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“If you want to find the secrets of the universe, think in terms of energy, frequency, and vibration.” 

(Nikola Tesla) 

 

“Motivation is a lie. You need consistency”



 

 

Abstract 

Lithium-Sulfur batteries (LSBs) are high theoretical and specific capacity energy storage 

devices of 1675 mAh g-1 and 2600 Wh kg-1. LSBs have at least five times the energy storage 

capacity of lithium-ion batteries. The raw material of the Li-S battery is S8 sulfur, which has a 

very low cost and is an abundant resource in the national territory, which means that this 

technology can be improved in Brazil with a very high chance of success. Fundamental studies 

are taking place in the best centers in the world to solve the problems associated with the 

chemistry of this device. One of the biggest problems is the shuttle effect. This master's thesis 

aims to present an electrochemical study of the battery's internal behavior following the state 

of charge (SoC) variations with electrochemical impedance spectroscopy (EIS). The electrode 

produced here reached discharges of approximately 1350 mA.h gsulfur cm-2, 360 cycles and 

theoretical gravimetric energy of 5.0367 𝑊ℎ/𝑘g; which are superior results for the first Li-S 

coin cell produced in our department. The electrodes were already produced aiming at the 

scaling of the cell and presented excellent adhesion, capacity and flexibility. Here we have a 

proposal for an activated carbon (AC) based electrode with commercialization potential for the 

production of the first Li-S batteries made in the national territory. The results obtained are very 

promising for the development of Li-S batteries in Brazil. 

 

Keywords: Li-S batteries, EIS, shuttle effect, coin cell, pouch cell 

 

 

 

 

 

 

 

 

 



 

 

Resumo 

As baterias de Lítio enxofre (LSBs) são dispositivos de armazenamento de energia de alta 

capacidade teórica e específica, sendo 1675 mAh g-1 e 2600 Wh kg-1 respectivamente. As LSBs 

têm capacidade de armazenamento de energia pelo menos cinco vezes maior que as baterias de 

íon-lítio. A matéria prima da bateria de Li-S é o enxofre, que tem custo baixíssimo e é um 

recurso abundante em território nacional, o que faz com que essa tecnologia possa ser 

aprimorada no Brasil com altíssima chance de sucesso. Estudos fundamentais estão 

acontecendo nos melhores centros do mundo para resolver os problemas associados à química 

desse dispositivo. Um dos maiores problemas é o efeito shuttle. Essa dissertação de mestrado 

tem como objetivo apresentar um estudo eletroquímico do comportamento interno da bateria 

acompanhando as variações do estado de carga (SoC) com a espectroscopia de impedância 

eletroquímica. O eletrodo aqui produzido alcançou descargas de aproximadamente 1350 mA.h 

genxofre cm-2, 360 ciclos e energia gravimétrica teórica de 5,0367 𝑊ℎ/𝑘g; que são resultados 

surpreendentes para a primeira célula moeda de Li-S produzida em nosso departamento. Os 

eletrodos já foram produzidos visando o escalonamento da célula que aqui apresentaram 

excelente aderência, capacidade e flexibilidade. Aqui temos uma proposta de eletrodo a base 

de carvão ativado (AC) com potencial de comercialização para produção das primeiras baterias 

de Li-S feitas em território nacional. Os resultados obtidos são muito promissores para o 

desenvolvimento de baterias de Li-S no Brasil. 

Palavras-chave: baterias de Li-S, EIE, efeito shuttle, coin cell, pouch cell. 
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CHAPTER 1 – Li-S battery presentation 

1 Li-S battery presentation 

The great demand for better energy storage systems in portable electronic devices, 

electric vehicles, and smart power grids has driven worldwide continuous technological 

developments [1]. In this scenario, lithium-sulfur batteries (LSBs) have received significant 

attention in the last decade due to their high theoretical specific capacity and energy of 1675 

mAh g−1 and 2600 Wh kg−1[2–4], respectively. This specific capacity is much higher than that 

observed for the conventional cathode materials used in lithium-ion batteries (LIBs) of ca. 

100−250 mAh g−1 [4]. In addition, sulfur has impressive characteristics such as natural 

abundance, eco-friendly properties, and low-cost [5]. The LSB is a promising electrochemical 

device for energy chemistry conversion and storage. Figure 1 presents the schematic cell 

configuration of LSB, evidencing anode and cathode, electrolyte, separator and casing. The 

LSB are very similar to lithium-ion batteries (LIBs), with advantages and disadvantages [6]. A 

great advantage of LSBs is that compared to LIBs, a much higher capacity is observed, in 

addition to the fact that the use of sulfur makes this battery extremely low cost, does not 

generate explosive and extremely toxic gases.  Disadvantages are power density and ciclability.  

Figure 1.0 – a) Electrochemical behavior for lithium-ion batteries (LIBs), b) electrochemical behavior of lithium 

sulfur batteries (LSBs). 

As mentioned, the Li-S battery has a system very similar to batteries already on the 

market, having differential structural modifications in the cathode that allows it to have this 

characteristic name. Figure 1.2 illustrates in a didactic way the structural organization of the 

Li-S battery and the transport of lithium-ion during its oxidation and reduction process.
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Figure 1.2 - Internal components of Li-S Battery. 

In simple lithium-sulfur batteries, some components for their assembly deserve to be 

highlighted. The variation of these components will present different results about capacity, the 

number of cycles, internal impedance, and self-discharge, among other properties considered 

limiting for the evaluation of efficiency and viability of this product. Among the most important 

components, the metallic lithium anode [7], cathode based on doped carbon/sulfur 

allotropes[8], separator[9], electrolyte [10] and encapsulation are fundamental. It is essential to 

choose the best materials to compose this system in a cheap and fast way, avoiding very 

complex and toxic synthesis processes for the environment. With a focus on producing 

innovative national technology, which is scalably viable for mass production and using 

abundant local natural resources, two components stand out strongly, namely the electrolyte 

and the electrode, as together they make up approximately 60% of the mass of this type of 

battery[11]. Figure 1.3 shows the distribution of battery elements in percentage for both coin 

cell and pouch cell models[12]. 



22 

CHAPTER 1 – Li-S battery presentation 

 

Figure 1.3 - Distribution of components used to produce Li-S batteries for a coin cell(a), pouch cell (c) and the 

volume of distribution of these materials within the cell, also for the coin cell (c) and pouch cell(d) Reproduced 

from James B Robinson et al, 2021 roadmap on lithium-sulfur batteries, 2021, J. Phys. Energy,10.1088/2515-

7655/abdb9a, used under Creative Commons CC-BY license[12].  

Knowing these parameters is essential to obtain a good result compared to the state of 

the art of technology. The proportions vary greatly between cells in scale from coin cell to 

pouch cell, but even so, an electrode with good surface area and high-capacity electrolyte are 

important factors that are preserved in both systems. Figure 1.4 shows us the state of the art for 

these parameters and they can be changed when using different materials, mainly the ideal S8 

loading on each electrode[12]. 
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Figure 1.4 - Parameters considered essential for the production of a good Li-S battery (a) S charging, (b) S content, 

(c) S utilization, (d) E/O, (e) N/P. Each graph is plotted as a function of one parameter fixing the other four 

parameters. S load: 6 mg cm-2, S content: 0.8, S utilization: 0.8, E/O ratio: 2 µl mg-1, N/P ratio: 2. Reproduced 

from James B Robinson et al, 2021 roadmap on lithium-sulfur batteries, 2021, J. Phys. Energy,10.1088/2515-

7655/abdb9a, used under Creative Commons CC-BY license.. [12]. 

Following this reasoning, knowledge of the composition, synthesis process and 

application of these materials is of paramount importance for understanding and motivating the 

studies carried out in this research proposal at the master's level. In sequence, we present the 

variations of these materials that exist in the literature and those of greatest interest to carry out 

this case study. 

1.1 Organic electrolytes 

Electrolytes are constantly changed to obtain good efficiency in lithium-sulfur batteries. 

It is possible to find solid [13–15], quasi-solid[16], organic solvent [10,17–21], ionic 

liquid[22,23], among others within models reported in the literature. These electrolytes feature 

simplicity in preparation and high ionic conductivity. Organic electrolytes are divided into two 

groups that stand out for their high efficiency and stability. The first group is formed by organic 

carbonates such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate 

(DMC) and diethyl carbonate (DEC). The second group is formed by ethers, such as 1,3-

dioxolane (DOL), 1,2-dimethoxyethane and tetra(ethylene glycol) dimethyl ether (TEGDME) 

among others [24]. DOL presents an improvement in the solubility of the electrolyte that 

contains the polysulfides and high stability when in contact with the lithium metal electrode, 
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thus reducing the viscosity of the electrolyte when it is in the phase of formation of a two-phase 

state in the process of reducing molecules in a solid of LSBs[25]. TEGDME has a high Glyme 

structure with a high donor number (ND=18.6) and a low dielectric constant (εr = 7,9), which 

has sufficient capacity to dissociate the lithium salt and the active sulfur material. 1,2–

Dimethoxyethane (DME) also has a high lithium polysulfide dissolution capacity and can 

provide sufficient amounts of active materials[26].  

Given the importance of the electrolyte, it is necessary to find one that presents good 

compatibility and suitable property for the Li-S system, having good conductivity and low 

viscosity. Figure 1.5 illustrates in schematic form the composition that stands out for producing 

an efficient electrolyte and adopts it as a standard in organic electrolytes formed by the ether 

groups. 

 

Figure 1.5 – Presentation of the composition of organic electrolytes used in lithium-sulfur batteries. With red stars, 

the most efficient components were highlighted. Reproduced with permission [10].  

From the diagram presented, it is possible to conclude which reagents have the best 

result. Of this composition, the use of lithium nitrate (LiNO3) as an additive, lithium bis 

(trifluoromethane sulfonyl) imide (LITFSI) as a salt, 1,3-dioxolane (DOL) and 1,2-

dimethoxyethane (DME) as solvents stands out. organic[10]. This electrolyte is extremely 

effective, using the smallest proportions of reagents possible with excellent cost-

effectiveness[27,28][29] which is why we will use it in this work. 
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1.2 Carbon-based electrodes as Li-S battery cathodes 
The carbon-based electrodes used as cathodes of Li-S batteries are essential to obtaining 

good electrochemical results. Due to this fact, some materials are highlighted, such as Reduced 

Graphene Oxide (rGO)[30–32], Multi Layer Carbon Nanotude (MWNTC)[33,34] and 

Activated Carbon (AC)[35,36,36–40]. Both rGO and MWCNT are materials obtained through 

expensive processes involving highly acidic reagents and strong oxidants [41]. In this work, we 

think of easy and scalable production, and AC is more promising because it can obtain it in a 

pyrolysis process from biomass [42] and our group has great experience in making electrodes 

from carbon materials[43–147]. Its main feature is its high surface area and porosity. To better 

take advantage of these properties, the electrode doping process must be done as effectively as 

possible, which takes less cost (energy) for large-scale processes. Among the doping processes, 

co-precipitation in solution [148], vaporization [149], mechanical mixing [150] and melt-

difusion[22,151–153]. Thinking in carbon electrode materials our group are specialist and have 

a larger expertise in to use different allotropes of carbon for this aplication. Figure 1.6 

illustrates the different forms and doping of sulfur on carbon electrodes.  
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Figure 1.6 – diferentes formas de impregnação de enxofre em estruturas de carbono como eletrodos de 

baterias de Li-S. Reproduced with permission [154].  

