivo melhorou a estabilidade eletroquímica do sistema, 

bem como aumentou sua condutividade iônica até concentrações de 1.456 M [C16mim][Br], acima 

disso, as altas viscosidades atrapalharam a condutividade. Foi observado que o aditivo é capaz de 

formar agregados quando dissolvido em DMSO, os quais se reorganizam em nanoestruturas bem 

definidas a partir de 1.456 M. Essa função estrutural impacta na condutividade e também influencia no 

desempenho da bateria de Li-O2, podendo ou não ser benéfico a depender da concentração de 

[C16mim][Br] utilizado. Já o ânion [Br]– foi um importante mediador que permitiu a ciclagem da 

bateria em potenciais de carga abaixo de 4.2 V. Por fim, definiu-se que o sistema diluído 0.050 M 

[C16mim][Br] seria a concentração ótima, seguido pela concentração 1.456 M [C16mim][Br]. 

 

Palavras-chave: Bateria de Li-O2, líquidos iônicos, mediadores redox, líquido iônico cristalino. 
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ABSTRACT 

 

In the last decade, the interest for replacing fossil fuels by clean energy alternatives has increased 

substantially due to the considerable decrease of oil reserves, price oscillation and adoption of public 

policies to encourage clean technologies. In the transport sector, the introduction of electrochemistry is 

quite attractive, especially the use of metal-air batteries that have a great energy capacity. In this 

aspect, the Li-O2 battery is one of the most promising technologies, due to its impressive energy 

density close to gasoline. However, this battery is not yet commercially available, and the fabrication 

of a system with high efficiency, cyclability, thermal and chemical stability, with all components 

compatible with each other is a major challenge. The elaboration of an ideal electrolyte would be 

capable of attending many of those issues, highlighting the use of additives in aprotic electrolytes, 

which can improve the stability of the system. Recently, the use of electrolytes based on ionic liquids 

(ILs) has stood out because of their unique features such as wide electrochemical window, low 

volatility and the ability to dissolve many organic and inorganic compounds. However, the high 

overpotentials required for the battery operation can damage the electrolyte and the cell’s electrodes, 

limiting its cyclability and reducing its efficiency. In order to avoid this inconvenience, redox 

mediators (RMs) are being increasingly used as soluble catalysts, dissolving evenly in the electrolyte 

and reducing the charge overpotentials. Even so, the use of ILs and RMs is still at its initial state, and 

the combination of both species is found just in a few papers, requiring further investigation. 

Therefore, in order to attend part of these issues, this project focused on the development of Li-O2 

batteries composed of the ionic liquid crystal [C16mim][Br] as an additive for DMSO/LiClO4 

electrolytes, where the [C16mim]+ cation has a long alkyl chain, conferring liquid crystal properties to 

the material, while [Br]– is a counterion used as redox mediator. The electrochemical, structural and 

transport properties of the electrolyte were investigated, and it was observed that the additive use 

improved the electrochemical stability of the system, as well as increased its ionic conductivity for 

concentrations up to 1.456 M [C16mim][Br], above that, the high viscosities interfered with 

conductivity. Furthermore, it was observed that the additive is able to form aggregates when dissolved 

in DMSO, which reorganize into well-defined nanostructures for concentrations above 1.456 M. This 

structural property impacts the conductivity and also influences the performance of the Li-O2 battery, 

which may be beneficial or harmful to the system depending on the concentration of [C16mim][Br] 

used. The anion [Br]– was an important mediator that allowed the battery to cycle at charge potentials 

below 4.2 V. Finally, it was found that the diluted 0.050 M [C16mim][Br] was the optimal 

concentration, followed by 1.456 M [C16mim][Br]. 

 

Keywords: Li-O2 cell, ionic liquids, redox mediator, ionic liquid crystal 

 



8 
 

LIST OF ABBREVIATIONS AND ACRONYMS 

 

CNT  Carbon Nanotubes 

CV  Cyclic Voltammetry 

DSSC  Dye-sensitized Solar Cell 

EIS  Electrochemical Impedance Spectroscopy 

EV  Electric Vehicle 

FESEM Field Emission Scanning Electron Microscopy 

FTIR  Fourier Transform Infrared Spectroscopy 

GDL  Gas Diffusion Layer 

[C16mim+] 1-hexadecyl-3-methylimidazolium 

ICE  Internal Combustion Engine 

IL  Ionic Liquid 

ILC  Ionic Liquid Crystal 

KB  Ketjen Black 

LIB  Lithium Ion Battery 

OCV  Open Circuit Voltage 

OER  Oxygen Evolution Reaction 

ORR  Oxygen Reduction Reaction 

RM  Redox Mediator 

SEI  Solid Electrolyte Interface 

XPS  X-ray photoelectron spectroscopy 

XRD  X-ray Diffraction 

 

 



9 
 

LIST OF SYMBOLS  

 

𝜎   Ionic Conductivity 

∆V  Small Potential 

A  Membrane Area 

I  Current 

I0  Initial Current 

ISS  Steady Current 

𝜂𝑑𝑖𝑠  Charge Overpotential 

𝜂𝑑𝑖𝑠  Discharge Overpotential 

𝑄𝑐ℎ𝑎𝑟𝑔𝑒  Charge Capacity 

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  Discharge Capacity 

R  Bulk Resistance 

R0  Interfacial Resistance 

RSS  Resistance After Polarization 

t  Membrane Tickness 

TLi+  Lithium Ion Transference Number 

V  Potential 

 

 

 

 

 

 

 



10 
 

SUMMARY 

1. Introduction ............................................................................................................................... 12 

1.1. Objectives .................................................................................................................................. 15 

1.1.1. General Objectives: ............................................................................................................... 15 

1.1.2. Specific Objectives:............................................................................................................... 15 

1.2. Dissertation Outline................................................................................................................... 15 

1.3. Main Contributions of This Work ............................................................................................. 16 

2. Literature Review and Fundamental Concepts ......................................................................... 18 

2.1. Historical Context – Development of Batteries ........................................................................ 18 

2.2. Configuration and Operation of Li-O2 Batteries ....................................................................... 21 

2.3. Lithium Anode .......................................................................................................................... 23 

2.4. Oxygen Cathode ........................................................................................................................ 25 

2.5. Electrolytes ................................................................................................................................ 27 

2.5.1. DMSO Solvent for Non-aqueous Electrolyte ........................................................................ 31 

2.6. Ionic Liquids ............................................................................................................................. 32 

2.6.1. General Properties of Ionic Liquids .............................................................................. 32 

2.6.2. Ionic Liquids Crystals ................................................................................................... 34 

2.7. Cell Overpotential ..................................................................................................................... 36 

2.8. Redox Mediators ....................................................................................................................... 38 

2.9. Final Comments ........................................................................................................................ 40 

3. Methodology and Procedures .................................................................................................... 42 

3.1. Preparation of Electrolytes ........................................................................................................ 42 

3.2. Preparation of Catalytic Ink for the Cathode ............................................................................. 42 

3.3. Evaluation of the Electrolyte Properties .................................................................................... 43 

3.4. Electrochemical Tests ............................................................................................................... 43 

3.5. Chemical and Morphological Characterization ......................................................................... 45 

3.6. Table of Nominal and Real Values ........................................................................................... 46 

4. Results and Discussion .............................................................................................................. 47 

4.1. Investigation of the Electrolyte Properties ................................................................................ 48 

Appendix A – Supplementary Information ...................................................................................... 82 

4.2. Investigation of the Ionic Liquid Crystal-Based Electrolyte in the Performance of Li-O2 

Batteries............................................................................................................................................... 105 

Appendix B – Supplementary Information .................................................................................... 129 

4.3. General Discussion .................................................................................................................. 136 

5. Conclusions ............................................................................................................................. 140 

6. Future Work and Perspectives ................................................................................................. 141 

7. Scientific Production ............................................................................................................... 142 



11 
 

Appendix C – Patent Request .......................................................................................................... 143 

References ........................................................................................................................................... 147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 
 

Chapter 1 

1. Introduction 

The world economy is currently facing a serious energy crisis due to the unbridled growth 

in population and demand for energy (SALVUCCI & TATTINI, 2019). The transport sector 

alone accounts for approximately one-third of the total energy consumption. Furthermore, the 

predominant use of fossil fuels in vehicles with internal combustion engines (ICEs) 

contributes to the greenhouse effect, being responsible for ~25% of the total CO2 emission to 

atmosphere. To revert this scenario, public policies play a key role in motivating the use of 

renewable and clean resources for energy and fuels. In this respect, the electrification of the 

worldwide energetic matrix promises to reduce its dependence on fossil fuels and improve the 

air quality (YOSHIO, M.; BRODD, R. J.; & KOZAWA, A., 2009), if energy is properly 

generated. 

Investments in electric vehicles (EVs) are increasing substantially, and are estimated to 

reach ~30% of the transport market by 2030 (INTERNATIONAL ENERGY AGENCY, 

2019). EVs are formed by a battery system with a cathode, an anode and an electrolyte. The 

currently available Li-ion battery (LIB) is the most commercialized worldwide, being used in 

personal electronic devices (e.g. cell phones, tablets, etc), and being the choice of EVs  

(ETACHERI et al., 2011). However, their practical energy density is far from gasoline (150 

Wh/Kg vs 1,700 Wh/Kg, respectively), indicating LIBs have insufficient energy capacity to 

fully attend the global demand and, hence, EVs cannot travel long distances 

(GIRISHKUMAR et al., 2010a). To overcome these issues, studies led to a recent 

arrangement known as Li-O2 or Li-air battery (YU; LIU; FENG, 2021).  

Li-O2 cell has stood out as the electrochemical device with the greatest theoretical 

gravimetric capacity (~3,500 Wh/Kg) (WANG, Chengyi; XIE; ZHOU, 2019), being an 

advantage for the energy sector. The cell arrangement is composed by a lithium metal anode 

and an oxygen (or air) cathode, which are separated by a membrane wetted with a liquid 

electrolyte or a solid membrane electrolyte. At the cathode occurs the oxygen reduction 

reaction (ORR) and evolution reaction (OER), which enable the cell operation. In addition, 

oxygen is widely available in atmosphere, reducing the device price, while lithium is a light 

material which could reduce the cell weight. However, this battery is not yet commercially 
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available and many challenges should be faced to enable its complete development 

(BALAISH; KRAYTSBERG; EIN-ELI, 2014). 

The configuration of a Li-O2 cell is based on the kind of electrolyte used, which can be 

liquid, divided into aqueous, non-aqueous (aprotic/organic solvents) and hybrid (mixed 

aqueous/aprotic electrolyte), or all-solid-state electrolytes (BALAISH; KRAYTSBERG; & 

EIN-ELI, 2014). Liquid electrolytes usually have higher ionic conductivity than the solid 

system, however, they have unstable electrochemical performance, can leak from the battery 

and cause a fire if that liquid is a flammable component (DENG, 2015). Furthermore, the 

solid system is safer and less prone to form lithium dendrites over the anode, but the high 

resistance between the interfaces of the electrodes with the electrolyte hinder the charge-

discharge reactions, limiting the cell cyclability, and they deliver low ionic conductivity, 

which compromises the battery performance (YAO et al., 2019).  

Despite the advantages and disadvantages of each cell configuration, aprotic electrolytes 

are the most reported in literature and will be the focus of this project. Therefore, to overcome 

the hurdles related to the liquid electrolyte, investigations have led to the use of additives, 

such as ionic liquids (ILs) (SIMONETTI et al., 2017) and Redox Mediators (RMs) (LIM et 

al., 2016).  

ILs are salts in room temperature and are considered green solvents because they are 

usually produced from renewable sources (HARJANI et al., 2009). They have as advantages 

good ionic conductivity, wide electrochemical window, low vapour pressure, and improved 

cyclability compared to various organic or solid electrolytes. Different cationic groups, such 

as imidazolium, pyridinium and pyrrolidinium, are known from literature (SINGH, 

Geetanjali; KUMAR, 2008), being the imidazolium group the most studied in the battery 

field, due to its high stability and low toxicity (OLIVIER-BOURBIGOU; MAGNA; 

MORVAN, 2010). In general, ionic liquids with smaller cationic groups are studied due to 

their lower viscosity. However, there is a particular and underexplored property of ILs which 

have long alkyl chains that could be interesting for the battery application. When the size of 

the alkyl chain connected to the imidazolium ring is superior to 11 carbons, they have a liquid 

crystalline behaviour, receiving the denomination of ionic liquid crystals (ILCs) 

(YAMANAKA et al., 2005). ILCs are ionic liquids with liquid crystal properties, which 

means they are able to form organised structures when dissolved in a solvent at a certain 

concentration and create preferential pathways for the ionic transport. Therefore, ILCs could 

deliver high ionic conductivity (YUAN; YANG; et al., 2019).   
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As for Redox Mediators (RMs), their use has increased in the last few years. They are 

soluble catalysts which can be homogeneously dissolved in the electrolyte. Conventionally, in 

the absence of RMs, Li-O2 cells face some instability during their operation (ZHOU et al., 

2019). On discharge, Li+ ions from the anodic side react with oxygen reduced (ORR) on the 

cathode at potentials close to 2.7 V, forming lithium oxides on the cathode side as reaction 

products (BRUCE et al., 2012). On charge mode, potentials usually close to 4.5 V are 

necessary to evolve oxygen (OER) and decompose these discharge products. However, these 

high charge overpotentials can degrade the electrodes and the electrolyte, if the latter is 

unstable in a reactive medium, implying in poor cell cyclability and electrical efficiency 

(KUNDU et al., 2015). Therefore, RMs are important because they are stable under oxidative 

environment and act in the cell cyclability, decomposing the lithium oxides formed on 

discharge, and lowering the charge overpotentials (KWAK, Jin et al., 2016). Different classes 

of RMs are found in literature, in this work we focus on bromide anion, since halides are 

simple redox materials which act effectively in the cell rechargeability at potentials below 4 V 

(PARK et al., 2018).  

In this sense, combining ILs with RMs seems like an interesting approach to enhance the 

electrolyte stability. The combination of both materials is still very recent (ZHENG; DING; 

WANG, 2019), and the lack of information in literature brings a new path of possibilities in 

the battery studies. Therefore, the goal of this project is to overcome part of the instability 

issues mentioned earlier by introducing, for the first time, a multi-functional ionic liquid 

crystal (ILC), [C16mim][Br], as additive for non-aqueous DMSO/LiClO4 electrolyte for Li-O2 

batteries. The cation [C16mim]+ belongs to the imidazolium IL group, which has structural 

properties due to its 16 carbons in the alkyl chain. These properties confer to the electrolyte 

higher electrochemical stability and ionic conductivity. In addition, the anion [Br]– has redox 

properties which will be necessary for the cell rechargeability. Therefore, different properties 

can be reached in the unique [C16mim][Br] material. In this work, we investigated the 

influence of the ILC into the electrolyte properties and how it affects the performance of Li-

O2 cell. 
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1.1. Objectives 

 

1.1.1. General Objectives: 

The main objective of this project was to develop a non-aqueous electrolyte containing an 

ionic liquid crystal with redox properties, [C16mim]+[Br]–, as additive for Li-O2 batteries, 

aiming at improving the electrolyte stability and enhancing the cell cyclability. This project 

used the ILC [C16mim][Br] combined with DMSO solvent and LiClO4 salt. The 

electrochemical, transport and structural properties of the electrolyte were investigated, as 

well as the redox mediator function and the additive use were evaluated in the performance of 

the Li-O2 battery.  

 

1.1.2. Specific Objectives: 

- Evaluate how different concentrations of [C16mim][Br] additive affect the physicochemical 

(viscosity, density and ionic conductivity) and structural (molecular and ionic arrangement) 

properties of the DMSO/LiClO4 electrolyte; 

- Investigate the electrochemical stability of the system due to ILC use; 

- Evaluate the role of the bromide anion as a redox mediator for the battery cell; 

- Perform deep discharge and cycling tests to evaluate the energetic capacity and cyclability; 

- Characterize the electrolyte and the discharge products formed at the cathode via Raman 

Spectroscopy; 

- Observe the discharge products and the changes in the cathode morphology via FESEM 

technique. 

 

1.2. Dissertation Outline 

This project is structured into chapters, as follows: 

Chapter 1 introduces the importance and challenges of developing Li-O2 batteries, focusing 

on the electrolyte limitations and the use of ionic liquid and redox mediator as additives to 

overcome the main issues. This chapter also presents the general and specific objectives of 

this dissertation, its structure and discusses the main results and contributions of this work. 
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Chapter 2 is a literature review of the Li-O2 batteries, introducing the fundamental concepts 

of electrochemistry, presenting the cell components and its configuration, as well as the main 

limitations of the system and how to suppress them. The use of ionic liquids and redox 

mediators is also deeply discussed in this chapter. 

Chapter 3 presents the methodology and procedures necessary for the development of this 

project. 

Chapter 4 is divided into three sections and discusses the results obtained experimentally and 

via simulation, the latter developed in a partnership with the group of Prof Juarez Da Silva, 

from the Chemistry Department of the University of São Paulo (USP). Section 1 is the first 

scientific paper, submitted to the Journal of Materials Chemistry A, which discusses the use 

of the ILC additive into the electrolyte properties. Section 2 is the second paper, which is in 

writing process, discussing the electrolyte use in the performance of Li-O2 batteries. Section 3 

is a general discussion and correlation of the two scientific papers developed during this 

dissertation project.      

Chapter 5 presents the main conclusions of this work based on the results obtained. 

Chapter 6 suggests future works and perspectives to complement the results obtained and 

contribute to the scientific community. 

Chapter 7 shows the scientific production developed during this project. 

 

1.3. Main Contributions of This Work 

This is a pioneer study of an ionic liquid crystal (ILC) with redox mediator properties as 

additive for Li-O2 batteries. In other words, the chosen material, [C16mim][Br], can be 

considered as a multi-functional additive, which is an advantage to the system since different 

properties can be reached in a single component. The ILC [C16mim][Br] is a solid at ambient 

temperature, which belongs to the imidazolium ionic liquid group. It has a liquid crystal 

character due to the long alkyl chain connected to the imidazolium ring, assuming a structural 

function. As for its anionic side, [Br]– is a redox mediator that facilitates the cell cyclability 

and reduces the charge overpotentials.  

It was found that the [C16mim][Br] addition can improve the electrolyte electrochemical 

stability and ionic conductivity. Besides, the anion [Br]– was an effective redox mediator, 
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decreasing the charge overpotentials as more additive was added to the system. As for the 

structural behaviour of ILCs, it is a very interesting property still underexplored in literature, 

raising a new perspective for the battery field. Dissolving [C16mim][Br] in a solvent, the ILC 

tends to form aggregates, which become bigger as more ILC is added to the system, until they 

self-organise into structures with polar and apolar nano-domains. These structures affect the 

electrolyte properties, as deeply explained in section 4.1, and influence the electrochemical 

performance of the Li-O2 battery, which could be improved depending on the concentration of 

the ILC used, as explained in section 4.2 of Chapter 4 (Results and Discussion). Even so, the 

system still faces some issues, especially related to the high viscosities of the ILC, and 

determining the proper concentration of the additive is essential for enhancing the cell 

operation. Further investigation will be necessary for complementing the main findings and it 

is important to highlight that the properties of the ILC could be explored for different 

solvents, other types of batteries, for quasi-solid and solid electrolytes. 
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Chapter 2 

2. Literature Review and Fundamental Concepts 

2.1. Historical Context – Development of Batteries 

The development of batteries and the study of electrochemistry have been explored for 

centuries. However, the knowledge about batteries is not yet fully consolidated and new cell 

devices are still under investigation. The recently introduced Li-O2 or Li-air batteries have 

been widely studied because theoretically they provide a lot more power and storage capacity 

than the currently used systems (YU; LIU; FENG, 2021), with ability to be used in electric 

vehicles (EVs), as well as for energy storage to couple with intermittent energy generation. 

However, the technology of Li-O2 is still under development (BALAISH; KRAYTSBERG; 

EIN-ELI, 2014). To better understand how batteries have evolved through the years, the 

importance of electrochemistry and how studies led to the Li-O2 cell, this section focuses on 

building a timeline from the first discoveries of electrochemistry, following with the creation 

of different cells until the concepts of the promising Li-O2 cell. 

Electrochemistry consists on the conversion of chemical energy into electrical energy and 

vice versa. It is extremely important for the everyday life. It is found in many industrial 

processes, as in electrolysis to separate chemical compounds, in the generation of electricity, 

and in batteries for electronic devices and electric vehicles. The first battery cells were 

developed in the late 18th and early 19th centuries thanks to the works of the Italian doctor and 

scientist Luigi Galvani and the Italian physicist Alessandro Volta (SCHUMM, 2019).  

Galvani proposed that electricity could be stored in the muscles of living beings and that 

nerves could conduct electricity after an experiment in which he observed a frog leg being 

contracted when touched by different metals. Volta, in contrast, observed that zinc and silver 

are capable of producing electricity and created the first practical battery, by intercalating 

these materials and separating them by a porous membrane imbibed in a saline solution, this 

battery became known as “voltaic pile”.  Later, both observations contributed to many other 

electrochemical works developed by several scientists, including the theoretical laws of 

electrochemistry elaborated by Faraday (SCROSATI, 2011). 

In 1836, an English chemist, John F. Daniell, created a cell composed of copper ions 

soaked in a solution of cupper-sulphate. Two years later, William R. Grove elaborated a cell 

containing a solution of nitric acid. In 1841, the German Robert W. Bunsen improved Grove’s 
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cell, by replacing the carbon electrode by platinum (BAGOTSKY, 2011). These cells 

mentioned above and all the other models developed until 1859 are batteries which cannot be 

reused after complete discharge, they are, then, disposable and are classified as primary 

batteries. The first storage (secondary) battery was built in 1859 by Gaston Planté in France, 

who created a rechargeable lead-acid battery and inspired other scientists to improve storage 

cells through the years (SCHUMM, 2019).  

Lead-acid and nickel-cadmium secondary cells were the most commonly used 

rechargeable batteries until early 1980s. However, the increasing demand for rechargeable 

electronic devices were claiming for more efficient secondary batteries. Lead-acid and nickel 

cadmium had a limited energetic capacity and their aqueous electrolytes contributed to the 

battery’s large size and weight. As an alternative, it was observed that lithium metal is a light 

material with superior theoretical capacity. However, previous works using lithium had only 

led to primary cells instead of secondary ones. Thus, many scientists devoted their studies to 

build a secondary lithium ion battery (LIB) (SCROSATI, 2011). 

Three scientists stood out in the development of the rechargeable LIB. The British 

researcher M. Stanley Whittingham was the first to explain intercalation chemistry reactions 

in secondary batteries. He designed the first rechargeable battery in 1976, which was 

composed of TiS2 and Li metal electrodes (WHITTINGHAM, 1976). However, due to the 

formation of Li dendrites, short-circuiting and risk of explosion, the battery could not be 

commercialized. Later in the 1979, The German scientist John B. Goodenough discovered 

that LiCoO2 used as cathode material presents a high voltage and energy density 

(MIZUSHIMA et al., 1980), which drew the attention of the Japanese Akira Yoshino. 

Yoshino, then, after several researches and trials, invented the current LIB, which is 

composed of a LiCoO2 cathode, a carbonaceous material anode and a non-aqueous electrolyte 

(YOSHINO, 2012).  

The design of the secondary LIB revolutionized science and awarded the 2019 Nobel 

Prize of Chemistry to the three scientists. Li-ion is the most sold battery in the world, being 

found in most of the portable electronic devices (MIRSKY, 2019). LIBs are also used in 

electric vehicles (EVs), but they have low energy density, being unable to provide enough 

energy to EVs travel long distances (LI; LU, 2017). Even when LIBs are associated in parallel 

to improve their capacity, it would imply high production and commercialization costs, large 

and heavy battery packages (GIRISHKUMAR et al., 2010b). To improve capacity of EVs, 



20 
 

studies suggest the development and commercialization of Li-O2 or Li-air batteries (LI; LU, 

2017).  

Littauer and Tsai (1976), introduced the first concepts of Li-air batteries, but the first 

practical rechargeable Li-O2 cell was developed only in 1995 by Abraham and Jiang after 

they set up a system of a lithium metal electrode and a carbon composite electrode, both 

separated by an organic polymer electrolyte. In the carbon composite electrode, oxygen was 

used as the electro active material and was supplied from the environment. The cell showed 

good capacity, a large electrochemical window, good cyclability and stability. The cell design 

was totally solid, non-toxic components were utilized and this system was thus eco-friendly 

(ABRAHAM; JIANG, 1996). This discovery initiated the study of Li-O2 batteries, especially 

in the last decade with the increasing interest of applying electrochemistry in the transport 

sector (Figure 1). 

 

 

Figure 1. Number of papers published about Li-O2 and Li-air batteries per year in the last 

decade. Graph based on Scopus data. Author, 2022. 

 

The Li-O2 cell is a promising battery configuration for use in EVs because they have the 

greatest practical energy density of ~1700 Wh/Kg (see Figure 2), which is close to gasoline 

(WANG; LI; & SUN, 2013). In addition, they are compact, more economic and lighter than 

other available batteries, forming a robust system (CHRISTENSEN et al., 2011). However, to 

the fully development of Li-O2 cells, it is necessary to overcome many challenges, especially 

in building an ideal electrolyte, which should be electrochemically stable, have high ionic 

conductivity and be compatible with all the cell components (LI; ZHANG; ZHOU, 2013). 
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Figure 2. Comparison of the theoretical and practical energy density of various secondary  

batteries and gasoline. Adapted from WANG; LI; & SUN, 2013. 

 

2.2. Configuration and Operation of Li-O2 Batteries 

The basic components of a battery cell are two electrodes, an electrolyte, and a separator 

membrane. The negative electrode is the anode and the positive electrode is the cathode. The 

electrolyte can be a solid or a liquid (aqueous, non-aqueous, mixed aqueous/aprotic) 

component that is responsible for conducting ions (TICIANELLI; GONZALEZ, 2005). The 

membrane separator is commonly used for liquid electrolytes because it aims to avoid 

electronic contact between the electrodes and thus prevents short-circuiting. In solid systems, 

the electrolyte assumes the membrane role and contributes to both the ionic conduction and to 

separate electronically the electrodes (ABRAHAM; JIANG, 1996).  

The typical operation of a Li-O2 battery is shown on Figure 3. The metallic lithium 

assumes the anode role, providing Li+ ions to the cell, whereas a porous carbon material is 

used as cathode to transport oxygen. In the discharge process, the anode is oxidized releasing 

Li+ ions (𝐿𝑖 → 𝐿𝑖+ + 𝑒−), which are transferred to the cathode through the electrolyte 

(BRUCE et al., 2012), whereas the cathode undergoes an oxygen reduction reaction (ORR). 

