
1 
 

Strategies toward the 

Improvement of Lithium 

Sulfur Battery Performance 

 

Eleonora Venezia 

 

University of Genoa and Italian Institute of Technology 

 

IIT Supervisor: Prof. Dr. Remo Proietti Zaccaria  

UniGE Supervisor: Prof. Dr. Pietro Manfrinetti 

 

This dissertation is submitted for the degree of Doctor of Philosophy 

March 2023 

 

 

 

 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ai miei nonni, 

E a tutto ciò che mi hanno insegnato. 

 

 

 

 



3 
 

Thesis Overview  

Among the next-generation energy storage devices, lithium–sulfur batteries (LSBs) are 

one of the most appealing technologies. Exploiting the conversion reaction between 

lithium and sulfur, this system is capable of delivering high specific capacity and energy 

density. Moreover, elemental sulfur is environmentally benign, non-toxic, cheap, and 

abundant.  These characteristics makes it a suitable material for a green energy storage 

solution. On the other hand, the insulating property of sulfur, the lithium-polysulfide 

shuttle effect, and the volumetric variation upon charge and discharge, which lead to 

premature cell failure, are the primary obstacles preventing market breakthrough. As a 

result, substantial research efforts have been put into developing LSB's components over 

the past few decades. Nanostructured cathode materials, composites, novel electrolytes, 

electrolyte additives, interlayers, and a new cell design have all been shown to reduce the 

polysulfide shuttle effect, protect the lithium anode, and enhance LSB performance. 

The present work explores various approaches to address the LSB's weaknesses. Sulfur 

composition with a carbonaceous host has been studied. As LSB electrodes, two distinct 

sulfur-carbon composites comprising different carbonaceous materials—single-walled 

carbon nanohorns and double-walled carbon nanotubes—were prepare via a simple and 

sustainable evaporation method to reveal their applicability as cathodic materials. The 

use of lithium sulfide as starting active material was also investigate to improve the LSBs 

performance. The lithium-sulfide-based electrode was tested in full cell configuration, 

coupled with a biowaste-based anode. Moreover, the effect of different electrolyte 

formulations on the battery behavior was evaluated. The state-of-the-art electrolyte was 

compared with lithium halide salts bearing varying anion donicity. To investigate 

simultaneously the impact of electrode composition and formulation of electrolyte on cell 

outputs a Design of Experiment (DoE) was applied. This powerful method provides a 

broader perspective on the subject under study, weighing the effects of each of the 
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relevant parameters considered. Finally, a summary of the activities carried out in 

collaboration with ZEISS Company and INAM—Innovations-Institut für 

Nanotechnologie und korrelative Mikroskopie e.V. —in Forchheim (Germany) is 

provided. In this frame, a workflow for analyzing battery materials using advanced 

technique is proposed.  
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Chapter I - Introduction 

1. A Rechargeable World 

Batteries are nowadays employed to power a wide range of applications, from portable 

electronics to electric vehicles (EVs) and to the renewable energy sector. Before their 

breakthrough, our world was mainly based on the exploitation of combustion reactions. 

Our dependency from fossil fuel costs us a global climate change, due to the uncontrolled 

release of greenhouse gases (GHG) emissions in the atmosphere. Moreover, the 

availability of such resources is limited and therefore alternative solutions must be 

examined. It is time to move to more sustainable and cheaper powering systems in order 

to maintain a livable environment on our planet for the next generations. Rechargeable 

or secondary batteries seems to be the answer. Among rechargeable batteries, lithium-

ion cells are presently the most common used technologies due to their high energy and 

power densities.[1] A single lithium-ion cell contains two electrodes, cathode and anode, 

physically and electrically separated by a permeable membrane soaked with the 

electrolyte. These systems exploit insertion compound materials, generally oxides 

compounds for the cathode side and graphite for the anode side. The lithium ions Li+ are 

intercalated and de-intercalated back and forth between the two electrodes during charge 

and discharge processes. The medium through which the Li+ movement occurs is the 

electrolyte. The electrolyte, usually in a liquid form, wets a porous separator which only 

allows lithium ions to pass thus preventing a short circuit between the two electrodes. 

Upon discharge, the Li+ move spontaneously from the anode and intercalate into the 

cathode through the electrolyte solution, while the electrons flows in an external circuit 

producing a current, as shown in Figure 1. During charge, electrons and ions movement 

occurs in the opposite direction, thus leading to the anode lithiation and the consequent 

cathode de-lithiation.  
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Figure 1 – Schematic illustration of a lithium-ion battery during the charge process. 

Nevertheless, these systems reached their upper bound in terms of capacity and energy 

density (< 500 Wh kg-1) due to the inherent nature of their active materials, making them 

unsuitable for the constantly growing and demanding portable electronic and EVs 

market. Moreover, the new regulations about the transport sector lowered the maximum 

permissible level of GHG emissions[2] thus pushing toward the ‘electromobility’ 

revolution[3] and imposing the development of more and more performing systems. 

Consequently, new battery materials and chemistries enabling higher capacities need to 

be explored and to this aim conversion-type materials are considered an encouraging 

alternative to the insertion-type ones. The conversion materials can store more than one 

lithium ion per atom of active material and undergoes charge and discharge 

electrochemical reactions where the chemical bonds are created and broken. Lithium-

sulfur batteries are considered, in this respect, appealing systems for their high energy 

density and lower costs. Moreover, sulfur is abundant, environmentally friendly and a 
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waste product of the petroleum refinement industries. Tons of elemental sulfur are piled 

up in storage sites in pyramid-shaped mountains in Canada with a little amount of it been 

employed for sulfuric acid production, pesticide and fertilizer industries and innovative 

plastic manufacturing.[4] Herbert and Ulam introduced and patented the metal-sulfur 

technology in 1962[5] but it was just from 2010 when an extensive investigation on metal-

sulfur systems started. The nowadays energy density target, especially for the 

electromobility field to ensure an acceptable driving range, was fixed to 500 Wh kg-1 [6] 

and LSBs systems seems to be the more suitable solution to achieve this goal, as seen in 

Figure 2. Nonetheless, lithium-sulfur technology suffer from significant constrains which 

are retarding their commercialization. In the following chapter, the fundamental 

principles and the system limitations with the possible improvement approaches are 

elucidated. 

 

Figure 2 – Ragone's plot of the current lithium-ion battery technology. 
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2. Lithium-Sulfur Batteries 

2.1   Principles and Working Mechanism 

A single lithium-sulfur cell usually contains a metallic lithium anode and a composite, 

sulfur-based cathode. A schematic of a lithium-sulfur cell is proposed in Figure 3. In 

details, the composite electrode comprises elemental sulfur as electrochemically active 

material; carbon as both conductive agent and active material; a binder, which maintains 

the components together. A separator membrane prevents the direct contact of two 

electrodes thus enabling the only lithium ions to be exchanged. The separator is soaked 

with the electrolyte, usually a solution of organic solvents in which a lithium salts is 

dissolve. Electrolyte additives can also by present in the solution. Current collectors are 

placed in contact with the sulfur-carbon electrode and the lithium metal to ensure the 

electric connection to the external circuit, where the electrons extracted from the 

electrochemical reactions flow, generating a current.  

 

Figure 3 – Schematic representation of the discharge mechanism of LSBs. 
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Elemental sulfur employed as active material is in the form of cyclic S8 molecules.[7] It 

exists in various allotropic structures, the most stable and used being α-S8 with an 

orthorhombic crystal lattice. This phase has a density of 2.069 g cm-3, it is an electric and 

thermic insulator and transforms to monoclinic β-S8 upon heating (95.3°C) which is less 

dense and unstable at room temperature. Monoclinic γ-S8 can be obtained by rapidly 

cooling down molten sulfur and presents a density higher than both α and β-sulfur.[8] 

LSBs exploit the reaction of lithium with sulfur as S8 to form lithium sulfide, Li2S. Lithium 

shows the highest theoretical capacity among the known anode materials (3861 mAh g-1) 

while sulfur exhibits similarly a high theoretical specific capacity of 1675 mAh g-1 

(considering 2e- per atom of sulfur)[9] thus offering an overall theoretical cell capacity of 

1167 mAh g-1. Considering an average cell voltage of 2.15 V, the Li/S systems theoretical 

energy density adds up to 2510 Wh kg-1. The overall electrochemical reaction and the half-

reactions involved can be express as follow:   

Overall:   16Li + S8 ⇌ 8Li2S      (Eq. 1) 

Anode half-reaction  Li(s) ⇌ Li+ + e-       (Eq. 2) 

Cathode half-reaction S(s) + 2e- ⇌  S2-       (Eq. 3) 

In details, during the discharge, the S8 rings open due to the progressive reduction and 

react with lithium ions, thus leading to the formation of reaction intermediates called 

lithium polysulfides and represented by the general formula Li2Sx (8 ≥ x ≥ 2).[10] Li2S is 

finally formed as end of discharge, insoluble product. The exact reaction pathways 

occurring in Li/S chemistry have not yet been unambiguously defined due to the presence 

of many species/moieties, including radical ones, depending on the experimental 

conditions. This complex mixture of reactions leads to the characteristic voltage profile 

of the Li/S systems, which is reported in Figure 4. It is generally accepted that solid 

elemental sulfur is firstly reduce to soluble ‘high-order’ or ‘long-chain’ lithium 
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polysulfides (Li2Sx, 6≤x≤8) along the first quasi-plateau at 2.3 V (Region I) followed by the 

formation of ‘medium-order’ polysulfide, mainly Li2S4 (Region II). Afterward, the further 

incorporation of electrons and lithium ions lead to the formation of ‘low-order’ or ‘short-

chain’ polysulfides (Li2S2), resulting in a second plateau, at about 2.1 V vs Li+/Li (Region 

III). Li2S2 in turn is reduced to Li2S (Region IV).[11] These latter products are both 

insoluble within the liquid organic electrolytes.  

 

Figure 4 – Voltage profiles of a lithium-sulfur cell. 

During the charging process, the two plateau are also observed. The first is related to the 

oxidation of Li2S and short-chain polysulfides to medium/long-chain ones, while the 

second one is associated with the formation of elemental sulfur as end of charge product.  

Despite the very appealing properties of the Li/S systems, an in depth understanding of 

the complex reactions involved is still lacking. Today literature proposes some 

mechanism explanations but since a single modification in the experimental parameters 

(i.e. the electrolyte solvent) can change the reaction pathway, a unique model describing 
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the system is far from the reality. In the following section, the main limitations impeding 

the LSBs market uptake are described, together with the possible strategies to mitigate 

them.  

2.2  Lithium-Sulfur Batteries Shortcomings 

Lithium-sulfur systems diffusion is hindered by different shortcomings at the cell 

components level, namely cathode, anode and electrolyte. In the following section, a 

discussion concerning the issues related to each cell part is proposed together with the 

most relevant strategies to mitigate them.  

2.2.1 Cathode Limitations 

The use of sulfur as cathode active material carries with it intrinsic limitations. Sulfur, as 

well as its discharge product Li2S, has a poor electronic conductivity (σS = 5x10-30 S cm-2; 

σLi2S = 10-13 S cm-2)[12,13]. Consequently, it cannot be used as such but needs to be 

composited with a conductive material, usually carbon, in order to ensure a proper 

electron transport between the active material and the current collector. This 

carbonaceous additive, which is inactive, do not contribute to the cell capacity thus 

lowering the achievable gravimetric and volumetric energy density. Moreover, upon 

discharge, the insulating Li2S formed on the positive electrode surface may increase the 

cell resistance causing a high polarization. The obtained passivation layer prevents the 

progress of the reduction reaction thus decreasing the cell deliverable capacity.[14] 

The large volume expansion due to the different densities of elemental sulfur and lithium 

sulfide (2.07 and 1.66 g cm-3, respectively) results in active material losses. Indeed, these 

volume variations can cause the detachment of active material from the electrode 

(pulverization) that will no anymore participate to the redox reactions. The continuous 

active area loss results in the cell capacity fading along cycling.[15]  
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Self-discharge is another challenge that have to be faced to make this technology market 

ready. Indeed, sulfur is soluble in the electrolyte solvents causing the decrease of the open 

circuit potential upon storage thus reducing the discharge capacity.[16] 

In addition, the lithium polysulfides formed during the charge and discharge processes, 

intrinsic in the cell redox reactions, are soluble in the electrolyte solvents. Their 

dissolution within the electrolyte cause different problems. Among them, regarding the 

positive electrode, the mobility of the polysulfide moieties while operating the cell leads 

to morphological rearrangements. These modifications could alter the electrode structure 

and consequently, the pulverization of the active material can occur.[17] 

Finally, with the aim of maximize the LSBs energy density for practical applications, the 

sulfur loading within the electrodes has to be increased up to 4 mg cm-2. This increment 

introduce further issues. In fact, the production of thicker electrodes could lead to 

delamination or cracking of the electrochemically active layer during the production 

process, affecting the cell performance.[18] Furthermore, this increased layer thickness 

extends the distance that electrons and ions have to travel before to reach the current 

collector, thus lowering down the reaction kinetics.[19] At last, the higher LiPSs 

concentration cause a stronger shuttle-effect and the consecutive loss of active 

material.[20] 

2.2.2 Anode Limitations 

In LSB systems, metallic lithium is commonly employed as anodic counterpart. Its 

positive effect on the overall cell capacity due to its high theoretical specific capacity (3861 

mAh g-1) encounters many difficulties though. Lithium dendrites formation is one of the 

most challenging. It consists in the irregular deposition of lithium ions during plating. 

The growth of these depositions in the form of filaments can cause short-circuits leading 

to safety issues and premature cell failure.[21]  



17 
 

The high reactivity of metallic lithium with organic solvents, besides air and water, has 

to be taken into account. As soon as the electrolyte is injected in the cell, it is reduced on 

the lithium surface, generating the solid electrolyte interphase (SEI).[22] If, on one side, 

the SEI formation in crucial for the cell operation by protecting the lithium surface, on the 

other side, upon repeated charge and discharge processes, this layer is continuously 

broken and formed, thus further consuming the electrolyte. This effect reduce the lithium 

inventory and progressively decrease the cycling efficiency and the cell capacity.  

Moreover, the polysulfide migration through the anode side upon charging may cause 

the electrode corrosion or even the lithium surface passivation with Li2S2/Li2S discharge 

products. In this way, the active material is partially lost and the internal cell resistance 

is enhanced, lowering again the cell capacity.[23] 

2.2.3 Electrolyte-related Issues 

The polysulfide shuttle effect is the major problem limiting the practical LSBs utilization. 

As mentioned before, the intermediate redox species involved in the reaction pathway, 

i.e. long-chain lithium polysulfides, are easily soluble in the liquid organic electrolyte. 

During the charge process, these moieties can migrate from the cathode to the anode side 

due to the presence of a concentration gradient of the LiPSs within the cell. Here, they 

react with metallic lithium to form short-chain LiPSs. Afterward, they move back to the 

cathode and are oxidized back to form long-chain LiPSs and the cycle restarts. This 

phenomenon, known as ‘shuttle effect’,[24] is schematized in Figure 5.  

Additionally, the shuttle process depends on the C-rate at which the cell is tested. In fact, 

at lower current rate, the LiPSs diffusion through the anode side is favored since these 

species have ‘more time’ to migrate. The shuttle effect is extremely detrimental for the 

battery performance since it may lead to the deposition of insulating species (Li2S2/Li2S) 

on the anode surface, the anode corrosion and poor active material utilization.[25] 
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Even if the presence of LiPSs species within the electrolyte was demonstrated to be 

efficient in increasing the cell performance as will be described in the following section, 

a too high concentration of these species could increase the electrolyte viscosity thus 

decreasing its ionic conductivity and causing a sluggish mass transport.[26] 

 

Figure 5 – Schematic of the polysulfide shuttle effect. 

The aforementioned issues related to the LSB systems contribute all together to impede 

the market breakthrough of the sulfur-based devices. Many are the approaches adopted 

in order to overcome these challenges and the state-of-the-art methods are summarized 

in the following chapter.  

 

3. Strategies to improve LSBs Performance 

As described in the previous paragraph, the biggest obstacle regarding the LSBs 

technology comes from the polysulfides solubility and mobility within the electrolyte. 
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The derived shuttle effect leads to low Coulombic efficiency. Moreover, the electrode 

morphology and the cell capacity are affected as well. This is the reason why, in the last 

decades, the research effort was focused on the optimization of each cell components 

contributing to the overall improvement of the battery performance.  

A timeline of the most important achievements in the LSBs optimization is reported in  

Figure 6. 

 

 

Figure 6 – Timeline of the most important achievements in LSBs technology. 

Indeed, many strategies have been explored, such as compositing sulfur with 

carbonaceous structures capable not only of increasing the electrode conductivity but also 

of confining the polysulfides within the carbon matrix. Other approaches tried to 

preserve the metallic lithium against corrosion by applying protective coatings or even 

inserting functional interlayer to act as LiPSs barriers. A big part pf the literature has been 

dedicated to the optimization of the electrolyte formulation and on the use of alternative 

electrolytic materials. All these approaches are schematized in Figure 7 and general 

examples of their application are reported in this paragraph.  
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Figure 7 – Visual summary of the techniques employed to improve the LSBs performance. 

3.1  Cathode Side 

3.1.1 Sulfur-carbon Cathode Materials 

The approach of compositing sulfur with diverse form of carbon is one of the most 

explored, since it offers the possibility to improve the electrode conductivity, to 

encapsulate sulfur particles in their pores thus alleviating the shuttle effect and to 

accommodate the volume expansion upon cycling at the same time. Moreover, carbon 

materials have a superior conductivity, good mechanical and chemical stability and in 

specific a high surface area which is an essential properties to ensure a high ion/electron 

conductivity with increasing electrode thickness. Not only their intrinsic properties but 

also their structure and the architectures formed when compositing with sulfur define 



21 
 

the electrochemical properties improvement of the lithium-sulfur systems.[27] 

Consequently, the correlation of the carbon morphology and structure with the output 

battery behavior is of fundamental importance.  

A great variety of carbonaceous materials has been investigated in the past decades as 

sulfur hosting matrixes. Micro to macro porous carbon have been widely studied since 

the porous matrixes can trap the polysulfide species and increase the electrode 

conductivity. The use of carbon to improve the LSBs performance was first introduced 

by Wang in 2002, demonstrating the use of polyacrylonitrile as effective sulfur 

host.[28,29] Inspired by this study, in 2009 Nazar et al. fabricated a mesoporous carbon-

sulfur composite using CMK-3 which exhibited a good initial discharge capacity.[30] 

From these works on, a first understanding of the importance of the material porosity 

was reached. Indeed, the carbonaceous matrix with various pore structures can 

accommodate the volume variation, enable a high sulfur loading and act as effective 

barrier for LiPSs diffusion.[31,32] This concept was then extended to a wider class of 

carbon species and materials such as hierarchical porous carbon structures,[33–35] carbon 

nanofibers,[36–38] carbon nanotubes,[39–42] graphene[43–47], hollow carbon 

spheres[48–51] were investigated as sulfur matrixes. A carbon nanotubes-sulfur active 

materials was employed as cathode in LSBs by Razzaq et al., as shown in Figure 8(a) and 

the cell obtained showed a capacity of 1106 mA h g-1 at 1C over 500 cycles.[42] They 

demonstrated that the synergic effect of sulfur and CNTs promotes the electrochemical 

performance by creating conductive pathway and a suitable electrode porosity. Archer 

et al. reported a nanoscale hollow porous carbon-sulfur (see Figure 8(b)) composite 

obtained via vapor infusion.[51] This work highlighted the benefits of using a nanosized 

carbon matrix as sulfur host as active material, thus exhibiting good cyclability and 

capacity. Recently, Carbone et al. reported the use of a simple evaporation method to 

design a graphene-sulfur composite active material where sulfur is wrapped in the 
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carbon sheets and a spherical morphology is obtained. The sulfur-based cell was capable 

of delivering a specific capacity of around 600 mA h g-1 at 2C for 350 cycles. 

Since the interaction between the polar LiPSs and the non-polar carbon is weak, the 

researchers explored the possibility of using carbon-based materials containing 

heteroatoms. In fact, the doping of the abovementioned carbon materials with polar 

atoms such as nitrogen, oxygen or phosphorous can help to hinder the polysulfide 

mobility by forming strong electrostatic interactions thus anchoring the LiPSs species to 

their surface.[52–55] Lately, a highly ordered mesoporous carbon tubes N and S co-doped 

were employed as sulfur host matrix. A long and stable cycling performance was 

obtained, exhibiting and average capacity of 500 mA h g-1 at 0.5C with a high sulfur 

loading (4 mg cm-2), as reported in Figure 8(c).[55] Exploiting the same principle, the 

introduction of functional groups containing oxygen, nitrogen, boron and phosphorous 

into the carbon frameworks was investigated.[56–58]  

 

Figure 8 – (a) Sulfur-carbon nanotubes composite, (b) nanoscale hollow porous carbon-sulfur composite and (c) N and 

S co-doped sulfur host matrix reproduced and modified with permission from [42], [51], [55]. 
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Compositing with carbon remains a valid approach to improve the battery performance. 

The reported state-of-the-art works highlighted the carbon particle morphology as a 

fundamental parameter to be taken into account in order to reach the goal of practical 

LSBs. Moreover, ease and straightforward synthesis could be used to prepare the sulfur-

carbon composites. On one side, the insertion of heteroatoms or functional groups into 

the carbon materials could be a suitable solution to enhance the sulfur-based cell 

electrochemical performance. On the other side, the strong interaction between LiPSs and 

the heteroatoms could lead to local accumulation of this species thus decelerating the 

conversion reaction.[59] Therefore, the employment of electrocatalysts that could 

facilitate the redox conversion has been studied. 

3.1.2 Sulfur-metal Compounds Cathode Materials 

The use of electrocatalysts in LSBs was investigated in the past decade due to their ability 

in promoting the conversion kinetics of S8 and Li2S. Electrocatalysts compounds are 

inserted within the electrode to adsorb the LiPSs through polar-polar interactions thus 

favoring the transfer of electrons, as schematized in Figure 9(a).[60] Materials such as 

transition metal oxides, sulfides, and nitrides were explored as redox promoters.[61–67] 

The first reported study about the topic was proposed 2012 by Nazar and co-workers.[62] 

They incorporated mesoporous titania (TiO2) as polysulfide reservoir and examine the 

role of surface adsorption vs pore absorption. They found out that the LiPSs species are 

preferentially absorbed within the TiO2 pores leading to a stable cell capacity. Cui et al. 

designed an S/TiO2 yolk-shell nanostructure whose internal voids can contain the sulfur 

volumetric expansion upon cycling. The obtained cell attained a specific capacity of 700 

mA h g-1 after 1000 cycles at 0.5C.[63] Most recently, Sun et al. prepared a free-standing 

MoS2/MoN heterostructure grown on CNT arrays as sulfur host matrix, delivering a 

discharge capacity of 520 mA h g-1 at 1C after 1000 cycles and a good rate capability, as 

shown in Figure 9(b). This good performance could be attributed to both the high 
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conductivity of MoN, which facilitate the redox conversion and to the Li+ diffusion 

channels created by the MoS2 layered structure.[65] Amine’s group elaborated a new 

concept involving the formation of double end binding sites acting as electrocatalysts for 

the LiPSs conversion. Moreover, the embedding of ZnS nanoparticles and the 

incorporation of single-atom catalysts, enabled the LiPSs retention thus eliminating the 

shuttle effect as can be seen from Figure 9(c).[68]  

 

Figure 9 – (a) Schematic of the Li2S4-Ti4O7 polar-polar interaction, (b) free-standing MoS2/MoN heterostructure as sulfur 

host material and the relarive rate capability performance and (c) Figures reproduced and modified with permission 

from [60], [65], [68].  

To conclude, the incorporation of electrocatalysts demonstrated to be as efficient strategy 

to fasten the kinetics of the sulfur redox reactions and improving the LSBs cycle life. 

Besides, this approach adds complexity in the materials preparation thus increasing the 

production costs. Moreover, inactive host material could compromise the achievable 
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gravimetric and volumetric energy densities. All these considerations have to be taken 

into account when looking for practical applications. 

In general, the design of the cathode composition and structure is a necessary practice to 

reduce the shuttle effect and to produce high sulfur loading electrodes in view of LSBs 

commercialization. 

3.1.3 Lithium Sulfide-based Cathode Materials 

A valid alternative to overcome some on the LSBs limitations is the employment of the 

fully lithiated counterpart of sulfur, lithium sulfide (Li2S). This phase presents a high 

specific capacity (1166 mAh g-1) and, importantly, can be couple with lithium-free anodes 

such as silicon, graphite and tin, fact that reduces the safety issue related to the use of 

metallic lithium. Additionally, its high melting point (938°C) enables for high 

temperature synthesis routes and its lower density (1.66 g cm-3) with respect to sulfur 

avoids the volumetric expansion during the initial charge process.[69] Another 

advantage in using Li2S as active material is the circumvention of the self-discharge issue 

connected to the use of soluble S8. Nevertheless, the low ionic and electronic conductivity 

of Li2S, its air/moisture sensitiveness and the inevitable LiPSs formation remain relevant 

challenges that researchers have to address.  Moreover, during the first charge process, 

Li2S faces a high initial activation barrier that creates another obstacle to its use as a 

cathode active material. In fact, the polysulfide nucleation requires the cell activation at 

high voltage (~3.5 V) leading to the electrolyte decomposition and poor cycle life. To 

avoid this problem, some strategies can be adopted, i.e. nanosizing the Li2S particle or 

combine it with carbon, reduce the current rate and the use of electrocatalysts and redox 

mediator. [70–78] Zhang et al. prepared a graphene-Li2S nanocomposite with a Li2S 

particle size of about 8.5 nm. The obtained cathode does not present any activation barrier 

(as seen from Figure 10(a))and it retained the 83% of the initial capacity after 100 

cycles.[71] A freestanding Li2S-carbon paper composite was synthetized by Fu and co-
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workers using a simple solution filtration method. Their electrode shows a reversible 

capacity of 634 mAh g-1 at 1 C with a high capacity retention.[75] Recently, a high-rate 

and stable cell was obtained by using a Li2S/TiO2-impregnated hollow carbon nanofiber 

cathode, whose structure is shown in Figure 10(b). From this study, Lu and his group 

demonstrated an effective increase in the electrode conductivity thanks to the presence 

of the carbon matrix and an enhanced LiPSs trapping property due to the presence of the 

metal oxide particles.[77] Redox mediators were first introduced by Aurbach in 2014 to 

promote the charge transfer between current collector and electrode.[78] Indeed, the 

addition of these species within the electrolyte reduce the activation barrier by mediating 

the reaction to form LiPSs. Their proved the use of various redox mediator, such as 

ferrocene and lithium iodide, as electrolyte additive thus lowering the voltage barrier 

below 3 V.  

 

Figure 10 –  (a) Graphene-Li2S nanocomposite and relative voltage profile and (b) Li2S/TiO2-impregnated hollow carbon 

nanofiber cathode reproduced and modified with permission from [71], [77]. 

The proposed approaches are able to increase the delivered cell capacity to suitable 

values. The cathode engineering, finally, is fundamental for the improvement of 

electrochemical performance. To this aim, the scalability of the synthesis process together 

with a careful selection of the employed materials, must be analyzed to keep the LSBs 

production as ‘green’ as possible. 
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3.2  Anode Side 

3.2.1 Lithium Anode Protection 

The protection of the lithium anode is a fundamental requirement in view of a practical 

application of LSBs.[79] Indeed, metallic lithium is very unstable within the cell 

environment due to its high chemical activity. Therefore, the electrolyte and the lithium 

ions are consumed during the repeated charge and discharge cycles, giving rise to a low 

cyclability.[80] The in-situ reaction of lithium with the electrolyte components lead to the 

formation of an SEI passivation layer. This is one of the most studied strategies to reduce 

the Li corrosion without the introduction of additional weight inside the cell.[81] 

Therefore, a tailored electrolyte composition can generate a suitable SEI with tuned 

structure and composition capable of increasing the battery cycling stability.[82] An 

optimal SEI protective layer should be uniformly deposited on the lithium surface and 

flexible upon charge and discharge processes, electronically insulating and highly 

ionically conductive.[83] The SEI composition is determined by the solvents, salts and 

additives decomposition products, which are electrochemically reduced on the lithium 

surface. Thus, electrolyte additives have been widely investigated in order to control the 

SEI stability, such as nitrites, polysulfides, ammonium salts, and sulfur-rich aromatic 

polymers.[84–88] Aurbach’s group were the first to test different electrolyte additives in 

2009. They found out that the addition of metal nitrites and polysulfides prevent the 

reduction of LiPSs on the lithium surface taking part to the formation of a solid SEI.[88] 

Many researchers, inspired by this work, investigated the role of LiNO3 as electrolyte 

additive which resulted in improved cycling stability and delivered capacity.[89–91] The 

use of polysulfide as electrolyte additive was also explored. In fact, these species are 

reduced and incorporated in the SEI thus impeding the formation of lithium dendrites. 

Cui and co-workers unveiled the blending of lithium polysulfides and LiNO3  and on this 

line, works by other groups followed, demonstrating the effectiveness of the combined 
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effect of the two additives in both limiting the electrolyte decomposition and suppressing 

the lithium dendrite formation, as shown in the schematic of Figure 11(a).[92] Ex-situ 

techniques were applied utilizing functional protective layers thus stabilizing the anode 

surface.[93–97] The requirements needed for an effective protective layer are: high ionic 

conductivity, chemical stability and flexibility. Organosulfur materials, siloxane and 

metal fluorides were all tested in order to create lithium ion permeable coatings to 

improve the LSBS performance. For example, Guo and its group employed a solution of 

SnF2 in diethylsulfoxide that, reacting with metal lithium, formed a passivation layer 

composed of Li5Sn2/LiF preserving its surface from further corrosion.[97]  

To avoid the use of metallic lithium, innovative solutions have been investigated very 

recently, as the anode-free LSBs. 