The melt-diffusion process is practical for bringing the electrodes to a relatively low 

temperature (155 ºC) for only 30 minutes. In melt diffusion, S8 melts onto carbon, leading to 

electrode doping, as shown in Figure 1.6. This process proves effective for processes that take 

large-scale synthesis into account. Based on the above facts, the proposal to use structurally 

doped AC via the S8 melt-diffusion process appears to be a plausible choice. After choosing 

and assembling the battery, some tests are shown to be extremely important to observe the Li-

S battery's electrochemical behavior. For us, carbon will be applied as a high surface area 

electrode to allow the chemical conversion reaction of the species from S8 to Li2S8, that is 

acknowledged as the phase solid to liquid species form and after that the reduction of Li2S8 to 

Li2S. The more porous and the greater the surface area, the better for the interests of this work. 

To understand the chemical processes that take place here, the next section was created, where 

the knowledge about the oxidation and reduction processes that occur in the electrode bulk and 

its surface is duly detailed.  

Chapter 2 presents the internal process of the Li-S battery, the chemical conversion 

process, the general equation and half-reactions of the oxidation and reduction processes during 

charging and discharging, as well as an introduction to the advantages and disadvantages of this 

technology. 
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2  Overview of electrochemical behavior of Li-S 

batteries and shuttle effect 

When the battery begins to charge, there is the oxidation of the lithium electrode at the 

anode with the release of 1 electron and the reduction of sulfur in the cathode that receives this 

electron from Li+. At the cathode, the S8 structure from sulfur is observed in its solid-state 

orthorhombic crystalline morphology. The reaction of lithium-ion and sulfur produces a poly 

lithium sulfide (LPS), Li2Sn, where the value of “n” can vary between 1-8. In the reduction of 

sulfur, it changes from the orthorhombic phase (S8) to the monoclinic phase (Li2Sn). In charge 

and discharge of Li-S battery is possible to observe the process of reduction of sulfur in its 

solid-state (S8), which presents a high degree of S-S bonds during the high order LPS reduction 

reaction, and this occurs at approximately 2.4 V. First, a long sulfur chain is formed with a 

lithium atom at each end. Subsequently, this chain is reduced until it finds its shortest state, 

known as lithium disulfides (Li2S2) and sulfides (Li2S). This process takes place while the 

battery charge is consumed. When the inverse process is observed, so that the battery begins to 

be charged, the lithium sulfides that are in solid-state in their most reduced version. This carry 

out the formation process of soluble species, which evolve to the S8 molecule in the started 

process [155]. During the discharge stage, very well-defined levels are formed, giving the 

reader and researchers which species are involved during the redox process of this battery. Each 

level shows which types of species are predominantly participating there. Each generated 

species then presents information on potential (Voltage vs Li+/Li) and associated capacity (mA 

h g-1). That process guides the discharge curve shape, which represent the redox processes 

associated with structural modification of species. In the charge, we have something very 

similar happen[155].  

The Li-S battery, during its oxidation and reduction process, has 4 important regions[29] 

The first region is associated with the voltage drop (2.4-2.2V vs. Li+/Li) resulting from the 

reduction of the solid-state sulfur molecule (S8) to the S8
2- ion, which is soluble in most 

electrolytic media. The second region is characterized by the sudden voltage drop as an 

additional reduction of ¼ per sulfur atom (S) occurs, along with complex series of equilibrium 

reactions that resulted in the LPS chain length reduced to four sulfur atoms (Li2S4). The third 

region is a flexible voltage plateau (~2.1V vs. Li+/Li) that is associated with the ½ (e-) reduction 

of tetra sulfide to lithium disulfide (Li2S2), as well as the deeper reduction (1 e-) for Li2S. The 

last discharge step takes place in region four, where the total reduction of the molecule takes 
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place. In the vast majority of electrolytic media, disulfide and sulfate are insoluble, leading to 

precipitation of both [17,156,157].  

 

Figure 2.0 Sulfur in its solid-state. II) Formation of long-chain LPS and beginning of the Solid-Liquid phase of 

the Li-S battery. III) Predominance of short-chain LPS. IV) Formation of lithium disulfides in solid-state. . 

Reproduced with permission [158]. 

This type of battery is reported by the scientific community as safe and environmentally 

friendly, and compared to other types of galvanic cells, such as lead acid or Li-ion, for example, 

its toxicity to the environment is very low. LSBs have good theoretical results and very high 

potential compared to the technologies currently developed in the field of energy storage, where 

it is possible to observe in several works of literature, that their theoretical capacity of 1675 mA 

h g-1 and theoretical specific energy of 2600 Wh kg-1[159]. One of the disadvantages of LSB 

compared to LIB is life cycles, interleaving batteries have charge and discharge numbers many 

times higher compared to lithium-sulfur batteries, which are known as conversion batteries, so 

there is a conversion of chemical energy into electrical energy. The main malefactor of this 

undesirable effect is due to the formation of sulfur precipitates, which are the lower order 

polysulfides (Li2S2 and Li2S). Its formation in the electrolyte causes disastrous effects on the 

development of this battery, which causes it to end its life cycle very prematurely.  

Two distinct peaks are observed during the discharge and charge voltage as shown in 

the indications of the red arrows. Arrow 1 corresponds to the point where the electrolyte 

solution has its highest viscosity, as it marks the moment of change of all the S8 present in the 

carbon electrode being reduced to Li2S8, they are responsible for this increase in viscosity due 

to the size of their chain and the concentration. Arrow 2 shows reduced polarization due to the 
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phase transition of LPS from the solid phase to the phase that is dissolved in the electrolyte. 

During discharge, the electrode presents a coating of these species in a solid-state and this leads 

the cell to high polarization. On charge, solid LPS is oxidized to the soluble phase and causes 

a decrease in cell polarization.  

Here we conclude that the cell undergoes different polarization effects depending on the 

transition state of the sulfur molecule during the redox process and this can be observed by the 

peaks indicated from the 4 regions of the charge and discharge graph that are highlighted in it 

as regions I through IV (see more in Figure 2.0). The sulfur mixture is as efficient as its addition 

in the liquid phase, it is already from a specific potential that the cell capacity graph is formed, 

which comes from the chemical conversions of LPS [160]. The Li-S battery does not depend 

on the initial state of sulfur itself to obtain a good development, so we can add it either in solid 

phase such as S8 or liquid phase such as long-chain LPS, since sulfur in its solid state only starts 

to reduce from approximately 2.4 V. In this way, what we observe above this potential can be 

reduced, causing the cut-off of the window to also decrease and act only within the reduction 

space of the long and short chain polysulfides. 

According to some researchers reported, the effect of the appearance of these species in 

the battery electrolyte causes the ionic impediment of the lithium species to access the battery 

pores, resulting in a sudden decrease in the energy storage capacity, formation of an insulating 

film on the separator/anode /cathode, in addition to consuming in parts the amount of useful S8 

of the system, which leads the battery in each charge and discharge to also decrease its capacity, 

since the global reaction of this cell corresponds directly to the interaction between sulfur and 

lithium ions provided by the electrode and electrolyte. The name of this effect that calls into 

question the qualifications of this very promising energy conversion system is Shuttle[161–

164]. The Shuttle effect is the main problem of LSBs and most of the efforts to solve the 

problems of this battery are on top of that regarding the cathode and cell development. In 

addition, as this battery uses lithium metal as an anode, another problem is observed, which is 

the formation of lithium dendrites. The dendrites work like spikes that grow in a disorderly way 

on top of the lithium electrode, caused by the migration of this ion as it leaves the metallic 

lithium anode of the discharge process, when it is oxidized. Lithium is transported towards the 

cathode and then in the charging process it returns to the anode, causing the formation of an 

irregular solid layer of this material. The uncontrolled growth of this material over the course 

of battery operation causes it to puncture the separator and cause a short circuit in the cell 

[2,155,165–173]. 
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2.2   Mechanistic Understanding of Li-S 

The Li-S battery presents a general mechanism of oxidation and reduction that occurs 

during the charging and discharging processes at the electrodes, which are well known in the 

literature. The complete system is complex and involves more steps. Please refer to the 

following literature to learn more below is shown the redox mechanism of this type of battery 

in its summarized form. 

The first equation represents the initial reaction between the electrodes, where there is 

an exchange of electrons between metallic lithium and solid sulfur, thus producing LPS. 

Eq. 1    16𝐿𝑖+ + 16𝑒− +  𝑆8   ⇋   8𝐿𝑖2𝑆             

This process of formation of LPS causes the production of vacancies in the electrode 

due to its dissolution in the electrolyte. 

Eq. 2     𝑆8 + 2𝐿𝑖+ + 2𝑒−   ⇋   𝐿𝑖2𝑆8                   

The functioning of a Li-S battery has, as known in the literature, four stages of operation, 

in which the first is described in Eq. 2. In the second stage, it is possible to observe that the cell 

voltage decreases due to the increase of the electrolyte viscosity via LPS formation. 

Eq. 3     𝐿𝑖2𝑆8 + 2𝐿𝑖+ + 2𝑒−   ⇋   𝐿𝑖2𝑆8−𝑛 +  𝐿𝑖2𝑆𝑛 

In the third stage, two liquid phases are observed in the electrolyte due to the dissolution 

of the disulfide in the organic electrolyte, a stage also known as catholyte, which undergoes 

reduction until reaching the minimum number of sulfur in its molecule. 

Eq. 4    2𝐿𝑖2𝑆𝑛 +  (2𝑛−4)Li ⇋  𝑛𝐿𝑖2𝑆2 

Eq. 5    𝐿𝑖2𝑆𝑛 +  (2𝑛−2)Li ⇋  𝑛𝐿𝑖2𝑆 

In the fourth stage, the maximum reduction of lithium sulfide occurs, where the 

molecule reaches its insoluble state in the electrolyte. The kinetics of this step is slow and 

undergoes high polarization due to the non-conductivity of the chemical species[174]. 

Eq. 6     𝐿𝑖2𝑆2 + 2𝐿𝑖+ +  2𝑒−  ⇋  2𝐿𝑖2𝑆 
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From these reactions, the battery stores and supplies energy. The SoC and its respective 

variation (0 until 100% or vice versa) will determine to the user whether the battery is charging 

or discharging, hence the direction in which these reactions are taking place.  

In more detail, the discharge step for LSBs is presented here below[175].  