The products and by-products formed during discharge depend on the type of electrolyte, as 

shown in Table 1. An external circuit is used to transfer electrons in the same direction of the 

Li+ ions flow, generating electricity (TAN et al., 2017).  
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Figure 3. A typical discharge and recharge operation of an aprotic Li-O2 battery. Adapted 

from TAN et al., 2017. 

 

The charging mode of a battery occurs in the opposite process of discharge. For reversible 

systems, the lithium electrode becomes the cathode, because lithium is now reduced and the 

oxygen electrode becomes the anode due to the oxygen evolution reaction (OER). In general, 

high charge overpotentials are necessary to decompose the discharge products, with Li+ ions 

flowing from the oxygen electrode back to the metallic lithium through the electrolyte, and 

the energy is stored in the cell device in the electrochemical form (TAN et al., 2017). Ideally, 

discharge products should be decomposed under a potential lower than 4 V, because high 

overpotentials can degrade the electrolyte and damage the cathode (KUNDU et al., 2015). 

From Table 1, it is clear that for both aprotic and solid electrolytes the main discharge 

product is lithium peroxide, Li2O2. These configurations are excellent candidates for Li-O2 

cells because the main discharge product is decomposed to its original form (𝐿𝑖2𝑂2 → 𝑂2 +

2𝐿𝑖+ + 2𝑒−) when the battery is recharged. An alternative mechanism for formation of Li2O2 

in aprotic systems is proposed by Bruce, with lithium superoxide (LiO2) as an unstable 

intermediate. Also, in aprotic configuration, lithium oxide (Li2O) is a discharge side product 

formed in smaller amount than Li2O2, it is harder to decompose and, hence, it hampers the cell 

rechargeability. Therefore, it may be conclude that Li2O2 is the most desirable reaction 

product (WANG; LI; & SUN, 2013).  
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Table 1. Most common discharge reactions observed for each cell configuration. Adapted 

from WANG; LI; & SUN, 2013. 

Battery Configuration Discharge Reactions 

Aprotic / Non-Aqueous 

𝑂2 + 2𝐿𝑖+ + 2𝑒− → 𝐿𝑖2𝑂2 (main product) 

𝑂2 + 4𝐿𝑖+ + 4𝑒− → 2𝐿𝑖2𝑂 (side product) 

𝑂2 + 𝑒− → 𝑂2
−  

𝑂2
− + 𝐿𝑖+ → 𝐿𝑖𝑂2  

2𝐿𝑖𝑂2 → 𝐿𝑖2𝑂2 + 𝑂2 (alternative mechanism) 

Aqueous 

𝑂2 + 4𝐿𝑖+ + 4𝑒− → 2𝐿𝑖2𝑂  

4𝐿𝑖 + 𝑂2 + 2𝐻2𝑂 → 4𝐿𝑖𝑂𝐻 (alkaline electrolyte) 

4𝐿𝑖 + 𝑂2 + 4𝐻+ → 4𝐿𝑖+ + 𝐻2𝑂 (acidic electrolyte) 

Hybrid /Mixed 

Aqueous-aprotic 

4𝐿𝑖 + 𝑂2 + 2𝐻2𝑂 → 4𝐿𝑖𝑂𝐻 (alkaline electrolyte) 

4𝐿𝑖 + 𝑂2 + 4𝐻+ → 4𝐿𝑖+ + 𝐻2𝑂 (acidic electrolyte) 

Solid Electrolyte 𝑂2 + 2𝐿𝑖+ + 2𝑒− → 𝐿𝑖2𝑂2  

 

2.3. Lithium Anode 

The use of lithium as electrode in metal-air cells is preferred over other materials because 

of its low cost and great specific capacity of ~3840 mAh/g in reactions with oxygen 

(EVOLVING ENERGY, 2014). Besides, it is the smallest, lightest, it has the greatest specific 

heat and is one of the most electropositive metals in periodic table (HELMENSTINE, 2019). 

However, the lithium metal is generally incompatible with the electrolyte in a battery, limiting 

its life cycle and compromising its safety. To avoid these issues, it is highly recommended the 

use of a protective layer on the anode surface to prevent its contact with the electrolyte 

(DATT BHATT et al., 2014). 

When a non-aqueous electrolyte is used, a kind of layer known as solid electrolyte 

interface (SEI) is formed, separating the anode from the electrolyte. This SEI can assume a 

protective function whether it presents good flexibility, cohesion and ionic conductivity, 

which would prevent decomposition of the lithium metal (BALAISH; KRAYTSBERG; & 

EIN-ELI, 2014). In solid systems, there is no formation of a natural SEI. Instead, an artificial 

SEI composed of a ceramic or polymeric material, compatible with the Li anode is used to 

provide its protection and avoid the cell short circuit. Ceramics are more expensive since they 

offer a more efficient protection. They are impermeable, thermally stable and block the 
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contaminants crossover (SUN, Yugang, 2013), while polymers are easier to fabricate and 

have more flexibility (TAN et al., 2017).  

When the oxygen for the cell is supplied by the atmospheric air (ambient air provides 

oxygen for Li-air cells, while in Li-O2 cells pure oxygen is provided by an O2 cylinder) (LAI 

et al., 2020), all the other air components, such as nitrogen, oxygen, water, carbon dioxide 

and contaminants are also captured and can pass through the aqueous or non-aqueous 

electrolyte, reaching the anode electrode. Therefore, an efficient SEI also protects the lithium 

electrode from these contaminants, avoiding undesirable reactions, formation of side products 

and reduced cell life (KRAYTSBERG; EIN-ELI, 2011). 

However, if the natural SEI is not mechanical stable and resistant to reactive medium, the 

multiple discharges and recharges of the Li-O2 cell can imply on an excess of Li salts on the 

anode surface with an irregular current distribution, leading to formation of lithium 

“dendrites”. These dendrites have a branch form and their accumulation on the anode cause 

decomposition of the Li metal and the electrolyte (FOROOZAN; SHARIFI-ASL; 

SHAHBAZIAN-YASSAR, 2020). As consequence, the Coulombic efficiency of the cell is 

affected, electrochemical reactions are inhibited and an internal short circuit is caused 

between the electrodes. Figure 4 represents this phenomenon of dendrites growth and the cell 

damage. Artificial SEIs are the best alternative to suppress dendrites formation (BALAISH; 

KRAYTSBERG; & EIN-ELI, 2014). 

 

 

Figure 4. Short circuit caused by the growth of Li dendrites. Adapted from FOROOZAN 

et al., 2020. 

 



25 
 

2.4. Oxygen Cathode 

The development of a proper oxygen electrode is substantial for the best performance of 

the Li-O2 or Li-air cell. The cathode has to meet a series of requirements, such as, 

electrochemical stability, long cycle life, rapid diffusion of oxygen and high ionic 

conductivity (LU et al., 2014). Since the oxygen reduction reaction (ORR) is slower than the 

lithium oxidation (OLIVEIRA, 2018), the cathode is the main responsible for the discharge 

and charge potentials and provides the majority of the cell energy. In other words, the cathode 

influences the specific and power capacity of the battery (ZHANG; FOSTER; READ, 2010).  

ORR and OER contribute to the cell energy loss. During ORR of solid and non-aqueous 

electrolytes (Table 1), it is possible to observe that Li+, O2 and e- participate in the 

electrochemical reactions, forming mainly Li2O2 as discharge products, and other side 

products. These products are insulating solids that are insoluble in aprotic electrolytes and are 

deposited on the cathode side (TAN et al., 2017). Therefore, researchers suggest the 

importance of choosing a cathode material with large surface area in order to provide active 

sites to assist the electrochemical reactions, and mesoporous structure with adequate pore 

volume (from 2 to 50 nm) in order to store those insoluble products (LU et al., 2014). 

Microporous and macroporous structures should be avoided, because the former is easily 

blocked by the discharge products, disrupting the discharge reactions, whereas the latter 

decreases the volumetric energy density as indicated by theoretical calculations (OLIVEIRA, 

2018). 

Carbons with various nanostructures have been widely employed as air cathode because 

of their singular morphology and defective structure. Besides storage of lithium oxides, 

carbon materials act as a conductor matrix, contributing with enough transference of electrons 

in the electrochemical reactions (DING et al., 2014). Commonly materials cited in literature 

are carbon black (Super P, Ketjen Black, etc), carbon powder, graphene (Figure 5. a)), carbon 

fibres (Figure 5. b)), and carbon nanotubes (CNTs) (Figure 5. c)) (TAN et al., 2017). 
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Figure 5. Schematic 3-D Structures of a) Graphene, b) Carbon Fibers and c) CNT. Adapted 

from TAN et al., 2014; DAMBROT, 2016; & AQEL et al., 2015, respectively. 

 

Super P is a kind of carbon black that shows excellent performance in Li-O2 batteries. 

JUNG et al. (2012), developed a Li-air cell with an improved capacity of 5,000 mAh/g and 

discharge potential of 2.7 V Li+/Li, using Gas Diffusion Layer (GDL)-Super P air-electrode 

and a TEGDME–LiCF3SO3 electrolyte. ZHANG et al. (2010), studied a different kind of 

carbon black, Ketjen Black (KB) in his research. The group found a cell with an energy of 

362 Wh/Kg operating at ambient temperature and observed that the KB-based cathode 

suffered expansion and absorbed a large amount of electrolyte. The group concluded that the 

microstructures of KB carbon should be improved to reach a better specific energy. 

Carbon powder and CNTs are also used in the development of Li-O2 cells. CNTs, in 

especial, was proved to contribute to increase the diffusion capacity of soluble catalysts 

(redox mediators) when fabricated with an open and mesoporous structure (KWAK, Jin et al., 

2016). Also, a study carried out by TAN et al. (2014) employing both CNT and carbon 

powders at different rates indicated the best results for the proportion 1:1. The maximum 

gravimetric capacity was 779.14 mAh/g and the cell was cycled for 50 times. These authors 

found that CNT improved the cell capacity because it can provide efficient transport of 

oxygen and Li+. On the other hand, graphene materials have also been employed due to their 

impressive cell capacity. XIAO et al.(2011) investigated the use of graphene sheets as 

electrode for Li-air batteries, they found that the microporous channels and structure of 
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graphene offered an excellent oxygen diffusion, with an impressive cell capacity of 15,000 

mAh/g.  

As it can be seen above, each carbon material has its own particularity when applied to Li-

O2 systems. In general, the defective structure of carbon facilitates the ORR, acting as 

catalysts and, therefore, contributing to the discharge capacity. Even so, sometimes the use of 

soluble catalysts in the electrolyte is mandatory to perform ORR and, especially, OER due to 

the need of high overpotentials to decompose lithium oxides and charge the cell (LU et al., 

2014). Sections 2.7 and 2.8 will provide further information about overpotentials and the use 

of catalysts. 

 

2.5. Electrolytes 

It is known that four configurations are possible for Li-O2: aqueous, non-aqueous (or 

aprotic), mixed aqueous/non-aqueous (hybrid) and all solid-state electrolytes. The aqueous 

electrolyte presents the configuration showed in Figure 6 a). The use of water as solvent is 

beneficial to the dissolution of the discharge products (Table 1), which avoid blockage of the 

cathode pores and the bulk expansion. The electrochemical reactions involved in this cell 

configuration occur between the lithium and oxygen electrodes, as well as with the aqueous 

electrolyte. Different discharge products are formed, depending on the chosen electrolyte 

medium (acidic or alkaline) and the pH of the solution (KOWALCZK; READ; SALOMON, 

2007).  

For basic aqueous systems, the discharge mode utilizes H2O to react with lithium and 

oxygen, forming LiOH, a very corrosive compound (Reaction 2). This compound has a 

solubility of 12.8g/100 mL of H2O at ambient temperature. When LiOH surpasses the 

solubility limit, it precipitates as LiOH.H2O, which can block the pores of the oxygen 

electrode, and thus hinders the oxygen diffusion (LU et al., 2014). Unlike basic solutions, the 

acidic aqueous electrolytes do not form insoluble by-products, and they reach higher 

discharge voltages (~4.27 V vs Li/Li+), leading to other electrochemical reactions (Table 1) 

(CAPSONI et al., 2012). Even so, after long time of operation, acidic cells become an 

alkaline medium. Catalysts to improve ORR and OER are quite difficult to develop and these 

cells produce low specific capacities. Hence, basic solutions are preferred over acidic ones 

(LU et al., 2014). 
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Since lithium is very reactive in water, forming the corrosive compound LiOH, a 

protection membrane selective of Li+ must be used between the Li metal and the electrolyte of 

the aqueous cell. The development of this protective layer is a difficult task, ceramic and 

KOH based membranes have been tested, but they cannot totally avoid the water passage (LU 

et al., 2014). Until now, the Ohara Corporation has produced the most attractive separators, 

Li2O-Al2O3-TiO2-P2O5 and Li2O-Al2O3-Ge2O-P2O5 membranes (FU, 1997a, b). These 

membranes have a NASICON structure, show great insulation of the metallic Li and are good 

conductors. However, they are expensive and incompatible with the lithium anode, requiring 

an additional conductive layer between the interface of the anode and the membrane to solve 

this issue (LU et al., 2014). 

The aprotic or non-aqueous electrolyte is currently the most studied battery 

configuration and is the focus of this project. Its advantages over other systems are the 

superior volumetric and gravimetric capacities, and the possibility of exploring many kinds of 

ionic conductor solvents as electrolytes (LU et al., 2014). Its configuration (Figure 6 b)) is 

based on a Li anode imbibed in an electrolyte formed by a solution of Li salts (mainly 

LiTFSI, LiPF6, and LiClO4) dissolved in an aprotic (organic and polar) solvent. The cathode 

is a meso-porous oxygen electrode (MARCINEK et al., 2015). By choosing the right 

electrolyte components, a natural SEI, composed of organic and inorganic products, could be 

formed over the Li anode, conferring protection to this material from corrosion (VERMA; 

MAIRE; NOVÁK, 2010). The main discharge product is the Li2O2 produced via ORR. For 

the system reversibility, a high voltage is provided to decompose Li2O2 via OER and to 

recharge the cell (DATT BHATT et al., 2014).  

An ideal non-aqueous solvent should have a large electrochemical window, to 

guarantee the electrochemical stability and to avoid the cell degradation in the reactive 

medium. It should be compatible with all cell components, non-toxic to humans, non-

flammable and eco-friendly (XU, 2004). Its viscosity should be as low as possible to facilitate 

a rapid ionic transport, high ionic conductivity and thus high energy to the cell. A high boiling 

point and low melting point are also essential properties to avoid electrolyte evaporation, 

phase change and degradation  (MARCINEK et al., 2015).  

However, there is no aprotic electrolyte in literature with all those properties, being the 

main limitations related to safety issues since many aprotic systems are volatile and 

flammable (LAI et al., 2020). Mixtures of organic carbonates (such as dimethyl, ethylene, and 

propylene carbonates) have been widely used as electrolytes in lithium-based cells due to their 
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wide electrochemical window, low volatility, and good compatibility to the Li anode. On the 

other hand, organic carbonates are unstable in the presence of very reactive species (such as 

LiO2
-, O2-, and O2

2-), suffering from nucleophilic attack (BRUCE et al., 2012). It means that 

these electrolytes are inadequate for Li-O2 batteries, because they are easily degraded during 

discharge and form undesirable side products (DATT BHATT et al., 2014). Instead, dimethyl 

sulfoxide (DMSO) and glyme-based solvents have been used in Li-O2 cells, showing 

reasonable charge-discharge performance with formation of Li2O2 as the main discharge 

product (KITAURA; ZHOU, 2015). Even so, these electrolytes are also attacked during the 

cell operation, needing further improvement for the proper cell performance. 

 

 

Figure 6. The four configurations of Li-O2 Batteries. a) Aqueous, b) Aprotic or non-aqueous, 

c) Hybrid or mixed aqueous/aprotic, and d) Solid electrolytes. Adapted from LU et al., 2014. 

 

The electrolyte instabilities can be minimized by the use of additives, such as metal-

oxides, noble and non-noble metals as catalysts (TAN et al., 2017); redox mediators, which 
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are soluble catalysts that facilitate the cell cycling, reducing the charge and/or discharge 

overpotentials (PARK et al., 2018); or ionic liquids, which are also a viable alternative 

because of their stability with oxygen intermediates, large potential window, hydrophobicity, 

low flammability and despicable vapour pressure (DATT BHATT et al., 2014). 

Hybrid (mixed aqueous/aprotic) battery configuration was proposed to solve 

limitations of the aqueous and non-aqueous systems. This architecture (Figure 6 c)) is based 

on the combination of both aqueous and non-aqueous electrolytes. It is formed by a Li anode 

soaked in the aprotic electrolyte and a protective SEI layer is formed on its surface. This side 

is separated from the aqueous electrolyte by a Li ion conductive solid membrane. In the 

aqueous side, the air cathode is wet by this aqueous electrolyte. Thus, the water cannot reach 

the Lithium metal and the anode will not suffer from corrosion (BALAISH; KRAYTSBERG; 

EIN-ELI, 2014). In discharge mode, O2 enters the cathode and the ORR occurs, whereas the 

anode is oxidized with Li+ ions migrating from the aprotic to the aqueous electrolyte through 

the solid membrane (WANG; ZHOU, 2010). 

Despite the benefits of this mixed aqueous electrolyte, many challenges need to be 

overcome. The protection of the lithium anode is primordial for the cell performance. 

However, it is very difficult to fully develop a good conductor solid separator that prevents 

water penetration. Ceramic separators with a NASICON-like structure are a fair alternative, 

demonstrating enough impermeability and conductivity (BALAISH; KRAYTSBERG; EIN-

ELI, 2014). Another challenge is the corrosive compound LiOH as one of the products 

formed in the cathode side during discharge. Since its solubility in water is narrowed, this 

product precipitates and accumulates on the cell, limiting its life cycle. Furthermore, as well 

as other liquid electrolytes, hybrid configuration can also leak from the battery and cause 

safety issues (TAN et al., 2017). 

Solid electrolytes are an alternative to improve the cell durability and safety of the 

system. An all-solid-state battery (Figure 6 d)) replaces the liquid electrolytes for solid 

materials, which solves volatility issues, eliminating the possibility of leakages. It improves 

mechanical and thermal resistances, and reduces the battery size and weight, resulting in a 

more simplified and mechanically robust design with improved energy density (ZHAO et al., 

2019). Additionally, many solid electrolytes are compatible with the lithium metal, they do 

not suffer from dendrites formation, and can reach a voltage window over 5 V indicating they 

are not easily decomposed when an anodic current is applied (LI et al., 2015). 
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Solid polymers and solid inorganic (ceramics) are the main types of all-solid-state 

electrolytes. The former is composed of polymers and lithium salts. Polymeric materials, like 

poly(ethylene glycol) (PEO), polyacrylonitrile (PAN), and poly(methyl methacrylate) 

(PMMA), are commonly used as solid matrices. As advantages, they are flexible materials 

and can endure the change in volume provided by the discharge and charge reactions. They 

have a simple fabrication process and are inexpensive, which facilitate their scalability. 

However, they have low ionic conductivity and are unstable under high potentials, suffering 

from nucleophilic attack when in the presence of O2
- and Li2O2 (LAI et al., 2020).  

Solid inorganic materials generally have higher mechanical, electrochemical and thermal 

stabilities than polymers, and higher ionic conductivity (YANG, Min; HOU, 2012), but they 

have high costs, are brittle and unstable to volume variation due to temperature change (TAN 

et al., 2017). Commonly used ceramics are oxysulfide and sulphide glasses, perovskites, 

garnet and the super-ionic conductor NASICON (YANG, Min; HOU, 2012). NASICON-like 

structures are the most attractive because they have the highest ionic conductivities, 

scalability, and are stable with moisture and air. However, their high interfacial resistance 

with the Li anode requires a conductive and protective layer between the anode and the 

electrolyte (LAI et al., 2020).  

To overcome the interfacial resistance and the low ionic conductivity of electrolytes in 

solid-state, more elaborated materials have been investigated. As instance, the combination of 

solid materials with non-aqueous solvents or/and ionic liquids can enhance the ionic 

conductivity of solid matrices (LAI et al., 2020). ZHANG et al. (2010) developed a Li-air 

battery with a solid electrolyte composed of silica-PVDF-HFP as polymer, LiTFSI as lithium 

salt and the IL 1,2-dimethyl-3-propylimidazoliumbis(trifluoromethanesufonyl)imide 

(PMMITFSI). The group found a battery with ionic conductivity of 1.83×10−3 S/cm at 

ambient temperature, reduced lithium degradation and stable interfacial resistance. 

 

2.5.1. DMSO Solvent for Non-aqueous Electrolyte 

Dimethyl sulfoxide (DMSO) is a universal organic solvent widely used for non-aqueous 

Li-O2 batteries. Its low volatility of 189 ºC guarantees that the electrolyte will not easily 

evaporate during cell operation, and its low viscosity of 1.95 cP contributes to the ionic 

transport. Other advantages are its good ionic conductivity of 2.11x10-3 S/cm, stability with 
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oxygen products, its ability to dissolve lithium salts formed during ORR and its high 

dissolution of O2 gas compared to other organic solvents  (XU et al., 2012). DMSO was 

chosen as the solvent for the present study due to such advantages, further to its ability to 

dissolve ionic liquids and good acceptance with the imidazole group. 

KHAN and ZHAO (2016) studied the ORR and OER of different ionic liquids mixed with 

DMSO for Li-O2 cells. The authors used imidazolium ([BMIM][BF4], [BMIM][PF6] and 

[BMIM][NTf2]), pyridinium ([BMPy][NTf2]), and pyrrolidinium ([BMP][NTf2]) electrolytes, 

all ILs had a fixed concentration of 3.5 M. Comparing with the individual use of ILs or 

DMSO, the mixture improved the solubility and diffusion coefficient of oxygen, as well as the 

cell cyclability. In addition, the electrolytes were stable under superoxide (O2
-) medium, with 

exception of [BMPy][NTf2], whose cations reacted with O2
-.  

DMSO is reasonably stable in superoxide mediums, however, it can react with 

unprotected lithium metal, and with oxide species, producing DMSO2, Li2SO3, Li2SO4 and 

LiOH as undesirable side products. These side-reactions can accumulate and clog the air-

cathode surface after multiple cycles (SHARON et al., 2013). ROBERTS et al. (2014), 

proposed as alternative to avoid these undesirable reactions the use of electrolyte additives 

(0.3 M LiNO3 and 0.14 M vinylene carbonate), which stabilized the SEI layer and improved 

the efficiency of a DMSO-based electrolyte from 25% to 82.5%. 

ZENG and co-workers (2015) found that the addition of an imidazolium-based IL in 

DMSO solvent was capable to stabilize Li-O2 cells. The authors prepared blended 

electrolytes: DMSO (80 wt%) – TEGDME (20 wt%), EMIMTFSI (20 wt%) – TEGDME (80 

wt%) and DMSO (80 wt%) – EMIMTFSI (20 wt%). LiClO4 was chosen as Li salt. The 

mixture of DMSO and EMIMTFSI presented the best stability. This IL improved the cell 

conductivity from 6.1 x 10-3 S/cm (pure DMSO) to 9.5 x 10-3 S/cm (EMIMTFSI and DMSO), 

enabled more than 65 cycles, decreased the recharge potential and, therefore, suppressed the 

DMSO decomposition (proved by X-ray diffraction and SEM analysis).  

 

2.6. Ionic Liquids 

2.6.1. General Properties of Ionic Liquids 

Ionic liquids (ILs) are salts which have low melting points (lower than 100 ºC) and similar 

features to common molten salts, such as large liquidus range and high electrochemical 
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stability (KAPER; SMARSLY, 2006). ILs are known since the 19th century and have aroused 

growing interest in the 1980s due to their great variety of applications, being used as green 

solvents, catalysts, in the fabrication of fuel cells, as electrolytes for batteries, among others 

(OLIVIER-BOURBIGOU; MAGNA; MORVAN, 2010). They are used as an alternative to 

volatile solvents because of their almost despicable vapour pressure so that they do not 

damage the environment through evaporation. In addition, they are able to dissolve a series of 

organic and inorganic compounds and some of them are well accepted in biphasic systems 

(SINGH, Geetanjali; KUMAR, 2008).  

In general, ionic liquids are composed of a cation, which has an asymmetric organic 

structure, and an organic or inorganic anion. The most common cation groups are 

imidazolium, pyrrolidinium, pyridinium, among others (Figure 7). For the anionic side, 

halides, sulphates, alkyl groups, hexafluorophosphate, tetrafluoroborate, etc. are widely 

utilized. Different cations and anions can be combined in order to target a desirable 

application for ionic liquids, in other words, properties such as viscosity, density, 

conductivity, chemical or thermic stability are influenced by the intermolecular interactions of 

distinct cations and anions (SINGH, Geetanjali; KUMAR, 2008).  

 

Figure 7. Common cationic groups of ionic liquids. Adapted from LI et. al., 2018; & SUN et. 

al, 2010. (2010). 

 

Ionic liquids can be used in liquid, semi-solid and all-solid-state electrolytes 

(MAHMOOD, 2015). They have several properties that make them viable for use in Li-O2 

batteries, but the utilization of ILs in this cell is still in its infancy (LAI et al., 2020). They are 

chemically and physically stable, and resistant to superoxide environments. In addition, they 

generally have high ionic conductivity (from 10-4 to 10-2 S/cm), wide electrochemical window 

(many ILs are stable above 5 V), are capable of solvating compounds with a large polarity 



34 
 

range, have low volatility and non-flammability. However, they are combustible materials and 

cannot be near a heat source (ZHANG et al., 2006).  

Viscosity is one of the main challenges for ILs. They can be one to three times more 

viscous than regular solvents, due to Van der Waals forces and the hydrogen bonds, which 

could impair ion transport and diffusion, compromising the cell efficiency (FRÖBA; 

KREMER; LEIPERTZ, 2008). In most cases, viscosity is related to the size of ions, as bigger 

ions tend to present higher viscosities. It is also influenced by temperature because higher 

temperatures increase the kinetic energy, allowing greater mobility of ions and, therefore, 

decreasing the IL’s viscosity. The possibility of various anions and cations combinations 

could result in less viscous ILs. Some groups, as ether, oligoether, imidazolium and anions as 

[NTf2]
- and [N(CN)2]

- are found to be less viscous. When used as additives, such as in the 

combination of ILs in organic solvents, it is possible to produce a system with reasonable 

viscosity (PERRY et al., 1995).  

In this investigation, the focus will be on the imidazolium-group (Figure 7), which is 

formed by an imidazole ring with one of its nitrogens in a protonated (cationic) form. It shows 

promising performances in batteries and supercapacitors due to its high electrochemical 

(MERCK KGAA, 2020) and thermal stabilities (BENDER, 2014). In addition, molten 

imidazolium-based salts have lower viscosity than many other IL groups, contributing to the 

improved ionic conductivity (ARA et al., 2014), and they can be used with varying chain 

lengths (LE MONG; KIM, 2019) and dissolved in different organic solvents (CHAGNES et 

al., 2005). 

