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Abstract 

Lithium-sulfur batteries are among the rising rechargeable batteries due to their high energy 

density, theoretical capacity, and low cost. However, their large-scale application is delayed by 

several challenges, such as degradation due to polysulfide dissolution, low conductivity, and 

other restricting factors. Li-S batteries have undergone decades of development aimed at 

improving battery performance by altering the electrode material to overcome these challenges. 

In the meantime, due to the depletion of fossil fuels and growing energy demand, the need for 

changes in processes to improve battery performance is now more urgent than ever. Carbon-

based materials like conducting polymers, carbon nanotubes, Graphene, and activated Carbon 

have gained extensive attention due to their low cost, easy availability, good cycling stability, 

and exceptional electrical, thermal, and mechanical properties. Here, we summarize recent 

progress in carbon-based electrode material in Li-S batteries, the development of electrolytes, 
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and progress in adopting lithium-sulfur batteries as flexible devices. Furthermore, a comparison 

of Li-S batteries based on similar parameters with its rechargeable battery competitors is 

discussed and a comparison with other non-carbon-based electrodes used in the lithium-sulfur 

battery is also examined. Finally, a general conclusion and future directions are given. 

 

1. Introduction 

Rechargeable batteries are said to be the key technologies for future energy storage and electric 

vehicle applications. Lithium-sulfur batteries are one of the major energy storage devices 

notable for their high specific energy. 

Energy density measures the amount of energy a single battery can carry in proportion to its 

weight. Usually, energy density measurement is represented in terms of watt-hours per 

kilogram or Wh/kg. Li-ion batteries have one of the highest energy densities when in contrast 

with other rechargeable batteries.  

Lithium-sulfur cells offer notable safety advantage over the other batteries due to their 

operating mechanism. The ‘conversion reaction’, which forms new materials during charge 

and discharge, eliminates the need to host Li-ions in materials, and reduces the risk of 

catastrophic failure (sudden failure from which recovery is not possible) of batteries. [1]. In a 

common lithium-sulfur cell, elemental Sulfur is used as the positive electrode, whereas metallic 

Lithium is used as the negative electrode. In an Li–S battery, cathode contributes the major part 

of the cell, making it an integral and indispensable part of the battery operation. Li-S batteries 

operating at normal room temperature can provide comparatively lower equivalent weight with 

high capacity, low cost, and environment-friendly factors. [2] 

On the cathode side, Sulfur is used. Considering both the charge product, which is Sulfur, and 

the discharge product, which is lithium sulfide, are insulating in nature, this results in poor 

material utilization. Also, during the cycling process, a sequence of long-chain lithium 

polysulfides are forms that later dissolve into electrolytes. This led to the decrease in active 

material and increased capacity decay. It is also found that the elemental Sulfur goes through 

a volumetric expansion which leads to pulverization and damage in the structure. The semi-

reaction can be expressed as [3] 

S + 2Li+ + 2e-  Li2S 

When it comes to the anode side, metal lithium is highly reactive and prevents the formation 

of dendrites. This might lead to short circuits and later safety hazards. Also, the sequence of 

long-chain lithium polysulfides that dissolve into electrolytes diffuses into lithium anode, 

leading to the formation of short-chain polysulfides on the surface. This results in the shuttle 

effect and reduced coulombic efficiency that destroys Li-S batteries. The half-reaction can be 

expressed as [4] 

Li  Li+ + e- 

Lithium-sulfur batteries are said to have higher specific energy, low manufacturing cost, 

improved safety and are said to have 2-3 times higher performance when compared with other 

Li-ion cells. As a result, Li-S batteries and their applications are subjected to various research 
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experiments [5]. These advanced batteries are not yet commercialized due to their limitations, 

such as short life-cycle, high self-discharge, etc. Most of the recent research concerns the 

development of Li-S batteries, including understanding materials used and cell behaviour and 

its construction. [6,7] 

This review focuses on the structure, current developments, and the electrodes used in Li-S 

batteries. The merits of using Carbon as an electrode instead of Sulfur and the characteristics 

of various lithium-ion batteries are also discussed. The second part of this review consists of 

various parameters that influence the properties of lithium-ion batteries, alongside discussions 

and future directions. 

 

2. Understanding Li-S Battery 

Lithium-sulfur batteries are rechargeable batteries. They are the modern energy storage device 

known for their high specific energy, high theoretical density, and good kinetics. Sulfur being 

abundant and cheap makes the Li-S battery an economical technology. In the Li-S battery, 

dissolution of Lithium occurs at the anodic surface during discharge and reverse lithium plating 

to the anode while charging.  

Li-S batteries still face the challenges of achieving high coulombic efficiency, high capacity, 

and long-life cycle arising due to sulfur utilization is limited due to the shuttle effect of 

polysulfides, formation of dendrites on the Li anode during cycling, low conductivity of Sulfur, 

and its massive volume change on discharging. All these obstacles have to be subdued in the 

process of commercialization. [8] 

This can be made possible by using Sulfur as the Li-S cathode to meet its demands of low cost 

and high energy density since one sulfur atom can host a maximum of 2 electrons and has a 

theoretical capacity of 1675 mAh g−1. Also, sulfur-metal batteries show superiority over other 

battery technologies in terms of energy density, specific capacity, and operation voltage, using 

Lithium as the anode material due to its high theoretical capacity and negative electrode 

potential; However, by selecting an electrolyte that can dissolve well while stabilizing the 

polysulfide, can solve the obstacles mentioned above. Selecting the electrolyte is crucial as it 

determines the temperature range of the battery, designing the battery well since it affects the 

cycling performance. While achieving improvement targets is necessary, one should not 

neglect that the main drivers behind Li-S are its low cost and sustainability.[9] 

 

2.1. Design & Construction of Li-S Batteries 

Lithium-sulfur batteries have, in general, four essential components which define them as Li-

S. These include cathode, anode, electrolyte, and a separator. A lithium-sulfur battery is 

composed of metallic lithium on the anode part, whereas elemental Sulfur on the cathode 

part.[10] 

Positive electrode: Here, elemental Sulfur is considered as cathode. 
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Lithium-sulfur batteries utilizes Sulfur as cathode as it is abundantly available on Earth. When 

used as an energy storage cell, Sulfur has a number of advantages. [11] The use of Sulfur allows 

lightweight materials to be produced using more cost-effective materials, while also reducing 

the environment and social concerns surrounding the production of nickel and cobalt. Sulfur 

also carries out an average voltage of 2.15V, making it suitable to function as a cathode. [12] 

Negative electrode: The negative electrode is mainly metal or hydrogen, or an alloy. In a 

lithium sulfur battery, the anode by definition is made from metallic Lithium. [13] 

Lithium is a very light metal which possess the least amount of ionization energy, 520 KJ/Mol, 

with increased shelf life. Lithium is an important component of rechargeable Li-S batteries that 

power electric vehicles (EVs), laptops and mobile phones. Lithium is also highly reactive 

which makes an excellent choice for the anode. Lithium-based batteries possess high specific 

energy and energy density of about 200 Wh/kg, 2-4 times more than that of the other 

conventional batteries. [15] 

 

FIGURE 1. Physical and Chemical properties of Separators and Anodes 

Electrolyte: The electrolyte in an electrochemical cell plays a major role in the transfer of 

positive lithium ions between anode and cathode. 

