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ABSTRACT 

DISPROPORTIONATION OF POLYSULFIDES FACILITATED BY A BI-

FUNCTIONAL CARBON HOST IN LI-S BATTERIES 

By 

Dantong Qiu 

The University of Wisconsin-Milwaukee, 2024 

Under the Supervision of Professor Deyang Qu 

Lithium-sulfur (Li-S) batteries are regarded as one of the promising alternatives to conventional 

lithium-ion batteries (LIBs) due to their high theoretical energy density (2600 Wh kg-1), 

abundant resources on Earth, and low cost of sulfur. Nevertheless, several significant challenges 

persist in the practical application of Li-S batteries, including the insulating nature of sulfur, 

volume changes of cathodes, and, most critically, the shuttle effect of dissolved long-chain 

lithium polysulfide (PS) species during cycling. In this thesis, a novel carbon host for sulfur 

cathode, derived from natural silk and denoted as NC, was developed. This carbon host possesses 

excellent cycling performance because of its hierarchical porous structure and nitrogen-contained 

functional groups. In addition, it demonstrated the ability to facilitate the disproportionation 

reactions of PS, converting PS ions into solid products of elemental sulfur (S8) and probably 

lithium disulfide (Li2S2). This reduces the residence time of PS ions in the electrolyte. 

Consequently, Li-S cells with S/NC cathodes display enhanced electrochemical performance in 

both coin cells and pouch cells, even with high sulfur loading and lean electrolytes.  
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CHAPTER 1. BACKGROUND INTRODUCTION 

1.1 Development of Lithium-Ion Batteries  

Over the past few centuries, mainly since the Industrial Revolution, fossil fuels have been 

the primary source of storable energy, driving both technological and social development. 

However, these fossil fuels are finite, and with the rapid expansion of the population and 

increasing energy demands in daily life, they are facing significant depletion. Furthermore, the 

extensive use of fossil fuels has led to environmental pollution, including the increased emission 

of greenhouse gases, responsible for the Earth's rising average surface air temperature.[1] 

Consequently, renewable energy sources such as solar and wind have been widely adopted to 

replace traditional fossil fuels and alleviate the above issues. Batteries have been developed as 

energy storage devices to store this continuously produced renewable energy. Rechargeable 

batteries, known as secondary batteries, have also become more and more significant in the 

transportation sector, as they are increasingly used to power vehicles instead of gasoline. 

Additionally, with the development of portable electric devices, such as cell phones and laptops, 

these secondary batteries with longer service life have become indispensable daily.  

A battery is a device that stores energy released from chemical reactions as chemical 

energy and converts it into electrical energy to power electronic devices. Batteries consist of two 

electrodes—the cathode and anode—along with an electrolyte facilitating ion transport and a 

porous separator preventing direct contact between the electrodes. During discharge, electrons 

flow from the anode to the cathode through an external circuit. At the same time, cations move 

from the anode to the cathode within the battery through the electrolyte, balancing the electron 

flow. The reverse process occurs during charging. 
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The lead-acid battery, which was the first type of rechargeable battery, was invented in 

1859 by the French scientist Gaston Plantè.[2]  Even today, lead-acid batteries are critical in 

various applications, such as automobile ignition and backup power systems.[2]  Since then, 

various rechargeable batteries have evolved alongside technological progress and the growing 

demand for batteries with longer lifespans, smaller sizes, and higher safety standards.[3] Lithium-

ion batteries (LIBs) have attracted significant attention due to their high energy-to-weight ratio 

and long operational life. The lowest atomic weight and the lowest electrochemical potential of 

lithium among all the metals endow it with a high operating voltage, low weight, and high 

energy-storage density.[4,5] LIBs were proposed and developed in the 1970s, with the first 

rechargeable Li-ion battery proposed by Stanley Whittingham in 1976, using TiS₂ and metallic 

lithium as the cathode and anode, respectively.[6,7] In the early 1980s, LiCoO2 and carbon-based 

material such as graphite were reported as the cathode and anode materials in Li-ion batteries, 

offering higher energy density and improved safety.[8,9] Later, in the 1990s, Sony successfully 

launched commercial LIBs, marking a significant milestone in the battery industry.[10] Over the 

following two decades, various materials, such as LiFePO4, LiNixMnyCo1-x-yO2 (NMC), silicon, 

and silicon/graphite composites, have been explored as cathode and anode materials to improve 

the overall performance of LIBs continuously.[11–13]   

LIBs are working based on the reversible intercalation reactions of lithium ions into the 

layered structures of compounds. Initially, the cell is fully discharged, with lithium ions 

intercalated within the cathode and tied with electrons. The working principle is depicted in 

Figure 1-1. During the charging process, oxidation reactions occur at the cathode, releasing 

electrons into the external circuit. To maintain the charge balance within the cathode, lithium 

ions are simultaneously released to the electrolyte and insert into the graphitic sheets of 
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anodes.[14–16] When the cell is discharging, the reverse reactions take place: lithium ions will de-

intercalate from the anode and reinsert to the cathode. Thus, LIBs efficiently convert the change 

in free energy, caused by the migration of lithium ions between the two electrodes, into electrical 

energy, thereby powering the electric devices.[16]  
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Figure 1- 1. Principle of Li-ion batteries.[15] 
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Although LIBs continue to dominate the commercial batteries market in decades, their 

energy density is gradually approaching the theoretical limit and they still fall short of meeting 

the high energy density demands of society, especially for electric vehicles. In the search for 

alternatives, lithium-sulfur (Li-S) batteries have been considered as one of the competitive 

candidates. 

1.2 Lithium-Sulfur Batteries 

1.2.1 Development and Working Principles 

Li-S batteries were first proposed in the early 1960s.[17] However, their development has 

lagged behind LIBs over the past decades due to challenges such as low practical discharge 

capacity and rapid capacity decay.[18] However, as the demand for batteries with higher energy 

densities increases, Li-S batteries started to regain the attractions because of their high theoretical 

capacity. When used as the cathode material, sulfur offers a remarkable theoretical specific 

capacity of 1675 mAh g⁻¹ and a theoretical energy density of 2600 Wh kg⁻¹, which is the highest 

among solid elements.[18] This high capacity, combined with the lightweight of sulfur, contributes 

to the significantly higher energy density of Li-S batteries. The use of metallic lithium as the 

anode material further enhances the theoretical energy density of the battery. At the cell level, Li-

S batteries can achieve a gravimetric energy density of 400-600 Wh kg⁻¹, substantially higher 

than the 250 Wh kg⁻¹ typical of conventional LIBs.[19,20] Therefore, an electric vehicle with fully 

developed Li-S batteries could achieve a driving range over 650 km on a single charge, using 

less amount of batteries compared to those that use LIBs as power source. Furthermore, sulfur 

cathodes offer lower manufacturing costs than current cathodes of commercial LIBs, which rely 

on expensive transition metals like cobalt, due to sulfur's abundant resources and low cost. 
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  Cyclic octasulfur (S8) is the most stable form of sulfur among all its solid allotropes in 

nature.[21] Traditional Li-S batteries consist of sulfur as the cathode, metallic lithium as the 

anode, separator in between to keep them apart but allow Li ions passing through, and organic 

electrolyte. The batteries work based on the redox reactions between lithium and cyclo-S8. Since 

sulfur is in the charged state, the battery needs to be discharged first after assembly.[22] A typical 

charge/discharge curve of the Li-S battery is displayed in Figure 1-2, features two distinct 

discharge plateaus, which corresponding to two phase-transitions: first from solid to liquid, and 

subsequently back to solid. These multistep redox reactions contribute to the high theoretical 

specific capacity of Li-S batteries.[23] During discharge, the lithium anode undergoes oxidation, 

releasing electrons to form lithium ions, which then move to the cathode side through electrolyte. 

While at the cathode, sulfur accepts electrons from the external circuit and reacts with lithium 

ion. The sulfur will first be reduced to Li2S8 and then Li2Sn (3 ≤ 𝑛 ≤ 8), which corresponding to 

the region I and II in the plot.[21] These intermediates, known as high-order or long-chain lithium 

polysulfides (PS), are soluble in the ether-based electrolyte used in Li-S batteries, and therefore, 

the first discharge plateau at 2.3 V (vs Li/Li+) corresponds to the transition from solid (S8) to 

liquid (Li2Sn, 3 ≤ 𝑛 ≤ 8).[24] This process contributes around 25% of the theoretical specific 

capacity, which is 418 mAh g-1 of sulfur cathode. [25] The high-order PS are further reduced to 

Li2S2/Li2S and finally to Li2S, corresponding to regions III and IV in the charge/discharge 

profile.[21] This process is represented by the second plateau at 2.1 V (vs Li/Li+), reflecting the 

phase transition from liquid to solid, as the final discharge products are insoluble in the ether-

based electrolyte.[24] As displayed in Figure 1-2, the lower plateau contributes to the remaining 

theoretical capacity of 1255 mAh g-1. The multi-electron-transfer reactions of the sulfur cathodes 
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give Li-S batteries a high theoretical capacity. The reactions that occur during discharging 

are[25,26]:  

Anode: 16Li → 16Li+ + 16e−1 

Cathode: S8 + 16Li+ + 16e− → 8Li2S 

During the charging process, the reactions occur in reverse. Li2S deposited on the cathode side 

releases lithium ions and is oxidized back to Li2S2 and high-order lithium polysulfides, 

eventually converting back to S8.
[18] These reactions at both positive and negative electrodes can 

be described by the following equations:  

Anode: 16Li+ + 16e−1 → 16Li  

Cathode: 8Li2S → S8 + 16Li+ + 16e− 
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Figure 1- 2. Typical charge/discharge curve of Li-S batteries.[21] 
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Conventional Li-S batteries consist of a sulfur cathode, a metallic lithium anode, a porous 

separator, and organic electrolytes. While carbonate-based electrolytes are widely used in current 

commercial Li-ion batteries because of their high ionic conductivity, wide electrochemical 

window, and high volatilization temperature, they are not suitable for Li-S batteries.[27] This is 

because sulfur cathodes are chemically incompatible with carbonate solvent.[27] In Li-S battery 

systems, electrochemically active PS species act as nucleophile, while the carbonate solvents are 

electrophilic.[28] As a result, an irreversible nucleophilic-electrophilic substitution reaction 

occurs, leading to the battery failure during the very first discharge. [29] To ensure proper cycling 

performance in batteries, ether-based electrolytes are used in Li-S batteries because of their good 

compatibility with sulfur cathodes. 1,2-dimethoxyethane (DME) is characterized by its low 

viscosity and high dielectric constant, while 1,3-dioxolane (DOL) exhibits relatively low 

solubility for lithium polysulfides.[30] Owing to these advantages, both of these ether solvents are 

commonly chosen as electrolyte solvents in Li-S batteries, providing the necessary chemical 

environment for effective battery operation. 

1.2.2 Challenges of Li-S Batteries 

Despite the high energy density offered by Li-S batteries, their practical applications have 

yet to be realized because of several existing problems that lead to low delivered capacity and 

poor cycling stability. The first issue is the insulating nature of elemental sulfur and the discharge 

products, Li2S2/Li2S.[25] S and Li2S exhibit very low conductivities of 5×10-30 and 3.6×10-7 S cm-

1, respectively.[31] Additionally, they also display a low ionic conductivity, resulting in a slow 

transportation of lithium ion within the cathode. These high resistances severely hinder the 

efficient flow of electrons and ions in the sulfur cathodes, limiting the redox kinetics, leading to 

poor utilization of active material and reduced battery efficiency.[18,32] Moreover, the insoluble 
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and insulating Li2S2/Li2S that precipitates on the surface of sulfur cathode and lithium anode 

forms an inert layer, increase the polarization of the cell, impeding further reduction of sulfur, 

and ultimately limiting the discharge capacity output.[33] To address these issues, conductive 

additives are introduced into the cathode composition. These additives help create a conductive 

network within the cathode, facilitating electron transfer and improving the overall performance 

of the battery.  

Another major challenge that Li-S batteries are facing is the dissolution and shuttle of the 

intermediate discharge products, long-chain lithium PS, in the ether-based electrolyte during 

cycling, which is known as the shuttle effect. Although sulfur cathodes exhibit better stability 

and reversibility in ether-based electrolyte than in carbonate-based electrolyte, the dissolution of 

long-chain PS species in them is still a significant problem and cannot be overlooked. Due to the 

concentration gradient in the electrolyte, these highly soluble intermediates can pass through the 

separator and freely migrate between the cathode and anode.[26] Once they reach at the anode, 

part of the dissolved PS will be electrochemically and chemically reduced to insoluble 

Li2S2/Li2S2 because of the strong reducing property of metallic lithium.[21,34,35] They will 

precipitate on the lithium anode and cannot return to the sulfur cathodes. For those that have not 

been reduced, they will return to the cathode under the electric field force during the charging 

process.[31] In the long term, the shuttle effect leads to the loss of active material, corrosion of the 

lithium anode, and poor cycle life.[36] To reduce the influence of shuttle effect, lithium nitrate 

(LiNO3) is commonly used as an additive in the electrolytes for Li-S batteries. Nitrate ions 

reduce on the surface of lithium anode, forming solid electrolyte interface (SEI), which is 

composed of LixNOy and LixSOy species.[23,37] This SEI layer protects lithium metal anode from 

reacting with long-chain lithium PS. However, the deep discharging of the batteries should be 
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avoided when LiNO3 is included in the electrolyte. At lower potentials, LiNO3 undergoes 

irreversible reduction at cathode followed by a reaction with electrolyte components and the 

precipitation of the reduction products on the cathode surface, resulting in a permanent 

slowdown in the cathode reaction kinetics.[38,39] In addition to using LiNO3, other strategies to 

reduce the shuttle effect and enhance the cycling performance of Li-S batteries are being widely 

studied, such as optimizing the cathode design and improving the anode protection.  

The third challenge facing Li-S batteries is the significant volume variation of sulfur 

cathodes during cycling. Sulfur cathodes can undergo up to 80% volume expansion and 

contraction during charging and discharging, primarily due to the density difference between S₈ 

(2.07 g cm⁻³) and Li₂S (1.66 g cm⁻³).31,40 After repeated lithium deposition and dissolution 

process, the cathodes will be pulverized and gradually lose their electrical contacts with 

conductive substrates.[33] Over the long term, this can lead to the structural disintegration of 

sulfur cathodes, resulting in capacity decay. Furthermore, the failure of the cathodes may also 

pose safety risks to Li-S batteries.[33] 

1.3 Sulfur Cathodes 

Among the issues described above, the poor cycling stability of Li-S batteries can 

primarily be attributed to the dissolution of the intermediate long-chain lithium polysulfides and 

resulting side reactions. However, the dissolution of polysulfide species in the solvent is crucial 

for Li-S cells to achieve high specific capacity.  Without it, the reduction of elemental sulfur 

would occur only at the interface of carbon and sulfur, leaving the bulk of sulfur inaccessible and 

resulting in low utilization of active material.[21] Cathodes are critical to the performance of Li-S 

batteries. Therefore, significant efforts have been devoted to exploring ways to reduce the 
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migration of these high-order lithium PS in the system to prevent the occurrence of harmful side 

reactions.[21]    

1.3.1 Physical Entrapment of PS 

Encapsulating sulfur within the conductive host materials is a widely adopted method to 

improve the overall electrochemical performance of Li-S batteries. These host materials provide 

more pathways for electron transfer and feature porous structures that can physically trap some 

of the PS species within the cathodes, and therefore mitigate the influence of shuttle effect. 

Carbon is one of the most widely used substrates for sulfur cathodes because of their excellent 

electrical conductivity, large specific surface area, and good mechanical stability.[41]  

At first, carbon was merely utilized as a conductive additive in sulfur cathode by mixing 

it with sulfur to prepare the macro composite electrodes, which required the addition of a 

significant amount of carbon.[35] However, this approach results in a compromise, sacrificing the 

overall energy density. In 1989, Peled and colleagues proposed a more efficient method by 

loading sulfur into carbon host materials, forming a sulfur/carbon composite.[42] Since then, 

various carbon materials have been explored as substrates for sulfur cathodes. To maximize the 

utilization of active materials, it is essential to ensure good contact between sulfur and carbon. 

One of the most effective and commonly used methods for infusing sulfur into the carbon matrix 

is the "melt diffusion" technique. This simple and efficient process involves mixing sulfur 

powder with carbon materials and then heating the resulting mixture at 155 oC. At this 

temperature, sulfur is in the liquid form and exhibits the lowest viscosity, which allows it to 

easily diffuse into the porous structures of the carbon matrix or adhere to its surface through 

capillary forces.[43] Another commonly used method to prepare the S/carbon composite is the 
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solution method, which involves dissolving sulfur in a solvent such as carbon disulfide (CS2) and 

dimethyl sulfoxide (DMSO) and then infiltrating this solution into carbon.[21]  

Carbon nanotubes (CNTs) have attracted significant attention in studying of Li-S 

batteries because of their high aspect ratio, outstanding mechanical durability, stable chemical 

properties, and high electrical conductivity.[44] As one-dimensional carbon materials, CNTs can 

form an interwoven conductive network within sulfur cathodes, facilitating electron transport and 

enhancing the cell's rate capability. CNTs were first applied in Li-S cells as merely conductive 

additives through simple mechanical mixing with active materials.[45] However, this approach 

often resulted in poor contact between sulfur and CNTs, leading to suboptimal discharge 

capacity. Then, researchers coated sulfur onto the outer surface of the CNTs through the capillary 

effect by heating the mixture of CNTs and sulfur at 155 oC to enhance the contact between sulfur 

and CNTs.[46] This method enhanced the interaction between sulfur and CNTs, resulting in a 

cathode that delivered a reversible specific capacity of 670 mAh g-1 after 60 cycles, indicating a 

better cycle property than the cathode consisting of simple mixture of sulfur and CNTs. Xu and 

colleagues made further advancements, integrating porous spherical carbon (PSC) with CNTs to 

enhance the electrochemical performance of sulfur cathodes.[47] This combination synergistically 

mitigated the shuttle effect and reduced the electrical resistance of the cathode. The resulting 

PSC-CNT-S composite maintained a high reversible capacity of 700 mAh g-1 at a high current 

density of 2.8 mA cm-2 after 200 cycles, showcasing superior battery performance. Later, 

developments have seen CNTs more effectively utilized as host materials for sulfur cathodes, 

particularly in the flexible, self-supporting electrodes.[44] For example, a novel flexible electrode 

for Li-S batteries, S-CNT, was synthesized through a modified template-directed chemical vapor 

deposition utilizing a sulphate-containing AAO template.[46] The binder-free membrane electrode 
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was prepared employing an ethanol evaporation-induced assembly technique. Impressively, the 

cell exhibited stable cycling performance over 100 cycles, along with a significantly enhanced 

rate capability.  