 

2.6.2. Ionic Liquids Crystals 

Ionic liquid crystals (ILCs) are a class of ionic liquids little explored in the energy storage 

field which possesses unique structural properties that could be interesting for application in 

electrolytes. ILCs receive this denomination because they have properties of ionic liquids 

joint to liquid crystals. It means that the ILC material has molecules with amphiphilic 

character, being composed of a hydrophilic (the “headgroup”) and a hydrophobic (the “tail”) 

part (Figure 8 a)), which give the material the ability to self-assemble, forming aggregates 

when dissolved in a solvent at a certain concentration (BENDER, 2014). These aggregates are 

known as micelles (Figure 8 b)), which become bigger as more ILCs are added to the solvent 
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and reorganise themselves into complex structures, affecting the properties of the solution, i.e. 

viscosity, superficial tension, conductivity, etc. (HILTROP, 1994). 

 

 

Figure 8. a) Representation of an amphiphilic molecule. b) Scheme of a spherical micellar 

arrangement. Adapted from PORT, 2018. 

 

The structural property appears in ILs whose cationic group is connected to large alkyl 

chains, giving the material the ability of forming a crystalline mesophase, an intermediate 

phase between the liquid and the solid phases, which appears in a certain temperature range 

(DEVAKI; SASI, 2017) and which can be observed via polarizing optical microscopy (POM) 

(YUAN; YANG; et al., 2019). The mesophase can also appear in electrolytes with ILCs and it 

has been reported that the formed structures can act like channels that enable the ionic 

transport and enhance the ionic conductivity, which is beneficial for the battery operation 

(DEVAKI; SASI, 2017). However, there is only a few papers reporting the ILC use in 

electrolytes, being found in supercapacitors, dye-sensitized solar cells (DSSC), and Li-ion 

batteries (DEVAKI; SASI, 2017), with no evidence of ILCs in Li-O2 batteries.  

YAMANAKA et. al (2005) developed DSSCs based on the IL [C11MIM+][I-] and the ILC 

[C12MIM+][I-] (the mesophase was formed in alkyl chains larger than C11). Despite the ILC 

exhibited viscosity 2.5 times higher than the IL studied, [C12MIM+][I-] presented superior 

diffusion coefficient and higher ionic conductivities. These observations were ascribed to the 

ability of ILC to form long-range conductive channels, which facilitated the ion 

transportation. On the other hand, YUAN et al. (2019) built a new imidazolium-based ILC 

salt used as a solvent-free electrolyte for Li-ion batteries. This group also explored the 

capacity of ILC to form fast ion-conductive channels, which enabled high ionic conductivity 

of 3.02 x 10-3 S/cm and wide electrochemical window at room-temperature.  

Therefore, based on the studies of Yamanaka and Yuan, the use of imidazolium-based 

ILCs as electrolyte additive seems like a promising approach to improve the system stability 

and ionic conductivity. Furthermore, the lack of literature information about the ILC 



36 
 

application in Li-O2 batteries rises the interest in investigating how this kind of additive 

affects the electrolyte properties and the cell performance. Thinking of that, this project 

proposes, for the first time, the use of an ionic liquid crystal as an additive in aprotic 

electrolytes, composed of DMSO/LiClO4, for Li-O2 batteries. The cationic imidazolium group 

with 16 carbons on the side of the alkyl chain, [C16mim]+, was chosen for this study. As for 

the anionic group, the anion [Br]– was chosen due to its redox mediator properties, which will 

be further explained in sections 2.7. Cell Overpotential and 2.8. Redox Mediators. 

 

2.7. Cell Overpotential  

Besides the choice of electrolyte, one of the biggest limitations of Li-O2 is associated with 

the high cell overpotentials formed during ORR and OER. To better understand this 

challenge, it is important to first consider the Nernst equation, which determines the standard 

potential for formation/decomposition of Li2O2 to be U0 = 2.96 V. This potential is the basis 

for discharge and charge reactions (GIRISHKUMAR et al., 2010b), so ideally during the cell 

operation, in ORR a potential slightly lower than U0 should be reached whereas in OER a 

voltage slightly higher than U0 should be expected for a high energy efficiency. However, in 

practical operation of Li-O2 batteries, these potentials are not easily reached (LAI et al., 

2020). For example, Figure 9 indicates a typical charge/discharge potential curve of aprotic 

electrolytes. 

The initial cell potential is named open circuit voltage (OCV) or open circuit potential 

(OCP). When the battery is discharged, the working potential reaches its stability at potentials 

bellow U0. This difference between the discharge and standard potentials is known as the 

discharge overpotential, 𝜂𝑑𝑖𝑠 (see Figure 9). On the other hand, the cell voltage reaches its 

stability at potentials much greater than U0 during the cell charge. This difference between 

charge potential and U0 is the charge overpotential, 𝜂𝑐ℎ𝑔. The difference between the 

discharge and charge overpotentials is the cell polarization and the efficiency of the 

cyclability can be calculated from the relation 𝜂𝑑𝑖𝑠/𝜂𝑐ℎ𝑔, so usually Li-O2 cells have low 

energy efficiency (GIRISHKUMAR et al., 2010). 
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Figure 9. A typical charge/discharge cycle performed for a non-aqueous Li-O2 battery. 

Adapted from FREUNBERGER et al., 2011. 

 

From Figure 9, it is clear that discharge overpotentials are usually low and the charge 

overpotential are much higher (KUNDU et al., 2015). It is explained by the ORR, where 

Li2O2 and the side products are formed as an irregular film distributed on the cathode surface, 

causing its pore clogging. Besides, these side products are insulating, increasing the electrical 

resistance, causing slower transport of ions and oxygen, and high overpotentials are required 

during recharge (OER) to decompose these products (LIM et al., 2016). High overpotentials 

can degrade the electrolyte, if it has a low electrochemical stability, and change the surface of 

the carbon cathode, forming the undesirable insoluble compound Li2CO3. This compound 

accumulates with Li2O2 over the cathode surface, increasing even more the charge 

overpotential, and hindering the cell cyclability (KUNDU et al., 2015). 

Reducing the charge overpotential would, therefore, enable a high energy efficiency and 

improve the cell operation. One way to overcome this hurdle is by the use of solid catalysts on 

the cathode side. Studies indicate that noble metals (such as Au, Pt, and Pd) are good 

candidates, because they substantially reduce overpotentials even when in small fractions. The 

use of MnO2-based electrocatalysts is also a fair alternative due to its activity and low cost 

(KRAYTSBERG; EIN-ELI, 2011; OMINDE; YANG; QU, 2009). QIN et al. (2013) found an 

excellent catalytic capacity of α-MnO2 nanorods in Li-O2 cells. The catalyst improved the 

cell’s performance by reducing its charge potential to 3.5 V, showed high cyclability and fine 

electrochemical activity. 

Despite the benefits of solid catalysts, it was found that they can severely degrade the 

electrolyte (LIM et al., 2016). In addition, they are unable to completely decompose the Li2O2 
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species because of their lack of contact with the entire lithium peroxide film located on the 

cathode surface. Therefore, only the contacting parts of the discharge product with the 

catalysts will be degraded during charge, as shown in Figure 10 a). As a better choice, the use 

of redox mediators (RMs) as soluble catalysts is increasing considerably and ensures a better 

reversibility of the system since they can spread homogeneously through the electrolyte 

(figure 10 b)) (PARK et al., 2018).  

 

 

Figure 10. Decomposition of Li2O2 species during recharge of a Li-O2 battery using a) solid 

catalysts and b) redox mediators (liquid catalysts). Adapted from PARK et al., 2018. 

 

2.8. Redox Mediators 

The use of redox mediators (RMs) in Li-O2 cells was first reported by Bruce and his group 

(2013) with the use of the RM tetrathiafulvalene (TTF) in an aprotic electrolyte. The presence 

of this RM provided rechargeability to the cell at a current density (1 mA/cm2) that was 

unlikely to be achieved without this RM. After that, many researchers dedicated their studies 

to develop other materials with redox properties for Li-air systems. As already mentioned in 

this work, RMs are catalysts that are easily diffused through the electrolyte, as they provide 

maximum contact with Li2O2 and other by-products, facilitating the OER (LIM et al., 2016). 

 Many RMs are able to conduct the formation of Li2O2 as the only product in ORR, and 

oxidize this product in OER at a voltage range of 3 to 4 V vs Li (SHARON et al., 2017). They 

provide a simpler path to decompose lithium peroxide, regardless of its size or structure, so 

that RMs boost the cell cyclability and efficiency (LIM et al., 2016). Moreover, the redox 
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potential of a RM establishes the charge potential of the cell, so it is crucial to preselect the 

appropriate catalyst in order to optimize the charge reaction (PARK et al., 2018).  

To be classified as a RM, the catalyst should be completely soluble in the electrolyte and 

the redox reaction should be totally reversible. In addition, it should provide a charge 

potential lower than the cell’s potential in the absence of this RM. The potential must be low 

enough to avoid degradation of any cell component, but it should be higher than the standard 

potential of Li2O2 (U0 = 2.96 V). Finally, RMs should be resistant to oxidative medium 

(oxides formed during ORR/OER) and do not attack the lithium anode (PARK et al., 2018). 

Redox mediators are divided into three groups: organic, organometallic and halides. Each 

group has its pros and cons, but in this project, the focus is on halides, more specifically the 

anion Br–. Their main advantage is that unlike the organic and organometallic mediators 

which react with discharge products and the lithium anode, halides are not reactive at 

potentials lower than 3.5 V. LiI and LiBr belong to the halide group and are commonly 

studied in literature. They form two redox couples: X−/X3
− or X3

−/X2, but I2 and Br2 are both 

very corrosive so that their formation should be avoided. At potentials inferior to 4.2 V, I−/I3
− 

and Br−/Br3
− are the only redox couple formed (PARK et al., 2018). 

Figure 11 illustrates the two-step mechanism for the OER of a Li-O2 cell promoted by the 

anion Br−. Firstly, the anion Br−,  which is soluble in aprotic solvents, is electrochemically 

oxidized close to the cathode surface, forming Br3
− (step 1). Then, Br3

− oxidizes the discharge 

product Li2O2 in a chemical process instead of electrochemical, releasing Li+ ions, O2 gas, and 

returning to its reduced form Br− (step 2) (LAI et al., 2020; PARK et al., 2018). 

 

Figure 11. Reaction mechanism promoted by halide RM in a Li-O2 cell. Adapted from 

LIM et al., 2016. 
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Authors who investigated lithium halides as RMs found very interesting results. KWAK 

et al. (2016), studied the role of both LiI and LiBr mediators in Li-O2 cells containing LiTFSI 

as Li salt and diglyme as solvent. They found better cyclability and catalytic effect for 

electrolytes with LiBr. The RM couple Br−/Br3
− were both very effective, reducing the 

charge overpotential to values close to 3.5 V. In addition, cells containing LiBr were able to 

produce Li2O2 as the main discharge product even when H2O was included into the battery 

cell. On the other hand for LiI it was observed that, when the cell system was completely 

sealed and its electrolyte was subjected to rigorous anhydrous processes, Li2O2 was formed as 

the only product in reduction reaction. Even the willful addition of H2O into the cell resulted 

in formation of mainly Li2O2, and LiOH in small proportions.  

Since this project investigates the joint function of RMs with ILs, studies including both 

additives in Li-O2 cells were searched in literature. ZHENG et. al (2019) designed a cell with 

pyrrolidine group in the cationic side and Br− as the redox counter-ion. The electrolyte was 

composed by a LiTFSI salt, TEGDME solvent, and N-methyl-N-propyl-pyrrolidine bromide 

(MPPBr) in different concentrations. The introduction of MPPBr into the cell facilitated the 

OER, and the redox couple Br−/Br3
− reduced the charge overpotentials to ~3.6 V. In addition, 

the IL induced the formation of a stable SEI, which protected the Li anode and avoided the 

occurrence of side reactions. Finally, the presence of MPPBr increased considerably the cell 

cyclability and the best performances were found to concentration of 0.2 M MPPBr. 

For the present work, the focus is on the ionic liquid crystal [C16mim][Br] with redox 

mediator ability. The influence of this additive on the electrolyte properties are investigated, 

including how it affects the density, viscosity, ionic conductivity and electrochemical 

stabilities of the system. Besides, the RM function is evaluated and the influence of the 

structural character on the Li-O2 cell operation. 

 

2.9. Final Comments 

Chapter 2 presented a general overview of the Li-O2 battery, discussed about its 

components, the main advances in the electrochemical field and the main challeges for the 

cell full development, which are mostly related to the electrolyte instabilities. To suppress 

these instabilities, it was proposed the use of additives, such as ionic liquids, which can 

enhance the electrochemical and thermal stabilities of the electrolyte, and the use of redox 

mediators, which facilitate the cell operation by reducing the charge overpotentials. The 

combined use of both IL and RM materials was suggested to boost the cell performance. 
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Besides, ionic liquid crystals, a class of ILs with long alkyl chain, were also introduced in this 

chapter and proposed as possible additives for Li-O2 cells. Despite the lack of literature 

evidence of the ILC use in Li-O2 cells, this kind of material was reported in different energy 

storage devices, such as DSSCs and Li-ion batteries. It was showed that when ILCs are 

dissolved in a solvent, they have the ability to form organised structures that ressemble 

channels for the ionic transport, enhancing the ionic conductivity of the system.  

To summarize, based on the information provided by this chapter, this work focuses on 

the use of an ionic liquid crystal with redox mediator properties, [C16mim][Br], as additive for 

aprotic DMSO/LiClO4 electrolyte. It was investigated the effect of the ILC addition in the 

system, how it affects the electrolyte properties and the Li-O2 battery performance.  
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Chapter 3 

3. Methodology and Procedures 

3.1. Preparation of Electrolytes 

Considering the experimental tests, the electrolytes were prepared by dissolving different 

concentrations of the ionic liquid crystal 1-hexadecyl-3-methylimidazolium bromide, 

[C16mim]+[Br]– (C16mimBr, or [C16mim][Br]) (Figure 12) into DMSO/LiClO4 0.100 M 

electrolyte. The concentration range varied from 0.000 M ILC to 2.366 M ILC, which 

corresponds to the saturation limit of [C16mim][Br] into DMSO.  

 

 

Figure 12. Chemical structure of the ionic liquid C16mimBr. Adapted from KAPER & 

SMARSLY, 2006. 

 

The use of the organic solvent DMSO and the salt LiClO4 has been widely explored by 

our research group. The novelty of this project is the use of the ILC [C16mim][Br], which is a 

solid at ambient temperature, soluble in DMSO and other organic solvents. [C16mim][Br] can 

be used in sol-gel processes, for the manufacture of mesoporous polymers and metal oxides 

(such as hexagonal and cubic silica), as well as for the synthesis of surfactants and 

electrolytes (KAPER; SMARSLY, 2006). These processes are attributed to its ability to 

aggregate and form lyotropic (phase transitions occur with addition or removal of solvent) and 

thermotropic (phase transition with temperature change) liquid-crystalline phases (HILTROP, 

1994). Because of these features, we believe that this ILC is a suitable candidate for our 

electrolytes. 

 

3.2. Preparation of Catalytic Ink for the Cathode 

The catalyst facilitates the oxygen reduction and oxygen evolution reactions by 

minimizing the activation barrier. For this step, a catalytic ink based on commercial carbon 

nanotube (CNT) as active material was synthesized for use with carbon paper cathode. For the 

substrate, discs of Toray carbon paper were cut (D=16.5 mm, A=2.13 cm2) and weighted by a 
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MX5 Mettler Toledo analytical balance. As for the catalytic ink preparation, it was based on 

the work of LI et al. (2018). An ultrasonic Sonicator (Eco-Sonics) was used for ~10 min to 

homogenise a mixture of 25 mg of commercial CNT (CNT CO. LTD), 4 mL of distilled H2O, 

1 mL of isopropanol (Synth > 99.5%), and 50 μL of Nafion® (Aldrich, 20wt%). Then, an 

aliquot of this solution (1 mL) was diluted in 400 μL of isopropanol by the ultrasonic 

sonicator for 5 min. The final product was a catalytic ink with low viscosity. 

For the preparation of the cathode: With a micropipette, 28 μL of the catalytic ink was 

applied on each side (totalizing 56 μL) of the carbon paper disc. This ink volume was 

estimated for a CNT amount of 0.3 mg.  During the applying process the electrode was dried 

in an oven at 100 ºC, then left in a vacuum desiccator to remove any moisture. Then, the air 

electrode was transferred to an Argon glove box (MBRAUN-LABstar Workstation) to avoid 

interaction with water and oxygen (FRANCISCO, 2019). 

 

3.3. Evaluation of the Electrolyte Properties 

- Ionic Conductivity: We have seen that an electrolyte with high ionic conductivity is 

highly desirable for the proper cell operation. It was measured at ambient temperature by the 

digital conductivity meter Starter 3100C from OHAUS, which is a benchtop equipment that 

constitutes a four-pole linear electrode to prevent polarization and a temperature sensor.  

- Density and Viscosity: A Stabinger SVM-3000 (Anton Paar) viscometer was used to 

determine the density and viscosity values of the electrolyte at various ILC concentrations. 

The measurements were conducted with and without LiClO4, at a temperature range from 

293.15 K to 353.15 K, with 10 K steps. 

 

3.4. Electrochemical Tests 

- Li-O2 Cell Assembly: A homemade Swagelok cell design was used for the battery 

configuration, as indicated in Figure 13. It was used for the deep discharge and cycling tests 

to evaluate the cell performance. The cell consists of two stainless steel current collector 

plates, one being the anodic side and the other the cathodic. A thin lithium foil was used on 

the anodic side and the electrolyte was added. A fiberglass membrane was used to avoid the 

electrodes contact and thus prevent the cell short circuit. More electrolyte was added, 

totalizing 100 μL, which was enough to wet the fiberglass membrane. Then, the carbon 



44 
 

cathode was placed over the membrane, and finally, a stainless-steel current collector mesh 

and the spring were added to ensure the electric contact. The cell was hermetically sealed. All 

procedures for this assembly were performed inside an Argon filled glove box to avoid the 

lithium contact with H2O or O2 (CREMASCO, 2017). 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. a) Li-O2 Cell Assembly and b) Li-O2 Cell fully sealed. Author, 2021. 

 

- Electrochemical Stability and Assessment of the Bromide counter ion as mediator: 

An electrolyte needs a high electrochemical stability to avoid decomposition under very 

reactive and oxidative mediums (ARA et al., 2014). Thus, cyclic voltammetry (CV) tests were 

conducted at an argon atmosphere, using a homemade three-electrode cell setup with an 

Autolab potentiostat. A silver wire was the quasi-reference electrode, platinum was the 

counter, and the carbon glass was the working electrode. A scan rate of 50 mV/s was used, 

and a voltage range from 2.0 V to 6.5 V vs Li/Li+. Through CV tests, it was also possible to 

verify the redox property of the bromide anion. The redox peaks indicate the potentials for the 

oxidation and reduction of the [Br]–.  

 

- Deep discharge: The deep discharge and the cycling test are important to understand the 

energetic performance during the cell operation. Deep discharge was conducted with 

a) 

b) 
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Chronopotentiometry (CP) technique using a potentiostat Multi Autolab/M204. For a closed 

system, an oxygen pressure of 3 bar was used, the applied current was 50 µA with a current 

density of 23 µA/cm2 and no limiting time. The cut-off discharge potential was 2.2 V (JÚLIO, 

2020). 

After the deep tests, the gravimetric capacity was calculated, using equation 3. This 

information is important because it can be an indicative for the cell cyclability. It is common 

to expect a long cyclability for cells which present high discharge (gravimetric) capacities. 

Given the electric current in mA, the total operation time (h) and the mass (g) of active 

material (CNT) used at the cathode, the capacity was calculated from equation 3 (JÚLIO, 

2020). The gravimetric capacity graphs as function of potential were plotted and analysed. 

 

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (
𝑚𝐴ℎ

𝑔
) =

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴) 𝑥 𝑡𝑖𝑚𝑒 (ℎ)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑔)
                                                   (3) 

 

- Electrochemical Cycling Tests: They are required to determine the cyclic performance 

of the battery. Using a potentiostat Multi Autolab/M204, limiting the oxygen pressure to 3 bar 

and the gravimetric capacity to 1000 mAh/g, cycling tests were performed at a current of 50 

µA and cut-off potential of 2.2/4.5 V Li/Li+.  

 

3.5.  Chemical and Morphological Characterization 

The electrolytes were characterised via Raman spectroscopy, while the carbon electrodes 

were characterized via Raman and FESEM techniques.  

 The RAMAN Spectroscopy technique is based on the incidence of a monochromatic laser 

at distinct wavelengths. This measurement was performed at a Renishaw Spectrometer 

equipment, using a laser with a 633 nm wavenumber. A scan range from 200 to 3200 cm-1 

was used and a 1200 l/mm diffraction grating. The analysis was conducted using 10% laser 

power, 80 sec exposure time and 5 accumulations. Raman was used to identify the organic 

and inorganic compounds present on the carbon cathode after deep discharge and cycling 

tests, as well as the non-crystalline species and low-concentration products, such as Li2O2 

(JÚLIO, 2020). Raman was also used in the electrolytes with different ILC concentrations to 

observe the Raman shifts and identify the chemical interactions between the [C16mim][Br] 

molecules with the DMSO solvent.  
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Field emission scanning electron microscopy (FESEM) was used to observe the 

morphological changes of the cathode surface and the formed products. Images of the surface 

of the cathodes were obtained through a Thermoscientific Quattro S equipment with an 

Everhart Thornley Detector (ETD), which was set with a work distance (WD) of 10 mm, 10 

kv beam power, 3.0 spot and varying magnifications. 

 

3.6.  Table of Nominal and Real Values 

During the calculations of the experimental concentrations of ionic liquid crystal 

[C16mim][Br], an error was committed, therefore we present below a table of Nominal and 

Real Values (Table 2). In the entire dissertation, the experimental concentrations of ILC must 

be read as in Table 2. All experimental conclusions and the correlation of theoretical and 

experimental data are preserved. An erratum is being written for the first paper, published in 

the Journal of Materials Chemistry A. The second paper, with writing in progress, will be 

corrected and will present the real values before being sent to the journal. A few experiments 

are still in progress due to the need of synchrotron facilities to answer some answers related to 

the cell performance. We regret any inconvenience that this mistake may have caused for the 

readers. 

 

Table 2. Nominal and Real Values of ILC Concentration into DMSO/LiClO4 0.100 M 

Molar Concentration of [C16mim][Br] 

Nominal Values Real Values 

0.025 M 0.017 M 

0.050 M 0.035 M 

0.075 M 0.053 M 

0.100 M 0.070 M 

0.200 M 0.140 M 

0.500 M 0.351 M 

1.456 M 1.022 M 

2.413 M 1.695 M 

3.369 M 2.366 M 
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Chapter 4 

4. Results and Discussion 

This chapter presents and discusses the results obtained experimentally, including the 

evaluation of the electrolyte properties, characterization of the studied materials and 

electrochemical tests, as well as the simulation data obtained in a partnership with Dr. Tuanan 

C. Lourenço and Prof. Dr. Juarez L. F. da Silva from the Department of Chemistry from 

University of São Paulo, USP. This chapter is presented in journal publication format, being 

divided into three sections, as follows: 

4.1. Investigation of the Electrolyte Properties – Title: Tuning Aprotic Solvent 

Properties with Long Alkyl Chain Ionic Liquid for Lithium-based Electrolytes – Paper 

published in the Journal of Materials Chemistry A 

4.2. Investigation of the Ionic Liquid Crystal-Based Electrolyte in the Performance 

of Li-O2 Batteries – Title: Multi-functional Imidazolium-Based Ionic Liquid Crystal with 

Redox Mediator Properties for Li-O2 Batteries – Paper with writing in progress 

4.3. General Discussion – This section discusses and correlates the results presented in 

both papers. 
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4.1. Investigation of the Electrolyte Properties 

 

Tuning Aprotic Solvent Properties with Long Alkyl Chain Ionic Liquid for Lithium-

based Electrolytes* 

Tuanan C. Lourenço,*,†  Letícia M. S. Barros,*,‡  Chayene G. Anchieta, *,‡  Thayane C. M. Nepel, *,‡  

Júlia P. O. Júlio, *,‡  Luis Gustavo Dias,∗,¶  Rubens Maciel Filho, *,‡  Gustavo Doubek, *,‡  and Juarez L. 

F. Da Silva*,† 

†São Carlos Institute of Chemistry, University of São Paulo, P.O. Box 780, 13560-970, São Carlos, São Paulo, 

Brazil  

‡School of Chemical Engineering, University of Campinas, Campinas 13083-852, Brazil  

¶Chemistry Department, FFCLRP, University of São Paulo, 14040-901 Ribeirão Preto, SP, Brazil  

 

E-mail: lourenco.tuanan@gmail.com; leticia.barros94@gmail.com; chayeneanchieta@gmail.com; 

thayanecarpanedo@gmail.com; julia_paula@outlook.com.br; lgdias@ffclrp.usp.br; 

rmaciel@unicamp.br; doubek@feq.unicamp.br; juarez_dasilva@iqsc.usp.br 

 

Abstract 

Lithium–metal batteries, such as Li–O2, are some of the most promising candidates for high-performance 

energy storage applications, however, their performance is still limited by the electrolyte instability. To 

overcome this limitation it is necessary to develop improved electrolytes with good electrochemical stability and 

decent ionic transport. Here, we are the pioneers to investigate the influence of the imidazolium-based ionic 

liquid crystal (ILC) 1-hexadecyl-3-methylimidazole bromide [C16mim][Br] as an additive for an aprotic 

electrolyte, dimethyl sulfoxide (DMSO) 0.100 M LiClO4. Combining experimental and theoretical methods, we 

studied the influence of the [C16mim][Br] addition on the electrolyte properties from a macroscopic up to an 

atomistic level. The unique structural features of the ILC were investigated and an enhancement in the 

electrolyte stability was shown due to its self-aggregation ability, which suggests fewer DMSO molecules 

available to react during the battery operation and consequent less electrolyte degradability. For the ionic 

transport perspective, the ILC addition leads to an ionic conductivity increase until 1.456 M concentration, after 

this point, a further ILC addition causes a small decrease in the conductivity due to the high viscosity and the 

decay in the ions self-diffusion coefficient. By combining Raman spectroscopy and molecular dynamics 

simulations, we confirmed that the [C16mim][Br] interactions within the ions and molecules of this ternary 

system enabled the ILC to organize itself into large aggregates at high ILC concentrations. Besides DMSO, these 

ILC features can be reached in other aprotic and also aqueous electrolytes. 