Solvents, lithium salts and its additives are the major components of an electrolyte in a Li-S 

battery. Excess amounts of electrolyte and reduced sulfur loading resulted in the enhancement 

of cycle life and capacity maintenance. The most commonly used electrolyte is comprised of 

lithium salt and a wide range of other additives which results in providing the required 

properties to an electrolyte solution. The lithium salt concentration plays a significant role in 

reducing the shuttle mechanism and capacity loss. [16] 

Electrolytes for Li-S batteries generally fit into four different types: non-aqueous, ionic liquids, 

solid polymer electrolytes, and superionic conductors. 
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Ionic liquids make good electrolytes due to their distinctive properties such as high ionic 

conductivity, eco-friendliness, non-flammability, and high electrochemical stability. Solid 

polymer electrolyte usually plays an essential role in reducing the dissolution of polysulfides 

[2]. This results in enhancing capacity retention and better cycling stability. The superionic 

conductors can be sulfides or oxides, or phosphates. Among these, oxides are more stable when 

compared with the other two and are safe, non-flammable, have thermal stability, and prevent 

polysulfide formation. In a non-aqueous electrolyte, the active cathode material is ambient 

oxygen and air electrode provides a site for the catalytic reduction of oxygen. [17] 

 

 

FIGURE 2. Different types of electrolytes used in a Lithium-Sulfur battery 

Electrolyte additives play an essential role in electrochemical performance lithium-sulfur 

batteries. It improves the solid-electrolyte interface, improves thermal stability, increases 

temperature tolerance and other physical properties such as viscosity, wettability. (FIGURE 2) 

discuss about different types of electrolytes namely composite, gel, inorganic or polymer 

electrolytes. LiNO3 has become the most-used additive in the Li-S battery. On the addition of 

LiNO3, the electrochemical properties of the cell were enhanced that provided a stable and 

protective solid-electrolyte interference.  

Problems pertaining to chemical contact mostly refers to side reactions between electrolyte and 

electrodes, which significantly decrease the stability and increase interfacial resistance. In 

short, the major solid-solid interfaces consist of cathode-electrolyte interface and anode-

electrolyte interface. For a cathode-electrolyte interface, the formation of a highly resistive 

interphase and/or a Li-depleted layer at the interface between the sulfide electrolyte and the 

high-voltage cathode represents a critical problem. For an anode-electrolyte interface, the 

major issue is Li dendrite growth and penetration through solid electrolyte, coupled with the 

side reactions between the sulfide electrolyte and Li anode. Li-S batteries must be designed to 

meet the needs of a broad range of applications.[10] 

Electrolytes have been evaluated for performance and designed with cost and performance in 

mind. Phosphorous(V) sulfide as an additive promotes the dissolution of lithium sulfide and 
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reduces the shuttling of polysulfides. Shuttle effect represents the phenomenon in which 

soluble lithium intermediate sulfide bounces off the electrodes. [5] 

Separator: The function of a separator is to electrically isolate the positive and negative 

electrodes to avoid self-discharge and short circuit. The separators are often made using fiber, 

polymer, or glass. The various functions of separators are mentioned in (FIGURE 3). 

 

FIGURE 3. Various functions of separators in a lithium-sulfur battery 

 

2.2. Current Developments in Carbon-based Li-S Batteries 

This table (Table 1) gives a short review of the contemporary developments in Li-S batteries, 

mainly CNT’s, conducting polymer, Graphene, biomass, activated Carbon, etc.  

An understanding between their composition and structure, their columbic efficiencies, which 

is the ratio of discharge capacity to charge capacity multiplied by 100 is given since it helps to 

predict the lifespan of the battery; Furthermore, the battery’s capacity retention is also given to 

determine the ability of the battery to retain stored energy during an extended open-circuit rest 

period, if the capacity retention is good the charge/discharge remains almost the same for many 

cycles. Overall, giving us a better understanding of the efficiency of different carbon-based    

Li-S batteries. [18,19] 

                                       

Table 1. Contemporary developments in carbon-based Li-S battery  

Electrode 

Materials/Paramet

ers 

Efficiency Discharge 

Capacity 

Reverse 

capacity/Capaci

ty Retention 

Remarks Ref. 
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Nafion coated 

electrode 

Columbic 

efficiency 

of 100%. 

1084 

mAh/g 

Reversible 

capacity of 1091 

mAh/g and 

about 879 

mAh/g after 100 

Cycles. 

The cation 

conductivity 

and anion 

inconductivity 

is considered 

the supreme 

factor for the 

superior 

electrochemic

al properties. 

[20,21

]  

Biomass-derived 

activated Carbon 

(Carbon derived 

from coconut shells 

and activated by 

KOH )  

(A polypropylene 

separator was used) 

Coulombic 

efficiency 

of  

over 99% is 

achieved. 

1233 mAh

g-1 

 

929 mAhg-1 after 

100 cycles. 

 [22-

26] 

Carbon Nanotubes 

was fabricated on 

C/S cathode  

 1288 

mAhg-1. 

 

Initial  

areal 

discharge 

capacity of 

about 3.21 

mAh·cm-2. 

 It exhibited 

the highest 

sulfur 

utilization in 

comparison to 

the other cells. 

[27-

31] 

CNF film has 

adhered to the Li 

metal anode 

Stable 

Coulombic 

efficiency 

of  

99.9%. 

Specific 

capacity of 

1.0 

mAh·cm−2

. 

 This can be 

cycled for 

more than 300 

cycles. 

[32,33

] 

PANi is used as 

electrode material 

Could 

improve its 

behavior by 

using 

various 

techniques 

in 

preparing 

suitable 

size, pore, 

etc. 

High 

specific 

capacitanc

e is shown 

 Good cycling 

stability 

[34] 
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MXene phase Ti2C 

is used as the 

cathode host.  

 

Using this 

method is 

highly 

effective 

for 

mitigating 

polysulfide

s. 

1200 

mAh/g  

80% capacity 

retention is 

achieved over 

400 cycles. 

They show 

stable long 

term cycling 

[35,36,

] 

Co/N-C-S 

electrode. 

(Used Co/N-C 

modified 

separator) 

It is 

effective in 

confining 

shuttle 

effect  

1614.5 

mAh/g. 

 

It achieved 

5.5 

mAh/cm2  

area 

capacity. 

 It exhibits 

stable cycling 

properties for 

a long time. 

[38] 

N-doped porous 

carbon 

microspheres 

 692.3 mAh 

g-1 

Displays 91% 

capacity 

retention after 

100 cycles. 

Reversible 

capacity of 

1030.7 mAh g-1 

 

High-

performance 

rate and 

remarkable 

cyclic 

stability. 

[39-

41] 

The cathodes were 

fabricated with 

lithium metal 

powder onto a 

coated  

S/MC cathode 

electrode 

Columbic 

efficiency 

of almost 

100%. 

It 

exhibited a 

stable 

capacity of 

around 600 

mAh/g in 

150 cycles. 

It exhibited a 

reverse capacity 

of about 650 

mAh/g even 

after 900 cycles. 

 [42] 

graphite electrode  

(super-

concentrated ether 

electrolyte) 

Columbic 

efficiency 

nearing 

100% 

Specific 

capacity of 

1031 mAh 

g-1 sulfur. 