Graphene-based, two-dimensional carbon materials are also a category of carbon host 

widely used in Li-S batteries due to their superior conductivity and ease of functionalization.[25] 

Therefore, coating sulfur onto the surface of graphene or graphene oxide can significantly 

enhance the charge transfer kinetics within the electrode.[48,49] However, this method cannot 

suppress the transport of polysulfide species in the electrolyte during the cycling. The strategy of 

filling the porous graphene matrix with sulfur has been reported to solve this problem.[50] Li et al. 

synthesized a graphene oxide (rGO) coated thermally exfoliated graphene nanosheet-sulfur (TG-

S) stack-up nanocomposite as the cathode material. During the cycling process, the stack-up TG 

and the rGO coating exhibit an excellent ability to encapsulate sulfur and confine the dissolved 

PS species. The resulting cell with the cathode reached a reversible capacity of 667 mAh g-1 after 

200 cycles.  

Carbon materials with appropriate porous structures are also well-suited for physically 

blocking the shuttle effect of PS species in Li-S batteries. These structures should be capable of 

encapsulating a high sulfur content while impeding the diffusion of the dissolved PS. Porous 

carbons, typically amorphous with a low degree of graphitization, feature a hierarchical porous 

structure composed of pores with varying sizes. Micropores have diameters smaller than 2 nm, 

mesopores range between 2 nm and 50 nm, and macropores have diameters larger than 50.[32] 

The physical confinement is a mechanism employed by porous carbon effectively mitigates the 

diffusion of long-chain PS, typically larger than 0.8 nm in diameter.[51] Therefore, the high 

specific surface areas and high conductivity make porous carbons ideal candidates for host 
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materials. Specifically, carbons with micropores and mesopores are preferable for their more 

effective mitigation of the shuttle effect. Wang et al. first reported a sulfur-coated mesoporous 

carbon composite as cathode materials for sulfur cathodes.[52] The mesoporous carbon 

demonstrated strong adsorption capabilities for dissolved PS species in electrolytes, resulting in 

much-improved capacity and cycling stability compared to pure sulfur cathodes. Due to its high 

specific surface areas and large pore volumes, the highly ordered mesoporous carbon CMK-3 has 

been regarded as an appropriate host material for sulfur cathodes. The mesoporous structure of 

CMK-3 not only ensures the complete occurrence of redox reactions but also facilitates the 

physical entrapment of long-chain lithium polysulfides during the cycling process, significantly 

improve the capacity ability of the Li-S cells.[53] Inspired by that, other ordered mesoporous 

carbons were developed for sulfur cathodes subsequently. Schuster et al. developed a composite 

of sulfur with bimodal mesoporous carbon (BMC), which exhibited a high reversible specific 

capacity of 1200 mAh g-1 and good cycle stability, benefiting from the high surface area of 2445 

m2 g-1 and large inner pore volume of 2.32 cm3 g-1.[54] C@S composites, based on mesoporous 

hollow carbon capsules, were prepared as cathodes for Li-S cells, offering an extended cycling 

life and improved rate capability.[55] This improvement was attributed to the effective 

confinement of lithium polysulfides within the void space of the hollow carbon capsules and the 

good electron transportation within the materials.  

In addition to carbon materials, polymers are another category of materials that are 

widely applied in the study of Li-S batteries, especially as binders of electrodes. Poly (vinylidene 

fluoride) (PVDF), a conventional binder, provides strong adhesion to the mixture of active 

material and conductive additive, exhibits relative stability in the ether-based electrolyte used in 

the Li-S battery system.[56] However, PVDF does not bind long-chain lithium polysulfides, nor 
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does it suppress the occurrence of PS shuttle during the charge/discharge process.[57] To address 

these limitations, researchers have explored a hydrophilic binder with strong polarity and 

viscosity, which has shown excellent ability in anchoring polysulfide species.[58]  In addition, 

they are also widely used in Li-S batteries as physical barriers to block the migrations of soluble 

lithium polysulfides, thereby enhancing the utilization of active materials in subsequent cycles, 

and eventually improving the reversibility of the battery. For example, a sulfonated poly (ether 

ketone)/Nafion (SPEEK/Nafion)-modified separator has been employed in the Li-S cells to 

mitigate the shuttle effect.[59] The thin composite coating layer on the cathode side of the 

separator serves as a selective barrier, allowing only Li ions to pass through while blocking PS 

species. This approach effectively reduces the shuttle effect, and the cell has demonstrated stable 

cycling performance with a capacity of 600 mAh g-1 over 300 cycles. 

1.3.2 Chemical Adsorption of PS 

Although porous carbon materials can greatly improve electrical conductivity and 

partially mitigate the shuttle effect, the conjugate nonpolar carbon planes cannot strongly anchor 

polar lithium polysulfide molecules.[60] Therefore, introducing more polar sites to the nonpolar 

carbon materials has been proposed to provide stronger chemical binding with polysulfide 

species. One effective method to achieve this is by doping the carbon surface with heteroatoms, 

such as nitrogen (N), sulfur (S), oxygen (O), boron (B), chloride (Cl), and fluorine (F). These 

heteroatoms enhance the interaction between the carbon host and long-chain PS, forming 

chemical bonds that help impede the shuttle effect. Carbon materials such as graphene and CNT, 

which possess abundant edges and boundaries, are favorable for heteroatoms doping because 

they can easily incorporate into the carbon lattice.[61] Numerous studies have reported on novel 

materials featuring heteroatom doping.[62–65] To further investigate their impact on the 
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electrochemical performance of Li-S cells, Hou and colleagues performed density function 

theory calculations on nanocarbon doped with various heteroatoms.[61] Their findings indicated 

that N and O atoms have larger binding energies with intermediate products compared to other 

examined dopants, like B, Cl, F, and S atoms. The introduction of N and O atoms enhances the 

chemical adsorption of soluble long-chain lithium PS with cathode materials, eventually 

reducing the loss of active materials in the cathode and relieving the corrosion of lithium anode. 

Further investigations into the effect of nitrogen and oxygen doping were conducted by 

introducing them in N330, a commercial carbon black, through treatment with NH3 and CO2.
[66] 

Although the composites displayed similar cycling stability, N330 with nitrogen doping (N-

N330) demonstrated a higher initial specific capacity of 1490 mAh g-1 compared to the oxygen-

doped carbon (O-N330). The difference is attributed to unexpected reactions between sulfur and 

surface oxygen species, which produce the S-O groups and cause the loss of active materials 

during cycling. In contrast, nitrogen on the carbon surface facilitates the interaction with 

intermediate products to limit their migration more effectively to the anode. It also promotes a 

more uniform distribution of the discharge products within the carbon matrix, resulting in 

improved electrochemical performance. 

The doping process can sometimes be complex due to various factors. To simplify the 

synthesis process and reduce manufacturing costs, researchers have proposed using biomaterials 

that are naturally rich in heteroatoms like oxygen and nitrogen as precursors for carbon host 

materials. For example, Wu et al. selected bagasse, a byproduct of sugar production, as a 

precursor.[67] The resulting carbon from bagasse possesses a unique tri-modal porous structure 

and contains oxygen and nitrogen atoms, which are inherently present in bagasse, on its surface. 

These co-doping sites provide an intrinsic affinity toward lithium polysulfides through dipole-
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dipole electrostatic interactions, effectively mitigating the shuttle effect. In addition, they 

contribute to the uniform deposition of solid Li2S on the cathode, leading to better utilization of 

active materials. The resulting cathode exhibits a high initial specific capacity of 1123 mAh g-1 at 

0.2 C and a low capacity decay rate of 0.057% per cycle over 800 cycles at 1 C.   

Inorganic materials, like metal oxides, nitrides, and sulfides are also favorable for 

mitigating the shuttle effect because they are inherently rich in oxygen, nitrogen, sulfur atoms 

compared to carbon materials.[25] Therefore they can form chemical bonds with lithium 

polysulfides to realize chemical adsorption. In the beginning, metal oxides were used as 

additives in the cathode to improve the performance of the cell. For example, the addition of 15 

wt% of magnesium nickel oxide (Mg0.6Ni0.4O) to the sulfur cathode optimized the cell’s 

performance. The cell delivered a much-improved initial specific capacity of 1158 mAh g-1 

compared to the cell without additive, which only delivered a capacity of 741 mAh g-1. TiO2 has 

also been used as an additive in sulfur cathodes.[68] Among several TiO2 with different 

morphologies, α-TiO2 displayed the highest initial specific capacity of 1201 mAh g-1 and better 

cycle stability. These results can be attributed to the higher binding energy of sulfur-containing 

species to α-TiO2 than other TiO2.
[60]  

Although the composites of sulfur and inorganic materials can provide stronger chemical 

adsorptions for PS by forming chemical bonds with them, their lower conductivity and limited 

sulfur loading capacity result in relatively low output capacity and rate capability. Therefore, 

many researchers have shifted their interests towards making composites that can utilize the 

concept of both physical and chemical adsorption to better immobilize long-chain lithium PS 

within the cathode side. One such innovation is the silicon/silica@carbon-sulfur (Si/SiO2@C-S) 

carbon sphere composite, which has demonstrated remarkable performance. This composite not 
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only showed a high initial specific capacity of 1215 mAh g-1 at 0.1 C with a low capacity decay 

of 0.063 % per cycle over 500 cycles but also a high capacity of 825 mAh g-1 at 2 C, indicating 

the good rate capability of the cell.[69] These excellent electrochemical performance of the 

obtained Si/SiO2@C-S cathodes can primarily be attributed to the synergetic effect of micro-

mesoporous graphitic carbon and the Si/SiO2 network. The porous carbon enhances the loading 

of active materials and acts as a physical shield for the polysulfide species. At the same time, the 

cross-linked structure can chemically bind the polysulfides and suppress their migrations in the 

electrolyte.  

The sluggish redox kinetics is also a challenge that impacts the overall performance of 

Li-S batteries. This issue arises from the insulating nature of sulfur and its final discharge 

product (Li2S), as well as the complex reaction pathways from polysulfide species to Li2S2/Li2S 

and the dissolution of intermediate discharge products, which increase the viscosity of 

electrolyte. Such slow redox reactions result in low sulfur utilization and compromised capacity. 

Realizing rapid conversions between soluble polysulfides and insoluble Li2S2/Li2S is crucial for 

mitigating the shuttle effect, as it decreases the maintaining time of lithium polysulfides in the 

electrolyte, thereby preventing their migration, reducing active materials loss and ultimately 

enhances the overall performance of the Li-S cell.[70] Moreover, the faster conversions promote a 

more uniform distribution of Li2S on the electrode, potentially lowering internal resistance and 

enhancing the charge-discharge rate. The catalytic role of certain polar electrode host materials in 

facilitating these redox reactions between polysulfides and final discharge products is notable.[71] 

Unlike traditional catalysts, the surface state of catalytic materials used in Li-S batteries evolves 

during the reaction, yet they effectively promote conversions and aid the active material to accept 

ions or electrons.[72] Transition metal compounds, such as metal oxides, metal sulfides, and metal 
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nitrides, are ideal for catalytic materials used in cathodes because their polar surfaces are suitable 

for chemical reactions with sulfur species.[72] Although metal-free materials, like phosphorene 

and N-doped carbons, are less commonly utilized as catalysts, reports indicate they also exhibit 

catalytic effects and significantly lower the polarization of electrodes, facilitate redox reactions, 

and reduce the shuttle of polysulfides during the cycling process.[73,74]  

1.3.3 Short-chain Sulfur Cathodes 

Given that the shuttle effect arises from the dissolution and migration of long-chain PS in 

the ether-based electrolyte, a viable approach, in addition to anchoring these intermediates at the 

cathode side to prevent their transport, involves substituting the ether solvent used in electrolyte 

to inhibit polysulfide dissolution. Although carbonate solvents typically undergo undesirable 

nucleophilic-electrophilic substitution reactions with lithium PS, they are helpful in suppressing 

the shuttle effect when used correctly.[29] To incorporate carbonate solvent in Li-S batteries 

effectively, it is crucial to prevent direct contact between soluble PS and the carbonate solvent. 

One promising approach is to anchor short-chain sulfur onto the cathode through covalent 

bonding, which helps stabilize sulfur and prevent its dissolution. The structure and 

transformation of sulfur at different temperatures is depicted in Figure 1-3.[75] Sulfur begins to 

melt at 120 oC, reaching its minimum viscosity at 155 oC. As the temperature increases to 159 

oC, the S-S bond in S8 ring start to break, leading to the formation of sulfur diradicals and the 

production of “polymeric sulfur” with high molecular weights.[76] At a higher temperature of 444 

oC, short-chain sulfur vapor with different lengths form. However, when the temperatures cool 

down to room temperature, these short-chain sulfur species will transfer back to the most stable 

structure of S8 ring. 
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Figure 1- 3. Structure and transformation of sulfur at different heating temperatures.[75] 
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Microporous carbon materials have been reported as reservoirs for trapping short-chain 

sulfur species. For example, Xu et al. confined S2 within a carbon featuring a sub-nanometer 

porous structure, revealing a new sulfur chemistry for the short-chain sulfur cathode in the 

carbonate-based electrolyte.[77] Different with Li-S cell using S8 as active material in ether-based 

electrolytes, which need to experience a solid-liquid-solid conversion process, cells using short-

chain sulfur species in carbonate solvents display a single plateau in charge/discharge curve, 

corresponding to a solid-to-solid conversion.[29] in this configuration, a new type of 

thiocarbonate-like solid electrolyte interphase (SEI) forms on the anode, acting as a barrier that 

prevents contact between sulfide species and the electrolyte.[77] This thin SEI layer, which forms 

on the exterior of the C/S cathode during the initial discharge process, results from the reactions 

between the carbonate solvent and some stable exterior S8 that are produced during the 

composite’s synthesis. The SEI-coated S/microporous carbon cathode displayed exceptional 

cycling stability over 4000 cycles with a low capacity decay rate of 0.0014% per cycle. 

Copolymerizing sulfur with conductive polymers is another strategy for utilizing short-

chain sulfur and modifying the structure of active materials in Li-S batteries. Polyacrylonitrile 

(PAN) is one of the commonly used conductive polymers for this purpose. Because sulfur acts as 

a dehydrogenating agent, sulfurized polyacrylonitrile (SPAN) can be synthesized through 

subliming a mixture of sulfur and PAN at 280-300 oC.[78] The resulting SPAN cathode displays a 

single discharge plateau located at 1.8 V in the charge/discharge curves, which is speculated 

attributed to the strong interaction between the polymer and sulfur, indicating the successfully 

prevent of the dissolution of intermediate polysulfide products. With the advance of the research, 

more and more studies have focused on the potential of SPAN as a cathode material for Li-S 

batteries. For example, Yu et al. investigated the effects of heating temperatures on the properties 
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and electrochemical performance of SPAN.[79] Their results demonstrated that the SPAN cathode 

materials can achieve optimal cycling performance when synthesized at temperatures range in 

450-500 oC. The structural properties and reaction mechanisms of SPAN cathodes were further 

investigated using solid-state nuclear magnetic resonance (NMR), electron paramagnetic 

resonance (EPR), and simulations. These investigations revealed that during the initial discharge, 

the cleavage of S-S bonds generates thiyl radicals, which contribute to the subsequent formation 

of a conjugated structure.[79] Lithium ions interact with the electronegative sites around sulfur 

and nitrogen atoms, preventing the formation of lithium PS,  which is evidenced by exhibiting 

combability with carbonate-based electrolyte. This effectively suppresses the shuttle effect, 

enabling the Li-S cell with a SPAN cathode to achieve an excellent capacity retention of 96.8% 

after 2000 cycles. 

1.4 Practical Application of Li-S Batteries  

In research that primarily focused on optimizing cathode materials for Li-S batteries, coin 

cells are commonly employed for testing, and specific sulfur content in the cathode is applied to 

evaluate the electrochemical performance of these cells. However, energy density emerges as a 

more critical parameter for the practical application of Li-S batteries. While increasing the sulfur 

content in the cathode can significantly enhance the electrode’s capacity, simply adding more 

sulfur can decrease the utilization of active materials due to the insulating nature of sulfur. 

Therefore, optimizing electrode design and achieving a balance between the content and 

utilization of active materials is essential for advancing the practical application development of 

Li-S batteries. Beyond achieving high utilization of active materials and maximizing output 

voltage, both the areal sulfur loading and the ratio of active materials to inactive materials are 
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critical factors in achieving the high energy density required for the effective implementation of 

the Li-S battery technology.[24] 

In coin cell testing, thin film with low sulfur loading and high electrolyte/sulfur (E/S) 

ratios (> 15 μL mg-1) are usually employed to study cathode materials.[80]  However, in practical 

applications, where cylindrical or pouch cells are the standard formats, applying the same 

conditions to these large-scale batteries often results in poor electrochemical performance. The 

areal sulfur loading is typically the parameter used to describe the sulfur content in a pouch cell, 

and higher areal loading generally leads to greater energy density for the entire cell.[81] 

Therefore, it is one of the most critical factors influencing the practical viability of Li-S batteries. 