 

* Paper published in the Journal of Materials Chemistry A 

 

 

 



49 
 

1 Introduction 

Lithium-based rechargeable batteries are a consolidated energy storage technology, in particular 

Li-ion batteries (LIB), which have been widely employed in electric and hybrid vehicles.1 Lithium–

metal batteries such as Li–S and Li–O2 have also been increasingly studied due to their high energy 

storage capacity,2 in which Li–O2 stands out as an alternative to replace LIB due to its impressive 

theoretical energy density (3458 W h kg-1), i.e., ten times higher than the energy density of LIB.3 

Despite the various benefits of lithium–metal based systems, a common limitation for all devices 

is the electrolyte stability and the battery safety. The use of aprotic solvents as lithium-based 

electrolytes is quite common in the battery field, mainly due to the high ionic transport and 

conductivity.4 However, some improvements are needed to reduce the drawbacks related to 

flammability, cell overpotential, safety issues, and chemical and electrochemical instabilities.5 To 

overcome some of these issues, it is quite attractive to use ionic liquids (ILs) as electrolyte additives;6 

ILs are noted for their low vapor pressure, reasonable ionic conductivity, and high electrochemical and 

thermal stabilities.6–8  

The application of ionic liquids as electrolytes and additives has been investigated in many energy 

storage devices such as supercapacitors, redox low batteries, Li-ion, Li–S, and Li–O2 batteries.7,8 

However, their viscous nature compromises the battery performance due to the limited ionic 

conductivity and mass transport. To overcome this issue, the major part of IL-based electrolyte studies 

focus on ILs with low viscosity that in general are composed by small ionic structures, e.g., short alkyl 

chains and low ionic volumes.9 Beyond that, the addition of organic electrolytes is also another 

approach to decrease the IL viscosity and improve the ionic conductivity due to the weakening of the 

ionic interactions in the liquid.7,10  

Although the ILs with short alkyl chains have low viscosity as an advantage, the ILs with long 

alkyl chains also present some interesting properties.11–13 For example, when the IL has ions with large 

ionic structure in its composition, e.g., large imidazolium, ammonium and phosphonium cations, it can 

assume a liquid crystal function, known as ionic liquid crystal (ILC), which is able to form aggregates 

and crystalline phases in the liquid medium and complex structures in the solvent.12,13 Yamanaka and 

co-workers have shown that the structural properties assigned to the crystalline phase are expected to 

suppress problems related to high viscosity,11 but there is insufficient information about how these 

structures interact and affect the mixture properties and there is little literature evidence of ILCs used 

in aprotic ternary electrolytes for Li–metal based batteries.  

Therefore, in this context, we propose an imidazolium-based ILC with a long alkyl chain, i.e., 

hexadecyl, to tune a conventional aprotic electrolyte by seizing the self-organizing property and 

electrochemical stability of the ILC, and improving the ionic conductivity of the system, despite its 

high viscosity values.  
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As for the organic solvent used in the present work, we chose dimethyl sulfoxide (DMSO), 

because it is widely employed in electrolytes for Li–O2 batteries, due to its low volatility (462 K),14 

low viscosity (1.948 cP),15 and high donor number (DN = 29.8).5,16 The latter indicates that the Li+ ion 

solvation is facilitated by DMSO molecules, which also stabilizes the main and the intermediate 

(Li2O2 and LiO2, respectively) discharge products formed during the Li–O2 batteries operation.5,16  

Moreover, the high DN enables the formation of hydrogen bonds between DMSO molecules and 

some other solvents and salts in binary17 and ternary mixtures,18 which affect the physical properties of 

the electrolyte.17 Despite these great features, DMSO has an electrochemical window limited to 4.20 

V,19 which means it can degrade during the electrochemical reactions in the Li–O2 battery operation, 

forming undesirable and irreversible products, such as DMSO2.20 Fortunately, these side reactions can 

be diminished by the IL addition, due to the improvement of the electrolyte electrochemical window 

stability.21  

The scientific community is involved in the development of electrolytes based on ionic liquids to 

improve battery performance and life cycle.7,22 Theoretical methods are a powerful tool to describe the 

electrolyte in an atomistic level of detail, providing information on the structure, solvation, and ionic 

transport in the systems.23,24 Many studies propose the use of classical molecular dynamics (MD) 

simulations to understand IL-based systems, in which it is possible to relate how the ionic structure 

impacts the electrolyte properties.25 Beyond that, MD simulations have also been used as a tool to 

complement and improve the understanding of experimental measurements for electrolytes.26,27  

In summary, we performed an experimental–theoretical investigation of the effects of the addition 

of the ionic liquid crystal 1-hexadecyl-3-methylimidazolium bromide, [C16mim][Br], on the physical, 

electrochemical, and structural properties of the dimethyl sulfoxide lithium perchlorate, 

DMSO/LiClO4, 0.100 M electrolyte (Fig. 1). Furthermore, it should be noted that in addition to 

DMSO, the unique features of the investigated ILC could also be extended to different organic and 

aqueous solvents. Thus, we propose a new direction for the development of aprotic electrolytes for 

different electrical devices. 

 

2 Methodology 

To improve our understanding of the ILC ([C16mim][Br]) in the aprotic electrolyte DMSO/LiClO4 

0.100 M, we employed several experimental techniques combined with classical MD simulations and 

density functional theory calculations (DFT), which are described below. 

 

2.1 Electrolyte Preparation 

The chemical compounds 1-methylimidazole (Sigma Aldrich, 99%), 1-bromohexane (Sigma 

Aldrich, 98%) and ethyl acetate (Synth, 100%) were used in the synthesis of the solid ILC 1- 

hexadecyl-3-methylimidazole bromide [C16mim][Br] by an optimized quaternization reaction.28 
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Furthermore, the lithium salt, lithium perchlorate (LiClO4, 99.99%) and the organic solvent dimethyl 

sulfoxide (anhydrous, ≥99.9%) were purchased from Sigma-Aldrich. Therefore, the electrolytes were 

prepared by dissolving 0.100 M LiClO4 and nine different concentrations of the synthesized 

[C16mim][Br] in DMSO solvent. The saturation point of 3.369 M [C16mim][Br] in DMSO at 298.15 K 

(0.9166 g [C16mim][Br] per mL-1 DMSO) was determined experimentally. On the basis of that, the 

saturation point was chosen as the highest concentration to avoid ionic liquid crystal precipitation. We 

characterized the [C16mim][Br] using 13C MAS-NMR and the data is shown in Table S1.† The liquid 

crystal property of [C16mim][Br] was confirmed via polarized optical microscopy (POM) and via 

differential scanning calorimetry (DSC) with the data presented, respectively, in Fig. S1 and S2 in the 

ESI.† 

 

2.2 Electrolyte Characterization 

2.2.1 Physical Properties 

For density, viscosity, and conductivity measurements, the DMSO solvent was used as purchased. 

Density and viscosity values were determined using the Stabinger SVM-3000 viscometer (Anton Paar) 

and the measurements were carried out with and without LiClO4, in a temperature range from 293.15 

up to 353.15 K, with 10 K steps. Conductivity values were measured at ambient temperature (298.15 

K) through the digital conductivity meter model Starter 3100C from OHAUS. 

 

 

Fig. 1 Ions and molecule simulated in this work, 1-hexadecyl-3-methylimidazolium ([C16mim]+), 

dimethyl sulfoxide (DMSO), bromide ([Br]–), perchlorate (ClO4–) and lithium-ion (Li+). 

 

2.2.2 Raman Spectroscopy 

To obtain the spectra of the ternary mixtures, we used a Renishaw Raman spectrometer, which can 

help in the identification of the chemical interactions between the ILC molecules and the DMSO 

solvent by comparing the Raman shifts upon the addition of [C16mim][Br] into the electrolytes. The 

measurements were performed using a 633 nm He–Ne laser with 10% of power, diffraction grating of 

1200 l mm-1, a 50X zoom lens, 80 seconds of exposure time, 5 accumulations and a scan range from 
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200 to 3200 cm-1. Electrolytes were prepared with 0.100 M LiClO4 and concentrations of 0.000, 0.050, 

0.500, 1.456 and 3.369 M [C16mim][Br] in DMSO. The reagent was dried with molecular sieves for 24 

h before use and the solution preparation was performed inside an argon-filled glovebox with control 

of H2O and O2 contaminants. 

 

2.2.3 Cyclic Voltammetry  

Cyclic voltammetry was performed to determine the electrochemical stability of the electrolytes,10 

which is a crucial information for a long-life cycling lithium battery. Using a three-electrode 

electrochemical setup with an Autolab potentiostat, a silver wire was applied as a quasi-reference 

electrode, platinum as a counter, and carbon glass as the working electrode. The experiment was 

carried out in an atmosphere of argon, with a scan rate of 50 mVs−1 and a voltage range from 2.00 up 

to 6.50 V versus Li/Li+. The DMSO solvent with 0.100 M LiClO4, as the supporting electrolyte, and 

ILC addition was used as electrolyte. The preparation of the solutions and the cell assembly were 

conducted using a glovebox with an argon atmosphere (MBRAUN-LABstar Workstation). The 

electrolyte solutions preparation and cell assembly were conducted using a glovebox with argon 

atmosphere (MBRAUN-LABstar Workstation). CV measurements at concentrations higher than 0.500 

M ILC were not evaluated due to the high viscosity and high concentration of [Br]–, leading to a huge 

[Br2] evolution. 

 

2.3 Theoretical Calculations 

2.3.1 Force Field Models 

We performed classical MD simulations employing the GROMACS package, version 2020.5, and 

using a combination of OPLS-based force fields.29 For the description of the [C16mim][Br] ILC and 

the DMSO molecules, we adopted the CL&P force field developed by Canongia Lopes and Pádua.30 

However, for the DMSO molecules, we employed the charges reported by Strader and Feller,31 while 

for the ClO4
– ions we employed the parameters obtained by Acevedo et al.32 and the OPLS for the 

lithium-ion. Finally, we would like to highlight that all force fields are based on the OPLS force field 

and use the same potential form, combination, and exclusion rules, which ensure their compatibility. 

The structure for DMSO molecule was obtained from the DLPGEN database, and the [C16mim]+ 

was built using the [C18mim]+ cation from the same database as starting point, and relaxed at HF/6-

31G(d) level, as implemented in ORCA 4.0.1.33 ClO4
– was taken from the Acevedo github database.34 

All employed parameters are reported within the ESI† along with additional computational details. 

 

2.3.2 Molecular Dynamics Simulations 

As mentioned above, we employed electrolytes with [C16mim][Br] concentrations from 0.020 M 

up to 3.369 M for the experiments, however, it is a challenge to cover all those concentrations by 
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classical MD simulations as lower ILC concentrations can require more than 4000 DMSO molecules, 

i.e., a huge computational cost. Thus, our MD simulations focused only on [C16mim][Br] 

concentrations above 0.200 M. Table S9 in the ESI† shows the boxes compositions for all simulated 

systems. Furthermore, we are dealing with complex systems with different chemical species, and the 

[C16mim]+ cations have a strong tendency to aggregate and form complex nanostructures,35,36 which 

could make the box equilibrium a difficult task. Then, to ensure the proper equilibrium of the MD 

boxes density, we adopted a multistep equilibrium approach based on annealing and 

compression/decompression steps.37 

Thus, the following sequential steps were employed for the classical MD simulations: 

(1) All ions/molecules were packed randomly by the PACKMOL software38 into boxes with initial 

volumes obtained from our experimental densities.  

(2) The initial configurations were relaxed using the steepest descent algorithm followed by 500 

ps of stochastic NVT simulations at 350 K.  

(3) 10 ns of NVT simulations followed by 15 ns annealing NPT simulations in which the 

temperature was decreased/increased from 550 K to 400 K successive times at 1 bar.  

(4) NPT simulations at 400 K and 1.5 bar for 20 ns.  

(5) Then, the atomic charges of the ions were scaled by a factor of 0.8 to improve the dynamics of 

the systems, which is a usual protocol in IL simulations.39  

(6) Additional NPT simulations were carried out for 20 ns at 400 K and 1.0 bar, followed by 110 

ns of NVT simulations at the same temperature that were used as production simulations, e.g., in which 

all the properties were computed.  

(7) To collect the systems densities in the temperature range from 383 K to 353 K we ran 

additional NPT simulations for 10 ns at each desired temperature.  

We applied the smooth particle-mesh Ewald method40 to handle coulombic interactions with a 1.6 

nm cutoff, and the leap-frog algorithm to integrate motion equations with a 1.0 fs time step. Positions 

and energies were saved each 0.5 ps and 1.0 ps, respectively. The H-bonds were constrained by the 

LINCS algorithm41 as implemented in GROMACS package and defined in the CL&P force field. The 

Parrinello–Rahman barostat42 and the Nosé–Hoover thermostat43 were used to control pressure and 

temperature with coupling times of 1.0 and 0.1 ps, respectively. 

 

2.3.3 Density Functional Theory Calculations 

To help in the assignment of the experimental Raman spectrum frequencies, we obtained the 

theoretical fundamental vibrational spectrum using DFT44 calculations within the Perdew–Burke–

Ernzerhof (PBE) formulation45 for the exchange–correlation functional, as implemented in ORCA 

4.0.1.33 We employed the def2-TZVP basis set,46 which yields accurate results for molecular 

systems.47 
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For molecular systems, we randomly extracted an ionic/molecular cluster based on the Li+ 

solvation shell from the MD trajectory using the TRAVIS package.48 Then the Raman spectrum was 

obtained using two procedures, namely (i) directly from the frozen structure as obtained from the MD 

simulation and (ii) the equilibrium structure obtained by PBE optimization using the MD cluster as the 

starting configuration. A direct comparison of both schemes is reported within the ESI,† while the 

results obtained with the second approach will be discussed within the manuscript. 

 

3 Results and Discussion 

Experimental and theoretical frameworks were employed to obtain a deep macroscopic and 

atomistic understanding of the effects induced by the addition of [C16mim][Br] in the electrochemical, 

transport and structural properties of the aprotic electrolyte, DMSO/LiClO4 0.100 M. To reach our 

goals, our results will be presented and discussed step by step, where the most important findings will 

interconnect towards a single story summarized in the insights section. 

 

3.1 Electrochemical Analysis 

By performing cyclic voltammetry it is possible to understand the electrochemical behavior of an 

electrolyte in the battery operational voltage range. The electrochemical behavior provides information 

related to the redox properties of the electrolyte,49,50 which helps to distinguish the electrolyte 

applicability in different types of electrochemical devices. In the case of lithium-based batteries, a 

wide electrochemical stability means that the cell can operate for multiple cycles without significant 

changes in the potential profile, which prevents the electrolyte degradation and improves the battery 

cycle life, and is fundamental to produce commercial prototypes.21 Thus, we performed the cyclic 

voltammetry to characterize the electrolytes and investigate how the addition of the [C16mim][Br] ILC 

(0.000, 0.050, 0.500 M) affects the electrochemical stability of the DMSO/LiClO4 0.100 M system. 

The results are presented in Fig. 2. As stated in Section 2.2.3, we only evaluated the electrochemical 

stability for ILC concentrations lower than 0.500 M due to the high viscosity and the large evolution 

of Br2 in those systems with higher concentrations.  

We found that the [C16mim][Br] addition increases the electrolyte electrochemical stability in the 

range from 2.00 V to 6.50 V versus Li/Li+. When using only DMSO solvent with LiClO4 0.100 M as 

the supporting electrolyte, we observe that the oxidation onset decreased 0.30 V after 10 cycles, 

indicating the degradation of DMSO. On the other hand, when using the ILC, even in the lower 

concentrations, 0.050 M and 0.025 M (ESI, Fig. S3†), the absence of the onset shift is noticed, 

pointing out the enhancement of the electrolyte stability due to the addition of the ILC.  

The degradation of DMSO in potentials greater than 5.00 V is widely reported in the 

literature,19,51,52 which is attributed to the organic solvent molecules reaction with water traces present 

in the samples. Mozhzhukhina et al.51 indicated the beginning of DMSO degradation at 4.30 V over a 
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Pt electrode and the formation of dimethylsulfone. Using carbon glass as the working electrode, we 

verified the beginning of DMSO degradation at 4.50 V at the 10th cycle, in the absence of ILC. 

Therefore, we suggest that the addition of ILC reduces the DMSO availability to react with the water 

traces, which increases the electrolyte stability. DMSO strongly interacts with the [C16mim]+ cation, 

specially by hydrogen bonds with the hydrogens in the imidazolium ring, thus decreasing the DMSO–

water interactions. 

 

 

Fig. 2 Cyclic voltammetry on glass carbon working electrode performed at 50 mVs−1 under argon 

atmosphere. The electrolyte was DMSO/LiClO4 0.100 M (blue line); adding 0.050 M [C16mim][Br] 

(black line) and 0.500 M [C16mim][Br] (red line). Inset: Cyclic voltammogram for DMSO/LiClO4 

0.100 M recorded in the potential range of DMSO stability (2.00 V to 4.50 V vs. Li/Li+). 

 

The [Br]– anion of the studied ILC has redox properties, as pointed out in the redox peaks in Fig. 

2. The [Br]– anion oxidizes to Br3
– at 4.00 V versus Li/Li+, as indicated by the equation below, 

 

3Br− ↔ Br3
− + 2e−. (1) 

 

The Br3
–/Br– reduction is verified at 3.70 V. These redox properties are very attractive for Li–O2 

cells applications because the Br3
– formed electrochemically is reported as an efficient redox 

mediator,49 which reacts chemically with the main discharge product, Li2O2, and releases Li+, O2, and 

Br– during the battery charge,16 as indicated by the equation below, 

 

Li2O2 + Br3
− ↔ 2Li+ + O2 + 3Br−. (2) 
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The chemical reaction with the mediator during the charge process of Li–O2 cells favors the 

charge reaction, thus decreasing the overpotential and therefore improving the stability of the 

electrolyte and the cyclability of the battery.16 A second oxidation peak above 4.50 V is clearly 

observed in the diluted solution (0.050 M), which is assigned to the Br3
– oxidation to Br2 (eqn (3)), 

 

2Br3
− ↔ 3Br2 + 2e−.  (3) 

 

The formation of the Br2 product is also confirmed due to a color change in the solution, when 

using the concentration of 0.500 M (see the video in the ESI†). Comparable values of the redox 

potential are reported using InBr3 as mediator, the [C2mim][BF4] ionic liquid and LiTFSI as a 

supporting electrolyte. Applying the MoS2 nanoflakes catalyst on the working electrode, a slight shift 

to lower potential was observed, with peaks at 3.98 and 3.75 V due to the redox couple (Br–/Br3
–). 

However, the authors emphasized the challenge of detecting the redox peak (Br3
–/Br2) due to the 

DMSO voltage window.50 In the present paper, we observed that the decomposition of DMSO began 

near to 4.20 V, as can be visualized in the inset of Fig. 2.  

The redox flow battery is another type of energy storage system that could be a promising 

application for this ternary system as a catholyte. IL and ILC combined with different solvents are 

capable of providing stable and long-life cycling efficiencies for flow batteries.53 A high energy 

density could be achieved in this system due to the redox properties and the formation of Br2.54 

Furthermore, the imidazolium group has been studied with different anions and alkyl chain sizes in 

redox flow batteries, however, a deep understanding is needed to guarantee the applicability of these 

materials.55 

 

3.2 Density 

Fig. 3a shows the theoretical and experimental densities of the DMSO/LiClO4 0.100 M electrolyte 

as a function of temperature and ILC concentrations. As expected, for all systems, independent of the 

ILC concentration, the densities decrease linearly as the temperature increases, and the data can be 

fitted by a linear equation as follows,56 

 

𝜌(𝑇) = 𝑎 + 𝑏𝑇 ,  (4) 

 

where a and b are the fitting parameters, while T is the temperature. The parameters obtained by the 

linear fitting of the experimental data are reported in Table S10 in the ESI.† 

The neat [C16mim][Br] is solid at temperatures lower than 333 K, so its simulation at high 

concentrations and low temperatures may be a challenge due to the limitations of the classical force 

field. Therefore, we performed several MD simulations for the systems in the ILC concentration range 
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from 0.200 up to 3.369 M at different temperatures to find the best temperature for our production 

simulations, e.g., the temperature in the simulations in which all the properties are calculated.  

For the systems with the lowest concentrations, 0.200 and 0.500 M of [C16mim][Br], it is possible 

to reach a proper equilibrium for the theoretical densities in the temperature range from 343 up to 400 

K. However, when the ILC concentration increases, the electrolytes have a slow equilibrium rate, then 

it is not possible to reach a proper equilibrium for the density at temperatures lower than 363 K at the 

intermediate 1.456 M ILC concentration in the timescale used in our simulations. For the two highest 

ILC concentrations, 2.413 and 3.369 M, the equilibrium of the density is only reached at temperatures 

over 373 K. This effect is associated with the high viscosity of the [C16mim][Br] ILC and the well-

known overestimation of the viscosity by the classical force fields, even with the 0.80 scaling charge 

approach.  

Then, to ensure the equilibrium of the density and the convergence of the transport properties for 

all systems, we chose 400 K as our production temperature. We would like to highlight that high 

temperatures, ≥370 K, are usually employed in the MD simulations of ionic liquid based systems, to 

overcome the large viscosity of the ILs and improve the description of the dynamics of the ions in the 

simulations.25,26,32 With the use of high temperatures in the MD simulations is possible to speed up the 

diffusion of the ions and consequently achieve better convergence of the transport properties in 

smaller simulation times. Although 400 K is higher than the temperature used in the experimental 

measurements, it is still lower than the boiling point of DMSO, 462 K.14  

 

 

Fig. 3 (a) Densities and (b) viscosities for DMSO/LiClO4 0.100 M as function of temperature and (c) 

[C16mim][Br] concentration. The filled and hatched symbols are experimental and MD data, 

respectively. The dashed lines in the experimental densities and viscosities are the linear and the VTF 

fittings, while the straight lines are just guides to the eye. 

 

The theoretical densities in Fig. 3a show deviations lower than 3.0% relative to the experimental 

values, that is, an acceptable rate for classical force fields.32 However, we highlight that the 

experimental data used for the force field validation was generated by the linear fitting showed above. 

Beyond the quantitative results, the theoretical densities also show a similar qualitative trend 
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compared to the experimental data, e.g., the density decreasing upon the increase in temperature and 

addition of ILC. 

 

3.3 Viscosity 

As seen for the densities, the increase in temperature also leads to a decrease in experimental 

viscosity (h), Fig. 3b, which follows the typical electrolyte behavior,56 e.g., the convex curvature, and 

can be fitted using the Vogel–Tammann–Fulcher equation (VTF), as follows57 

 

η = η0. exp (
k

T−T0
) ,  (5) 

 

where η0, k and T0 are fitting parameters and T is the temperature in kelvin. The VTF parameters are 

shown in ESI, Table S11.† 

The addition of the ILC into the electrolyte leads to an increase in the viscosity, as seen for the 

lowest temperature, 293.15 K, in which the saturated 3.369 M system has a viscosity 10 times higher 

than the least concentrated one, 0.025 M. However, at the temperature of 353.15 K, we observe that 

the 3.369 M viscosity is only about 4 times higher than the 0.025 M. Therefore, the increase in the 

temperature, and consequently, the increase in the kinetic energy of the system, has a direct impact on 

the decrease in the electrolyte viscosity, which leads to a more “fluid” electrolyte at high temperatures. 

The increase in the electrolyte viscosity upon ILC addition can be understood as a combination of 

different factors. First, the viscous nature of the ILC due to the strong electrostatic interactions among 

the ions,18 second, the tendency of the [C16mim]+ to form nanodomains in the liquid structure.58 Since 

the positive charge in the [C16mim]+ cations is located in the aromatic ring, they tend to distribute 

themselves in a structure that resembles π–π interactions, with the cations forming a vertical stacking 

mediated by the anions, which leads to the formation of a polar nanodomain. On the other hand, when 

long alkyl chains are present in the imidazolium cations, like in [C16mim]+, the carbon and hydrogen 

atoms from the chains tend to establish strong intermolecular van der Waals interactions, resulting in 

the formation of nonpolar nanodomains in the liquid structure.59  

The formation of nanodomains directly affects the displacement of ions due to the increase in the 

interactions between the chemical species and due to the cage effects on the ions.60 Beyond that, the 

large size of [C16mim]+ results in a large sterical hindrance, which leads to an increase in the diffusion 

activation energy and consequently to lower mobility and larger viscosity. Therefore, the increase in 

the viscosities seen in Fig. 3c can be understood as the joining of all these statements. 

 

3.4 Ionic Conductivity 
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Fig. 4 shows the ionic conductivity obtained by both experimental and MD simulations together 

with the experimental viscosity of the DMSO/LiClO4 0.100 M electrolyte as a function of the 

[C16mim][Br] concentration. The experimental measurements were conducted at 303 K, while the MD 

simulations were carried out at 400 K to improve the dynamics of the system and the convergence of 

transport properties, as stated above.25,32 

The ionic conductivities from the MD simulations were obtained using the Einstein-Helfand 

method, as follows,61 

 

σ =
1

6VkBT
lim
t→∞

d

dt
〈∑ ∑ qiqj∆rij(t)j(j>i)i 〉,  ∆rij(t) = [ri(t) − ri(0)]. [rj(t) − rj(0)],  (6) 

 

in which T is temperature, kB the Boltzmann’s constant, t is time and V the volume of the simulation 

box. qi and qj are the ionic charges and ∆𝑟𝑖𝑗(𝑡) the collective mean square displacement, cMSD, for a 

given ij pair at time t. The ionic conductivities are obtained using a linear fitting in the linear part of 

the ∆𝑟𝑖𝑗(𝑡), cMSD curve, which can be a "trick" task due to the accumulation of errors and the noisy 

behavior of the cMSD curve. Then, we computed the ionic conductivities as the average of four 

fittings in different time windows of ∆𝑟𝑖𝑗(𝑡). 

 

 

Fig. 4 Ionic conductivities and viscosities for the DMSO/LiClO4 0.100 M system as a function of the 

[C16mim][Br] concentration. (a) Black and blue circles are, respectively, the experimental ionic 

conductivities and viscosity at 303 K. (b) The red circles are the MD ionic conductivity at 400 K.  
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As shown in Fig. 4a, the addition of the [C16mim][Br] ILC to DMSO/LiClO4 0.100 M leads to a 

gradual increase in the experimental ionic conductivity until the 1.456 M concentration, in which we 

observe the highest ionic conductivity among the investigated systems in our work. However, after 

this point, the further addition of the ILC leads to a decrease in the ionic conductivity. Even so, the 

most concentrated systems, e.g., 2.456 and 3.369 M, presented higher conductivities than the neat one 

(0.000 M), which shows that the addition of the [C16mim][Br] to the DMSO/LiClO4 electrolyte is 

beneficial to its conductivity. 