It exhibited a 

reversible 

capacity of 686 

mAh g-1 Sulfur 

even after 105 

cycles.  

 [43-

45] 

 

2.3. Development of electrolytes in Li-S batteries 

The high solubility of lithium polysulfides in typical electrolytes contributes to and exacerbates 

the shuttling effect, resulting in rapid capacity fading, poor cycling performance, and low 

columbic efficiency Li-S battery [7,9]. The problem of the shuttle effect has been addressed 
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via the development of new electrolytes. Liquid electrolytes at its best, reduce or inhibit the 

shuttling effect by using appropriate solvents, additives, and Li salts[16]. A solid electrolyte 

interface (SEI) is a conducting passivation layer, it is formed on electrode surface from 

decomposition products of electrolytes, it allows Li+ transport and blocks electrons in order to 

prevent further electrolyte decomposition [46]. This layer can suppress the shuttling effect, 

decrease the interfacial resistance, inhibit further reduction of the electrolyte; however, the 

formation of SEI can also lead to capacity fading, reduction in cycling and rate performance 

due to the limited ionic conductivity. Hybrid electrolytes combining soft polymer and sulfide 

based solid-state electrolyte have an edge over the single electrolyte system, enabling high 

ionic conductivity, improving flexibility and toughness. Designing resourceful and compatible 

electrode-electrolyte for a Li-S battery is a practical and effective way to achieve high-

performance lithium-sulfur batteries.   

Gel electrolyte has high ionic conductivity at room temperature which is as the same order of 

magnitude as liquid electrolyte. To protect the sulfur cathode and suppress shuttling effect, an 

integrated gel electrolyte/electrode can be constructed. However, due to gel electrolyte’s low 

mechanical strength, the lithium dendrites cannot be easily inhibited.  

In ceramic electrolyte-based lithium-sulfur batteries, the shutting effect can be controlled 

effectively by blocking the migration of polysulfides. However, the main disadvantage is the 

large ceramic electrolyte/electrode interfacial resistance leading to large polarization. Ceramic 

electrolytes with compact structure are critical to prevent lithium dendrite formation. 

Utilizing composite electrolytes with special structures containing inorganic electrolyte and 

solid polymer electrolytes in Lithium-sulfur batteries can also productively supress the shuttle 

effect of Sulfur. However, due to the low ionic transportation in solid polymer electrolytes and 

grain boundaries separating the solid polymer electrolytes and sulfide, the polymer/ceramic 

composite electrolyte can only work at high temperatures, 

A polymer/ceramic/polymer sandwich electrolyte also can effectively suppress dendrite 

nucleation and growth. [47,48]. In (FIGURE 4) we can see the development direction of 

electrolytes to improve Li-S battery’s efficiencies. 
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FIGURE 4. Development of electrolytes in Li-S batteries 

 

The current developments of lithium-ion batteries are that they have primarily been used in 

laptops and cell phones. Li-ion batteries differ from each other in changing the cathode 

material. Thus, considering the different parameters such as cost, performance, etc., the 

efficiency of different lithium-ion batteries is evaluated discussed in this table (Table 2). [4] 

 

Table 2. Various characteristics of different Li-ion batteries. 

Characteristics Cost Specific 

Energy 

Performance Lifespan Safety 

LiMnO2 Battery Low Moderate Low Low Moderate 

LiFePO4 Battery Low Low Moderate High High 

LiCoO2 Battery Low High Moderate Low Low 

Remarks Thus, Li-ion 

batteries have 

Lithium 

Cobalt 

Li-ion 

batteries have 

Lithium-

ion 

Lithium-ion 

phosphate 
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a 

comparativel

y low cost. 

oxide has 

higher 

specific 

energy, 

which 

makes it 

suitable 

for laptops 

& cell 

phones. 

moderate 

performance 

when 

compared 

with the other 

batteries. 

phosphate 

shows a 

high 

lifespan 

which 

makes it 

suitable 

for electric 

motorcycl

es. 

provides 

high safety 

that makes it 

suitable for 

electric 

vehicles. 

References [6,20] [11,50, 51] [36,52,53] [54, 55] [10, 56] 

 

High energy density Li-S batteries are ideal for flexible devices since they can store a lot of 

energy in a small amount of mass and work for a relatively long time. [50] 

Polymer and carbonaceous materials produce higher energy density owing to the absence of an 

Al current collector. Li-S batteries can be fabricated using high electrical conductivity and good 

flexibility carbon nanotubes film, but its high cost and complex process obstruct its widespread 

application [57]. Polymer or biomass can be easily prepared for flexible carbon materials, but 

the sacrifice of their mechanical strength, electrical conductivity, and flexibility cancels out 

their built-in advantages. Due to the multistep reaction and dissolution of polysulfides, 

outstanding performance of flexible Li–S batteries needs the participation of multiple 

components[60]. Utilizing a polymer as a supporting substrate or as the binder could help in 

inhibiting the shuttling effect. Utilizing a solid-state electrolyte helps in boosting 

electrochemical performance and improving the safety of Li-S batteries compared to a single-

component cathode. 

The flexible cathode’s area capacity should be improved for practical application. Durability 

is essential for a flexible battery, and hence the battery should be able to exhibit strong tolerance 

against 10,000s deformations while maintaining the electrochemical performance [61]. 

 

2.4. Li-S Batteries Compared with Competitors 

Batteries such as Li-S, Mg-S, Na-S, Ca-S, K-S, Al-S are rechargeable and trending energy 

storage devices. They use Sulfur based cathode since it is economical and abundantly found. 

They have various challenges that need to be overcome before their practical usage. [13] 

Magnesium-sulfur batteries have gained attention because they are cheap, sustainable, and 

mainly dendrites-free. However, Mg-S batteries face many uncertainties due to the 

insufficiency of Mg ion conducting electrolytes, thus causing poor cycling stability. Mg-S 

batteries would be of great interest for a renewable and sustainable future, but due to the 

struggle of finding a compatible electrolyte, extensive efforts are needed before Mg-S batteries 

have their breakthrough and can be used at an experimental stage. [62,63] 

Sodium-sulfur batteries are in the spotlight owing to their non-toxicity and low cost. Na-S 

batteries operating at high temperatures between 300-350°C have been used commercially for 
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large-scale energy storage devices. However, using such high temperatures bring about safety 

issues and increases cost and maintenance. Due to this, tremendous efforts are being taken to 

reduce the working temperatures and promote room temperature Na-S batteries. Room 

temperature Na-S batteries face their challenges of low reversible capacity, low discharging 

capacity, and severe cycling problems. All these drawbacks obstruct the progress of room 

temperature Na-S batteries. [64-66] 

Calcium-sulfur batteries show great promise for energy storage applications due to their 

relatively high energy and low cost. Calcium has a high volumetric capacity of ~2070 mAh 

cm-3 and a reduction potential of -2.8 V vs. SHE, which is near to that of Lithium and lower 

than that of magnesium. The voltage and energy density are higher than that of magnesium. In 

order to obtain an energy-dense system, calcium is said to be ideal for pairing with Sulfur. [51] 

There are a number of reasons why potassium-sulfur cells will be particularly useful as an 

energy storage technology. Results show that the potassium sulfur battery can be operated at a 

relatively low temperature, about 150oC. K-S provides a comparatively lower energy density. 