High or 1st plateau 2.7- 2.1V 

Eq. 7    𝑆8 + 2𝑒− →    𝑆8
  2− 

Eq. 8    𝑆8 + 4𝑒− →    𝑆7
  2− +   𝑆2− 

Eq. 9    𝑆8 + 4𝑒− →    𝑆6
  2− +   𝑆2

  2− 

Eq. 10    𝑆8 + 4𝑒− →    𝑆5
  2− +   𝑆3

  2− 

Eq. 11    𝑆8 + 4𝑒− →    𝑆4
  2− +   𝑆4

  2− 

Stage 2 - High to low plateau 2.3–2.1 V (mid-way on 2nd plateau). 

Eq. 12    𝑆8
  2− + 2𝑒− →    𝑆6

  2− +  𝑆2
  2− 

Eq. 13    𝑆8
  2− + 2𝑒− →    𝑆5

  2− +  𝑆3
  2− 

Eq. 14    𝑆8
  2− + 2𝑒− →    𝑆4

  2− +  𝑆4
  2− 

Eq. 15    𝑆7
  2− + 2𝑒− →    𝑆4

  2− +  𝑆3
  2− 

Eq. 16    𝑆6
  2− + 2𝑒− →    𝑆3

  2− +  𝑆3
  2− 

Eq. 17    𝑆5
  2− + 2𝑒− →    𝑆3

  2− +  𝑆2
  2− 

Eq. 18    𝑆4
  2− + 2𝑒− →    𝑆2

  2− +  𝑆2
  2− 

 

Stage 3 – Low plateau 2.1 V, shuttle effect. 

Eq. 19    𝑆3
  2− + 2𝑒− →    𝑆2

  2− +  𝑆2− 

 

Stage 4 – Low plateau < 2.1 V, shuttle effect. 

Eq. 20    𝑆2
  2− + 2𝑒− →   𝑆2− +   𝑆2− 
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In this context, defining these relevant species and the respective electrochemical 

techniques to characterize the Li-S battery is essential. The EIS proves to be very efficient for 

this type of analysis[176]. 

 Electrochemical impedance spectroscopy 

EIS is a technique that works in the frequency domain characterizing electrochemical 

systems to determine the individual contribution of the elements that constitute the 

electrode/electrolyte surface, specifically in electrochemical systems. The interface of the 

material under analysis can be interpreted through the combination of passive electrical 

elements such as: inductors, resistors and capacitors. The association of these elements can 

represent an equivalent circuit with physical sense. Such a circuit can be used to model the 

internal behavior of batteries in the frequency domain [177].  

To perform the measurement, an initial disturbance is applied at a specific potential 

defined within the potential window determined by the galvastatic charge and discharge, for 

example. This initial sinusoidal disturbance ΔE (10 to 50 mV defined by the system as steady 

state, is compared with the sinusoidal current response of the electrode ΔI, measuring the phase 

difference Φ between the current and voltage elements and their respective frequencies 

(100kHz to 10mHz). The EIS analysis is considered the fundamental analysis for the 

characterization of Li-S batteries. There are several methods used to simulate equivalent 

circuits, such as the Randles model, as shown in Figure 2.1.  

 

Figure 2.1 – Randles circuit. 

In this circuit we have capacitive components (Q) that represent non-faradaic sources 

electrostatic process or electrical double layer capacitance (Cdl), as well as impedances such as 

series equivalent resistance (Re), charge transfer resistance (Rct). Complex elements such as 

Warburg (Wo) that are designed to simulate impedances caused by limitations in ion diffusion. 

Thus, the EIS technique helps in understanding the complexity of the pores present in the 
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material. This technique allows the use of organic materials based on carbon for example (AC, 

CNT and rGO). Following this line of study, this work uses AC, as it promotes high chemical 

stability and charge transport when combined with S8 sulfur and applied in Li-S batteries. 

2.3 Electrochemical variables and techniques for Li-S 

battery characterization 

2.3.1 State of charge (SoC) 

This paragraph aims to exemplify some terminologies widely used in battery studies so 

that it is possible to understand the information presented in the results and discussion related 

to electrochemistry in this work. Battery SoC represented as a percentage (%) expresses the 

current battery capacity as a percentage of maximum capacity, ranging from 0 to 100%. The 

SoC is usually calculated using time-based integration to determine the change in battery 

capacity as a function of time. Figure 2.2 shows the graph of charge and discharge of Li-S 

batteries as a function of SoC. 

 

Figure 2.2 - Li-S battery charge and discharge graph with their transformation curves for the chemical species in 

evidence. Author's preliminary results. 

  2.3.2  Deep of discharge  (DOD) 

The depth of discharge (DOD) is also measured in terms of percentage (%) and is related 

to the battery capacity, but with a focus on observing how much it is discharged, that is, when 

the battery is around 80% of its capacity. discharge it is possible to consider that it is in a state 

of deep discharge 
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  2.3.3  State of Health (SoH) 

The battery health status is an indicator of its life status, i.e., how much battery life has 

been used so far. To define this variable, it is possible to make a relationship between the type 

of battery chemistry, test temperature, C-rate, depth of discharge during use, among others. 

 2.3.4 Terminal Voltage (V) 

The terminal voltage (V) is located between the polarization applied to the battery 

terminals as the charging process. The voltage at the terminals depends on the SOC and 

charging and discharging current. 

  2.3.5 Open Circuit Voltage (V) 

The open circuit voltage (V) is located between the battery terminals with no applied 

load.  

2.3.6 Internal Resistence  
Internal battery resistence is generally different for charging and discharging, even more 

so when looking at chemical systems that are based on chemical intercalation or conversion 

associated with their internal potential generation process. Even more, this resistance depends 

a lot on your SoC. When the internal resistance increases, its efficiency decreases and this is 

due to the transformation of dissipated electrical energy in the form of heat. The more charged 

the battery is, the more energy is converted into heat.  

Through this information, it is possible to understand the motivation and depth of the 

studies that follow. The Li-S battery presents a plateau during its discharge process that makes 

it impossible to evaluate its SoC just by looking at its potential. During the SoC of 20% - 70%, 

the same potential value is observed and therefore, it is not possible to determine in which SoC 

the system is within this region. In this way, in-depth studies of EIS are extremely important to 

understand which SoC our battery is located and how impedance values vary in sync with 

internal chemical processes. Associating this extremely effective EIS characterization 

technique can solve this problem and understand the behavior of our technology with the 

desired precision. 

2.3.7 Technical specifications 

• Nominal voltage(V): The specified or reference battery voltage, sometimes referred 

to as the “normal” battery voltage. 
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• Cutt off: The minimum allowable voltage. This voltage generally defines the “empty” 

state of the battery, reached in the discharge process, in which the battery is completely 

discharged. We usually also call it the working voltage window (WVW) limit, which can vary 

from battery to battery, considering the associated chemical processes and components such as 

electrolytes and electrodes. 

• C-rate: When describing a battery, a discharge current is usually expressed 

numerically as a multiple of "C", i.e., also known as a C-rate to normalize battery capacity, 

which often varies greatly between each system. A multiplicity of size C is a measure of the 

current at which the battery is discharged, referring to the maximum capacity. The 1C rate 

means that the discharge current will charge a fully charged battery within 1 h. For a 500Ah 

battery, this discharge time for 1C corresponds to an applied discharge current of 500A. 

• Capacity or Nominal Capacity: A measure of the charge stored by a battery (Ah for 

a specified C-rate value). 

• Nominal energy or energy: The “capacity” of the battery, or the number of hours 

available when the battery is discharged at the specified discharge current (corresponding to the 

C-number value) of 100% from SoC to cut off. Energy is calculated by multiplying the 

discharge power (in watts) by the discharge time (in hours). Like capacity, power decreases 

with increasing current C. 

• Life, number of cycles for a specified DOD: Number of discharge cycles. Battery 

charging may occur before it continues to meet specific performance criteria. Service life is 

estimated for certain charging and discharging conditions. Actual battery life depends on the 

speed and depth of cycles and other conditions such as temperature and humidity. The higher 

the DOD, the shorter the lifespan. 

• Specific energy (Wh/kg): Nominal battery energy per unit of mass, sometimes 

referred to as energy density by weight. Proper power is characterized by chemical 

configuration adjustment and battery packaging. Determines the weight of the battery needed 

to reach a given range of electrical current. 

• Specific power (W/kg): Specific power or gravimetric energy density is a measure of 

how much energy a battery contains in comparison to its weight. This information is very import 

and can be used in ragone plot. 
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With these definitions made, we can proceed to understand Li-S batteries better. To this 

end, we set up a simple battery to apply this knowledge and improve our understanding of the 

device
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3  Electrochemical properties and the 

diffusion process as a function of state-

of-charge for lithium-sulfur batteries 

with activated carbon cathode  

  3.1  Experimental section 

3.1.1 Preparation of the Li-S cathode material and cell assembly 

The Li:S cathode material was prepared as follows: First, 8 mL of N-methyl-2-

pyrrolidone (NMP, Sigma Aldrich) was stirred at 60 °C for 30 min. At the same time, the 

polyvinylidene fluoride (PVDF, Sigma Aldrich) used as a binder was added in small quantities 

until the dissolution of PVDF. After that, carbon black (CB, Cabot XC72R) was added to 

improve the conductivity. Afterward, a 60% (w/w) mixture of activated carbon (AC) and sulfur 

powder (S8, Sigma Aldrich), denoted as AC:S, was added in the mixture to obtain a mass ratio 

of 10:10:80 for PVDF, CB, and AC:S, respectively. The mixture was then stirred for 24 h and 

sonicated for 15 min three times. The composite material was coated on the current collector 

(AG = 1.93 cm2) and dried overnight at 60°C. Finally, the electrode samples were heated for 1.0 

h at 150°C to melt and evaporate the sulfur excess. Each AC:S composite electrode had a 

nominal mass of 0.200 mgsulfur cm−2. All electrode samples were assembled using a glass filter 

membrane (GF50/A) (e.g., Ø = 25 ± 0.5 mm) as the separator for the anode and cathode. The 

anode utilized was the Lithium metallic disc, with 14mm of diameter. The membrane was 

soaked with a 1.0 M LiTFSI solution containing 1% (w/w) of LiNO3, where the solvent was a 

1:1 (v/v) mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME). Three 

electrochemical cells were assembled and used as described in the following sections. Figure 

3.0 depicts the fabrication process.  
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Figure 3.0 - Scheme representing the fabrication of the AC:S composite electrodes. 

3.1.2 Ex-situ materials characterization 

The surface morphology of the AC:S composite material was analyzed by scanning 

electron microscopy (SEM) using a model Quattro ESEM microscope from Thermo 

Scientific™. The X-ray photoelectron spectrometry (XPS) analysis was carried out using 

Thermo Scientific equipment. The AC:S composite was also analyzed using a Renishaw inVia 

Raman spectrometer with a 785-nm wavelength laser. Data were acquired in the first-order 

region located in the 100 to 2200 cm−1 wavenumber interval to evidence the spectroscopic 

signals exhibited by carbon and sulfur. Raman experiments were accomplished using 30 s and 

2 accumulations with a laser power of 10 mW. XPS and Raman data were deconvoluted using 

Gaussian and Lorentzian functions with the aid of Fityk® software. These findings were 

normalized in relation to the most intense peak. 