We would like to highlight that although the 1.456 M concentration presented the highest ionic 

conductivity value in Fig. 4, we cannot ensure that this is the electrolyte composition that maximizes 

the ionic conductivity. To do this, a systematic investigation should be performed using the largest 

number of possible points between the 1.456 M and 2.456 M ILC concentrations. The same 

conclusion can be addressed to the point in which the ionic conductivity starts to decay. Hence, from 

Fig. 4a we can consider the region between 1.456 and 2.413 M ILC concentrations as the turning point 

for ionic conductivity.  

Comparing the experimental ionic conductivity and viscosity trends in Fig. 4a, we see that the 

addition of the ILC leads to a constant rise in the viscosity which may be associated with the slowing 

down of the ionic transport. Therefore, the increase in the ionic conductivity until 1.456 M and its 

decay at higher concentrations, indicates that the viscosity only affects the ionic conductivity in the 

highest concentrations.  

If we take into account the Nernst–Einstein equation, the conductivity of a system can be 

understood as the joining of the mobility and density of ions in the system. Thus, we can understand 

the ionic conductivity rise until 1.456 M, as the result of the increase in the number of charge carriers 

in the electrolyte. However, above the 1.456 M concentration, the strong interactions between the ions 

begin to hinder the ionic transport, leading to a small decrease in the ionic conductivity. Therefore, at 

high ILC concentrations, the low mobility of the ions, i.e., high viscosity, plays a greater role in the 

electrolyte conductivity than the density/number of ions. However, we would like to highlight that the 

conductivity decreases only 10% from the 1.456 M to 2.413 M concentration, while the viscosity 

increases around 120% in the same range. Hence, the number of charge carriers is still important for 

ionic conductivity even at high concentrations, and this behavior needs further investigation.  

Cummings and co-workers have conducted a series of studies focusing on the understanding of 

ionic liquid–solvent mixtures, using classical MD simulations and experimental measurements.39,62,63 

They observed a similar behavior for the [C4mim][Tf2N] ionic conductivity with several organic 

solvents. The mixture presented optimal conductivity values in the IL mass fraction around 0.4–0.5, 

which they attributed to the mitigation of the ion pairing, i.e., ionic dissociation due to the solvation of 

the ions by organic molecules. But, at high IL concentrations, the ions tend to interact strongly with 

their counterions, forming strong ion pairing, which leads to slow ionic transport and consequently, 

low ionic conductivity.39 Then, to optimize the IL/organic solvent conductivity, it is necessary to find 
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the best ratio between charge carrier number and ionic transport in the system. For comparison, in our 

systems the optimal conductivity is reached at the ILC mass fraction of 0.265.  

Although the ionic conductivities of the MD simulations, Fig. 4b, were conducted at higher 

temperatures than the experimental data, the qualitative trends are quite similar and the differences can 

be rationalized due to the effects of temperature. Unlike the experimental data, in the MD simulations 

the ionic conductivity reaches its maximum value at the 2.413 M concentration, which shows a shift of 

the optimum ILC concentration to higher values. Beyond that, the MD simulations show ionic 

conductivity values that are higher than those of the experimental data because of the high temperature 

used in the simulations. 

As shown in Fig. 3b, at high temperatures the effect of ILC addition on the viscosity of the 

electrolyte is less pronounced, which can be attributed to the higher kinetic energy in the system, e.g., 

faster ionic transport and lower ion pairing in the system. Then, we expect less influence of the 

viscosity on the ionic conductivity at higher temperatures, and consequently, a shift in the maximum 

ionic conductivity at higher ILC concentrations. However, the qualitative similarity between the MD 

and experimental data shows that the applied force field is able to reproduce the experimental behavior 

of the [C16mim][Br] addition into the DMSO/LiClO4 0.100 M electrolyte. Therefore, we are able to 

use our MD simulations to understand the effects observed in the experimental measurements in Fig. 

4. 

 

3.5 Self-diffusion Coefficients 

To improve our understanding of the transport of the ions and the DMSO molecules in the 

electrolytes, we computed the self-diffusion coefficients (Dx) for all species using the Einstein method 

and the MD data, i.e., 

 

𝐷 =
1

6
𝑙𝑖𝑚
𝑡→∞

𝑑

𝑑𝑡
〈∑ |𝑟𝑖(𝑡) − 𝑟𝑖(0)|2𝑁

𝑖=1 〉,  (7) 

 

in which brackets are the ensemble average and 𝑟𝑖 is the position vector for a The mean square 

displacements of ClO4
–, [C16mim]+ , and DMSO, were calculated using the Cl, CR (the carbon atom 

between nitrogens in the imidazolium ring), and S atoms as position vectors. The plots of the MSD 

curves and the time regions used for the Dx calculations are shown in the ESI, Section S3.5.† 

Fig. 5 shows the self-diffusion coefficients for all species as function of the [C16mim][Br] 

concentration at 400 K. Because of its molecular character, and consequently, weak electrostatic 

interactions, the DMSO molecule presents the highest self-diffusion coefficient in the system, 

followed by ClO4
– > [Br]– > Li+ > [C16mim]+. For the ions, the diffusivity trend may be rationalized in 

terms of their size and charge density. 
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The larger size of the ClO4
– anion compared to [Br]– leads to a lower charge density; therefore, we 

can expect weaker binding energies with the cations in the systems and consequently larger 

diffusivities than [Br]–. On the other hand, the higher diffusivity of the bromide-ion compared to Li+ 

may be explained in terms of the ion concentration in the mixture, which may result in a higher 

diffusion rate across different ionic environments. The long alkyl chains of the [C16mim]+ cation and 

its large sterical hindrance lead to the lowest transport among all ions in the electrolyte. Beyond that, 

strong van der Waals interactions between the alkyl chains also contribute to the low diffusivity of the 

cation. 

 

 

Fig. 5 Self-diffusion coefficients (D) and apparent transference numbers (tion
app

) for all ions/molecules 

in the DMSO/LiClO4 0.100 M electrolyte as function of the [C16mim][Br] concentration at 400 K. The 

dashed lines are quadratic fittings. 

 

The addition of the [C16mim][Br] ILC to the electrolyte leads to the decrease in the self-diffusion 

coefficients of all particles, which agrees with the expected trend from the viscosity, Fig. 3, and 

previous studies.39 The decrease in the self-diffusion coefficients in Fig. 5 confirms that the increase in 
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the ionic conductivity for concentrations below 1.456 M is the result of the increase in the 

number/density of charge carriers in the systems. 

 

3.6 Apparent Transference Number 

To continue our characterization of the ionic transport in the electrolyte, we employed the Einstein 

approach, eqn (8), and the simulated self-diffusion coefficients to calculate the apparent transference 

numbers, tion
app

, for all ions in the systems, using the equation below, 

 

tion
app

=
Dion.Nion

∑ Dion.Nion5
i=1

 , (8) 

 

where Dion and Nion are the self-diffusion coefficients and the number of ions in the systems. Since 

tion
app

 measures the contribution of each species to the ionic conductivity of the system, we do not 

consider the DMSO molecule due to its molecular character and negligible contribution to the ionic 

conductivity. 

In the last years, there has been much debate about the approaches used to calculate the 

transference numbers in electrolytes, especially the disparities between them.64–66 For example, 

electrophoretic NMR measurements can deliver negative values for t
Li+
app

 in IL-based electrolytes, 

which is associated with the 𝐿𝑖𝑥[𝑎𝑛𝑖𝑜𝑛]𝑦
𝑥+𝑦

 coupled diffusion, e.g., vehicular mechanism,64,67 while 

pulsed-field gradient NMR and the Bruce–Vincent methods, which do not take in account the ionic 

correlations, deliver positive values for Li+ for similar systems.  

Computationally, this comparison has been addressed by Molinari et al. using classical MD 

simulations,65 in which they concluded that the addition of ionic correlations in the transference 

numbers calculations leads to negative values at low sodium-ion concentrations due to the strong Na+ 

–[anion]– interactions. Hence, since we are using the Einstein approach, we discuss our data, Fig. 5, as 

individual contributions to the overall ionic diffusion in the systems, and we call our transference 

numbers as apparent transference numbers, tion
app

.  

Although the increase in the [C16mim][Br] concentrations leads to a slowdown of all ionic 

mobilities in the systems, for tion
app

 the effect depends on the ion, Fig. 5. In the case of Li+ and ClO4
–, 

the tion
app

s drop when more ILC is added, which is related to the decrease in the Dions and also the 

reduction in the relative LiClO4 concentrations. On the other hand, t
[C16mim]+
app

 and t[𝐵𝑟]−
app

  increase with 

the IL addition, which indicates that thetion
app

 in those electrolytes is essentially dependent on the ion 

concentrations. Moreover, the high t[𝐵𝑟]−
app

 and D[Br]−
 values indicate a large [𝐵𝑟]− “availability” in the 

electrolyte, which may be correlated with the results shown for the cyclic voltammetry in Fig. 2, e.g., 
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with more bromide-ion available in the electrolyte, more Br3
− is formed and consequently improves 

the battery cyclability. 

 

3.7 Radial Distribution Function 

To analyze the Li+ local environment, we computed the partial radial distribution functions for the 

Li+–[Br]–, Li+–ClO4
– and Li+–DMSO interactions as function of the ILC concentration, Fig. 6. The 

Li+–[Br]– g(r) presents only one intense and sharp peak at 0.25 nm, which indicates a strong 

interaction between the ions due to their large charge density. The Li+–ClO4
– and Li+–DMSO also 

present sharp peaks at 0.25 nm, but much less intense than Li+–[Br]–, indicating that the DMSO and 

ClO4
– interactions with Li+ are not as strong as Li+–[Br]–. Beyond that, Li+–ClO4

– and Li+–DMSO also 

have peaks at around 0.60 nm to 1.20 nm that are due to the secondary interactions between the 

lithium-ion and the species. 

The increase in the ILC concentration decreases the peak intensity in the Li+ – [Br]– g(r) due to the 

increase in the number of bromide-ions in the electrolyte and in the lithium-ion solvation shell, which 

leads to multiple Li+–[Br]– interactions. The peak at 0.25 nm in the Li+–ClO4
– and Li+–DMSO g(r) 

also decreases when the ILC concentration increases, being almost negligible at concentrations higher 

than 1.456 M. At the same time, the secondary peaks at around 0.90 and 0.60 nm increase, which 

indicates that in ILC concentrations above 1.456 M, the Li+ solvation shell is mainly occupied by 

bromide-ion interactions, while DMSO and ClO4
– only establish secondary interactions with Li+. 

Zhao and co-workers investigated the effect of the DMSO addition in different ionic liquids using 

MD simulations and DFT calculations,68 in which they observed that the DMSO molecules are not 

able to break the cation–anion pair and can only establish secondary interactions with the ions, mainly 

by hydrogen-bonds with the cations. Similarly, the same effect can be seen in the Li+–X g(r)s in Fig. 6. 

Then, as in the work by Zhao et al., in Fig. 6, the DMSO only acts as a cosolvent around the Li+–[Br]– 

pairs.68 

The [Br]–.–DMSO, DMSO–ClO4
– and DMSO–DMSO radial distribution functions have a similar 

behavior. The g(r)s present the main peaks at 0.50 in the case of [Br]–.–DMSO and 0.55 nm for 

DMSO–ClO4
– and DMSO–DMSO, while the secondary peaks are located at 0.92 ([Br]–.–DMSO), and 

0.95 nm (DMSO–ClO4
– and DMSO–DMSO). The increase in the ILC content slightly affects the 

intensity of the peaks, which may suggest that the organic molecule always acts as a cosolvent of ionic 

aggregates independently of the ILC concentration, which is due to the molecular character of the 

DMSO molecule and its higher concentration in the systems. 

As stated above, imidazolium cations with long alkyl chains, tend to form aggregates with polar 

and nonpolar nanodomains.69 As shown by Shimizu and co-workers,69 the CR atom in the imidazolium 

ring, e.g., the carbon between the nitrogens, can be used as a reference to characterize the formation of 

the polar domains, while the last carbon atom in the alkyl chain, the CT atom, can be used to 
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characterize the nonpolar nanodomain in the aggregate. Then, to investigate and characterize this 

effect, we calculated g(r)s for several X–CR[C16mim]+ and X–CT[C16mim]+ interactions, i.e. X 

denotes different atoms as g(r) reference, Fig. 6. 

 

 

Fig. 6 Radial distribution functions (g(r)) for several atomic interactions as a function of the ionic 

liquid concentration. For the DMSO molecule and the ClO4
– ion we used the center of mass for all the 

g(r), while for the [C16mim]+ we used the CR atom, the geometric carbon in the imidazolium ring, and 

the CT atom, the last carbon atom in the alkyl chain, as references for the g(r) calculations. 

 

The CR([C16mim]+)–CR([C16mim]+) and CT([C16mim]+)–CT([C16mim]+) g(r)s show that the 

addition of the ILC at concentrations higher than 1.456 M leads to the appearance of broad peaks at 

distances lower than 1.20 nm, which indicate the formation of polar and nonpolar nanodomains, and 

consequently, the aggregation of the [C16mim]+ cations in the systems. The [Br]–.–CR([C16mim]+) and 

ClO4
–.–CR([C16mim]+) g(r)s show two peaks at distances lower than 0.60 nm, evidencing the strong 

and well-organized interaction between the ions and counterions, and consequently, the formation of 

polar domains in the aggregates with the anions interacting directly with the imidazolium ring. The 

presence of two well-defined peaks indicates that the cations and anions are well organized in layers 

along the liquid structure, evidencing the formation of a specific aggregate structure. 

The high density of anions around the imidazolium rings also attracts the Li+ to this region, as 

shown by the peaks at distances lower than 0.90 nm in the Li+–CR([C16mim]+) g(r)s. At the same time, 

peaks with intensities lower than 1.00 at concentrations higher than 1.456 M in the X–CT[C16mim]+ 
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g(r)s indicate the low probability of those interactions in the systems, so we can assume that the 

nonpolar domains are mainly composed of the alkyl chains of the imidazolium cation. 

The DMSO–[C16mim]+ interactions show an interesting behavior with respect to the addition of 

ILC. At low [C16min][Br] concentrations, the DMSO–CT[C16mim]+ g(r)s present well-defined peaks 

at distances lower than 0.75 nm. However, when more ILC is added to the system, the main peak 

intensity decreases and reaches values lower than 1.00, indicating a lack of interactions at that 

distance. At the same time, the increase in the ILC concentration leads to the rise of the DMSO–CR 

[C16mim]+ peaks at distances lower than 0.75 nm, indicating the enhancement of the interaction and 

the preferential distribution of DMSO molecules around the imidazolium rings. From these g(r)s we 

can draw a simple picture: at low ILC concentrations the [C16mim]+ cations are dispersed in the 

electrolyte, interacting with DMSO by the alkyl chain and the imidazolium ring. However, when the 

ILC concentration increases and the cations aggregate themselves, the DMSO molecules only occupy 

positions around the imidazolium ring, e.g. in the polar nanodomain, probably establishing hydrogen 

bonds with the acid hydrogens in the imidazolium ring.18 

 

3.8 Combined Distribution Function 

To characterize the aggregate structure, we calculated the combined distribution function (CDF) 

joining the CR([C16mim]+) – CR([C16mim]+) g(r) and the angular distribution function for the angle 

between the normal vectors in the imidazolium ring plane, centered on the CR atoms, Fig. 7. We 

computed the CDFs using the TRAVIS48 package and sampled the atomic positions every 5 ps in the 

MD trajectory. At 0.200 M concentration, the [C16mim]+ cations do not show any specific organization 

in the electrolyte. Therefore, at low concentrations the [C16mim]+ cations are dispersed in the liquid 

structure, without any aggregation or ordering among them in the system, as indicated in the g(r)s in 

Fig. 6. 

On the other hand, at the 3.369 M concentration, we can see a well-defined structure with two 

main populations at 300 pm and 0º/180º, and a secondary one at ≈700 pm and 90°. The populations at 

0º/180º are due to the tendency of imidazolium cations to adopt a parallel orientation between the ring 

planes, resembling π–π stacking. This structure is quite similar to the one seen in ILCs,35,36 in which 

the [Cnmim]+ cations are distributed in the bulk structure in parallel stacking with all the imidazolium 

rings interacting with each other and mediated by the anions, forming the aforementioned polar 

nanodomains. 
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Figure 7: Combined distribution function (CDF) joining the CR([C16mim]+)–CR([C16mim]+) g(r) and 

the angular distribution function for the angle θ between the normal vectors in the imidazolium ring 

plane, in the 0.200 M and 3.369 M concentrations. The dashed blue lines in the g(r) are the limit 1 in 

the g(r) intensity. 

 

The CDFs in Fig. 7 confirm the results from the X– CR([C16mim]+) g(r), Fig. 6. The ILC addition 

leads to the aggregation of the ions in the systems (see Fig. S11† for the other ILC concentrations) and 

at high ILC concentrations, the ions are organized in nanostructures with polar and nonpolar 

nanodomains and beyond that, the organization of the imidazolium cations, e.g., the planar stacking 

between the imidazolium rings, are similar to the structures seen in other ionic liquid crystals based on 

the imidazolium group.35,36 

 

3.9 Aggregates Size Analysis 

To check the aggregates size and how they are distributed along the electrolyte structure, we 

computed the aggregate size distribution as a function of the ionic liquid crystal concentration. For 

this, we employed the AGGREGATES software70 as follows: 

 

𝑃(𝑛𝑎) =
𝑛.∑ 𝐴𝑛(𝑗)𝐶

𝑗=1

𝐶.𝐼
 ,  (9) 

 

where I and C are the total ions number in the system and the number of configurations in the 

trajectory, respectively. 𝐴𝑛(𝑗) gives the number of aggregates of size n for a configuration j. For the 
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aggregate cut-off, we used a 0.99 nm distance based on the first minimum in the CR([C16mim]+)–

CR([C16mim]+) g(r). 

As expected, the [C16mim]+ aggregates size increases relative to the ILC concentration, Fig. 8, 

which is due to the rise in the number of ions in the system and the increase in the electrostatic 

interactions among them. At the same time, the probability to find large aggregates in the electrolyte 

also increases while the probability of small aggregates decreases. This reflects the tendency of the 

ILC to aggregate itself into organized structures, as indicated in Fig. 7. 

 

 

Fig. 8 Top panel: theoretical probability of distribution of [C16mim]+ aggregates size as function of the 

ILC concentration. Bottom panel: theoretical average number of aggregates (left axis) and average 

number of neighbors as a function of the ILC concentration. The aggregates were computed using a 

cutoff distance of 0.99 nm for the ([C16mim]+)–CR([C16mim]+) interaction. 

 

For the 1.456 M concentration, we see a large probability for aggregates with sizes lower than 200 

ions, which indicates that in this concentration the cations are more distributed as ionic pairs and small 

ionic clusters. However, when concentration increases, the systems show a higher probability for large 

aggregates, where for 3.369 M the aggregates with a size greater than 700 ions are more frequent than 

the lower ones. Hence, in this concentration we can expect that almost all [C16mim]+ are part of an 
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aggregate. We highlight that the increase in the probability of large aggregates occurs in the 2.413 M 

concentration, that is the same concentration in which the ionic conductivity starts to decay in the MD 

simulations, Fig. 4b. 

Looking at the average number of aggregates in the systems in Fig. 8, we see that the number of 

aggregates decreases with ILC addition while the neighbor number increases, which reflect the 

increase in the probability to find larger aggregates, i.e., the larger the aggregates, the lower their 

numbers in the system. Hence, our aggregates analysis confirms that the increase in the ILC 

concentration leads to the increase in the size of the aggregates and consequently the decrease in the 

number of aggregates in the electrolyte structure. 

 

3.10 Structure Functions, S(q) 

To obtain further insight into the nanostructure of the electrolytes and how [C16mim][Br] affects it, 

we calculated the theoretical static structure factors (S(q)) using the TRAVIS package48 as defined 

below, 

 

𝑆(𝑞) =
∑ ∑ 𝑥𝑖𝑥𝑗𝑓𝑖(𝑞)𝑓𝑗(𝑞)𝐻𝑖𝑗(𝑞)𝑁

𝑗=1
𝑁
𝑖=1

(∑ 𝑥𝑖𝑓𝑖(𝑞)𝑁
𝑖=1 )

2  ,  𝐻𝑖𝑗(𝑞) = 4𝜋𝜌0 ∫ 𝑟2(𝑔𝑖𝑗(𝑟) − 1)
𝑟𝑚𝑎𝑥

0

𝑠𝑖𝑛 𝑞𝑟

𝑞𝑟
𝑑𝑟 ,   (10) 

 

in which q and r are, respectively, the wave vector modulus and the distance, while i and j are different 

atomic species and N the total number of atoms in the simulation. xi , xj , fi(q) and fj(q), are the molar 

fractions and the scattering factors of the atoms i and j, respectively, and gij(r) is the radial distribution 

function between them. rmax and ρ are the maximum distance used in the g(r) and the number density 

of atoms in the box. In our calculations, we sampled the MD trajectory every 50 ps and did not use any 

atomic scattering factors. 

Fig. 9 shows the theoretical structure factors for different concentrations of ILC. For 

concentrations lower than 0.500 M, the S(q)s present a well-defined peak at q ≈13.0 nm−1 and a small 

"peak shoulder" at q ≈22.0 nm−1. However, when more ILC is added to the system, this “peak 

shoulder” shifts to higher q values ≈30.0 nm−1 and a pre-peak raises at q ≈2.0 nm−1. The shift of the 

peak at q ≈22.0 nm−1 may be understood as changes in the local structure of the ions/molecules, i.e., 

larger q values imply short distances in the real space, while the appearance of a pre-peak at lower 

values of q confirms the formation of nanodomains in the electrolyte. 

The Canongia Lopes group has conducted a series of studies focusing on understanding the 

aggregation of imidazolium-based ILs and their nanostructures,37,69,71 in which they observed that the 

elongation of the alkyl chains in the imidazolium cations up to six carbons leads to the formation of a 

pre-peak at around q ≈2.0 nm-1, which is related to the ion–ion interactions mediated by the alkyl 

chains, e.g., the nonpolar nanodomains. 
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Figure 9: Theoretical structure function S(q) for the DMSO/LiClO4 0.1 M electrolyte as function of 

the ILC concentration. 

 

The presence of pre-peaks at concentrations higher than 1.456 M in Fig. 9 confirms the formation 

of the nonpolar nanodomains in the electrolyte. At the same time, the increase in the pre-peak intensity 

indicates the increase in the size of the non-polar nanodomain, which is in agreement with the increase 

in the size distribution of the aggregates shown in Fig. 8. We would like to highlight that the lack of 

resolution in the pre-peaks is due to the “small” size of the boxes used in our MD simulations. As 

shown by the Canongia Lopes group, boxes with 1600 IL pairs are required to obtain better resolution 

of this region.37 

In general, peaks at q values between 9 and 20 nm−1 are related to the ionic interactions in the IL 

systems. So we can attribute the peak at q ≈15.0 nm−1 to direct interactions between cation–anion 

pairs, which do not change significantly with increasing ILC concentration, as indicated by Fig. 6. The 

peak at larger q values is associated with ionic interactions within the polar nanodomains.69 However, 

unlike the Canongia Lopes group, in our S(q) calculations, these peaks have significantly longer q 

values, which may be due to DMSO interactions within this region, as indicated by the DMSO–

CR([C16mim]+ g(r)s. Beyond that, the spacing layers between the aggregates are also defined by the 

third peak, which refers to the [C16mim]+–[C16mim]+ interaction, i.e., the polar nanodomain. So the 

shift to q-values higher than 30 nm−1 is associated with a crystalline stable structure behavior,72 which 

agrees with the high viscosity at higher concentrations and the structure characterization shown above. 

 

3.11 Raman Spectroscopy 

To obtain a deep atomistic understanding of the electrolyte structure, we performed experimental 

and theoretical Raman spectra analysis, as stated below. For the theoretical Raman of the DFT 

calculations, we used a molecular/ionic cluster extracted from the MD trajectory focusing on the Li+ 

chemical environment, as shown in Fig. 10. The orca_mapspc tool was used to obtain Raman spectra 

plots with a line width of 20; a comparison of different Gaussian line widths is shown in the ESI, 
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Section S3.7.† We used the theoretical Raman as a support and complement to identify the frequencies 

and contributions in each band in the experimental Raman spectra. 

The enhancement of the ILC concentration results in different behaviors in the experimental 

Raman spectra, Fig. 10. The spectra of the neat electrolyte (0.000 M [C16mim][Br]) shows bands 

related to strong dipole–dipole interactions, which are characteristic of pure DMSO,73 even with 

LiClO4 salt. The addition of [C16mim][Br] to the electrolyte enhances the intramolecular interaction 

strength. Small shifts to high wave-numbers (blue shift) were observed in the region of C–S stretching, 

bands located from 650 cm−1 to 720 cm−1, as well as in the C–S–C and C–S=O bending regions, 

located from 280 up to 400 cm cm−1.74 These shifts confirm that the increase in ILC concentrations 

leads to the formation of a more cohesive system with strong molecular associations in agreement with 

what has been proposed above. The blue shift also indicates a stronger interaction in the solvation of 

Li+ with the bromide anion.10 

The bands located in the region of ≈670 cm−1 are related to the symmetric C–S stretching, while 

the ≈700 cm−1 regions are the antisymmetric,75 as confirmed by the theoretical Raman, but in this case 

≈628 and ≈654 cm−1, respectively. The peaks located in the theoretical Raman in the range from 260 

up to 300 cm−1 and 317 cm−1 to 380 cm−1 are attributed to the C–S–C and C–S=O bending, 

respectively. 

 

 

Fig. 10 Experimental and theoretical Raman spectra for the DMSO/LiClO4 0.100 M. Red, yellow, 

gray, white, purple, and green spheres indicate oxygen, sulfur, carbon, hydrogen, lithium-ion, and 

bromide atoms, respectively. 
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The bands located in the frequency range between 1020 and 1060 cm−1 for the experimental 

Raman spectra and between 994 and 1069 cm−1 for the theoretical one, are assigned to the S=O 

stretching and also the S–C–H bending.74 Due to the high donor number (DN) of the DMSO molecule, 

it can form strong interactions with the [C16mim]+ cation, specially hydrogen bonds with the acid 

hydrogens in the imidazolium ring (S=O⋯H–C), as previously reported by Takamuku et al.18 Hence, 

the small shoulder peak that arrives in the 1050 cm−1 region upon the [C16mim][Br] addition can be 

understood as changes in the DMSO solvation. In this region, the theoretical Raman presents three 

small peaks, which are due to the contribution of each individual DMSO molecule in the cluster used 

in the DFT calculation. Therefore, if a higher Gaussian width was used, those peaks would group 

themselves in only one peak, increasing the similarity with the experimental data. However, we opted 

to keep the Gaussian width as 30 cm−1 to keep the agreement in the range from 260 up to 390 cm−1. 

See Fig. S13 in the ESI† for the Gaussian width test. 