For Li-S batteries to compete with current commercial Li-ion batteries, the areal capacity of the 

sulfur cathode should ideally reach 4-8 mAh cm-2.[82] In addition, the electrolyte, though an 

inactive component, constitutes a significant proportion of the total mass of the pouch cell and 

can significantly influence the overall performance of Li-S batteries.[24] An excessive amount of 

electrolyte can impact the actual energy density output. In contrast, too little electrolyte may 

limit electrode infiltration and affect sulfur utilization in the cathode. Shi et al. explored the 

effect of the E/S ratio on the electrochemical performance of a 2 Ah multi-layer pouch cell with 

an integrated S/Ketjenblack (KB) cathode.[83] Different E/S ratio was applied, including 6, 4, 3, 

and 2.5 μL mg-1. Although lowering the E/S ratio increased the cell’s energy density, it also led to 

rapid declines in cycling performance. This accelerated degradation of Li-S pouch cells with lean 

electrolyte can be attributed to inhomogeneous reactions at the lithium anode and limited 

electrolyte diffusion in the thick cathode. These issues lead to lithium metal corrosion, electrolyte 

consumption, and uneven sulfur reactions within the cathodes. In addition, the viscosity of the 

electrolyte tends to increase with cycling in lean electrolyte systems, which slows the kinetics of 
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electrochemical reactions, heightens cell polarization, and affecting the rate performance.[82]  

Therefore, balancing sulfur content with the volume of electrolyte is critical. Consequently, the 

E/S ratio emerges as another key parameter in the design of high energy density Li-S pouch cell.  

Optimizing the cathode material design is one of the most effective strategies for 

achieving high-performance Li-S cells with high sulfur content and low E/S ratio. For example, a 

three-dimensional (3D) hollow carbon fiber foam has been proposed as a conductive host and 

free-standing current collector for cathodes with high areal sulfur loading.[84] The cross-linked 

structure not only provides efficient transport pathways for electrons but also enhances sulfur 

utilization even under a low E/S ratio of 4 μL mg-1. The excellent electrolyte absorbability of the 

3D foam aids in anchoring the polysulfides within the matrix, thereby improving the cycling 

performance of the cell. The resulting cell displayed a high areal capacity of 6.4 mAh cm-2 with a 

relatively high sulfur loading of 6.2 mg cm-2.  

In addition to the areal sulfur loading and E/S ratio, the rapid degradation of the large-

scale pouch cell is also related to the lithium anode side. Cheng and colleagues investigated the 

failure mechanisms of Li-S pouch cells, focusing on a 1500 mAh pouch cell.[85] Compared to 

coin cycled at the same rate, pouch cells experience a higher current density at the anode due to 

the larger sulfur content. This increased current density accelerates the growth of lithium 

dendrites, which consequently forms dead Li powder in the electrolyte. The accumulation of 

dead lithium significantly increases polarization, ultimately terminating the cycling of the pouch 

cell.  

In recent years, the performance of Li-S pouch cells, characterized by high areal sulfur 

loading and lean electrolyte, has gradually improved due to the electrode design optimization.[86–
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88] However, despite these developments, Li-S batteries remain in the early stages of 

commercialization compared to current LIBs. Several companies like Sion Power, Oxis Energy, 

and PolyPlus have developed prototype Li-S cells, yet these cells have been limited to specific 

applications, like unmanned aircraft, and have not yet been mass-produced. Commercial Li-S 

battery products are still absent from the market. One of the primary barriers to 

commercialization is the unstable cycling performance of Li-S batteries, which is crucial for 

achieving high energy density battery and competing with conventional commercial LIBs. This 

instability is particularly pronounced in large-scale cells with high areal sulfur loading and lean 

electrolyte. Furthermore, the complex synthetic process of those effective novel host materials 

reported in the literature makes them unsuitable for large-scale production. Another significant 

challenge is achieving high-rate capability, an important characteristic of high-power electric 

equipment. Moreover, safety issues induced by the dendrite growth on lithium metal anode also 

pose a barrier to large-scale production of Li-S batteries. Therefore, bridging the gap between 

practical production and academic research is essential to facilitate the widespread application of 

Li-S batteries across various sectors.[89]  

1.5 Objectives and Scope of the Research  

The research presented in this thesis aims to develop novel host materials to enhance the 

electrochemical performance of Li-S batteries. A bio-inspired carbon was synthesized using the 

degummed silk as the precursor through a facile carbonization process. This newly obtained 

material features a hierarchical porous structure along with natural nitrogen atoms, which 

eliminates the need for extra heteroatoms doping process, from the original components of the 

precursor. These characteristics make the prepared nitrogen-doped carbon (NC) a candidate as 

the carbon host material for sulfur cathode to improve the electrochemical performance of Li-S 



27 
 

batteries. The synthesis process, structure characterizations, and electrochemical analysis were 

explained in Chapter 2.  

Chapter 3 investigated the specific mechanisms by which NC improves electrochemical 

performance. It was found that NC can facilitate the disproportionation reactions of polysulfide 

anions, converting long-chain polysulfides anions into elemental sulfur and Li2S2 after their 

formation at the sulfur cathode. Enhancing these reactions helps to reduce the remaining time of 

polysulfides in the electrolyte, therefore mitigating the shuttle effect and improving the cycling 

performance of the Li-S battery.  

Large-scale pouch cells were also assembled to test the feasibility of the novel S/NC 

electrodes in practical applications. Chapter 4 discusses the influence of different sulfur loadings 

and electrolyte/sulfur ratios on the pouch cells' performance. In addition, except for the cathode, 

the morphological changes of the Li anode and their effects on the long-term cycling of Li-S 

cells were also investigated, considering various factors that impact the entire cell.     
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CHAPTER 2. SYNTHESIS AND CHARACTERIZATION OF NOVEL CARBON HOST FOR 

SULFUR CATHODES  

2.1 Introduction 

LIBs are the state-of-the-art energy storage technologies today. Unfortunately, further 

improvements of LIBs using traditional insertion electrodes are gradually reaching their limit. An 

energy density around 300 Wh kg–1 at present is hardly able to meet the ever-growing energy 

storage demands for electric vehicles.[86,90,91] Therefore, alternative battery systems have been 

explored. Li-S batteries are one of the potential candidates for the next generation energy storage 

systems. The Li-S batteries possess a high theoretical specific capacity of 1675 mAh g–1 and a 

high energy density of 2600 Wh kg–1 due to a multiple-electrons conversion reaction. Sulfur is a 

low cost and abundant material on the earth.[21] Although Li-S batteries have been studied for 

decades, their poor cycling life, is still a major issue hindering the implementation of their 

practical applications. The poor cycle life can be attributed to the insulating nature and large 

volume change of the sulfur cathode, as well as the shuttle effect that occurs during cycling. The 

shuttle effect is caused by the diffusion of dissolved high-order lithium PS to the lithium metal 

and the backward diffusion of the formed low-order ones in a conventional ether-based 

electrolyte, [27,92] Moreover, some insoluble low-order lithium PS were formed and deposited on 

the surface of the lithium anode, which could lead to the loss of active materials of the sulfur 

cathode  and affect the cyclability of Li-S batteries.[61] 

Enormous efforts have been invested in recent years to circumvent the shuttle-effect issue 

and improve the overall electrochemical performance of Li-S batteries. Two main approaches to 

block off the propagation of soluble high-order lithium PS in the electrolyte included physical 

confinements and chemical binding.[91] Encapsulation of the PS within the hierarchically porous 



29 
 

carbon host was an effective way to mitigate the shuttle effect. The micro and mesopore 

structures of the carbon could act as a host to restrain the migration of soluble lithium PS and 

alleviate the volume variations of a sulfur electrode during cycling.[93,94] In addition, the 

conductive carbon matrix also provided an essential electrical conductivity network for a sulfur 

electrode, which could greatly improve the utilization of the active materials.[53,95–97] In order to 

achieve the chemical adsorption of PS at the cathode side, several novel materials have been 

proposed as potential hosts for the sulfur composite cathode. For instance, Y. Yen et al. utilized a 

type of the porous molecular crystal with unique adsorption characteristics as the lean-electrolyte 

cathode.[98] In addition to exploring new materials, an alternative approach commonly employed 

to enhance the overall performance of Li-S batteries is to introduce heteroatoms, such as nitrogen 

and boron, into the host materials. This serves to chemically anchor the high-order lithium PS 

and catalyze the conversion reaction during the cycling process.[99] Wang and co-workers 

demonstrated that nitrogen could modify the electronic structure of the oxygen in adjacent 

function groups and strengthen the chemical binding between the sulfur and oxygen-containing 

groups on a carbon matrix. The Li-S battery made with N-doped carbon demonstrated  a better 

cycle stability.[100] Moreover, abundant defect sites induced by the nitrogen can also lead to a 

uniform distribution of the discharge products within the carbon host, which consequently 

enhanced the utilization of the sulfur.[66,101]   

Biomass has aroused great interest as a precursor for the carbon matrix because of its low 

cost, abundant resources, and environmental friendliness. The utilization of biomass precursors 

for the production of carbon materials results in a diversity of morphologies. Porous structures 

have been identified as capable of physically obstructing the diffusion of polysulfide ions. 

Moreover, post-carbonization heteroatom doping has been observed to enhance the carbon 
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surface with multiple functional groups, which exhibit a strong propensity for chemical 

interaction with polysulfide ions. This results in effective immobilization and entrapment of the 

polysulfide anions, thereby improving the overall performance of the carbon material in lithium-

sulfur batteries.[102] Hence, biomass-derived carbons have been widely applied to studies of Li-S 

batteries.[103,104] Manthiram and co-workers developed a cotton-based carbon for a sulfur cathode 

through a facile carbonization process using cotton as the precursor.[105] The product retained the 

porous and 3D interconnected structures of the cotton, which accommodated a high sulfur 

loading, improved the active material's utilization, and stabilized the Li-S battery's 

cyclability.[105] Another porous carbon, which possessed a scale-like microstructure, was 

developed using kapok fiber as a raw material.[106] The unique structure of the obtained carbon 

provided an efficient electric contact to the sulfur and effectively obstructed the diffusion of the 

dissolved polysulfides during the discharge process.[106]  

Herein we synthesized a novel bi-functional carbon as the carbon host for sulfur cathodes by 

using a degummed silk as a precursor through a facile carbonization process.[107] Natural silks 

produced by silkworms are protein polymers enriched in nitrogen element and are very easy to 

obtain because of their abundant resources on the earth. Therefore, silks are expected to be an 

ideal raw material to produce the nitrogen-doped carbon (NC) host through a facile carbonization 

process without any additional doping process.[92,108] The obtained NC not only possesses a high 

surface area with optimized mesopore structures, but also exhibited activity to facilitate the 

disproportionation of polysulfide to short-chain polysulfide and elemental sulfur. The content of 

nitrogen doped in the carbon usually changes with the pyrolysis temperature.[109] We prepared 

NC at various carbonization temperatures to examine its influence on the composition and the 

structure of the carbon as well as the sulfur cathode properties.  
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2.2 Experiment  

Synthesis of hierarchical porous and NC from cocoons. 

The bombyx mori cocoon, produced by silkworm, was originally from the southern part 

of China. The sericin, the gum-like protein that coats the silk fibroin fibers, was first removed 

through an alkali degumming method. The alkalis can form bonds with sericin and form caustic 

soda, and then dissolve in the water during the hydrolysis process.[110] It is a degumming 

technique that widely applied in both laboratory and industry because of the high efficiency. 

Here, the sodium carbonate (Na2CO3) was selected as the alkali. The process includes boiling the 

cocoon in the Na2CO3 solution to remove the glue-like sericin protein. Then, 2 grams of the 

degummed natural silk were dissolved in the mixture of calcium chloride (CaCl2), de-ionized 

water (H2O), and ethanol (CH3CH2OH) in the ratio of 8:2:1 at 90 oC overnight. The regenerated 

carbon precursor was finally acquired by further drying the solution at 140 oC for 12 h. The 

obtained precursor was first heated at 300 oC for 1 hour under an Ar atmosphere with a heating 

rate of 2 oC min–1 for a pre-carbonization. Then, to investigate the effect of carbonization 

temperatures on the structures and nitrogen content of the carbon, the precursor was further 

annealed at 750, 800, 900, and 950 oC under the Ar atmosphere separately. The product was 

added into a 1 M HCl solution and stirred overnight to remove the residual CaCl2 trapped in the 

carbon. The CaCl2 was wrapped over the silk fibroin as a template after the regeneration step. 

Finally, the obtained powder was washed thoroughly with deionized water and dried at 70 oC 

overnight. Carbons acquired at different carbonization temperatures were named NC750, NC800, 

NC900 and NC950. During the carbonization process, the wrapped CaCl2 also acted as a 

template, which helped to induce porous structures to the carbon. 

 Preparation of S/NC composite 
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The S/NC composite was prepared through a melt-diffusion method. The NC was 

evacuated in a three-necked round-bottom flask overnight to remove air within the pore 

structures of the carbon. Appropriate amount of sulfur was dissolved in the carbon tetrachloride 

(CCl4). The solution was then inhaled into the flask due to the negative pressure inside the flask. 

The resulting mixture solution was stirred vigorously overnight for a thorough infiltration of 

sulfur into the NC host materials, and then evaporated under vacuum to fully remove the CCl4 

solvent. Finally, the obtained mixture of the sulfur-containing NC was sealed in a glass tube 

under vacuum and heated at 155 oC for 12 h to synthesize the S/NC composite. At 155 oC, the 

viscosity of sulfur is the lowest, which allows more sulfur to penetrate the smaller porous 

structures of the host materials. Sulfur was incorporated with NC in different weight ratios of 6:4 

and 8:2. The schematic of the synthesis process of NCs are depicted in Figure 2-1.  
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Figure 2- 1. Schematic illustration of (a) the synthesis of NC and (b) the preparation of S/NC 

composite. 
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Structural characterization 

The morphologies of the samples were characterized using a Hitachi S-4800 field 

emission scanning electron microscope (FESEM) with energy dispersive X-ray spectroscopy 

(EDS). FESEM, an advanced type of SEM, utilizes a field emission source to generate the 

electron beam. Different from the conventional SEM, which employs a thermionic emission 

source, FESEM uses a very sharp, single-crystal tungsten emitter to produce the electron beam. 

It can provide high-resolution images of the surface of materials. While EDS is a powerful 

analytical technique used in conjunction with SEM. It works based on the interaction between 

the electron beam from the SEM and the test sample. EDS allows for the qualitative and 

quantitative analysis of the elemental composition of the sample.   

The porous structures, including the specific surface area, pore volume, pore size, and 

pore size distribution of the NC samples were then characterized using nitrogen adsorption-

desorption isotherm technique on an ASAP2020 physical adsorption analyzer. It works based on 

the principle of measuring the amount of nitrogen gas adsorbed and desorbed by the tested 

sample materials at different relative pressures, P/P0 (P0, saturation vapor pressure of nitrogen at 

the analysis temperature). The adsorption/desorption isotherm curves are categorized into six 

types by IUPAC (International Union of Pure and Applied Chemistry).[111] Therefore, the 

information of pore structures and adsorption mechanisms can be obtained from the resulting 

isotherm curves. The specific surface areas of the NCs obtained at different carbonization 

temperatures were calculated with the multi-points Brunauer-Emmett-Teller (BET) method. BET 

theory is a mathematical model that can explain the physical adsorption of gas molecules on a 

solid surface and calculate the specific surface area of materials.[112] The pore diameters, volumes 

and distributions were determined by the Barrett-Joyner-Halenda (BJH) theory.  
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To determine the surface chemistry of the NC samples, X-ray photoelectron spectra 

(XPS) were conducted on a Perkin-Elmer PHI 5400 ESCA system. XPS is a surface-sensitive 

analytical technique used to study the chemical composition and electronic state of the surface 

region of solid materials.  It can also provide information on the binding states of the elements. 

XPS is working based on the photoelectric effect. During the measurement, the sample material 

is irradiated with a beam of X-rays, causing the photoelectrons emit from the surface of the 

sample surface and the kinetic energy of emitted electrons is measured.[113,114] 

X-ray diffraction (XRD) profiles were collected by a Bruker D8 DISCOVERY 

diffractometer with Cu Kα radiation. XRD is a technique that examines the crystalline structures 

of materials without destroying the sample. It provides information on structures, phases, 

preferred crystal orientations, and structural parameters. XRD works based on the principle of X-

ray diffraction by crystalline materials according to Bragg’s law. During the measurement of 

XRD, samples are exposed to X-rays over a range of angles, and the intensity of the diffracted X-

rays is recorded at the same time. XRD have been widely used in characterizing different 

materials, such as minerals, polymers, plastics, and metals.[115]  

Raman spectroscopy is a non-destructive analysis technique that offers both the chemical 

and structural information of the sample according to the interaction of light with the chemical 

bond. It works based on the principle of Raman scattering, which is inelastic scattering of 

photons. During the measuring, a high intensity excitation laser shines on the sample and a small 

amount of the light will be scattered at different wavelengths.[116] In order to further investigate 

the influence of carbonization temperature on the carbon structures of NCs, the Raman spectrum 

was collected on a Horiba Raman system with a 532 nm laser excitation on a 1200 gr mm-1 

grating at room temperature. The magnification of the microscope objective was 10×.  
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Thermogravimetric analysis (TGA) is an analytic technique for the measurement of 

thermal stability of materials through measuring the change in weight of sample materials with 

increasing temperatures under a controlled atmosphere. The amount of sulfur incorporated with 

the NC host was determined by the on the SDT Q600 thermal analyzer in Ar atmosphere from 

room temperature to 800 oC with a heating rate of 5 oC min-1.  

Electrochemical characterization 

The electrochemical performance of S/NC cathodes was carried out in CR2032 type coin 

cells. The cathode slurry was first prepared by mixing 85 wt% active materials, 5 wt% binder, 

and 10 wt% conductive additives with a N-methyl-2-pyrrolidone (NMP) as solvent. The binder 

used here is 4 wt% polyvinylidene fluoride (PVDF), a commonly used binder to produce 

electrode for lithium batteries because of its excellent electrochemical stability, wettability with 

electrolyte and ability to binding active materials and current collector. The binder solution was 

prepared by dissolving solid PVDF powder into the NMP solvent. The conductive additives that 

are added to the electrode are superC65. The working electrodes were made by casting the 

cathode slurry onto a carbon-coated aluminum foil using a doctor blade and dried at 70 oC 

overnight to remove extra solvent.  