The elemental abundance of both potassium and Sulfur is high, and the manufacturing cost is 

low. The performance is demonstrated with relatively high reversible capacity and stable 

cycling performance. The voltage range between 0.8–2.9 V vs. K+/K is the most promising as 

the columbic efficiency is nearly 100%. [54] 

 

Table 3. Comparison of Various Batteries/Power Sources with Li-S Battery. 

Parameters Electrode 

used 
Efficiency Voltage  Capacity 

Retention 
Energy 

Density 
References 

Li-S 

Battery 
Anode-Li 

Cathode-

S/C 

composite 

90% 

Columbic 

efficiency 

2.1 V 70% after 

over 40 

cycles 

2500 

Wh/kg 

 

Mg-S 

Battery 
Anode-

Mg 

Cathode- 

S/C 

composite 

99.9 % 

Columbic 

efficiency 

1.3 V 69% after 

110 

cycles 

1722 

Wh/kg 
[62.63] 

Na-S 

battery 
Anode- 

Na 

Cathode-

Molten 

Sulfur 

79.1% 

Columbic 

efficiency 

2 V 77.7 % 

after 200 

cycles 

150–240 

Wh/kg 

[64-66] 

Ca-S 

Battery 
Anode-Ca 

Cathode- 

S/C 

composite 

 

----------- 

2.1 V  

----------- 
1835 

Wh/kg 
[51] 

K-S 

Battery 

Anode-K Nearing 

100% 

0.8–3.0 V 86.3% 

over 300 

cycles 

914 

Wh/kg 

[54] 
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Cathode- 

Molten 

Sulfur 

Columbic 

efficiency 

From Table 3, it is clear that the potassium sulfur batteries are the most desirable lithium ions 

batteries in terms of efficiency. It shows nearly 100% columbic efficiency, making it a suitable 

energy storage system for large-scale applications. It also uses molten Sulfur as cathode with a 

higher melting point and about 99.8% purity. However, the energy density is comparatively 

lower than that of other lithium-ion batteries. 

 

3. Electrodes in Li-S Battery 

3.1. Electrodes used in various research works 

The electrode is easily the most important part of any battery, whose composition and design 

significantly influence the battery's capacity, energy density, and speed of storing Lithium. 

Generally, in Li-S batteries, the anode is made of metallic Lithium, while Sulfur is used for the 

positive electrode [24]. As pure Sulfur is not a good conductor of electrons, it is incorporated 

into a carbon matrix during the construction of the anode. 

Porous Carbon is a popular material used for composites meant for Li-S battery electrodes and 

several have been discussed for the electrochemical performances, viability, and scope for 

improvement. Other electrode materials include nitrogen-doped graphene paper, lithium alloys, 

gel-based Sulfur, and many more.[30] Carbon materials, like Graphene, carbon nanotubes, 

meso/microporous carbons, hollow carbon spheres, and even carbon nanofibres and Carbon 

black, known for their conductance, is utilized by dissolving in Sulfur to magnify its 

electrochemical efficiency. The carbon structure also entraps dissolvable polysulfides during 

the cycling process. 

Porous Carbon-based electrodes 

Porous Carbon in carbon nanotubes is gaining more popularity as an innovative electrode 

material used in significant Li-S battery developments. The unique morphological and 

electronic structures of porous CNT’s give them wide application in material science, energy 

storage, and biological and environmental technologies. 

A hybrid CNT cathode using a sulfur-rich copolymer has been made for the sole benefit of 

double confinement of polysulfides when used in high-energy lithium-sulfur batteries. A 

sulfur-1,3-diisopropenylbenzene@CNT (S-DIB@CNT) membrane cathode was used for the 

experiment [67-69]. The two types of confinements occur when the CNT wall structure traps 

the polysulfide ion and when the Sulfur binds together with the sulfur copolymer (FIGURE 5). 

This strategy eliminates the use of binders as well as the metal current collector electrode to 

give an electrode with 880mAh/g specific capacity and 98% capacity retention over 100 cycles 

(Table 4), thus offering an innovative and efficient method for the manufacture of high-

performance sulfur copolymer-carbon matrix electrodes for Li-S batteries. [70] 
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FIGURE 5. S-DIB@CNT structure 

N-Doped Graphene paper made by pyrolysis of Poly-diallyldimethylammonium chloride 

(PDDA) when used as electrode material showed significant improvements like better charge 

capacity, absorptivity, and cycling stability as well as uniform thickness of the film due to 

enhanced binding of S containing species onto the N-sites of the electrode with an enhanced 

binding energy of 168.2 eV [71,72], usually forming at the edges of the graphene paper, as well 

as the decrease in sulfide concentration in the electrolyte. [73] 

Sulfur vapor infiltrated CNT nanotubes with 3D structure have been considered for 

electrode manufacture due to their high areal loading and capacity. Utilization of capillary 

thermodynamics, which analyses the capillary rise and its properties for the infiltration of 

Sulfur into foam, enables the formation of a thick CNT conductive foam that maintains its 

charge conduction pathways and electrical accessibility, which are crucial for the areal 

performance of the cathode. [74] 

Carbon nanoribbon (CNR) aerogels derived from bacterial cellulose have been used to form 

a gel-based sulfur cathode achieving both high sulfur loadings of 6.4 mg/cm² as well as 90% 

sulfur content giving excellent cell performance (943 mAh/g capacity and 99% coulombic 

efficiency over 200 cycles) which is mainly attributed to the gel-based structure of the cathode 

which can reduce the lithium polysulfide shuttling effect and store large amounts of catholyte 

[75]. The interconnected web structure enables fast electron transfer and Li+ migration, and its 

electrolyte retention ability prevents polysulfide dissolution.  

Biomass-derived porous carbons with nanostructured (BDNPCs) have been used as 

interlayers and hosts for Sulfur in Li-S batteries, and they are cheap and eco-friendly 

alternatives to traditional sources, electrodes incorporated with BDNPCs showed excellent 

electrochemical properties like high initial capacity (1295 mAh/g, 1193 mAh/g), coulombic 

efficiency above 95%, large pore volume (0.38 and 1.05 cm³/g) and surface area (791.8 and 

2269 m²/g), as shown in Table 4[69,60] 

 

Table 4. Electrodes Compared based on specific Parameters applicable in a Li-S Battery. 
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Parameters/Electr

ode material 

Dischar

ge 

capacity 

Energy 

density 

Areal 

capacity 

Coulomb

ic 

efficienc

y 

Hazards Unique 

properties 

Ref 

N-doped 

Graphene Paper 

1256 

mAh/g 

1675mA

/g 

10 

mAh/c

m² 

99% over 

300 

cycles 

N.A Significantly 

improved 

uniformity 

and thickness 

of Li2S film 

on cathode 

 

[72

] 

S-vapor infiltrated 

CNT foam 

 

1039 

mAh/g 

>500 

Wh/kg 

19.3 

mAh/c

m² 

N.A Ice 

formation 

in 

macropor

es reduce 

surface 

area 

Can 

incorporate 

capillary 

forming and 

nanomaterial

s in 3D 

composite 

 

[75

] 

Graphene foam 

 