3.2.2 Anode-free LSBs 

A new concept of battery design was introduced by Manthiram in 2016.[98,99] This cell 

configuration consist of a Li2S cathode, a separator and a cupper foil as current collector 

which acts as lithium plating/stripping substrate. During the first charge cycle, the Li2S 

cathode is delithiated and the lithium ions are deposited onto the Cu foil as metallic 

lithium. Afterward, the cell works as a typical LSBs. By replacing the lithium chip 

commonly employed as anode, the energy density of the system is greatly enhanced 

together with a reduction in lithium waste. Moreover, the problem related to the 

formation of dendrites and to the safety issue are dramatically reduced. On the other side, 

the stripping/deposition process have to be efficient since the only available lithium is the 

one that binds sulfur in the cathode. In the study proposed my Manthiram and his group, 

a composite Li2S-multi walled carbon nanotubes is deployed as cathodic material and 

tested in an anode-free configuration. The obtained battery retained a Coulombic 

efficiency of 96% over 100 cycles, as reported in Figure 11(b).[99]  
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Figure 11 – (a) Schematic of the electrolyte composition effect on the lithium surface and (b) Li2S-multi walled carbon 

nanotubes used in anode-free LSBs and the relative galvanostatic performance reproduced and modified with 

permission from [92], [99]. 

As a result of eliminating large amounts of lithium while maintaining reasonable 

electrochemical performance, this configuration presents a promising approach for 

implementing lithium-metal anodes in Li–S batteries in a realistic and effective manner. 

For this purpose, Li2S cathode with a low activation barrier and efficient in-situ plating 

technique have to be deeply set up.  

The aforementioned techniques, especially the anode-free one, are very appealing 

considering a LSBs market entry even though deepen investigations are required.  

3.3  Electrolyte  

An essential aspect of improving LSB performance is the electrolyte chemistry and the 

stabilization of LiPSs species. In general, the most common studied solutions are liquid, 

gel-polymer and solid electrolytes. Important parameters to consider for the electrolyte 

design are lithium-ions conductivity, chemical and thermal stability, viscosity, and 

flammability.  
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3.3.1 Liquid Electrolytes 

Carbonate-based electrolytes were first proposed for the lithium-sulfur chemistry due to 

their attractive properties and application in lithium-ion batteries. Indeed, they have a 

wide electrochemical window stability, high ionic conductivity, are stable in a broad 

temperature range and form a solid SEI layer on the anode surface.[100] The most famous 

are dimethylene, diethylene and ethylene methylene carbonate (DMC, DEC and EMC) as 

well as ethylene and propylene carbonates (EC, PC). Nonetheless, the organic carbonate 

electrolyte undergo an irreversible nucleophilic reaction with LiPSs thus reducing the 

available sulfur for the electrochemical reactions and consuming the electrolyte.[101] In 

recent years, it was found that by properly tuning the electrode morphology by confining 

sulfur within carbonaceous matrixes or by using polymeric composite that anchor the 

sulfur species, the carbonate electrolytes can be successfully employed.[102] Moreover, 

the use of these solutions lead to a solid-phase reaction from sulfur to Li2S, bypassing the 

formation of polysulfide species and avoiding side reactions. [103] Consequently, the 

only obstacle to the implementation of the carbonate electrolyte is the preparation of 

high-loading, structurally optimized sulfur electrodes. The most commonly used 

electrolyte solvents in LSBs are organic ethers (dioxolane DOL, dimethoxyethane DME, 

di-ethylene glycol dimethyl ether DEGDME, tetrahydrofurane THF, et c.).[104] The 

majority of these ether solvents present an enhanced ionic conductivity due to their low 

viscosity and are stable with sulfur radicals and LiPSs species involved in the sulfur 

chemistry. These characteristics make them a suitable choice for LSBs technology. Binary 

solutions have been widely investigated to obtain suitable electrolytic solution. As 

example, the most frequently employed is DOL/DME system containing 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI). The high solubility of LiPSs 

within this electrolyte enhance the sulfur utilization but at the same time this results in a 

strong polysulfide shuttle effect.[105] The introduction on lithium nitrate (LiNO3) as 



31 
 

additive demonstrated to be and effective approach to improve both cycling stability and 

coulombic efficiency through the creation of a stable and flexible SEI layer on the anode 

surface.[106] Fluorinated co-solvents were added in the electrolyte mixture for the 

purposes of improving the LSBs performance through: reducing the LiPSs solubility, 

modify the SEI formulation and enhance the overall viscosity.[107–111] As an example, 

Amine and co-workers demonstrated that fluoroalkyl groups α and β substituted ether 

solvents exhibit a different ability in lowering the LiPSs solubility and in the lithium 

solvating properties. Among the tested fluorinated co-solvents, the β-substituted showed 

the best capacity retention even with a lower initial discharge capacity.[108] 

Another important parameter affecting the stability and discharge capacity is the 

electrolyte to sulfur ratio (E/S in µl mg-1). [112,113] Indeed the electrolyte amount 

influences the LiPSs diffusivity and solubility, ionic conductivity and viscosity thus 

altering the cell performance. A high amount of electrolyte can help the cell cyclability 

and long cycle life but, at the same time, the battery energy density is severely 

reduced.[114] For this reason, the research is pushing toward the use of low E/S to 

increase the delivered energy density.[115] Nevertheless, a low E/S generates a limited 

sulfur accessibility, slow reaction kinetics and enhance the cell polarization leading to 

poor LSBs performance.[116] An E/S of 5 µl mg-1 was employed by Nazar et al., how 

demonstrated a cell showing a discharge capacity of 720 mAh g-1 over 100 cycles. In the 

study, different combination of lithium salts were compared, as shown in Figure 

12(a).[117] A combination of fluorinated co-solvent and low E/S was reported by Shin’s 

group. Using a hybrid sulfur-based cathode and a very low E/S=2 µl mg-1, a battery with 

and energy density of ~480 Wh kg-1 was obtained.[118] 

The composition of the electrolytic solution strongly contributes in determining the 

output cell electrochemical performance. The LiPSs solubility, the SEI composition and, 

finally, the shuttle effect are all affected by the electrolyte components. It was 
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demonstrated that high donor number lithium salts is beneficial for LSBs systems. [119–

121] In fact, the electro-donating anions enhance the sulfur utilization and facilitate the 

formation of 3D Li2S particles upon discharge thus preventing a solid, insulating film to 

be formed on the cathode side. Such morphology permits the further sulfur reduction 

and increase the cell deliverable capacity.[122] Chu et al. investigated the role on the 

nitrate anion (𝑁𝑂3
−) proving its ability is enhancing the LiPSs and Li2S solubility and 

consequently acting as redox mediator favoring the reaction kinetics. The Li2S 

morphology obtained with salts bearing different donating properties is reported in 

Figure 12(b). Moreover, the SEI formulation was improved by the decomposition 

products of LiNO3 salts, resulting in a stable and flexible protective layer, leading to 

increased cycling performance.[123] The use of organometallic salts was proposed by 

Luo’s group, whom employed nickel chloride dimethoxyethane in the electrolyte 

solution. In their study, the phase NiCl2 shows a double function: its catalytic properties 

decrease the charge transfer resistance and the redox-reaction activation energies (see 

Figure 12(c)) and it prevents the shuttle effect by binding LiPSs on its surface.[124]  

 

Figure 12 –  (a) Comparison of lithium salt concentration, (b) Li2S particle morphology obtained using salts  with 

different donating properties and (c) energy levels of NiCl2-DME and NiCl2-Li2S6 reproduced and modified with 

permission from [117], [123], [124]. 

In general, the techniques employed to improve the LSBs performance by modifying the 

electrolyte formulation demonstrated to be effective approaches. However, the solvents 

used within the liquid electrolyte are flammable and therefore safety issues are retarding 
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the market uptake. Gel-polymer and solid electrolytes are indeed under study to solve 

the aforementioned problem. 

3.3.2 Gel-polymer Electrolytes 

Gel-polymer electrolytes are valuable alternatives to liquid organic ones. They are safe, 

thermally stable, highly ionically conductive and present a major wettability.[125] Their 

synthesis involve the use of a polymeric matrix which is soaked with a small amount of 

liquid organic electrolyte. One of the widely used polymer is the polyethylene oxide 

(PEO) due to its great swelling properties. Li et al. employed PEO wetted with a 

DOL/DME solution thus obtaining as gel polymer electrolyte, improving the cell stability 

by decreasing the LiPSs solubility and limiting the shuttle effect. Furthermore, the 

absence of liquid organic solution leads to a very low self-discharge, as shown in Figure 

13(a).[126] Other attempts using poly(vinylidene) fluoride (PVdF) and pentaerythritol 

tetra-acrylate (PETEA) were performed.[126–128] The results showed that the gel-

polymer systems are able to confine the LiPSs species reducing their solubility and 

mitigate the shuttle effect. 

3.3.3 Solid-state Electrolytes  

Solid-state electrolytes were considered to solve the safety issue related to the flammable 

organic liquid electrolytes.[129] Solid-state LSBs were firstly introduced by Machida in 

2004.[130] Different materials were explored, i.e. solid polymer, inorganic and composite 

electrolytes, due to their intrinsic safety and high thermal stability. These innovative 

electrolytes entail different redox mechanism with the respect to the liquid-mediated one. 

As an example, a solid-solid reaction is involved when exploiting solid inorganic 

electrolytes, with no formation of polysulfide species while the polymeric ones still suffer 

for such problem.[131] Solid polymer electrolytes have been largely studied.[132] Even if 

they possess a low ionic conductivity, their chemical stability, flexibility and ease 

preparation made them a viable solution for LSBs.[133] PEO, PVDF, poly(methyl 
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methacrylate) (PMMA) and poly(acrylonitrile) (PAN) are commonly used. With the aim 

of increasing the polymer conductivity, inorganic particles are incorporated within the 

solid membrane. Titania nanoparticles were introduced in a PEO membrane thus 

obtaining a good mechanical strength and improved ionic conductivity. A high initial 

discharge capacity of 1450 mAh g-1 was reached at 0.1 C showing a stable cycling 

behavior.[134] Solid inorganic electrolytes are capable of confine the LiPSs on the cathode 

side and reduce the lithium dendrite growth. This effect, together with their good 

mechanical and thermal properties and a high ionic conductivity, enable the obtainment 

of safe LSBs.[135] Oxides and sulfides are the most promising materials, besides a high 

grain boundary resistance to be considered.[136,137] Moreover, sulfides shows a high 

interface resistance and undergoes chemo-mechanical separation during cycling. Hitz 

and co-workers analyzed sodium superionic conductor (NASICON) as solid electrolytes. 

A trilayered structure was synthetized revealing a high contact surface with the active 

material. The cell containing such electrolyte delivered a capacity of 1244 mAh g-1 when 

an ionic liquid electrolyte was wetting the sulfur-based cathode.[138] Nazar et al. 

reported the use of lithium thiophosphates with an extraordinary high ionic conductivity 

demonstrating a close contact with the cathode due to the production process. They 

prepared a solid state LSBs exhibiting a high discharge capacity of about 1400 mAh g-1 

and whose cyclic voltammetry is reported in Figure 13(b).[139] Solid composite 

electrolyte are composed of an inorganic material which is incorporated to a polymeric 

matrix thus reaching a good ionic conductivity and a reduced resistance at the interface 

with the electrodes.[132,140] Materials such as oxides are often employed. Tao’s group 

proposed a solid state LSBs with a NASICON-type PEO filler (schematized in Figure 

13(c)) showing a high ionic conductivity and resulting in a capacity retention of about 

98% after 90 cycles.[141] Quasi-solid and solid-state batteries are valuable alternatives for 

the substitution of liquid-based LSBs electrolytes. Before their readiness for market 
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applications, however, the optimization of the electrolyte mechanical stability and the 

interface resistance must be further investigated. 

 

Figure 13 –  (a) Initial discharge profile of gel-polymer-based cell before and after 24 h storage, (b) cyclic voltammetry 

of a SSLSBs employing a lithium thiophosphate electrolyte and (c) scatch of a NASICON-type PEO filler reproduced 

and modified with permission from [126], [139], [141]. 

3.4  Interlayer Insertion and Separator Modification  

The polymeric separator usually employed in LSBs is an insulating material composed 

of polyethylene, polypropylene or a composite of these two. This light and chemically 

stable membrane not only prevents the cell short-circuit but also enables the passage of 

lithium ions between anode and cathode. Nevertheless, the separator porosity allows also 

for the diffusion of polysulfide species, which is the cause of the shuttle effect and thus 

of lithium corrosion. Hence, studies on the separator modification or the insertion of 

functional interlayers aiming of trapping the polysulfide species on the cathode side were 

addressed.[142–146] 

3.4.1 Interlayers 

The insertion of functional interlayer were first proposed by Manthiram in 2012.[147] The 

idea was to use a physical barrier in order to trap the long-chain polysulfide species thus 

limiting the shuttle effect, and the cell schematic is proposed in Figure 14(a). Carbon-

based materials such as nanotubes, carbon fibers and graphene were employed for the 

creation of interlayers to be placed between the cathode and the polymeric 

separator.[148–151] As for the carbon-sulfur composite, the weak interaction of the polar 
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LiPSs with the nonpolar carbon species lead to an insufficient retention activity. In order 

to chemically anchor the polysulfide moieties and improve the battery cyclability, polar 

nanostructure interlayers were developed in the recent years [152–154]. Moreover, these 

polar interlayers could act as electrocatalysts and accelerate the kinetic conversion 

reaction of the redox species. A graphene TiO2/TiN-decorated heterostructure was 

produced by the group of Yang to build high-performance LSBs and it is shown in Figure 

14(b). The positive effects of TiO2 as polysulfides trapping agent and the enhanced 

conversion reaction kinetic due to the presence of TiN were combine to give a cell 

exhibiting a discharge capacity of 700 mAh g-1 at 1C for 2000 cycles, demonstrating a good 

rate capability, as reported in Figure 14(b).[152] Similar studies were carried out and 

notable improvements in the LSBs performance were achieved. Nevertheless, the 

thickness and composition of such interlayers have to be tuned properly. This is because 

the insertion of additional structural components which do not participate to the 

electrochemical reactions within the cell will otherwise compromise the overall energy 

density. 

 

Figure 14 –  (a) Schematic representation of the insertion of functional interlayer within LSBs and (b) graphene 

TiO2/TiN-decorated heterostructure with the relative cycling performance reproduced and modified with permission 

from [147], [152]. 

3.4.2 Separator Modification 

Functional coating were proposed by many groups in order to limit the polysulfides 

migration toward the negative electrode. By tuning the porosity, selectivity, composition 
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of the coatings and interfacial characteristics, they were able to confine and convert LiPSs 

species improving the battery outputs. Carbon-based materials, oxides and polymers 

were investigated as functional coating materials.[155–159] Chung and co-workers 

prepared a composite separator by tape-casting a polyethylene glycol-supported 

microporous carbon material on a standard Celgard membrane. This configuration 

enabled to cycle the cell for 200 cycles reaching a capacity of 795 mAh g-1 at C/2, thus 

suggesting this technique a successful way to lower the capacity fading of LSBs.[155] A 

hybrid composite containing of Mo2C and carbon nanosheets having a double 

functionality was fabricated by Qian et al.. Indeed, the Mo2C particles catalyze the LiPSs 

reduction by binding them on their surface while the carbonaceous part foster the 

electrolyte penetration within the whole electrode structure. They obtained a very stable 

LSBs exhibiting a discharge capacity of about 780 mAh g-1 at 1C for 300 cycles.[158] Using 

a separator modification strategy, improvements in the LSBs performance was obtained, 

but the implication of further preparation steps along the cell production process have to 

be considered.  

 

4. Approaches of this work 

The present work tries to address the LSBs weaknesses using different techniques. The 

common point of the herein studied approaches is to keep the preparation steps as ease 

and scalable as possible. Indeed, in most the cases, as before mentioned, the fabrication 

procedures involve complex, multiple and costly reactions and materials, without taking 

into account the scalability of the process. As a result, the LSBs researchers are 

progressively returning to simpler solutions, always considering the importance of the 

preparation methods and the resulting performance, in view of a future 

commercialization. In addition, the possible reuse or the conversion of the existing LIBs 
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fabrication infrastructure have to be defined in order to switch to more sustainable next-

generation batteries. 

The research presented in the following sections tackles the issues related to LSBs in 

different ways. Compositing sulfur with a carbonaceous host have been investigated. To 

this aim, two different sulfur-carbon composites, i.e. single-walled carbon nanohorns 

(SWCNH)[160] and double-walled carbon nanotubes (DWCNT), were prepare and tested 

as electrodes for LSBs. The sulfur-SWCNH, whose description is reported in Chapter II, 

was prepared via an easy and sustainable evaporation method enabling the infiltration 

of elemental sulfur into the carbon nanohorns as hosting material. The morphology 

obtained through the synthesis process enabled to reduce the shuttle effect together with 

the electrode conductivity improvement. A high-loading electrodes exploiting raw and 

oxidized DWCNT as conductive matrix was prepared using the same synthesis method 

and the relative results are summarized in Chapter III. The obtained cells exhibited a long 

cycle life and thus the best DWCNT sample was used as substrate for the deposition of 

titania nanoparticles via a colloidal synthesis rout. This addition allows the improvement 

in the LiPSs retention, resulting in promising performance. The use of Li2S was also 

explored for the preparation of a cathode for LSBs, as explained in Chapter IV. Indeed, a 

Li2S/graphene composite material was synthetized and couple with a biowaste-based 

anode. The obtained LiMF LSB showed relevant performance demonstrating the 

feasibility of the proposed configuration. In Chapter V the evaluation of different liquid 

electrolyte formulations to achieve more performing LSBs is proposed. Lithium halide 

salts bearing different anion donicity were compare with the state-of-the-art LiTFSI salt. 

The results obtained suggest that the donicity of lithium salt anions may influence solid 

electrolyte interphase morphology and, consequently, the electrochemical performance 

of the cells. A Design of Experiment (DoE), topic of Chapter VI, have been carried out to 

study at the same time the effect of electrolyte formulation and electrode composition on 
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the cell outputs. Furthermore, this powerful technique consider the potential interactions 

between the considered parameters, giving a global vision on the studied topic. Here, a 

mixture-process design combining a simple lattice and a factorial designs were applied 

to the electrode composition and the electrolyte formulation, respectively. Finally, in 

Chapter VII, a resume of the activities accomplished during the abroad period in 

Germany is reported. Here, an advanced microscopy workflow to analyze battery 

materials was developed in partnership with Zeiss Company. A standard protocol for 

opening and sectioning such materials was investigated, together with the optimization 

of the cryo ion-milling process parameters in order to obtain a pristine surface to be 

exposed to the microscope. 
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Abstract 

Among lithium ion batteries, lithium–sulfur ones are considered one of the most 

appealing technologies for next-generation energy−storage devices. The main problems 

impeding market break-through are the insulating property of sulfur and the 

lithium−polysulfide shuttle effect, causing premature cell failure. To address this 

challenge, we employed an easy and sustainable evaporation method enabling the 

encapsulation of elemental sulfur within carbon nanohorns as hosting material. This 

synthesis process resulted in a morphology capable of limiting the shuttle effect and 

improving the electrode conductivity. The electrochemical characterization of the sulfur–

carbon nanohorns active material revealed a remarkable cycle life of 800 cycles with a 

stable capacity of 520 mA h g-1 for the first 400 cycles at C/4, while reaching a value around 

300 mAh g-1 at the 750th cycle. These results suggest sulfur–carbon nanohorns active 

material as a suitable candidate for next−generation battery technology. 
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1. Introduction 

The development and employment of higher energy density as well as more 

environmental friendly materials is fundamental in order to satisfy the recent 

technological advancements in the electric−mobility and portable electronics fields and 

in smart energy grids [1–3]. In particular, lithium–sulfur batteries (LSBs) employing 

elemental sulfur as cathode active material, have been extensively investigated as a 

promising alternative to LIBs [4]. Their electrochemical redox reaction involves the 

conversion of elemental sulfur as S8 to lithium sulfide Li2S [5,6], thus resulting in a 

remarkable theoretical capacity of 1675 mA h g-1 and an energy density as high as 2600 

Wh kg-1 [7,8]. Additional benefits of using sulfur as active material are its wide 

availability, low cost and non−toxicity [9]. Nevertheless, lithium–sulfur cells suffer for 

three main issues, namely a low conductivity of sulfur and lithium sulfide, the volume 

expansion of sulfur particles upon cycling and the lithium polysulfide (LiPSs) dissolution 

within organic electrolyte with the associated shuttle effect [10–13]. In order to solve the 

issues related to the low conductivity of sulfur and lithium sulfide, the volume expansion 

of sulfur particles upon cycling and the lithium polysulfide (LiPSs) shuttle effect, various 

strategies have been introduced, i.e. tailoring the electrolyte composition, the application 

of metal oxide particles within the cathode, and the insertion of functional interlayers 

[14–19]. These approaches, although effective in enhancing the electrochemical 

performance of LSBs, require additional steps in the active material synthesis or in the 

cell assembly, resulting in an increase cell cost and augmented time−consuming 

production processes. Combing elemental sulfur with different kinds of host materials is 

a well−explored technique capable of improving the LSBs performance. The most 

common employed carbon materials are multi−walled carbon nanotubes, graphene, and 

mesoporous carbon [20–23]. These carbonaceous matrixes are capable of increasing the 

active material conductivity and reducing the detrimental effects related to the sulfur 
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volumetric expansion, while confining or retaining the polysulfide species, thus leading 

to an improved cycling stability [24–26]. Moreover, the associated synthesis of the 

composite active materials typically involves solvothermal or melting processes for 

which only one production step is needed [27,28]. Strategies based on carbon composites 

have also been proposed to improve the LSB electrochemical performance. In this respect, 

carbon nanotube/nanofiber composites were investigated as a substrate for LSB cathodes, 

demonstrating a long−term cyclability in lean−electrolyte conditions [29], and a bio-

mass−derived sulfur–carbon composite was employed as sulfur host exhibiting a high 

discharge capacity [30]. 

Aiming to reducing the production costs and the synthesis steps, the use of single−walled 

carbon nanohorns (SWCNHs) as a possible sulfur host material through the 

implementation of a straightforward and sustainable evaporation method was 

investigated. SWCNHs are a class of material belonging to the fullerene family [31] and 

they are composed by graphitic tubules showing a peculiar horn shape. These tubules 

aggregate thus forming different spherical structures, namely dahlia−like, seed−like, and 

bud−like structures [32]. They exhibit a good electrical conductivity, a large surface area, 

and high pore volume [33]. Moreover, SWCNHs can be mass−produced by arc−discharge 

and CO2 laser evaporation techniques [34,35]. Few papers report the use of SWCNHs in 

the battery field [36–38], while they have been widely studied for biosensing, 

drug−delivery applications, gas storage and catalysis [39–42]. The application of 

SWCNHs as hosting material for sulfur in lithium–sulfur cells was here evaluated [43]. 

In this study, a simple solvent evaporation method enabling the easy penetration of 

elemental sulfur within the carbonaceous matrix was employed. This specific 

morphology is able to increase the electrode conductivity and to mitigate the polysulfide 

shuttle effect. The outcome of the synthesis process was evaluated through scanning 

transmission electron microscopy−energy dispersive spectroscopy (STEM−EDX) and 
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X−ray diffraction (XRD) measurements, which confirmed the presence of pristine sulfur 

within the carbonaceous structure. Therefore, the electrochemical characterization, 

including cyclic voltammetry, electrochemical impedance spectroscopy measurement, 

and lithium−ion diffusion coefficient determination was performed on the obtained 

electrodes. Furthermore, the galvanostatic tests of the LSB cells proved a stable and long 

cycle life of 800 cycles, thus revealing the potential application of the sulfur−SWCNHs as 

a cathode in LSBs. 

 

2. Materials and Methods 

2.1  Electrolyte Preparation 

The electrolyte solution was prepared in argon-filled glovebox by dissolving 1 mol kg-1 

of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.5 mol kg-1 of lithium 

nitrate (LiNO3) from Sigma Aldrich in 1,2-dimethoxyethane (DME) and 1,3-dioxolane 

(DOL) from Sigma Aldrich in a 1:1 weight ratio solution. Before mixing, the solvents were 

dried under molecular sieves for several days, while the salts were dried under vacuum 

at 50°C for 24h. The as-prepared solution was stirred overnight before cells assembly.  

2.2  Active Material and Electrode Preparation 

The sulfur−single−wall carbon nanohorns composite (S80SWCNH20) was synthetized by 

a simple solvent−evaporation method in order to infiltrate sulfur within the carbonaceous 

matrix. SWCNHs were provided by Advanced Technology Partner s.r.l.(ATP). Elemental 

sulfur (from Sigma Aldrich) and SWCNHs were mixed in ethanol in a weight ratio of 

80:20. The mixture was sonicated in a sonic bath until complete sulfur dissolution. 

Subsequently the solvent was slowly evaporated at 60°C under light vacuum pressure of 

400 mbar. Figure 1 shows a schematic of the infiltration process. 
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Figure 1 ‒ Schematic illustration of the active−material synthesis process. 

The preparation of the electrodes was carried out by mixing S80SWCNH20 active 

material with Super P carbon from Imerys, polyvinylidene difluoride PVdF from Solvay 

as binder in 80:10:10 weight ratio and N-methylpyrrolidone NMP from Sigma Aldrich. 

The slurries were casted by Doctor-Blade onto a carbon cloth current collector (AvCarb) 

and dried overnight at 40°C. The electrode foils were punched into 14 mm diameter disks, 

dried under vacuum at room temperature overnight and transferred in an argon-filled 

glovebox to assemble the cells. The sulfur content within the active material was 66% and 

sulfur loading of the electrodes was ~2 mg cm-2  

2.3  Material Characterization 

Thermogravimetric analysis (TGA) of the sulfur–SWCNHs composite was performed by 

using a Q500 thermogravimetric analyzer from TA Instruments (TA Instrument Inc., 

New Castle, DE, USA). The sample was heated from 30 to 600 °C at a 5 °C/min heating 

rate under nitrogen flow. X−ray diffraction (XRD) patterns were collected using a 

Malvern PANalytical Empyrean instrument (Malvern PANalytical, Malvern, United 

Kingdom) equipped with a Cu Kα source in the 2θ/θ scanning mode. Transmission 

electron microscopy (TEM), scanning transmission electron microscopy (STEM) and 

energy dispersive spectroscopy (STEM−EDS) images were acquired using a JOEL 
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JEM−1400Plus (JOEL, Peabody, MA, USA) equipped with a LaB6 thermionic source 

operated at 120 kV. 

2.4  Electrochemical Characterization 

The electrochemical performance of S80SWCNH20 composite was tested in CR2032−coin 

cells, formed by lithium chips used as counter and reference electrode, a polymeric 

membrane (2400 Celgard) working as separator, and the composite electrode 

S80SWCNH20 as electrode. The electrolyte−to−sulfur ratio of each cell was 20 µL/mg. The 

assembling process was carried out in an MBraun glovebox with water and oxygen levels 

< 0.1 ppm. The electrochemical characterization was performed by using a BCS−−805 

multichannel battery unit from BioLogic (BioLogic, Seyssinet−Pariset, France). 

Galvanostatic cycling tests of the sulfur–carbon electrode were performed at the current 

rates of C/4 = 420 mA g-1 in a 1.9–2.6 V voltage range and at 1C = 1675 mA g-1 and 2C = 

3350 mA g-1 in a 1.6 V–2.8 V voltage range. Rate capability tests were carried out at 

different current rates, starting from C/10 = 167.5 mA g-1 up to 1C = 1675 mA g-1 through 

C/8 = 210 mA g-1, C/5 = 335 mA g-1, C/2 = 837 mA g-1, 1C = 1675 mA g-1, and, finally, back 

to C/10. 

Cyclic voltammetry tests were performed at the scan rate of 0.1 mV s-1 over a potential 

rage of 1.7 V–2.8 V. In order to evaluate the lithium−ion diffusion coefficient (Dcv) within 

the cathode material, a cyclic voltammetry test was carried out by increasing the scan rate 

(from 0.05 mV s-1 to 0.45 mV s-1) in the above−reported voltage range. Dcv of the 

S80SWCNH20 cathode was calculated through the Randles–Sevcik equation  [44]: 

Ip = 0.4463 zFACLi+√
zFνDCV

RT
                   (1) 

where Ip is the peak current (A), z is the number of electrons exchanged in the 

oxidation/reduction process, F is the Faraday constant (C mol-1), A is the active surface 
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area of the electrode (cm-2), CLi+ is the lithium−ion concentration in the active material 

(mol cm-3), ν is the voltage scan rate (V s-1), R is the universal gas constant (J K-1∙mol-1), 

and T is the employed temperature (K), with Dcv calculated in cm2 s-1.  

Electrochemical impedance spectroscopy (EIS) measurements were carried out by 

applying a 10 mV AC amplitude signal in a frequency range of 1 MHz–0.1 Hz. The 

impedance spectra were fitted by Boukamp software [45] by non−linear least squares fit 

(NLLSQ) and only the results with a chi-square (χ2) lower than 10−4 were accepted. The 

equivalent circuit used to fit the data can be synthesized by the expression Rel (RQ)SEI 

(RctQdl) Qdiff, where Rel is the resistance of the electrolyte solution, (RQ)SEI is attributed to 

the formation of the solid electrolyte interface, Rct refers to the charge-transfer resistance, 

Qdl is connected to the double-layer capacitance ascribed to the lithiation and delithiation 

cathode reactions, and Qdiff is associated with the lithium-ion diffusion into the electrode 

volume. 