The prepared electrodes were first punched into circle pieces as the cathodes for coin 

cells. The diameter of the electrodes is ½ in. CR2032 type coin cells with a lithium metal anode 

and a Celgard 2320 separator were assembled in an Ar-filled glovebox with water and oxygen 

<0.5 ppm. The electrolyte was composed of 1 M lithium bis(trifluoromethane) sulfonimide 

(LiTFSI) dissolved in 1,3 dioxolane/1,2-dimethoxyethane (DOL/DME, 1:1 vol%) with 0.4 M 

lithium nitrate (LiNO3) as an additive. LiNO3 is a commonly used additive for liquid Li-S 

batteries. It has been reported that it is involved in the formation of a stable SEI on the surface of 
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lithium anode, which can protect it from reacting with the migrated polysulfide species during 

cycling process.  

Galvanostatic charge/discharge tests, a method of testing the electrochemical 

performance of cells by applying a constant current, were conducted on an Arbin battery testing 

system (BT200) in a voltage window of 1.7~2.9 V vs Li+/Li at ambient temperature to measure 

the cycling performance of the cells. The tests were conducted at different (1C = 1675 mA g–1) 

rates. The rate performance of the cells was measured at 0.1, 0.2, 0.5, 1, and 2C for 10 cycles 

each.  

Cyclic voltammetry (CV) is a electrochemical technique to investigate the redox 

properties of an analyte in solution or of molecular species that is absorbed onto the 

electrode.[117] During the CV experiment, a potentiostat applies a potential waveform to an 

electrochemical system and the resulting current that flow through the working electrode will be 

measured and recorded. The potential is swept linearly with time between the initial potential and 

final potential. The final voltammogram is obtained through plotting the measured current 

against the applied potential. To further investigate the electrochemical behaviors of the obtained 

S/NC cathodes, the CV measurements were conducted by using a two-electrode configuration, 

with S/NC as working electrode and lithium as a counter and reference electrodes, on a CHI660 

potentiostat with a slow scan rate of 0.1 mV s–1 and a potential range of 1.7~2.9 V.  

The electrochemical impedance spectroscopy (EIS) Impedance measurements is a 

technique used to analyze the electrochemical properties of materials and interfaces. It works 

through applying a small, alternating current voltage to an electrochemical cell and measuring 

the resulting current to obtain an impedance spectrum over a range of frequencies. The spectrum 

can provide information of the electrochemical reactions that occur at the interface of electrodes 
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and electrolyte. It is helpful in studying the properties of the battery system, such as kinetics of 

electrochemical reactions, the resistance of electrolyte, and different stages of complicated 

mechanisms of the electrochemical system.[118] In this study, the EIS of the cells were conducted 

using an Autolab PGSTAT30 potentiostat/galvanostat electrochemical system (Metrohm) to 

investigate the electrochemical process that occurred within the battery. The frequency range was 

from 0.1 to 106 Hz with a perturbation amplitude of 5 mV. Spectra were recorded at the end of 

selected charge/discharge states.  

Color Changing Observation 

Two PS mixtures used in this work were 5 mM Li2S6 and 25 mM Li2S6 in DME/DOL 

(1:1, vol%). The PS mixtures were obtained by mixing S8 and Li2S (molar ratio of 5:8) to form 

Li2S6 stoichiometrically in the mixture of DME/DOL and stirring for 24 h at 60 °C in an Ar-filled 

glovebox. Five samples were prepared for the experiment. An empty Li2S6 mixture was used as 

the blank group. NC750, NC800, NC900, and NC950 were added into the solution. In addition, 

the sample with super C65 in the Li2S6 solution was also prepared for the comparison. The 

mixtures were rested in the glovebox for 24 hours and the change of the color was recorded.  
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2.3 Results and Discussions  

2.3.1 Material Characterization  

The morphologies of the NCs, prepared at different carbonization temperatures, were 

examined using FESEM. SEM images of NC750, NC800, NC900, and NC950 at the same 

magnification are presented in Figure 2-2 (a)-(d). At carbonization temperatures of 750 and 800 

oC, the NC750 and NC800 exhibit aggregated morphologies with distinct porous structures. 

Notably, NC800 displayed a pronounced honeycomb structure, as clearly observed in Figure 2-2 

(b), indicating a better development of porosity. However, with the carbonization temperatures 

increased to 900 and 950 oC, there was a noticeable transition towards a more dispersed 

structure, emerging along with a reduction in pore structures on the NC surface. These changes 

in the porous structures of NCs can be ascribed to the additional thermal energy absorbed during 

the carbonization process, leading to the disintegration of the cohesive structures of the carbon. 
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Figure 2- 2. SEM images of (a) NC750, (b) NC800, (c) NC900, and (d) NC950 at different 

magnification. 
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The porosity of the synthesized NCs was investigated using N2 adsorption/desorption 

isothermal analysis. The isotherm curves for NC800, NC750, NC900, and NC950 are illustrated 

in Figure 2-3 (a)-(d), respectively. According to the International Union of Pure and Applied 

Chemistry (IUPAC) categorization, the as-prepared materials exhibited collective isotherm 

curves of types II and IV.[111] Notably, the presence of an adsorption/desorption hysteresis loop 

(H3), typically indicative of capillary condensation with mesopores, suggests a hybrid structure 

of mesopores and macropores. This is because the H3 hysteresis loop attributed to capillary 

condensation was typically observed in materials with mesopores. It suggested a broad pore size 

distribution of the shed-like aggregates, which was consistent with that observed from the SEM 

images. The BJH pore size distribution curves that detailed in Figure 2-2 (e), which shows a vast 

pore size distribution in the range of 2-60 nm, further underscores the hierarchical porosity of 

NCs. Despite the fact that all materials displayed comparable pore size distribution 

characteristics, NC800 has a larger distribution of the pores with an opening larger than 5 nm. 

The specific surface area, pore volume and average pore size of the NCs are summarized in 

Table 2-1. Among the NCs carbonized at different temperatures, NC800 has the largest BET 

specific surface area of 835 m2 g–1 and a total pore volume of 1.74 cm3 g–1. The lower specific 

surface area and porosity of the sample obtained at 750 oC is likely due to the incomplete 

formation of the pore structures at a relatively low heating temperature, as observed in the SEM 

images presented in Figure 2-2 (a). After rising the carbonization temperatures to 900 and 950 

oC, the carbon NC900 and NC950 display a continued decline in porosity. This is because the 

excess thermal energy that absorbed during the heating process caused the destruction of pore 

structures. Therefore, according to the above results, NC800, with a greater pore capacity and a 

balanced pore size, is particularly well-suited for encapsulating polysulfides. This capability to 
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confine long-chain polysulfides within its mesopores, alongside its ability to better accommodate 

the volume change of sulfur during the cycling, significantly enhances the potential to hinder the 

migration of the high-order lithium polysulfides during discharge. Such a feature could 

consequently improve the stability and cycling performance of Li-S batteries, contributing to 

their efficiency and longevity.  

 

Table 2- 1. Specific surface area, pore volume, and average pore size of NCs. 

 

Samples 
Specific Surface Area 

(m2 g–1) 
Pore Volume (cm3 g–1) Average Pore Size (nm) 

NC750 636.57 1.34 12.5 

NC800 835.87 1.74 13.5 

NC900 644.74 1.58 10.2 

NC950 575.38 1.52 12.2 
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Figure 2- 3. Isotherms of (a) NC750, (b) NC800, (c) NC900, and (d) NC950; (e) pore size 

distribution. 
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The XRD was then applied for the investigation of the crystal structures. The XRD 

patterns of NC750, NC800, NC900, and NC950 are shown in Figure 2-4 (a). The diffraction 

peaks located at the 2-theta values of about 26o and 44o corresponded to the respective (002) and 

(101) crystal planes, which are the characteristic peaks of hexagonal graphite. The broad 

diffraction peaks were ascribed to the amorphous structures of the NCs. In addition, no sharp 

peaks were observed in any of the samples, which further indicated the disorder nature of the as-

prepared NCs. Raman spectra of all the four NC samples are shown in Figure 2-4 (b). The two 

prominent peaks located at 1336 and 1596 cm-1 correspond to the D band and G band, 

respectively. G band and D band are specific features that appear in the Raman spectrum, 

particularly for carbon materials. They are related to the vibration mode of carbon atoms. G band 

measures the graphitization in the carbo materials, while the D band associated with the disorder 

within carbon materials, which requires a defect in the lattice to scatter light inelastically.[119] The 

ratio of the intensity of D and G band (ID/IG) is a parameter to characterize the degree of disorder 

or crystallinity of the carbon material. A higher ratio indicates a greater degree of disorder. The 

value of ID/IG of each NC is also displayed inset the spectra. Among all the samples, the NC800 

possesses the lowest ratio value, indicating its lower disorder degree compared to other NCs. 
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Figure 2- 4. (a) XRD patterns of NC750, NC800, NC900, and NC950; (b) Raman spectrum of 

NC750, NC800, NC900, and NC950 with ID/IG inset. 
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The XPS survey shown in Figure 2-5 reveals the successful retention of the nitrogen 

atoms from the raw silk to the NCs. Carbon, nitrogen, and oxygen atoms were assigned 

independently to the three peaks centered at 286, 399, and 533 eV.[120] The nitrogen 

concentration (atomic percent) in the NCs measured by XPS and EDS are listed in Table 2-2. 

The sample carbonized at 800 oC showed the highest nitrogen content, and nitrogen ratios in the 

NCs started to decline when the carbonization temperatures increased. The XPS and EDS 

measurements confirmed the same trend for the change in nitrogen content. The lower nitrogen 

content of NC750 can be attributed to its unopened pores, as explained before. Some of the 

nitrogen atoms might remain in those unopened pores and cannot be detected during the XPS 

and EDS analysis, which can only detect the specific region of the surface of measured sample. 

The further decline in nitrogen content of NC900 and NC950 was attributed to the elimination of 

edge nitrogen functionalities triggered by the merging of graphitic domains as the pyrolysis 

temperature rises. The higher temperatures caused the breakage of weaker N-C bonds and 

nitrogen volatilization, resulting in lower nitrogen content in NC900 and NC950. The results 

were consistent with those reported in the literature.[121,122]  
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Figure 2- 5. XPS survey of NCs. 

 

Table 2- 2. Nitrogen content of NCs measured by XPS and EDS. 

 

 

 

 

 

Samples Nitrogen Content (XPS, at%) Nitrogen Content (EDS, at%) 

NC750 4.9 14.3 

NC800 7.4 16.05 

NC900 4.3 11.48 

NC950 2.6 4.29 
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Figure 2-6 (a), (c), (e), and (g) display similar Gaussian fits to the C 1s spectrum of 

NC750, NC800, NC900, and NC950, revealing four peaks denoted as C-C/C=C (284.49 eV), C-

O/C-N (285.18 eV), C=O/C=N (286.25 eV), and C=O (288.25 eV), respectively. Figure 2-6 (b), 

(d), (f), and (h) display the high-resolution XPS spectra of the N 1s peak for the four samples. 

These spectra can be deconvoluted into three fitted peaks centered at 398.25, 399.87, and 401 eV, 

corresponding to pyridinic N, pyrrolic N, and quaternary N, respectively. Among all the samples, 

NC800 possesses the highest ratio of pyrrolic N. Nitrogen atoms with different chemical 

environments may interact with high-order lithium polysulfides in different ways. The pyridinic 

N and pyrrolic N show a strong interaction with Li in long-chain PS, while the carbon atoms 

adjacent to quaternary N can more effectively adsorb S-containing polar species.[123] With the 

synergetic effect and the highest content of these three types of nitrogen, the NC800 was 

speculated to be more capable of immobilizing high-order lithium polysulfides and thus 

mitigating the shuttle effect.  
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Figure 2- 6. XPS spectra for C1s region and N1s region of (a-b) NC750, (c-d) NC800, (e-f) 

NC900, and (g-h) NC950. 
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The synthesis of the S/NC composite was achieved through the melt-diffusion method, 

involving the heating of the mixture of sulfur and NC host at 155 oC for 12 hours. This process 

ensured the complete infusion of sulfur into the porous structures of NC matrix. An initial S/NC 

ratio of 6:4 was chosen to assess the efficiency of NC hosts. The TGA analysis was carried out in 

Ar atmosphere, heating at a rate of 10 oC min-1 to examine the thermal behavior of S/NCs and 

pure sulfur and quantify the specific content of sulfur within the composites. As revealed by the 

TGA curves in Figure 2-7 (a), the pure sulfur started to lose weight at approximately 215 oC and 

is fully sublimed at 350 oC. However, sulfur integrated within the NC started evaporating at a 

lower temperature of 150 oC. This observation demonstrates that the sulfur, when integrated into 

the S/NC composite, sublimes more readily than in its pure form, suggesting that the sulfur 

nanoparticles are uniformly distributed and anchored within the NCs.[124]  All composites 

demonstrated a sulfur content of 60 wt%, aligning with the amount that was introduced prior to 

the heating treatment.  

The XRD patterns of the S/NC750, S/NC800, S/NC900, S/NC950, and pure sulfur are 

presented in Figure 2-7 (b). When comparing the diffraction patterns of S/NCs to that of pure 

sulfur, the S/NC800 composite exhibits fewer diffraction peaks with lower intensities, indicating 

a uniform dispersion of sulfur particles throughout the NC matrix. The S/NC750 and S/NC800 

composite show lower intensity diffraction peaks than those of S/NC900 and S/NC950, 

illustrating that their optimized hierarchical mesoporous structures are more effective in 

accommodating sulfur within the pores rather than on the surface. The high resolution XPS 

spectrum of the S 2p of S/NC800 composite was depicted in Figure 2-7 (c). The S2p peak 

centered at 164.25 eV, suggesting the successful loading of sulfur. It can be deconvoluted into 

three characteristic peaks. The peaks at 164.1 and 165.3 eV were attributed to S 2p3/2 and 2p1/2 of 
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-C-S-C-, respectively. The peak located at 169.01 eV can be explained by the surface oxidation 

of sulfur or the strong interaction between sulfur and NC800. These results suggest the existence 

of an interaction between NC and S within the NC host.  

The morphologies of the composites were captured through SEM. The SEM images of 

S/NC750, S/NC800, S/NC900, and S/NC950 are shown in Figure 2-7 (d), (f), (h), and (j). The 

EDS elemental mappings in Figure 2-7 (e), (g), (i), and (k) show a homogeneous distribution of 

S within the composite. With the introduction of S, the hierarchical porous structure of NC800 

vanished, and it exhibits an even distribution of sulfur compared to other NCs.  
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Figure 2- 7. (a) TGA curves of S/NCs sample; (b) XRD patterns of S/NCs, (c) XPS spectra of S 

2p region of S/NC800; SEM images and elemental mapping of S of (d-e) S/NC750, (f-g) S/NC800, 

(h-i) S/NC900, and (j-k) NC950. 
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2.3.2 Electrochemical Analysis 

Comprehensive evaluations of the electrochemical performance of S/NC composites 

were carried out utilizing coin cells configured with these composites serving as sulfur cathodes. 

A detailed investigation was initiated through CV analysis to unravel the intrinsic 

electrochemical behaviors of these cathodes. The cells were scanned at a slow rate of 0.1 mV s-1 

within a voltage range of 1.7 and 2.9 V. The resultant CV profiles for all four cathodes, as 

illustrated in Figure 2-8 (a), exhibit the characteristic CV profile of a cathode in Li-S batteries. In 

the cathodic scan of the first cycle, two distinct reduction peaks were identified at 2.3 and 2.0 V. 

These peaks are indicative of the sequential electrochemical processes: the initial reduction of 

cyclic S8 to form soluble high-order Li2Sn (3≤ n ≤8) intermediates, followed by their further 

transformation into the insoluble Li2S2/Li2S.[125]   In the subsequent anodic scan, the partially 

overlapping oxidation peaks at 2.36 and 2.41 V were associated with the reversible 

transformation from lithium sulfides to lithium PS and ultimately back to cyclic sulfur. Notably, 

the peak separation between the cathodic peaks and their corresponding anodic counterparts in 

the S/NC800 cell was smaller than other S/NC cells. This observation suggests a lower degree of 

polarization, indicating a higher energy efficiency of the S/NC800 configuration.[126] 

The cycling performance of the sulfur cathodes with various NC hosts is depicted in 

Figure 2-8 (b). The cells were first activated at a low rate of 0.1 C for two cycles and then cycled 

at the rate of 0.5 C within the voltage range of 1.7 to 2.9 V for 100 cycles. In the first cycle at 0.5 

C, the S/NC800 cathode delivered a discharge capacity of 919 mAh g–1, surpassing the capacities 

of 647, 766, and 697 mAh g–1 recorded for the S/NC750, S/NC900, and S/NC 950, respectively. 

After 100 cycles, the reversible capacities for the S/NC800, S/NC750, S/NC900, and S/NC950 

stabilized at 647, 439, 581, and 503 mAh g–1, respectively. Each cell demonstrated satisfactory 
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capacity retention of around 70%, showcasing the synergistic effect of porous structures and 

doped nitrogen atoms in the NCs on mitigating the shuttle effect and enhancing the cycling 

performance. Subsequent evaluations of the rate capabilities of the S/NC cathodes involved 

cycling the cells at different current densities. Figure 2-8 (d) shows that the S/NC800 displayed 

superior rate performance relative to the other samples. The S/NC800 delivered an initial 

discharge capacity of 1410 mAh g–1 at 0.1 C. With increases in current rates to 0.2, 0.5, and 1C, 

the reversible discharge capacities correspondingly reduced to 786, 672, and 563 mAh g–1. 