3.1.3 Electrochemical measurements 

Electrochemical cells (battery prototypes) were charged and discharged using two 

consecutive cycles in the range of 1.5 to 3.0 V. Although cell capacity is unknown at this initial 

stage, and it can only be roughly estimated, a small current of 50 µA was used in charge-

discharge experiments so that ohmic losses are negligible. This first experiment revealed the (i) 

initial capacity (which will be later used for C-rate calculations), the (ii) voltage vs. SoC curve, 

and the (iii) initial coulombic efficiency for each cell. 



39 

CHAPTER 3 - Electrochemical properties and the diffusion process as a function of state-of-charge for 

lithium-sulfur batteries with activated carbon cathode 

 

  3.1.4 Charge and discharge studies 

The electrochemical response of the AC:S cathode under cyclic charge-discharge 

conditions was studied using the cyclic voltammetry (CV) at 0.1 mV s−1 and the galvanostatic 

charge-discharge (GCD) techniques. The latter was carried out at different C-rates in the range 

of 0.06 to 1.1 C covering the WVW of 1.5 to 3.0 V using the Potential Limitation (GCPL) 

method. A model  BCS-815 potentiostat from BioLogic was used throughout. 

 

  3.1.5 Electrochemical impedance spectroscopy (EIS) experiments 

Due to a Nernstian behavior, the charge-discharge curves (U vs. I) exhibited by different 

secondary (rechargeable) batteries are commonly characterized by voltage plateaux. In this 

sense, the galvanostatic EIS (gEIS) experiments are commonly used for studying batteries 

instead of the potentiostatic (pEIS) case. In the former case, denoted as ‘current control’ (e.g., 

Ia.c. = Isen(2f), where I is the wave amplitude), the application of a.c. low-amplitude currents 

during the frequency scan prevents significant changes in SoC values.  

The different input parameters used in the impedance experiments were previously 

adjusted to ensure reproducible gEIS findings. A frequency range of 10 kHz to 10 mHz was 

swept by recording six points per decade. To ensure linearity on impedance response, a small 

sinusoidal amplitude of 100 µA without a d.c. bias (Id.c. = 0) was applied. As a result, the average 

d.c. current response was practically zero in the gEIS experiments with virtually no change on 

SoC. The gEIS spectra were initially measured for a 100% SoC. Afterward, a galvanostatic 

discharge at 50 µA for 2.0 h was used to change the SoC value, meaning a C/40 rate with a 0.1-

mAh capacity discharge. A 15-min waiting time was adopted after each galvanostatic 

experiment to ensure reproducible impedance findings. Each consecutive galvanostatic 

discharge at 0.1 mAh corresponded to a 5% SoC decrease. The gEIS findings were obtained at 

regular SoC intervals covering the 0 to 100% interval. 

Conversely, the same procedure was applied when the galvanostatic charged 

experiments were used to recover the 100% SoC condition. Impedance data were analyzed 

using ZView® software from Scribner Associates Inc. 

  3.1.6 Self-discharge, relaxation time, and sample aging 

Evaluation of cell self-discharge was performed following the open-circuit voltage 

(OCV) as a function of the elapsed time (mV h−1) for a fully charged cell. In this sense, the cell 

was initially charged to the upper limit voltage of 3.0 V. Afterward, OCV was monitored every 
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60 s or whenever the voltage varied more than 1 mV. The cell rest period was 1500 h at 24  

1°C. Later on, the OCV data in intervals of 50 and 100 mV were compared with the U vs. SoC 

curve obtained previously for the cell under test, and the self-discharge current was evaluated. 

Since initial cell capacity is known and considering that the cell was not completely discharged 

after the rest period, the changes in OCV were followed after galvanostatic discharge 

experiments until the lower voltage limit of 1.5 V was achieved so that the remaining capacity 

could be determined. This procedure served as a second estimation criterion for measuring the 

self-discharge current. From the GCD experiment, the cell was fully charged and then fully 

discharged at a C/40-rate. Then, capacity and coulombic efficiency were reassessed after a 

controlled resting time. 

3.2. Results of experimental analisys 

3.2.1  Morphological, physical, and chemical characterization of the composite 

material 

SEM analysis revealed that the surface morphology of the AC:S composite presents the 

typical characteristics found for AC particles. Figure 3.1 (a & b) shows the SEM micrographs 

evidencing the AC particles decorated with sulfur and forming clusters with average lengths of 

ca. ~10 µm. The energy dispersive X-ray spectrometry (EDS) was employed to confirm the 

presence of sulfur in the carbon-based samples. The EDS elemental mapping is presented in 

Figure 3.1 (c & d). As seen, there is a uniform distribution of S and C elements on the surface 

of the composite sample. Moreover, other chemical species (impurities) were not detected at a 

level corresponding to ca. 0.1 at.%. 
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Figure 3.1. SEM micrographs for the AC:S composite at (a) low and (b) high magnifications. EDS mapping for 

(c) sulfur and (d) carbon in the composite. Mapping was obtained for the same region showed in (b). Raman 

spectra (e) for (i) AC, (ii) AC:S, and (iii) pure sulfur powder. XPS spectra (f) for AC:S referring to the (i) C 1s, 

(ii) O 1s, and (iii) S 2p binding energies. 

 

Figure 3.1 (e) shows a comparison of Raman spectra obtained for (i) AC, (ii) S, and 

(iii) AC:S composite, respectively. These spectra elucidate that AC:S combines both spectra 
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AC and S chemical species, confirming that the synthesis processes did not remove the AC or 

S intrinsic features. Spectrum (i) presents two Raman bands at 1326 and 1601 cm−1 assigned to 

the D- and G-bands related to in-plane vibration modes [178]. The first one is a defect-induced 

band. It is an intervalley double resonance process around the K and K’ points in the first 

Brillouin zone for graphene-like materials. The latter also occurs at the Brillouin zone center 

but is related to the E2g Raman active phonon modes [179–181]. Besides these prominent bands, 

bands at 1200 and 1500 cm−1 denoted as D1 & D2 are characteristic of amorphous carbons. The 

D1-band is attributed to the stretching vibrations of sp2-sp3 bonds. In the case of D2, it is related 

to functional groups bonded on carbon surfaces [36]. 

The Raman spectrum of Figure. 3.1 e (ii) covering the 100 to 600 cm−1 wavenumber 

interval presents four prominent bands centered at 151, 219, 460, and 473 cm−1. The band at 

151 cm−1 was assigned to the asymmetric S-S bending vibration mode. At the same time, the 

band at 219 cm−1 is assigned to the symmetric S-S vibration bending mode. The band at 473 

cm−1 represents S-S stretching vibration mode for an S8 ring structure [182]. The less 

pronounced band at 440 cm−1 also corresponds to the S-S stretching vibration mode [58-60]. 

These findings confirmed the effectiveness of the synthesis process, i.e., the annealing treatment 

resulted in the incorporation of sulfur particles into the AC clusters. The Raman spectrum 

obtained for the composite (iii) revealed the major chemical characteristics exhibited by the 

individual materials (AC and S) were preserved in the annealed sample. As a result, the 

composite material is a promising candidate for use as a cathode in Li-S batteries (see further 

discussion).    

The XPS technique was employed to assess the presence in the composite of different 

elements and their chemical states. Figure 3.1 (f) shows the C 1s, O 1s, and S 2p binding energy 

regions and the deconvoluted spectra. The C 1s region was resolved into five peaks. The 

prominent peak at 284.5 eV was attributed to C=C bond, which confirms the presence of σ and 

π bonds. Such findings are typical of sp2 hybridization and agree with the previously discussed 

Raman results. Furthermore, the peak at 285.7 eV is characteristic of C-OH bond, while the 

other at 286.7 eV is related to C-O bond [186–188]. The two peaks in the higher energy regions 

at 288.4 eV and 290.5 eV were assigned to carbon bonded with oxygen species, such as C-O, 

O-C=O, and O=C-OH [186–188]. The O 1s region was resolved into two peaks related to 

carbonyl groups, i.e., the peak centered at 531.5 eV is characteristic of the C-O bond, while that 

at 533.3 eV is due to O=C group [43,71,189]. The S 2p region was resolved into five peaks. 

There are two prominent peaks at 163.9 eV and 165.0 eV, which, in principle, are related to S 
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2p3/2 and S 2p1/2 energies for the -C-S-C- covalent bond. However, these peaks can also be 

ascribed to the C-S and S-S bonds, respectively [190–192]. Additionally, the peaks at 166.0 eV 

and 168.3 eV are consistent with the presence of -C-S(O)2-C- sulfone bridges [193,194]. Hence, 

it is possible to verify the existence of connections and chemical interactions between sulfur 

and the carbon host material [32,195]. 

The carbon, sulfur, and oxygen contents present in the composite were 83%, 14%, and 

3%, respectively. The relative composition found for the AC:S material agreed with the 

preparation method conditions. According to the Raman and XPS findings, the AC:S composite 

is based on an oxidized carbon platform containing different functional groups (e.g., ketone, 

carbonyl, and quinone) where sulfur species were anchored. 

3.3 Electrochemical results 

The elementary processes occurring during the charge-discharge processes in Li-S 

batteries are quite complex. Figure 3.2 (a) illustrates the cyclic voltammetry (CV) at 0.1 mV 

s−1, evidencing two oxidation peaks (marked as 1 and 2) in the 2.3−2.4 V interval that 

correspond to the cell charging process. According to the literature, lower-order polysulfides 

(e.g., Li2S2) transform into higher-order polysulfides (e.g., Li2S6 and Li2S8) during oxidation. 

Also, one has the reversible formation of sulfur in the solid-state [154]. At the same time, the 

reduction peak (marked as 3) at  2.3–2.4 V is due to the first solid-state reduction of the S8 

molecule, which is then converted to a liquid state with the formation of linear polysulfide 

chains (e.g., Li2Sx, where 8 ≥ x ≥ 4) [27, 75, 76]. This phase is characterized by increased 

solubility of sulfur species and a low viscosity.  

It is proposed that the peak (marked as 4) at 2.05 V results from the reduction of high-

order polysulfides into intermediary polysulfides (e.g., Li2Sx, where 4 ≥ x ≥ 2), indicating the 

feasibility of multiple faradaic reactions involving different sulfur species in the presence of Li-

ions [3]. The redox band (5) verified at ca. 1.7–1.8 V is commonly assigned to the formation 

of low-order polysulfides, i.e., it is possible to observe the formation of insoluble species during 

the discharge process. As a result, one has the formation of a two-phase solution with higher 

viscosity denoted as catholyte [154]. 