As stated above, the ILC tends to form aggregates which grow with increasing concentration and 

organize themselves into complex structures. This statement is shown by the disturbance in the DMSO 

solvation environment, as observed by the shifts of the S=O region, e.g., from 1020 up to 1060 cm−1. 

However, this can also be seen by the increase in the peak at 1130 cm−1 and the peak appearance at 

≈2850 cm−1 when the ILC concentration is above 0.500 M. The increase at 1130 cm−1 is due to the 

coupling of the same peaks from the neat ILC and the DMSO electrolyte which are due to the H–C–H 

bending mode. On the other hand, the appearance of the peak in the 2850 cm−1 region is directly 

related to the greater amount of [C16mim+] cations present in concentrated electrolytes, as can be 

compared to the black line of the pure [C16mim][Br] experimental Raman spectra. 

The [C16mim][Br] addition also influences the symmetric C–H stretching as indicated by the small 

shift to lower wave number (red shift) and an enlargement in the band located at ≈2914 cm−1. This 

phenomenon may occur due to van der Waals interactions between methyl groups of both, [C16mim] 

[Br] and DMSO, or due to contributions to the band located at 2925 cm−1 from the neat [C16mim][Br]. 

However, no change is observed in the asymmetrical C–H stretching at ≈2998 cm−1. In the theoretical 

Raman, the symmetric C–H stretching region presents two bands at 2930 and 2963 cm−1 that are also 

due to the contribution of individual DMSO molecules, and hence could be grouped in the same band 

if a larger Gaussian width was used. 

Additionally, the addition of ILC does not change the interaction of the bromide anion with 

DMSO, which is consistent with the discussion of the radial distribution functions shown in Fig. 6. 

The band located at ≈2998 cm−1, related to the antisymmetric C–H vibrating mode, remains with the 

same intensity, and without shift. This behavior means that the bromide-rich environment in 

concentrated systems enhances the solvation of Li+ due to an improvement in DN. These bands are not 

altered, because the amount of Li+ species does not change (LiClO4 concentration is fixed at 0.100 

M), so the number of LiBr species formed in the electrolyte remains constant with ILC addition.76 
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4 Insights into the ILC effect on the aprotic solvent properties 

The effect of the ILC [C16mim][Br] addition on the ionic conductivity and viscosity is directly 

related to the aggregation of ions and the density of charge carriers in the system. The addition of the 

ILC to the electrolyte leads to an increase in the number of charge carriers and, consequently, to an 

increase in the ionic conductivity. At the same time, the increase in the number of charge carriers 

results in strong Coulomb interactions between them, and consequently the slowing down of the ions 

mobility and the viscosity increase. However, the limited ionic displacement only affects the ionic 

conductivity in concentrations higher than 1.456 and 2.413 M in the experimental and MD data, 

respectively. 

As shown by our theoretical structural analysis, above the 1.456 M concentration, the [C16mim]+ 

cations tend to organize themselves in a well-defined structure with cation orientations that resemble 

the imidazolium ionic liquid crystals with polar and nonpolar nanodomains, as shown by the prepeak 

appearance in S(q)s for concentrations higher than 1.456 M, Fig. 9. Beyond that, [Br]–, ClO4
–, and Li+ 

also aggregate around the imidazolium ring; hence, the increase in the ILC concentration leads to the 

formation of ionic-rich environments in the electrolyte structure that hinders ionic transport.  

Furthermore, the addition of the [C16mim][Br] ILC provides an increase in the stability of the 

electrolyte, as indicated by cyclic voltammetry, which can be related to the aggregation of ions and the 

DMSO–[C16mim]+ interactions. As shown by the DMSO–CR([C16mim]+) radial distribution functions 

and confirmed by the Raman spectra, Fig. 6 and 10, the DMSO molecules interact with the [C16mim]+ 

cations, which can decrease the interactions between DMSO and the water traces present in the 

experimental samples, avoiding degradation of DMSO and increasing the stability of the electrolyte. 

Just to highlight, the MD simulations do not have water, so, we cannot discuss this effect in the 

simulations. Furthermore, the ability of self-aggregation when increasing the ILC concentration does 

not affect the redox properties of bromide anion. The radial distribution functions explain this 

behavior, indicating the Li+/ Br– interaction is not modified by the variation in the ILC concentration.  

This study allows us to understand the ILC behavior when associated with an aprotic solvent 

medium. Considering that the DMSO solvent effect could be extended to other aprotic systems, this 

paper provides a new perspective of ILC usages and this behavior could also be achieved using 

aqueous electrolytes. It is interesting to notice that although the constant increase in the ILC 

concentration significantly increases the aggregates sizes and the viscosity, the ionic conductivities are 

not too much affected. Therefore, the nanostructure of the electrolyte may influence ionic transport. 

Further investigation and characterization of this phenomenon is then required to better understand the 

aggregation and structural behavior of ILCs in aprotic electrolytes. 

 

5 Conclusion 
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In summary, imidazolium-based ionic liquid crystal [C16mim][Br] was, for the first time, 

introduced as an additive in the aprotic DMSO/LiClO4 0.100 M electrolyte. We studied the physical, 

electrochemical, and structural properties of this ternary mixture using experimental and simulation 

approaches. With the addition of the ILC, the system becomes more cohesive, as indicated by the 

increase in the viscosity. At the same time, the increase in the number of charge carriers in the 

electrolyte also leads to ionic conductivity improvement until 1.456 M is reached.  

After the 1.456 M concentration, the [C16mim]+ cations tend to form aggregates in the system with 

a structure similar to an ionic liquid crystal that hinders ionic transport in the system and consequently 

decreases the overall ionic conductivity. Beyond that, the addition of ILC improved the stability of the 

electrolyte, in which it was possible to achieve 10 voltammetric cycles using the electrochemical 

window of 2.00 V to 6.50 V versus Li/Li+.  

These features offer a new path of possibility for aprotic electrolytes and can also be explored in 

aqueous solvent. The combination between ionic liquid crystals and solvents is an interesting way to 

tune the electrolyte properties. In this context, our work suggests a new study direction for liquid 

electrolytes, which is a key step toward the improvement of different types of Li–metal batteries and 

the development of energy storage devices composed of organic solvents. Furthermore, recent studies 

have shown that IL-based electrolytes can form stable and robust solid electrolyte interphase (SEI) 

with lithium–metal anodes and consequently improve battery operation and performance.77–79 Hence, 

we are conducting a secondary study to investigate and characterize the effect of the [C16mim][Br] 

addition in a lithium–metal battery device. 
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1 Introduction  

Below, we summarize the additional information provided within the electronic supplementary 

material:  

1. 1H and 13C NMR characterization of the synthesized [C16mim][Br], as well as POM and DSC 

characterization of the prepared electrolytes.  
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2. Force field parameters along with the atomic positions of the ionic/molecular structures and 

also the boxes compositions employed in the MD simulations.  

3. Experimental cyclic voltammetry for the DMSO LiClO4 0.100 M electrolyte on a glass carbon 

electrode, the fitting parameters for the experimental densities as function of temperature and 

the plot for the experimental densities as function of the ionic liquid crystal concentration.  

4. We show the Vogel–Tammann–Fulcher (VTF) parameters for the experimental viscosity in 

function of temperature, the collective mean square displacements (cMSD) and the mean 

square displacements (MSD) for all ions used to obtain the ionic conductivities and the self-

diffusion coefficients from the MD simulations at 400 K, respectively. 

5. Combined distribution function (CDF) joining the CR([C16mim]+)–CR([C16mim]+) g(r) and 

the angular distribution function for the angle θ between the normal vectors in the 

imidazolium ring plane, in the 0.500 M, 1.456 M and 2.413 M concentrations. 

6. Finally, we show the comparison of the theoretical Raman from the density functional theory 

(DFT) calculations using the PBE relaxed structures and the frozen ones from the MD 

simulations and several Raman spectra for the PBE relaxed structures using different Gaussian 

width factors. 

 

2 Methodology 

2.1 Ionic Liquid Crystal Characterization 

The [C16mim][Br] synthesis was confirmed by elemental analysis (CHN) using a Perkin Elmer 

analyzer model 2400 and 13C MAS-NMR using a spectrometer, Bruker DPX-400 (400.13 MHz). 

Dimethyl sulfoxide (DMSO) was used as solvent during the NMR analysis which was conducted at 

298.15 K. The spectral data confirmed that the structure was obtained successfully. The elemental 

analysis presented 20% of carbon, 48% of hydrogen and 1.14 of bromide. The results obtained by 

NMR spectras are summarized in Table 1. 13C-NMR (DMSO, δppm): 137.23, 123.80 and 121.98 (C–

H imidazolium); 14.13 and 36.83 (NCH3; CH3 bonded to ring and CH3 from alquil); peaks between 

22.69 and 50.17 corresponding to CH2 of alquil chain. 

 

2.2 Liquid Cristal Behavior Characterization 

The liquid crystal property of [C16mim][Br] was confirmed via Polarized Optical Microscopy 

(POM), using an optical microscope by Leica DM LM with images captured at 303.15 K temperature 

and 50 X magnification, and via Differential Scanning Calorimetry (DSC), using an Exploratory 

Differential Calorimeter from Mettler under a N2 atmosphere applying a cooling rate of 10 Kmin−1. 

POM and DSC data are presented in Figures 1 and 2, respectively.  
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Figure 1: POM images at 303.15 K (magnification 50X) from pure [C16mim][Br], the electrolyte 

DMSO/LiClO4 0.100 M without ILC (0.000 M) and adding 0.050 M, 0.500 M, 1.456 M, 2.314 M and 

3.369 M of [C16mim][Br]. 

 

Evaluating POM image at 303.15 K for the pure [C16mim][Br], we observe the optical anisotropy 

due to the liquid crystal behavior,1 which can also be identified when the ILC is dissolved in the 

DMSO/LiClO4 0.100 M electrolyte. The mesophase formation can be clearly observed from a 0.500 M 

ILC concentration via POM.2 It can also be noted an enhancement of the optical anisotropy and the 
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formation of nanodomains, as more ILC is added to the solution, in agreement to what is expected 

since we have a higher concentration of the liquid crystal species. The type of mesophase could not be 

determined through the POM analysis because the equipment magnification was limited to 50 times.  

The DSC data also point out the liquid crystal character for the electrolyte solution when adding 

the ILC, as seen by the crystallization of the [C16mim][Br] material at a temperature higher than 

273.15 K, i.e., 282.15 K, clearly identified from 1.456 M concentration, Figure 2.1,3 Kullmer et al. has 

observed a similar behavior of a hexadecyl ILC, which altered the crystallization properties when 

added to different solvents.1 From Figure 2, it is verified the DMSO solvent solidification near 272.15 

K for all ILC concentrations and the increase of ILC crystallization peak by the ILC addition with a 

little shift in the temperature is due to the DMSO-ILC interaction. The LiClO4 was not identified due 

to its low concentration (0.100 M) electrolyte. 

 

 

Figure 2: DSC curves of electrolytes for the DMSO/LiClO4 0.100 M electrolyte without the ILC 

addition, 0.000 M, ILC (black curve) and adding 0.500 M ILC (red curve); 1.456 M ILC (green 

curve), 2.314 M ILC (blue curve) and 3.369 M ILC (magenta curve) during the cooling at 10 °C min−1. 

 

2 Theoretical Approach and Computational Details 

2.1 Force field models 

As stated in the manuscript, we carried out the MD simulations using the GROMACS package4 

and a combination of several OPLS based force fields,5 which the potential energy at 0 K is described 

by the following equation, 

 

 

 



86 
 

where the Lennard–Jones terms are represented by εij and σij,, while the atomic charges for the atoms i 

and j are indicated by qi and qj, respectively. The force constants for the intramolecular interactions, 

e.g., bond stretching, angle bending, and dihedral torsion are represented by kr,ij, kθ,i jk and kn,i jkl, 

respectively. The ri j and θi jk terms are the atomic distances and the angle between i, j and k, 

respectively. ϕ is the dihedral angle.  

For the 1-methyl,3-decahexylimidazolium bromide ([C16mim][Br]) ionic liquid crystal we applied 

the CL&P force field developed by Canongia Lopes and Pádua, for the dimethyl sulfoxide (DMSO), 

we also adopted the CL&P force field with the charges set parametrized by Strader and Feller.6 The 

perchlorate ion (ClO4
–) was described by the force field parametrized by Acevedo and coworkers due 

to the availability of parameters,7 while the lithium-ion was taken directly from the OPLS database. 

The cross term parameters for the Lennard–Jones interactions, e.g. σi j and εi j, was generated by the 

geometric combination rule, while the 1−4 interactions were scaled down by a factor of 0.5. 

The [C16mim][Br] and DMSO structures and topologies inputs were built using the DLPGEN 

software,8 while the ClO4
– was taken from the Acevedo group github database.9 In Tables 2, 4 and 3 

we provide the force field parameters used in the MD simulations. In our simulations the partial 

charges of the ions were scaled by a factor of 0.8 as common used in ionic liquids molecular dynamics 

simulations.10–12 In Tables 5 to 8 we provide the xyz coordinates for the relaxed structures of the ions 

and DMSO molecules used in the simulations and their respective atomic charges. 
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Table 2: Parameters employed for the force-fields: bonds (kr
a, ro

a) and angles (kθ
a , θo

a), hydrogen bonds 

(X–H) are constrained by LINCS algorithm. Units are kr
a = kJ mol−1nm−2, ro

a = nm, kθ
a =

kJ mol−1rad−2, and θo
a  are degrees. 
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Table 3: Parameters employed for the proper and improper dihedrals in the force-fields. Units are 

𝑉𝑛 = kJ mol−1.  
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Table 4: Lennard–Jones parameters employed for force-fields. Units are σ = nm−1 and ε = kJ mol−1.
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Table 5: Atom type, atomic positions (Å) and atomic charges (e) for 1-hexadecyl-3-methylimidazole, 

[C16mim]+. The atomic charges were scaled down by a 0.8 factor.  
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Table 6: Atom type, atomic positions (Å) and atomic charges (e) for 1dimethylsulfoxide, DMSO. 
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Table 7: Atom type, atomic positions (Å) and atomic charges (e) for perclorate, ClO4
– 

 

 

Table 8: Atom type, atomic positions (Å) and atomic charges (e) for bromide-ion and lithium-ion. 

 

 

2.3.2 Molecular Dynamic Simulation Details 

As stated in the manuscript, the MD simulations were carried out employing the GROMACS package 

version 2019.3,4 while the MD boxes were built using PACKMOL software and its volume guesser 

function to define the initial volumes.13 Table 9 shows the composition and the total number of atoms 

in each simulation box. 
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Table 9: Ionic liquid crystal concentrations, number of ions/molecules and total number of atoms in 

each simulated box. 

 

 

3 Results and Discussion  

3.1 Electrochemical Analysis 

3.2 Density 

Table 10 shows the a and b parameters for the linear fitting, ρ(T ) = a+bT, for the experimental 

density as function of the temperature for the DMSO/LiClO4 0.1 M electrolyte in the ILC 

concentration range from 0.025 M to 3.369 M. 

 

 

Figure 3: Cyclic voltammetry on glass carbon working electrode performed at 50 mVs−1 under argon 

atmosphere. The electrolyte was LiClO4 0.1 M in DMSO (blue line); adding 0.025 M [C16mim][Br] 

(green line), 0.050 M [C16mim][Br] (red line) and 0.500 M [C16mim][Br] (black line). 
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Table 10: Linear fitting parameters a and b for the experimental density as function of the temperature 

for the DMSO/LiClO4 0.1 M as function of the ILC concentration. 

 

Figure 4: Experimental densities for DMSO/LiClO4 0.10 M in the temperature range from 293.15 K to 

353.15 K as a function of [C16mim][Br] concentration. 

 

3.3 Viscosity 

Table 11 shows the η0, k and T0 parameters for the Vogel–Tammann–Fulcher (VTF) equation14 fitted 

for the experimental viscosity as a function of temperature for the DMSO/LiClO4 0.1 M electrolyte in 

the ILC concentration range from 0.025 M to 3.369 M. 

 

Table 11: Vogel–Tammann–Fulcher parameters η0, k and T0 for the experimental viscosity as a 

function of the temperature for the DMSO/LiClO4 0.10 M as function of the ILC concentration 
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3.4 Ionic Conductivity 

 

 

Figure 5: Collective mean square displacement (cMSD) from the MD simulations for DMSO/LiClO4 

0.10 M as a function of the [C16mim][Br] concentration at 400 K. 

 

Table 12: Individual ionic conductivities, σx, (mS.cm−1), and the time regions, ∆tx, (ps) for the linear 

fittings in the collective mean square displacement for DMSO/LiClO4 0.1 M and all [C16mim][Br] 

concentrations at 400 K. 

 

 

3.5 Self-diffusion Coefficients 

 

 

Figure 6: Mean square displacement (MSD) from the MD simulations for DMSO/LiClO4 0.10 M in 

the 0.200 M [C16mim][Br] concentration at 400 K. 
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Figure 7: Mean square displacement (MSD) from the MD simulations for DMSO/LiClO4 0.10 M in 

the 0.500 M [C16mim][Br] concentration at 400 K. 

 

 

Figure 8: Mean square displacement (MSD) from the MD simulations for DMSO/LiClO4 0.10 M in 

the 1.456 M [C16mim][Br] concentration at 400 K. 

 

Figure 9: Mean square displacement (MSD) from the MD simulations for DMSO/LiClO4 0.10 M in 

the 2.413 M [C16mim][Br] concentration at 400 K. 
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Figure 10: Mean square displacement (MSD) from the MD simulations for DMSO/LiClO4 0.10 M in 

the 3.369 M [C16mim][Br] concentration at 400 K. 

 

Table 13: Self-diffusion coefficients (D), the time regions (t1 and t2) for the linear fittings in the mean 

square displacement and transference numbers (tion) for DMSO/LiClO4 0.1 M in the 0.200 M 

[C16mim][Br] concentration at 400 K. 

 

 

Table 14: Self-diffusion coefficients (D), the time regions (t1 and t2) for the linear fittings in the mean 

square displacement and transference numbers (tion) for DMSO/LiClO4 0.1 M in the 0.500 M 

[C16mim][Br] concentration at 400 K. 

 

 

Table 15: Self-diffusion coefficients (D), the time regions (t1 and t2) for the linear fittings in the mean 

square displacement and transference numbers (tion) for DMSO/LiClO4 0.1 M in the 1.456 M 

[C16mim][Br] concentration at 400 K. 
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Table 16: Self-diffusion coefficients (D), the time regions (t1 and t2) for the linear fittings in the mean 

square displacement and transference numbers (tion) for DMSO/LiClO4 0.1 M in the 2.413 M 

[C16mim][Br] concentration at 400 K. 

 

 

Table 17: Self-diffusion coefficients (D), the time regions (t1 and t2) for the linear fittings in the mean 

square displacement and transference numbers (tion) for all ions/molecules for DMSO/LiClO4 0.1 M in 

the 3.369 M [C16mim][Br] concentration at 400 K. 

 

 

3.6 Combined Distribution Function 
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Figure 11: Combined distribution function (CDF) joining the CR([C16mim]+)–CR([C16mim]+) g(r) and 

the angular distribution function for the angle θ between the normal vectors in the imidazolium ring 

plane, in the 0.500 M, 1.456 M and 2.143 M concentrations. The dashed blue lines in the g(r) are the 

limit 1 in the g(r) intensity. 

 

3.7 Raman Spectroscopy 

 

Figure 12: Theoretical Raman spectra obtained by orca_mapspc tool with a Gaussian width factor of 

20 using the PBE relaxed structures from the DFT calculations and the frozen structures from the MD 

trajectories. 
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Figure 13: Theoretical Raman spectra for the PBE relaxed structures with different Gaussian width 

factors for the spectra plots obtained by orca_mapspc tool. 

 

Table 18: Atomic coordinates (Å) for the molecular cluster (frozen structure from the MD simulation) 

used in the theoretical Raman spectra. 
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Abstract 

The promising technology of Li-O2 batteries, which have a great energy density, still faces some challenges 

related to electrolyte stability. To suppress electrochemical issues, the use of additives, such as ionic liquids and 

redox mediators, have been proposed to enhance the cell performance. In this sense, we propose, for the first 

time, the use of a multi-functional ionic liquid crystal (ILC), [C16mim][Br], which combines structural 

organisation properties, due to the long alkyl chain connected to the imidazolium ring, as well as, redox mediator 

function, due to the [Br]– anion, as additive for aprotic electrolyte. Different concentrations of the proposed 

additive were investigated and the optimum composition defined. We found an efficient reduction in the charge 

overpotentials as more ILC was dissolved in the electrolyte, because more [Br]– was available to react with the 

Li2O2 discharge product, even so, higher compositions of [C16mim][Br] did not guarantee a better cycling 

performance, which was strongly affected by the structural property and the viscosity of the system. At a certain 

concentration, organised structures are formed, enhancing the ionic and molecular transport and improving the 

cell cyclability, however, this effect competes with the high viscosity and the great number of species present in 

the system. This study raises a new perspective in the batteries field and could be explored for different devices.  

 

Keywords: Li-O2 batteries, ionic liquid, ionic liquid crystal, redox mediator. 
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1 Introduction 

Li-O2 batteries are an interesting technology that could contribute to attend the global demand of 

energy due to their impressive specific capacity. However, there is still many challenges that need to 

be overcome for the complete development of this device.1,2 Non-aqueous electrolytes, generally based 

in DMSO and glyme-based solvents, are the most studied for this kind of technology, because of their 

superior ionic transport and conductivity compared to solid electrolytes.3 However, their instability is a 

major issue, since they have a limited electrochemical window and can suffer from electrochemical 

and chemical attack during the battery operation.2,4 During discharge, Li2O2 is the main product 

expected to be formed electrochemically, through a reaction between Li+ with the oxygen reduced 

from an oxygen reduction reaction (ORR) process. This discharge product is reversible and oxidizes to 

its original form during the cell charge, in which oxygen evolves through an oxygen evolution reaction 

(OER) mechanism. According to Nernst equation, the standard potential for Li2O2 

formation/decomposition is at 2.96 V Li/Li+.5 However, this process is not ideal, so different potentials 

are reached during the practical cell operation, especially at recharge, which high overpotentials are 

necessary for Li2O2 decomposition.3 These high overpotentials cause the solvent attack,6 poisoning the 

electrolyte and leading to the formation of side products, which degrade the unprotected lithium anode 

and block the cathode’s pores, causing the cathode passivation and a poor cell performance.7  

Much effort has been devoted in the scientific field to suppress the electrolyte issues, especially 

through the use of additives, which could improve the system operation and guarantee a longer cycle 

life. The application of ionic liquids (ILs) and redox mediators (RMs) are two pragmatic examples that 

could contribute to the electrolyte stability. ILs are salts basically composed by ions, which have 

singular features that are attractive for electrolytes use, such as almost negligible vapour pressure, 

which minimize leakage issues, wide thermal, electrochemical, and chemical stabilities. Different 

cationic groups, such as imidazolium,8 pyrrolidinium,9 piperidinium,10 etc., have been explored in the 

battery field. They can be used in mixtures with organic solvents to boost the cell performance and 

different properties can be obtained for varying the cationic groups and the size of their alkyl chain 

side. 

As for redox mediators, they are soluble catalysts that are employed in non-aqueous systems to 

enhance the cell cyclability. During the cell charge, RMs are the first specie to oxidize, providing 

electrons to the cathode side, reaching their oxidation mode. Then, the oxidized RMs react with the 

discharge specie Li2O2, providing its chemical oxidation, while RMs return to their reduced form.11, 18 

It is important to note that redox potentials of RMs are higher than the theoretical standard potential 

(2.96 V Li/Li+) for Li2O2 formation/degradation, but lower than the potentials reached in the practical 

cell rechargeability. It means that using RMs allow the reduction in the charge overpotentials, because 

the cell OER occurs at potentials close to redox potentials of RMs, with a consequent decrease in 
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parallel reactions and formation of undesirable products. So RMs prolong the battery cycling 

lifetime.6, 11, 13 

In view of the various benefits associated with IL and RMs use for Li-O2 cell stability, arises the 

proposal for combining the properties of both additives into non-aqueous electrolytes, thus, different 

authors have found interesting results for the simultaneous use of both materials. Rastegar et al.,14 

found a synergy when adding InBr3 or InI3 RMs into DMSO/[EMIM][BF4]/LiTFSI electrolyte. This 

hybrid system delivered impressive cyclability of 600 and 450 cycles for InBr3 and InI3, respectively, 

when operated at a current density of 1 A g-1. The bromide and iodide halides offered effective redox 

properties, reducing the charge overpotentials to values close to 3.5 V Li/Li+ and maintaining a stable 

charge plateau for the first 150 cycles in the case of InBr3. In addition, it was found that the specie In3+ 

reacted with the lithium anode, creating a protective solid electrolyte interface (SEI) layer that avoided 

its corrosion. Li and co-workers also observed a synergy between RMs and ILs,15 by adding different 

concentrations of DMPII, 1,2-dimethyl-3-propylimidazolium iodide, into TEGDME/LiTFSI 

electrolyte. DMPII is an ionic liquid whose anionic side, the iodide anion, acts as redox mediator. The 

system showed a stable reversibility, with charge potentials close to 3.6 V and a long cyclability of 

438 cycles for a capacity limited to 500 mAh g-1 and a current density of 200 mA g-1.  

In this aspect of combining IL with RM properties to boost the Li-O2 cell stability, we propose, for 

the first time, the use of a long alkyl chain imidazolium-based IL additive with redox properties for a 

DMSO-based electrolyte. The material selected, [C16mim][Br] is a solid at ambient temperature, which 

possesses properties of ionic liquids with liquid crystals, due to the 16 carbons in the alkyl chain 

connected to the imidazolium cation, so it receives the denomination of ionic liquid crystal (ILC).16 

ILCs have the ability of forming organized structures when dissolved in a solvent at a certain 

concentration.17,18 We have showed elsewhere that this effect enhances the ionic conductivity, because 

nanochannels are created for the ionic transport. In addition, the bromide anion was used as RM to 

reduce the charge overpotentials and enhance the cell cyclability. Therefore, different concentrations 

of this multi-functional ILC were tested into the performance of Li-O2 batteries. We confirmed the 

RM effect of the proposed material and evaluated how the concentration affected the specific 

discharge capacity. We determined the optimum ILC concentration, and proved that this material 

could retard the cell failure, even so, we could not prevent the system attack, as observed from the 

products formed through the carbon cathode characterization. We also found that despite the 

mentioned properties, some difficulty was faced for the cell cyclability at intermediate and high 

concentrations, which were discussed through the text. This study introduces a new perspective 

suggesting the use of long alkyl chain electrolytes in aprotic systems, however, deeper investigation is 

still necessary, associated with more advanced techniques. 
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2 Methodology 

2.1 Materials 

The ionic liquid crystal (ILC) 1-hexadecyl-3-methylimidazolium bromide, [C16mim][Br], was 

synthesised via a quaternization route, using for the compounds: 1-bromohexane (CH3(CH2)5Br, 98 %) 

and 1-methylimidazole (C4H6N2, ≥ 99 %), purchased from Sigma Aldrich, and ethyl Acetate 

(CH3COOC2H5, 100 %), purchased from Synth. A yield of 85% was obtained. Dimethyl sulfoxide 

(DMSO anhydrous, ≥ 99.9 %) and Lithium perchlorate (LiClO4, 99.99 %) were used for the 

electrolyte preparation and were purchased from Sigma-Aldrich. Toray carbon paper 060, commercial 

carbon nanotube (CNT CO. LTD), isopropanol (C3H8O, > 99.5% from Synth), NafionTM (20 wt%, 

Sigma Aldrich), Lithium discs (99.99%, Tob Machine) and glass fiber (GF50/A, HNM). 