 

3. Results and discussion 

3.1  Active Material Characterization 

The S80SWCNH20 composite material was prepared via a simple evaporation method 

and employed as cathode in order to investigate its possible application in lithium–sulfur 

cells. The active material chemical structure, morphology, and electrochemical properties  

were analyzed. The morphology of the pristine single−wall carbon nanohorns is shown 

in the TEM image of Figure 2a. Three different types of nanohorns aggregates were 

individuated, namely bud−like, dahlia−like, and seed−like structures, highlighted by 

colored dashed circles. The SWCNHs diameter ranged from 50 to 150 nm. XRD analyses 

were carried out in order to confirm the crystalline phase of sulfur within the prepared 

active material. Figure 2b reports the XRD spectra of pure SWCNHs and of the composite 
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material together with the reference pattern of graphite and sulfur. The XRD spectrum of 

the SWCNHs shows the presence of the characteristic peaks of graphite (ICCD: 

00−058−1638, light blue bars) where the peaks at 23° and about 43° can be attributed to 

the (002) and (10) reflections [31]. The pattern of the composite active material, in green, 

reveals the peaks attributed to orthorhombic sulfur (ICDD: 98−020−045, orange bars) 

overlapped with the weaker broad peaks of SWCNHs. Figure 2c reports the STEM−EDS 

analysis carried out in order to characterize the morphology of the composite sample 

after the synthesis and further verify the presence of sulfur within the SWCNHs.  

 

Figure 2 ‒ (a) TEM image of single−walled carbon nanohorns: dahlia−like (yellow dashed circle), bud−like (blue dashed 

circle), and seed−like (red dashed circle) structures. (b) XRD spectrum of carbon nanohorns (pink line), reference 

pattern of graphite (ICCD: 00−058−1638, purple bars), sulfur–carbon nanohorns composite spectrum (light blue line), 

and reference pattern of orthorhombic sulfur (ICDD: 98−020−045, green bars). (c) TEM image and STEM−EDS maps of 

S80SWCNH20 active material. 
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The dark−field TEM image of the S80SWCNH20 composite shows the three CNHs 

species, as also confirmed by the elemental mapping of carbon (blue), and highlights the 

absence of isolated aggregates of sulfur. The corresponding elemental mapping of sulfur 

(red) evidences the presence of a high sulfur concentration inside the carbon nanohorns 

structure. These results suggest the obtaining of a morphology capable of encapsulating 

the dissolved LiPSs species thus ameliorating the detrimental shuttle effect [46,47]. A 

TGA measurement was performed to find out the exact sulfur content of the sulfur–

carbon nanohorns composite. The measurement was carried out under argon in a 30–600 

°C temperature range. Figure 3 reports the TGA profile, revealing an overall sulfur 

content of about 83% within the composite active material (66.4% of sulfur within the 

final electrode), while the left-over mass corresponds to the carbonaceous material. Thus, 

the simple evaporation method herein reported allowed for the easy control of the sulfur 

and carbon amount. In the inset, the differential profile evidences a sulfur−evaporation 

temperature of 230 °C. 

 

Figure 3 ‒ TGA of the composite active material S80SWCNH20. 
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3.2  Electrochemical Characterization 

The electrochemical properties of the S80SWCNH20 composite electrode were assessed 

using 2032−coin cells. DOLDME−LITFSI−LiNO3 was employed as electrolytic solution in 

order to probe the performance of the electrode in lithium–sulfur batteries. Figure 4a 

reports the cyclic voltammetry curves (10 cycles) with the typical shape attributed to 

lithium–sulfur reactions within the chosen electrolyte. In fact, the peak at 2.35 V in 

cathodic curve was related to the conversion of S8 rings to long−chain lithium polysulfide 

species Li2Sx (6 < x ≤ 8); the second sharp peak at about 1.90 V suggests the reduction of 

the long−chain LiPSs to short−chain ones, i.e., Li2Sx (2 < x ≤ 6) and Li2S [48,49]. Similarly, 

the anodic peak at ~2.35 V could be attributed to the oxidation of short chain LiPSs to 

higher−order species, while the second peak at 2.45 V was ascribed to the formation of 

long−chain polysulfide and, finally, of elemental S8 [50]. The decrease in the peak 

intensities along the test indicates a possible polysulfide dissolution within the electrolyte 

causing leading to active material loss [51]. After this initial intensity drop, the CV curves 

result to be overlapped, suggesting a stabilization in the cell upon cycling. The internal 

resistance changes upon cycling were investigated through EIS measurements performed 

before and after the CV test. The associated Nyquist plot is reported in Figure 4b. At the 

fresh state, the EIS spectrum shows a broad and depressed semicircle with an overall 

resistance of 60 Ω which evolves into two semicircles after the CV test, revealing a total 

resistance of 15 Ω (see inset of Figure 4b). This value is the combination of the electrolyte 

resistance (Rel = 3 Ω), the SEI resistance ((RQ)SEI = 5.5 Ω), and the charge−transfer 

resistance (Rct = 7.5 Ω). The first and the second semicircles can be attributed to the growth 

of the solid electrolyte interphase (SEI) on the electrode surface and to the charge−transfer 

processes occurring at the interface between electrode and electrolyte, respectively[3]. 

Indeed, the decrease of the cell resistance suggests the formation of a low resistive SEI 

facilitating the lithium−ion transfer [52]. 
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Figure 4 ‒ (a) Cyclic voltammetry (CV) test of S80CNH20 electrode, performed in 2032−coin cells using 

DOLDME−LITFSI−LiNO3 as electrolyte in 1.7 V–2.8 V voltage range with a scan rate of 0.1 mV s-1. (b) EIS conducted as 

assembled and after the cyclic voltammetry. (c) CV tests carried out at increasing scan rate (from 0.05 to 0.45 mV s-1) in 

order to calculate the lithium diffusion coefficient Dcv within the electrode material through the Randles–Sevcik 

equation (see Equation (1) and Figure B2 in Annex II). (d) Lithium-ion diffusion coefficients obtained by using the 

Randles–Sevcik equation, the peak intensity (Ip) and the scan rate (ν). 

The CV tests performed by increasing the scan rate from 0.05 to 0.45 mV s-1 for the 

calculation of Dcv within the electrode material are reported in Figure 4c (see Figure A1 

of Annex II for EIS after each incremental step).By increasing the scan rate, the peak 

intensity increased accordingly due to the decreased size of the diffusion layer [53]. 

Moreover, a higher scan rate determines a reduction of the cathodic peak potential and 
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an increase of the anodic peak potential due to mass transfer limitation [54]. The Dcv was 

obtained through the Randles–Sevcik equation described in Equation (1). This equation 

linearly correlates the peak current intensity (Ip) to the square root of the scan rate (ν1/2) 

(see Figure A2 of Annex II), where the slope value is dependent on the lithium diffusion 

coefficient [55]. Dcv was calculated for different states of charge (2.35 and 2.45 V) and 

discharge (1.90 and 2.35 V) considering two electrons for each oxidation/reduction 

process. The results are reported in Figure 4d and, in particular, the Dcv were 2 ∙ 10−10 and 

1.6 ∙ 10−10 cm2 s-1 for the oxidation reaction occurring at 2.35 V and 2.45 V, respectively. 

Along the reduction process, the lithium−ion diffusion appeared to be slower for the 

reduction of S8 to long−chain LiPSs at 2.35 V with respect to the reduction to short−chain 

LiPSs occurring at 1.90 V, showing Dcv values of about 5 ∙10−11 and 2.2 ∙ 10−10 cm2 s-1, 

respectively, in agreement with the CV test. 

Figure 5 shows the rate capability and galvanostatic cycling tests performed on the 

S80SWCNH20 electrode. In detail, Figure 5a,b display the rate capability tests performed 

by increasing the current rate from C/10 = 167.5 mA g-1 up to 1C = 1675 mA g-1 through 

C/8 = 210 mA g-1, C/5 = 335 mA g-1, C/2 = 837 mA g-1, 1C = 1675 mA g-1, and finally back to 

C/10 in a 1.6 V–2.8 V voltage range. The tests were carried out to disclose the cell behavior 

at increasing current rates. As seen in Figure 5a, the cell specific capacity decreased 

rapidly at C/10 during the first five cycles from ~1000 to 735 mAh g-1, followed by a 

capacity stabilization. By increasing the current rate, the cell polarization between charge 

and discharge curves increased from 0.2 V at C/10 to 0.4 V at 1C (Figure 5b) thus lowering 

the delivered discharge capacity. In fact, the cell capacity was reduced to 570 mAh g-1 at 

1C. When the current was set back to C/10, the cell recovered and maintained the 

discharge capacity reached after the initial drop (~755 mAh g-1). The initial fast capacity 

fading, clear in Figure 5a, can be ascribed to the presence of elemental sulfur on the 

surface of the carbon nanohorns, leading to LiPSs dissolution within the electrolyte and 
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hence to active material losses [56]. On the other hand, the consequent stabilization in the 

specific capacity values could suggest the LiPSs retention inside the SWCNHs, which act 

as a physical barrier limiting the shuttle effect [57]. The Coulombic efficiency of the 

S80SWCNH20 cell was maintained at a stable value of 99.6% during the entire test. The 

voltage profiles (Figure 5b) showed the characteristic curves assigned to the 

electrochemical reactions between sulfur and lithium. Indeed, two plateaus at 2.4 V and 

2.1 V were present during the discharge process, indicating the reduction of elemental 

sulfur to its discharge product.  

 

Figure 5 ‒ (a) Rate capability test and (b) relative voltage profiles of S80CNH20 performed at different current−rate: 

C/10 to 1C (=1675 mA g-1) through C/8, C/5, C/2, and 1C and finally back to C/10. Sulfur loading of ~2 mg cm-2. (c) 

Galvanostatic cycling profile of the electrode performed in 2032−coin cells with DOLDME−LITFSI−LiNO3 electrolyte 

carried out at C/4= 419 mA g-1 within 1.9 V and 2.6 V. Sulfur loading of ~2 mg cm-2 (see Figure B4 in Annex II for voltage 

profiles). 

During the cell charge, a long plateau was visible at 2.2 V, which increased to 2.35 V 

during the test, followed by a second short plateau at 2.4 V. The plots highlighted the cell 
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polarization upon increasing the current rate. A prolonged galvanostatic cycling test was 

carried out at C/4 and it is reported in Figure 5c. A similar behavior to the rate capability 

test, where an initial capacity drop is followed by a stabilization in the capacity values, 

was observed. In fact, the initial specific capacity of 600 mAh g-1 decreased to 520 mAh g-

1 after 10 cycles and remained stable for 400 cycles. Afterword, the cell capacity slowly 

reduced reaching a value of about 300 mAh g-1 at the cycle 775, imputable to the formation 

of a ‘dead sulfur’ layer and an increase in the cell polarization, as it can be seen from the 

voltage profiles in Figure A3 [58]. The Coulombic efficiency of the S80SWCNH20 cell 

revealed a gradual decrease during the prolonged cycling test. This effect could be related 

to a mild polysulfide dissolution and shuttle, which consumes the active material during 

the charge/discharge reactions [59]. These results suggest the morphology as a crucial 

parameter in order to stabilize the cell performance. Galvanostatic charge and discharge 

measurements were carried out on the S80SWCNH20 electrodes at the high current rate 

of 1C (1.675 A g-1) and the results are reported in Figure A4 of Annex II. The test shows a 

high specific capacity if considering the high current rate, which could be ascribed to the 

high electronic conductivity of the carbon nanohorns combined with an optimized active 

material morphology. 

Generally, the S80SWCNH20 cells exhibited a long cycle life without the addition of 

catalysts, functional materials, or the use of a complicated synthesis. The simple, easy, 

and sustainable synthesis process herein employed to prepare the cell active material 

proved to be an effective way to produce a long−cycle−life sulfur−based electrode. 

Finally, Table 1 reports a comparison of the cycling performance of recently pro-posed 

sulfur composites. The data suggest the active material introduced in this work to be a 

promising and sustainable solution to achieve long−cycle−life LSBs with remarkable 

specific capacity values. 
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Table 1 ‒ Comparison of the main electrochemical criteria of some recently published papers regarding sulfur 

composite cathode in lithium–sulfur battery. 

Cathode 

Initial Discharge 

Capacity (mAh/g1) at 

Low C−Rate 

Cycle Life 

(Cycles) 
C−Rate 

Specific Discharge 

Capacity after 

Cycling (mAh/g) 

 

Reference 

S80SWCNH20 1135 775 C/4 300 This work 

Ti3C2Tx@S ~1250 200 C/2 429 [59] 

MPC–6S 931 400 C/2 ~200 [60] 

Biomass-derived 

carbon/sulfur 
1067 500 C/10 254 [30] 

3DGNs/S 790 280 1C ~400 [61] 

S/MPC ~1600 70 0.2 A g−1 ~500 [62] 

Sulfur/MBGO20 ~900 100 C/5 ~400 [63] 

Ta2O5@C/S ~1250 300 C/2 ~400 [64] 

S/ZIF−67 968 1000 1C 237 [65] 

S−Nb4N5 ~1200 400 1C ~300 [66] 

MIL−88A@S 600 1000 C/2 ~300 [67] 

S/RGO@NPC ~1200 400 C/2 600 [68] 

CoP−CNT@C/S 1457 750 C/2 474 [69] 

S@d−MXene 769 500 1C 506 [70] 

MMC@S 1124 60 C/5 616 [71] 

NT/MnO2−S 704 300 C/2 429 [72] 

 

 

4. Conclusions 

An easy synthesis process was successfully employed to prepare a sulfur–carbon 

nanohorns active material for next−generation lithium–sulfur batteries. The 

straightforward and sustainable evaporation method permits the direct diffusion of 

elemental sulfur within single−walled carbon nanohorns. Additionally, the same 
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synthesis process allows for the easy control of the sulfur and carbon amount within the 

active material. In this respect, the sulfur−based electrodes were electrochemically tested 

in lithium−metal half−cells showing a long and stable cycle life. This interesting 

performance can be attributed to the active material morphology, which enables the 

important polysulfide retention by physically confining the soluble moieties on the 

cathode side through the infiltrated SWCNHs, the latter also enhancing the electrode 

conductivity. The simple synthesis of the sulfur carbon nanohorns composite makes this 

material a feasible alternative for the cathode in lithium–sulfur batteries. 
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Annex II 

 

Figure A1 shows the electrochemical impedance spectroscopy measurements obtained 

after each incremental scan step during the cyclic voltammetry (CV) test reported in the 

Main text as Figure 2(c). The appearance of two depressed semicircles after the first CV 

cycle suggests the formation of an SEI on the electrodes surface thus improving the 

lithium ion charge transfer. 

 

Figure A1. Electrochemical impedance spectroscopy (EIS) spectra of the S80SWCNH20 electrode acquired at each scan 

rate, from 0.05 to 0.45 mV/s along the cyclic voltammetry tests of Figure 2(c). 

Figure A2 was obtained from the cyclic voltammetry profiles of Figure 2(c) and represent 

the linear fit of charge and discharge peak current (Ip) vs. the square root of the scan rate 

(ν1/2). The Figure reports the fits of charge (2.3 and 2.4 V vs. Li+/Li) and discharge peaks 

(1.3 and 1.9 V vs. Li+/Li) considering 2 electrons for each peak. The slope of the linear fits 

was used to calculate the lithium diffusion coefficient (see Figure 2(d) of the Main text) 

according to the Randles-Sevcik equation (see Main text Eq. 1). 
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Figure A2. Linear fit of the peak current (Ip) plotted vs. square root of the scan rate (ν1/2) of the cyclic voltammetry of 

Figure 4(c) of the S80SWCNH20 electrode for different states of charge.  

The voltage profiles relative to the galvanostatic test at C/4 of the S80SWCNH20 electrode 

are reported in Figure A3. The cell demonstrated a stable capacity over 400 cycles, which 

then decreases reaching a value of about 300 mA h g-1 at the 775th cycle.  During the test, 

the cell polarization increases, thus causing a drop in the specific capacity value. 
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Figure A3. Voltage profiles of S80SWCNH20 performed at C/4 (= 419 mA g-1) in a 1.7−2.8 V voltage range relative to 

Figure 3(c) of the Main text. 

The S80SWCNH20 electrode was tested at 1C to evaluate its performance at high current 

rate and the results are reported in Figure A4. The test presents a similar profile involving 

a slow capacity drop along the charge and discharge cycles. At 1C, the cell presents an 

initial capacity of 770 mA h g-1 which then reaches to about 500 mA h g-1 after 160 cycles.  

 

Figure A4. Galvanostatic cycling test of the S80SWNH20 electrode carried out at 1C (= 1675 mA g-1) within a 1.6−2.8 V 

voltage range. Sulfur loading = 1.6 mg cm-2. 
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Chapter III - Double walled carbon nanotubes-sulfur composite as 

cathode material for LSBs 

 

 

Abstract  

Next-generation energy storage devices may benefit from lithium-sulfur batteries, one of 

the most attractive lithium ion battery technologies. Market penetration is hampered by 

sulfur's insulating properties and the lithium-polysulfide shuttle effect, which causes 

premature cell failures. These challenges were here addressed by impregnating raw and 

oxidized double-walled carbon nanotubes with elemental sulfur by an easy and 

sustainable evaporation method. Moreover, metal oxides particle can be implemented to 

trap more efficiently the polysulfide species, leading to a prolonged battery life. 

Therefore, in this work, the deposition of TiO2 nanoparticle on the nanotubes surface is 

explored. High-loading electrodes ranging from 4.5 to 6 mg cm-2 were here prepared and 

the cells results comprising the two carbon nanotubes samples demonstrated a long cycle 

life. Specifically, the high-loading TiO2-containing electrode demonstrated a long cycle 

reaching 1000 cycles. A stable discharge capacity of 400 mAh g-1 was indeed maintained 

for 500 cycles.  
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1. Introduction 

Lithium-sulfur batteries’ (LSBs) chemistry is considered a promising choice for the next 

generation of energy storage devices due to their high theoretical specific capacity and 

energy density.[1,2] Nevertheless, to make LSBs an accessible technology, remarkable 

limitations must be overcome. [3,4] As mentioned in Chapter I, the lithium polysulfide 

shuttle effect [5,6] together with the volumetric variation of the charge and discharge 

products are the main cause of active material losses and premature capacity fading.[7,8] 

Additionally, elemental sulfur suffers of poor electrical conductivity as well, and the 

incorporation of a conductive additive is required to enhance the electrode 

conductivity.[9] As a consequence, the preparation of high loading electrodes (> 4 mg cm-

2), fundamental to increase the LSBs energy density, is another hard challenge. The 

thickening of the electrodes, indeed, provokes the formation of cracks or even 

delamination during the production process and drastically increase the cell resistance. 

[10,11] To solve these issues, many approaches have been proposed considering new active 

material design and morphologies [12,13], innovative electrolytes [14,15] and the 

insertion of catalysts [16–18], Among them, the encapsulation of sulfur [19,20] into 

carbonaceous materials such as carbon nanotubes, [21,22] graphene [32,33] and porous 

hollow carbon spheres [25–27] have been widely studied. The carbon-based part acts as 

a sulfur matrix thus ensuring a good electrical conductivity within the electrode and to 

physical retain the LiPSs reducing the shuttle effect. [28–30] Moreover, the insertion of 

transition metal oxide particles have demonstrated to be a valid approach to further in 

order to adsorb the soluble LiPSs species thus lowering the shuttle effect. Indeed, the 

metal oxide particle may also favour the conversion of the polysulfide species, further 

improving the rate performance.[31–33]  

Presented herein is a study describing a simple, sustainable method for producing a high-

loading sulfur-double walled carbon nanotubes composite cathode for LSBs. The active 
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materials are produced by a liquid phase evaporation method, which involves dispersing 

DWCNT and elemental sulfur in an eco-friendly solvent, like ethanol, followed by 

solvent evaporation. The final goal is the sulfur impregnation of the carbonaceous 

material to confine the LiPSs to the cathode side thus reducing the shuttle effect and 

prolonging the cell cycle life. Two DWCNT samples, raw and oxidized-DWCNT, were 

tested and compared as sulfur hosting material to understand if the oxidized nanotubes 

could better retain the polysulfide species owing to the higher electronegativity of the 

oxygen atoms. Moreover, the best sample was used as substrate for titania (TiO2) 

nanoparticles deposition to reveal their ability as polysulfides trapping agents. The 

employed active materials were analysed in terms of structure by x-rays diffraction 

measurements (XRD), morphology and composition using scanning/transmission 

electron microscopy and energy dispersive spectroscopy (SEM, TEM, EDX) and thermal 

properties via thermogravimetric analysis (TGA). Moreover, the active materials 

containing the two DWCNTs types were electrochemically characterized in lithium metal 

half-cells by galvanostatic cycling tests, cyclic voltammetry, and electrochemical 

impedance spectroscopy.  

 

2. Materials and Methods 

2.1  Electrolyte Preparation 

To prepare the electrolyte solution, 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) 

from Sigma Aldrich were mixed in a 1:1 weight ratio solution with 1 mol kg-1 of 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and 0.5 mol kg-1 of lithium nitrate 

(LiNO3) from Sigma Aldrich. A molecular sieve was used to dry the solvents for several 

days, whereas a vacuum oven at 50°C was used to dry the salts for 24 hours before 

mixing. Before assembling the cells, the as-prepared solution was stirred overnight. 
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2.2  Active Material and Electrode Preparation 

The DWCNT and oxidized-DWCNT were synthetized and provided by Dr. Emmanuel 

Flahaut from Paul Sabatier University, France. The detailed synthesis of the DWCNT is 

described elsewhere.[34] Oxidized-DWCNT were prepared by refluxing DWCNTs in 

HNO3 (3M) at 130°C for 24h. After this treatment, the oxidized nanotubes were washed 

by filtration and washing on a polypropylene filtration membrane (0.45 µm) until 

neutrality of the filtrate. 

The sulfur-DWCNT composites were prepared through a solvent evaporation method. 

Elemental sulfur from Sigma Aldrich and the as-received DWCNT (raw-DWCNT and ox-

DWCNT, for the raw and the oxidized sample, respectively) were mixed in a ratio 80:20 

in ethanol and sonicated until complete dispersion. Subsequently the solvent was slowly 

evaporated at 60°C under a 400-mbar vacuum pressure. The samples are names S/raw-

DWCNT and S/ox-DWCNT, from here on. 

The anatase TiO2 nanoparticles were synthetized by mixing in a flask 1mmol of 

oleylalcohol (OLAL), 1mmol of oleylamine (OA) and 12mmol of oleic acid (OAc) in 2.8ml 

of octadecene (ODE) and the solution was degassed for 1h at 110°C. In a nitrogen filled 

glovebox, 1 mmol of titanium tetrafluoride TiF4 and 1mmol of oleic acid were stirred in 

2ml of ODE for 2h at 80°C. After this process, the second solution was injected in the first 

solution and kept for 1h at a temperature of 290°C. Two parallel syntheses were carried 

out, one of them containing in addition double walled carbon nanotubes in order to make 

the nanoparticles grow on the surface of the carbonaceous material. The sample 

containing the DWCNT decorated with TiO2 nanoparticles is named S/TiO2@ox-DWCNT. 

The preparation of the electrodes was performed by mixing the two active materials with 

Super P from Imerys as conductive agents, polyvinylidene difluoride PVdF from Solvay 

as binder in 80:10:10 weight ratio using N-methylpyrrolidone NMP (Sigma Aldrich) as 
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solvent. The slurries were casted onto a carbon cloth current collector (AvCarb) by 

Doctor-Blade technique and dried overnight. The obtained electrode foils were punched 

into 1.4 cm diameter disks, dried under vacuum at room temperature and transferred in 

an argon-filled glovebox for cell assembly. The sulfur loading of the electrodes was in a 

range of 4.5-6 mg cm-2. 

2.3  Material Characterization 

The sulfur-carbon active materials composition was confirmed by thermogravimetric 

analysis (TGA) using a Q500 thermogravimetric analyser from TAinstrument, from room 

temperature to 700°C at 5°C min-1 under nitrogen flow. X-ray diffraction (XRD) 

measurements were performed by a Malvern PANalytical Empyrean instrument 

provided with a Cu Kα source in the 2θ/θ scanning mode in order to evaluate the samples 

structure. The morphology and composition of the sulfur-carbon composites was 

investigated through scanning electron microscope (SEM) analysis and energy dispersive 

spectroscopy (EDS) using a JEOL JSM-6490LA SEM - Analytical operating at an 

acceleration voltage of 15kV with a W filament thermionic source.  

2.4  Electrochemical Characterization 

The electrochemical performances of the synthetized active materials were tested using 

CR2032 coin cells. The cells were assembled in an argon filled glovebox with lithium 

metal as counter and reference electrode and Celgard separator soaked with DOLDME-

LiTFSI-LiNO3 electrolyte with an E/S ca. 13 µl mg-2.  

A BioLogic battery tester was employed for the galvanostatic cycling tests of the sulfur-

carbon electrodes. The test was performed in a voltage range of 1.8 V and 2.8 V at a 

current rate of C/4=420 mA g-1 and 1C=1675 mA g-1. Cyclic voltammetry tests were 

performed over a potential range of 1.7 V–2.8 V at the scan rate of 0.1 mV s-1.  
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The electrochemical impedance spectroscopy (EIS) tests were carried out during the 

cyclic voltammetry tests in order to evaluate the reliability of lithium-ion diffusion 

coefficient measurements in a frequency range of 1 MHz – 0.1 Hz by applying a 10 mV 

AC amplitude signal. 

 

3. Results and Discussion  

3.1 Active Material Characterization 

Two sulfur composites containing raw and oxidized double walled carbon nanotubes 

(S/raw-DWCNT and S/ox-DWCNT) supplied by Dr. Emmanuel Flahaut (Paul Sabatier 

University, France) were prepared via a simple evaporation method and employed as 

cathode active material in order to investigate its possible application in lithium-sulfur 

cells. The morphology of the pristine DWCNT are shown in the transmission electron 

microscopy (TEM) images in Figure 1(a). The TEM analyses of the oxidized-DWCNT are 

reported in Annex III, Figure A1 and detailed information are reported elsewhere.[35] 

Individual DWCNTs have a diameter ranging from 0.6 to 3 nm [43]. These nanotubes 

agglomerate to form bundles with a diameter in the 20 to 100 nm range, as can be seen 

from the TEM image at higher magnification in inset. In addition to the nanotubes, 

graphene-like carbon is randomly dispersed within the sample, as a by-product of the 

synthesis process [36]. Scanning electron microscopy (SEM) and energy dispersive 

spectroscopy (EDX) analyses were carried out to characterize the morphology of the 

composite samples after the synthesis process and to confirm their composition. The 

results for S/raw-DWCNT are reported in Figure 1(b), while the images related to the 

S/ox-DWCNT are shown in Annex III, Figure A1. The SEM image of the S/raw-DWCNT 

composite reveals the presence of sulfur-nanotubes agglomerate of micrometric 

dimensions in which sulfur appears homogeneously dispersed within the whole sample, 

as confirmed by the EDX map, in inset. Moreover, the carbonaceous material covers 
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uniformly the sulfur particles, suggesting a good connection between the components. In 

addition to improving the electric conduction properties of the electrode,[37,38] this 

morphology may also help to hinder the LiPSs shuttle effect by limiting their mobility 

toward the anode side.[39,40] The sulfur-carbon nanotubes composites were further 

investigated by TGA to find out the exact sulfur content. The measurement was carried 

out under argon in a 30-700 °C temperature range. Figure 1(c) shows the TGA profile of 

the S/raw-DWCNT, revealing an overall sulfur content of about 81.55% within the 

composite active material, while the S/ox-DWCNT sample contains 78.34wt% of sulfur 

(Figure 1(d)).  

 

Figure 1 – (a) TEM image of the raw-DWCNTs and the magnification in inset, (b) SEM image of the composite S/raw-

DWCNT and in the insert the relative EDS sulfur (green) and carbon (pink) elemental mapping, (c) and (d) thermo-

gravimetric analysis (TGA) of the sulfur-carbon composites samples prepared via liquid phase evaporation method 

with the raw-DWCNT and ox-DWCNT materials, respectively. 
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These values, which are close to the target, will be taken into account for the cell capacity 

calculation. For both the samples, the remaining mass corresponds to the carbonaceous 

compound. The relative differential profile evidences a sulfur evaporation temperature 

of 218 °C in the case of S/raw-DWCNT and of 205°C for the S/ox-DWCNT composite. 

This effect could be due to the presence of carboxylic groups on the nanotubes surface of 

the S/ox-DWCNT  sample, which decompose in the experimental temperature range. 

XRD analyses were carried out in order to verify the presence and the crystalline phase 

of sulfur within the synthesized active material. Figure 2 reports the XRD spectra of both 

the composite materials and the carbon nanotubes samples together with the reference 

pattern of sulfur.  

 

Figure 2 – X-ray diffraction pattern of the DWCNT, ox-DWCNT, the S/DWCNT composites and reference pattern of 

orthorhombic sulfur (ICDD: 98-006-3082, green bars).  

The XRD pattern ascribed to the carbonaceous samples, namely DWCNT and ox-

DWCNT, are in agreement with the characterization reported elsewhere.[41,42] Briefly, 
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the largest peaks in between 2θ = 20° and 2θ = 30° correspond to the intertube distance, 

while the other two peaks, more evident in the DWCNT diffraction pattern, can be related 

to the Co catalyst used in the nanotubes synthesis. The pattern of the composite active 

materials, in light blue and green, unveil the presence of the peaks attributed to 

orthorhombic sulfur crystalline phase (ICDD: 98-006-3082, green bars). 

3.2  Electrochemical Characterization 

Galvanostatic cycling tests were performed on the high-loading S/raw-DWCNT and S/ox-

DWCNT electrodes and are reported in Figure 3. The initial capacity of the S/raw-

DWCNT and S/ox-DWCNT cells adds up to 996 mAh g-1 and 900 mAh g-1, respectively. 