Figure 3.2 (b) shows a galvanostatic discharge profile obtained with 0.06 C, where the 

plateaux at 2.4, 2.2, and 1.8 V correspond to the reductions Li2S8 to Li2S6, Li2S6 to Li2S4, and 

Li2S4 to Li2S2, respectively [151]. As can be verified, the CV peaks are the equivalent 

electrochemical signals verified as plateaux in the galvanostatic discharge experiments. Figure 
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3.2 (c) presents the charge and discharge voltage profiles obtained for different current 

densities. The voltage-capacity profiles are very similar during the charging process at constant 

current due to long-chain polysulfides formation. The discharge curves follow the same path, 

and all profiles present similar plateaux of reducing polysulfides, as discussed in CV results. 

Additionally, it is possible to observe flatter plateaux, suggesting a uniform deposition of Li2S 

with few activation kinetic barriers [197]. Figure 3.2 (d) shows the achieved cell capacity 

normalized per gram of sulfur as a function of the discharge current density. Experiments 

indicated a maximum capacity of 1044 mAh g−1 with a discharge charge of 0.06 C when the 

entire sulfur mass per electrode area of  2 mgsulfur cm−2 is considered. The cathode performance 

was evaluated using this normalization by gradually increasing the charge from 0.06 to 1.1 C. 

Each charge is applied during five consecutive charge-discharge cycles to ensure reproducible 

conditions. These experiments are useful to observe the kinetics and stability of the cathode and 

provide means for clarifying the operation limits of the cell. 

From data included in the articles cited in Table 1, it is possible to observe that the 

present AC:S cathode material showed the greatest electrochemical stability during the first 

three C-step tests. The capacity is inversely proportional to the applied discharge current 

density. Thus, the C-steps of 0.06, 0.1, 0.2, 0.5, and 1.1 C resulted in the capacities of 1044, 

939, 903, 692, and 566 mAh g−1, respectively. After the current density tests, the discharge 

current was reduced to 0.5 C to evaluate the presence of hysteresis, which was practically 

absent. The achieved capacity of 696 mAh g−1 is very close to the previously verified capacity 

of 0.5 C (= 692 mAh g−1). 

  Figure 3.2 (e) shows the behavior of the AC:S-based cell during the lifecycle test 

performed at 0.5 C. The capacity curve is shown along with the coulombic efficiency curve as 

a function of the number of galvanostatic charge-discharge cycles. Regarding the capacity 

curves, there are two main regions deserving discussion. First, from 1st to about 150th cycle, the 

curve is characterized by an almost linear capacity reduction from nearly 800 to 200 mAh g−1. 

Therefore, an equivalent capacity loss of 0.50% per cycle was verified. Second, from 151st to 

300th cycle, the curve exhibited a less pronounced capacity reduction rate of 0.57 mAh g−1 

cycle−1 (= 0.071% per cycle). It is interesting to observe that while capacity fades during the 

lifecycle test, the coulombic efficiency increased from ca.78% to 99%. The possible cause of 

this behavior can be explained by a ‘deactivation process’ occurring at the cathode. In this 
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sense, at the onset, the capacity is utterly available so that its maximum is observed for the 1st 

cycle, while the presence of a deactivation process is practically absent.  

However, the self-discharging process verified for the tested Li-S cells was considerably 

higher than the existing data in the literature [198]. At the same time, the charge-transfer 

resistance was considerably high during the discharging process. The first effect contributes to 

a loss of the stored energy during and after the galvanostatic discharge experiment. At the same 

time, the second effect contributes to ohmic losses during the discharge process. As a result, 

these different effects can result in a reduced coulombic efficiency.  

As the galvanostatic charge-discharge cycles increase, the cathode deactivation process 

becomes more pronounced, and a linear capacity reduction can be observed. Cathode 

deactivation also leads to a higher equivalent series resistance (ESR). At the same time, the 

self-discharge current is decreased. Since the self-discharge becomes gradually less significant, 

almost all energy stored during the charging process can be extracted in the consecutive 

discharging experiment. As a result, the coulombic efficiency can increase as a function of the 

GCD cycles, as verified in Figure 3.2 ( e). 
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Figure 3.2 - Electrochemical findings obtained for the Li-S-based cell using the CV and GCD techniques: (a) 

cyclic voltammograms at 0.1 mV s−1; (b) first discharge at 20 mA g−1; (c) cell capacity at different C-rates; (d) 

galvanostatic charge-discharge profiles at different C-rates; (e) coulombic efficiency and specific capacity during 

the cyclability test. Cell conditions: AC:S composite used as the cathode and Li0-foil used as the anode. 

  3.3.1 Electrochemical impedance spectroscopy study 

Figure 3.3 shows the (a) charge-discharge curves and (b-c) gEIS data as a function of 

SoC. The initial discharge capacity was 2.15 mAh. During the discharge, the transition from S8 

to Li2S8 occurs in the region from 100% to 80% SoC, while the reduction from Li2S8 to Li2S6 

occurs from 80% to 70% SoC. From 70% until 15%, the sulfur species of middle-order like 
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Li2S6 are converted to Li2S4. From 15% until 0%, the final reduction to Li2S2 and Li2S takes 

place. 

 

 

Figure 3.3 - (a) Charge-discharge profiles compared for different SoC values of Li-S battery at a current density 

referred to C/40. Complex-plane impedance plot obtained for the discharge (b) and charge (c) process. 

  3.3.2 Quantitative analysis of the impedance data  

 Figure 3.4 shows an equivalent electric circuit for the fitting/simulation of the overall 

cell impedance using the complex nonlinear least-squares (CNLS) method. Based on the 

literature [81, 82], the following circuit elements were considered in this work: (i) Re is the 

equivalent series resistance (e.g., electrolyte, current collectors, and cell connections); (ii) Cdl 

is the overall electrical double-layer capacitance verified for the two-electrode cell; (iii) Rct is 

the overall charge-transfer resistance at the different electrodes (anode and cathode); Wo is the 

open Warburg element representing the finite (restricted) Fickian diffusion of the electroactive 

(redox) species.  

Assuming a complete separation of the capacitive (Cdl) and faradaic (Zf  RctWo) 

impedances, the above elements can be lumped to yield the equivalent circuit model. It is worth 

mentioning that the well-known Randles-Ershler circuit involves the presence of the 

conventional Warburg (W) due to semi-infinite linear diffusion instead of an open Warburg 

(Wo) representing finite linear diffusion [200]. 
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The analysis comprising the simulation of the impedance findings obtained for a 50%-

SoC during the charging process illustrates the quantitative EIS study using the equivalent 

circuit discussed above (see Figure 3.4). As seen, the experimental data obtained for the 10 

kHz to 10 mHz range permitted to discriminate the charge-transfer resistance (faradaic 

reaction) occurring in parallel to the electrical double-layer charging process and the finite 

linear diffusion of the redox species. In all cases, low chi-square values confirmed the excellent 

quality of the CNLS fitting procedure (e.g., χ²  2.3  10−4).  

 

Figure 3.4 The equivalent circuit used in the fitting-simulation procedure and the impedance for the charging 

process at 50% SoC containing the experimental and simulation findings.  

Figure 3.5 (a & b) shows the different circuit parameters as a function of the voltage 

and SoC values. As previously mentioned in this work, the Re is directly related to SoC. The 

electrolyte characteristics (e.g., conductivity, viscosity, and composition) are affected by SoC 

because the latter modifies the electrolyte composition during conversion of different soluble 

sulfur species, i.e., it is expected that some soluble polysulfides are formed. At the same time, 

S-based solid products formed during the faradaic reaction are partially dissolved during 

changes in SoC values for both charging and discharging processes. Therefore, the electrolyte 

resistance (a component of ESR) is not constant during the charge and discharge. These findings 
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bring exciting considerations about the Ragone plots since they depend on Re [82]. In this sense, 

as Re changes as a function of SoC, it is unclear what is the best SoC value to construct a Ragone 

plot. 

Regarding the battery discharge, Figure 3.5 (a) shows that at 100% SoC, the overall 

ohmic resistance is relatively low (6.59 Ω cm2), compared to the average maximum values of 

ca. 17.95  cm2. It can be suspected that the battery still shows a sulfur predominance with the 

formation of insoluble material in the cathode. As a result, the electrolyte solution is unaffected 

by the sulfur species at the onset of the discharging process. After that, the reduction reaction 

takes place, increasing the electrolyte resistance. The second point (95% SoC) in Figure 3.5 

(a) showed a considerable increase in internal resistance (16.0 Ω cm2) at  2.4 V. At this stage, 

the first voltage plateau for sulfur reduction is was suggest with the release of high-order LPS 

(Li2S8) in the electrolyte. As a result, the viscosity increased concomitantly with the electrolyte 

resistance [170,201]. After the intermediate reduction stages characterized by a plateau at  2.1 

V, the voltage dropped almost linearly for SoC values lower than 20%. A sudden decrease in 

Re values accompanies this voltage behavior due to the formation of insoluble lower-order 

lithium sulfides (e.g., Li2S2 and Li2S) [202].  

The same behavior was verified during charging since from 0 to 10% SoC, the Re 

increased because the lower-order sulfur species were oxidized with the formation of larger 

molecular weight sulfur compounds. The latter are soluble in the electrolyte, increasing its 

viscosity. For the discharge and the charge processes (0% SoC), different resistance values of 

1.47 and 8.88 Ω cm2 were verified, respectively. The higher resistance associated with the 

discharge can be ascribed to the existence of Li2S2 and Li2S species together with intermediate 

order polysulfides in the composition range of Li2S4 to Li2S6. According to the literature [203], 

lower/intermediate order polysulfides deposition occurs in the cathode and separator because 

they are not reversibly transformed into oxidizable species during the charging process, a 

phenomenon called the ‘shuttle effect’ [203].  

A similarity is verified in the behavior of the experimental findings showed in Figure 

3.5 (a) & (d). However, an interesting point to highlight is that Re values at 100% SoC are 

different, i.e., they do not return to the initial value. A resistance increase is observed after the 

charging and discharging process is finished. Initially, a Re value of 6.59 Ω cm2 is observed at 

100% SoC. After the discharge-charge cycle is completed, the resistance increases to 13.8 Ω 

cm2 at 100% SoC. This behavior may be related to the LPS present in the electrolyte 
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[170,202,204]. From a practical viewpoint, a Re increase can be used to evaluate battery aging 

and SoC control using appropriate management systems. 

  3.3.3 Analysis of the impedance behavior at intermediate and low frequency regions 

 During the discharge, at 100% SoC, it is observed in Figure 3.5 (c) the highest Rct value 

of 29.0 Ω cm2 that indicates the lowest electrocatalytic activity for electron transfer at the 

cathode and anode [205]. As seen, except for discharges between 0−20% SoC, the average Rct 

values ( 13−19  cm2) for both charging (anodic) and discharging (cathodic) processes are 

similar. The main difference being the resistance at 100% SoC, which for the discharge and 

charge are 29.2 Ω cm2 and 17.7 Ω cm2, respectively. This behavior can be associated with better 

charge transfer when accessing the cathode pore after most of the solid-state sulfur (S8) has 

been consumed during the discharge. Thus, the porous carbon structure has more spaces to 

promote the oxidation reaction of polysulfides and the absence of the S8 species, which has very 

high insulating characteristics. These findings indicate the electrocatalytic activity is similar to 

the redox processes occurring at the anode and cathode. Therefore, deep discharges can be not 

beneficial for the battery performance since more energy is dissipated as heat due to the 

formation of a pronounced activation barrier for electron transfer when SoC is drastically 

reduced. In this experiment the temperature was controlled and adjusted for room temperature, 

nearly 25 ºC. 