Remarkably, even at a high rate of 2C, the S/NC800 maintained the highest specific capacity of 

497 mAh g–1 among all the samples. Upon reverting the current density to 0.1C, the specific 

capacity of the S/NC800 cathode was restored to 740 mAh g–1, indicating its robust stability and 

exceptional performance across a range of operational conditions. Furthermore, the coulombic 

efficiency of all cells consistently remained close to 100%, further evidencing the effective 

mitigation of the shuttle effect. This is noteworthy, as the shuttle effect can lead to severe 

overcharging and diminished coulombic efficiency during cell cycling. Maintaining coulombic 

efficiency around 100% under all cycling conditions also underscores the synergy between the 

hierarchical porous structures and nitrogen atoms doping. This combination plays a crucial role 

in stabilizing the electrochemical reactions, thereby enhancing the overall performance and 

reliability of the Li-S battery technology. 
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Figure 2- 8. (a) Cyclic voltammetry curves scanned at 0.1 mV s–1, (b) Cycling performance and 

Coulombic Efficiency at 0.5 C; (c) Corresponding Galvanostatic charge/discharge curves; (d) 

Rate capabilities at different C-rates of S/NC750, S/NC800, S/NC900, and S/NC950 composite 

cathodes. 
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Electrochemical impedance spectroscopy (EIS) was performed on both fresh cells and 

cells after ten cycles to investigate the charge transfer resistance at the interface between the 

electrode and electrolyte. The Nyquist plots of the fresh cells, shown in Figure 2-9 (a), reveal a 

distinctive depressed semicircle in the high frequency region and an inclined line at low 

frequencies, which are interpreted using the equivalent circuit depicted in the inset of the figure. 

In the circuit, Re represents the resistance of the electrolyte, while Rct denotes the charge transfer 

resistance at the interface between conductive materials and electrolytes.[118] Among the plots of 

all the cells, the one with the S/NC800 cathode exhibited the lowest Rct value of 24.89 Ω, 

indicating a significantly lower charge transfer resistance than other S/NCs cathodes. This 

enhanced interface performance is critical for improving the overall electrochemical behavior of 

the cell, facilitating faster and more efficient ion transfer during cycling. As shown in Figure 2-9 

(b), the Nyquist plots of the cycled batteries exhibit two semicircles followed by a sloping line. 

These two depressed semicircles correspond to different electrochemical processes: the one 

located in the high-frequency region represents the formation of Li2S2/Li2S film on cathode, and 

the other one in the middle-frequency region corresponds to the resistance of charge transfer. In 

the equivalent circuit shown in the inset, these behaviors are denoted as the Rg and Rct, 

respectively.[118] The values for Rg, Re, and Rct are listed in Table. 2-2. The battery employing the 

S/NC800 cathode demonstrates the most favorable resistance values of 22.04 Ω and 21.62 Ω for 

Rct and Rg, respectively. These low resistance values indicate improved charge transfer efficiency 

and the large specific surface area of the NC800 matrix, which facilitates the formation of a thin 

Li2S2/Li2S film on the cathode. This configuration enhances the overall performance and stability 

of the battery, particularly in maintaining efficient ion transfer and reducing energy loss during 

cycling.  
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The distribution of relaxation of time (DRT) analysis is a method to deconvolute the EIS 

data, which is a function of frequency, into a time domain function.[127]  This technique offers a 

deeper representation of the complex, overlapping electrochemical behaviors within a system by 

delineating changes in the relaxation time or the rate constants associated with each process. In 

the DRT plot, each peak distinctly represents a specific physical or chemical process, thereby 

providing a clearer insight into the reactions occurring within the system. This enables a more 

detailed understanding of the underlying electrochemical mechanisms. The corresponding DRT 

plots are shown in Figure 2-9 (c) and (d) are consistent with the equivalent circuit fittings. Figure 

2-9 (c), which presents the DRT of fresh cells, shows that there is only one dominate peak at time 

of seconds in the cells before discharge. The peak at that time range represented a relation and 

diffusion process.[128] The cell with S/N800 had the lowest resistance among the four different 

carbons, which demonstrated the best sulfur distribution within the carbon matrix. This could be 

simply due to the preferred pore distribution and/or the synergistic effects with a chemical 

interaction between sulfur and nitrogen functional groups. It is noteworthy that the conductivity 

of N800 is significantly lower than that of N900 and N950, as listed in Table 2-3. This increasing 

trend in conductivity with the carbonization temperatures is rational, considering that carbon 

becomes more graphitized as the increase of heating temperature. Therefore, the low resistance 

observed at the second time scale is not due to electrical resistance. After 10 cycles, the DRT 

profile becomes more complex, as shown in Figure 2-9 (d), owing to the multiple sulfur 

reduction, sulfide dissolution, oxidation and redeposition. The peaks in a microsecond and a 

millisecond range started to emerge, which could represent the solid electrolyte interphase, 

double-layer and charge transfer processes at the electrode interface. The S/N800 electrode 

showed low resistance in all categories, which was speculated to be the consequence of the 
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possible catalytic effect of NC800 to the sulfur redox reaction and induce a homogeneous 

distribution of sulfide compounds deposition on the host carbon material. Therefore, the cell with 

NC800 as the matrix carbon is able to better mitigate the shuttle effect and present a good 

cycling performance.  

 

Figure 2- 9. Nyquist plots of batteries with different NCs tested (a) before cycling, and (b) after 

10 cycles with corresponding equivalent circuits inset; Corresponding DRT of (c) before cycling, 

and (d) after 10 cycles 
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Table 2- 3. Re, Rg, and Rct values of cells with S/NC750, S/NC800, S/NC900, and S/NC950 

cathodes after 10 cycles; conductivities of different NCs. 

Sample Re (Ω) Rg (Ω) Rct (Ω) 
Conductivity 

(mS cm-1) 

NC750 40.05 52.04 37.81 16 

NC800 24.89 21.62 22.04 18 

NC900 57.39 40.71 25.32 42 

NC950 41.61 41.65 31.17 86 

 

To further demonstrate the hypothesis, the morphologies of the discharge electrodes were 

captured through SEM to observe the distribution of final discharge products. The results are 

presented in Figure 2-10 (a)-(d). While the grape-shaped lithium sulfide deposits were observed 

on the carbon hosts of NC750, NC900, and NC950, a smooth deposition of sulfides was formed 

on NC800, resembling a “honey-filled honeycomb”. The more uniform distribution of Li2S/Li2S2 

on S/N800 compared to other NCs indicated a more homogeneous conversion process from S8 to 

Li2S/Li2S2 on the surface. These morphological changes may be ascribed to the polarity of the 

special N-containing functional groups formed on the surface of NCs. It is speculated that 

NC800 possesses a higher density of N-contained functional groups with higher polarity, evenly 

distributed on its surface. This results in more nucleation sites for Li2S/Li2S2, which are 

favorable to the electrochemical performance of the battery.  
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Figure 2- 10.  FESEM images of the discharged electrodes with (a) S/NC750, (b) S/NC800, (c) 

S/NC900, and (d) S/NC950 cathodes. 
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We conducted a color change experiment to dig deeper into the interactions between NCs 

and long-chain lithium PS. In this experiment, different carbon hosts were introduced into the 

polysulfide solutions to observe any resultant color change. The polysulfide mixtures with 5 mM 

Li2S6 were prepared by mixing S8 and Li2S in a 1:1 volume ratio of DME/DOL solvent. Equal 

amounts of different NC samples were added to these mixtures and allowed to rest for 24 h. For 

comparative purposes, SuperC65 was also tested. As shown in Figure 2-11, the blank solution 

with 5 mM Li2S6 initially displayed a green color due to the low concentration of polysulfides 

and a relatively high content of S4
2– anions. After resting for 24 h, the color of the baseline 

mixture remained unchanged, whereas the solutions containing NCs faded to a lighter color, 

especially the solution with NC750 and NC800, which became almost transparent. This 

phenomenon can be attributed to the simple physical adsorption of PS in the porous structures of 

NCs. However, the solution with SuperC65 retained its original green color, similar to the 

baseline. The lack of functional groups on the SuperC65 surface suggests that minimal physical 

adsorption occurs, and thus, the PS concentration in the solution remains unchanged. The 

pronounced color change of NC-added solutions indicates significant interactions between the 

NCs and the PS in the electrolyte. These interactions likely alter the concentration and 

distribution of the PS anion species in the mixtures. The results from this experiment highlight 

that the presence of NCs not only enables the physical adsorption of PS but also facilitates their 

redox reactions to either elemental sulfur or lithium disulfide and lithium sulfides, which is 

called a disproportionation reaction. In addition, the almost transparent appearance of the PS 

solution containing the NC800 sample underscores its superior ability to mitigate the shuttle 

effect of PS species. This observation aligns with the enhanced electrochemical performance of 

its sulfur composite cathode compared to the other NC samples.  



62 
 

 

 

Figure 2- 11. Color changes of 5 mM Li2S6 solution solutions with different carbon samples of 

(1) baseline (without carbon sample), (2) NC750, (3) NC800, (4) NC900, (5) NC950, and (6) 

SuperC65. 
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Based on the characterizations above, NC800 demonstrates higher porosity, increased 

nitrogen content, and enhanced capability to facilitate the redox reactions of PS in the electrolyte 

compared to other NC samples. These superior properties contribute significantly to the excellent 

electrochemical performance of its composite with sulfur. Consequently, NC800 was selected as 

the preferred carbon host for further studies on the cycling performance of sulfur cathodes. To 

further highlight the superior electrochemical performance of the S/NC800 cathode, KB, an 

electroactive carbon black, was chosen for comparison. KB is widely utilized in Li-S batteries as 

a host material for sulfur cathodes due to its high conductivity and specific surface area, which 

aid in the adsorption of PS species during cycling. The sulfur content in both S/NC800 and S/KB 

composites was 60 wt%, representing 51 wt% of the total cathode composition. The cells were 

formed at a low current rate of 0.05 C for two cycles and then cycled at 0.5 C for 200 cycles. As 

shown in Figure 2-12 (a), the cycling results reveal that both cathodes exhibited an initial 

specific capacity of around 715 mAh g-1 after formation cycles. The S/KB cell experienced a 

rapid capacity decay over the following decades of cycles and exhibited a capacity retention of 

62.7%. In contrast, the S/NC800 cell remained stable over 200 cycles, delivering a superior 

capacity retention of 84%. The charge/discharge curves of both cells during the formation cycle 

and the 50th cycle are shown in Figure 2-12 (b). The cell with the S/NC800 cathode exhibits 

lower polarization, as evidenced by the reduced gap between the discharge and charge plateaus, 

indicating higher energy efficiency compared to the S/KB cells. This reduced polarization is 

indicative of a more reversible redox process with less active material during the battery cycling. 

These findings further substantiate the superior capability of NC800 to mitigate the shuttle effect 

and enhance the cyclability of Li-S batteries. By effectively reducing polarization, NC800 
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improves the overall electrochemical stability and efficiency of the battery, which is crucial for 

achieving long cycle life and high performance in practical applications.  

LiNO3 is a commonly used electrolyte additive in Li-S batteries due to its ability to 

alleviate the shuttle effect by contributing to the formation of a stable passivation layer on the 

lithium anode, known as the solid electrolyte interphase (SEI). This layer acts as a physical 

barrier, preventing direct contact between the lithium PS and lithium anode, thereby protecting 

the anode from corrosion. To further investigate the capability of NC800 in preventing the 

migration of lithium PS, coin cells with an electrolyte without LiNO3 were examined. For 

comparative analysis, coin cells with KB as the host material for the sulfur cathode were also 

tested under the same conditions. The cycling performance and charge/discharge curves of the 

two cells are displayed in Figure 2-12 (c) and (d). In scenarios where the shuttle effect is present, 

a significantly large coulombic efficiency (CE), which is greatly over 100%, is observed. 

Because of the charge status of Li-S batteries after being assembled, the CE here is defined as the 

ratio of the amount of charge that can be put into the battery during charge to the amount of 

charge extracted during discharge. The extremely high CE typically results from the shuttle 

effect of polysulfides, which prevents the active material from being fully recharged, leading to 

overcharging of the battery. The cell with the S/NC800 cathode exhibited an acceptable CE of 

103% compared to the S/KB cell, which exhibited CE of 123%. In addition, the S/NC800 cell 

demonstrated superior capacity retention compared to the S/KB cell, as depicted in Figure 2-12 

(c), further underscoring the enhanced capability of NC800 to impede the transportation of high-

order lithium polysulfides.  

The extended cycling performance of the S/NC800 composite cathode, which 

incorporates a high sulfur content, was thoroughly evaluated. The cell was initially activated at a 
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low current rate of 0.1 C for two cycles and subsequently cycled at 0.2 C for a total of 500 

cycles. During the first activation cycle, the composite demonstrated a notable discharge capacity 

of 1195 mAh g-1, accompanied by a high initial coulombic efficiency of 94%. As illustrated in 

Figure 2-12(e), even with an increase in the sulfur content of the composite to 80 wt%, which 

corresponds to 68 wt% of the total cathode mass, the S/NC800 cathode maintained stable 

cyclability over 500 cycles. The capacity decline observed in the initial 70 cycles can be 

attributed to the loss of excess sulfur that had crystallized on the external surfaces of the NC800 

matrix, a phenomenon likely exacerbated by the high electrolyte content in the coin cell. In the 

subsequent 400 cycles, the S/NC800 cathode showed minimal capacity decay, with a rate of only 

0.0428% per cycle. This outstanding performance underscores the effectiveness of the 

synergistic integration of hierarchical porous structures and nitrogen doping in NC800. These 

features significantly enhance the cycling stability and overall performance of the cathode, 

demonstrating the potential of NC800 as a superior host material for high-loading sulfur 

cathodes in Li-S batteries.  
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Figure 2- 12. (a) Cycling performance and CE of S/NC800 and S/KB at 0.5 C, and (b) 

corresponding charge-discharge curves; (c) Cycling performance and (d) corresponding charge-

discharge curves of cells without adding LiNO3 additives in electrolyte; (e) Cycling performance 

of S/NC800 composite with 80wt% sulfur at the C-rate of 0.2 C. 
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2.4 Conclusions 

This study introduces a novel carbon host material for sulfur cathodes of Li-S batteries, 

developed by carbonizing degummed natural silk at different temperatures. The resultant carbon, 

designated as NC, exhibits a hierarchical porous structure. In addition, the nitrogen atoms 

inherently present the amino acids of natural silk are retained within the carbon structure after 

the carbonization process, simplifying the process by eliminating the need for additional 

heteroatoms doping. These NCs are adept at encapsulating sulfur and facilitating the 

disproportionation of dissolved long-chain polysulfide ions into elemental sulfur, lithium 

disulfide, and lithium sulfide, effectively mitigating the shuttle-effect both physically and 

chemically during the cycling process of the battery. 

Among the different carbonization temperatures tested, the material produced at 800°C, 

referred to as NC800, features a porous honeycomb structure with the highest porosity and 

nitrogen content. Its sulfur composite demonstrates superior electrochemical performance 

relative to other S/NCs cathodes. Notably, it displays a high capacity retention rate of 84% after 

200 cycles at 0.5 C. Even with a higher sulfur ratio in the composite, the cell can still deliver a 

good cyclability over 500 cycles with 0.2 C.  

Overall, this research highlights a promising strategy for designing high-performance Li-

S batteries with improved cycle life and minimal shuttle effect. By optimizing the unique 

properties of the carbonized silk-derived material, this approach offers a sustainable and efficient 

pathway to further enhance the performance of energy storage devices and to systematically 

understand the fundamental mechanism of Li-S batteries in future. 
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CHAPTER 3. INVESTIGATION OF THE DISPROPORTIONATION MECHANISMS 

THROUGH HPLC AND ELECTROCHEMICAL ANALYSIS 

3.1 Introduction 

The high theoretical capacity of Li-S batteries originates from multiple electron transfers 

and chemical interactions across different phases. A significant challenge in the performance of 

Li-S batteries is posed by the intermediates produced during these reactions, specifically the 

high-order polysulfides. Their high solubility in the commonly used organic ether-based 

electrolyte enables them to shuttle back and forth between the sulfur cathode and lithium anode, 

causing the shuttle effect. This shuttling facilitates parasitic reactions that lead to the 

consumption of active materials, corrosion of the lithium anode, and ultimately, reduced 

coulombic efficiency of the batteries.[129] To solve these issues, previous efforts focused on 

restraining dissolved polysulfides within a cathode host matrix to prevent their diffusion to the Li 

anode, thereby triggering polysulfide shuttle. Unfortunately, the weak Van der Waals forces in 

physical adsorption proved insufficient to prevent dissolved polysulfides from diffusing into the 

electrolyte and further to the Li anode. This inadequacy arises from the non-polar carbon 

surface's inability to bind polar and ionic polysulfide ions, leading to their inevitable dissolution 

into the electrolyte.  

The catalytic acceleration of the conversion of dissolved polysulfides to solid Li2S2 

during charge/discharge or to S8 has gained widespread acceptance. Extensive research has been 

conducted over many years on electrocatalytic sulfur redox reactions, examining both indirect 

and direct evidence of catalytic involvement in sulfur redox reactions.[130] Introducing a catalyst 

aims to enhance the slow kinetics involved in the reduction and oxidation processes of 

polysulfide ions, leading to the formation of Li2S2 and S8, respectively. Accelerating the 
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conversion of polysulfide ions into solid products serves to minimize the residence time of 

polysulfide ions in the electrolyte, thereby mitigating the shuttle effect. Therefore, many studies 

have focused on catalyzing the rapid conversion of polysulfides to expedite the sulfur redox 

reaction, particularly in facilitating the charge transfer reaction involving non-soluble low-order 

Li sulfide compounds like Li2S and Li2S2.
[130] For instance, homogeneous catalysts such as CoPc 

have been employed to selectively catalyze the reduction of long-chain polysulfide ions. This is 

theorized to occur due to the strong adsorption of CoIIIPc to the long chain polysulfides at higher 

potentials.[131] 

Initially, catalysts composed of metals and metal oxides, such as Pt, Ni, MnO2, and TiO2, 

were identified as effective in accelerating the redox reaction of polysulfides by facilitating 

charge transfer.[132] Subsequent investigations expanded the scope to include a variety of 

catalysts, encompassing metal sulfides, metal selenides, metal nitrides, metal phosphides, metal 

borides, and metal carbides. Additionally, nonmetallic catalysts were explored for their potential 

role in catalyzing the sulfur redox reaction, and comprehensive reviews have been conducted on 

these research activities.[133,134] While this approach may enhance the rate capability of a sulfur 

cathode, its effectiveness in mitigating the shuttle effect is limited. The previous works from our 

group have proved that the mechanism underlying sulfur redox reactions involves a series of low 

activation disproportionation steps, leading to a rapid attainment of equilibrium for 

polysulfides.[135,136]  The high solubility of polysulfide ions, coupled with the low activation 

energy for the chemical equilibrium among polysulfides of varying chain lengths and the 

reversible nature of the redox reaction of dissolved polysulfide ions, diminishes the positive 

impact of the limited anchoring site.[137] Additionally, since polysulfide ions exhibit high 
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solubility, the heterogenous catalytic reaction, especially at high rates, is eventually constrained 

by diffusion control. 