1059 

mAh/g  

1500 

mA/g 

13.4 

mAh/c

m² 

95% over 

1000 

cycles 

N.A Excellent 

flexibility 

[44

] 

Gel Based Sulfur 1260 

mAh/g 

3.22 

mA/cm² 

4.84 

mAh/c

m² 

99% over 

200 

cycles 

N.A Large 

catholyte 

storage 

[76

] 

Biomass-derived 

porous Carbon 

1134 

mAh/g 

200 

mA/g 

N.A 98.3% 

over 400 

cycles 

N.A High surface 

area and 

physiochemi

cal stability 

[24

] 

 

3.2. Carbon Electrodes in Li-S Batteries 

Carbonaceous materials have been used in various formulations because of their positive 

impact on resulting conductivity and chemical stability. The use of carbons for batteries and 

fuel cells have been significantly increased due to these features. Carbonaceous materials also 

help out as a catalyst for electrochemical reactions. Materials derived from Carbon are also 

made into compact structures that are utilized by being the bipolar separator or by entrapping 

the current. [76] 

Table 5 shows few materials doped and their effect on various parameters such as discharge 

capacity, efficiency, and capacity retention. 

Lithium-carbon composites are also employed, wherein the lithium species are inserted in the 

middle of various layer planes like graphite or disordered carbons, and they act as a negative 

electrode in lithium-ion batteries. Graphitic carbon products are now starting to be excessively 

utilized as negative electrodes in lithium-ion cells. Mesoporous carbon materials of pore size 

2-50 nm, which have better electrical conductivities than traditional graphites, are also used to 
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aid the charge-discharge performance of the Li-S batteries. These three-dimensional materials 

have a large surface area and a considerable quantity of highly ordered, homogenous 

mesopores inside the matrix structure [77], these changes to the structure helps with the 

incorporation of more Sulfur and keep the volumetric change of Sulfur in check with the 

composite. This concept of design by pore structure is an important avenue of research 

regarding electrolyte selection and efficiency of the conducting matrix. The design has been 

considered to incorporate various types of solid electrolytes as well, which would help the ionic 

conducting network in the matrix. [78-80] 

The drawbacks of using traditional Sulfur in Li-S batteries are numerous, despite its high 

theoretical capacity. Its drawbacks include rapid capacity degeneration and low coulombic 

performance, which occurs from mixing of decomposition products, like Li2S and polysulfides 

in the electrolyte. This polysulfide dissolution is a leading cause of the erosion of active Sulfur 

and the repressing of its extensive lithiation, which becomes explicitly more serious during 

slow charge-discharge processes [45]. It is not suitable for electrochemical efficiency at low 

cycling rates. There is also a long cycle steadiness when high charge/discharge rates exist, 

which is another big issue with sulfur cathodes with extensive sulfur content. 

The carbon-based derivatives from metal-organic frameworks (MOFs) have also arisen in their 

usage as cathode has for Li–S batteries. They are not just highly conductive and permeable to 

empower the speed increase of ion transfer and accommodation of volumetric development of 

sulfur cathode during cycling. Tuneable chemical active sites also advance them to empower 

the adsorption of polysulfides and advancement of their conversion reaction kinetics. Due of 

the different types of MOFs, the designs, formation process and morphology, primary 

prevalence of MOFs-derived carbon structures alongside their electrochemical performance as 

cathode have in Li–S batteries are seen to be beneficial.  

The various materials in which carbon-based subsidiaries were derived include ZIF-8 

(synthesized by Zn2+ and 2-methylimidazole with a SOD (sodalite) zeolite-type structure, 

which exhibits an exciting nanopore topology formed by four-ring and six-ring ZnN4 clusters), 

ZIF-67 (formed by bridging 2-methylimidazolate anions and cobalt cations, resulting in a 

sodalite topology with a pore size of about 0.34 nm), bimetallic ZIFs, Prussian blue and 

Prussian blue analogs and AI-PCP (Al(OH)(1,4-naphthalene dicarboxylate)) [81] 

Heteroatom doping is considered a leading avenue to work on the electrochemical action of 

carbon-based electrode materials for both Li-ion batteries (LIBs) and Na-ion batteries (SIBs) 

because of the presentation of an unstable electron environment and developed interlayers of 

carbon materials. Nitrogen and sulfur double-doped flexible carbon (NS-C) film is displayed 

as an unsupported anode for stable high power and energy LIBs or SIBs. The NS-C film 

conveys large reversible 965.7mAh g-1 capacity in LIBs and 520.1 mAh g-1 in SIBs at a current 

density of 100 mAg-1. Significantly, the film electrodes show brilliant high-paced capacity and 

momentous long-haul cyclability. For example, as a LIBs anode, the NS-C film stayed at a 

high capacity of 357.2 mAh g-1 at 2.0 Ag-1 (~10 min to full charge) after 2000 cycles; even in 

SIBs, a capacity of 155mAh g-1 can likewise be reached at 1.0 Ag-1 [82] 
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Table 5. Some Materials Doped in Carbon Electrode & Its effect to overall battery’s working  

Materials 
Doped 

Amount of 

material 

doped/Synthesis 

Discharge 

capacity 
Coulombic 

efficiency 
Capacity  

Retention 

References 

Phosphorus phosphorus-

functionalized 

CNTs (PCNTs) 

with phosphorus 

content 1.66% 

1106 mAh 

g ⁻¹ 
High       

> 96% 

75% after 100  

cycles 

      [69] 

Nitrogen Schizochytrium 

sp. with protein 

>66% which 

provides for 

Carbon and 

Nitrogen 

692.3  mAh 

g ⁻¹ 
High      

92.7% 

  

91% after 100  

cycles 

      [39]               

Cobalt 

decorated 

Nitrogen 

The unattached 

Co, N-CNFs 

membrane is 

trimmed into 

round discs 

(6mm radius), 

and a pre-

prepared Li2S6 

catholyte is 

added to make 

the Co, N-

CNFs/Li2S6 

composite 

electrode. 

1166 mAh 

g ⁻¹ 
100 % 

(Li2S6-

based Co, 

N-CNFs) 

71.3% after 

100 cycles 

      [40] 

Sulfur S doped porous 

Carbon with 

sulfur content 

5.7 % 

  

1380 mAh 

g ⁻¹ 
High 783 mAh g ⁻¹ 

after 100 

cycles 

        [41] 

 

 

3.3. Material Characterization of Carbon Electrode In-Comparison with 

other electrodes used in Li-S Battery. 
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FIGURE 6. Li-S Battery Comparison with Carbon & Carbon-free Configurations [117] 

Figure 6 shows the comparison of Li-S battery Configurations: With Carbon Electrode and 

Without them, alongside representing of conventional carbon cathode-based Li/S battery 

configuration and novel Metal/PS/Metal battery configuration with majority of PS shuttling 

mechanism confined on the surface of three-dimensional current collectors [117]. 