Figures 3.4 (b) and (c) show a slope change at intermediate frequencies in the complex-

plane plots. From the theoretical viewpoint, this impedance behavior indicates that a diffusion 

mass-transport in a finite barrier, represented by the Open Warburg Impedance (Wo) or Finite 

Space Warburg (FSW) (  −45), is substituted by a pseudocapacitive behavior (  −90) 

due to the total consumption of the active redox species when  → 0. In other words, the 

electrode/electrolyte interface becomes blocked for electron transfer at very low frequencies 

called the d.c. limit. In fact, the mass transfer impedance shows the characteristic straight line 

with almost unitary slope at medium frequencies since the penetration length of the a.c. signal 

is smaller compared to the diffusion layer thickness, and at very low frequencies, the imaginary 

impedance tends to infinity as a d.c. current is not permitted to flow in the electrode system, 

i.e., at low frequencies, the observed pseudocapacitance is given by CW = l/D1/2, where l is 

the effective diffusion length, and  and D are the Warburg and diffusion coefficients, 

respectively (see futher discussion) [200]. 
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The pseudocapacitance (CW) due to the diffusion process under ideal (Fickian) linear 

conditions, instead of an electrostatic capacitance exhibited by the electrical double-layer (Cdl), 

was represented by a CPE to consider the anomalous properties intrinsic to solid electrodes. In 

this sense, Zcpe(W) = 1/Yo(w)(2πf)n, where Yo(W)  CW only when n  1. In the limit case described 

above, when  → 0, the Yo(W) appears in parallel to Cdl and, therefore, the overall capacitance 

is C = CW + Cdl or, more precisely considering the dispersive effects, one has Y0 = Y0(dl) + Yo(W). 

From these considerations, one has in the present study the Generalized Warburg Element 

(GWE) accounting for the nonuniform diffusion or multiple paths existing in the system (e.g., 

tortuosity effects in solid medium).  

Experimental values for Cdl lower than ca. 0.5−1 F cm−2 are commonly meaningless 

for carbon-based electrode materials in different electrolytes, especially in organic media where 

a reduced dielectric constant is verified and higher Cdl values can be found (e.g.,  3−5 F cm−2) 

[18]. Thus, it can be concluded that some absolute values in Figure 3.5 (c & f) obtained for the 

coin cell (e.g., cathode and anode disposed of in series) can be an apparent artifact incurred by 

measuring the overall impedance behavior of a two-electrode device. In this sense, the 

particular interface (anode/electrolyte or cathode/electrolyte) that exhibits the lowest overall 

capacitance governs the experimental capacitance measured in practice. From these 

considerations, the strong capacitance reduction verified at extreme SoC values in Figure 3.5 

can be due to a decrease in the electrochemically active surface area caused by deposition of 

sulfur species on the cathode, resulting in very low exposed area to the organic electrolyte. It is 

worth mentioning that most capacitance data given in the literature is obtained using three-

electrode cells, i.e., the impedance data correspond to a single interface whose potential is 

monitored against a particular voltage benchmark or reference electrode [18]. 

It is relevant to mention that in practical applications, even for coin cells, a two-electrode 

device will be used. The traditional prediction or calculation of SoC is based on open circuit 

voltage observation or coulombic counting, both measurable without a third electrode. 

Although the later one can be applied to any electrochemical storage device, it is only reliable 

if the cell’s self-discharge current is negligible, which is not the case (see further discussion on 

self-discharge results). On the other hand, since Li-S presents well-defined plateaus in which 

the open circuit voltage varies just slightly, voltage observation provides a poor method for 

accurate SoC calculation. Considering the discharge results for the parameters as functions of 

SoC in Figure 3.5, while Re and Rct show reduced variation from 20 to 95% SoC making a 

curve fitting correlating resistance and SoC unlikely, Cdl behavior exibits a more pronounced 
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variation in the same SoC range. In the 0 to 10%, Cdl is very small and not practically useful, 

while Re and Rct present pronounced and linear variation. The feasibility of a SoC prediction or 

calculation based on EIS-extracted parameters, measurable in two-electrode devices and based 

on the combined behaviors of Re, Rct and Cdl all along the 0 to 100% SoC range is an insight 

here proposed and yet to be investigated. State-of-health computation may as well follow from 

this insight. 

 

Figure 3.5 - Charge-discharge curves and the impedance parameters as a function of SoC. 
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  3.3.4 Overall mass transport in the two-electrode cell at low frequencies 

Special attention was paid to analyze the different parameters used to describe the 

nonideal diffusion in the finite diffusion barrier present in the two-electrode cell. In this sense, 

the GWE impedance used in this work is given as [200]: 

𝑍GWE = 𝑅𝑜
𝑐𝑜𝑡ℎ[(𝑗𝑇𝜔)𝑛

(𝑗𝑇𝜔)𝑛 ,                                                                                                  (1) 

where Ro = l/{D1/2[(j/D)1/2l]n} and T = l2/D.  

The average diffusion coefficient (D) and/or the effective diffusion length (l) is 

commonly unknown for solid-state redox reactions. Therefore, the general diffusion 

characteristics are described by the simulation parameters Ro T, and n.  

Figure 3.6 (a & d) shows the behavior of the T/s parameter representing the 

‘characteristic time constant’ for mass transport during the redox reaction. In this sense, T 

describes how fast the active redox species diffuse in a given length (l) [206]. As shown in 

Figure 3.6 (c & f), the changes verified for T and Ro/ cm2 as a function of SoC values are 

very similar. The latter parameter represents the ‘mass-transfer resistance’ of the redox species 

in the tortuous paths present in porous electrode materials. In principle, the behavior verified 

for T and Ro can be associated with the formation of solid polysulfides. Generally, the behavior 

of Ro values can be associated with the blocking effect incurred by the formation of LPS 

precipitates (e.g., Li2S2 and Li2S) [154] in the electrolyte that are deposited on the porous 

electrode surface regions with the creation of an insulating layer that inhibits the ionic diffusion 

and electron transfer at the active surface sites. At ~0–10 SoC, the maximum values for T and 

Ro were observed. So, it is possible to interpret that the greater the number of solid sulfur species 

in the electrolyte, the greater its mass-transfer resistance and, consequently, the diffusion of the 

active redox species is retarded towards the electrode active surface regions where electron 

transfer occurs. 

Knowing the basic electrochemical process of the Li-S batteries reported in the literature 

[207], it is possible to infer that the increase in Ro is associated with the migration of LPS which 

affects the diffusion resistance. These findings can be interpreted considering the formation of 

short-chain sulfur species. Analyzing the Ro variation with SoC, it is noticed that mass-transfer 

resistance strongly increases for SoC values lower than 20% (discharge-charge), indicating a 

poor electrochemical behavior for these conditions [207]. Generally, the changes in Ro can be 

ascribed to the formation of short-chain sulfur compounds and deposition of this species in the 

electrode considering the shuttle effect. As the discharge proceeds, it is verified that Ro 

increases. At the same time, for SoC values higher than 20%, soluble sulfur species are 
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predominant (e.g., Li2S4 and Li2S8), and the resistance values decreased during the charging 

process. 

 

Figure 3.6 - Analysis of the finite diffusion process as a function of the cell voltage and SoC values. 

 

Figure 3.6 (b & e) shows the behavior of the GWE exponent (n) representing the 

fractional (fractal) mass transport of the redox species in a disordered medium when n  0.5. 

Generally, the formation of sulfur species with different relative sizes changes the transport 

characteristics in the narrow channels present in porous electrode materials. For both charge 

and discharge, the SoC values resulted in n values closer to 0.5 (normal conditions) in the 

presence of the Li2S2/Li2S species (SoC < 20%) instead of S8 (SoC > 75%). Therefore, the 
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experimental findings show that more normal diffusion conditions are achieved when the device 

is practically fully discharged or charged, respectively. In addition, the n vs. SoC profiles 

verified for the discharge and charge are practically symmetric, indicating the mass-transport 

characteristics for the sulfur species are not altered as a function of the discharge-charge cycles.  

  3.3.5 Self-discharge evaluation 

The self-discharge current (Isd) was evaluated for the two-electrode battery cells. In this 

sense, the rate changes in open-circuit voltage (OCV) were measured for the previously 

charged devices to evaluate Isd at different voltages. It was assumed that all OCV variation is 

caused exclusively by the internal cell self-discharge. However, the OCV at a given SoC also 

changes according to the temperature and charge redistribution immediately after the charging 

or discharging steps. Since the temperature was kept constant at 24  1°C, it is necessary to 

determine the relaxation time of the cell under test and disregard the data from this region for 

the correct evaluation of self-discharge current. 

 

 

Figure 3.7 - Open circuit voltage changes during a 1500-h self-discharge test at 24  1°C. Outer image (linear 

scale) depicts the behavior of the OCV in the region (A). Inner image (log scale for the y-axis) indicates the OCV 

profile and the ΔOCV values (mV h−1) for the different regions of interest. 

Figure 3.7 presents the results after a 1500-h self-discharge experiment where the OCV 

and the voltage rate change (ΔOCV/mV h−1) are registered. Region (A) shows the ΔOCV values 

up to 100 mV h−1 due to the charge redistribution in the presence of a small contribution of the 

self-discharge current. The precise time when the charge redistribution effect over OCV 

becomes smaller than the self-discharge current effect cannot be readily determined. However, 
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for practical purposes, it can be estimated as  47 h, corresponding to an ΔOCV lower than 1 

mV h−1 for almost steady-state conditions. For region (B), it was detected an average ΔOCV 

value of 335 µV h−1 with maximum and minimum values of 1 mV h−1 and 39 µV h−1, 

respectively. These results are relevant compared to the ΔOCV behavior found for the region 

(C) (e.g., Li2S6 to Li2S4 decomposition), where ΔOCV assumes a much narrower and stable 

profile with an average value of  550 µV h−1. Finally, region (D) presents a similar behavior 

to the region (B), but with a lower average ΔOCV value of 109 µV h−1. 

Considering the data from regions B, C and D and the voltage vs. SoC curve at C/40 

previously obtained for the cell under test, Table 2 presents five calculations obtained from 2.3 

to 2.15 V in 100 mV and 50 mV step. Results indicate that Isd  is slightly above 600 nA and 

therefore means that the cell is under self-discharging at about 17% per month and will take 

approximately 42 h to discharge 1% of its capacity. This is significantly higher than usual self-

discharge properties of commercial Li-ion cells, which usually discharge at <1% per month 

rate. However, these results were expected for Li-S cells [88]. 