These low initial capacities indicate the sulfur dissolution within the organic electrolyte 

during the rest period. From Figure 3(a) it is obvious how the specific capacity of S/raw-

DWCNT quickly decrease after the first 50 cycles, reaching a value of 478 mAh g-1 at the 

100th cycle and remaining stable for the following 200 charge/discharge processes.  

 

Figure 3 – (a) Galvanostatic cycling test carried out on the S/raw-DWCNT and S/ox-DWCNT electrodes as C/4 (418 mA 

g-1) and (b),(c) relative voltage profiles (electrode loading = 4.5 mg cm-2). 
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On the other hand, the S/ox-DWCNT electrode shows a slower capacity fading which 

could be ascribed to the presence of oxygen in the carbonaceous compound. Indeed, the 

polysulfide species are chemically adsorbed on the surface of the higher electronegative 

atoms and the shuttle effect is decreased.[43] The cell exhibits a specific capacity of about 

500 mAh g-1 after 200 cycles. The voltage profiles of Figure 3(b) and (c) show the 

characteristic curves attributed to the electrochemical reactions between lithium and 

sulfur. Indeed, for both the samples, two plateaus at 2.4 V and at 2.1 V during the 

discharge process are present, indicating the reduction of elemental sulfur to Li2S 

discharge product. Upon charging, a long plateau is visible at 2.2 V, which increases up 

to 2.35 V along the test followed by a second short plateau at 2.4 V. [44] From the plot, 

the increase of the cell polarization upon cycling is visible. This effect is probably due to 

an increase in the cell internal resistance along the test, which could be attributed to the 

formation of a ‘dead sulfur’ layer or the deposition of discharge product on the negative 

electrode.[45] The ox-DWCNT was then selected as substrate for the titania deposition 

with the aim of further improving the cell performance. Indeed, metal oxides such as TiO2 

are used due to their favourable LiPSs binding properties, leading to a further reduction 

of LiPSs shuttle effect.[25,46,47] Therefore, TiO2 nanoparticles were deposited on the ox-

DWCNT, which gave the best electrochemical performance when combined with sulfur. 

Figure 4(a) reports the TEM image on the TiO2@ox-DWCNT. The image shows the 

presence of cubic TiO2 nanoparticles anchored on the ox-DWCNT surface. The average 

TiO2 particles size is about 15 nm, as confirmed by the Scherrer equation reported in 

Annex III. Figure 4(b) reports the XRD spectra of the bare TiO2@ox-DWCNT and of the 

sulfur-composite material compared with the reference pattern of sulfur and graphite. 

The pattern of the TiO2@ox-DWCNT sample shows the peaks attributed to the anatase 

phase of TiO2 nanoparticles, while the signal ascribed to the carbonaceous part is weak. 

The pattern of S/TiO2@ox-DWCNT reveals the peaks identified as the orthorhombic 

sulfur phase (ICDD: 98-006-3082, green bars) overlapped with the weaker peaks of 
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TiO2@ox-DWCNT (ICCD: 98-015-4602, light blue bars for TiO2) confirming their 

structures. 

 

Figure 4 – (a) TEM image of the TiO2@ox-DWCNT, (b) XRD spectrum of the TiO2@ox-DWCNT (light blue line), and of 

TiO2 (ICCD:98-015-4602, light blue bars), and the S/TiO2@ox-DWCNT composite XRD spectrum (blue line), and 

reference pattern of orthorhombic sulfur (ICDD: 98−020−045, green bars) and (c) galvanostatic cycling performance at 

C/4 (418 mA g-1) of the S/TiO2@ox-DWCNT electrode vs. Li. The loading of the electrode is ~6 mg cm-2. 

The galvanostatic cycling performance of the cell containing the S/TiO2@ox-DWCNT 

electrode are reported in Figure 4(c). The electrode obtained present a high sulfur loading 

of 6 mg cm-2. Figure 4(c) reveals an initial capacity of 800 mAh g‐1 which decreases at 

about 400 mAh g‐1 after 200 cycles and remains stable over 500 cycles. Afterward, a 

continuous capacity drop lead to a discharge capacity value of 110 mAh g‐1 after 1000 

cycles. The long cycle life of the high loading of the electrode can be attributed to the 
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presence of the TiO2 nanoparticles on the DWCNT surface, which limits the LiPSs shuttle 

effect. The voltage profile of the high-loading electrode is reported in Annex III, Figure 

A2. The cyclic voltammetry and EIS measurements carried out before and after the CV 

test of the S/TiO2@ox-DWCNT electrode are reported in figure 5. Figure 5(a) displays the 

cyclic voltammetry tests performed on the sulfur carbon composite electrode at the scan 

rate of 0.1 mV s-1 in the 1.7 V - 2.8 V voltage range.  

 

Figure 5 – (a) Cyclic voltammetry test performed in 2032-coin cell using DOLDME-LITFSI-LiNO3 as electrolyte in 1.7 

V – 2.8 V voltage range with a scan rate of 0.1 mV s-1 and (b) EIS measurement carried out in a frequency range of 1 

MHz – 0.1 Hz by applying a 10 mV AC amplitude signal before and after the CV test of the S/TiO2@ox-DWCNT. 

The CV profile depicts the typical profile attributed to the lithium-sulfur multistep 

reactions. In fact, at about 2.3 V an initial reduction peak attributed to the reduction of 

elemental sulfur S8 to long-chain LiPSs (Li2S8, Li2S6)[48] vs. Li+/Li is evidenced, followed 

by the formation of short-chain PS species (Li2S4, Li2S2, Li2S) at about 1.95 V. [49] The 

anodic reaction peaks are observed at about 2.4 and 2.5 V vs. Li+/Li, indicating the 
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oxidation of the short-chain polysulfides to high-order species and the further conversion 

to elemental sulfur.[50] The EIS measurement carried out before and after the CV test are 

reported as Nyquist plot in Figure 5(b). At the fresh state, the S/TiO2@ox-DWCNT cell 

reveals an overall internal resistance of ~70 Ω, where a main semicircle can be ascribed to 

the high initial charge transfer resistance. After 6 CV cycles, in the EIS spectrum appeared 

as a depressed semicircle in the medium frequency range. This decrease could indicate 

the formation of a low-resistive SEI layer on the metallic lithium anode.  

 

4. Conclusions 

High-loading sulfur-double walled carbon nanotubes (DWCNT) composites prepared 

via a simple liquid phase evaporation method are here reported as cathode materials for 

LSBs. Two samples containing raw and oxidized DWCNT were electrochemically 

compared as sulfur host material in lithium-sulfur cell configuration. The battery 

including the oxidized carbon material showed a slight improvement in the capacity 

retention during galvanostatic charge and discharge test, highlighting the ability of 

oxygen atoms to adsorb the lithium polysulfide species on their surface. A further 

improvement was achieved through the deposition of titania nanoparticles on the 

oxidized DWCNT. The anatase phase of the titania was confirmed through XRD 

measurement while the nanoparticle average diameter was found to be ca. 15 nm. The 

cell containing the TiO2@DWCNT-sulfur sample with a 6 mg(S) cm-2 loading showed a 

long cycle life of 1000 cycles at C/4. After an initial capacity drop, the cell demonstrated 

a stable behaviour with a capacity attained at around 400 mAh g-1 for 500 cycles. Further 

optimization must be implemented to make this material a suitable alternative as cathode 

for LSBs. 
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Annex III 

 

 

Figure A1 - SEM and EDX analyses of the S/ox-DWCNT sample. 

Figure A1(a) shows the TEM images at different magnifications of the ox-DWCNT 

sample while the SEM and EDX images of the S/ox-DWCNT sample are reported in 

Figure A1(b). The carbon and sulfur maps highlight the presence of sulfur aggregates 

(light blue shades) covered by the carbonaceous material (yellow shades). 

 

TiO2 particle diameter calculation by Scherrer Equation 

In order to confirm the results obtained by means of TEM measurement (See Figure 4(a) 

of the Manuscript), the TiO2 particles size was calculated based on the X-ray diffraction 

pattern by employing the Scherrer equation: 

𝐿 =
Kλ

βCosθ
      (S1) 

where L is crystallite size, K is the shape factor (0.94), β is the peaks full width at half 

maximum (FWHM) in radians, θ is the Bragg angle. The TiO2 particles dimension shows 

a mean value of 14.6 nm which lies within the range determined by the TEM analyses.  
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Figure A2 – Voltage profiles of the S/TiO2@ox-DWCNT carried out at C/4= 419 mA g-1 within a voltage range of 1.8 V 

– 2.6 V. See main text figure 4(c). 

Figure A2 shows the voltage profile of the S/TiO2@ox-DWCNT where an increase in the 

polarization of the cell is visible all along the galvanostatic cycling test.  
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Chapter IV - Lithium-metal free sulfur battery based on waste 

biomass anode and nano-sized Li2S cathode 

 

 

Abstract 

Lithium sulfur battery are considered an alternative to the common employed lithium-

ion battery nowadays. Starting from the sulfur lithiated counterpart, i.e. lithium sulfide 

Li2S, helps to reduce the self-discharge due to the solubility of sulfur within the electrolyte 

organic solvents. Moreover, the detrimental effect caused by the volume expansion upon 

charge and discharge are limited. Finally, the Li2S electrode can be couple with various 

anodes, such as graphite, biomass-deriver carbon, silicon and tin.  In this study, a stable 

lithium-metal free (LiMF) sulfur battery based on amorphous carbon anode and Li2S 

cathode is proposed. In detail, a full-cell combining a carbonized brewer’s spent grain 

(CBSG) biochar anode with a Li2S-graphene composite cathode (Li2S70Gr30) is reported. 

The cathodic and anodic active materials are characterized in terms of morphology, 

structure and composition through scanning and transmission electron microscopy and 

X-ray diffraction. Furthermore, an electrochemical characterization comprising 

galvanostatic cycling, rate capability and cyclic voltammetry tests were carried out both 
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in half-cell and full-cell configurations. The systematic investigation evidences that unlike 

graphite, the biochar electrode displays good compatibility with the electrolyte typically 

employed in sulfur batteries. The CBSG/Li2S70Gr30 full-cell at 0.05C demonstrates an 

initial charge and discharge capacities of 726 and 537 mAh g-1, respectively. Furthermore, 

the cell exhibits a reversible capacity of 330 mAh g-1 (0.1C) after 300 cycles. The obtained 

results demonstrates the CBSG/Li2S70Gr30 battery system a promising energy storage 

solution for electric vehicles, especially when considering its environmentally 

friendliness and its ease of scalability.  

 

1. Introduction 

Lithium-sulfur batteries (LSBs), a subgroup of LIBs, are considered as one of the most 

promising alternatives to current lithium-ion based technologies due to their intrinsic 

advantages (see Chapter I).[1] Nevertheless, the use of metallic lithium carries with it 

safety concerns [2,3]. Moreover, the formation and growth of lithium dendrites during 

the charge process on the lithium surface leads to a short circuit causing premature cell 

failure [4]. On the cathode side, the large volume expansion and low ionic and electronic 

conductivity of sulfur together with the formation of lithium sulfide (Li2S) as discharge 

product, cause polarization increase during the charge/discharge processes [5,6].  In order 

to overcome the aforementioned shortcomings, the lithiated counterpart of sulfur, i.e. 

Li2S, could be used as alternative cathode material [7]. Indeed, Li2S-based cathodes can 

be paired with various anode materials beyond lithium metal thus leading to a safe 

lithium-metal free (LiMF) battery [8–10]. Specifically, Li2S can deliver a theoretical 

specific capacity of 1166 mAh g-1 [11] which, even though lower than the 1675 mAh g-1 of 

LSBs, remains a very attractive value when compared to current technology. 

Furthermore, Li2S possesses higher thermal stability compared to sulfur showing a 

melting point of 938°C [12], and does not exhibit any volumetric expansion in the initial 
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charge process [4,13]. Nonetheless, the low electronic and ionic conductivity of Li2S, 

together with the formation of PSs in the cathode, still remain crucial challenges to be 

addressed, as they lead to high charge transfer resistance at the interface between the Li2S 

cathode and electrolyte as well as to poor cycling stability of the cell [7]. Moreover, 

another challenge related to the use of Li2S as cathode active material is the high initial 

activation barrier that has to be overcome during the first charge process [14]. Indeed, the 

conversion of Li2S to sulfur as S8 involves a large overpotential due to the polysulfides 

phase nucleation, thus requiring the cell activation at 3.5 V [15]. In this work, to lower 

this kinetic barrier, a simple recrystallization method has been employed to realize a Li2S-

few layer graphene composite material thus combining the positive effects associated to 

the use of a carbonaceous matrix (which increases the electrode conductivity and 

consequently the active material utilization) and small-sized Li2S particles (thus reducing 

the activation barrier). It is worth pointing out that the as-prepared electrode does not 

require any activation cycle at high potential. 

Similarly to the cathode, also the anode plays an important role in addressing the 

fundamental limitations of LSBs including safety issues and low energy density during 

long-term cycling. In order to face these issues, anode materials such as graphite, silicon, 

tin, and metal/metal oxide nanoparticles can be used aside metallic lithium [16–20]. 

However, these materials are usually expensive and not environment friendly [21]. For 

instance, metal oxide nanoparticles release toxic ions, with consequent damage of the 

living organisms [22,23]. On the other hand, graphite as one of the most employed anode 

materials in LIBs, undergoes exfoliation in conventional ether-based electrolytes, thus 

making it unsuitable for metallic lithium replacement [24,25] (ether-based electrolytes are 

needed for sulfur-based batteries as sulfur is not stable in traditional carbonate-based 

electrolytes [26,27]). Therefore, it is urgent to find an anode material combining safety, 

environment friendliness, low cost and high performance that can be compatible with 

ether-based electrolytes. In this regard, biochars derived from pyrolysis of waste 
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biomasses are promising alternatives to the standard graphite electrode for EESDs. The 

main advantage of these materials is their non-graphitizable structure with 

amorphous/pseudo-graphitic nanodomains [28], which is favourable condition for 

electrochemical reactions in LIBs. Furthermore, the precursors of biochar are mainly 

renewable, green, cheap and abundant materials [29]. Following previous studies [30,31],  

the enormous potential associated with the green re-use of wasting materials in EESDs is 

unveiled. In this scenario, the use of carbon material derived from brewer’s spent grain 

(BSG), an abundant solid industrial waste, is proposed to address the technical challenges 

related to anode electrodes in LSBs. In particular, the carbon material is obtained through 

a simple pyrolysis process from BSG. As reported by Luna-Lama et al. [32], the evaluation 

of potential scalability requires a deep analysis where the cost of residue biomass, the 

availability of the feedstock, the simplicity of the procedure as well as the employed 

solvents and reagents, should be carefully taken into account. In view of these 

considerations, the methodology proposed in the present work could be considered 

potentially scalable to an industrial level due to the low cost and readily available 

feedstock. 

Through the thermochemical decomposition in an inert atmosphere (pyrolysis process), 

BSG is converted into bio-oil and bio-gas and produces carbon-rich solid residues, named 

biochar. In this study, was demonstrated that BSG-based electrodes could contribute to 

the design of stable long-term LSBs with the possibility of replacing nowadays anodes. 

The achieved stable electrochemical behaviour of the proposed BSG-derived carbon 

material could be attributed to different factors: (i) wider average interlayer spacing with 

respect to graphite, (ii) presence of pyridinic N and quaternary N atoms along with 

oxygen groups, and (iii) cross-linked carbonaceous clusters. Indeed, the increased 

interlayer spacing can lead to a greater Li-ions storage within the carbon structure, the 

functional groups can increase the conductivity of the carbon material while introducing 

extra free electrons next to the carbon atoms that accelerate the redox reactions [33–35], 
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and the cross-linked structures provide the biochar with extraordinary stability in ether-

based electrolytes [36]. 

Herein, a Carbonized BSG (CBSG) anode and Li2S-graphene composite cathode 

(Li2S70Gr30) were explored for the design of a functional LiMF battery.[37] The fabricated 

full-cell reveals a stable cycling behaviour, showing a specific capacity of ~250 mAh g-1 

over 300 cycles at 1C and a reversible capacity of 330 mAh g-1 at 0.1C after the rate 

capability test. 

 

2. Materials and Methods 

The preparation process and the characterization of the CBSG material is reported in 

Annex IV-A.  

2.1  Electrolyte Preparation 

A solution containing 1 mol kg-1 (m) of lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI, Sigma–Aldrich) and 0.5 mol kg-1 (m) of lithium nitrate (LiNO3, Sigma–Aldrich) 

dissolved in 1,3-dioxolane (DOL, Sigma–Aldrich) and 1,2-dimethoxyethane (DME, 

Sigma–Aldrich) solvents (weight ratio, 1:1) was used as electrolyte for electrochemical 

characterization (from here on named DOLDME-LITFSI-LiNO3). Before the electrolyte 

preparation, the DOL and DME solvents were dried over molecular sieves for 10 days. 

The prepared electrolytic solution was stirred in an MBraun argon-filled glovebox for 24 

h. 

2.2  Active Material and Electrode Preparation 

Lithium sulfide-graphene active material was prepared in an inert atmosphere by an easy 

solvent evaporation method. In an argon-filled glove box (MBraun), lithium sulfide from 

Sigma Aldrich and graphene, the latter prepared via liquid-phase exfoliation of graphite 

from NEI, were mixed in a 70:30 weight ratio in a flask using anhydrous ethanol as 

solvent, which was dried under molecular sieves for several days. Successively, the 
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solution was sonicated for 1.5 h in a sonic bath. The solvent was then removed by heating 

it up to 60 °C under vacuum pressure of 400 mbar. All the process was carried out without 

exposing the sample to the air. The as-obtained powder was collected and stored in a 

glove box for cathode preparation. 

The positive electrodes were prepared in an argon-filled glove box by mixing the lithium 

sulfide-graphene active material (Li2S70Gr30) with Super P carbon (from Imerys) as a 

conductive agent, polyvinylidene difluoride PVdF (from Solvay) as binder in 80:10:10 

weight ratio in a mortar. N-methylpyrrolidone (NMP, from Sigma Aldrich) was used as 

solvent for slurry preparation. The slurry was casted by Doctor-Blade onto a carbon cloth 

current collector (AvCarb) and dried overnight at 40°C. The electrode foils were punched 

into 14 mm diameter disks. The lithium sulfide content within the active material is 70% 

and the mass loading of the final electrodes (considering the 80% of active material in 

total) was ~0.6 mg(Li2S) cm-2.  

2.3  Material Characterization 

In order to determine the crystallinity, presence of minerals, and order/disorder degree 

of the samples structure, a Malvern PANalytical Empyrean X-ray diffractometer (XRD) 

equipped with a 1.8 kW CuKα sealed ceramic tube and a Renishaw in Via Micro Raman 

equipped with a laser source of 532 nm were used. Moisture-sensitive sample (Li2S 

powder) was covered with Kapton tape in order to reduce the exposure to air. The surface 

morphology of the CBSG powder and electrodes were analysed by means of field-

emission scanning electron microscopy (FESEM) (JEOL JSM-7500FA). Li2S70Gr30 active 

material powder was investigated by scanning electron microscopy (SEM) and energy 

dispersive spectroscopy (EDS) using a JEOL JSM-6490LA SEM Analytical (low-vacuum) 

operating at an acceleration voltage of 5kV with a W filament thermionic source. 

Scanning transmission electron microscopy (STEM) images and energy dispersion 
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spectroscopy (EDS) maps were acquired with a JEM 1400 Plus (JEOL) provided with a 

thermionic source (LaB6) and applying an acceleration voltage of 120 kV. 

2.4  Electrochemical Characterization 

The electrochemical characterization was performed by employing 2032 coin cells. The 

amount of electrolyte was ≈15 µLelectrolyte/mgactive material for both half-cell and full-cell 

measurements. A microporous polymeric membrane (Celgard 2400) was used as a 

separator for the electrochemical tests. In addition, for the electrochemical analyses of 

Li/CBSG and Li/Li2S70Gr30 half-cells, lithium chips (15.6 mm, MTI Corporation) were 

used as reference and counter electrode. The cells were assembled in an argon-filled 

MBraun glovebox with H2O and O2 levels lower than 0.1 ppm. Li/Li2S70Gr30 half-cells 

were galvanostatically characterized at 1C (1166 mA g-1) in the 1.7 - 2.8 V range. An 

activation cycle at 0.1C was carried out in order to promote the Li2S conversion into S8. 

The cyclic voltammetry (CV) measurement of the lithium-metal half-cells was carried out 

at the scan rate of 0.1 mV s-1 in a 1.8 - 2.6 V voltage range Li2S70Gr30 electrode. In order 

to assemble the full-cells, a direct contact electrochemical method (DC-EM) [38] was used 

to prelithiate the CBSG electrode by keeping it in direct contact with a metallic Li chip in 

presence of the electrolyte for 8 h (see Annex IV - B Scheme B1). Subsequently, the 

lithiated CBSG electrode was rinsed with DME solvent and dried in an inert environment. 

Afterward, the lithiated CBSG/Li2S70Gr30 full-cell was assembled according to the mass 

ratio of 1:1.35, corresponding to the active material weights of Li2S70Gr30:CBSG. The 

initial capacity of each electrode at low current density/rate in half-cell configuration was 

considered for the mass balancing. The galvanostatic cycling test of CBSG/Li2S70Gr30 

full-cell was carried out at the current rates of 0.05C (58 mA g-1), 0.1C (116 mA g-1), 0.5C 

(583 mA g-1), and 1C (1166 mA g-1) in the voltage range 0.8 - 2.6 V. The specific gravimetric 

capacities of Li/Li2S70Gr30 half-cells and CBSG/Li2S70Gr30 full-cells were calculated 

based on the Li2S mass. The CV analysis of the CBSG/Li2S70Gr30 full cell was performed 

https://www.sciencedirect.com/topics/chemistry/reference-electrode
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between 0.8 V and 3 V at the scan speed of 0.1 mV s-1. The whole electrochemical 

characterization was obtained at room temperature by employing a BCS-805 

multichannel battery unit by BioLogic. 

 

3. Results and Discussion 

3.1  Active Material Characterization 

In order to investigate the structure and morphology of the lithium sulfide-graphene 

cathode, XRD analysis and electron microscopy (STEM and SEM) were carried out. 

Figure 1(a) shows the diffraction pattern of the Li2S70Gr30 active material which reveals 

the presence of the characteristic peaks ascribed to the cubic Li2S phase (ICDD: 98-006-

0432, pink bars). Moreover, it can also be identified the diffraction peaks typical of 

graphite (ICDD: 98-007-6767, red bars). The small residual peaks can be related to the 

presence of dilithium sulfate monohydrate (ICDD: 98-020-1530), probably due to the 

imperfect sealing of the kapton tape employed to prevent the contact with air. The SEM 

image of the composite electrode is reported in Figure 1(b) and the related elemental 

maps of sulfur and carbon are reported in the insets. The SEM image reveals the presence 

of graphene flakes with different dimensions covered by lithium sulfide particles which 

appear to be uniformly deposited on the carbonaceous surface. As suggested by the 

elemental EDS maps of sulfur (in inset, pink shades), no evidence of sulfide aggregation 

is visible and the detected element presents a homogeneous overall distribution on the 

carbonaceous surface (in inset, green colour). Figure 1(c) shows the STEM image of the 

lithium sulfide-carbon composite and the corresponding EDS map. The STEM photo 

reveals the presence of small-sized lithium sulfide particles anchored on the graphene 

sheets surface, as confirmed by the EDS map. The Li2S particles dimension is in the range 

10 - 30 nm in diameter, and the particles are randomly distributed on the carbon-based 

substrate. 
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The Li2S particles diameter was also determined by using the Scherrer equation, which 

confirmed the size range. The details of the calculation are reported in Annex IV - B Eq. 

B1. 

 

Figure 1 ‒ (a) X-ray diffraction pattern of the Li2S70Gr30 active material and reference pattern of cubic lithium sulfide 

(ICDD: 98-006-0432, pink bars), graphite (ICDD: 98-007-6767, green bars) and di-lithium sulfate monohydrate (ICDD: 

98-020-1530, blue bars), (b) SEM image of the Li2S70Gr30 electrode and the relative EDS maps of sulfur and carbon, (c) 

STEM image of the composite material (left side) and the related EDS map (green shades for carbon and pink shades 

for sulfur). 

3.2  Electrochemical Characterization 

Lithium-metal half-cells employing Li2S70Gr30 as working electrode were tested in order 

to evaluate the electrochemical performance of the cathode active material. The loading 

of the positive electrodes is ~0.6 mg(Li2S) cm-2. Figure 2(a) shows the CV measurements 

carried out on the Li2S70Gr30 electrode in the 1.8 V – 2.6 V voltage range at the scan rate 

of 0.1 mV s-1. The CV profiles show the characteristic shape ascribed to the multistage 
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reactions between lithium and 

elemental sulfur. It is noteworthy 

that no overpotential was necessary 

to overcome the initial activation 

barrier, probably due to the small 

Li2S particles size and the presence of 

highly conductive carbonaceous 

material within the composite. The 

first anodic peak at about 2.35 V in 

the first cycle appears in the 

following cycles at the same voltage 

while the second anodic peak 

initially at 2.5 V shifts to a lower 

value (2.4 V vs. Li+/Li) in the 

following cycles. This latter effect 

could be ascribed to overpotential 

reduction subsequent to the initial 

Li2S activation. The overall anodic 

curve could be ascribed to the 

oxidation of Li2S to elemental sulfur 

(S8). These reactions involve the 

conversion of Li2S into low-order 

polysulfide moieties Li2Sx (2 < x ≤ 6) 

and successively to long-chain species Li2Sx (6 < x ≤ 8). In the cathodic scan two reduction 

peaks appear at 2.4 V and at about 2.0 V, indicating the reversibility of the reaction from 

S8 to Li2S through the formation of PSs species. Figures 2(b) and (c) report the 

galvanostatic cycling test carried out at 1C (1166 mA g-1) showing the specific capacity vs. 

Figure 2 ‒ (a) Cyclic voltammetry tests of Li2S70Gr30 electrode, 

performed in 2032-coin cell using DOLDME-LITFSI-LiNO3 as 

electrolyte in 1.8 V – 2.6 V voltage range with a scan rate of 0.1 

mV s-1. (b) Galvanostatic cycling profiles and (c) voltage profiles 

of the Li2S70Gr30 electrode performed in 2032-coin cells with 

DOLDME-LITFSI-LiNO3 electrolyte carried out at 1C = 1166 mA 

g-1 after running the first cycle at C/10 within the voltage limits 

of 1.7 V – 2.8 V. 
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cycle number and the relative voltage profiles, respectively. Figure 2(b) reveals an initial 

capacity of 805 mAh g-1 (with respect to Li2S mass). This value was achieved by cycling 

the cell at C/10 for the first cycle in order to activate the oxidation reaction and thus 

avoiding the application of a high voltage cut-off (overpotential) to overcome the energy 

barrier for the Li2S oxidation. At 1C, the cell specific capacity reaches a value of 580 mAh 

g-1, then slowly decreases during cycling to reach a capacity of 340 mAh g-1 after 350 

cycles. Figure 2(c) shows the voltage profile relative to the 1C galvanostatic cycling test. 

In particular, the curve referring to the first cycle at C/10 shows a small charge 

overpotential, as indicated by the red circle and highlighted in the inset. The following 

cycles at 1C depict the characteristic voltage profiles of the lithium-sulfur chemistry 

reactions. Indeed, the charge curves show a plateau at about 2.35 V which is ascribed to 

the oxidation of Li2S to elemental sulfur. Two main redox plateaus are present upon 

discharge at about 2.35 V and 2.0 V, representing the conversion of S8 into its discharge 

product (i.e., Li2S2 and Li2S). It is also observed a slow increase of the voltage hysteresis 

along the whole test suggesting a small capacity drop upon cycling. 

In order to explore the eligibility of the biochar electrode as metallic-lithium substitute in 

a full-cell configuration, the CBSG electrode was employed as negative electrode in a 

LiMF sulfur battery. Before the full-cell assembly, the CBSG electrode was prelithiated 

following the procedure mentioned in the Experimental Section (see also Scheme B1 in 

Annex IV - B). The prelithiation process leads to the SEI formation on the electrode 

surface thus improving the initial coulombic efficiency, reversibility, and cyclic stability 

of the whole cell[39]. Figure 3(a) and (b) report the rate capability performance of the 

CBSG/Li2S70Gr30 cell showing the specific discharge capacity vs. cycle number and the 

voltage profiles, respectively. The test was carried out by increasing the current from 

0.05C to 1C (= 1166 mA g-1) through 0.1 and 0.5C over 400 cycles. During the first charging 

cycle, a small initial activation potential at ~2.4 V is required in order to completely extract 

the Li ions from Li2S, resulting in a hump shown in the first charge profile of Figure 3(b). 
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The same behaviour was observed in Figure 2(c) and it is related to the activation of Li2S. 

In order to confirm this phenomenon, the differential capacity-voltage profile and CV test 

(See Figure B6 in Annex IV - B) were analysed. Here, the presence of a sharp peak 

appearing during the Li2S70Gr30 oxidation, corroborates the hypothesis of the activation 

of the nano-sized Li2S at 2.4 V. The charge-discharge profiles of Figure 3(b) reveal an 

initial charge and discharge capacity of 726 and 537 mAh g-1 at 0.05C, respectively, 

resulting in an initial coulombic efficiency of 74%.  

 

Figure 3 ‒ (a) Long rate cycling (discharge specific capacity upon cycle number and related coulombic efficiency) of 

CBSG/Li2S70Gr30 full-cell. The specific capacity of the cell is reported considering the Li2S mass. All the tests are 

performed in the voltage range of 0.8- 2.6 V at room temperature. Electrolyte: DOLDME-LITFSI-LiNO3). (b) 

Corresponding charge-discharge profiles. 