 

 

FIGURE 7. (A) Carbon electrode used in Li-S Battery, With (B) 3D view, (C) Cross-sectional view 

of the cathode microstructure containing spherical pores. [118] 
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In Figure 7, the zoomed-in images indicate the different pore size distributions possible within 

the same cathode microstructure [118]. Hierarchical porous Carbon (HPC) consists of a porous 

conductive media made up of amorphous Carbon, which effectively improves sulfur 

encapsulation in the electrode. The pores of less than 2nm are very effective against polysulfide 

dissolution due to their strong adsorption and desolvation of carrier ions leading to a solvent-

free environment. The micropores (FIGURE 8) act as a barricade to prevent dissolution and 

hence ensure full cycling. The HPC structure was formed using ultra-high-speed spray 

pyrolysis. The micropores on the outer shell were found to be crucial in achieving good 

electrochemical properties and good cycling stability and inhibition of polysulfide dissolution. 

[83-85] 

 

FIGURE 8. HPC structure with micropores on the outer shell 

 

Modifications to the carbon electrode can be done with several materials to improve its 

electroanalytical behaviour. Usage of multi walled carbon nanotubes (MWCNTs) on the 

electrode surface have shown reduced impedance upto 95%. Silver-doped titania 

nanoparticles have also been experimented on in an effort to improve electrochemical 

performance. Modified electrodes such as these find several applications in industries like 

pharmaceuticals, textiles as well as in the detection of various hazardous compounds in 

chemical feeds and finished products. 

 

4. Discussion of Technical Developments in Li-S Batteries 

Tang, Q. et al. (2014) reported that Nafion is a copolymer coated on the electrode to boost the 

overall performance of a Li-S battery. After a series of experiments and measurements, it 

exhibited a columbic efficiency of 100% and was quite effective in decreasing the shuttle effect 

and increasing the stability and reversibility of the electrode. However, after a long period of 

cycling, a crack is observed. Even though this crack exists, it gave an initial discharge capacity 

of 1084 mAh g ⁻¹ and a high initial reversible capacity of 1091 mAh g ⁻¹ [20]. 

Page 19 of 36

https://mc04.manuscriptcentral.com/jes-ecs

Journal of The Electrochemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



For Review Only

   
 

   
 

Zheng, S. et al. (2013) studied the Li2S/MC cathodes were fabricated with a Li metal powder. 

The Li2S/MC cathode exhibits stable cycling and a capacity of 510 mAh g-1 with a columbic 

efficiency of 100% and without a visible capacity decline for 800 cycles. A reverse capacity of 

650 mAh g-1 remained the same even after 900 cycles which displays the best electrochemical 

performance of Li2S/MC cathodes. This cathode can also be paired with a Li-free anode like 

tin, graphite, etc. When paired with graphite, it shows a stable capacity of 600 mAh g-1 in 150 

cycles. This method will play a significant part in propagating these Li2S/MC cathodes and 

developing a Li-S battery [42]. 

In the research conducted by Zhang, A. et al. (2016) the Cu current collector was modified with 

a 3D carbon nanofiber network for a dendrite-free Li metal which can be achieved due to its 

large surface area, high conductivity, and internal capacity of the carbon nanofiber network. 

This CNF modification can be cycled for more than 300 cycles and exhibits a specific capacity 

of 1.0 mAh·cm−2 with 99.9% columbic efficiency. The 3D structure helps for an even Li 

growth, dendrite free. Additionally, a stable SEI layer forms that protects the Li metal anode 

[32]. 

Liang, X. et al. (2015) noted that MXene nanosheets could function as excellent sulfur cathodes 

due to their high metallic conductivity and self-functionalized surfaces. They can effectively 

mitigate the shuttling effect and show long-term cycling stability with a per cycle capacity fade 

rate of 0.05 % and 80% capacity retention over 400 cycles. They exhibit a specific capacity of 

about 1200 mAh/g. These results show that they can be promising electrodes for high-

performance lithium-sulfur batteries [35].  

Jiang, S. et al. (2020) found that the Co/N-C has a micro mesoporous structure and can act as 

the sulfur host and active material for the modifying separator. It has a coulombic efficiency 

of close to 100%, which shows that the Co/N-C can stimulate the conversion of polysulfides 

and confine the shuttling effect. Thus, the results show that it can deliver a high reversible 

capacity of 1614.5 mAh/g. Moreover, exhibits stable long-term cycling over 1000 cycles with 

a capacity decay of only 0.04% per cycle. They also have a high area capacity of 5.5 mAh/cm2, 

making this method a promising approach [38]. 

Wang, H. et al. (2016) stated that, PANi is a conducting polymer, and due to its environmental 

friendliness, economical, good flexibility, exclusive redox properties, and high electrical, 

proton conductivity, it can be used as an electrode material for Li-S batteries. It exhibits high 

specific capacitance good cycling stability. PANi can easily couple with other carbonaceous, 

metal, polymer electrode materials and enhance the battery's performance. PANi can act as a 

protective network of porous conductive support. Using various techniques to prepare suitable 

sizes, pores, etc., PANi can be a promising electrode material [34]. 

Xia, Y. et al. (2017) prepared a low-cost N-doped carbon microsphere using sustainable 

microalgae as Nitrogen and carbon source. It has a hierarchically porous structure that can help 

achieve high electronic conductivity and high sulfur content and suppresses the polysulfide 

shuttling effect. As a result, the cathode exhibited a superior reversible capacity of 

1030.7 mAh g-1 with an exceptional capacity retention of 91% after 100 cycles and delivered 

a sufficient discharge capacity of 692.3 mAh g-1. This method is a green and practical 

biosynthetic approach to design high-performance sulfur cathode and controllable fabrication 

of lithium-sulfur batteries [39]. 
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Zeng, P. et al. (2017) paired graphite anodes with sulfur composite cathodes in a super-

concentrated ether electrolyte. This system makes the Li-S battery safer since replacing the 

lithium metal anode with graphite is also beneficial in shunning corrosion of Li metal anode. 

The electrolyte has a peculiar networking structure of Li+ ions and TFSI anions with Li cations 

and forms a stable TFSI derived film, which helps suppress continuous electrolyte 

decomposition and polysulfide shuttling effect. Thus, a high specific capacity of 1031 mAh g-

1 with a columbic efficiency of 100% and a reversible capacity of 686 mAh g-1 after 105 

cycles. It is a cheap and safe method owing to the substitution of Li metal anode with graphite, 

making it a promising energy storage device [43]. 

Zhu, L. et al. (2014) explained that employing CNTs as cathode materials exhibited a high 

initial discharge capacity of 1288 mAh·gS-1 and a high areal discharge capacity of 3.21 

mAh·cm-2 and achieved the highest sulfur utilization of 77% in comparison to other cells. 

These CNTs exhibit conductive scaffolding and provide potent ion channels and electron 

pathways and a robust electrochemical environment to carry out the electrochemical process 

of Li-S batteries. It is a productive method to build composite electrode-cathode for Li-S 

batteries [27]. 

In the research conducted by Liu, M. et al. (2015), high-surface-area carbon derived from 

coconut shells and activated by KOH was loaded with Sulfur and used as the electrode for Li-

S battery. The microporosity of the activated Carbon and the mesoporosity of the entire system 

helps in shuttling the polysulfide effect with a high columbic efficiency of 99.9% and exhibited 

a high initial discharge capacity of 1233 mAhg-1. The capacity retention of 929 mAh g ⁻¹, which 

is capacity retention of 80% after 100 cycles, was achieved due to strong absorption force and 

high pore volume. Its low cost and easy availability make this electrode quite promising for 

advanced Li-S batteries [22]. 