 

Voltage 

interval 

Range 

(mV) 

Time 

(h) 

C/40 Test Capacity 

(µAh) 

Isd  

(nA) 

Time to 1%-discharge   

(h) 

Discharge % 

per month 

2.30 - 2.20 V 100 143 87 610 42 17 

2.25 - 2.15 V 100 172 104 604 42 16 

2.30 - 2.25 V 50 67 41 614 41 17 

2.25 - 2.20 V 50 75 45 607 42 17 

2.20 - 2.15 V 50 96 58 604 42 16 

Table 1 – Results for a 1500-h self-discharge experiment at 24  1°C. 

When OCV drops below 2.15 V, the assessment of self-discharge capacity becomes 

very difficult because the cell exhibits the flat plateau already discussed in the previous sections. 

This makes the discrimination of OCV from the self-discharge experiment and SoC from the 

C/40 discharge test very dubious. The signal-to-noise ratio becomes small to the point where 

the variation of open-circuit voltage is no longer a reliable method to address the self-discharge 

current of the Li-S cell below 70% SoC. However, a residual (or remaining) capacity evaluation 

can be performed immediately after the 1500 h rest time experiment. It consists of discharging 

the cell to 1.5 V at a C/40 current and logging the extracted charge. The latter can be compared 

to the initially available charge at t = 0. This experiment revealed a residual stored charge in 

the cell of 1.32 mAh.  
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Table 3 presents the results at t = 0 and after 1500 h. Considering the 2.568 mAh initial 

charge (t = 0), the cell discharged 1.248 mAh during 1500 h, equivalent to an average self-

discharge current of 832 nA. The results using this second method are somehow different from 

those shown in Table 2. However, they include the self-discharge occurring at 2.15 V (voltage 

plateau) that can not be determined with the other method. As seen, the findings for the different 

methods are in the hundreds of nA range and are sufficient for practical evaluation of the storage 

time. Table 3 also shows that cell capacity was reduced by 11.4% while resting, indicating that 

the aging effects of electrolyte decomposition are significant. Coulombic efficiency also 

decreased immediately after the resting time. 

 

Time 

(h) 

Charge 

Capacity 

(mAh) 

Discharged 

Capacity (mAh) 
Coulombic Efficiency (%) 

0 2.568 2.374 92 

1500 2.276 2.070 90 

Table 2 – Cell parameters at 0 h and after a 1500-h rest time. 

 

3.4 Improvements, shuttle effect and state-of-art 

3.4.1 Sulfur loading by area via thickness variation 

Thinking about optimizing the electrode to obtain better results of loading of S8 per area 

(gsulfur cm-2) and the state-of-art modifications for LSBs were carried out. Chapter 3 describes 

an electrode with 60% of S8 in its composition as charging about the mass of Activated Carbon 

(w/w) and a capacity of approximately 1050 mA.h gsulfur cm-2. New tests show that 90% loading 

is much more effective, thus offering an increase in capacity, starting at 1350 gsulfur cm-2.  See 

more in Figure 3.8. 
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Figure 3.8 – Improvements in charging of sulfur mass in AC electrode. 

Other sulfur ratios were also tested, such as 4.5 and 9.0 sulfur cm-2 but GCPL, CV and EIS 

tests showed that the long-term performance of these electrodes is inefficient. Here the electrode 

thicknesses were changed (55, 110 and 190 µm), focusing on finding the best proportion of 

active S8 per area. It can conclude that the best parameters go to the data of 90% of S8 i.e., 2.1 

sulfur cm-2, maintaining the thickness of approximately 55 µm in Aluminum substrate (TOB-

Etched Aluminum foil - 20 µm) as shown in Figure 3.9 (a - c). The cyclicability, cyclic 

voltammetry and impedance tests showed which electrode is more stable for our interests. Here, 

in sequence, this electrochemical behavior is presented, which in the future can be improved by 

optimizing the synthesis process, but which already shows us the best parameter tested here. 

Figure 3.9 illustrates the performance of electrodes of different thicknesses, thus indicating the 

prototype that obtained the best electrochemical results. 
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Figure 3.9 – First discharge using current of 50 µA (a), Cyclic voltammetry using 0.1 mV s-1(b),  EIS test (c). 

Author's preliminary results. 

Based on the facts mentioned, the highlighted electrode is the one that has 2.1 gsulfur cm-2 in 

its loading. Its first discharge presented the expected shape without noise for Li-S type systems 

and reached approximately 1350 mAh genxofre cm-2 in Figure a, in addition to presenting a very 

well-behaved voltammogram with a larger area in Figure b with a lower impedance than the 

others. tested shown in Figure c. Based on this, this new sulfur loading was adopted for the 

other tests and is also subject to in-depth characterization. This material will serve as a template 

for possible future modifications. 

3.5 Concluding Remarks 
Here in this chapter, we present the production of porous electrodes for application in 

LSBs in their initial state and changes in their thickness, consequently in their sulfur per area 

ratio, i.e., gsulfur cm-2. These modifications showed that the best ratio here should be 

approximately 2 gsulfur cm-2. Observing the results of thickness modification, it is possible to 

notice a higher initial capacity for the electrodes with less sulfur per area, being: 1170, 1200 

and 1350 mA.h gsulfur cm-2 for the electrodes of 9, 4.5 and 2 gsulfur cm-2. The state-of-art indicates 

that the correct ratio of sulfur per area is around 5 gsulfur cm-2 but for our material, we observed 

that 2 gsulfur cm-2 is the ideal amount. We can explore intermediate ratios in the future.
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4 Discussion of results 

  4.1 The synthesis process  

The process of synthesis of the electrodes is schematically shown in Figure 3.0 of 

chapter 3. The synthesis is practical to produce ink with excellent particle dispersion, and 

excellent surface homogeneity is also observed after electrode drying. The homogeneity is 

confirmed because no clustering points are detected on the electrode surface. Cluster spots 

causes cracks and fissures in the coating and must be avoided. This process was beneficial for 

us to start production on a larger scale, i.e., by applying the film with 10cm × 30cm area on an 

aluminum substrate with 20µm thickness, we can start to simulate a roll-to-roll process 

experimentally. The improvement of this process will be explored in the PhD and presented 

here briefly in the following sessions to understand our plans better. In this initial work, the 

substrate used was AISI316 stainless steel with a diameter of 16 mm. 

  4.2 Morphological characterization  

Figure 3.1 (a-d) shows the surface image of the electrodes as prepared before being 

used in the electrochemical tests. The AC used has a high surface area ~2500 m2 g-1 and the 

addition of BP 100 m2 g -1, binder and S8, produce an electrode with ~300 m2 g -1. Such a high-

surface area is essential in the cathode to facilitate reactions during charge and discharge 

potentials, as presented in chapter 2. The cathode composition of AC and S8 is confirmed in 

Figure 3.1 (e), evidencing the efficiency of the melt-diffusion process. Raman spectra confirm 

the presence of S8 and AC. S8 peaks are observed in regions below 600 cm-1 and AC above 

1000 cm-1 in Figure 3.1 (e). The Raman bands of the S8 structure have active peaks at 153 cm-

1, 220 cm-1 and 473 cm-1. The vibrational mode located at 150 cm-1 and 220 cm-1 refer to 

asymmetric S-S and symmetrical S-S bonds, respectively. The peak located at 473 cm-1 with a 

shoulder at approximately 467 cm-1 represents the elongation of the S-S bond to cyclic S8 [183]. 

That confirms that the melting process keeps typical S8 properties.  

The D and G bands observed in the AC signature are well known for carbon-based 

materials. The D band is located at 1326 cm-1 for this laser line and is also related to ring 

breathing mode in the defective region; that is why it is assigned as a disorder in typical 180o 

sigma bonds of sp2 carbon materials. This mode is prohibited for infinite monocrystalline 

graphene [208]. The G band is assigned to the ring breathing mode of sp2 carbon materials, i.e.,  

vibrational modes present in all C=C bonds [188]. The G band (i.e., graphite) is observed at 
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1580 cm-1.  To better understand the interaction between the chemical species, present on the 

electrode surface from their binding energy, Figure 3.1 (f) presents the results of the XPS 

analysis. In Figure 3.1 (f) it is possible to observe bonds referring to the  1
2⁄  e 3

2⁄  sp2 orbitals that 

come from the covalent bonds between sulfur and carbon. It is concluded that the presented 

methodology is efficient for composite production between S8 and AC, i.e., the electrode is an 

AC:S composite. 

 4.3 Electrochemical data and analysis 

Figure 3.2 (a) presents the initial electrochemical results of our Li-S batteries, where it 

is possible to observe the Nernstian behavior of the active sulfur species within the used WVW 

(1.5 – 3.0V i.e., Li2S8 – Li2S). Here all oxidation and reduction processes of the used S8 

molecules are observed. For an analysis using a cell with two electrodes, the results are 

satisfactory so that the definition of the formation of the redox peaks was very effective, giving 

rise to the confirmation of the results obtained here and compared with works published in the 

literature[209]. In cathodic current, an increase in the width of peak number 5 (1.8 V) of Figure 

3.2 (a) is observed when compared to the others (i.e., 1, 2, 3 and 4). This fact occurs due to the 

generation of solid species corresponding to the shuttle effect (i.e., Li2S2 and Li2S). By 

increasing the electrolyte resistance in this region (please see more in Figure 3.5 (a & d)) 

caused by the precipitation of these species, there is an increase in polarization, and this 

phenomenon can be observed. The data are confirmed by observing the voltammogram and the 

EIS studies as a function of the SoC. The first discharge is shown in Figure 3.2 (b) also gives 

us an interesting parameter for comparison with the cathodic scan of the Li-S battery so that the 

curves formed in this graph are complementary to the peaks generated in the cyclic voltammetry 

during the discharge. This information can serve as a benchmark when observing unexpected 

Nernstian behaviors that generally manifest in the voltammogram related to contamination 

during the synthesis, coat application or assembly process. 

 The graphs in Figure 3.2 (c – d) correspond to the tests of capacity variation as a 

function of the applied current density (c). Here it is possible to observe little electrode 

degradation when increasing the applied C-rate. A suitable electrode can resist this type of 

current variation when increased to higher densities and then return to a lower current state, 

following this order: 0.1C, 0.2C, 0.5C, 1C. 2C and go back to 1C. Figure 3.2 (d) of capacity as 

a function of the number of cycles presents this information. To understand how many cycles 

our prototype supports at a fixed current (1C), the cyclability test was performed to observe its 

variation at a fixed C-rate and the Coulombic efficiency transient. Figure 3.2 (e) shows a high 
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degree of electrode degradation as a function of the number of cycles. From 100 cycles 

onwards, there is a decrease in capacity and an increase in efficiency. We believe that the 

reduction in capacity is linked to the formation of the LPS layer on the surface of the carbon 

electrode. The increase in efficiency can occur through the passivation of the lithium metal 

electrode, a typical process of oxidation of metals subjected to corrosive atmospheres, which in 

our case is induced by the charging and discharging cycles of the battery. 