The cell energy density at the first cycle adds up to 872 Wh Kg-1 based on the cathode 

mass, while if considering both the electrodes this values reaches ~ 370 Wh Kg-1. 

Furthermore, by increasing the current rate, and consequently the cell polarization [40], 

the CBSG/Li2S70Gr30 shows a capacity of 412, 350, and 300 mAh g-1 at 0.1, 0.5 and 1C, 

respectively. Interestingly, the cell delivered 73% of 0.1C capacity at 1C demonstrating a 

stable profile for 300 consecutive cycles with a coulombic efficiency approaching 100%, 

as shown in Figure 3(a). Moreover, it is worth noticing that, once the current is set back 

to 0.1C, the cell recovered a discharge capacity of ~355 mAh g-1 thus indicating the 

superior reversibility and cycling stability of the CBSG/Li2S70Gr30 system. A 
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galvanostatic charge-discharge test at 1C was carried out on the CBSG/Li2S70Gr30 full-

cell and the results are reported in Figure B7 in Annex IV - B. The full-cell reveals a 

relatively stable behaviour upon cycling, with an initial discharge capacity of 280 mAh g-

1 which slowly decreases down to 210 mAh g-1 after 350 cycles. The formation of a stable 

SEI layer on the CBSG surface could be responsible for the reduction of the PS shuttle 

effect thus leading to the observed performance [41]. 

Finally, in Table 1 the main electrochemical results of the CBSG/Li2S70Gr30 full-cell are 

compared with the data obtained for LiMF batteries exploiting Li2S as cathodic active 

material. Based on the data reported in Table 1, we can draw the conclusion that the 

strategy proposed in this study offers a novel and promising method to design 

sustainable and cost-effective electrodes for the next-generation of LIBs. 

 

Table 1 ‒ Electrochemical performance of LiMF sulfur batteries (full-cell) based on lithium sulfide cathode. 

Cathode Anode Average working 

voltage (V) 

Capacity (mAh g-1) @ 

cycle number 

Ref. 

Li2S70Gr30 CBSG ~ 1.7 at 0.1C ~ 340 @ 400 at 0.1C (C-rates), 

and   ~ 210 @ 350 at 1C 

This 

work 

Li2S@MCMB Si-O-C material ~ 1.4 at 0.2C ~ 280 @ 50 at 0.2C [42] 

Thermally exfoliated 

graphene–Li2S 

Si thin film ~ 1.6 at 1C ~ 450 @ 30 at 1C [43] 

Li2S@C composite Graphite–solid 

electrolyte 

composite 

~ 2 at 0.01C ~ 650 @ 10 at 0.01C [44] 

Li2S@porous carbon Graphite ~ 1.9 at 0.1C ~ 268 @ 30 at 0.1C 

~ 173 @ 100 at 0.5C 

[45] 

Li2S@graphene 

nanocapsule 

Graphite ~ 1.8 at 0.1C ~ 440 @ 200 at 0.1C [10] 

Li2S@MXene/graphene 

 

Fe3O4/CNs ~ 1.7 at 0.2C ~ 430 @ 50 at 0.2C [18] 

Li2S-rGO 

 

MnO2-rGO ~ 1.7 at 0.2C ~ 470 @ 150 at 0.2C [17] 

Li2S@Carbon aerogel 

 
TiO2 ~ 2.3 at 0.1C 370 @ 200 at 0.1C [46] 

Li2S@Carbon aerogel 

 

Graphene ~ 2.2 at 0.1C 200 @ 200 at 0.1C [46] 

Li2S Si-C - very low @ 200 at 1C [47] 

Mo-Li2S-graphene Si-C ~ 2.2 463 @ 200 at 1C [47] 
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4. Conclusions 

A new pathway is proposed to achieve high efficient, environment friendly and safe 

lithium-metal free (LiMF) sulfur batteries, with the main purpose of avoiding the 

negative impact of metallic lithium for application in LSBs. In this study, an eco-friendly 

and low-cost material based on brewer’s spent grain (BSG) is employed as anodic active 

material for application in sulfur full-cell configuration. The inherently N- and O-doped 

biochar showed a stable electrochemical behaviour in conventional ether-based 

electrolyte. The wide average interlayer spacing, the presence of pyridinic/quaternary N 

atoms along with oxygen-containing groups, and the cross-linked carbonaceous clusters 

within the biochar material translated into superior electrochemical performance. 

Moreover, a Li2S-few layer graphene-based composite material was designed through a 

simple recrystallization method for the synthesis of the positive electrode. This composite 

material was activated through an initial low C-rate cycle, without requiring the 

application of a high potential. LiMF cells were then assembled by coupling the 

prelithiated CBSG and the Li2S70Gr30 composite, used as anode and cathode, 

respectively. The designed LiMF cell showed an initial charge and discharge capacities 

of 726 and 537 mAh g-1 with a coulombic efficiency of 74%. The reported system 

demonstrated excellent cycling stability upon Li insertion/de-insertion during the 

electrochemical tests. This work offers the first-reported approach for designing sulfur 

batteries based on a biochar anode. However, further optimization is still needed to 

develop fast-charging LiMF based on sulfur chemistry, a crucial aspect for the EVs 

performance improvement.  
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Annex IV - A 

Synthesis of CBSG 

CBSG was obtained by employing a laboratory-scale prototype plant (Carbolite custom 

model EVT 12/450B), as reported in a previous paper of ours [1]. The pyrolysis of BSG (< 

2 mm in size) was carried out by heating up the sample until 700°C at 5°C/min under a 

100 mL/min nitrogen flow. The temperature was maintained constant at 700°C for 30 

minutes. Afterward, the CBSG powder was centrifuged in a 1.0 M HCl solution, then 

grinded and sieved down to ~90 µm. 

 

Materials characterization 

The chemical structure and the heteroatoms binding states of the CBSG sample were 

analysed by X-ray photoelectron spectroscopy (XPS) using Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic Al Kα source (15 kV, 20 mA). The total 

carbon, nitrogen, hydrogen, and sulfur (CHNS) contents of the CBSG active material 

were measured by UNICUBE organic elemental analyser (from Elemental) and the 

oxygen content was calculated by the difference. The ash content was determined 

following the ASTM-D1102 protocol. The surface functionality of CBSG was investigated 

by Fourier Transform Infrared Spectroscopy (FTIR) using Perkin Elmer Spectrum One 

spectrometer with a wavenumber range of 400-4000 cm-1 at room temperature with a 

resolution of 4 cm-1. Pellets were prepared by thoroughly mixing the carbon sample and 

KBr. In order to determine the crystallinity, presence of minerals, and order/disorder 

degree of the samples structure, a Malvern PANalytical Empyrean X-ray diffractometer 

(XRD) equipped with a 1.8 kW CuKα sealed ceramic tube and a Renishaw in Via Micro 

Raman equipped with a laser source of 532 nm were used. Moisture-sensitive sample 

(Li2S powder) was covered with Kapton tape in order to reduce the exposure to air. The 
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surface morphology of the CBSG powder and electrodes were analysed by means of field-

emission scanning electron microscopy (FESEM) (JEOL JSM-7500FA). Li2S70Gr30 active 

material powder was investigated by scanning electron microscopy (SEM) and energy 

dispersive spectroscopy (EDS) using a JEOL JSM-6490LA SEM Analytical (low-vacuum) 

operating at an acceleration voltage of 5kV with a W filament thermionic source. 

Scanning transmission electron microscopy (STEM) images and energy dispersion 

spectroscopy (EDS) maps were acquired with a JEM 1400 Plus (JEOL) provided with a 

thermionic source (LaB6) and applying an acceleration voltage of 120 kV. 

 

CBSG Electrode preparation  

The CBSG electrodes were prepared by mixing 70wt% of the active material (CBSG), 

15wt% of conductive carbon black agent (Imerys), and 15wt% of carboxymethylcellulose 

(CMC, Dalian Chem) working as binder. After grinding evenly, the mixture was 

mechanically stirred in deionized water to form a slurry. Successively, the film electrode 

was casted on a copper foil (10 µm thickness) by using Doctor-Blade technique and dried 

on a hot plate for 3 h at 60 °C. After drying, the electrodes were punched into 15 mm 

diameter disks and further dried using a Buchi apparatus for 4 h at 80°C. Subsequently, 

the prepared electrodes were stored in an argon-filled glove box (MBraun). The active 

mass loading was about 0.7 – 0.9 mg(CBSG) cm-2. 

 

Electrochemical characterization 

The Li/CBSG half-cells were analysed with constant current (CC) protocol in the voltage 

range of 0.01 - 3 V at the current densities of 0.1, 0.2, 0.5, 0.7, 1, and 2 A g-1. The current 

density was calculated based on the active material weight of the CBSG electrode. The 

cyclic voltammetry (CV) measurement of the lithium-metal half-cells was carried out at 

the scan rate of 0.1 mV s-1 in the 0.01 - 3 V voltage range for CBSG electrode. 



112 
 

Electrochemical Impedance Spectroscopy (EIS) technique was used for Li/CBSG half-cells 

in the frequency range from 10 kHz to 100 mHz with a 10 mV alternating current.  

 

Results and Discussion 

Materials characterization 

The elemental analysis of the CBSG anode was performed to determine the weight 

percentage of C, N, H, S, and O in the sample, with the values reported in Table 1. The C, 

N, H, and O amounts resulted to be 73.6 wt%, 4.7 wt%, 1.9 wt% and 12.9 wt%, 

respectively. The S content is instead negligible with values below 1 wt%. The presence 

of N and O within the sample is known to contribute to the expansion of the interlayer 

spacing of the graphitic carbon domains, thus providing extra active sites for 

accommodating Li-ions [2]. Furthermore, the hybridization of N lone pair electrons with 

the π electrons of C increases the electronegativity of the electrode forming favourable 

binding sites for Li storage [3]. Finally, it has been recognized that Li-ions can bind in the 

vicinity of H atoms in CBSG electrodes [4].  

The functional and doped groups of CBSG were qualitatively analysed by FTIR (see 

Figure B1 in Annex IV - B) and XPS (Figure A1). The FTIR analysis discloses the presence 

of aromatic C=C and C=O, and the stretching of C=O groups of conjugated ketones and 

quinones. Additionally, the existence of N–C group, N-COO group, and C–O bonds of 

phenol, alcohol, ether bridging, aromatic rings, are identified with the FTIR technique. 

Figure A1 (a-c) presents X-ray photoemission high-resolution spectra on oxygen, and 

nitrogen together with the results of the best-fit procedure. The analysis of the O 1s region 

suggests that O is bound to carbon in organic and metal-oxides forms. The XPS spectrum 

of N 1 s also reveals the presence of N atoms in different coordination modes such as 

pyridinic N, amino N, pyrrolic N, and graphitic N. Finally, it is worth noting that XPS 
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shows the presence of traces of other elements besides C, N, H and O, such as Mo, Cl, Si, 

In, Al, Pb and Ca (they are grouped as Ash in Table A1).  

 

Table A1 ‒ Elemental analysis of CBSG. 

Sample [%] C N H S O Ash 

CBSG 73.6 4.7 1.9 0.1 12.9 6.8 

 

XRD and Raman analyses were carried out to determine the order/disorder degree and 

defects of the carbon layers of CBSG. The XRD pattern of Figure A1(d) shows a 

pronounced peak at around 2θ=23° and a weak one at around 2θ=44°, corresponding to 

the (002) and (100) planes, respectively [5]. The relatively low intensity and broad shape 

of the peaks reflect the amorphous feature of the CBSG [2]. The Raman spectrum of Figure 

A1(e) displays the presence of two prominent peaks at around 1350 cm-1 (D-band) and 

1600 cm-1 (G-band) corresponding to disordered or turbostratic structure and sp2-

hybridized carbon of CBSG, respectively [6]. The intensity ratio between D-band and G-

band (ID/IG) is used to quantify the disorder degree of the sample [7]. In particular, ID/IG 

value of 0.82 is found for the CBSG sample. This number reveals a situation where the 

biochar shows both graphitic characteristics and disordered configuration, in agreement 

with the XRD analysis.  

Generally speaking [1], the degree of graphitization decreases with the increase of defects 

concentration (which is proportional to the ratio ID/IG). In this respect, N, O and S atoms 

cause a large number of defects in the carbon structures, in turn increasing the number 

of active sites dedicated to Li storage. Even though, when it comes to the overall 

electrochemical evaluation of a material, a trade-off needs to be identified between 

having a high number of defects and a high degree of ordered graphitic carbon, as both 

factors can contribute to the performance of the electrochemical cell. 
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Figure A1 ‒ XPS spectra of CBSG material relative to: (a) C 1s, (b) O 1s, and (c) N 1s spectra. (d) XRD pattern, (e) Raman 

spectrum and (f) FESEM of CBSG sample. 

In particular, high disorder relates to higher initial capacities whereas high graphitic 

order is associated to better cell stability, especially at high C-rates [1,8]. The N2 

adsorption-desorption (see Annex IV - B, Figure B2) reveals a low specific surface area 

equal to 2.4 m² g-1 and a pore volume density of 0.036 cm³ g-1 for the CBSG sample, hence 

exhibiting an isotherm curve which is typical of non-porous materials [9]. In good 

agreement with N2 adsorption-desorption analysis, the FESEM image of Figure A1(f) 

shows a negligible porosity, thus suggesting that the pyrolysis process alone is not 

enough for designing porous structures. Although it is well known that high surface area 

can be beneficial for improving the capacity of carbon-based anodes [3], recent studies 

have also reported about the use of non-porous carbonaceous materials as electrodes for 

LIBs [10–12]. Indeed, non-porous structures lead to a smaller consumption of electrolyte 

due to a thinner solid electrolyte interphase (SEI) layer formation and thus improving the 

initial coulombic efficiency and stability of biochar anodes [10,11,13].  
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Electrochemical characterization 

Li/CBSG half-cell 

The main goal of the present work is the design of a new kind of biochar-based anode to 

be employed in LiMF sulfur batteries. Thus, a preliminary analysis of the electrochemical 

performance of the CBSG electrode in lithium half-cell configuration was evaluated in an 

ether-based electrolyte. The negative electrodes present a loading of ~0.7 – 0.9 mg(CBSG) cm-

2. In particular, DOLDME-LITFSI-LiNO3, the most common electrolyte in sulfur-based 

batteries, was employed also for this work. Figure 2A(a) reports the CV behaviour of the 

CBSG electrode. During the first cycle, the cathodic reduction curve reveals the presence 

of a peak at 1.7 V that can be correlated to the LiNO3 decomposition [14]. The peak at 

around 0.55 V during the initial reduction is instead associated with SEI formation on the 

CBSG electrode surface due to the electrolyte degradation [14,15]. In the subsequent 

cycles, the aforementioned peaks (at 1.7 V and 0.55 V) vanish, thus demonstrating the 

stability of the formed SEI film. Finally, the presence of two peaks at around 0 V (cathodic 

peak) and 0.2 V (anodic peak) correspond to the lithiation and the de-lithiation of CBSG 

electrode, respectively [16]. To be noted that the considerable overlap between the 3rd and 

10th cycles discloses the low electrochemical polarization and the high reversibility of the 

designed electrode combined with the electrolyte of choice. To further electrochemically 

characterize the CBSG electrode in the ether-based electrolyte, rate capability and long-

term cyclic stability at a specific current density were investigated. The rate capability 

test (Figure 2A(b) and (c)) was carried out by increasing the current density from 0.1 to 2 

A g-1 and then back down to 0.1 A g-1, in order to check the capacity recovery after high 

current density analyses. The charge-discharge profiles of the CBSG electrode at 

increasing current densities are shown in Figure 2A(b) while the specific discharge 

capacity vs. cycle number is reported in Figure 2A(c). The Li/CBSG half-cell achieved a 

specific discharge capacity of 348, 271, 219, 212, 195, 152 mAh g-1 at 0.1, 0.2, 0.5, 0.7, 1, and 
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2 A g-1, respectively, showing a coulombic efficiency approaching 99%. As expected, by 

increasing the current density the specific capacity is lowered probably due to a 

polarization growth, as can be noticed from Figure 3(b). Once the current density is reset 

to 0.1 A g-1, the CBSG electrode exhibits a stable capacity and a long cycling life (348 mAh 

g-1 over 315 cycling). In order to better comprehend which processes contribute to the 

stability of the Li/CBSG half-cell, EIS and ex-situ SEM analyses were carried out and the 

results are reported in Annex IV - B (Figure B3 and B4). 

 

Figure A2 ‒ (a) Ciclic voltammetry curves of CBSG at the scan rate of 0.1 mV s-1, (b) Galvanostatic charge-discharge 

profile relative to the 2nd cycle analysed at each current density and (c) Rate capability performance (discharge specific 

capacity upon cycling number and related coulombic efficiency) of CBSG at a current densities of 0.1, 0.2, 0.5, 0.7, 1, 

and 2 A g-1. The tests were performed in the voltage range of 0.01- 3V at room temperature using a DOLDME-LITFSI-

LiNO3 as electrolyte. 

Figure B3 depicts the Nyquist plot of the Li/CBSG half-cell at fresh state and after the rate 

capability test. The overall internal resistance of the cell decreases from 53.1 Ω in the fresh 

state down to 20 Ω after cycling, demonstrating an improvement in the cell kinetics. 

Indeed, this reduction could suggest a favourable movement of lithium ions within the 

CBSG electrode through the electrolyte and the SEI film [17]. The ex-situ SEM analysis 
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(top and cross-sectional views) of the CBSG is shown in Figure B4 having the purpose of 

observing any structural change within the electrode due to the Li insertion and 

extraction after extensive cycling. The morphological investigation suggests negligible 

volume changes and pulverization of the CBSG electrode after cycling, thus confirming 

the robustness and compatibility of the proposed anode material in the ether-based 

electrolyte. Moreover, the cycling performance of the Li/CBSG half-cell was also analysed 

at 0.5 A g-1 (1.3 C-rate if compared to graphite), as shown in Figure B5 of Annex IV - B. 

The CBSG electrode shows a specific capacity around 205 mAh g-1 over 400 cycles, with a 

coulombic efficiency equal to ~99% and no visible capacity fading. Finally, Table S1 

(Supplementary Information) compares the performance achieved by our electrode vs. 

graphite when conventional ether-based electrolyte is considered. The comparison 

highlights the superior electrochemical behaviour of CBSG, especially capable of long 

cycling (>400 cycles) against few tens for graphite.  
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Annex IV - B 

CBSG prelithiation 

  

Scheme B1 - Direct contact electrochemical method (DC-EM) for CBSG prelithiation. 

 

The Scheme B1 shows the method that is used to prelithiated the CBSG electrode before 

full-cell assembling. In this process, CBSG electrode was kept in direct contact with a 

metallic lithium chip in presence of the DOLDME-LITFSI-LiNO3 electrolyte for 8 h. 

Afterward, the lithiated CBSG electrode was rinsed with DME solvent and dried in an 

inert environment. Finally, the anode electrode was coupled with Li2S70Gr30 cathode to 

assemble the LiMF battery. 

 

FTIR and XPS analyses of CBSG  

The functional and doped groups of the CBSG were qualitatively analyzed by FTIR. In 

the spectra shown in Figure B1, a very weak band at almost 3600 cm −1 is related to the 

vibration of hydroxyl groups [18]. The band at around 1542 cm-1 is ascribed to the 

stretching vibration of aromatic C=C and C=O and also stretching of C=O groups of 

conjugated ketones and quinones [19]. The existences of oxygen and nitrogen-containing 

functionalized groups and doped heteroatoms in the biochar surface and skeleton could 



119 
 

be demonstrated by a series of intense, broad and overlapped bands in the range of 1400-

900 cm −1. 

 

Figure B1 – FTIR spectrum of CBSG. 

In particular, the bands at this region are assigning to the C–O bonds of phenol, alcohol, 

ether bridging, aromatic rings, and the presence of N–C, N-COO groups [20]. In addition, 

the bands at 2850 and 2920 cm−1 are related to the C–H of alkenes, while the band at 800 

cm−1 is due to aromatic C–H out of plane vibrations [7].  

 

N2 adsorption-desorption of CBSG  

Figure B2 shows the BET analysis of CBSG powder. According to the result obtained from 

this analysis, CBSG reveals an isotherm typical of non-porous materials. Here the specific 

surface area is 2.4 m² g-1 while the pore volume is equal to 0.036 cm³ g-1. 
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Figure B2 ‒ BET analysis of CBSG. 

 

 

Li2S particle diameter calculation by Scherrer Equation 

In order to confirm the results obtained by means of STEM-EDX measurement (See 

Figure 2(c) of the Manuscript), the Li2S particles size was calculated based on the X-ray 

diffraction pattern using the Scherrer equation (Eq. S1): 

L =
Kλ

βCosθ
           Eq. B1 

where L is crystallite size, K is the shape factor (0.94 for cubic symmetry of Li2S), Β is the 

line broadening at half the maximum intensity (FWHM) after subtracting the 

instrumental line broadening (in radians), θ is the Bragg angle. The Li2S particles 

dimension shows a mean value of 23 nm which lies within the range determined by the 

STEM-EDX analyses.  

 



121 
 

Electrochemical Impedance Spectroscopy analysis of Li/CBSG half-cell 

 

Figure B3 – (a) Nyquist plot of Li/CBSG half-cell. In inset, the resistance values obtained through the modelled 

equivalent circuits reported in (b) for the fresh state and in (c) after the rate capability test. Electrolyte: DOLDME-

LITFSI-LiNO3. 

 

Electrochemical Impedance Spectroscopy (EIS) technique was used in a 10 kHz - 100 mHz 

frequency range by applying a 10 mV alternating current pulse. BCS-805 BioLogic and 

BT-Lab software were used for the EIS measurement and the modelling of the 

experimental EIS data, respectively. 

Rs: electrolyte resistance, Rct: charge transfer resistance, RSEI: solid electrolyte interphase 

resistance, CPE1: surface film capacitance, CPE, and CPE2: double layer capacitance, W0: 

warburg impedance related to the lithium ion diffusion within the electrode. 

The overall internal resistance of the cell decreases from 53.1 Ω in the fresh state down to 

20 Ω after cycling, demonstrating an improvement in the cell kinetics. Indeed, this 

reduction could suggest a favourable movement of lithium ions within the CBSG 

electrode through the electrolyte and the SEI film. This cell also indicates very low SEI 

resistance (7.4 Ω) after cycling. 
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SEM images of CBSG in pristine state and after cycling 

 
Figure B4 – (a) and (b) top and (c) and (d) cross-sectional views of Ex-situ SEM of CBSG in pristine state and after 

cycling (350 cycles at different current densities). Electrolyte: DOLDME-LITFSI-LiNO3. 

 

SEM analysis was carried out to investigate the surface and the cross section of the CBSG 

electrode before and after repeated charge and discharge cycles in ether-based electrolyte. 

Li/CBSG half-cell was charged at 0.1 A g-1 in order to delithiate the biowaste-based 

electrode. Afterward, the half-cell was disassembled in the argon-filled glove box. The 

CBSG electrode was rinsed with 1,2-dimethoxyethane two times to remove the residual 

electrolyte and dried under vacuum for 3 h before analysis. 

Figure B4 shows no significant changes in morphology and thickness after cycling. This 

confirms the robustness of the CBSG anode during cycling and its compatibility with 

ether-based electrolytes (DOLDME-LITFSI-LiNO3).  
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Cycling response of Li/CBSG half-cell at the current density of 0.5 A g-1 
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Figure B5 ‒ Cycling response of Li/CBSG half-cell at the current density of 0.5 A g-1 in the voltage range of 0.01- 3V at 

room temperature. Electrolyte: DOLDME-LITFSI-LiNO3. 

 

Figure B5 depicts the cycling behaviour of the Li/CBSG half-cell at 0.5 A g-1 (1.3 C-rate if 

compared to graphite). The half-cell shows a specific capacity of 205 mAh g-1 during 400 

cycles, with a CE of ~99% and no visible capacity fading in DOLDME-LITFSI-LiNO3 

electrolyte. 

 

Table B1 ‒ Electrochemical performance of CBSG vs. graphite in Lithium half-cell configuration with ether-based 

electrolyte for application in sulfur-based batteries. 

 

  Half-

cell 

system 

Solvent Salt Initial and second discharge 

capacity (mAh g-1) 

Reversible discharge 

capacity (mAh g-1) 

Ref. 

Li/ 

CBSG 

DOL:DME 1 m LiTFSI + 

0.5 m LiNO3 

671 – 347 at 0.1  A g-1 205 after 400 cycles at 

0.5 A g-1  

This 

work 

Li/ 

Graphite 

DOL:DME 1 M LiTFSI + 1 

wt% LiNO3 

506  - 333 at 0.1 C ~ 320 after 60 cycles at 

0.1 C 

[21] 
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Li/ 

Graphite 

DOL:DME 1 M LiTFSI + 1 

wt% LiNO3 

400 (0.1 C) - 270 (0.2 C) ~ 250 after 40 cycles at 

0.2 C 

[22] 

Li/ 

Graphite 

DOL:DME 1 M LiTFSI 450 - ~ 100 at 0.1 C Significant capacity 

drop after 2 cycles 

[23] 

Li/ 

Graphite 

DOL:DME 5 M LiTFSI 400  - 370 (0.1 C) ~ 370 after 5 cycles at 

0.1 C 

[23] 

Li/ 

Graphite 

DOL:DME 6 M LiTFSI 360  - ~ 360 ~ 360 after 7 cycles [24] 

Li/ 

Graphite 

DOL:DME 3 M LiTFSI ~ 400  - ~ 220 (0.1 C) 220 after 40 cycles at 

0.1 C 

[25] 

 

Differential capacity and CV profiles of the CBSG/Li2S70Gr30 full-cell 

 

Figure B6 ‒ Differential capacity profile of the CBSG/Li2S70Gr30 full-cell obtained from the first charge cycle at 0.05C 

during the rate capability test; in inset, CV test carried out at a 0.1 mV s-1 scan rate. 

 

The differential capacity-voltage plot of the CBSG/Li2S70Gr30 full-cell during the initial 

cycle is shown in Figure B6. The plot suggests that a small initial activation barrier at ~2.4 

V needs to be overcame to completely extract Li ions from Li2S. The inset of Figure B6 

shows the CV profile of CBSG/Li2S70Gr30 full-cell during oxidation and reduction 
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processes. During the anodic scan, two peaks appeared at ~2.0 V (identified as Peak 1) 

and at 2.5 V (Peak 2), associated to the Li2S oxidation to elemental sulphur, through low 

and the high-order PSs [21]. Reversing the scan, two peaks are visible at around 2.25 V 

(Peak 3) and ~1.8 V (Peak 4). The former relates to cyclo-S8 reduction to high-order lithium 

PSs, while the latter corresponds to the formation of the discharge products Li2S and Li2S2 

due to the further reduction of PSs [22,26]. 

 

Cycling performance of the CBSG/Li2S70Gr30 full-cell  
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Figure B7 ‒ Cycling performance of the CBSG/Li2S70Gr30 full-cell at 1C. The tests is performed in the voltage range of 

0.8 - 2.6 V, at room temperature, and after an initial activation at low C-rate (C/10). The specific capacity of the cell is 

calculated considering the Li2S mass. Electrolyte: DOLDME-LITFSI-LiNO3. 

 

Figure B7 discloses the galvanostatic charge-discharge test of the CBSG/Li2S70Gr30 full-

cell at 1C. The full-cell reveals a relatively stable behavior upon cycling, with an initial 

discharge capacity of 285 mAh g-1 which slowly decreases down to 220 mAh g-1 after 350 

cycles. 
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Chapter V - Comparative Study of Lithium Halides-based 

Electrolytes for Application in Lithium-Sulfur Battery 

 

 

 

Abstract 

Among the next-generation energy storage technologies, lithium-sulfur batteries are 

considered one of the most appealing solutions owing to their remarkable theoretical 

capacity. However, to become commercially competitive, there is the strong need of 

addressing some issues still characterizing this technology. One of the explored strategies 

is the optimization of the electrolyte formulation. To this aim, we compared 1,3-

dioxolane/1,2-dimethoxyethane-based electrolytes containing two lithium halides, i.e., 

lithium bromide (LiBr) and lithium iodide (LiI) with lithium 

bis(trifluoromethane)sulfonylimide (LiTFSI) as reference electrolyte. The obtained results 

shows how the donicity of the lithium salt anions might affect the solid electrolyte 

interphase stability and the lithium sulfide deposition morphology, therefore influencing 

the electrochemical performance of the cells. Among the tested electrolytes, the sulfur cell 

containing LiBr salt exhibited the best electrochemical performance maintaining a 
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specific capacity of 900 mAh g-1 at C/4 and a stable trend along cycling at 1C with a 

specific capacity of about 770 mAh g-1 for 200 cycles. 