Han, K. et al. (2014) demonstrated and explained that N-doped graphene paper has good 

electrochemical properties due to its sulfur binding capabilities. The coin cell test confirms its 

efficiency and specific capacities as a free-standing binder-free electrode. The effects of N-

doping were studied using EIS measurements and showed good cycling stability after 100 

cycles at 0.2 C. Electrodes with different distributions of N species were compared to confirm 

that the pyrrolic and pyridinic N sites enhance the battery performance more effectively. 

(FIGURE 9) shows the cycling performances of both concentrations were found to have almost 

identical specific capacity and charge-discharge voltages, the only significant difference being 

in its stabilization period and activation process, which took more cycles for higher 

concentrations [72]. 
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FIGURE 9. Different cycling performances of NGP electrodes with two types of sulfur loadings, 

namely 66% and 50% 

Imtiaz, S. et al. proved biomass-derived porous carbons to be an innovative alternative for 

sulfur hosts and interlayers as they are cheap, efficient, and show excellent electrochemical 

performance [24]. Electrochemical tests show that microporous Carbon prevents polysulfide 

dissolution significantly while mesoporous Carbon improves the sulfur loading and 

ionic/electronic/electrolyte transmission. 

Li, M. et al. (2017) explained that CNT foams infiltrated with Sulfur and other materials had 

been found to show high gravimetric and areal capacities[75]. This method of vapor infiltrating 

various materials into pre-formed low-density materials is a cost-effective and scalable way to 

manufacture high-energy-density cathodes with wide application in a variety of nanostructured 

composites. In this research, a low-density CNT foam was vapor infiltrated with Sulfur using 

capillary thermodynamics and tested for its energy density and sulfur utilization. The optimistic 

results prove the viability of these battery-oriented nano-manufacturing methods in a large-

scale industry to manufacture high-energy Li-S batteries with advanced 3D architecture. 

Li, S. et al. (2015)  found that usage of aerogels in Li-S batteries have recently gathered research 

momentum mainly due to their ability to achieve high loading of Sulfur and increase sulfur 

content, which was difficult to achieve simultaneously in traditional electrode designs [74]. 

The carbon nanoribbon aerogel (Am-CNR) used in this research achieved high specific 

capacities at high sulfur loadings. This high performance is mainly attributed to the strong 

retention capability of the gel to the catholyte, high surface area, the microporous structure of 

the nanoribbon design, and its strong binding to the polysulfides. Additionally, its low-cost and 

environmentally friendly nature makes them an excellent candidate for future electrode 

research. 
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According to the literature review and case studies conducted in [39-41,69], the doping of some 

materials showed an improvement in discharge capacities, coulombic efficiencies, and capacity 

retention. For instance, phosphorus functionalized carbon nanotubes (PCNTs) with a 

phosphorus content of 1.66% showed a high discharge capacity of 1106 mAhg⁻¹ and a high 

coulombic efficiency of more than 96 percent and capacity retention of 75% after 100 cycles. 

Nitrogen and Carbon were provided by Schizochytrium sp. with protein prepared using low-

cost and renewable microalgae. This doping of Nitrogen into Carbon to produce N-containing 

groups aid in strong chemical adsorption to polysulfides and also, at the same time, keep the 

polysulfide shuttle effect on the low, and they help in using active materials. They produce an 

appreciable discharge capacity of 692.3 mAh g ⁻¹ and a high coulombic efficiency of 92.7%, 

and high-capacity retention of 91% after 100 cycles. Cobalt decorated Nitrogen has a discharge 

capacity of 1166 mAh g ⁻¹ and outstanding superior efficiency of 100 %, and capacity retention 

of 71.3% after 100 cycles. Sulfur doping with a 5.7% sulfur content and a high discharge 

capacity of 1380 mAh g ⁻¹, a high coulombic efficiency, and capacity retention of 783 mAh g⁻¹ 

after 100 cycles. This shows that doping plays a significant role in an improved electrochemical 

performance with a maximum reversible specific capacity, superior rate capability, and high 

cyclic stability.  

 

5. Summary  

The available literature and research works show that usage of pure materials for Li-S batteries 

is not an efficient or industrially viable production method due to an almost certain material 

degradation by polysulfide dissolution, low conductivity, and various other restricting factors, 

hence making its electrochemical performance not even in par with top competitors like Li-ion 

batteries. Thus, the need for different electrode materials and process changes that improve 

performance is now more than ever. 

The construction and design of the Li-S battery system and its electrodes show us the various 

electrode combinations possible to achieve its high theoretical capacity of 1675 mAh/g and 

theoretical gravimetric energy density of 2510 Wh/kg at 2.15V discharge voltage. Out of all 

the scenarios considered, promising results were found using CNT, Graphene, conducting 

polymers, and activated carbon types as the electrodes. Several types of composite electrodes 

composed of Sulfur with porous Carbon, CNTs, and Graphene showed us the wide application 

of these materials in Li-S batteries. 

Conducting polymers like PANi and nafion are trending due to their environmental 

friendliness, economy, good flexibility, exclusive redox properties, and high electrical, proton 

conductivity. They can be used as an electrode material for Li-S batteries. They display high 

specific capacitance and good cycling stability. PANi can easily couple with other 

carbonaceous, metal, polymer electrode materials and enhance the battery's performance. It can 

act as a protective network of porous conductive support. Using various techniques to prepare 

suitable sizes, pores, etc., PANi can be a promising electrode material. [127] Nafion can be 

coated on the electrode to boost the overall performance of a Li-S battery and exhibits a 
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columbic efficiency of 100%. It is effective in lessening the shuttle effect and increasing the 

stability and reversibility of the electrode. [20]  

Carbon nanotubes have powerful mechanical, thermal properties, hierarchical porous structure, 

excellent electrical conductivity, high surface area, good surface-to-weight ratio, and satisfying 

storage capacity. CNTs have proven their worth in the industry as a multi-purpose material 

with exceptional mechanical properties like high Young’s modulus (1.2 TPa) and tensile 

strength (50-200 GPa). They can serve a variety of roles in the battery composition like 

conductive materials inside the electrodes (binder-free CNT networks and CNT arrays), 

supporting materials used for efficient loading of active materials for their full utilization, and 

even as fully active materials storing Li+ ions on the surface as well as playing a catalytic role 

in the battery process. Thus, enhancing the capacity and stability of many battery groups. CNTs 

as cathode materials exhibited high discharge capacity and areal discharge capacity and 

achieved the highest sulfur utilization compared to other cells. These CNTs exhibit conductive 

scaffolding and provide potent ion channels and electron pathways and a robust 

electrochemical environment to carry out the electrochemical process of Li-S batteries.[27] 

Graphene-based electrodes are emerging because of their robust Van der Waals force of 

attraction, good electrical conductivity, thermal and mechanical properties. Porosity and large 

surface area. Graphene is known for its high mechanical stiffness as well as its elasticity and 

strength (Young’s modulus of 1 TPa and 130 GPa intrinsic strength), and its electron mobility 

at room temperature make it an optimal candidate for use in the electrochemical energy storage 

device as an electrode material. Regardless of the excellent electrochemical properties of 

graphene variants like GA and 3D graphene foam like hierarchical architecture, good electrical 

conductivity, and added benefits like pore rich binder free 3D networks, light weight, and good 

flexibility during volume expansion make them great for usage in advanced lithium battery 

systems. Using Graphene exhibited high energy density, high specific capacity, and long 

cyclability.[43] 

 The architecture of these composite electrodes proved to have a significant impact on their 

electrochemical performance. Although individual usage of these components showed 

promising results, sulfur-carbon hybrid gave even better specific capacity, coulombic 

efficiency, and rate performance when compared to other composite electrodes. 