In Chapter 2, a novel carbon host designated as NC800 was synthesized using natural silk 

as the precursor. This innovative process resulted in a carbon material characterized by a superior 

hierarchical porous structure and presence of nitrogen-contained functional groups on its surface. 

When applied in the S/NC800 cathode, this material demonstrated enhanced electrochemical 

performance compared to other sulfur cathodes that utilize merely porous carbon as their matrix. 

The remarkable cycling performance of the NC800 is hypothesized to be attributed to the 

catalyzed disproportionation reactions of polysulfides by the NC host, as suggested by results 

from the color change experiment. To further substantiate this conclusion, it is crucial to 

investigate the transformation process of polysulfides within Li-S batteries during cycling. 

Understanding these transformations in detail will provide critical insights into the mechanistic 

actions facilitated by the NC800 material. 

Despite their significant role in the functionality and degradation of Li-S batteries, the 

specific mechanisms underlying the sulfur redox reactions within the electrolyte during battery 

cycling are insufficient. This is because the equilibrium of polysulfide species in the electrolyte 

is complicated. Their stability depends on their solubility, concentration, and the component of 

electrolyte. This gap in knowledge hinders the further development of Li-S batteries with more 

stable performance and higher efficiency. Therefore, further research into these mechanisms is 

essential for advancing the understanding of Li-S battery technology and improvement of its 

performance, particularly in terms of mitigating the shuttle effect. Ultraviolet-visible (UV-Vis) 

spectroscopy is an analytical method that was initially employed to study the change in 

polysulfides within the electrolyte during battery cycling.[138] This method operates based on 
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measuring the absorbance or transmittance of light by a simple in the ultraviolet to visible range 

of the electromagnetic spectrum. Polysulfides are known to exhibit different colors depending on 

their chain lengths. The color transits gradually from red to green as the chain lengths decrease, 

corresponding to wavelengths ranging from 600 to 500 nm. Utilizing this principle, the 

transformation of polysulfide species can be monitored during the discharge and charge process 

of the Li-S battery. Moreover, it has been demonstrated that the absorption intensity of catholyte 

solutions, containing the same types of polysulfide species, is linearly related to the natural 

logarithm of their concentrations.[138] Therefore, UV-Vis spectroscopy can be employed in an 

operando mode to both qualitatively and quantitatively determine polysulfide species during 

battery operation.  

Although UV-Vis spectroscopy is widely used for real-time analysis of dynamic chemical 

changes in Li-S batteries, its effectiveness is somewhat limited by the overlap of absorbance 

peaks of some polysulfide species, making it complicate to distinguish between different 

polysulfides based solely on the UV-Vis spectra. In addition, the quantification is also hard to 

realize because of the lack of adequate polysulfide standards. To overcome these issues and 

enhance analytical precision, it is essential to isolate single polysulfide with different chain 

lengths. High performance liquid chromatography (HPLC) is a powerful and versatile technique 

used for separating molecules in a liquid mobile phase by passing them through a solid stationary 

phase under high pressure. Components are separated based on their interactions with the 

stationary phase.[139] Particularly, reverse-phase HPLC coupled with electrospray-mass 

spectroscopy (ESI/MS) has been reported to effectively separate and detect polysulfide species 

formed during the cycling.[140] However, the separation of polysulfides in the electrolyte poses 

challenges due to the suitability of reverse-phase HPLC primarily for covalent compounds and 
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the higher concentration of TFSI- of salt in electrolyte, which can render polysulfide anions 

undetectable.[141] An effective solution to these issues involves the derivatization of polysulfide, 

transforming unstable polysulfides anions into more stable alkyl polysulfides, as shown in 

equation 3-1. This transformation allows the derivatized polysulfides to be retained and separated 

on a reverse-phase HPLC column for further analysis. A notable derivatization agent of 4-

(dimethylamino) benzoyl chloride, as shown in equation 3-2, as reported by Zheng and co-

workers, has demonstrated a good separation of polysulfides on reverse-phase HPLC.[141] When 

coupled with ESI/MS, this technique enables the unique identification polysulfide species by 

their retention times on the column. This advanced analytical technique has been applied to 

further investigate the redox mechanisms at the sulfur cathode and monitor real-time changes in 

sulfur and polysulfides species within the battery system during cycling.[135,136]  

2RX +  Sn
2− → RSnR +  2X−    (3-1) 

 (3-2)[141] 

In this chapter, we explore the interactions between polysulfides and the NC carbon host, 

assessing these relationships both qualitatively and quantitatively using HPLC method. To 

provide a comprehensive analysis, the interactions of polysulfides with other materials such as 

various commercial carbons and metal oxides are also examined, highlighting the distinctive 

properties of NC. Additionally, to investigate the specific mechanisms of these interactions, 

electrochemical analysis techniques such as EIS and CV are also applied.  
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3.2 Experiments 

Chemicals 

Sulfur (S8), lithium nitrate (LiNO3), HPLC grade methanol, HPLC grade isopropanol, 

HPLC grade water, methyl triflate, and lithium metal (from Sigma Aldrich), dimethoxyethane 

(DME), 1,3-dioxlane (DOL), lithium bis(trifluoromethane) sulfonimide (LiTFSi) (battery grade 

from FERRO), and PTFE condensed liquid binder (60% from MTI Corporation) were purchased 

and used without further treatment. 

Carbon that was used in the experiment are Vulcan XC72, Bucky Paper, HPG, Carbon Cloth, 

Carbon Paper, Glassy Carbon, Carbon Nanotube, Graphene C500, Graphene C600, KB600, 

BP2000, CMK-3, M20, SX-UL, and NC. Inorganic materials are Cu2S, MnO2, NiO, SeS2, SiO2, 

MnO, ZnO, SnO2, Ag2S, and FeS2.  

Induced disproportionation experiment 

PS mixtures used in this work were 5 mM Li2S6 and 25 mM Li2S6 in DME/DOL (1:1, 

vol%). S8 and Li2S were mixing in the molar ratio of 5: 8 and 7:8 respectively to form Li2S6 and 

Li2S8 stoichiometrically in the mixture of DOL/DME. The solutions were stirring for 24 h at 

60 °C in an Ar-filled glovebox. 

The induced disproportionation tests were conducted by adding 10 mg of different carbon 

samples into the sample vials (with air-tight caps) with 1.0 mL polysulfide solution. After stirring 

the polysulfide solutions with different carbon samples for 24 h, a specific amount of the PS 

solutions was taken and derivatized with methyl triflate in air-tight HPLC sample vials before 

being taken out of the glovebox for HPLC analysis. The S/NC800 and S/KB pouch cells were 

disassembled after cycling for 3 cycles and the electrolytes remaining on the separators were 
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taken out and derivatized with methyl triflate. The obtained samples were also analyzed by using 

the HPLC technique to determine the distribution of PS in the electrolyte recovered from the 

cycled pouch cells.  

Absorption experiments 

The solution of polysulfides used in the absorption tests was 15 mM Li2S8 in DME/DOL 

(1:1, vol). This solution was obtained by mixing S8 and Li2S (molar ratio of 7:8 to form Li2S8 

stoichiometrically) in the mixture of DME/DOL, and the solution was stirring for 48 h at room 

temperature in an Ar- filled glovebox. The absorption tests were conducted by mixing 15 mg of 

each host material with 1.0 mL of the polysulfide solution in an airtight sample vial. After 

stirring the polysulfide mixtures with different host materials for 24 h at room temperature, a 

specific amount of the polysulfide solutions was taken and derivatized with methyl triflate in 

airtight HPLC sample vials before being taken out of the glovebox for the HPLC analysis. 

In-situ three-electrode Li-S cell and AC impedance analysis 

S/NC and S/SuperC65 electrodes were prepared using identical procedures for 

comparison. The composites were synthesized by heating a mixture of carbon hosts (NC or 

SuperC65, sourced from Timcal) and elemental sulfur in a sealed glass tube at 155 oC for 12 

hours. The resulting composites were then used as the active materials for the electrode. To 

prepare the electrodes, 85 wt% of the active materials was mixed with 5 wt% of the PTFE, which 

acted as binder, and 10 wt% of conductive agent. This mixture was then rolled into a thin film 

electrode with a thickness of 100 µm. Finally, the film was cut into a 2 cm × 2cm rectangle with 

a sulfur loading of 10 mg. The resulting film was then laminated onto an alumina film to serve as 

the working electrode.   
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The 3-electrode Li−S cells were assembled in a 25 mL four-necked round-bottom flask. 

The cathode comprised the previously prepared sulfur/carbon thin film electrodes as working 

electrodes, while the counter electrode and the reference electrode consisted of lithium metal. A 

15 mL electrolyte solution of 1.0 M LiTFSi/DME/DOL (1:1 volume ratio) with 0.2 M LiNO3 

was employed to the cell. To mitigate concentration and diffusion polarizations arising from the 

limitation area of cathodes and the high volume of electrolytes, all cells were stirred and cycled 

at 0.06 mA (approximately C/200) using a PARSTAT 2273 advanced electrochemical system 

from Princeton Applied Research. 

The fourth neck of the flask was designated as a sampling port for real-time HPLC 

analysis. AC impedance measurements were conducted using the PARSTAT 2273, covering a 

frequency range of 0.1 to 100 KHz with an amplitude of 10 mV at open circuit potential, 

reflecting different cycling statuses. 

All procedures, including the electrochemical cycling and sample preparations, were 

conducted in an argon-filled glovebox with oxygen and moisture contents of less than 0.5 ppm. 

The catholyte was extracted from the cell at various depths of discharge (DoD) and charge 

(DoC), then derivatized in an HPLC vial. Subsequently, 75 μL of the electrolyte was extracted 

from the Li−S cell during operation and added to the DME/methyl triflate solution. The mixture 

was immediately capped with an airtight cap and vortexed for 5 min. Derivatized electrolyte 

samples in the sealed HPLC vials were then removed from the glovebox for HPLC analysis. 

Derivatization of polysulfides and HPLC analysis 

The derivatization of polysulfide solution was obtained by the following process: certain 

amount of DME and methyl triflate were added into a 2 mL air-tight HPLC sample vial, and the 
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mixture was vortexed for 1 minute; then 150 μL or 120 μL polysulfide solution was added and 

vortexed for 2 minutes. Through this derivatization process, the polysulfides (Sn
2–) were 

transferred into CH3SnCH3 which were not only stable for HPLC mobile phase condition but also 

separable according to different chain lengths of sulfur.      

A Shimadzu LC-20AD quaternary pump with a Shimadzu SIL-20A autosampler was 

used to deliver a methanol/water mobile phase through a Shimadzu C18 column (from 

Shimadzu, C18, 4.6 × 50 mm) at a flow rate of 0.70 mL min–1. The injection volume for the 

derivatized samples was 5 uL. A binary gradient of mobile phases was used to elute the injected 

sample out with the following conditions: 25% methanol (75% water) at 0 min; 100% methanol 

at 10 min; 100% methanol at 25 min; 25% methanol at 26 min. All flow from the HPLC was 

introduced into the Shimadzu SPD-M20A detector. Full wavelengths ranging from 190 nm to 

800 nm were recorded by Shimadzu LabSolutions Lite software, and the chromatograms 

discussed in this work were replotted from data at 230 nm. 

Cycling test at different rate 

The cycling test was carried out in CR2032 type coin cells. S/KB and S/SuperC65 cells 

were used as comparisons. The weight ratios of 7:3 of sulfur and carbon host materials were 

applied. Electrodes were prepared as the procedures described in Chapter 2. The prepared 

electrodes were punched into circle with a diameter of ½ in. The cells were assembled in an Ar-

filled glovebox with water and oxygen <0.5 ppm. The electrolyte was composed of 1 M lithium 

LiTFSI dissolved in DOL/DME (1:1 vol%) with 0.4 M LiNO3 as an additive.  

Galvanostatic charging/discharging tests, a method of testing the electrochemical performance of 

cells by applying a constant current, were conducted on an Arbin battery testing system (BT200) 
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in a voltage window of 1.8~2.9 V vs Li+/Li at ambient temperature. The tests were conducted at 

0.01, 0.05, and 0.5 C (1C = 1675 mA g–1).  

 

3.3 Results and discussion 

3.3.1 Adsorption Test and HPLC Analysis  

Based on the experimental results of color changes described in Chapter 2, the 

interactions between the NCs and polysulfides are remarkably different from those between 

SuperC65 and polysulfides. Unlike the solutions containing SuperC65, which show little to no 

change in appearance, the introduction of NCs into polysulfide solutions leads to a dramatic 

change, evidenced by the solutions becoming almost transparent. This significant alteration in 

the visual appearance of the solutions suggests a change in the distribution and concentration of 

polysulfides within the system. Since polysulfides anions are known to display distinct colors, 

the observed transparency indicates active interaction between the NCs and polysulfides. This 

experimental observation leads to the hypothesis that a disproportionation reaction may be 

facilitated or catalyzed by the presence of NCs. In such reactions, a single reactant undergoes 

both oxidation and reduction, producing two different products. Applied to the context of Li-S 

batteries, it is speculated that the polysulfide anions may be disproportionated by NCs, being 

oxidized to elemental sulfur and reduced to Li2S2/Li2S. This potential catalytic role of NCs could 

be critical in stabilizing the electrochemical environment within Li-S batteries, reducing the 

shuttle effect, and enhancing overall battery efficiency and cycling life.  

To further confirm and investigate the mechanisms suggested by the color change 

experiments, the specific components of the resulting polysulfide mixtures should be clarified. 
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The mixture solutions were derivatized with a methyl triflate, a common reagent used to 

transform unstable polysulfide anions of varying chain length into more stable dimethyl 

polysulfides.[135,141] These derivatized polysulfides were then separated and quantitatively and 

qualitatively analyzed using HPLC to examine the distribution of polysulfide species within the 

electrolyte, with the aim to further investigate the reaction of PS induced by the NCs. The 

corresponding chromatograms of different samples are shown in Figure 3-1 (a). Peaks appearing 

at 12.1, 13.2, 14.0, 14.7, 15.3, 15.9, and 17.0 min can be attributed to CH3S3CH3, CH3S4CH3, 

CH3S5CH3, CH3S6CH3, CH3S7CH3, CH3S8CH3, and S8, respectively. [142] The SuperC65 sample 

displayed the same patterns as the baseline sample, indicating that SuperC65 did not induce the 

shift of the chemical equilibrium of the PS species. By comparison, CH3SnCH3 (n = 3-8) peaks 

of the solutions containing NC750, NC800, NC900, and NC950 almost disappeared, while the 

intensities of elemental sulfur increased drastically, accompanied by changes of the relative 

ratios of peaks. These results indicate the occurrence of disproportionation of Sn
2– induced by the 

NCs, which transferred most of the dissolved polysulfide anions to S8. To further analyze the 

material, the EDS analysis was carried out. The SuperC65 and NC800 in the mixtures were 

washed with DME to remove any remaining long-chain polysulfides on the carbon before the 

further EDS measurement. The spectra displayed in Figure 3-1 (e) and (f) show that the sulfur 

peak appears only in the spectrum of NC800, which could be attributed to the formation of 

insoluble S8 and Li2S2/Li2S due to the disproportionation reactions reduced by NC800. Elemental 

mapping of sulfur, shown in Figure 3-1(g), reveals a uniform distribution of sulfur within 

NC800. These findings further support the previous conclusion regarding the catalytic activity of 

NC800.  
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A similar tendency can also be obtained from the samples with a higher polysulfide 

concentration of 25 mM Li2S6, which are shown in Figure 3-1 (b). Because an insufficient 

amount of NCs was added to the polysulfides mixture solution, CH3SnCH3 (n = 3-8) peaks can 

still be seen for all NC samples. However, all the NC samples showed higher intensity for S8 and 

lower intensity for CH3SnCH3 (n = 3-8) peaks compared to the baseline and the mixture with 

SuperC65. This suggests that all NC can facilitate the disproportionation of PS anions. It is 

noteworthy that NC800 displayed the lowest intensities for S8 peak in both sets of measurements. 

This observation can be attributed to its high porosity, which likely traps more solid S8 within 

porous structures, making it undetectable by HPLC. These results can be supported by the HPLC 

chromatographs of the 10 mM S8 solutions with different NC samples and SuperC65, as shown 

in Figure 3-1 (c) and (d). With the same amount of carbon sample added into the solutions, the 

chromatogram of the one with NC800 displays the lowest peak for S8, confirming its better 

ability to physically trap the elemental sulfur.  
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Figure 3-1. HPLC chromatograms of the derivatized (a) 5 mM Li2S6 and (b) 25 mM Li2S6 

solutions with different carbon; (c) S8 solution with SuperC65, NC750, NC800, NC900, and 

NC950, and (d) corresponding relative peak areas of each sample; EDS spectrum of washed (e) 

SuperC65 and (f) NC800 from the resulting polysulfide solutions; (g) SEM image and EDS 

mapping of S of NC800. 
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Different with simply physical absorption of polysulfides, the catalytic irreversible 

chemical reactions that induce by the host materials can not only alter the concentration and 

distribution of polysulfide in species, but new species could also form accompany with the 

interactions. Various materials, including carbon materials and inorganic materials, have been 

reported to have this catalytic function toward the redox reactions of polysulfides and therefore 

prolong the cycling life of Li-S batteries.[143–146] However, quantitative and qualitative 

investigation of the interactions of these host materials and polysulfides are still lacked. To 

compare the catalytic reaction mechanisms between the NC and other materials, including 15 

carbon materials and 10 inorganic materials, with polysulfides, we conducted a systematic study 

based on the HPLC method. All the selected host materials were immersed in the 15 mM Li2S8 

solution for 24 hours. The resulting solutions were then taken out and their component was tested 

through HPLC after derivatization.  