 

1. Introduction 

Lithium-sulfur batteries (LSBs) technology is considered one of the most promising 

candidates to satisfy the growing demand of electric energy storage systems.[1] Indeed, 

the conversion redox reaction between lithium and sulfur results in higher theoretical 

specific capacity (1675 mAh g-1) and energy density (~2600 Wh kgS−1 considering a mean 

voltage of 2.2 V) [2–4] than the corresponding values associated to the intercalation 

reaction occurring within the insertion-type electrodes commonly exploited in Li-ion 

batteries [5]. Moreover, elemental sulfur is environmentally friendly, inexpensive and 

abundant in nature [6,7] as well as a dominant side-product of the petroleum purification 

[8]. However, the LSB market uptake is still hindered by technological issues such as the 

rapid capacity fading, low sulfur utilization and a short cycle life [9]. These drawbacks 

are mainly associated with the production of insulating lithium sulfide (Li2S) as the final 

discharge product [10] and with the dissolution of lithium polysulfides (LiPSs) within the 

electrolyte [11]. In details, during the discharge process the electrodeposition of Li2S 

occurs on the entire cathode surface as a solid insulating film, hence preventing the 

complete reaction of the sulfur active material and leading to an increase of the cell 

polarization, especially at high current rates [12]. At the same time, the intrinsic nature of 

the lithium-sulfur redox reaction evolves through two solids phases (S8 to Li2S) and 

undergoes a liquid phase conversion [13,14], where polysulfide species (Li2Sx, x=2-8) are 

formed, also involving radical reaction steps [15]. These reaction intermediates, which 

are soluble in the common lithium battery solvents (such as ethers and carbonates), can 

migrate through the electrolyte along the charge reactions reaching the anode and 
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resulting in an electrochemical short-circuit known as ‘shuttle effect’ [16]. The dissolution 

of these moieties within the electrolyte causes active material losses thus leading to fast 

capacity decay and poor cell cyclability. Designing new electrolyte compositions could 

be a valid approach to overcome the aforementioned issues[17] as solvents, salts and 

additives have together a strong effects on the electrochemical performance of lithium-

sulfur cells[18,19]. In this regard, the tuning of the lithium-salt anion donicity could 

positively affect the Li2S passivation film morphology, preventing the insulation of the 

electrode surface and, thus, enhancing the sulfur utilization within the active material[20–

23]. Additionally, more electro-donating anions have been shown to yield to the 

production of a stable electrolyte interphase layer on both anode and cathode surfaces, 

which could reduce the shuttle effect phenomenon [21,22]. For instance, Chu et al. 

investigated three salts (i.e. LiTFSI, LiTf, and LiBr) in DOL:DME (1:1 in volume) solvent 

with 0.2 M LiNO3 as an electrolyte additive to find the role of the electron-donating 

property of electrolyte salt anions in the lithium sulfide growth. They found that anions 

with higher donor number (LiTf and LiBr) allow 3D Li2S growth by dissociation of S2- in 

the electrolyte. This phenomenon resulted in an extension of the lower voltage plateau 

and in an increase of the discharge capacity of the cells containing LiTf and LiBr especially 

when compared to the cell employing the LiTFSI salt. In addition, the electrolytes with 

salt anions having high donor-number, provided better compatibility with the lithium 

electrode, which led to an improved stability of the LSBs. [20] Finally, the stabilization of 

S3●- radical involved in the sulfur reduction pathway is favoured by the increased 

electron-donating properties of the electrolyte [23], hence promoting several reaction 

routes with the consequent improvement of the active material utilization [24]. 

The present work reports a comparative study of 1,3-dioxolane (DOL)/1,2-

dimethoxyethane (DME)-based electrolytes containing lithium salts bearing different 

electron-donating anions, namely lithium bromide (LiBr), lithium iodide (LiI) and 

lithium bis(trifluoromethane)sulfonimide (LiTFSI). In details, the Br− and I− anions 
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donicity properties are compared with the low donicity anion 

bis(trifluoromethane)sulfonimide (TFSI−), typically employed in Li-S batteries 

electrolytes. The following sequence shows the trend of the electron-donating properties 

of the investigated anions[20,28]: 

 

TFSI−  <  I−  <  Br− 

 

The electrolytes comparison is defined in terms of thermal properties, conductivity, 

lithium interface stability, lithium transport number, lithium stripping/deposition, linear 

sweep voltammetry and cyclic voltammetry. Furthermore, the electrolytes are tested in 

lithium-sulfur half-cells by galvanostatic cycling tests and rate capability measurements 

employing a sulfur-carbon composite cathode. A post-mortem characterization of the 

cycled electrode is carried out by scanning electron microscopy (SEM). The results show 

that the cells containing lithium halide salts exhibit electrochemical performances 

superior or comparable to the LiTFSI-based cell. 

 

 

2. Materials and Methods 

2.1  Electrolyte Preparation  

Three electrolyte solutions containing different lithium salts were prepared by dissolving 

1.0 mol kg-1 of the following salts: lithium bromide (LiBr), lithium iodide (LiI) and 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) with the addition of 0.5 mol kg-1 

of lithium nitrate (LiNO3) to each sample. The solutions were prepared by using a mixture 

1:1 w/w of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) in an MBraun argon 

filled glovebox (with oxygen and moisture level lower than 0.1 ppm) and stirred for 24h 

before cells assembling. The electrolytes solvents were dried for several days under 

molecular sieves before mixing. All the above-mentioned chemicals are Sigma Aldrich 
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products. The electrolyte samples will be following named based on the main lithium 

salts dissolved within the solutions:  

LiBr = DOL:DME 1:1 w/w - 0.5 mol kg-1 LiNO3 - 1.0 mol kg-1 LiBr 

LiI = DOL:DME 1:1 w/w - 0.5 mol kg-1 LiNO3 - 1.0 mol kg-1 LiI 

LiTFSI = DOL:DME 1:1 w/w - 0.5 mol kg-1 LiNO3 - 1.0 mol kg-1 LiTFSI 

2.2  Active Material and Electrode Preparation 

The sulfur-carbon composite material was prepared by melting method, mixing sulfur 

and multi-walled carbon nanotubes in an 80:20 weight ratio (named S80MWCNT20) at 

150°C for 12h. The as-prepared active material was mixed in a mortar with 

polyacrylonitrile (PAN) as binder in an 80:20 mass ratio using dimethylformamide (DMF) 

as solvent. All the used chemicals are Sigma Aldrich products. The obtained slurry was 

stirred for 1h and casted by doctor blade on AvCarb current collector (FuelCellStore) and 

dried at 60°C for 3h. The electrode foil was punched into 14 mm diameter disks and dried 

under vacuum overnight at 60°C. The sulfur loading of the electrodes was ~2 mg cm-2.  

2.3  Material Characterization 

The thermogravimetric analysis (TGA) of active material and electrolyte solutions were 

performed by a Q500 thermogravimetric analyzer from TAinstrument. The acive material 

sample was heated under nitrogen flow from 30 to 600°C at a 10°C min-1 heating rate. The 

liquid electrolyte samples were heated up under nitrogen flow from room temperature 

to 700°C at a 10°C min-1 heating rate. X-ray diffraction (XRD) patterns were acquired in 

the 2θ/θ scanning mode using a Malvern PANalytical Empyrean instrument equipped 

with a Cu Kα source. Scanning electron microscope (SEM) analysis and energy dispersive 

spectroscopy (EDS) were obtained by a JEOL JSM-6490LA SEM - Analytical operating at 

an acceleration voltage of 15kV with a W filament thermionic source.  
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2.4  Electrochemical Characterization 

Conductivity tests at different temperatures were carried out in 2032 coin cells employing 

a Teflon ring separator with a known diameter and thickness in between two stainless 

steel disks as electrodes. The electrochemical impedance spectroscopy (EIS) 

measurements were carried out within a 1 MHz-10 kHz frequency range and with 10 mV 

signal amplitude varying the temperature from room temperature to 90°C by 10°C steps. 

A. Boukamp Equivalent Circuit software was used to analyse the EIS plots. The fitting 

reliability were evaluated taking into account the chi-squared (χ2) parameter and only the 

results with a χ2 value lower than 10-5 were considered. Cyclic and linear sweep 

voltammetry tests were carried out in order to study the electrochemical stability window 

of the electrolytes. Cyclic voltammetry (CV) analysis was performed over a 0.01 V- OCV 

vs Li/Li+ range at a 0.1 mV s-1 scan rate. The coin cells were assembled by using lithium 

metal as counter electrode and super P on copper as working electrode. The linear sweep 

voltammetry (LSV) test was carried out at a 0.1 mV s-1 scan rate within OCV – 5 V vs Li/Li+ 

range by using super P on aluminium as working electrode. Lithium interface resistance 

values were calculated by fitting the Nyquist plot obtained by EIS measurements 

applying a 10 mV signal amplitude in a frequency range between 1MHz - 100mHz over 

30 days. The nonlinear least-squares fit (NLLSQ) was carried out by means of Boukamp 

software, using an equivalent circuit R(RQ), where R is a resistance and Q represents a 

capacitance. Lithium stripping/deposition galvanostatic analysis was carried out in 

symmetrical lithium/lithium 2032 coin cells applying a constant current density of 0.1, 

0.84 and 3.35 mA cm-2 within 1-hour steps. The lithium transport number (tLi) was 

obtained by using the Bruce-Vincent technique in Swagelok-type Li/Li symmetrical cells 

with a DC signal amplitude of 30 mV for 90 minutes until stabilization, with the Bruce-

Vincent equation given by: 
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tLi =  
Iss ( V −I0R0)

I0 (V−IssRSS)
       (1) 

 

where Iss and I0 are the steady-state current and the initial current values, respectively, V 

is the applied potential, R0 in the initial resistance and Rss is the resistance at the steady 

state. The electrochemical impedance spectroscopy was performed with a 30 mV signal 

amplitude in the 1MHz - 100mHz frequency range. The electrolyte characterizations were 

carried out using a BioLogic VMP-3 potentiostat. In order to analyse the morphology of 

the SEI layer, flattened pieces of metallic lithium were immersed in the three electrolyte 

solutions for 3 days. SEM pictures and EDX maps were acquired with the same 

instrument as mentioned before. 

The cycling tests were performed in lithium-metal half-cells assembled using CR2032 

coin cells with a 2400Celgard separator soaked with 40 µL of electrolyte (=20 µL/mgS). 

Galvanostatic cycling tests were carried out at a current rate of 1C (1675 mA g-1 based on 

sulfur mass) and C/4 (418 mA g-1) in a voltage range of 1.6 V-2.8 V and 1.9 V-2.6 V, 

respectively. Rate-capability tests were performed by increasing the current rate from 

C/10=167.5 mA g-1 to 1C=1675 mA g-1 through C/8=210 mA g-1, C/6=280 mA g-1, C/4=418 

mA g-1, C/2=837 mA g-1, 1C=1675 mA g-1 and finally back to C/10. The cycling tests were 

performed by using a BCS-805 multichannel battery unit by BioLogic. 

 

3. Results and Discussion 

3.1  Active Material Characterization 

The active material employed in this work in order to test the selected electrolytes is a 

composite material composed of sulfur and multi-walled carbon nanotubes composite 

(named S80MWCNT20) already tested by our group. The choice of the carbonaceous 
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material is based on its superior conductivity and hosting properties while the sulfur 

content was a good compromise between sulfur amount and electrode conductivity. The 

composite was first investigated by X-ray diffraction (XRD) analysis in order to verify its 

composition. The analysis of the composite, reported in Figure 1(a), confirms the presence 

of both orthorhombic sulfur (ICDD 01-078-1889) and carbon nanotubes (ICDD 00-058-

1638). This result suggests that the synthesis method herein adopted does not affect the 

crystalline nature of the pristine materials (see Figure A1 of Annex V). Furthermore, the 

sulfur content in the S80MWCNT20 composite was determined through 

thermogravimetric analysis (TGA), as shown in Figure 1(b). The TGA trace indicates a 

weight loss starting from approximately 150°C and ending at about 250°C.  

 

Figure 1 ‒ (a) X-ray diffraction pattern of the S80MWCNT20 composite (purple curve), reference patterns of bulk 

orthorhombic sulfur (pink bars, ICDD: 01-078-1889) and carbon nanotubes (green bars, ICDD: 00-058-1638). (b) 

Thermogravimetric analysis of the composite performed un-der nitrogen atmosphere by increasing the temperature 

from room temperature to 600°C at 10°C min-1. (c), (d) SEM images at different magnifications and (e) EDX mapping 

of the composite (green colour for sulfur, blue colour for carbon). 
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The related derivative curve in the figure inset suggests a sulfur evaporation temperature 

of about 233°C. The sulfur amount within the active material is 82.4%, value that was 

used for the lithium metal half-cell capacity calculation. The long plateau between 250°C 

and 600°C is ascribed to the presence of carbon nanotubes, which are stable in the whole 

temperature range. The morphology of active material was evaluated via scanning 

electron microscopy (SEM). Low magnification SEM picture reveals the presence of 

isolated sulfur particles, characterized by a homogeneous isotropic growth in the three 

space directions and having a size of 30 µm, together with sulfur carbon aggregates with 

dimensions of about 150 µm (Figure 1(c)). At higher magnification, it is possible to 

appreciate that the sulfur particles forming the aggregates are covered by carbon 

nanotubes, which appear to be intimately connected to the sulfur core (Figure 1(d)). 

Indeed, the EDS mapping reported in Figure 1(e) confirms the presence of a central 

nucleus made of sulfur (green colour) covered by the carbon nanotubes (blue colour). 

Furthermore, after the casting procedure, the electrodes were analysed by SEM in order 

to verify their homogeneity in terms of sulfur dispersion and thickness (Figure A2 of 

Annex V).  

3.2  Electrochemical Characterization 

 Three electrolyte solutions containing 1 mol kg-1 of lithium salt bearing different electro-

donating properties (LiBr, LiI and LiTFSI) and 0.5 mol kg-1 of lithium nitrate as additive 

in a dioxolane-dimethoxyethane (DOL-DME) 1:1 mixture [26–29], are herein 

characterized by the point of view of their thermal, physical and electrochemical 

behaviours, in order to verify their practical use for lithium-sulfur batteries. The thermal 

stability and decomposition temperature of the prepared electrolytes were assessed via 

TGA performed under nitrogen flow from room temperature up to 700°C, as shown in 

Figure 2. All samples exhibit an initial mass loss starting from ~50°C, which is attributed 

to the DOL-DME solvent mixture evaporation, in line with other investigation studies 
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[30]. The curves trend reflects the salt content within each sample, thus following the salts 

molecular weight. Indeed, the salt with the highest molecular weight, i.e. LiTFSI, shows 

a plateau at about 33%, while LiI and LiBr show a similar plateau but at lower weights, 

specifically ~20% and 15%, respectively. 

 

Figure 2 ‒ Thermogravimetric analysis (TGA) curves of LiBr, LiI and LiTFSI electrolytes performed from room 

temperature up to 700°C at a heating rate of 10°C min-1. 

A crucial parameter determining the performance of an electrolyte is its ionic 

conductivity. Figure 3(a) shows the conductivity Arrhenius plots of the electrolytes 

obtained through electrochemical impedance spectroscopy (EIS) measurements (Figure 

S3 of Supplementary Information, Figure S4 for the measurement upon cooling) by 

increasing the temperature from 25°C up to 90°C. All the electrolyte solutions exhibit a 

stable conductivity trend within the selected temperatures range with values suitable for 

lithium-sulfur battery application [33]. In details, at room temperature LiTFSI presents a 

conductivity of 4.9∙10-3 S cm-1, value that decreases down to 1.5∙10-3 S cm-1 for LiI and 

7.3∙10-4 S cm-1 for LiBr. [34]. The systematic decrease in conductivity which follows the 

increase of the electrolyte donicity could be ascribed to the limited movement of the 

anions (the more electronegative the stronger the movement limitations) due to the 
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solvent-ion interactions, as further suggested by the lithium transport number values 

reported in Figure 3(b) (see Figure S5 of Supplementary Information for EIS and 

chronoamperometry measurements) [32]. Indeed, tLi, which represents the fraction of the 

ionic conductivity owed to lithium ions, is proportional to the anion donicity. LiTFSI 

shows a lithium transport number of 0.41, LiI of 0.58 and LiBr reaches a value of 0.86. 

This trend could be associated to the bulky solvation shell surrounding the higher 

donicity anions, thus increasing their effective radii [33,34] and reducing the overall ionic 

conductivity. 

 

Figure 3 ‒ (a) Comparison of conductivity Arrhenius plots upon heating obtained by EIS measurements and (b) 

Lithium transport number of LiBr, LiI and LiTFSI electrolytes obtained by Bruce-Vincent method in a symmetrical Li/Li 

T-cell at room temperature. 

Figure 4(a) and 4(b), respectively, show the cyclic voltammetry (CV) and the linear sweep 

voltammetry (LSV) tests, which were performed for investigating the electrochemical 

stability window of the electrolytes. The CV profile of the first cycle for each sample (See 

Figure S6 of Supplementary Information for the complete characterization) highlights the 

presence of a first main cathodic peak at 1.5 V for LiBr, LiI and LiTFSI (Figure 4(a)) while 

a peak at about 0.1 V and common to all the electrolytes is detected. Furthermore, LiI and 

LiTFSI show a small secondary peak at about 1.6 V which could be ascribed to lithium 

nitrate reaction, while for LiBr sample the broad peaks likely cover this latter peak.  
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Figure 4 ‒ (a) Cyclic voltammetry tests - first cycle - for LiBr, LiI and LiTFSI electrolytes performed in lithium-metal 

half-cells (2032 coin cells) using Super P on copper as working electrode, recorded at a scan rate of 0.1 mV s -1 in 0.01 V 

- 2.2 V voltage range. (b) Linear sweep voltammetry of LiBr, LiI and LiTFSI electrolytes performed in lithium-metal 

half-cells (2032 coin cells) using Super P on aluminium as working electrode, recorded at a scan rate of 0.1 mV s-1 in 

OCV - 5 V voltage range. (c) Li-electrolyte interface resistance evolution in time performed in symmetrical Li/Li cells 

obtained through electrochemical impedance spectroscopy applying a signal amplitude of 10 mV within 1 MHz-100 

mHz frequency range at room temperature. (d) Voltage vs. time profiles of lithium stripping/deposition galvanostatic 

analysis of LiBr, LiI and LiTFSI electrolytes, obtained applying 0.1 mA cm-2 current density in symmetrical Li/Li cell at 

room temperature. 

The main cathodic peaks reveal an irreversible reaction probably due to the salts 

reduction which is responsible of the SEI film formation on lithium surface [35], while 

the peak at 0.1 V could be ascribed to the intercalation of Li-ions into the carbonaceous 

material [36–38]. In particular, LiBr-based electrolyte shows a peak current with the 

highest intensity during the cathodic scan. Since all the electrodes (Super P on copper) 

used for the CV have the same mass loading, the high intensity and narrow width of LiBr 

peak could be ascribed to a favourable SEI formation which could reduce the polysulfides 
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shuttle effect [42,43]. In the subsequent CV cycles, namely 2nd, 3rd and 4th cycles, reported 

in Figure S6, the intense cathodic peaks disappear in all the samples. These findings 

suggest that for all samples a stable protective layer is formed on the surface of the 

electrode, hence demonstrating the stability of the electrolytes in the investigated voltage 

range. 

In order to define the upper limit of the voltage stability window, an LSV of the 

electrolytes was carried out and the resulting curves are shown in Figure 4(b). LiI shows 

the narrowest electrochemical stability window as it starts to decompose at about 2.8 V, 

LiBr at 2.9 V. These results suggest that the considered electrolytes can be eligible to be 

employed in the sulfur-cell chemistry, since lithium-sulfur electrochemical reactions take 

place below 2.8 V (namely in the 1.5 V - 2.8 V voltage range) [41]. 

With the aim of analysing the lithium-electrolyte interface stability, the evolution of the 

lithium interface resistance as a function of time was measured by EIS at room 

temperature, through symmetrical Li/Li cells containing the three electrolytes (Figure 

4(c)). The resistance values were obtained from Nyquist impedance plots (Figure S7 of 

Supplementary Information) by using Boukamp software. The initial resistance of LiI, 

LiTFSI, and LiBr are 38, 63, and 280 Ω, respectively. Subsequently, the plots evidence a 

slight resistance increment along the first day, which could be related to the production 

of a solid electrolyte interphase. Afterwards, all the cells exhibit stable resistance values 

(up to 15 days) of ~101 Ω in LiI, 138 Ω in LiTFSI, and 374 Ω in LiBr, suggesting that the 

formed lithium-electrolyte interphase is stable. LiTFSI and LiI samples, which are also 

the salts bearing the lowest donicity, exhibit the lowest interface resistance. On the other 

hand, LiBr demonstrated the highest interface resistance as resulting from their 

electronegativity properties. This finding could be ascribed to the formation of a stable 

protective film on the metallic lithium [30,36]. In order to corroborate such hypothesis, 

the stripping/deposition tests was performed and the results are reported in Figure 4(d). 

The experiments were carried out using symmetrical Li/Li coin cells in order to determine 
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and compare the stability behaviour in dynamic conditions of the electrolytes. LiBr 

exhibits the highest overvoltage value (up to 60 mV) probably associated with the charge 

transfer resistance increment at the lithium interface, as indicated by the interface 

resistance measurement shown in Figure 4(c). Negligible overvoltage changes are finally 

observed in LiI and LiTFSI electrolytes being characterized by values of about 17 mV and 

18 mV, respectively. These results suggest a stable behaviour upon lithium stripping and 

deposition test. These findings are in line with the interface resistance values previously 

discussed, thus supporting the consolidation of a stable solid electrolyte interphase.  

Eventually, in order to uncover the possible application of the prepared electrolyte 

solutions within lithium-sulfur battery systems, lithium-metal half-cells containing the 

three electrolytes were assembled. The coin cells employed in this study contain a sulfur-

carbon composite as the positive electrode with 64wt% sulfur content and metallic 

lithium as the negative electrode. The cells were tested at C/4 and 1C (1C=1675 mA g-1) 

current rates (Figure 5). As shown in Figure 5(a) and 5(b), at C/4 the cells containing the 

LiBr electrolyte with anion having the highest donicity reveals a higher specific discharge 

capacity than the cells employing electrolytes comprising anions bearing a lower donicity 

(LiI, LiTFSI). The tested samples, with the exception of LiBr cell, exhibit a fast capacity 

fading during the initial cycles, most likely ascribable to the partial LiPSs dissolution in 

the electrolytes [42,43]. Vice versa, LiBr cell seems to take advantage from the thick and 

stable protective passivation layer formed on the electrode, as emerged from the lithium 

interface stability measurements shown in Figure 4(c), as no initial capacity fading is 

observed. The following cycles reveal that the LiBr cell delivers an initial discharge 

capacity of about 940 mAh g-1, while LiI and LiTFSI cells display a similar behaviour with 

a capacity of 780 mAh g-1. Furthermore, LiI and LiTFSI samples are characterized by a 

capacity decay down to 675 mAh g-1 during the first 10 cycles followed by a stable trend 

upon cycling. 
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Figure 5 ‒ (a), (c) Galvanostatic cycling performance and (b), (d) the relative voltage profiles of LSBs realized with 

LiBr, LiI and LiTFSI electrolytes performed in a 1.6 – 2.8 V voltage range carried out at (a), (b) C/4= 419 mA g-1 and 

(c), (d) 1C = 1675 mA g-1. The voltage profiles were plotted considering the 50th cycle. 

After the same number of cycles, LiBr exhibits a stable trend maintaining a capacity of 

875 mAh g-1 (93% capacity retention) followed by a fast capacity decrease. This capacity 

drop could be related to a partial polysulfide dissolution within the electrolyte or to the 

formation of ‘dead sulfur’, consisting in sulfur species which cannot take part to the redox 

reaction due to the absence of electric contact.[47] The voltage profiles of Figure 5(b), 

related to the 50th cycle, depict the typical voltage behaviour ascribed to the lithium-sulfur 

redox reactions [44]. Indeed, during the discharge processes, the plateau at 2.4 V can be 

related to the reduction of S8 to Li2S8 and Li2S6, while the long plateau at about 2.1 V is 

attributed to the production of low-order LiPSs, i.e. Li2S4, Li2S2 and Li2S [12,45]. In 

particular, the increased length of the second discharge plateau of LiBr could be related 

to the formation of Li2S discharge product with a morphology preventing the complete 
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positive electrode passivation [19]. This effect could hence allow for the complete sulfur 

moieties reaction and therefore leading to a high specific capacity. On the other hand, the 

first discharge plateau presents almost the same length for all the tested samples, 

probably due to the limited Li2S6 solubility within DOL:DME solvents mixture [15]. 

Differently, the charge profile is characterized by the presence of a long plateau at 

approximately 2.2 V related to the oxidation of low-order to high-order LiPSs and a short 

plateau at 2.45 V, ascribed to the further oxidation of the high-order polysulfides to 

pristine sulfur. Interestingly, a low polarization is detected in the cells employing an 

anion with a higher donicity. This effect could be ascribed to the enhanced charge transfer 

kinetics associated with the high-donicity anion [9,46] and the presence of a stable SEI on 

the lithium surface, as suggested by the lithium stripping/deposition measurement 

(Figure 4(d)). The low charge polarization of these samples suggests that an increase in 

the anion donicity could lead to a higher reaction reversibility of the lithium sulfur 

processes [18]. It is noteworthy that the LiNO3 addition in all the electrolytes helped to 

reduce the shuttle effect thus obtaining a coulombic efficiency approaching the 100 % 

[47](Supporting Information Figure S8). The specific capacity vs. cycle number trend at 

1C are reported in Figure 5(c) and 5(d). LiBr cell presents an initial activation process 

leading to an increment of the specific capacity over the first 10 cycles reaching a 

discharge capacity of 768 mAh g-1. This behaviour may be ascribed to the electrode 

wettability processes [48–50]. Each sample herein characterized shows a slight capacity 

fading during cycling with LiTFSI decreasing down to 575 mAh g-1 after 180 cycles, 

respectively, and LiI demonstrates the fastest capacity fading down to a specific capacity 

of 523 mAh g-1 at 180 cycles. The LiBr-based cell shows instead a good stability over 

cycling with a capacity retention of 730 mAh g-1 after 180 cycles. However, at 1C the effect 

of the different electron donicity properties are less obvious.  

In order to better understand this phenomenon, stripping/deposition tests were carried 

out on LiTFSI as reference and LiBr as the best sample at the same current densities 
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adopted for the cycling measurements, namely C/4 and 1C. The results are reported in 

Figure S9 of the Supplementary Information. At C/4 current density (Figure S9(a)), both 

LiTFSI and LiBr show high overpotential values, which start decreasing after 2 days for 

LiBr and after 4 days for LiTFSI, with a quick stabilization at 35 mV and 18 mV for LiBr 

and LiTFSI, respectively. The comparison with the tests at 1C (Figure S9(b)) reveals how 

at low current rates the polarization for both the samples is greatly enhanced with respect 

to the polarization at high current rates (12 mV in the case of LiBr and 5 mV with LiTFSI) 

even though their ratio remains constant. Therefore, the reason of the aforementioned 

discrepancy could be ascribed to the differences in the electrolyte ionic conductivity, 

which seems to have an important effect on the cell performance especially at high C-

rate, reducing the ad-vantages of using a high donicity element. On the other side, at low 

current rates, the differences in the SEI composition and morphology seem to be the 

dominating factor. Overall, this result suggests a limited contribution of the overpotential 

on the cells performance, in fact more influenced by different factors such as the SEI 

uniformity, stability, the ionic conductivity and the elements donicity. Figure 5(d) reports 

the voltage curves of the cells at 1C related to the 50th cycle and highlights the slightly 

lower discrepancy in the polarization values, confirming the aforementioned hypothesis. 

Rate capability tests were performed and are reported in Figure S10 of Supplementary 

Information showing the electrochemical cells performance by varying the current rates. 

The results show a stronger capacity fading when increasing the current in the lithium-

sulfur half-cells containing electrolytes with higher electron-donating properties. This 

effect could be due to a possible SEI morphology rearrangement. Indeed, the LiBr 

response shown in Figure 5(a) and (c) show, both at low (C/4) and high (1C) current rates, 

initial activation cycles which can be attributed to a morphological rearrangement of the 

SEI. When modifying the current rate, the LiBr cell may require a stabilization period due 

to the possible morphological reorganization of the SEI layer due to the new current 

density. Moreover, at high current rate, the ions movement may be hindered by a stable 
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and uniform SEI layer, thus increasing the cell polarization and lowering the delivered 

capacity. The synergic effect of the aforementioned phenomena may result in a levelling 

of the cells performance.  

In order to analyse and confirm the formation of 3D Li2S particles when higher donating 

anions are present in the electrolyte, a post-mortem analysis on the cycled electrodes was 

performed. To this aim, the cells containing LiBr, LiI and LiTFSI were discharged at C/4 

and the electrodes were washed with the electrolyte solvents before the analyses. The 

results are reported in Figure 6. 

 

 
Figure 6 ‒ SEM images at different magnifications of the Li2S morphology on the post-mortem sulfur electrodes using 

(a), (d), and (g) LiBr, (b), (e) and (h) LiI, (c), (f) and (i) LiTFSI electrolytes, respectively. The relative EDX maps are 

reported in figure (g), (h), and (i). 
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Figure 6(a), (d) and (g) refer to the cell employing LiBr as electrolyte. At low 

magnification (Figure 6(a)), the Li2S particles assume spherical-like and 3D shapes, 

uniformly dispersed on the whole electrode surface. Furthermore, Figure 6(d) shows 

particles diameters ranging from 10 to 30 µm, while the relative EDX map (Figure 6(g)) 

confirms the presence of sulfur, which was considered for the determination of the sulfide 

phase. The formation of such Li2S deposition morphology, which is due to the presence 

of the high donicity LiBr, could be the reason of the superior capacity demonstrated by 

the cell containing this salt, as shown in Figure 5(a). Indeed, this specific 3D-like particle 

morphology enables the further conversion of sulfur within the electrode thus increasing 

its utilization. Similarly, Figure 6(b) and (e) show the SEM images of the electrode cycled 

in presence of LiI as electrolyte salt at different magnifications. The use of LiI as salt 

electrolyte leads to the formation of 3D shaped Li2S with a more irregular configuration. 

These particles, differently from the LiBr electrolyte, appear to be slightly flattened 

(Figure 6(e)), with sizes from 10 to 50 µm. The EDX map of Figure 6(h) confirms the 

presence of sulfur within the analysed particles. Finally, Figure 6 (c), (f) and (i) show the 

SEM images of the LiTFSI sample and the relative EDX map, respectively. As expected, 

the Li2S deposition when using LiTFSI as electrolyte occurs preferably through the 

formation of a solid layer in the form of big flatten particles rather than a 3D morphology. 