 

2.2 Electrolyte and Cathode Preparation 

After the [C16mim][Br] synthesis, the material was left in a vacuum desiccator at 0.5 bar for 24 h 

to remove water remains before being transferred to a glovebox with Argon atmosphere (MBRAUN-

LABstar Workstation). To avoid the presence of contaminants (such as water and O2), the electrolyte 

preparation was performed inside the glovebox. Molecular sieves were used to dry the DMSO for 24h. 

The electrolyte was prepared dissolving different molar concentrations of [C16mim][Br] ILC additive 

into DMSO/LiClO4 0.100 M electrolyte. The electrolyte compositions are presented in Table 1 and the 

molecular structure of the materials used in the electrolyte are illustrated in Figure 1. The minimum 

ILC concentration of 0.05 M was chosen based on the concentration of LiBr generally used as redox 

mediator (RM) in aprotic systems13, 19, 20 while the maximum 3.369 M ILC was based on the 

[C16mim][Br] saturation into DMSO, determined experimentally. Neat electrolyte (0 M [C16mim][Br]) 

was also prepared for comparing the results.  

 

Table 1. Composition of Electrolytes used in this Study. 

Electrolyte Composition Abbreviation  

DMSO / LiClO4 0.100 M  0 M ILC 

DMSO / LiClO4 0.100 M / [C16mim][Br] 0.050 M 0.050 M ILC 

DMSO / LiClO4 0.100 M / [C16mim][Br] 0.500 M 0.500 M ILC 

DMSO / LiClO4 0.100 M / [C16mim][Br] 1.456 M 1.456 M ILC 

DMSO / LiClO4 0.100 M / [C16mim][Br] 3.369 M 3.369 M ILC 

 

 

As for the cathode preparation, discs of carbon paper were cut with a 16 mm diameter and used as 

substrate, it was coated with a CNT-based catalytic ink. The methodology for the catalyst preparation 
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was reported elsewhere. Briefly, 25 mg of CNT, 4 mL of distilled water, 1 mL of isopropanol and 70 

μL of NafionTM were homogenised by an ultrasonic Sonicator (Eco-Sonics), then a 1 mL aliquot of 

this mixture was diluted into 400 μL of isopropanol with the Sonicator support. In each side of the 

carbon paper substrate, 28 μL of the resulting ink was applied, then the electrodes were dried in a 

vacuum desiccator for 24 h. Then, they were weighted by an analytical balance and the active material 

mass was calculated, varying from 0.3 to 0.4 mg for each cathode. The prepared electrodes were 

transferred to the Argon-filled glovebox. 

 

 

Figure 1. Molecular structure of compounds used for the electrolyte preparation, [C16mim][Br], 

DMSO (C2H6OS) and LiClO4, respectively. 

 

2.3 Cell Assembly and Electrochemical Tests 

Deep Discharge tests were conducted to evaluate the specific discharge capacity of the Li-O2 

battery. The cell assembly was performed inside the argon-filled glovebox using a homemade 

Swagelok cell configuration. Discs of lithium metal were used as the anode and the carbon paper 

coated with CNT was the cathode. A glassfiber membrane wetted with 100 µL electrolyte was placed 

between the electrodes to avoid their contact. After cell assembling, it was left inside the glovebox for 

three days for stabilization, then removed for the experiments. Chronopotentiometry technique was 

applied using a potentiostat Multi Autolab/M204. The batteries worked with O2 at a pressure of 3 bar 

in a closed system. The applied current was 50 µA and the cut-off discharge potential was set at 2.2 V. 

After these tests, the gravimetric capacity of each cell was calculated from equation 1, in which, the 

applied current was considered in mA, the total operation time in hours, and the mass of the active 

material (the CNT ink) in grams. 

 

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (
𝑚𝐴ℎ

𝑔
) =

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝑚𝐴) 𝑥 𝑡𝑖𝑚𝑒 (ℎ)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑔)
  (1) 

 

Cyclic voltammetry (CV) tests were performed under argon inert atmosphere to validate the redox 

function of [C16mim][Br] ILC, property attributed to the bromide anion. A homemade three-electrode 

cell constituted by a platinum counter electrode, a silver wire as quasi-reference and a carbon glass 
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with a CNT ink as working electrode, was used in these tests. The cell was assembled inside the 

argon-filled glovebox. Thirty-two millilitres of DMSO were used for each concentration with 0.100 M 

LiClO4 supporting electrolyte. Neat electrolyte (0 M ILC) was used as a blank reference, a second 

electrolyte with 0.500 M ILC was prepared, in which 0.500 M is the maximum ILC concentration that 

can be used in the three-electrode cell without reaching the overload mode, and in the last condition 

0.500 M LiBr was used to compare its redox peaks to those of [C16mim][Br]. A 50 mV/s scan rate was 

applied in a potentiostat Multi Autolab/M204 for a voltage window from 2 to 5 V vs Li/Li+. For the 

cycling tests, the cell assembly was similar to that explained for deep tests. Also using the Multi 

Autolab/M204 potentiostat, a O2 pressure of 3 bar and 50 µA current, the cut-off potential was set at 

2.2 V/4.5 and a fixed capacity of 1000 mAh/g was used. 

 

2.4 Characterization 

After the electrochemical tests, the cathodes were removed from the battery and characterised 

through Raman and Scanning Electron Microscopy (FESEM) techniques. For the Raman analysis, a 

Renishaw Spectrometer equipment was used with a 633 nm wavenumber, 1200 l/mm diffraction 

grating in a scan range from 200 to 1700 cm-1. The analysis was conducted using 10% laser power, 80 

sec exposure time and 5 accumulations. Different chemical species and molecular interactions were 

identified based on the characteristic peaks of each material. As for the FESEM measurements, images 

of the surface of the cathodes were obtained through a Thermoscientific Quattro S equipment with an 

Everhart Thornley Detector (ETD), which was set with a work distance (WD) of 10 mm, 10 kv beam 

power, 3.0 spot and varying magnifications. 

 

3 Results and Discussion 

[C16mim][Br] material was chosen as additive for the aprotic electrolyte DMSO/LiClO4 0.100 M 

due to its multi-functional features of ionic liquid crystal, which has the properties of conventional 

ionic liquids combined to the capability of forming well-organised structures, attributed to the long 

alkyl chain of the imidazolium cation [C16mim]+, as well as the redox mediator (RM) effect, due to the 

anion [Br]–. Therefore, different concentrations of the synthesised material were tested into the aprotic 

electrolyte, varying from 0.05 M, corresponding to the amount of the RM LiBr generally used in 

aprotic systems found in literature,13, 19, 20 up to 3.369 M, which is the saturation point of the ILC into 

the DMSO solvent at ambient temperature. It is important to note that this is the first study of an ILC 

with redox properties as additive for aprotic electrolytes in Li-O2 batteries. 
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3.1 Electrochemical Performance 

First, deep discharge tests were performed varying the [C16mim][Br] concentration to evaluate the 

influence of the ILC addition into the battery discharge capacity (mAh/g), which was determined 

according to equation 1 and the graph plotted in Figure 2 a). We observe that, in general, the specific 

capacity was not improved with the ILC addition, except for 0.050 M ILC, which presented a better 

capacity when compared to the neat electrolyte (0 M ILC). Increasing the concentration to 0.500 M 

ILC, the capacity value decayed considerably, which may be associated to the structural function of 

the ILC studied (Figure 2 c) We reported elsewhere a study of the electrochemical, transport and 

structural properties of the proposed electrolyte at varying ILC concentrations and found that due to 

the crystal liquid features of the [C16mim]+ cation, it interacts with the DMSO molecules, forming 

aggregates, which grow and form structures at a minimum ILC concentration. However, at 0.500 M 

ILC, a large number of aggregates with undefined structures are present in the system (Figure 2 c)), 

which could affect the electrochemical performance of the Li-O2 battery. From Figure 2 a), we can 

observe that this great number of aggregates hamper the cell discharge potentials, reaching values 

lower than 2.7 V Li/Li+, which means that the electrolyte is more prone to form undesirable side 

reactions at 0.500 M ILC, limiting the cell capacity. Deep repetitions for 0.050, 0.500 and 3.369 M 

ILC are shown in the supporting information, SI 1. 

Increasing the concentration to 1.456 M ILC, the discharge capacity raises again, because the 

aggregates become bigger and organise themselves into well-defined structures, charge confinement, 

as proposed in Figure 1 c), which enhances a better ionic transport than 0.500 M ILC. Despite the 

1.456 M ILC concentration delivered a lower capacity than 0 M ILC (14,855 mAh/g vs 18,772 mAh/g, 

respectively), the total time that the cell with 1.456 M ILC took to discharge was slightly lower than 

the cell with 0 M ILC (125 h and 135 h, respectively), and the considerable difference in the capacity 

values is due to the variation in the mass of active material CNT between the cathodes used for each 

composition. 

At 3.369 M ILC the molecular arrangement is also well-defined, but the lowest capacity is reached 

because there is less free DMSO molecules available in the system, the electrolyte viscosity is 

considerably increased while the ionic conductivity decreases in this composition, resulting in higher 

charge transport resistance21 and competing with the crystal liquid function. In addition, the electrolyte 

is saturated, which means that a small variation in temperature during the cell operation could lead to 

the ILC precipitation and accumulation at the electrodes, as explained later in the characterization 

section.  
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Figure 2. a) Specific discharge capacity and b) cycling profiles of Li-O2 batteries using DMSO/LiClO4 

0.100 M systems with different concentrations of the [C16mim][Br] additive, varying from neat (0 M 

ILC) to saturated (3.369 M ILC) electrolytes at a current density of 23 µA/cm2. c) Cyclic 

Voltammetry (50 mV/s) tests of DMSO/0.100 M LiClO4 (lilac), 0.500 M LiBr/DMSO/0.100 M 

LiClO4 (black) and 0.500 M ILC/DMSO/0.100 M LiClO4 (red) under an argon atmosphere. Inset: CV 

of DMSO/0.100 M LiClO4 in the potential window of DMSO from 2 to 4.5 V Li/Li+. d) Ionic and 

Molecular arrangement of the [C16mim][Br] into the electrolyte with varying concentrations. Green, 

red, blue and pink are [C16mim]+, [ClO4]–, Li+ and [Br]–, respectively. 

a) b) 

      c) 

d) 
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As for Figure 2 b), it shows the cycling tests of Li-O2 batteries with different compositions of the 

[C16mim][Br] additive. These tests were conducted to evaluate the additive effect into the cell lifetime. 

Traditionally, the main product Li2O2 is electrochemically formed during discharge, in the oxygen 

reduction reaction (ORR), according to the possible mechanisms presented in equations 2 to 5. This 

product is reversible and decomposed during the cell charge, in the oxygen evolution reaction 

(OER).22  

 

𝑂2 + 2𝐿𝑖+ + 2𝑒− → 𝐿𝑖2𝑂2  (2) 

2𝑂2 + 2𝐿𝑖+ + 2𝑒− → 2𝐿𝑖𝑂2   (3) 

2𝐿𝑖𝑂2 → 𝐿𝑖2𝑂2 + 𝑂2    (4) 

𝐿𝑖𝑂2 + 𝐿𝑖+ + 𝑒− → 𝐿𝑖2𝑂2  (5) 

 

However, during the cell recharge, high overpotentials, usually close to 4.5 V Li/Li+, are necessary 

for the Li2O2 degradation, which could decompose the electrodes and electrolyte, causing the 

formation of side products until the cell death.12, 14 In the case of DMSO solvent, its degradation is 

reported to initiate at potentials over 4.2 V Li/Li+ (see inset Figure 2 c)).23 Therefore, the use of the 

[C16mim][Br] ILC is also important because it can act in the cell reversibility due to its redox mediator 

function, attributed to the [Br]– anion. 

Before interpreting the cycling results, it is important to validate the redox ability of the 

[C16mim][Br] additive, which was showed in Figure 2 c) through CV tests in an inert atmosphere. In 

literature, RMs are used to reduce the charge and/or discharge overpotentials, enhancing the electrode 

and electrolyte stability and prolonging the battery operation time. In the case of [Br]–, it acts in the 

cell charge, forming electrochemically two reversible redox couples Br−/Br3
−  and Br3

−/Br2, as 

indicated in equations 6 and 7, respectively. During the operation of Li-O2 cells, it is important to note 

that the first Br−/Br3
−  redox couple is more desirable, since the Br2 specie formed from the Br3

− 

oxidation is highly reactive, degrading the electrolyte and electrodes, which compromise the cell 

cyclability. The species [Br3]– formed in the cell charge, eq. 6, oxidizes chemically the discharge 

product Li2O2 to Li+ and O2, while [Br3]– is reduced back to [Br]– (eq. 8).24 Therefore, this process 

facilitates the Li2O2 reversibility and decreases the Li-O2 cell charge overpotentials, because the 

lithium peroxide is oxidized at potential values close to the redox potentials of RMs,11 reducing the 

system attack and prolonging the cell cyclability. 

 

3𝐵𝑟− ↔ 𝐵𝑟3
− + 2𝑒−    (6) 

2𝐵𝑟3
− ↔ 3𝐵𝑟2 + 2𝑒−    (7) 

𝐿𝑖2𝑂2 + 𝐵𝑟3
− → 2𝐿𝑖+ + 𝑂2 + 3𝐵𝑟−  (8) 
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As expected from Figure 2 c), the DMSO/LiClO4 0.100 M electrolyte does not have redox 

properties, as indicated by the absence of any redox peak in the range from 2 to 5 V vs Li/Li+. For the 

other electrolytes (DMSO/ LiClO4 0.100 M /[C16mim][Br] 0.500 M and DMSO/LiClO4 0.100 M/LiBr 

0.500 M), the presence of redox peaks is evident, confirming that the [Br]– anion present in the ILC 

has a RM effect which could be comparable to LiBr.24  Besides, a small displacement was observed 

between the oxidation/reduction peaks of LiBr and [C16mim][Br], probably associated with the change 

from Li+ to [C16mim]+ cation, which affect the solvation properties of the system25 and due to the 

strong molecular interaction of [C16mim]+ with the DMSO solvent. In addition, we observe a higher 

ohmic drop for the electrolyte with LiBr, which is assigned to the higher number of ionic species in 

the ILC-based electrolyte and its consequent superior ionic conductivity and lower ohmic resistance.26 

However, this observation can only be confirmed by electrochemical impedance spectroscopy (EIS) 

measurements, which will be necessary to determine the resistance of both systems and correct this 

ohmic drop.27 

While the oxidation of [Br]– to [Br3]– takes place at ~4.2 V vs. Li/Li+ for [C16mim][Br] and the 

reduction occurs at ~3.2 V vs. Li/ Li+, the same [Br3]– specie is formed at ~4.1 V vs. Li/Li+ and 

reduced at ~3.4 V vs. Li/ Li+ when LiBr is used. The undesirable corrosive specie Br2 was observed to 

be formed at potentials higher than 4.4 V for both [C16mim][Br]  and LiBr, indicating an advantage to 

the electrolyte systems since it is not easily formed during the cycling potential window. Therefore, 

CV tests confirmed the redox property of [C16mim][Br] in an argon atmosphere, but CV under O2 

atmosphere will still be necessary for complement with the cycling tests (Figure 2 b)).  

From Figure 2. b), we can see the cycling tests of Li-O2 cell with different ILC concentrations. We 

observe that the neat 0 M ILC system reaches a charging potential over 4.2 V since the 1st cycle, which 

is the value for initiating the DMSO degradation, as indicated in the inset Figure 2 c).23 On the other 

hand, even with a small addition of [C16mim][Br], such as in the 0.05 M ILC concentration, the 

charging overpotentials were efficiently reduced to values lower than 4.2 V. Therefore, this graph 

evidences the effect of the redox mediator [Br]– on the cell reversibility by reducing the charging 

overpotentials, which become lower as more ILC is added to the system. Increasing the amount of ILC 

means that there is more [Br]– available to degrade the discharge product Li2O2 at lower charge 

overpotentials. Even so, for ILC concentrations higher than 0.500 M, the overpotential decrease 

becomes more discreet. This could be explained by the addition of ohmic resistance due the 

conductivity decrease with the ILC concentration enhancement, besides, the mass transport is 

compromised because of the viscosity increase. It is important to highlight that at concentrations 

above 1.456 M ILC, the conductivity decreases and the viscosity enhancement are more pronounced.   

Despite it is common to associate the number of cycles to the discharge capacity of the battery, 

expecting longer cyclability for systems that present superior capacity,6 comparing Figures 2 a) and b), 

our cycling results showed a small difference in the tendency observed for deep tests. For deep 

analysis, the electrolyte concentrations which had the highest gravimetric discharge capacities were, as 
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follows: 0.050 M ILC > 0 M ILC > 1.456 M ILC > 0.050 M ILC > 3.369 M ILC. So, it could be 

expected lower cycling performances for high and intermediate ILC concentrations. However, the best 

cycling results were found for the following concentrations: 0.050 M ILC > 1.456 M ILC > 0 M ILC > 

3.369 M ILC > 0.500 M ILC. Despite there is no obvious relationship between deep and cycling 

results and no obvious tendency for both tests, evaluating a cell performance is more complex than the 

simple association of these two results.  

Knipping and co-workers28 studied the use of ionic liquids with different group and structures into 

the performance of Li-O2 cells, and found that the cell specific capacity is enhanced by the proper 

lithium solvation, ionic conductivity and viscosity, but other factors could affect the cyclability, such 

as the electrolyte stability window and its attack.  

For the deep results, in fact the discharge capacity decreased for ILC concentrations higher than 

1.456 M because there was a significant increase in viscosity, as shown in our previous study, since 

ionic liquids have a viscous nature, which reduces the ionic transport, associated to great accumulation 

of products on the carbon fibres, insulating them and impeding the charge transfer, as explained later 

in the characterization section. In addition, at intermediate 0.500 M ILC composition, the discharge 

capacity is limited by the great number of aggregates in the system. As for the cyclability, we suggest 

that the cell cycling was associated with the combination of the RM effect with the molecular and 

ionic organisation of the system. Compared to the neat electrolyte, the 0.050 M ILC presents the RM 

effect well pronounced with the efficient decrease in the charge overpotentials, combined with the 

ability of conventional ionic liquids of enhancing the electrochemical stability. This means that the 

cell could operate longer, even with the increase in the charge potentials observed over the cycles, 

which increased as a consequence of the small amount of Br– available to oxidize and react with Li2O2 

in the charge, causing the accumulation of non-decomposed products. At this concentration, the 

structural effect of [C16mim]+ is practically negligible, because there is just the formation of small 

clusters in the electrolyte, as indicated by the molecular arrangement in the boxes of figure 2 d). It is 

important to note that the crystal liquid effect, assigned to the 16 carbons in the alkyl chain of the 

imidazolium ring, is more apparent from a certain ILC concentration, because by increasing its 

concentration, the [C16mim]+ cation tend to self-organize forming complex structures with polar and 

non-polar nanodomains. A better explanation about these structures and how they affect the electrolyte 

properties were published by our research group elsewhere. For 0.500 M ILC concentration, there is 

excess of [Br]– anions, which explains the considerable decrease in the charge overpotentials, 

however, as we can observe from figure 2 d), the amount of [C16mim]+ cations also increases, forming 

bigger agglomerates with the DMSO molecules, which have undefined structures at this concentration, 

causing a disorder in the electrolyte. This disorder is evidenced by the low discharge potential (< 2.7 

V) and the rapid decay in the discharge capacity during the cycling test.  

Increasing the ILC concentration to 1.456 M, we observe that the battery performance is 

considerably improved, because besides the decrease in the charge overpotentials due to excess [Br]–, 
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we also have the structural effect, in which the aggregates become bigger and reorganise themselves 

into structures that resemble a lamellar Smectic phase (figure 2 d)). This structure works as ionic 

channels, enhancing the ionic conductivity and thus the cell’s cyclability.  

Increasing even more the ILC content until its saturation in the DMSO solvent i.e., 3.369 M ILC, 

the lamellar structure is also observed, but the electrolyte viscosity is so high, that it competes with the 

ionic transport, affecting the cell cyclability and reducing its performance. In addition, since the 

[C16mim][Br] dissolved in the electrolyte is at its saturation, there is a great number of ionic species, 

which precipitate over the cathode during the cycles, insulating the carbon fibres more rapidly, as 

shown in the FESEM images, causing the decay in discharge potential until the cell death. Therefore, 

the best ILC concentration was observed for 0.050 M ILC, followed by the 1.456 M ILC. 

 

3.2 Interpretation of the Cycling Profiles 

As the 0.050 M and 1.456 M ILC concentration presented the best cycling performance, both 

graphs were plotted in Figure 3 a) and b), in order to analyse the potential change during the cell 

cyclability. The cycling profile of 0.500 and 3.369 M ILC compositions are available at SI 2. For 

Figure 3 a), it is observed that the variation in the charge potentials of 0.05 M ILC is much more 

pronounced than the discharge variation, but when the cell reaches its cycling limit, a rapid decay in 

the discharge to ~2.47 V is observed in the 29th cycle, losing 80% of its capacity in the 30th cycle and 

leading to the cell failure. In the first cycle of Fig. 3 a), a two-step oxidation is observed, with the 

charging potential initiating at 3.8 V vs Li/Li+, then rising to ~4.05 V vs Li/Li+, which was maintained 

for most of the charging process, indicating the Li2O2 oxidation at a potential close to the potential of 

[Br]– oxidation to [Br3]–,11 in agreement with the CV tests. Then, in the final of the first charging 

process, the potential returns to 3.8 V because enough Li2O2 was decomposed to its original Li+ and O2 

form, so at this potential [Br3]– reduces back to [Br]–, also in analogy to the CV data. These results 

point out that the [C16mim]+ cation does not affect the redox properties of the electrolyte, in agreement 

with Zheng et al.,24 who investigated the use of an ionic liquid with redox properties, [MPP]+[Br]–, 

into TEGDME/LiTFSI electrolyte. The author confirmed the redox ability of the additive due to the 

bromide anion, obtaining lower charging potentials and longer cyclability.   

CREMASCO et al.20 investigated the reaction mechanism involved in the application of LiBr 

redox mediator into DMSO/LiClO4 electrolyte. Similarly, we also propose that the insulating product 

Li2O2 formed in the first discharge path is evenly distributed to the surface of the carbon electrode due 

to its available pore sites. For the first five cycles, charging overpotentials are lower than 4.2 V. 

However, due to the low concentration of [Br]− species (0.05 M ILC) dissolved in the electrolyte and 

due to the accumulation of discharge products that reduce the availability of vacant sites for the [Br]− 

oxidation to [Br3]–, the decomposition of Li2O2 becomes more difficult, thus higher potentials are 

necessary to decompose Li2O2 and enable the OER. Therefore, at a certain point, the charging 
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potentials raise to values over 4.4 V, as observed in the 8th cycle, indicating that the corrosive Br2 

species could appear, in analogy with the CV data, but further investigation is necessary. This 

accumulation of species could also explain the charge shifts observed over the cycles. Besides, parallel 

reactions can occur during the cell cyclability, leading to the formation of side products, which 

accumulate in the system, also causing the shifts of the discharge and charge stretches, covering the 

carbon fibres and clogging its pores, until a point that the concentration of products is so high that the 

carbon pores become totally blocked by products, impeding the charge flow3 and thus cessing the cell 

operation after the 29th cycle. It is also important to note that despite some ionic liquid groups improve 

the anode stability by forming at its surface a stable solid electrolyte interface (SEI) layer, no stable 

SEI was observed for the proposed [C16mim][Br] additive, as evidenced by the lithium corrosion after 

cell cycling (inset Figure 3 a)). Many authors attribute the SEI formation to the selection of the right 

Li salt6, 29, 30 and/or to the synergy between ILs and Li salts,15, 31, 32 therefore, if another salt, like 

LiTFSI, LiFSI, LiNO3, etc., was added to the system, it is possible that a stable SEI would be formed. 

 

 

Figure 3. Cycling performance for DMSO/LiClO4 0.100 M electrolyte with a) 0.050 M and b) 1.456 M 

concentration of [C16mim][Br] additive, at a current of 50 µA and a fixed capacity of 1000 mAh/g. 

Inset arrows indicate the direction of the potential shift and inset figures a) show the lithium anode 

before and after cycling at 0.050 M ILC. 

 

As for the 1.456 M ILC concentration (Fig. 3 b)), we have already proposed that at this 

composition the structural effect enhances the cell cyclability due to the formation of ionic channels 

that enable the ionic transport and conductivity. In addition, the great amount of [Br]− diminishes 

considerably the charging potential, which is maintained lower than 4.2 V Li/Li+ over the cycles, 

despite of the small charge shift observed from ~3.9 V in the 1st cycle to ~4.1 V in the last. This means 

that it is possible that the corrosive Br2 was not formed at 1.456 M ILC concentration and it could be 

 

 

Potential Shift 

0.050 M [C16mim][Br] 1.456 M [C16mim][Br] 

Potential Shift 

Potential Shift 
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confirmed by the absence of a second charge plateau over the cycles. On the other hand, plateaus are 

observed during the cell discharge, as consequence to the excess [Br3]– species which could not be 

totally reduced to [Br]− in the cell charge, so part of [Br3]– was reduced during discharge.14 In 

addition, the great amount of [C16mim][Br] also impacts in the cell performance, because the system 

becomes much more viscous and there is a great number of species dissolved in the DMSO solvent, 

which compete with the structural effect. As the cell cycles, parallel reactions occur, leading to the 

increasing accumulation of products, and raising even more the electrolyte viscosity. This effect 

causes the blockage of the cathode pores, leading to a more rapid decay in the discharge potential and 

the consequent raise in the charge potentials, as an attempt to decompose the discharge products. In 

the 21st cycle, the cell reaches the cut-off discharge potential because the cathode is completely 

covered by product, which causes its passivation and interrupts the charge transfer. Therefore, the 

small addition of 0.050 M ILC is more beneficial for the overall performance of the battery, but both 

0.050 M and 1.456 M ILC are better than the conventional DMSO/LiClO4 0.100 M electrolyte due to 

the unique features of [C16mim][Br] mentioned above. 