The resulting chromatographs of various carbon materials are presented in Figure 3-2. 

The chromatographs of Vulcan XC72, Bucky Paper, HPG, carbon cloth, carbon paper, glassy 

carbon, and carbon nanofibers, display same patterns with the baseline group, as shown in Figure 

3-2 (a). The most abundant peak was assigned to 𝑆5
2−. The distributions and intensities of all 

sulfur contents, encompassing both polysulfides and elemental sulfur, for these seven carbon 

materials closely matched those found in the original polysulfide solution, with variation in value 

within a 10% relative range. These observations indicate that there were no significant 

interactions between these carbon materials and polysulfides in the solution, and the amount of 

polysulfides absorbed by these carbons was too small to be detected by the HPLC analysis. This 

lack of interaction and absorption can be attributed to the relatively small specific surface area of 

these carbon materials and the absence of the functional groups on their surfaces, which are 
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crucial for enhancing polysulfide adsorption and facilitating the conversions polysulfides as we 

have proposed previously. The chromatographic analysis of additional carbon materials, 

including SX-UL, KB600, Graphene C500, Graphene C750, BP2000, CMK-3, M20, and NC, 

presented in Figure 3-2 (b), reveals substantial interactions with polysulfides, marking a 

significant deviation from the baseline polysulfide solution. These chromatograms show 

prominent increases in the intensity of the elemental sulfur peaks, coupled with a corresponding 

decrease in the peaks of polysulfide anions. This trend is particularly pronounced in the cases of 

M20 and NC, which the most abundant chromatographic peak is that of S8, as opposed to the 

𝑆5
2− peak in the baseline polysulfide solution. The marked increase in elemental sulfur in the 

chromatograms for those carbon materials suggest that the interactions between polysulfides and 

these carbon materials may predominantly involve an irreversible disproportionation reaction, 

with elemental sulfur being one of the reaction products. These reactions emphasize the 

capability of these carbons to catalyze the transformation of polysulfides into less soluble and 

more stable forms. The two distinct different behaviors of different types of carbons are further 

quantified and illustrated in Table 3-1, which lists the normalized chromatographic peak 

intensities. The values in the table were obtained by normalizing the peak intensity of PS with 

carbon materials to the peak intensity of baseline. A value of 1 indicates that the abundance of a 

particular polysulfide or elemental sulfur is equivalent to that in the baseline solution. Values 

smaller than 1 suggest a reduction in the abundance of these species relative to the baseline, 

whereas values greater than 1 indicate an increase.   
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Figure 3-2. HPLC chromatographs of 15 mM polysulfide solution (baseline) and the polysulfide 

solutions after mixing with (a) Vulcan XC72, Bucky Paper, HPG, carbo cloths, carbon paper, 

glassy caron, carbon nanofibers, and (b) Graphene C500, Graphene C750, KB600, BP BP2000, 

NC, CMK-3, M20, and SX-UL. 
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Table 3-1. Normalized chromatographic peak intensities of carbon materials. 

   RT(min) 

   

carbon 

12.01 

S3
2- 

13.13  

S4
2- 

14.06 

S5
2- 

14.74  

S6
2- 

15.35  

S7
2- 

15.91  

S8
2- 

16.52  

S9
2- 

16.92 

S8 

Baseline 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Vulcan XC72 
0.75 0.76 

0.9 1.0 1.1 1.3 1.5 2.1 

Bucky Paper 1.0 0.74 0.85 0.98 1.0 1.0 1.03 2.1 

HPG 0.96 0.88 0.96 0.99 1.07 1.14 1.31 0.88 

Carbon Cloth 1.13 0.98 0.99 1.02 1.05 1.11 1.20 1.04 

Carbon Paper 0.88 0.82 0.91 0.98 1.07 1.18 1.4 1.17 

Glassy Carbon 1.07 0.94 0.98 1.01 1.05 1.12 1.17 1.03 

Carbon Nanotubes 0.95 0.86 0.89 0.92 1.03 1.17 1.41 1.36 

Graphene C500 0.25 0.32 0.47 0.59 0.79 1.05 1.82 4.36 

Graphene C750 0.51 0.35 0.48 0.60 0.69 0.96 1.11 4.89 

KB 600 0.45 0.43 0.58 0.66 0.81 0.88 1.28 2.82 

BP2000 0.3 0.37 0.52 0.63 0.78 0.91 1.39 3.47 

NC 0.3 0.46 0.67 0.8 1.08 1.49 2.12 14.99 

CMK-3 0.22 0.30 0.44 0.53 0.69 0.84 1.37 3.99 

M20 0.36 0.12 0.20 0.30 0.33 0.43 0.44 5.87 

SX-UL 0.64 0.50 0.64 0.72 0.84 1.10 1.32 3.76 
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In addition to carbon materials, various inorganic materials, including both sulfides and 

oxides were also tested using the same analytical methods to assess their interactions with 

polysulfides. The HPLC chromatograms of polysulfide solution mixed with these inorganic 

materials are presented in Figure 3-3. Among the ten inorganic compounds tested, five of them - 

FeS2, Ag2S, SnO2, ZnO, and MnO – no significant alterations in the chromatographic patterns 

compared to the original polysulfide solutions. This suggests that these materials do not interact 

significantly with polysulfides, indicating they lack the necessary properties to catalyze or 

facilitate significant chemical transformations of polysulfides. On the contrary, the 

chromatograms of solutions that containing the other five compounds, including SiO2, SeS2, 

NiO, MnO2, and Cu2S, revealed prominent alterations in the distribution of polysulfide species 

and an increase in the intensity of the elemental sulfur peak to varying degrees. These 

observations suggest that these materials interact more actively with polysulfides, potentially 

influencing their chemical behavior in several ways. SiO2 and SeS2 display great increase in the 

intensity of the S8 peak and only a subtle change in the peaks for polysulfide anions. While the 

chromatographic profiles of these two oxides might visually resemble those of the NC, a closer 

examination of the normalized peak intensities listed in Table 3-2 reveals a subtle difference. 

Both SiO2 and SeS2 exhibited a slight increase in the intensity of the 𝑆3
2− peak, which contrasts 

with the behavior observed with NC.  

An intriguing phenomenon was observed for NiO, MnO2, and Cu2S. In the 

chromatographs of the solution with NiO and MnO2, only a distinct S8 peak was observed, and 

no polysulfide anion peaks were detected. In previous UV-vis studies, MnO2 was categorized as 

a strong material for polysulfide adsorption, however, according to the above HPLC results, 

these transition metal oxides showcase the ability of irreversible oxidized polysulfide into 
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elemental sulfur instead of merely adsorption.[129] The results obtained by HPLC are consistent 

with another study on the reaction between polysulfides and MnO2 in aqueous solution.[147] 

Another interesting result was obtained from the solution with Cu2S. Unlike other inorganic 

materials, it exhibits strong interactions with polysulfides in the solution, as evidenced by the 

almost undetected peaks in the chromatograph. This result is completely opposite to the one 

obtained from the UV-vis analysis, which suggested that Cu2S has weak interactions with 

polysulfides because of lower absorbance of the Li2S6 solution that mixed with Cu2S of light. 

UV-vis spectroscopy works by measuring the absorbance of light across the ultraviolet and 

visible ranges of the electromagnetic spectrum. The absorbance spectrum can provide insights 

into the concentration and nature of substances in a solution. In the case of Cu2S, the UV-vis 

analysis indicated low adsorption of Li2S6, implying weak interactions. However, the HPLC 

chromatograph results suggest a different mechanism than that of MnO2 and NC, as indicated by 

the disappearance of the peak for elemental peak. The discrepancy between the results obtained 

from HPLC and UV-vis analysis can be attributed to the orange precipitates that produced during 

the derivatization, as shown in Figure 3-4. These precipitates may be attributed to 

copper/polysulfide complexes. The strong UV absorbance observed in the previous study could 

also be linked to these compounds. These results further indicate the reliability of HPLC over 

UV-vis in the qualitative and quantitative studies of interactions between different host materials 

and polysulfides.  
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Figure 3-3. HPLC chromatograms of 15 mM polysulfide solution (baseline) and polysulfide 

solutions after mixing with different sulfides and oxides for 24 h. 
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Figure 3-4. The visual observations of the derivatization solution after adding 120 uL solution 

(without any solid) of polysulfide solution with Cu2S for one day. 
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Table 3- 2. Normalized chromatographic peak intensities of inorganic materials. 

   RT(min) 

   

carbon 

12.01 

S3
2- 

13.13  

S4
2- 

14.06 

S5
2- 

14.74  

S6
2- 

15.35  

S7
2- 

15.91  

S8
2- 

16.52  

S9
2- 

16.92 

S8 

Baseline 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Cu2S 
0.32 0.1 

0.03 0.03 0.03 0.03 0.02 0.02 

MnO2 0 0 0 0 0 0 0 12.64 

NiO 0 0.03 0.03 0.05 0.06 0.06 0.09 8.85 

SeS2 2.12 0.79 0.87 0.92 1.18 1.93 1.59 22.23 

SiO2 1.11 0.72 0.82 1.00 1.06 1.14 1.08 2.72 

MnO 1.05 0.83 0.96 1.07 1.07 1.13 1.26 0.90 

ZnO 0.88 0.83 0.91 1.08 1.13 1.31 1.70 1.04 

SnO2 1.14 1.01 1.04 1.08 1.09 1.16 1.22 1.02 

AgS2 1.07 0.94 0.97 1.00 1.04 1.09 1.13 1.23 

FeS2 1.13 1.0 0.99 0.97 0.98 1.03 1.05 1.15 
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Based on the experimental evidence shown above, it is worth pointing out that NCs did 

not act as a catalyst, but rather participated in the sulfur “disproportionation reaction”. Evidently, 

the chemical equilibrium of the PS shifted to the formation of elemental sulfur induced by the 

NCs. As additional evidence, the degree of the PS reaction depended on the relative amounts of 

polysulfides and NCs as shown in Figure 3-5 (a) and (b). Although the detailed reaction 

mechanism was still unclear, the interaction of NCs with PS can be ascribed to their relatively 

higher nitrogen content on the carbon surface.  

This conclusion was further verified by the chromatograms of the derivatized PS 

mixtures with PWA, which unlike NCs, features only oxygen functional groups on its surface but 

possesses a similar specific surface area to the NCs. As shown in Figure 3-5 (a) and (b), 

represented by the green line, the chromatograms of PWA also displayed decreased intensities for 

CH3SnCH3 (n = 3-8) peaks and increased intensity for S8 peak, though the changes were not as 

pronounced as those observed in the NCs samples. This suggests that while oxygen functional 

groups on the carbon surface influence chemical equilibrium of polysulfides, the nitrogen atoms 

present in the NCs appear to play a more pivotal role in shifting the chemical equilibrium of Sn
2– 

towards elemental sulfur. This finding highlights the unique effectiveness of nitrogen 

functionalities in enhancing disproportionation of polysulfides, which is key to mitigating the 

shuttle effect associated with dissolved polysulfides. In addition, due to its relatively low specific 

surface area and pore volume, NC750 was not able to trap as much sulfur as NC800. 

Consequently, although NC750 can interact with PS anions chemically and promote the Sn
2– 

transfer into S8, it still exhibited the lowest specific capacity among all the S/NC cathodes.  

HPLC analysis was then employed to determine polysulfide species in the electrolyte 

during cycling, providing a detailed evaluation of the chemical dynamics within the cells. A 
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comparative analysis was also conducted using a pouch cell with an S/KB cathode. After three 

cycles, both pouch cells were disassembled, and the electrolyte was extracted from the 

separators. This electrolyte was then derivatized using methyl triflate to convert polysulfide 

anions into more stable dimethyl polysulfides, facilitating a more accurate HPLC analysis. The 

results of the experiment, as shown in the HPLC chromatographs in Figure 3-5 (c), reveal 

significant differences in polysulfide components between the two cathode materials. The 

S/NC800 sample showed a high content of S8 in the electrolyte and relatively low amount of 

other high-order polysulfide species. In contrast, the S/KB sample demonstrated a high 

concentration of various polysulfide chains but lacked any S8. These findings suggest that 

NC800 induces the disproportionation reactions of PS to elemental sulfur and Li2S2, which 

reduces the existence time of PS anions in the electrolyte. This alleviation of the shuttle effect 

results in a lower concentration of PS anions in the electrolyte. The solubility of S8 in electrolyte 

is much lower than that of the polysulfide species, hence it can be better absorbed in the porous 

cathode matrix instead of shuttling to the anode.  

 

  



92 
 

 

Figure 3-5. HPLC chromatograms of (a) the derivatized 5 mM Li2S6 mixtures with NC800 and 

PWA; (b) the derivatized 25 mM Li2S6 solutions with NC800 and PWA; and (c) electrolyte from 

S/NC800 and S/KB pouch cells after 3 cycles. 
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3.3.2 Electrochemical Studies of Disproportionation Reactions of NC and Polysulfides 

The above HPLC analysis elucidates the properties of NC800 in inducing and facilitating 

the disproportionation of long-chain PS. Based on these findings, we propose a hypothetical 

mechanism, which is schematically illustrated in Figure 3-6. We formulated the hypothesis 

suggesting a pseudo-8-electron redox reaction. Following the initial reduction of S8 to long-chain 

lithium PS, high-order polysulfide ions undergo disproportionation into S8 and solid Li2S2. The 

regenerated S8 from polysulfide disproportionation undergoes simultaneous re-reduction on-site 

with the S8 present in the cathode matrix, while Li2S2 undergoes further reduction to Li2S 

through a solid-state process. The oxidation (recharge) process is entirely reversible. The 

comprehensive reaction can be expressed as 𝑆8 + 8𝐿𝑖+ + 8𝑒 ⇌ 4𝐿𝑖2𝑆2. Given the minimal 

presence of soluble polysulfides in the electrolyte and the deposition of solid Li2S2/L2S on-site 

within the cathode matrix, the polysulfide shuttle can be effectively circumvented. 

 

Figure 3-6. Illustration of the catalytic polysulfide disproportionation reaction mechanism 
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To further investigate the role of NC in mitigating the shuttle effect and to validate the 

hypothesis, an open system of 3-electrode cell was applied to monitor the changes in dissolved 

polysulfides and elemental sulfur in the electrolyte in real-time. For comparison, an S/SuperC65 

electrode was also prepared. SuperC65 is a conductive additive commonly used to enhance the 

conductivity of electrode materials. It possesses a relatively low specific surface area of 65 m2 g-1 

and lacks functional group on its surface. Moreover, previous HPLC analysis indicated that 

SuperC65 cannot disproportionate polysulfide anions. By comparing the electrochemical 

behaviors of the S/NC and S/SuperC65 electrodes in this setup, we aim to better understand the 

mechanisms through which NC mitigates the shuttle effect and to provide further evidence for 

our proposed hypothesis.  

During the measurement, the cell was discharged and charged to different depths of 

discharge (DoD) and depths of charge (DoC), respectively. The corresponding charge-discharge 

curves of two cells are shown in Figure 3-7 (a) and (b). Electrolyte samples were extracted from 

the fourth neck of the round-bottom flask at different states of discharge and charge for the real-

time HPLC analysis to determine the electrolyte composition. The concentration of dissolved S8 

in the electrolyte at different discharge voltages was also labeled in the two discharge and charge 

curves. It appears that soluble sulfur remains detectable during the second discharge plateau 

when the NC cathode was used. In contrast, when SuperC65 served as the cathode host material, 

no soluble elemental sulfur was apparent in the second discharge plateau. These results illustrate 

that during the discharge process, the disproportionation of PS started to occur and S8 was 

produced after the formation of Li2Sn (4≤n≤8) for NC cathode. This experimental evidence has 

corroborated the catalytic sulfur reduction reaction mechanism that is depicted in Figure 3-6. The 

catalytic redox reaction of PS ions closely resembles the reduction O2 catalyzed by MnO2, 
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wherein H2O2 decomposes to the O2 and H2O. Subsequently, the O2 undergoes reduced one more 

time on a gas-diffusion-electrode. The general reaction can be described as a pseudo 4 e- O2 

reduction.[148] 

AC impedance measurements were also conducted at different stages of discharge and 

charge, with the corresponding Nyquist plots displayed in Figure 3-7 (c), (d), (e), and (f). Both 

the S/NC and S/SuperC65 cells exhibited broad Nyquist plots consisting of two overlapping 

depressed semicircles. The semicircle in the high-frequency region is associated with the charge 

transfer process at the interface of the conductive agent, while the semicircle in the middle-

frequency region corresponds to the Li2S2/Li2S film formation on the carbon matrix of cathodes. 