This effect causes the progressive coverage of the electrode surface with insulating 

material, significantly reducing the sulfur utilization and thus its capacity. The EDX map 

of Figure 6(i) shows a high concentration of sulfur in correspondence of the studied layer. 

From these results, it is possible to conclude that LiBr, the salt bearing anion with the 

highest donicity properties, showed the best electrochemical performance both at C/4 and 

1C. The main reasons underneath the better electrochemical performance of the LiBr-

based cells are: i) The formation of a thicker SEI layer on the lithium metal in the presence 

of high donicity salt (LiBr) – as shown by the sharp peak at around 1.5 V in the CV plot 

(Figure 4(a)) - along with large interfacial resistance values of the Li/Li cell (Figure 4(d)), 
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can protect the lithium surface from corrosion products; ii) Stabilization of the S3•- radicals 

in the presence of LiBr electrolyte facilitates the chemical redox reaction with other sulfur 

anions such as S2-, leading to an extension of the discharge process; iii) 3D growth of Li2S 

in high donicity environment can slow down the passivation of the sulfur electrode hence 

increasing the sulfur utilization, as corroborated by SEM analyses. The key factor for 3D 

nucleation and growth of Li2S is the strong solvation of the lithium ions with PSs in a high 

donicity environment. This scenario leads to S2- dissociation in the electrolyte and to the 

formation of Li2S particles on the sulfur electrode instead of forming a film-like Li2S 

during the discharge process. 

 

4. Conclusions 

Electrolyte solutions containing lithium salts bearing different electron donating 

properties (LiBr, LiI and LiTFSI) were herein investigated as suitable mixtures for 

lithium-sulfur cells. Ionic conductivity properties at different temperatures and lithium 

transport number of the electrolytes were studied in order to compare the mobility of the 

different species, remarkably affected by the electron-donating properties of the studied 

anions. The electrochemical window stability as well as the lithium interface resistance 

and lithium stripping/deposition properties were considered. The galvanostatic cycling 

performance of the cell employing a higher donicity electrolytes (containing Br−) revealed 

a higher sulfur utilization with respect to lower donor electrolytes thus resulting in 

increased specific discharge capacities, especially at a low current rate. These results 

could be mainly attributed to the suitable passivation layer growth on the cathode 

surface, as suggested from the SEM images of the Li2S particles, and to the formation of 

a stable SEI layer as suggested by the interface resistance values. At high C-rate the tested 

electrolytes present a similar cycling trend, confirming the ionic conductivity, which has 

higher values in lower donicity electrolytes (LiI, LITFSI), as a critical parameter in the cell 
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performance. Finally, the LiBr electrolyte demonstrated the best performance in terms of 

specific capacity both at C/4 and 1C, delivering 900 and 750 mAh g-1, respectively, thus 

revealing its applicability in lithium-sulfur cells. 
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Figure A1 ‒ XRD pattern of pristine sulfur pre-treatment and the orthorhombic sulfur reference pattern. 

 

Figure A1 shows the comparison between X-ray diffraction pattern of the pristine sulfur 

pre-treatment employed in the composite preparation and the orthorhombic sulfur 

reference pattern. All the peaks associated to the orthorhombic sulfur lattice are present 

in the experimental diffraction pattern. See Figure 1(a) for the sulfur-carbon composite 

pattern. 
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Figure A2 ‒ (a) and (b) SEM images of sulfur electrode surface and (c) and (d) of its cross section, Secondary and back 

scattered electrons, respectively. 

 

Figure A2 (a) and (b) depict the sulfur-carbon electrode surface (top view) showing a 

porous structure composed of small sulfur particles homogeneously dispersed on the 

electrode surface. Figure A2 (c) and (d) show the electrode cross section where a uniform 

thickness is observed, together with an homogeneous sulfur particles distribution (bright 

spots) along the whole thickness. 
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Figure A3 ‒ Electrochemical impedance spectroscopy measurements of the selected electrolyte for ionic conductivity 

determination. 

 

Figure A3 reports about the conductivity measurements of each electrolytes carried out 

through EIS upon heating (Fig. A3 (a), (b), (c)) and cooling (Fig. A3 (d), (e), (f)) the 

solutions from room temperature (RT) to 90°C and back to RT. The conductivity 

Arrhenius plot of the electrolytes above heating is reported in Figure 3(a) of the Main 

text. 
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Figure A4 ‒ Comparison of electrolytes conductivity values upon cooling obtained by EIS measurements (Figure A1). 

 

Figure A4 depicts the conductivity Arrhenius plot of the electrolytes upon cooling the 

solutions from 90°C to room temperature. The measurements obtained by increasing the 

temperature are reported in Figure 3a of the Main text. As expected, the electrolytes 

conductivity decreases upon temperature reduction from 90°C to room temperature. 
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Figure A5 ‒ Chronoamperometry measurements of (a) LiF, (b) LiBr, (c) LiI and (d) LiTFSI electrolytes and EIS tests, in 

inset, performed using the Bruce-Vincent technique in Swagelok-type, Li/Li symmetrical cell using DC pulse 

polarization of 30 mV for 90 min and electrochemical impedance spectroscopy with signal amplitude of 30 mV within 

1 MHz-100 mHz frequency range. 

 

Figure A5 shows the electrolytes chronoamperometry measurements and the EIS plots, 

the latter acquired before and after the chronoamperometry measurements in order to 

calculate the lithium transport number as in Eq.1 of the Main text.  
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Figure A6 ‒ Cyclic Voltammetry tests of (a) LiF, (b) LiBr, (c) LiI and (d) LiTFSI electrolytes performed in lithium-metal 

half-cells (2032 coin cells) using Super P on copper as working electrode, recorded at a scan rate of 0.1 mV s -1 in 0.01 V 

- 2.2 V voltage range.  

 

Figure A6 reports the cyclic voltammetry tests of the investigated electrolyte. As reported 

in Figure 4(a) of the Main text, the first cathodic peaks could be ascribed to the SEI 

formation, while the peak at lower voltage (about 0.01V) is related to the Li-ion 

intercalation. The peak associated with the SEI film deposition disappear after the first 

cycle. Only the intercalation and de-intercalation peaks are visible in the following cycles. 

 

Figure A7 reports the Nyquist plots related to the electrochemical impedance 

spectroscopy measurements performed in symmetrical Li cells containing the four 

electrolytes over a period of 15 days. The evolution over time of the lithium interfacial 

resistance is shown in Figure 4(c) and is obtained through the NLLSQ fit of the impedance 

spectra. After the cells assembly, the EIS measurements were carried out every hour 

during the first day and once per day for the remaining testing period, as reported in 

Figure S7(a) and (b) for LiBr, Figure S7(c) and (d) for LiI and Figure S7(e) and (f) for 

LiTFSI, respectively. 
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Figure A7 ‒ Nyquist plots relative to the electrochemical impedance spectroscopy performed applying a signal 

amplitude of 10 mV within 1 MHz-100 mHz frequency range to investigate the Li-electrolyte interface resistance 

evolution over time. 

 

Figure A8 ‒ Coulombic efficiency of the galvanostatic cycling performed at C/4 and 1C. 
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Figures A8 (a) and (b) report about the coulombic efficiency regarding the galvanostatic 

cycling measurements of the lithium-sulfur cells tested at C/4 and 1C, respectively 

(Figure 6 of the Main text). 

 

Figure A9 ‒ Stripping/deposition test carried out in symmetrical Li/Li cells at (a) C/4 and (b) 1C on LiTFSI and LiBr 

electrolyte samples. 

 

Figure A9 shows the lithium stripping/deposition tests carried out on LiTFSI and LiBr 

samples at the current rate of C/4 and 1C, in order to reproduce the behavior during 

cycling. 
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Figure A10 ‒ Rate capability test: (a), (e) LiF, (b), (f) LiBr, (c), (g) LiI and (d), (h) LiTFSI electrolytes carried out in Li-S 

cells in a 1.7 V – 2.8 V voltage range at C/10, C/8, C/6, C/4, C/2, 1C current rates (1C=1675 mA g-1). 

 

The rate capability tests of LiF, LiBr, LiI and LiTFSI-based cells are reported in Figure 

A10. The cells containing the lithium halides salts-based electrolytes showed a specific 

capacity increase with respect to the reference electrolyte employing LiTFSI, as also 

confirmed by the galvanostatic cycling tests at 1C and C/4 reported in Figure 5 of the 

Main text. The cells employing LiBr-based electrolyte release the highest capacity at C/10 

of about 1180 mAh g-1 and show a low charge/discharge polarization. 
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Chapter VI - Design of Experiment 

 

 

 

Abstract 

Lithium-sulfur batteries (LSBs) meet the requirements to supplant the current lithium ion 

batteries due to their high theoretical capacity and energy density. The mechanisms 

regulating the LSBs operation are not yet fully understood and a wide literature is 

available on the topic. The majority of the research studies evaluate the different cell 

outputs with the trial-and-error method, varying one variable at a time. In this way, the 

interactions between variables that have an effect on the system response is completely 

ignored and superficial information are achieved. In this work, we demonstrate the use 

of a Design of Experiment as powerful and feasible tool to study complex systems such 

as LSBs taking in consideration all the parameters influencing their electrochemical 

performance. In details, to unveil the effect of both the electrode composition and the 

electrolyte formulation on the sulfur-based performance, a mixture-process design in 

here proposed, combining a simple lattice with a factorial design. A D-optimization leads 

to the selection of 21 experiments to be carried out, therefore minimizing the 

experimental effort and increasing the obtainable information. 
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1. Introduction  

Secondary batteries and especially the next-generation batteries are considered the more 

sustainable way to store energy in the near future.[1] Weather there are employed as 

vehicles powering systems, in portable electronics or as renewable energy storage 

technology, batteries are complex systems whom performance depends on a huge 

number of variables (electrode composition and structure, electrolyte formulation, et c.). 

The ever-increasing demand for high energy density and charge capacity electrochemical 

storage devices (ESDs) imposed a constant rush to find innovative and performing 

solutions and chemistries.[2–4] The research effort to accomplish this goal appears clear 

when looking at the available literature in the battery field. Despite great improvements 

in the batteries performance have been achieved in the last decades, the majority of the 

published paper rely on trial-and-error methods. This approach implies the variation of 

a single system parameter and the evaluation of the obtained response. In this way, the 

possible interactions among the multiple variables are ignored and just a local knowledge 

is achieved (i.e. the results are obtained with that parameters combination). A promising 

solution to solve this problem is the use of the Design of Experiment (DoE)[5]. The DoE 

is a powerful, statistical tool used to model multivariable processes giving weight to all 

the observations with the minimal number of experiments to carry out. Moreover, it 

returns a global knowledge of the system, maximizing the obtainable information. 

Indeed, the DoE provides an empirical model linking a response of interest (e.g. capacity, 

efficiency) to the considered variables, allowing observing their effects and interactions. 

This robust method promises to reduce the experimental time and costs while returning 

the most complete system information, enabling the investigation of complex 

phenomena. In order to perform an experimental design, the steps reported in Figure 1 

have to be followed: 
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The first step is the definition of the goal of the experiment (e.g. the yield of a reaction, 

the effect of a new electrolyte formulation, et c.). Next, the response of interest, i.e. the 

measurable physical value to be optimized, have to be identified. Once the response is 

outlined, all the factors that can have an effect on the response have to be detected. These 

factors and the ranges in which they might vary must be selected from the scientific 

theory, literature, screening designs or from the experience. Based on the previous steps, 

a model is postulated, i.e. the DoE to be applied is chosen, and consequently the 

experimental plan can be draw. Afterward, the experiments selected through the DoE are 

run, considering also cost and time constrains. Finally, the output data are analyzed and 

logical conclusions can be drawn. The obtained information can be used as such or they 

can be useful to reformulate a plan to further optimize the response.  

Consequently, a DoE was here applied to derive an empirical model linking the 

performance of lithium-sulfur cells to specific electrode-electrolyte combinations. 

Lithium-sulfur batteries are now deeply investigated for their high specific capacity and 

energy density.[6,7] The abundance, low cost and eco-friendliness of elemental sulfur 

make them a sustainable alternative to the common employed insertion materials. In 

literature, few papers concern the application of a DoE to battery materials. [8–11] The 

Define the 
study's 

objectives

Identify the 
response

Define the 
parameters

Define the 
plan

Run the 
experiments

Analyze the 
model

Drawn 
conclusions

Figure 1 – Schematic representation of the DoE workflow. 
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aim of the presented modeling, together with an in-depth physicochemical 

characterization of the electrodes, is to improve the understanding of the relationship 

between electrode composition, electrolyte formulation, and cell performance for the 

lithium-sulfur chemistry. In specific, mixture process design[12] was employed, 

combining a factorial design for studying the electrolyte composition with a simplex-

lattice one, applied to the electrode components. Finally, a D-optimal design[13] was 

applied in order to reduce the number of experiments to run keeping the output 

information as high as possible. The system under investigation consists of a sulfur-single 

walled carbon nanohorns (S-SWCNH) composite as active material and electrolytic 

solutions with different concentration of lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) and lithium nitrate (LiNO3) in mixtures of 1,2-dimethoxyethane and 1,3-

dioxolane (DME and DOL). This study provides a solid base for further optimization of 

this system through more complex models and, at the same time, an example of an 

effective work plan for researchers willing to study new electrode-electrolyte systems. 

 

2. Materials and Methods 

2.1  Electrolyte Preparation  

The electrolyte solutions were prepared in argon-filled glovebox by dissolving the 

selected amount of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and lithium 

nitrate (LiNO3) from Sigma Aldrich in 1,2-dimethoxyethane (DME) and 1,3-dioxolane 

(DOL) from Sigma Aldrich in the chosen weight ratio. The solvents kept under molecular 

sieves for several days before mixing to eliminate the possible water traces. The lithium 

salts were dried under vacuum at 50°C for 24h. The as-prepared solution was stirred 

overnight before cells assembly.  

2.2  Active Material and Electrode Preparation 
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The sulfur−single−walled carbon nanohorns composite (S-SWCNH) was prepared via a 

solvent−evaporation approach. SWCNHs were provided by Advanced Technology 

Partner s.r.l.(ATP). Elemental sulfur (from Sigma Aldrich) and SWCNHs were mixed in 

a weight ratio of 80:20 in ethanol. The mixture was sonicated in a sonic bath until 

complete sulfur dissolution. Afterward, the solvent was slowly evaporated at 60°C under 

light vacuum pressure of 400 mbar. The preparation of the electrodes was carried out by 

mixing the selected ratio of active material, Super P carbon (Imerys) and polyvinylidene 

difluoride PVdF (Solvay) as binder using N-methylpyrrolidone NMP as solvent (Sigma 

Aldrich). The slurries were casted by Doctor-Blade onto a carbon cloth current collector 

(AvCarb) and dried overnight at 40°C. The electrode foils were punched into disks of 14 

mm in diameter, dried under vacuum at room temperature overnight and transferred in 

an argon-filled glovebox for cell assembly. The sulfur loading of the different electrode 

composition ranges between ~4 to 5 mg cm-2. 

2.3  Material Characterization 

The thermogravimetric analysis (TGA) of the S–SWCNH composite was carried out with 

a Q500 thermogravimetric analyzer from TA Instruments, and it is reported in Annex VI, 

Figure A1. The sample was heated up from room temperature to 700 °C at a 10 °C/min 

heating rate under nitrogen flow. 

2.4  Electrochemical Characterization  

The electrochemical cycling performance of the composite electrodes containing the S-

SWCNH was tested in coin cells with a CR2032 format. The cathodes were coupled with 

metallic lithium chips as counter and reference electrode separate by a polymeric 

membrane (2400 Celgard). The assembling process was carried out in an argon glovebox 

with water and oxygen levels < 0.1 ppm. The electrochemical characterization was 

performed by using a BioLogic BCS−805 multichannel battery unit. The galvanostatic 
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cycling tests of the different composite electrodes were performed at the current rates of 

C/4 = 420 mA g-1 in a 1.8 V–2.6 V voltage range. 

 

3. Design of Experiment 

The goal of this DoE is the increase of the LSBs performance in terms of specific delivered 

capacity, which is the response of our system. The parameters under consideration are: 

the proportions of the three components of the mixture (active material, PVdF binder and 

Super P conductive agent), the DOL/DME ratio and the concentration of LiTFSI and 

LiNO3. In a mixture design, the factors are the components of a mixture and the system 

response varies as the proportions changes. The sum of all the mixture components adds 

up to one, i.e. if we have 3 components: a + b + c = 1 (dependent variables). Here, ‘a’ 

indicates the active material, ‘b’ the binder and ‘c’ the carbon additive. At each vertex, we 

find the 100% of the corresponding pure component. In this study, pseudo components 

where used, i.e. constrains on the variability of the three components are imposed, and 

therefore the experimental region is restricted to a ‘sub-triangle’, marked in yellow in 

Figure 2. The starting values for the electrode and the electrolyte compositions were 

chosen in ranges varying around the most common valued found in literature. Indeed, 

the active material (S-SWCNT) varies between 75 and 90wt%, PVdF between 5 and 

20wt%, and Super P between 5 and 20wt%. The chosen experimental points, i.e. 7 

different components combinations, are highlighted as red spots in Figure 2. Capital ‘A’, 

‘B’ and ‘C’ indicate the vertex compositions, in which the respective component (a, b and 

c) is maximized. These compositions correspond to:  

A: 90:5:5 = a:b:c 

B:  75:20:5 = a:b:c 

C: 75:5:20 = a:b:c 
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The compositions at the edges, for example the composition on the A-B edge, is the 50:50 

combination of composition A and composition B. The central composition correspond 

instead to the standard 80:10:10 ratio.  

  

 

On the electrolyte side, an ordinary 2k factorial design was applied where k are the 

process variables, which in this case are independent. This design allows the estimation 

of linear effect of the factors and their interactions. In this study, three process variables 

were considered: the DOL/DME ratio (X1), the LiTFSI (X2) and LiNO3 (X3) salts 

concentrations. In our case, the variables can assume two values each (two level 

variables), and are defines as follow:  

X1 (DOL/DME) = 0.5 or 2  

X2 [LiTFSI]= 0.25 m or 2 m 

X3 [LiNO3]= 0.1 m or 0.25 m 

b 

a c 

Figure 2 – Experimental region of the mixture design. 

A 

B 

C

z 
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leading to 8 independent variable combinations (23). The obtained formulations can be 

identified by the yellow spots on the cube vertexes and are reported in the table enclosed 

in Figure 3.  

 

 

All these values where coded and used to build a matrix of the model (columns = 

coefficients, rows = n° of experiment, see Annex VI, Table A1) which is analyzed and 

elaborated through the free software CAT (can be downloaded here, 

http://www.gruppochemiometria.it/index.php/software/19-download-the-r-based-chemometric-software). 

The combination of the two designs enables to cross each of the 7 compositions of the 

mixture design with the 8 points of the factorial design up to a total of 56 possible 

electrode-electrolyte combinations, which can be represented as in Figure 4. The software 

returns the experimental plan (with the 56 possible experiments) from which the user will 

choose the best number of experiments based on the desired accuracy and the overall 

costs of the experiment (materials, time, et c.) helped by a D-optimization. Indeed, a D-

optimal design was implemented to limit the number of the combination to be tested 

Figure 3 – Graphical representation of a factorial design applied to the electrolyte formulation. 

http://www.gruppochemiometria.it/index.php/software/19-download-the-r-based-chemometric-software
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while keeping the information on the system as high as possible with the lower 

experimental effort.  

 

 

Figure 4 – Representation of the process-in-mixture design. 

 

4. Results and Discussion 

The goal of the proposed investigation is to demonstrate the ability of Design of 

Experiment (DoE) to return a global information on the system under studied, which is 

not possible when applying the standard trial-and-error method. In this study, a DoE was 

used to examine the impact of the simultaneous variations in electrode composition and 

electrolyte formulation on the electrochemical performance of lithium sulfur cells. A 

design for mixture was coupled with a factorial one, defining 56 possible combinations 

of electrode composition and electrolyte formulation. The D-optimization allowed the 

selection of 21 experiments to be carried out from the 56 available (7 mixture combination 

x 8 independent variable combinations), reported in Table 1.  

 



170 
 

Table 1 – Experiments selected through the D-optimal design. 

Experiment Electrode Electrolyte 

3 C Composition 1 

7 33A33B33C Composition 1 

9 B Composition 2 

11 50A50B Composition 2 

12 50A50C Composition 2 

15 A Composition 3 

16 B Composition 3 

19 50A50C Composition 3 

24 C Composition 4 

27 50B50C Composition 4 

29 A Composition 5 

32 50A50B Composition 5 

33 50A50C Composition 5 

38 C Composition 6 

41 50B50C Composition 6 

42 33A33B33C Composition 6 

48 50B50C Composition 7 

49 33A33B33C Composition 7 

50 A Composition 8 

51 B Composition 8 

53 50A50B Composition 8 

 

Using the experimental matrix and the results obtained through the performed 

experiments in terms of initial capacity (Y=response=initial cell capacity), a mixture 

process model composed of 13 terms can be calculated and it can be represented as follow 

(8 degrees of freedom): 

Y = 56 XA + 158 XB + 329 XC - 1 XAXB – 176 XAXC – 493 XBXC + 890 XAXBXC + 3 X1 -51 X2 + 4 X3 

-15 X1X2 + 6 X1X3 + 12 X2X3 

where the terms related to the mixture and the ones relative to the process design are 

present. The explained variance of the model is 43.2% and therefore this model can be 

useful to identify a general trend. No replicate points were performed due to the low 
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active material availability. The model coefficients are plotted in Figure 5. The linear 

terms coefficients of the mixture (XA, XB, XC) estimate the value of the response at the 

vertex of the pseudo-triangle (composition A, B and C). The two-term interactions 

coefficients (XAB, XAC, XBC) give an idea on the synergic effect between the two 

components. From Figure 5 it can be noticed that the terms related to the mixture 

interactions are not significant, therefore the response can be described as a plane, as will 

be described in Figure 6.  

 

Figure 5 – Coefficient of the model. 

Regarding the process coefficients, the factors have an effect on the response only if the 

coefficients are higher than the statistical significance. Hence, it is fundamental to 

estimate the variance of the coefficients and thus their significance through a Student t-

test. Here, only the variable X2 appears to be slightly higher than the significance and 

consequently the factor with the stronger effect on the system response, as will be shown 

below. 
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The response surface in the mixture space was extracted using CAT software keeping the 

independent variables at an intermediate value, i.e. at the point (0, 0, 0). The seven red 

dots correspond to the tested compositions, which are reported in the graph (for example, 

the vertex composition 75:20:5 contains 75% of active material, 20% of binder, 5% of 

carbon). 

 

Figure 6 – Response surface in the mixture space in the (0, 0, 0) independent variable space. 

From the graph, is clear that the cell comprising the composition C (sample with the 

higher amount of carbon additive) have the greater, positive effect on the response, 

delivering an initial specific capacity of ~350 mAh g-1. This effect is known and can be 

easily explained by the increase electrode conductivity due to the higher conductive 

carbon content thus promoting the electrochemical reactions.[14] Consequently, we can 

assume that by increase the conductive carbon content, the capacity will increase. The 

system response in very low at the composition A, indicating a poor electrode 

conductivity due to the insulating nature of sulfur leading to an increase in the cell 

polarization.[15] In correspondence of composition B, the discharge capacity assumes 
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intermediate values. Here, the high binder content lower again the electrode conductivity 

generating internal resistances. Since the best results in terms of initial discharge capacity 

were obtained for the composition C, the independent variables were evaluated for a 

blend composition of 100% C. Figure 7(a) shows the response surface in the plan X1-X2 

(X3 = central point). From the graph, we can draw the following conclusions: 

 X2 has a large effect on the response. In fact, decreasing the amount of X2 (when X2 

= -1) will increase the capacity; 

 A slight interaction between X1 and X2 is visible: for a low X2 value, increasing X1 

(toward X1 = +1) would lead to an increase in the response increase, while the 

opposite happen when X2 is high. 

Figure 7(b) reports the response surface of X2-X3 (X1 constant at the value +1) for a 100% 

C component mixture. From the graph it is possible to assess that for small X2 value, X3 

does not have any effect while when X2 is large, an increase in X3 would slightly increase 

the response. 

Generally, a high salt concentration help to reduce the polysulfide solubility within the 

electrolyte due to the lower number of solvent molecules available. At the same time, the 

higher amount of salt ions within the solution cause an increase in the electrolyte 

viscosity, decreasing its ionic conductivity thus affecting the polysulfide mobility. This 

effect results in sluggish conversion reactions and in low sulfur utilization and delivered 

capacity. A low lithium salt concentration instead, on one side enhances the polysulfide 

solubility increasing the sulfur accessibility and facilitating the kinetic of the redox 

reactions, on the other side promotes the detrimental shuttle effect causing lithium 

corrosion and low cyclability. There are different opinions on this topic in literature. 

Many claims that an increase in lithium salt concentration could even prevent the lithium 

polysulfide dissolution and stabilize the cell [16–18], others showed that less concentrated 

electrolytic solutions exhibited inferior performance[19–21], and yet others assess that the 
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optimal lithium salt concentration depends on the physical properties of the employed 

carbon material.[22] 

 

Figure 7 – Response surfaces in (a) the plan X1-X2, (b) the plan X2-X3 at a 100% C composition. 

In our study, regarding the composition C, a decrease in the LiTFSI salt concentration 

will lead to a high delivered capacity, while the LiNO3 concentration will not largely 

affect the response. Figure 8 shows the cycling performance of the electrode exploiting 

composition C with different electrolyte formulations. The cell 6 with formulation 1 

bearing the lowest salt concentration (DOL/DME = 0.5, [LiTFSI] = 0.25, [LiNO3] = 0.1) 

exhibited an increasing initial capacity which drastically decrease after 250 cycles, while 

cell 7 (DOL/DME = 2, [LiTFSI] = 0.25, [LiNO3] = 0.5) with an intermediate salts 

concentration, demonstrated the highest delivered capacity among all the tested cells, 

showing a constant capacity decrement. Cell 8 containing the Formulation 4 electrolyte 

(DOL/DME = 2, [LiTFSI] = 2, [LiNO3] = 0.1) revealed an activation process with a 

continuous increase in the discharge capacity reaching about 400 mAh g-1 after 650 cycles, 

followed by a fast capacity drop. The higher initial capacity of cell 6 and 7 could be 

attributed to an improved sulfur utilization in the first cycles with a consequent strong 

shuttle effect due to the major solubility of lithium polysulfides in diluted systems. In 
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contrast, the electrochemical behavior of cell 8 with a higher lithium salt concentration 

could be ascribed to a lower LiPSs solubility and the formation of a stable solid electrolyte 

interphase (SEI) layer. Moreover, cells 7 and 8 utilize electrolyte with a higher amount of 

DOL as solvent. With respect to DME, DOL reduces the solution viscosity and forms an 

organic, stable SEI, effect that could lead to an improvement in the cell performance. 

 

Figure 8 – Galvanostatic cycling tests of the electrodes with 100% C composition with different electrolyte formulations 

(Formulation 1 (DOL/DME = 0.5, [LiTFSI] = 0.25, [LiNO3] = 0.1), Formulation 4 (DOL/DME = 2, [LiTFSI] = 2, [LiNO3] = 

0.1), Formulation 6 (DOL/DME = 2, [LiTFSI] = 0.25, [LiNO3] = 0.5)) carried out at C/4 (C=1675 mA g-1). 

Figure 9 reports the galvanostatic cycling performance of the 21 tested cells grouped by 

the electrolytes formulation. In general, the cells exploiting the electrode compositions 

with a higher amount of C (C and 50B50C) showed improved performance, due to the 

higher amount of conductive materials contained, while electrolytic solutions with 

intermediate salt concentration among the studied ones showed both increased stability 

and delivered capacity. Further analyses, such as the complete electrolyte 

characterization and the study of the electrodes morphology, will be performed in order 

to link the cell performance to the electrolyte properties and the electrode structure. 

Moreover, the exploration and extension of the experimental domain towards the 

conditions that lead to maximize the responses of interest. Indeed, a second DoE in 

planned, where the composition C will be the central point of the new mixture design 

and the electrolyte will be formulated according to the obtained results.  



176 
 

  

Figure 9 – Galvanostatic cycling test of the 21 LSBs carried out at C/4 (C=1675 mA g-1). The cells are grouped by the 

electrolyte formulation.(a) Formulation 1 (DOL/DME = 0.5, [LiTFSI] = 0.25, [LiNO3] = 0.1), cells: 4, 6, (b) Formulation 2 

(DOL/DME = 2, [LiTFSI] = 0.25, [LiNO3] = 0.1), cells: 5, 13, 16, (c) Formulation 3 (DOL/DME = 0.5, [LiTFSI] = 2, [LiNO3] 

= 0.1), cells: 14, 18, (d) Formulation 4 (DOL/DME = 2, [LiTFSI] = 2, [LiNO3] = 0.1), cells: 1, 8, (d) Formulation 5 (DOL/DME 

= 0.5, [LiTFSI] = 0.25, [LiNO3] = 0.5), cells: 11, 15, 19, (f) Formulation 6 (DOL/DME = 2, [LiTFSI] = 0.25, [LiNO3] = 0.5), 

cells: 7, 9, 20, (g) Formulation 7 (DOL/DME = 0.5, [LiTFSI] = 2, [LiNO3] = 0.5), cells: 3, 10, (h) Formulation 8 (DOL/DME 

= 25, [LiTFSI] = 2, [LiNO3] = 0.5), cells: 12, 17, 21. 

 

5.  Conclusions 

The use of a Design of Experiment to correlate the effect of different electrode 

compositions in combination with distinct electrolyte formulations is here proposed. 