  4.4 Electrochemical impedance data and analysis 
In Figure 3.3, an analysis of the battery’s SoC was performed as a function of the EIS behavior 

expressed in the complex plane impedance graph, also known as the Nyquist graph. Here the 

idea is to understand how the internal processes of the Li-S battery take place, but considering 

the impedance variation, i.e., at low, medium and high frequencies at different points of the 

SoC. Between 20 – 70% of the SoC of the LSBs, the formation of plateaus is observed, making 

it very difficult to understand which SoC the battery is just looking at the Potential(V). Aiming 

at greater sensitivity, the EIS technique was chosen since it has great analytical potential among 

the others, does not provide degradation of the analyzed material, and can be performed quickly. 

Here we use the GEIS because it presents a lower variation of the battery's SoC in tests while 

collecting the EIS points. Initially, the potential is applied until the battery reaches 5% of its 

SoC, relaxation time is applied for 15 minutes and then the EIS points are collected. When the 

tests were carried out using PEIS, making the potentiostatic perturbation, a small variation of 

the battery's SoC was observed, and this would cause the points not to be acquired at the 

programmed locations i.e., in intervals of 5 to 5% of the SoC until charging the Li-S battery 

(100% SoC) and after the finished test made the same for during the discharge. 

For this, a GEIS point collection scan was performed every 5% of the SoC. As the 

variation of potential generates current and on the contrary is also valid. Analyzing the SoC to 

control the current perturbation proved more efficient when the battery SoC is more stable when 

the discharging or charging process has paused. To find the best data for the currents applied in 

the EIS test carried out in search of observing less scattering of points in the complex plane 

diagram. Initially, the alternating current (AC) was set to zero and the direct current (DC) 5 

variations between 0, 50, 100 and 200 µA. Here distortion in results was observed. The opposite 

was performed, and the best parameters were also DC = 0 and AC = 100 µA. In the end, we 

had the Figure 3.3 (c & d), which appreciated the highlights of the important ones. For a deeper 

analysis, the electrochemical fitting to produce the equivalent circuit of our two-electrode cell 

was performed as shown in Figure 3.4, whose SoC point was chosen for the fitting at the point 
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corresponding to 50%. At this point, we understand that the expressive behaviors are similar 

for charging and discharging since there are no species transformation curves in any of the 

charge and discharge processes. The simplest possible equivalent circuit must be applied. 

Looking at the data from our χ² data the Randles circuit showed the most efficient 

electrochemical system and represented suitable parameters. Other discussions were held below 

due to the electrochemical fitting of the equivalent circuit. 

Figures 3.5 and 3.6 showed an analysis of all components of the equivalent circuit so 

that we can discuss each separately through the EIS points collected as 5 in 5% of the SoC. The 

Re data presented in HF shown in Figure 3.5 (a – d) have a remarkable similarity to the 

chemical reduction processes and, shown in the literature for Li-S batteries, is observed[210–

212]. When looking at 100% of the SoC it is possible to see that the impedance at this point is 

the lowest. Right after the transformation of solid phase sulfur to LPS, which in turn are soluble, 

we quickly observe a significant increase in electrolyte resistance. This behavior is maintained 

up to 20% of the SoC, which soon after is due to the formation of the shuttle effect. 

For Rct and Cdl data in MF the same behavior is observed within SoC observed in the 

electrolyte data, but now according to the phenomena that occur on the electrode/electrolyte 

surface. Initially, the highest resistance data of RCT observed in Figure 3.5 (b – e) is precisely 

in 100% of the SoC, where there is a large amount of S8, which in turn has insulating property. 

After solubilization of this reagent for LPS, there is a decrease in the internal resistance which 

then increases by 20% of the SoC due to the shuttle effect. This phenomenon happens in the 

same way as the charging process. The Cdl data follow this RCT variation but now with the focus 

specifically on the evolution of capacitance. Basically, where there is a greater S8 consumption 

process at the cathode, there is greater capacitance data. The behavior is highly coherent since 

when there is the consumption of this species present in the electrode, there is an increase in 

porosity and a decrease in the insulating element[154]. Therefore, the analysis proves to be 

highly efficient for obtaining these data, being much more sensitive than techniques focused 

only on observing the potential variation. 

Figure 3.6 shows the fitting of the Warburg components observed at LF. This stage was 

used different parameters to describe the ideal finite barrier diffusion for a two-electrode cell. 

For the data in Figure 3.6 (a & d), the behavior of T as a function of time(s) was observed to 

understand the characteristic time constant for mass transport during redox reactions. Here it is 

described how fast active redox species diffuse over a given length (l)—observing the charging 
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and discharging behavior, the diffusion time of the species increases when they become soluble 

and interact with the electrolyte. This phenomenon causes the time to grow until the solid phase 

of the LPF appears. This phenomenon is observed for both the charge and the discharge. When 

the species are transformed into S8, the diffusion reaction happens faster since there are not 

many long-chain species causing an increase in viscosity. Figure 3.6 (c & f) shows how 

variations in LF frequencies (T e Ro/ cm2) as a function of SoC are very similar. The last 

parameter represents the mass transfer resistance of the redox species in the tortuous paths 

presented in porous electrode materials. Due to this fact, all the charging and discharging 

behavior that cause the increasing effect of the cell resistance are associated and duly described 

in the graphs. Generally, can associate the behavior of the Ro values with the blocking effect 

generated by forming LPS precipitates, which causes the shuttle effect. 

As the Li-S battery forms some discharge levels, for example, at 70 to 20% of the SoC, 

when looking at the cathode scan, the use of EIS is essential to see the change of these internal 

transformations due to its high sensitivity. The fitting of these circuit parameters proved 

extremely coherent compared to the known redox processes for Li-S batteries. Future studies 

will be developed to combine this technique with spectroscopies that follow the morphological 

variation of the materials in question. Thus, the data can be related to the degree of degradation 

that the formation of these species causes in the electrode structure, which in the future is 

degraded in the charging and discharging processes. This study is being carried out in our 

laboratory. 

  4.5 Self-discharge observations 

Here, the variation of Li-S battery self-discharge in open circuit potential (OCV) was 

observed for 62 days, as shown in Figure 3.7. In conclusion, we can say that after 47 hours of 

cell relaxation, chemical equilibrium occurs, allowing us to assume a point to start the 

electrochemical tests. Creating electrochemical tests with potential variations in newly 

assembled batteries can generate dubious data, and that's why this study was carried out. In this 

way, it can be understood that the best time to start the analysis should be after the determined 

time of A region presented in that figure. 

4.6 Understand the improvements. Shuttle effect and state-of-art 

This change was essential to improve the performance of our LSB and not degrade both 

the electrodes and the DOD processes. When looking at the low area of the charge and discharge 

curve, there are not many points of decrease potential, so not much is lost in capacity when this 
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change is made in the cut-off. Making this change in the cut-off, we have more use of our battery 

and gain in cycles and efficiency. When spoken about solving the shuttle effect, it is possible to 

attack by different ways, such as the addition of trapping structures or redox mediators in the 

electrode [213], aditives in electrolyte [214–216] and also exploring different carbon structures 

that act as a host focused on trapping the LPS. In addition to the changes presented in Chapter 

3 on varying sulfur ratios by area, it is noted that the surface of the aluminum substrate 

significantly influences coating. Initially, smoother surfaces were tested and presented inferior 

results to the substrate used with greater roughness in adhesion. The substrate used with the 

best result is TOB – Etched Aluminum foil, with width: 100 mm and thickness: 20 µm and has 

the following specifications: 

Informations  

Areal density. 49g m-2 

Surface capacitance. 30~50 µf cm-2 

High-temperature oxidation resistance (200°C*30min). No oxidation 

Chemistry content (Al). >99.45% 

Tensile strength (N/CM). >17 

Ductility. ≥ 1.6% 

Table 3 – Aluminum TOB substrate specifications. 

In the initial results, the ink was deposited on AISI316 stainless steel substrate and then 

it was deposited on the Al substrate. We believe that the improvement in results is also due to 

this change. In addition, this modification allows testing in pouch cells, as they depend on 

electrodes of approximately 5 cm × 7 cm in area. Below is the ink applied on the Al current 

collector foil. 
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Figure 4.0 – Coating on Al foil by tape casting. 

Relying on this improvement of the base electrode, ways to solve the shuttle effect were 

thought. As the electrode developed so far presented discharges with a capacity of up to 1350 

gsulfur cm-2, is believed that the composite can be used as a template for more advanced tests. 

This way, we can take advantage of the best results of previous research and move towards an 

increasingly efficient battery.  
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5 Conclusion and Future Works 

This dissertation has presented the main experimental results for an AC:S composite 

material used as the cathode in Li-S cells we have so far. The material was synthesized and 

characterized from carbon and sulfur materials. Activated carbon is a stable conductor with a 

high surface area that quickly extracts electrons from the thin sulfur layer. At the same time, 

sulfur species combined with Li forms LiSx complexes that have quasi-reversible 

electrochemical behavior, storing large amounts of chemical energy to be converted into 

electrical energy. It was investigated the cell assembly and its respective electrochemical 

performance. The maximum cell capacity was 1044 gsulfur cm-2, which is 5 times higher than 

the typical values reported for modern Li-ion batteries. It was verified the quasi-reversible 

behavior of LiSx complexes as a function of the state-of-charge (SoC). The cell response in the 

frequency domain was simulated to analyze the different impedance parameters as a function 

of SoC. The equivalent series resistance (Re), charge-transfer resistance (Rct), and double-layer 

capacitance (Cdl) showed stable behavior over 95% to 10% SoC during the discharge and 

charge. The capacity was reduced to 200 gsulfur cm-2, after 150 cycles, similar to modern LiBs. 

The cell self-discharge was ~17% a month, which is high compared to modern LIBs with values 

lower than 1%, and open circuit voltage hourly variation can be separated into regions 

coinciding with the presence of different polysulfides. The current study paves the way for 

future studies in Li-S batteries field. Generally, it was reported in this work as an exciting piece 

of science confirming and complementing several literature reports. Our research group will 

undertake a future study comparing novel classes of electrode materials and detailing the energy 

storage mechanisms at extreme SoC values (< 95% and > 20%) and novel SoC and SoH 

calculation methods. Some points can be highlighted: 

• Synthesis and improvement of carbon-based electrodes with high surface area and mass 

production potential for application in Li-S batteries with 1350 mAh gsulfur
−1 of capacity. 

• Optimization of parameters and electrochemical tests, avoiding excessive degradation of 

electrodes and cells in general. 

• In-depth electrochemical characterization of cells and observation of the phenomena 

associated with the SoC as a function of electrochemical impedance spectroscopy (EIS) to 

understand the transformations of the main molecule and formation of the shuttle effect. 
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