 Flexible lithium batteries are another exciting avenue in the field of advanced wearable 

electronics like roll-up displays, on-body sensors, touchscreens, and much more. The inclusion 

of flexible solid-state electrolytes in the batteries resulted in excellent electric and mechanical 

properties, although achieving good operational safety and cycling stability while maintaining 

high power density is still a challenge for most flexible electrode materials. Regardless 

development of flexible LIBs to give low-cost, high-energy-density wearable electronics looks 

promising for future applications. [57] 

In summary, this paper highlights the various advancements in Li-S battery technology and the 

various materials used for its development in the past years as well as future developments that 

can be expected which would refine and optimize existing electrode/electrolyte technology in 
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order to produce efficient high energy, environmentally friendly Li-S battery systems that can 

compete with and even replace traditional energy storage solutions. [89, 90] 

 

6. Conclusion & Future Directions 

In this review, the recent progress in the carbon-based electrode in Li-S batteries is discussed. 

Several papers reveal that slight alterations in the structure can enhance the overall performance 

of the battery. The various electrode materials used for the different battery setups have shown 

us the pros and cons of Li-S battery designs. While new and innovative techniques for 

improvement are always encouraged, it should be noted that these technologies require much 

refinement before they can be implemented on an industrial scale [91, 92]. Several ground-

breaking techniques like C-nanofiber interlayers, biomass-derived carbon sources, solid-state 

gel-based electrolytes, and flexible electrodes deserve much appreciation and further research. 

Development of crucial electrode materials like CNT, Graphene, and conducting polymers 

should be done further to improve their conductivity and retention capabilities [93-95]. In the 

future, materials with large surface area and good conductivity need to be advanced as they 

increase cyclability, specific capacity, and rated capacity. Lithium-sulfur batteries are subjected 

to the polysulfide shuttling effect caused due to the diffusion and dissolution of polysulfides in 

the electrolyte, resulting in rapid capacity fading, low columbic efficiency, and poor cycling 

performance of the Li-S battery [96, 97]. 

Lithium-ion batteries are the leading used battery technology in today’s world despite 

environmental concerns. Lithium-sulfur batteries have drawn massive attention over the past 

few decades because the energy density of lithium-sulfur batteries is relatively much higher 

than that of traditional lithium-ion batteries [98]. Even though Li-S batteries are low-cost and 

eco-friendly, the shuttle phenomena of polysulfide and the low conductivity of Sulfur resulted 

in the hindrance of economic applications of Li-S batteries. Thus, they are not used for high-

power applications [99, 100]. In order to get control of these drawbacks, various research has 

been conducted. It is found that the vertically aligned carbon nanotube can boost the battery 

life about ten times and may also increase energy storage and battery life-cycle around fourfold 

[101].   

Electrolyte plays a crucial role in determining the performance of Li-S battery. Selecting a 

resourceful electrolyte and a compatible electrode-electrolyte for a Li-S battery enables good 

ionic transportation and achieves high-performance lithium-sulfur batteries. A solid electrolyte 

interface also knows as SEI, is a conducting passivation layer [102]. This can suppress the 

shuttling effect, decrease the interfacial resistance, inhibit further reduction of the electrolyte; 

however, the formation of SEI can also lead to capacity fading, reduces the cycling and rate 

performance due to the limited ionic conductivity. The absence of a liquid component whose 

fluidic properties will restrict the size and design of the cell is a significant improvement over 

conventional electrolyte types. Leakage prevention, short-circuiting, and separator usage are 

of no concern when using a solid-state electrolyte [103]. An optimal SEI layer should be Li 

ion-conducting and electronically insulating. Designing methods ranging from electronic to 

microscopic scale and phenomenological models are crucial and should be synchronized with 
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each other to make predictions in terms of both qualitatively and quantitatively. Electronic, 

ionic, and mechanical properties of coating materials might change after lithiation; hence, 

modeling of the SEI chemical compositions should be done after lithiation. Additionally, 

computational modeling can be combined with experiments to balance one another and lead to 

the development of an efficient battery system [104]. 

Developing flexible cathodes opens opportunities for the Li-S battery to be utilized as a high-

energy flexible storage device. Developing flexible batteries requires additional research into 

its different components like flexible cathodes, anodes electrolytes, and separators. Various 

electrode materials have their strengths and shortcomings. Carbon nanotubes CNTs and 

Graphene have low columbic efficiency and low reversible capacity, but they have good 

flexibility and electrical conductivity [105]. Fabricating these electrodes can help in 

overcoming the above challenges. To develop a practical, flexible energy storage system, both 

highly flexible cathode and anode should be given due consideration. Carbon-based materials 

have many advantages in designing flexible electrodes due to their excellent electrical 

conductivity, superior mechanical flexibility, high chemical stability, lightweight, low cost, 

and easy availability. Combining other high-capacity electrode materials with carbon-based 

electrodes will improve their overall electrochemical performance [106]. Flexible solid-state 

electrolytes have also been researched as their high ionic conductivity plays a vital role in 

flexible Li-S battery construction. Graphene-foam-based flexible electrodes are a new avenue 

of research that can be focused on to improve upon existing technology and discover new 

flexible electrode materials as possible alternatives. This current S-PDMS/GF electrode has 

proven the viability of these electrodes for industrial usage by showing excellent rate 

performance with good stability and high areal capacity. In the future, this graphene-based 

flexible electrode structure can also be used for other materials like lithium titanium oxide, 

lithium iron phosphate, and several silicon variants. [107] Future emphasis should be given to 

improving the electrochemical properties and boosting the mechanical properties of the 

electrode to the total usage of its flexibility. Overall, future development should focus on the 

progress of materials having good electrochemical properties and stability in the system. 

Developing these materials will enhance the energy storage stability and capacity of Lithium-

sulfur batteries [108-110]. 

Several papers on the various electrode materials used were discussed to find the optimal one 

with low cost and excellent electrochemical properties. Porous Carbon is the most commonly 

used electrode material due to its high electronic conductivity, structural stability, pore-volume, 

and surface area [111-113]. Mesopores under 10nm are extremely good at sulfur adsorption 

and trapping polysulfide molecules, enabling fast transport of lithium ions and electrons from 

the insulating Sulfur [114, 115]. Computational calculations show that different 2D materials 

exhibit different adsorption features with the Li2Sn species and the atoms of Sulfur in the 

cluster determine the binding energy. 3D architectures can have higher sulfur loading due to 

their high pore volumes and unique structures. Sandwich type 3D architecture involving 

Graphene's, graphene oxides, PAQSs, and graphene CNT hybrids should be researched in the 

future to develop more practical applications for Li-S batteries, lithium composite anodes, 

high-performance separators, and current collectors can utilize these porous carbon designs to 

improve upon existing electrode technology and lead new research directions for Li-S batteries 

in the future. [116-118] 
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