Seven electrodes compositions comprising a different amount of active material, binder 

and carbonaceous additives were studied through a simple-lattice design, starting from 

the well-known 80:10:10 ratio. On the electrolyte side, eight formulations were selected 

by using a factorial design by varying the DOL/DME solvent ratio, LiTFSI and LiNO3 

concentration. A D-optimal design was finally applied to choose the number of 

experiments that would return a good degree of information of the system. Therefore, 21 

experiments out of 56 possible electrode-electrolyte combinations were selected and run. 

The electrochemical output in terms of initial discharge capacity was the response used 
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to build the mixture-process model. The results showed that, as expected, the electrodes 

containing the higher carbon content demonstrated the highest initial discharge capacity 

thanks to the increased conductivity. The effect of the electrolyte formulation was 

evaluated for the best composition, revealing that a lower LiTFSI concentration beneficial 

for the LSBs performance. Moreover, the LiNO3 content can be minimized, considering 

also a possible market application, since no relevant differences where revealed between 

a lower and a higher salt concentration.  
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Annex VI 

 

 

Figure A1 – Thermogravimetric analyses of the sulfur-carbon nanohorns active materials. 

Figure A1 reports the TGA trace carried out on the sulfur-carbon nanohorns sample in a 

temperature range of RT-700°C at 10°C min-1. The active material content resulted to 

contain 79wt% of sulfur while the remaining part is attributed to the carbonaceous 

material. 

Table A1 – Matrix of the model.  

 
XA XB XC X1 X2 X3 XAB XAC XBC XABC X12 X13 X23 

1 1 0 0 -1 -1 -1 0 0 0 0 1 1 1 

2 0 1 0 -1 -1 -1 0 0 0 0 1 1 1 

3 0 0 1 -1 -1 -1 0 0 0 0 1 1 1 

4 0.5 0.5 0 -1 -1 -1 0.25 0 0 0 1 1 1 

5 0.5 0 0.5 -1 -1 -1 0 0.25 0 0 1 1 1 

6 0 0.5 0.5 -1 -1 -1 0 0 0.25 0 1 1 1 

7 0.333 0.333 0.333 -1 -1 -1 0.110889 0.110889 0.110889 0.036926 1 1 1 

8 1 0 0 1 -1 -1 0 0 0 0 -1 -1 1 

9 0 1 0 1 -1 -1 0 0 0 0 -1 -1 1 

10 0 0 1 1 -1 -1 0 0 0 0 -1 -1 1 

11 0.5 0.5 0 1 -1 -1 0.25 0 0 0 -1 -1 1 

12 0.5 0 0.5 1 -1 -1 0 0.25 0 0 -1 -1 1 

13 0 0.5 0.5 1 -1 -1 0 0 0.25 0 -1 -1 1 
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14 0.333 0.333 0.333 1 -1 -1 0.110889 0.110889 0.110889 0.036926 -1 -1 1 

15 1 0 0 -1 1 -1 0 0 0 0 -1 1 -1 

16 0 1 0 -1 1 -1 0 0 0 0 -1 1 -1 

17 0 0 1 -1 1 -1 0 0 0 0 -1 1 -1 

18 0.5 0.5 0 -1 1 -1 0.25 0 0 0 -1 1 -1 

19 0.5 0 0.5 -1 1 -1 0 0.25 0 0 -1 1 -1 

20 0 0.5 0.5 -1 1 -1 0 0 0.25 0 -1 1 -1 

21 0.333 0.333 0.333 -1 1 -1 0.110889 0.110889 0.110889 0.036926 -1 1 -1 

22 1 0 0 1 1 -1 0 0 0 0 1 -1 -1 

23 0 1 0 1 1 -1 0 0 0 0 1 -1 -1 

24 0 0 1 1 1 -1 0 0 0 0 1 -1 -1 

25 0.5 0.5 0 1 1 -1 0.25 0 0 0 1 -1 -1 

26 0.5 0 0.5 1 1 -1 0 0.25 0 0 1 -1 -1 

27 0 0.5 0.5 1 1 -1 0 0 0.25 0 1 -1 -1 

28 0.333 0.333 0.333 1 1 -1 0.110889 0.110889 0.110889 0.036926 1 -1 -1 

29 1 0 0 -1 -1 1 0 0 0 0 1 -1 -1 

30 0 1 0 -1 -1 1 0 0 0 0 1 -1 -1 

31 0 0 1 -1 -1 1 0 0 0 0 1 -1 -1 

32 0.5 0.5 0 -1 -1 1 0.25 0 0 0 1 -1 -1 

33 0.5 0 0.5 -1 -1 1 0 0.25 0 0 1 -1 -1 

34 0 0.5 0.5 -1 -1 1 0 0 0.25 0 1 -1 -1 

35 0.333 0.333 0.333 -1 -1 1 0.110889 0.110889 0.110889 0.036926 1 -1 -1 

36 1 0 0 1 -1 1 0 0 0 0 -1 1 -1 

37 0 1 0 1 -1 1 0 0 0 0 -1 1 -1 

38 0 0 1 1 -1 1 0 0 0 0 -1 1 -1 

39 0.5 0.5 0 1 -1 1 0.25 0 0 0 -1 1 -1 

40 0.5 0 0.5 1 -1 1 0 0.25 0 0 -1 1 -1 

41 0 0.5 0.5 1 -1 1 0 0 0.25 0 -1 1 -1 

42 0.333 0.333 0.333 1 -1 1 0.110889 0.110889 0.110889 0.036926 -1 1 -1 

43 1 0 0 -1 1 1 0 0 0 0 -1 -1 1 

44 0 1 0 -1 1 1 0 0 0 0 -1 -1 1 

45 0 0 1 -1 1 1 0 0 0 0 -1 -1 1 

46 0.5 0.5 0 -1 1 1 0.25 0 0 0 -1 -1 1 

47 0.5 0 0.5 -1 1 1 0 0.25 0 0 -1 -1 1 

48 0 0.5 0.5 -1 1 1 0 0 0.25 0 -1 -1 1 

49 0.333 0.333 0.333 -1 1 1 0.110889 0.110889 0.110889 0.036926 -1 -1 1 

50 1 0 0 1 1 1 0 0 0 0 1 1 1 

51 0 1 0 1 1 1 0 0 0 0 1 1 1 

52 0 0 1 1 1 1 0 0 0 0 1 1 1 

53 0.5 0.5 0 1 1 1 0.25 0 0 0 1 1 1 

54 0.5 0 0.5 1 1 1 0 0.25 0 0 1 1 1 

55 0 0.5 0.5 1 1 1 0 0 0.25 0 1 1 1 

56 0.333 0.333 0.333 1 1 1 0.110889 0.110889 0.110889 0.036926 1 1 1 
 

 



182 
 

Chapter VII - Advanced Microscopy for Battery Materials 

 

 

 

Abstract  

The ever-increasing development of electronics and the ‘green turn’ on transportations 

of the last years forced the research to move to more energy dense and long lasting 

secondary batteries. To reach this goal, it is important to understand the failure 

mechanism of the battery in order to improve the component properties or the cell 

configuration. To reveal the degradation processes or the possible cell instability during 

repeated charge and discharge cycle, the characterization of a large area of the cathode-

separator-anode microstructure are required. Herein, the development of standard 

methods and protocols for opening and sectioning battery materials, including 

conventional lithium-ion batteries (LIBS) and lithium-sulfur batteries (LSBs) are reported. 

The sample surface preparation is fundamental for an accurate analysis. Indeed, a cross-

section polishing technique is here used to obtain a flat cross-section, which will be 

analyzed through scanning electron microscopy.  
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1. Introduction 

Rechargeable batteries are now widely used in electric vehicles, grid-scale storage 

applications, and portable devices. The most employed since their discovery in 80’s, are 

lithium-ion batteries.[1] These systems exploit insertion-type materials that can be 

reversibly lithiated and de-lithiated, producing a current. The improvement in the battery 

specific capacity and energy density rely on the development of performing anode and 

cathode materials. The determination of the degradation processes occurring on these 

materials after repeated discharge cycles is a key point in their development. The 

knowledge of these processes can be useful to prevent the premature failure of the 

battery. Therefore, innovative and advanced characterization techniques have to be 

elaborated.[2–4] Among the multiple techniques born in the last period, the 

microstructural analyses resulted an appealing methods to unveil the battery failing 

mechanism. As an example, coupling different characterization methods, such as X-ray 

microscopy with scanning electron microscopy, can be a valid approach to have a general 

overview of the battery status. Scanning electron microscopy (SEM) is widely used in the 

battery research to analyze the structural modification and volume variation upon 

cycling together with the formation of cracks within the electrode structure or the 

perforation of the separator membrane. [5–8] In order to evaluate the internal structure 

and morphology of lithium battery systems, thorough understanding necessitates high-

quality surface preparation. However, it can be difficult to quickly and easily prepare 

flawless cross sections due to the nature of the materials and battery structure. Cross 

sections are typically created for many materials systems through purely mechanical 

processes like polishing, grinding, sawing, and embedding. High-resolution SEM 

analysis of the battery will not be possible in this instance with only mechanical 

preparation. Particularly, the cathode's brittle materials may chip excessively when 

sawing or cutting, and other, softer materials, like lithium, may smear into the sample's 
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porous membranes and holes when polished, obscuring structures and covering up voids 

and pores. Ion-milling exploiting an argon beam to polish the sample surface enabled to 

obtain the desired smoothness and is applied in this study. Furthermore, the ion-milling 

machine here used, is equipped with a cryo-stage allowing to cool down the sample 

during the polishing process. This is fundamental, especially for the polymeric 

membrane, to avoid sample over-heating and damaging. Another major challenge when 

dealing with battery samples is the moisture and oxygen sensitivity of the materials 

composing the cell. Consequently, the samples have to be manipulated in an inert argon 

atmosphere. Moreover, once the cell is disassembled, delamination between the three 

main layers, namely cathode, separator and anode, can occur. All the aforementioned 

obstacles were addresses in collaboration with Zeiss Company at INAM (Innovations-

Institut für Nanotechnologie und korrelative Mikroskopie) site in Forchheim, Germany 

and the batteries here employed were assembled at IIT. 

In this study, a standard workflow for coin-cells disassembly and analysis is proposed. 

The work involved the development of sample holders, fundamental to keep the three 

main battery layers (anode, separator and cathode) stack together, and the optimization 

of the cryo-ion milling parameters. 

 

2. Materials and Methods 

2.1  Coin Cell Preparation 

The coin cells samples were assemble at the Italian Institute of Technology while all the 

subsequent manipulations were carried out at INAM.  

Commercial electrodes were employed for the coin cell assembly. Nickel manganese 

cobalt lithium oxides (NMC) and silicon-carbon (Si-C) composite material from NEI 

Corporation were coupled and commercial LP30 (1M lithium hexafluorophosphate, 

LiPF6 in ethylene/dimethylene carbonates EC:DMC=1:1 in volume) from Solvionic was 
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used as electrolyte. Moreover, sulfur-based electrodes prepared by mixing the active 

material with conductive carbon and binder were synthetized. The same electrolyte 

solvents were used to rinse the stack (cathode/separator/anode or stack) in order to 

remove the remained lithium salt.  

2.2  Ion-milling 

In the present work, a Leica EM TIC 3x equipped with a cryo-stage was employed. This 

instrument is used for precise cutting processes of samples then analyzed through SEM 

or optical microscope. Figure 1 report the structure of the instrument and an insight in 

the sample holder chamber. As seen in Figure 1(a), an optical microscope (n. 1) is placed 

on the top of the sample unit load, to calibrate the sample position and to evaluate its 

status. The sample unit load (n. 2 in the picture) in a small high-vacuum chamber with a 

stage for the sample, while the controller is at point 3. 

 

Figure 1 ‒ (a) Leica EM TIC 3x instrument overview and (b) insight of the ion guns within the sample chamber. 

Inside the high-vacuum chamber, three ion guns are placed in front of the sample, as 

shown in Figure 1(b) and it is shielded with a mask. The ion cutting process occurs 

through the collision of ionized, accelerated Argon ions, which displaces the sample 

surface atoms. The accelerating voltage can range from 1 to 10 kV, while the cutting time 
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depends on the thickness and the composition of the material and the applied voltage. 

The cooling stage is adopted for sensitive samples. The sample holder together with the 

mask can be cooled down to a maximum of ‒160°C using liquid nitrogen (LN2). The LN2 

tank and the pump that push the liquid toward the holder are shown in Figure 1(a) (n. 4, 

5). To perform the whole procedure completely in inert atmosphere, a docking port has 

to be adopted (Figure 2). The docking port enables indeed to move the sample from the 

glovebox directly to the ion milling machine, without exposure to air.  

 

Figure 2 – Leica EM TIC 3x equipped with a docking port for sample transfer. 

In this project, we used optimized parameters for the cutting procedure. The operating 

voltage was set to 6kV and the milling time varied from 6 to 10 h, depending on the 

sample thickness. The tungsten mask was placed to the sample stage and put in contact 

with it. The optical microscope was used to position the sample holder and the area for 

the milling process. 

2.3  Scanning Electron Microscopy 

The sample surface analyses was performed using a Zeiss Auriga series Modular 

Crossbeam workstation. The instrument configuration is reported in Figure 3. In the 

sample chamber (n.1) the focused-ion beam (FIB) and the electron optical columns (n. 2 

and 3) enable high precision FIB milling and SEM images.  
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Figure 3 ‒ Zeiss Auriga series Modular Crossbeam workstation. 

The electron column works between 100 V and 30 kV and it is capable of resolution of 1.0 

nm at 15 kV. The sample is inserted in the chamber through an airlock (n. 4) while the 

Everhart-Thornley type detector is placed on the top of it (n. 5).  

Cross-sectional, high-resolution images and the energy dispersive spectroscopy maps 

were obtained using the Auriga workstation. The employed accelerating voltage was  

1kV.  

 

3. Results and Discussion 

The goal of this project carried out in collaboration with ZEISS and INAM (Innovations-

Institut für Nanotechnologie und korrelative Mikroskopie, Forchheim) is the 

development of a complete workflow for battery sample preparation for microscopy 

analyses purpose. The general procedure for the preparation of stack (cathode-separator-

anode) sample can be schematized as in Figure 4. The other samples were prepare in air 

and fixed using a designed v-shaped stainless steel clamp, obtained by cutting the 

original foil using a laser workstation by PhotonEnergy equipped of a picosecond pulsed 

source. Regarding the stack sample, the first step is the coin cell disassembly. Therefore, 

after the insertion of the coin cells within an Argon-filled glove box, the cells were opened 
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using a de-crimping machine. Afterword, the three-layer stack was clamped with the v-

shaped metallic foil to prevent its delamination. The sample is then rinsed three times 

with a mixture of EC/DMC and left to dry.  

 

Figure 4 ‒ General workflow for the preparation of battery sample. 

After cutting off the exceeding sample with a razor blade, the obtained sample is precisely 

positioned in the Leica ion polisher holder and transferred to the ion–milling machine 

using the docking apparatus. The part of the sample which will not undergo the milling 

process have to be shielded from the ion beams. To this aim, a tungsten mask is installed 

on the sample holder. Figure 4 shows finally the ion milling setup from Leica (up right) 

while the Auriga scanning electron microscope (SEM) from Zeiss (bottom left) was used 

to acquire high-resolution images. 

A schematic of the ion-milling process is proposed in Figure 5. Here, the high-energy ions 

originated by the argon guns through the high voltage interact with the loosely bounded 

surface atoms in the top amorphous layer of the sample and remove them to reveal a 
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clean surface. The process generate a typical Gaussian curve on the sample, thanks to 

which it is possible to recognize the milling zone.  

 

 

Figure 5 ‒ Schematic representation of the ion-milling process. 

Preliminary milling tests were carried out on a polymeric membrane (polypropylene 

/polyethylene/polypropylene PP/PE/PP covered by an alumina layer) which is used as 

separator in commercial cells and it represents, among the three battery layers, the most 

challenging material. Indeed, it is the most sensitive to the high temperature reached 

during the cutting process. Figure 6 shows the cross-section of the membrane after the 

parameters optimization. During the ion milling process, the temperature was kept at -

120°C and 6kV as accelerating voltage was used.  

 

 

Figure 6 ‒ Polypropylene/polyethylene/polypropylene membrane cross section, polished by using a cryo-ion milling 

technique. 
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From Figure 6, the separator surface results clean and smooth and the three-layers 

structure is distinguishable. The SEM image at high magnification enables to recognize 

the membrane texture and porosity. Moreover, the thin alumina layer on the bottom of 

the separator is visible. From the analysis, the thickness and the morphology of the whole 

sample can be evaluated. It is worth to notice the absence of the so-called ‘curtain effect’ 

which is usually obtained by mechanical, FIB or laser cutting. The cross-section of the 

single battery layers, cathode and anode, were polished using the same parameter to test 

the procedure on these materials too. Figure 7 reports some example of the ion-milled 

electrode materials. 

 

Figure 7 ‒ (a) and (b) SEM images of a sulfur-based electrode at different magnification, (c) SEM picture of a cross-

sectioned NMC particle and (d) of a Si-C composite material.  

High-resolution SEM images of sulfur-carbon composite electrode prepared at IIT is 

shown in Figure 7(a) and (b). The porous electrode surface is smooth and clean. In the 
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image, the carbon cloth used as substrate is homogeneously impregnated with the sulfur-

carbon composite. Here, the thickness of the electrode can be precisely measured. Figure 

7 (c) and (d) report the cross-section of an NMC particle and a Si-C anode, respectively. 

Both the electrodes present a flat section with some scratches probably due to the 

detachment of some mask particle or even to the sample porosity[9]. From the analysis, 

the porosity of the electrode, fundamental parameter for the battery performance, can be 

evaluated, together with the electrode thickness. Moreover, the size, boundary and shape 

of the particles can be observed. Therefore, this measurement can be useful in order to 

tune the electrode characteristics as required. For the full battery stack, once completed 

the milling process, the sample is placed once again in the glovebox in order to be 

relocated in the ‘transfer shuttle’ compatible with Auriga workstation microscope.  

The ion-milling process was finally applied to the battery stack and the results are 

reported below. For comparison, a test with a resin-embedded sample was performed 

and the output is shown in Figure 8. 

 

Figure 8 ‒ Resin embedded NMC/PP/SiC stack for comparison with the method used in this study. 
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Embedding the sample within an epoxy resin is an efficient approach to avoid the sample 

delamination but the details of the morphology and the material porosity cannot be 

evaluated. This effect could be due to the penetration of the resin within the materials. 

Therefore, using the explained workflow it was possible to get the desired outcomes. 

Figure 9 shows the battery stack cross section resulted from the ion polishing process.  

 

Figure 9 – (a) Optical image, (b) SEM image and (c) EDX mapping of the NMC/PP/SiC stack obtained using the 

proposed workflow.  

Figure 9(a) reports the cross-section polished stack (highlighted with a yellow rectangle) 

after the milling process. The sample’s layers are already evident and no delamination is 

present. At a closer look, the cross section image of Figure 9(b) clearly shows the three 

layers, from the top to the bottom NMC/PP/SiC, well stacked together with a smooth 

surface. The image was acquired by a conventional secondary electrons detector. The 

EDX mapping of each component is reported in Figure 9(c). From the analyses, the phases 
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and components (active material, binder, conductive carbon) of the different battery 

materials can be distinguished as well as their distribution and homogeneity within the 

electrode structure. Moreover, the thickness of the single electrodes and of the stack can 

be evaluated. 

These parameters are of critical importance for the battery performance and the proposed 

approach is a reliable method allowing their estimation. Moreover, this technique enables 

the analyses of the microstructural changes occurring after repeated charge and discharge 

processes in order to have a deeper understanding of the cell modification. 

 

 

4. Conclusions  

The investigation on the battery failure mechanism is fundamental in order to improve 

their safety and to prolong their life. Cryo-milling technique coupled with advanced 

scanning electron microscopy is a powerful method in order to understand the internal 

microstructure, phase and size distribution of the components, and the alteration caused 

by the repeated charge and discharge cycles. Such analysis requires a standard 

preparation procedure which was designed along the project. A critical requirement of 

this project was the obtainment of a clean and smooth area to be then analyzed through 

scanning electron microscopy.  Moreover, the creation of a simple sample holder was a 

crucial point in order to prepare the battery sample avoiding its delamination, while the 

optimization of the milling parameters enabled to get a flat and unaltered cross-section 

of the examined materials. Furthermore, the curtain effect was minimized thanks to the 

employed parameters. From the microscopy analyses, information about the sample can 

be obtained. Indeed, the thickness, the porosity, the electrode materials distribution and 

the presence of cracks can be evaluated. The proposed workflow can be an effective 

approach in order to explore the battery components changes due to repeated 

charge/discharge events and to identify the possible failure process of the analyzed cell.  
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Conclusions & Perspectives 

Lithium-sulfur batteries (LSBs) are considered among the most interesting systems for 

powering electric vehicles and portable electronics thanks to their high energy density 

and reduced weight. Nevertheless, the complex chemistry involved at the cell level is 

hindering the practical application if this technology, which requires a non-negligible 

research effort before resulting market-appealing. In this work, various approaches 

aimed at the improvement of the LSBs performance were faced. The common point of the 

herein studied methods is to keep the preparation steps as ease and scalable as possible. 

A sulfur–carbon nanohorns active material was successfully prepared using a simple 

synthesis method and tested as cathodic material for LSBs. The direct diffusion of 

elemental sulfur within carbon nanohorns was achieved through the same preparation 

method, consisting in a solvent-evaporation process. The sulfur penetration and 

confinement within the carbon host allowed for a significant polysulfide retention by 

physically trapping the soluble polysulfide species on the cathode side. The 

electrochemical characterization carried out in lithium half-cell configuration revealed a 

long and stable cycle life, suggesting the active material morphology as a fundamental 

parameter to improve the cell outputs.  A further optimization of the obtained material 

could consist in the active material purification. Indeed, the initial capacity drop detected 

during the charge and discharge tests may indicate the presence of elemental sulfur on 

the nanohorns surface thus leading to polysulfide dissolution of material losses. By 

purifying the starting material removing the exceeding sulfur may be a viable solution to 

boost the electrode specific capacity.  

A comparison of high-loading sulfur-double walled carbon nanotube composites 

employing different carbonaceous materials was here proposed. Raw and oxidized 

carbon nanotubes provided by Emmanuel Flahaut were mixed with sulfur using the 
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synthesis process employed before. In a lithium-sulfur cell configuration, the two 

electrodes were electrochemically tested as potential cathode for LSBs. The test 

demonstrated a slight improvement in the delivered capacity of the cell containing the 

oxidized carbon species, suggesting the lithium polysulfides adsorption by the oxygen 

atoms. The oxidized carbon nanotubes were then used as substrate for titania 

nanoparticles deposition, to unveil the oxide ability in suppressing the shuttle effect. This 

final high-loading electrode demonstrated a prolonged cycle life, sustaining 1000 

charge/discharge cycles. Additional improvements must be achieved for the preparation 

of this material. For example, the same purification process suggested before could be a 

valid approach, in order to reduce the residual sulfur agglomerates. Moreover, a different 

synthesis process enabling the formation of a design electrode morphology could be 

explored.  

With the primary goal of circumventing the adverse effects of metallic lithium in LSBs, a 

novel route to achieve lithium-metal free (LiMF) sulfur batteries with high efficiency and 

safety is proposed. In this regard, a lithium sulfide (Li2S)-based cathode is coupled with 

a carbon brewer's spent grain (CBSG)-based anode in a full-cell configuration, using an 

ether-based electrolyte. Both the lithium sulfide/graphene composite cathode and the 

carbon-based anode revealed a stable behavior upon cycling when tested in half-cell 

configuration. In details, the nanosized Li2S particles deposited on the graphene sheets 

presented a very low activation barrier, thus avoiding the application of an initial high 

potential, while the natural presence of oxygen and nitrogen atoms within the anodic 

material and its cross-linked cluster structure conferred to the negative electrode 

remarkable electrochemical performance. Therefore, the LiMF cell obtained by pairing 

the Li2S cathode and the CBSG anode showed an excellent cycling stability upon repeated 

charge and discharge cycles demonstrating promising results. For the first time, a method 

for creating biochar-based sulfur batteries has been herein presented. Future 
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development of the proposed materials will be certainly based on the increase of the 

electrode loading in order to make this system attractive for market applications. 

The use of lithium salts alternative to the state-of-the-art LiTFSI was explored as possible 

way to improve the LSBs performance. Electrolyte solutions based on a binary mixture 

of ether solvents was used to dissolve lithium salts with different electron-donating 

properties. Lithium bromide (LiBr), iodide (LiI) and  LiTFSI were tested in lithium-sulfur 

half cells. In order to compare the mobility of the various species, which is significantly 

influenced by the electron-donating properties of the studied anions, the ionic 

conductivity properties of the electrolytes at various temperatures and the lithium 

transport number were investigated. The electrochemical window stability test, together 

with the lithium interface resistance, and stripping/deposition properties revealed the 

applicability of these electrolytes in lithium-sulfur cells. Consequently, the 

electrochemical behavior of the electrolytic solutions was assessed in sulfur-based coin 

cells. The galvanostatic cycling performance of the cell with higher donicity electrolytes 

(containing LiBr) revealed a higher sulfur utilization, which led to increased specific 

discharge capacities, particularly at a low current rate. The appropriate growth of a 

passivation layer on the cathode surface and the establishment of a stable SEI layer, as 

indicated by the interface resistance values, could be largely responsible for these 

outcomes. According to SEM images, the electrochemical performance may also be 

affected by the SEI layer's morphology and uniformity. The tested electrolytes exhibit 

similar cycling performance at high C-rate, indicating the ionic conductivity as a crucial 

cell performance parameter. Deeper analyses have to be performed to further understand 

the underlying reaction mechanism. Moreover, the precise tuning of the electrolyte 

composition should be studied since its importance in the definition of the cell 

performance.  
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The simultaneous optimization of electrode composition and electrolyte formulation was 

evaluated through a Design of Experiment. This potent method enables to estimate the 

effect of each variable having an impact on the system response and to assess the possible 

interaction between them, returning an overall knowledge on the studied subject. In the 

present work, using a simple-lattice design seven electrode compositions containing 

different amounts of active material, binder, and carbonaceous additives were prepared, 

while a factorial design was used to select eight electrolyte formulations containing 

different ratios of DOL/DME solvents, LiTFSI, and LiNO3 concentrations. Finally, 

through a D-optimal design 21 electrode-electrolyte combinations were selected. The 

analyzed system response was the initial discharge capacity of the sulfur-based cells, and 

considerations on the stability of the batteries was presented. The obtained results 

demonstrated an improvement in the initial delivered capacity with a high carbon 

content within the electrode and a low LiTFSI concentration, while the LiNO3 amount 

showed a marginal contribution on the overall performance. The Design of Experiment 

demonstrated to be a valid tool in order to reduce the experimental effort while 

maximizing the quality of the information obtained and should be adopted as primary 

research method. 

Finally, a workflow for analyze battery materials through scanning electron microscopy 

was developed in collaboration with Zeiss Company at INAM (Innovations-Institut für 

Nanotechnologie und korrelative Mikroskopie e.V., Forchheim Germany). A standard 

procedure for preparing battery components and full-stacks was developed. Moreover, 

the ion-milling parameters, performed in cryogenic conditions, were tuned in order to 

obtain a smooth and flat surface to be exposed to the microscope. This process allows for 

the investigation of the electrode microstructure, the phases distribution, and the 

electrode components homogeneity. Additionally, the thickness of the different battery 

layers can be evaluated, together with their porosity. In this study, a full-stack battery 
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sample comprising a nickel manganese cobalt lithium oxide cathode, a silicon-carbon 

anode and a polymeric separator, was prepared. The designed holder enable to 

circumvent the delamination of the three-layer sample, which was analyzed using a high-

resolution microscopy. Post-mortem analyses can be useful to understand the internal 

modifications after repeated charge and discharge cycles with the aim of identifying the 

eventual failure mode.  

 

In general, LSBs are considered the most promising alternative to current lithium-ion 

technology. Tremendous efforts have been put in place in the last decades to improve the 

sulfur-based cell performance as well as to understand the charge and discharge working 

mechanism under different experimental conditions and valid results have been 

achieved. Nevertheless, further improvements are needed before bringing this 

technology to the market as a practical and widely adopted reality. Indeed, a high sulfur 

content and loading, a low electrolyte/sulfur ratio, and a restricted amount of lithium are 

fundamental requirement to obtain high energy density lithium sulfur cells. The 

optimization of each battery component have to be carefully evaluated. On the cathode 

side, composite materials containing functional matrixes with high conductivity, high 

conversion capability and lithium polysulfide adsorbing properties should be developed 

in order to produce LSBs with high area, volumetric capacity, and rate performance. 

Moreover, the sulfur loading have to reach commercially competitive values. Regarding 

the anode, in order to exploit the high energy density of the LSBs due to the use of metallic 

lithium, efficient protective layer have to be implemented in the cell configuration. In 

addition, the anode thickness should be reduced to avoid the increase of the production 

cost and to maintain a high deliverable energy density. The electrolyte in another crucial 

factor to optimize for more performing energy storage solutions. Whether liquid or solid, 

this component should be developed focusing on increasing its ionic conductivity, 
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optimizing its contact stability with the electrodes, and lowering its amount or thickness. 

Solid-state electrolytes showed encouraging results in suppressing the polysulfide 

shuttle effect but this approach is still at a very early stage of its development and deeper 

study are suggested. The modification of the separator or the insertion of multifunctional 

interlayers is a feasible way, taking in consideration the introduction of additional weight 

and its effect on the battery energy density.  

Finally, the aforementioned improvements should be achieved considering the potential 

social, environmental and economic implications of the employed materials and 

processes. Moreover, thinking in a circular economy way to lower the waste production 

and favor the materials reuse is the only way to leave a greener and environmentally 

friendly impact for the next generations.   

 

 