 

3.3 Characterization of the Cathodes 

After deep and cycling tests, the carbon electrodes were characterized via Raman and FESEM 

techniques. During the Li-O2 battery operation, the main product Li2O2 is expected to be formed 

electrochemically during the cell discharge through different possible mechanisms (equations 2 to 5) 

and are reversible during recharge.22 However, side products can also be formed during the cell 

operation. Therefore, the employment of Raman Spectroscopy can serve as a basis for understanding 

the possible routes involved in the electrochemical tests and to identify the species formed during 

reactions, while FESEM is important to observe the products formed and the morphological changes 

in the cathode surface.33  

The characteristic bands of carbon materials are well known in literature34 and were observed 

through Raman in our virgin cathodes (carbon paper with CNT ink, see SI 3), even so, they were not 

considered for the characterization of the cathodes after the electrochemical tests because we focused 

on the formation of products. Figure 4 a) and b) show the products formed after deep and cycling tests, 

respectively.  It is important to note that we can barely observe the products formed for the saturated 

3.369 M ILC composition (Figure 4 a) and b)), since the ILC precipitated and covered the cathodes 

during the cell operation, as showed later at the FESEM images. The Raman peaks correspondent to 

the ILC (see SI 4) are observed in both graphs for concentrations above 0.500 M ILC, because at 

0.050 M ILC the amount of [C16mim][Br] is so small that it can barely be detected by the Raman 

beam. In addition, the amount of the salt LiClO4 is also small, 0.100 M, so it can also be barely seen 

by the laser beam in regions close to ~930 cm-1.35  
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The pink region, ~250 and ~790 cm-1 correspond to the coupled vibration of Li-O2 and the O-O 

stretch, respectively,33, 36 which are attributed to the Lithium peroxide (Li2O2), which can be formed 

directly through the electrochemical reaction between the Li+ cation and the O2 specie, as indicated by 

equation 2,37 or through other alternative mechanisms, in which the Li+ and the O2 compounds form 

initially the intermediate LiO2, which later reacts according to equation 3 to form Li2O2, or LiO2 reacts 

with Li+, forming Li2O2 according to equation 4.38 Despite these alternative mechanisms, no 

intermediate specie was observed in the Raman analysis for deep tests, so the mechanism presented in 

equation 2 is the one that best fits the formation of the Li2O2 in the deep discharge for all electrolyte 

compositions.  

Despite the difference in the peak intensity observed for each electrolyte concentration, the Li2O2 

product was observed for all systems in Figure 4 a) and the Li2O2 peaks were most intense at 1.456 M 

ILC, because the laser beam passed over a region rich in discharge products. We highlight that 

different regions of the 1.456 M ILC cathode were analysed via Raman and this high concentration of 

Li2O2 was not observed for the other measurements (Raman repetitions for deep and cycling data 

available at Figures SI 5 and 6), indicating that the products are not evenly distributed over the 

cathode, as confirmed by FESEM images (Figure 5). Besides, the peak intensity of Raman 

spectroscopy are related to the polarization of the products surface and their morphology,33 which 

could explain the intensity variation with different concentrations of [C16mim][Br]. Comparing to the 

cycling tests, the superoxide intermediate LiO2 specie was observed besides the Li2O2 product, for 

0.050 M and 3.369 M ILC at a wavenumber close to 1140 cm-1, corresponding to the O–O bonding.33 

This side product is formed due to the incomplete oxidation of Li2O2 during cell charge and it is 

soluble in high donor number (DN) solvents, such as the case of DMSO.39    

The asterisks in the Figure 4 are assigned to the remains of the DMSO solvent, at ~675 and ~708 

cm-1, corresponding to the C–S symmetric and antisymmetric ligands, respectively,35, 40, 41 which are 

the most intense peaks of pure DMSO (see SI 7). DMSO was observed in deep tests for 0, 0.500 and 

1.456 M ILC concentrations and also identified at a Raman measurement repetition for the 3.369 M 

ILC concentration, as indicated in the SI 5 figure. DMSO was identified in all cathodes used in cycling 

tests for different ILC concentrations.38 The peaks at ~1083 cm-1 are assigned to the interaction of the 

DMSO molecule with the Li+ from LiClO4.35 The zones in green are attributed to the formation of the 

side product DMSO2, which arises from the nucleophilic attack of Li2O2 to the DMSO solvent during 

discharge.38, 42 Note that DMSO2 was formed in the presence of the ILC for both graphs and that [Br]– 

is a nucleophile, so it is also possible that [C16mim][Br] had an effect at the DMSO degradation. The 

characteristic bands of DMSO2 were found at ~295 and ~460 cm-1, corresponding to the scissoring 

bend of SC2, ~700 and ~1405 cm-1, corresponding to the symmetric stretching of SC2, while the CH3 

in-plane rocking or bending is found at 1013 cm-1 and the CH3 in-plane scissoring or bend is found at 

1460 cm-1.43 
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Figure 4. Raman Spectroscopy of the cathodes after use in a) deep discharge and b) cycling tests at 

different [C16mim][Br] concentrations in DMSO/LiClO4 0.100 M systems.  

 

The side product lithium hydroxide, LiOH, was only found at 0.05 M and 0.500 M ILC for deep 

tests and at concentrations from 0.500 M ILC for cycling tests, and for repetition of Raman 

measurement for 3.369 M deep and cycling (SI 5 and 6) This product arises from the reaction between 
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Li2O2 and DMSO.20, 38 The peaks of LiOH appear around ~327 and 618 cm-1, which correspond to the 

translational vibration of the cation Li+ and anion OH– layers.44  

As for the FESEM technique, it was used to analyse the surface of the cathodes after deep 

discharge and cycling tests, being indicated in Figures 5 and 6, respectively. Different magnitudes 

were chosen because image quality varied with the ILC concentrations. From Figure 5, we observe the 

product distribution over the cathodes and the product shape with the variation in the ILC 

concentration. In the top left, we see the fibres of the pure carbon paper electrodes with some 

roughness due to the CNT ink deposition. Note that after discharge, the carbon fibres of all cathodes 

were covered with a layer of product, which become thicker as we raised the ILC concentration. For 0 

and 0.050 M ILC the product was randomly distributed over the cathodes.  

Increasing the concentration to 0.500 M ILC, a thicker layer of product was formed. For 1.456 M 

ILC concentration, toroidal shape particles45 are formed, but at 3.369 M ILC concentration, we 

observe a tremendous change in the carbon fibres, which became totally rough due to the complete 

product covering. It is important to note that the ILC [C16mim][Br] is a solid at ambient temperature 

and was dissolved at its saturation point at 3.369 M concentration, so besides the formation of Li2O2 

over the cathode, the ILC material also precipitated at the carbon surface, forming big agglomerates 

which deposited at the carbon’s fibres as observed at the bottom right of the FESEM images. This 

great accumulation of products explains the low discharge capacity of the saturated electrolyte, 

because a layer of products was quickly formed over the fibres, causing an electrical passivation and 

the rapid decay in the cell potential.46  
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Figure 5. FESEM images at different magnitudes for the carbon paper/CNT cathodes after use in deep 

discharge tests at different [C16mim][Br] concentrations in DMSO/LiClO4 0.100 M systems. 

 

As for the products formed during cycling, we can also see from SEM images of Figure 6 

the change in the carbon surface when ILC is added to the electrolyte compared to pristine 

cathode in Figure 5. For the lowest concentration of 0.050 M ILC, we can observe a relatively 

small concentration of Li2O2 species, which were randomly distributed over the cathode, with 

no significant change in the carbon fibre structure. However, when more ILC is added to the 

electrolyte, the carbon fibres become clearly covered by products. In addition, the products 

morphology is totally different when cycling results are compared to the deep data at the same 
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concentrations, except for 3.369 M in which a great concentration of agglomerates was 

observed for both tests. Therefore, the cell failure has also a great association with the great 

accumulation of products after long battery operation. 

 

 

Figure 6. FESEM images at different magnitudes for the carbon paper/CNT cathodes after cycling tests at 

a fixed capacity of 1000 mAh/g using different [C16mim][Br] concentrations in DMSO/LiClO4 0.100 M 

systems.  

 

4 Conclusion 

A multifunctional ionic liquid crystal additive, [C16mim][Br], which combines the properties of 

conventional ionic liquids with structural and redox mediator properties, was first introduced into 

aprotic electrolyte DMSO/LiClO4 for Li-O2 batteries. The redox function was confirmed through CV 

at an inert atmosphere, with the first redox couple [Br]–/[Br3]– being formed close to 4.2 V vs. Li/Li+, 

while the corrosive [Br2] specie is only formed at potentials over 4.4 V Li/Li+, which is beneficial for 

the system cycling lifetime. This additive was tested in Li-O2 cells at various concentrations to 

investigate how it affects the electrochemical performance of the battery.  

The decrease in the charge overpotentials was clearly associated with the amount of ILC in the 

system, because as more ILC is dissolved in the electrolyte, more [Br]– is available to react with the 
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discharge product Li2O2. However, poor electrochemical efficiency was reached for intermediate 

0.500 M ILC composition, because at this concentration, the ILC tends to form a great number of 

aggregates randomly distributed in the electrolyte. As for the highest ILC concentration of 3.369 M IL, 

the cell efficiency is limited to the high viscosity of the system and slow dynamics, hampering the 

ionic transport.  

The optimum concentration was found for the most diluted 0.050 M ILC, because it is less 

viscous, enabling the ionic and molecular mobility, joining to an efficient RM property. At 1.456 M 

ILC, the second better performance is achieved, with a long cell operation due to the combination of 

the redox property with the structural effect of ILC well pronounced, leading to the formation of 

molecular channels that enhance the ionic transport, however, this effect competes with the high 

viscosities and the great number of species in the system, which deposit on the cathode over time, 

causing its passivation. In summary, introducing multifunctional additives to electrolytes is an 

important approach to solve some issues associated with the solvent stability, but there are some 

inconveniences that need to be overcome. Deeper investigations are necessary to better understand the 

structural effect associated to other characterization techniques.  
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Here, we are providing additional data concerning Raman spectroscopy characterizations of virgin 

carbon paper/CNT electrode, pure [C16mim][Br] ILC and Pure DMSO. These data are complementary to 

the results discussed in this paper. 
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Figure SI 1. Specific Discharge Capacity of 0.050, 0.500 and 3.369 M ILC electrolytes into Li-O2 

batteries. 

 

Figure SI 1 shows the repetition data for the deep tests at different ILC concentrations. For 0.050 

M ILC, a discharge capacity of ~19,780 mAh/g was achieved, while for 0.500 M ILC the discharge 

capacity was close to 9,980 mAh/g, and ~6,465 mAh/g for 3.369 M ILC. 

 

 

Figure SI 2. Cycling profiles of Li-O2 batteries with a) 0.500 M ILC and b) 3.369 M ILC. 

 

Figure SI 2 shows the cycling profiles of Li-O2 batteries with 0.500 M [C16mim][Br] and 3.369 M 

[C16mim][Br] concentrations, respectively. The poor cycling performance for 0.500 M ILC 

composition is attributed to the high number of aggregates in the system, as shown in Figure 2 d), 

which implies in a low discharge potential with a rapid decay during the cell cycling. The low charge 

overpotentials are due to the presence of the [Br]– anion RM. As for 3.369 M ILC, the charging 

potentials are maintained at values lower than 4.0 V, because of the great availability of the [Br]– 
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anion for the system. This great amount of [Br]– implies in excess [Br3]– species, which were not 

totally reduced back to [Br]– during the Li2O2 decomposition in the charging path, so the discharge 

plateau is assigned to the reduction of the [Br3]– anion. At 3.369 M ILC well-defined structures that 

resemble a smectic phase are formed, which enhance the ionic transport. Even so, the system is very 

viscous and is saturated, which compete with the structural effect and cause the rapid decay in the 

discharge potentials. 

 

 

Figure SI 3. Raman spectra of virgin carbon paper electrode with CNT ink. 

 

The characteristic bands of the carbon paper and CNT are well known in literature and are 

indicated in Figure SI 3. Band-G, at 1583 cm-1, is attributed to the graphite material. Bands D and D’ 

represent the disorder in the carbon’s network symmetry, being found at 1335 cm-1 and 1619 cm-1, 

respectively.1 A small band was identified at 1137 cm-1. 
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Figure SI 4. Raman spectra of pure [C16mim][Br]. 

Figure SI 4 indicates the characteristic peaks of the [C16mim][Br] additive, which were 

characterized via Raman Spectroscopy. 

 

 

Figure SI 5. Repetition of the Raman Spectroscopy of the cathodes after deep discharge tests at 

different [C16mim][Br] concentrations in DMSO/LiClO4 0.100 M systems. 
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Figure SI 6. Repetition of the Raman Spectroscopy of the cathodes after cycling tests at different 

[C16mim][Br] concentrations in DMSO/LiClO4 0.100 M systems. 

 

Figures SI 5 and 6 show the repetition of the Raman spectroscopy for deep and cycling tests, 

respectively. Deep discharge product Li2O2 can only be identified at repetition of the 0.500 M ILC 

concentration, confirming that the strong Li2O2 peak observed for 1.456 M ILC in Figure 4 was due to 

a region rich in discharge product. Peaks for [C16mim]+ were identified for concentrations above 1.456 

M for both deep and cycling tests. Side products LiOH and DMSO2 were observed from the 

measurements, which originate from the DMSO composition.   

 

 

Figure SI 7. Raman spectra of pure DMSO. 
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Figure SI 7 shows the Raman spectra of the pure DMSO. The peak observed at 307 cm-1 corresponds 

to the C–S–C stretching; at 335 and 384 cm-1 we see the bands for C–S=O out of plane and in plane, 

respectively; the highest bands at 672 and 701 cm-1 indicate the C–S symmetric and antisymmetric 

ligands, respectively; the 955 cm-1 peak is attributed to the CH3 vibration, while the 1029 and 1041 cm-1 

peaks correspond to the S=O symmetric and antisymmetric stretching.2 At 1311 cm-1 the C–H symmetric 

deformation is observed and at 1421 cm-1 we see the asymmetric deformation of CH3.3   

 

 

Figure SI 8. FESEM images of pure [C16mim][Br] at different magnifications. Author, 2021 

  

The FESEM images of Figure SI 8 were produced from different zoom and 

magnifications. Despite the crystalline nature of the pure [C16mim][Br], we observe undefined 

form of this material. The possible explanation is the high viscosity of the ILC, which hinders 

the microscopic analysis.  
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4.3. General Discussion 

We have discussed in Chapter 2 (Literature Review and Fundamental Concepts) the 

principles of electrochemistry and the importance of developing electrochemical devices as 

clean alternatives for attending the increasing demand for energy. We cited different devices 

and highlighted Li-O2 battery as one of the most promising technologies due to its superior 

energy capacity. However, many challenges need to be overcome for its future 

commercialization, especially in the development of electrochemically, chemically and 

thermally stable electrolytes, with adequate ionic conductivity and low volatility. Therefore, 

focusing on solving some of those issues, this work proposed the use of an ionic liquid crystal 

(ILC), 1-hexadecyl-3-methylimidazole bromide [C16mim][Br], as additive for non-aqueous 

electrolytes. This material can be considered a multi-functional additive, because it has 

properties of ionic liquids, liquid crystals and redox mediators, which could be interesting for 

application in batteries field. In addition, it is important to note that the use of ILC materials 

with redox properties had never been applied in Li-O2 cells, so this project could be a guide to 

develop other studies in the future, exploring other materials with similar properties. 

In section 4.1, we deeply investigated the electrochemical, transport and structural 

properties of [C16mim][Br] into aprotic DMSO/LiClO4 electrolyte. Combining experiments 

with MD simulations, the latter developed through a partnership with the group of Professor 

Juarez L. F. Da Silva, we could conduct a macroscopic and atomistic study of the proposed 

system. Varying compositions of ILC were tested into the electrolyte, limiting its 

concentration to 3.369 M, which is the saturation point of [C16mim][Br] into DMSO at 

ambient temperature. Through CV tests, we could confirm the ILC ability to improve the 

electrochemical stability of DMSO/LiClO4 system, observed for a wide electrochemical 

window from 2 to 6.5 V vs Li/Li+. In addition, the CV tests showed the redox peaks of the 

[Br]– anion, which oxidizes to Br3
– at potentials close to 4.0 V vs Li/Li+ for diluted 0.050 M 

ILC concentration, and a second oxidation peak was seen at potentials over 4.5 V, which 

indicates the formation of Br2, a very corrosive specie that should be avoided in the 

electrolyte. On the other hand, the [Br]– anion is a very important redox mediator (RM) for 

Li-O2, batteries, because its oxidized form Br3
– acts in the cell charge, facilitating the 

discharge product Li2O2 degradation and reducing the charge overpotentials. 

As for the physical and transport properties of the proposed electrolyte, also discussed in 

section 4.1, we found that the system’s viscosity raises with the ILC addition, which was an 
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expected behaviour due to the large structure of the imidazolium cation. Even so, high 

viscosity values did not have an important effect on the electrolyte ionic conductivity, which 

surprisingly raised until 1.456 M concentration, as observed experimentally at 303 K, and 

until 2.413 M concentration, as showed through MD simulations at 400 K. For higher ILC 

concentrations (> 1.456 M ILC for exp. and > 2.413 M ILC for MD), the viscosity effect is 

more pronounced, and the conductivity starts to decay. Therefore, the conductivity raise was 

mainly associated to the increase in the number of charge carriers. The ILC addition shows 

strong intermolecular interactions, with [C16mim]+ cations forming polar and nonpolar 

nanodomains, which resemble a Smectic phase conformation for concentrated systems. The 

strong molecular and ionic interactions were confirmed by experimental and simulated Raman 

Spectroscopy, as well as by simulated Radial distribution functions g(r) and theoretical 

structure function S(q). Besides, the electrolyte density decreases within the ILC addition, 

which indicates a more cohesive system, due to strong coulombic interactions between 

[C16mim][Br] ions and DMSO molecules, which also explains the increase in viscosity and 

the consequent decrease in the self-diffusion coefficient.  

In summary, the study conducted in section 4.1 was important to validate that 

[C16mim][Br] additive has potential to be applied into electrolytes for Li-O2 batteries. Also, 

because of the unique properties of the studied material, we believe that [C16mim][Br] use 

could be extended to other solvents besides DMSO, and be applied into other Li-metal 

devices, or even supercapacitors. Furthermore, some authors have showed that ILCs could be 

applied into quasi-solid and solid electrolytes for dye-sensitized solar cells and Li-ion 

batteries, so we believe that the structural properties of [C16mim][Br] could also be seized for 

these kind of systems. Even so, further investigation is necessary, especially the use of more 

advanced characterization techniques to better comprehend the structural effect and the 

practical application of this material in different electronic devices. 

The work presented in section 4.1 was a guide for the study developed in section 4.2, 

which showed the practical application of the electrolyte into Li-O2 batteries. The cell 

performance was evaluated by varying the ILC composition into DMSO/LiClO4 0.100 M 

system. We observed that the variation in the ILC concentration impacts the cell discharge 

capacity. At low 0.050 M ILC concentration, the discharge capacity was enhanced, however, 

for higher concentrations, the capacity values were observed to decay. At 0.500 M ILC a 

significant decrease in the discharge capacity was seen, because at this composition the ILC 

forms large aggregates which hinder the cell operation, implying in a rapid potential decay.  
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Increasing the concentration to 1.456 M, the cell discharge capacity increases again, but 

the deep discharge lasts slightly less than the cell operating with neat (0 M ILC) electrolyte 

(125 h and 135 h, respectively). While for the saturated concentration at 3.369 M ILC, the cell 

presented the lowest capacity, operating for only 67 h. This observation can be correlated to 

the findings of the study presented in section 4.1. Despite the increase in the ionic 

conductivity due to the high density of charge carriers and the structural effect, the system 

become more viscous, especially at the highest concentration, which impacts in the ionic 

transport, reducing the ionic mobility and causing an increase in the charge transfer resistance. 

In addition, for the most concentrated system, part of the ILC precipitated and accumulated 

over the carbon fibres, as observed through FESEM images, causing the cathode passivation 

and reducing, therefore, the discharge capacity.  

As for the cycling performance, it was noted that the charge overpotentials decreased as 

more ILC was added to the electrolyte, because of the increase in the availability of [Br]– 

species which formed more Br3
– to react with the Li2O2 discharge product. The redox 

potentials were evidenced by CV tests at an inert atmosphere, which were also conducted for 

this study. Even so, this redox effect did not guarantee longer cyclability for higher ILC 

concentrations, because the structural behaviour of the long alkyl chain connected to the 

imidazolium cation appeared to have a major effect at the cyclability.  

The optimum composition was found for diluted 0.050 M ILC, which enhanced the cell 

cyclability due to the ionic liquid function of improving the electrolyte electrochemical 

stability, as discussed in section 4.1 through CV tests, and due to the efficient redox property 

of [Br]– anion, which effectively reduced the charge overpotentials, retarding the electrolyte 

attack and the cell death. At this concentration, the structural effect is less pronounced 

because only small clusters are formed in the system. In addition, the 1.456 M ILC 

composition also enhanced the cell cyclability and provided the second-best operation 

performance. For 1.456 M ILC, a different effect was observed. Despite the high viscosities in 

the system, a good cyclability was obtained, because the system combined the efficient 

reduction in the charge overpotentials with the electrochemical stability of ionic liquids and 

the structural effect of liquid crystals. In this case, the system presents a high molecular and 

ionic organization, with the well-defined structures, which serve as ionic channels for the 

ionic conductivity and transport. This phenomenon was also discussed in section 4.1 and was 

important to understand the results found for the cell operation in section 4.2.  
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As for the highest 3.369 M ILC concentration, the structural effect was maintained, 

however the viscosity is so high that the system becomes very resistive, therefore, we observe 

a decrease in the cell performance. In addition, as the system was saturated with ILC, part of 

this material precipitated, accumulating over the carbon electrodes, totally changing their 

morphology, as seen in the FESEM tests, blocking the cathode pores and causing its 

passivation, until the cell death. We highlight that after the electrochemical tests, all cathodes 

were characterized via FESEM and Raman Spectroscopy. We observed that despite the use of 

redox mediator, side products were found in the system, which could be expected because 

Li2O2 products accumulate over time, and eventually react with DMSO, producing DMSO2 

and LiOH. 

In summary, the study presented in section 4.2 is complementary to that presented in 

section 4.1. We could confirm the ILC ability to enhance the electrolyte stability and 

cyclability. The redox mediator effect combined with structural properties contributed to the 

battery operation. Even so, the most diluted composition was the optimum concentration. 

However, the use of the proposed system still faces many challenges. Depending on the 

concentration of [C16mim][Br], it could retard the electrolyte attack, but could not avoid its 

decomposition over time. In addition, the high viscosities and low charge transference impact 

in the cell performance. Even so, we recognise the importance of this study into introducing 

an unexplored material in the batteries field. We also believe in the potential of ILCs to be 

applied into other battery devices and its use in different solvents, for semi-solid and solid 

electrolytes. Besides, the system needs further refinement for more promising and concrete 

results, as well as additional electrochemical tests and characterizations to complement the 

main findings.  
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Chapter 5 

5. Conclusions 

This project proposed the use of a multi-functional ionic liquid crystal (ILC), [C16mim][Br], 

as additive for Li-O2 batteries. The material combined wide electrochemical window, structural 

and redox mediator functions which were explored to attend the main issues associated to the 

electrolyte instabilities. Different concentrations of [C16mim][Br] were tested for electrolytes 

composed by DMSO/LiClO4. We studied the electrochemical, transport and structural properties 

of the systems, evaluating their potential as electrolytes for Li-metal cells and investigated their 

influence on the performance of practical Li-O2 batteries.  

We found that the ILC addition improved the electrolyte conductivity, despite the high 

viscosity values. These findings are associated to the number of charge carriers and the liquid 

crystal behaviour of [C16mim][Br], which provides strong molecular and ionic interactions in the 

DMSO-based system. Increasing the ILC concentration, polar and nonpolar nanodomains are 

created, forming organised structures at ILC compositions over 1.456 M. These structures act as 

channels for the ionic transport. In addition, we validated that the bromide anion from 

[C16mim][Br] material has redox mediator properties, as observed through CV studied at an inert 

atmosphere. CV tests also showed that ILC addition improved the electrolyte stability.  

Testing the electrolyte in practical Li-O2 batteries, the optimum concentration was found at 

0.050 M ILC, followed by 1.456 M. In the diluted system, the structural effect is less evident 

since small clusters are formed, even so, the cation [C16mim]+ provided the electrochemical 

stability while the anion [Br]– acted in the cell charge. As for the 1.456 M ILC concentration, the 

structural character seems to have a major effect in the cell performance, contributing to its 

cyclability despite high viscosities of the electrolyte. On the other hand, rising the concentration to 

3.369 M ILC, high viscosities suppress the structural behaviour, causing the rapid decay in the 

discharge capacity and cyclability. Therefore, the proper concentration of [C16mim][Br] could 

enhance the cell performance and reduce the charge overpotentials, but the appearance of side 

products and the cathode passivation could not be avoided.  

Finally, we conclude that this study was important to investigate an underexplored field for 

electrolyte applications: the use of ionic liquid crystals and the impact of the structural effect on 

electrolytes. In fact, [C16mim][Br] has interesting properties for application in Li-O2 batteries and 

could be extended to other electronic devices. Even so, complementary studies and a refinement 

in the system are necessary for improving the battery performance. 
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Chapter 6 

6. Future Work and Perspectives 

The present work introduced the use of ionic liquid crystals with redox properties into Li-

O2 batteries. The structural effect was important to create ionic channels and enhance the 

ionic conductivity. The combination of ILC can be extended to other solvents and can be an 

interesting approach for enhancing the conductivity of semi-solid and solid electrolytes in the 

future. This kind of material has the potential to be explored for different electronic devices, 

such as li-metal batteries, supercapacitors or solar cells. Further study of the structural effect 

is necessary, including characterization techniques, such as small angle X-ray scattering 

(SAXS), X-ray photon correlation spectroscopy (XPCS), and laser conoscopy measurements. 

As for the redox mediator effect, it is necessary further experimental tests to define if 

[C16mim][Br] is better than LiBr redox mediator. In this sense, cycling tests and cyclic 

voltammetry at O2 ambient should be performed for DMSO/LiClO4 electrolyte using 

[C16mim][Br] and LiBr at the same concentrations, to guarantee the same availability of [Br]– 

anions and for comparison. In addition, electrochemical impedance spectroscopy (EIS) at 

OCP will be necessary to determine the ohmic resistance of both systems. Other 

complementary tests, including determining the system interfacial resistance, the transference 

number of Li ions and experimental ionic diffusivity will be necessary.  
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Chapter 7 

7. Scientific Production 
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