[118] These Nyquist plots were analyzed using Zview software to gain a better understanding of 

the changes in impedance parameters at different states of discharge. The plots were further 

interpreted using the equivalent circuits depicted in Figure 3-7 (g). The fitted values of Re, Rct, 

and Rg of two cells at different discharge voltages are summarized in Table 3-3. The electrolyte 

resistance of both cells gradually increased with the progress of discharge. This increase can be 

attributed to the rising viscosity of electrolyte caused by the dissolution of PS that formed during 

the discharge process. However, the S/NC cell displayed a slower increment in Re compared to 

the S/SuperC65 cell. This difference is due to fewer long-chain PS dissolving in the electrolyte 

of S/NC cell, resulting in a lower electrolyte viscosity. An important observation is that the large 

value of both Rg and Rct of S/NC are induced by the porous structure and high specific surface 

areas of the NC host. Since the specific surface area of the NC host is relatively higher than that 

of SuperC65, initial contact between the components may be suboptimal, and the electrode may 

not be fully wetted by the electrolyte, contributing to high values of Rct and Rg. Therefore, the 

changing trends of these parameters will be focused on in the following discussion. 
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The charge transfer resistance of S/C65 cell began to increase at 58% DoD, around 2.08 

V. This stage of discharge corresponds to the beginning of the second discharge plateau, 

representing the initial transformation from Li2Sn (4≤n≤8) to Li2S2. These insulating precipitates 

started to cover the surface of the cathode, blocking the interface for charge transfer. As 

discharging continued, the Li2S2/Li2S accumulated, leading to a further increment in Rct.
[149] In 

contrast, the charge transfer resistance of S/NC cell showed a different variation trend. It 

experienced the first increment in Rct at 26% DoD, corresponding to the slope of the first plateau. 

At this discharge depth, long-chain polysulfides began to be reduced to Li2S2, and S8 was 

expected to be continuously produced because of the disproportionation of Li2Sn (4≤n≤8). These 

insulating solid precipitates on the cathode surface blocked the charge transfer interface, causing 

an increase in impedance. The sudden decrease in Rct at 45% DoD may be due to the 

redistribution of S8 as the discharge proceeded. The highly porous structure of NC provides more 

surface area for Li2S2 to precipitate compared to C65, resulting in a thinner Li2S2 film on the 

cathode. This thinner film could explain the observed decrease in Rct at subsequent discharge 

depths.  

The resistance Rg in the equivalent circuit is related to the formation of the insulation film 

on the carbon matrix, which consists of Li2S2 and Li2S. The increasing Rg in the S/SuperC65 can 

be explained by the gradual accumulation of these insulating discharge products at the cathode 

during the discharge process. In contrast, the S/NC cell exhibited a downward trend in Rg from 

the beginning of the discharge at 5% DoD to 26% DoD. During this stage, the reduction of S8 

into the soluble long-chain polysulfides contributed to the reduction of the insulating film on the 

S/NC cathode.  A possible reason for this change is that although the NC facilitates the 

disproportionation reaction, it cannot convert all the PS in the system. Therefore, while some 
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insulating S8 and Li2S2 are produced in this discharge stage, their impact on the insulating film 

formation on the cathode is not as big as the consumption of elemental sulfur. The increase in Rg 

at 2.06 V (45% DoD) can be ascribed to the beginning formation of Li2S2 from Li2Sn (4≤n≤8) 

that has not been disproportionated. In the following discharge depth, Rg experienced a decrease 

after a slight fluctuation. This behavior may result from the simultaneous disproportionation of 

partial long-chain PS and the transformation of PS into Li2S2, causing a redistribution of 

insulating deposition layer on the cathode surface. This process forms a more uniform Li2S/ 

Li2S2 film, which is consistent with the SEM image of the cycled S/NC electrode shown in 

Figure 2-10 (b), contributing to the observed decrement in Rg at subsequent discharge depths.  
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Figure 3-7. Charge-discharge curves of (a) S/NC and (b) S/SuperC65 Cells labeled with the 

concentration of dissolved S8 in the electrolyte that measured by HPLC; Nyquist plots of S/NC 

cell during discharge and charge at different (c) DoD and (d) DoC; Nyquist plots of S/SuperC65 

cell during discharge and charge at different (e) DoD and (f) DoC; (g) Equivalent circuits of 

cells. 
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Table 3-3. Re, Rct, and Rg values of S/NC and S/SuperC65 cells at different DoD. 

 

Re (Ω) Rct (Ω) Rg (Ω) 

NC C65 NC C65 NC C65 

Before Cycling 6.00 8.52 323.4 3.62 1169 5.47 

5% DoD 6.17 9.35 378.2 4.04 1079 5.35 

26% DoD 6.44 10.13 864.4 3.23 410.6 6.73 

45% DoD 7.36 19.45 3.00 3.75 462.4 18.14 

58% DoD 7.73 13.7 3.42 6.91 389 15.21 

82% DoD 9.15 15.07 5.27 10.39 418.1 16.5 

93% DoD 9.70 15.95 6.49 22.08 302.1 12.52 

100% DoD 10.18 17.04 8.642 13.65 254.5 53.02 
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The process of sulfur reduction entails a sequence of phase transformations occurring 

both heterogeneously and homogeneously, taking place in both the liquid electrolyte and on the 

surface of a conductive solid. Uneven deposition of Li2S2/Li2S during a sulfur cathode 

discharge can result in sizable nonconductive particles. These deposits may obstruct the active 

catalytic sites, contributing to an elevation in polarization potential. During the further discharge 

process, the elevated overpotential of the redox reaction (𝐿𝑖2𝑆2 + 2𝐿𝑖+ + 2𝑒  2𝐿𝑖2𝑆←
→ ) leads to a 

low discharge potential. The presence of aggregated Li2S has exacerbates this issue during 

recharge due to its high oxidation overpotential. According to the Rg values of S/NC cell at 

different discharge depth that showed in Table 3-3 and SEM image of the cycled S/NC cell that 

displayed in chapter 2 (Figure 2-10 (b)), NC exhibited the capability not only to catalyze 

polysulfide disproportionation, but also can facilitate a more uniform deposition of Li2S2 on the 

carbon substrate.  As shown in Figure 3-7 (a) and (b), unlike the sulfur cathode hosted by 

SuperC65, the discharge process of the sulfur electrode hosted by NC does not end sharply. This 

sharp end would indicate a sudden surface passivation. Instead, the discharge voltage of the 

sulfur electrode hosted by NC exhibited a much slower decrease. Similar instances of electrode 

passivation were also observed in the case of a Zn anode and an air-cathode of Li-air 

battery.[150,151]   

For a more comprehensive understanding of the kinetics associated with the S/NC 

electrode, the DRT technique was employed to deconvolve the polarization process into various 

time constants through converting the impedance data from the previous EIS measurement 

(Figure 3-7 (c-f)) from frequency domain to time domain. Figure 3-8 compares the DRT profiles 

for the S/SuperC65 and S/NC electrodes, where the relaxation time (τ) correlates with the rate 

constants of each process, and the area of the relaxation amplitude (y-axis) indicates polarization 



101 
 

resistances. Notably, the DRT profiles of the S/SuperC65 cell and S/NC cell exhibit significant 

differences. Several key observations can be made from Figure 3-8. For the SuperC65 electrode, 

two distinct DRT peaks were observed: one at approximately 5.48 s and another at around 10-5 s. 

It is hypothesized that the peak at 10-5 s possess a rapid kinetics and corresponds to the reduction 

of dissolved polysulfides, while the one with slower kinetics that appeared at 5.48 s is likely 

associated with the redox reaction of Li2S2 and possibly Li2S. In the case of the S/NC electrode, a 

prominent peak is observed at 10-2 – 10-3 s for both discharge and charge, demonstrating 

significant reversibility. Over the discharge period, two smaller peaks emerged and remained 

stable during recharge, with one coinciding with the peak observed in the SuperC65 electrode at 

approximately 5.5 s. Another signal emerged between the primary peak and the peak at 5.5 s, 

manifesting around 2.03 V during discharge and persisting steadily throughout the charging 

process. The noticeable contrast observed between the SuperC65 electrode and NC electrode 

suggests substantial differences in the sulfur redox mechanisms. The largest distinct peak at 10-2 

s in the S/NC cell is attributed to the redox reaction of sulfur on the carbon electrode, involving a 

solid-to-liquid conversion, which has slower kinetics than the reduction of dissolved 

polysulfides. The rationale behind this argument is that given the heterogeneous catalytic 

polysulfide disproportionation as a chemical reaction, the NC electrode would ideally be 

enveloped by elemental sulfur deposits even before the discharge begins, maintaining this 

coverage throughout the entire discharge and recharge cycles. Conversely, the redox reaction on 

the S/SuperC65 electrode primarily involves dissolved species, leading to faster kinetics. 

Interestingly, the kinetics of the redox reaction of the sulfur deposit on the NC carbon electrode 

exhibited improvement after charging, evidenced by an almost one order of magnitude increase 

in relaxation time. The only plausible explanation could be summarized is that the sulfur 
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electrochemically deposited on the S/NC electrode displays enhanced kinetics. This enhancement 

is likely due to the sulfur on the S/NC electrode originating from both electrochemical oxidation 

and disproportionation processes, rather than solely from the dissolution of PS. This inference is 

supported by the absence of the most rapid peak typically associated with PS dissolution.  
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Figure 3-8. DRT plots of S/NC and S/SuperC65 cells obtained during (a) discharging, and (b) 

charging process. 
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Based on the experimental results from HPLC and EIS, the initiation and facilitation of 

the disproportionation reaction of PS by NC host during the discharge and charge process is 

indeed present. When a long-chain PS ion is adsorbed onto an active site, the S-S bond within 

the polysulfides weakens due to strong binding with the active site, resulting in the cleavage of 

the S-S bond. Unlike traditional Langmuir-Hinshelwood (L-H) heterogeneous adsorption-

catalysis, which involves charge transfer, the disproportionation of PS ions does not require 

charge transfer. The resulting PS ions convert into elemental sulfur, which then undergoes further 

reduction, leading to the precipitation of Li2S2 onto the conductive matrix. Given that carbon’s 

activity lies in the chemical disproportionation of PS, it can facilitate the disproportionation of 

the dissolved PS during both the reduction and oxidation of sulfur redox reactions. Consequently, 

there is no longer a need for a bifunctional or bidirectional catalyst.  

It is evident that the disproportionation reaction of PS ions does occur, as elemental sulfur 

was identified as the predominant species in the electrolyte in a cycled Li-S cell, as shown in 

Figure 3-5 (c). However, the kinetics of the disproportionation reaction facilitated by NC may 

not be quick enough for the complete elimination of polysulfide shuttle effect. The reason is that 

if the disproportionation reaction were rapid enough to convert all the dissolved PS ions to S8 

and Li2S2, then the discharge and recharge curves of a sulfur cathode would exhibit a single 

discharge plateau, as no polysulfide redox reactions would be involved. However, this is not the 

case, as evidenced by the two-plateau discharge curve shown previously.  

To validate the slow kinetics of the disproportionation reactions of PS, the 

electrochemical behavior of the S/NC cells was examined at low cycling currents. The cells were 

cycled at 0.01 C and 0.05 C in coin cells, with S/KB cells tested for comparison. All electrodes 

were prepared with a sulfur to carbon ratio of 7:3. The charge/discharge curves were normalized 
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for better observation and are shown in Figure 3-9. Compared to the profiles obtained under a 

high cycling rate of 0.5 C, the curves of the S/NC cell and the S/KB cell, as exhibited in Figure 

3-9 (a), all displayed different patterns. The differences between the two cells were more 

pronounced at the low cycling rate. The second slope, indicated by the arrow 3 in the figures, 

contributes a greater portion of the total capacity in the S/NC cell compared to the S/KB cell. 

This behavior is not only more pronounced in the S/NC cell but also reversible in subsequent 

cycles, indicating that it is not caused by the decomposition of any inactive species, which 

typically undergo one-time irreversible decomposition reactions. A small dip and peak appeared 

in the discharge (from low to high potential) and charge (from high to low potential) curves, 

respectively, indicated by arrows 1 and 2 in the figure, respectively. The dip at the end of the first 

plateau of the discharge curve, as indicated by arrow 1, corresponds to the supersaturation of the 

PS solution within the cell, where the concentration and viscosity of PS reach their highest 

levels.[152] Also, since Li2S2 typically begins to form during the second discharge plateau, this 

small dip also represents the overpotential required for the nucleation of solid discharge products 

from the dissolved long-chain LiPS.[153] For the S/NC cell, because of the ability of NC for the 

facilitation of long-chain PS disproportionation reaction, some PS have already transformed into 

Li2S2. Consequently, the number of dissolved PS produced at this stage is slightly less than that 

in the S/KB cells, resulting in a smaller dip in the discharge curves of the S/NC cell. The 

overpotential shown in the charge curves, indicated by arrow 2, reflects the active energy needed 

for Li2S to oxidize back to PS.[153] The S/NC cell shows a large overpotential compared to the 

S/KB cell, not only because of the larger amount of Li2S produced at the S/NC cathode but also 

due to the disproportionation reaction that occurs during the charging process when long-chain 
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PS starts to form, as illustrated in Figure 3-6. This combination of factors requires the S/NC cell 

to overcome higher activation energy for the oxidation process.  

Based on the HPLC results for different carbon materials, it is evident that KB also 

facilitates the disproportionation reactions of polysulfides (PS), though it is not as effective as 

NC. As cycling progresses, the sulfur content in the S/KB cathode reduces due to the shuttle 

effect, leading to a decrease in the production of PS. Consequently, the influence of KB on the 

disproportionation of PS becomes more pronounced, causing the differences between the 

charge/discharge profiles of the S/NC and S/KB cells to gradually diminish. However, as 

illustrated in Figure 3-9(f), the comparison between the cells with carbon host of NC and 

SuperC65, which did not exhibit the ability of facilitating the disproportionation of PS, still 

shows noticeable differences in their charge/discharge curves. When cycling at a lower c-rate of 

0.01 C, these differences between the S/NC cell and S/KB cell became more obvious. The 

comparison charge/discharge curves are displayed in Figure 3-9 (f).  
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Figure 3- 9. Comparison of normalized charge/discharge curves of S/NC and S/KB cells cycled 

under (a) 0.5 C, and 0.05 C of (b) 1st cycle, (c) 2nd cycle, and (d) 15th cycle; (e) normalized 

charge/discharge curves of S/NC and S/SuperC65 at 0.05 C; (f) normalized charge/discharge 

curves of S/NC and S/KB cells cycled at 0.01 C. 
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The different patterns observed at low current rates partially confirm that the slow 

kinetics of the PS disproportionation reaction catalyzed by NC. However, this factor alone does 

not fully account for the presence of the two discharge plateaus in the discharge curves, 

previously attributed to the sluggish kinetics of PS disproportionation. This observation suggests 

that PS are not completely converted into S8 and Li2S2 and continue to be generated during the 

cycling process. This can be attributed to the limited capacity of NC to disproportionate PS, due 

to the restricted number of functional groups available on NC.  

To further investigate this hypothesis, the HPLC chromatograms of PS solutions at 

different concentrations were compared in Figure 3-10 (a)-(c). The results showed that after 

adding NC into the mixtures, the variation in the intensities of PS anion peaks decreases with 

increasing PS solution concentration. At a low concentration of 5 mM, PS anions are completely 

disproportionated, only S8 peak appeared in the chromatogram. However, in PS solutions with 

higher concentration of 15 mM and 25 mM, while the intensities of S8 peaks increase 

significantly, PS anions are still detected. The corresponding mass of NC required to completely 

disproportionate PS species in the solutions was also calculated and listed in Table 3-4. 

According to the HPLC chromatograms, each gram of NC can catalyze the disproportionation 

reactions of at least 0.096 g of S, but less than 0.288 g. For example, for an electrode containing 

1.5 mg of sulfur, if the ratio of S to NC is 6:4, then theoretically, 0.096 mg of sulfur can be 

disproportionated (based on the results from 5 mM PS solution), which represents approximately 

6.4 wt% of the total mass of sulfur in the cathode. When the ratios of S to NC increase to 7:3 and 

8:2, the weight ratio of sulfur that can be disproportionated decreases to 4.1 and 2.4 wt%, 

respectively. In addition, it should be noted that these theoretical values are difficult to achieve, 

and the actual amounts of polysulfide species that can be disproportionated may be lower under 
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practical cycling conditions. This limitation may not be sufficient to convert the discharge curves 

of the Li-S battery into a single plateau pattern.   

Even though the capacity decay mitigated by the catalysis of NC in each cycle is small, 

the cumulative effect can lead to significantly enhanced cycling performance of Li-S cells over 

long cycles. The cycling performance of S/NC and S/KB cells that cycled at 0.5 C and 0.05 C is 

displayed in Figure 3-10 (d) and (e). When cycled at a relatively high rate of 0.5 C, both the 

S/NC and S/KB cells exhibited similar capacity decay during the initial 10 cycles, and each of 

them retained 93% of their initial capacity. However, as cycling proceeded, the S/NC cell 

gradually demonstrated better cycling stability. The specific capacity retention of each cycle of 

the S/NC cell is about 99.88% of the previous cycle, slightly higher than the 99.64% observed 

for the S/KB cells. Consequently, the capacity loss per cycle for the S/NC cell was 0.24% less 

than that of S/KB cell. The retention rate of the specific capacity of S/NC cell after 120 cycles is 

87%, while the S/KB cell showed a lower rate of 65%. When cycled at 0.05 C, the S/KB cell 

exhibited a capacity retention rate of 62% for the 10th cycle, while the S/NC cell showed a 

slightly higher rate of 63%. In the subsequent cycles, although the decay rates for both cells were 

alleviated compared to the initial 20 cycles, their cycling performance varied greatly after 120 

cycles. The variation in capacity retention of each cycle (
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 (𝑛+1)𝑡ℎ 𝑐𝑐𝑙𝑒

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑛𝑡ℎ 𝑐𝑦𝑐𝑙𝑒
), as 

depicted in Figure 3-10 (f), indicates that despite the subtle difference in capacity decay per cycle 

between the two cells, the cumulative effect contributes to a much-improved cycling life for the 

S/NC cell compared to the S/KB cell. Therefore, although the mass of PS species that can be 

disproportionated through the catalysis of NC is limited, the presence of these disproportionation 

reactions plays a critical role in prolonging the cycle life of the Li-S battery.  
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Figure 3-10. HPLC chromatograms of PS solutions with NC at different concentrations: (a) 

5mM PS solution, (b) 15mM PS solution, and (c) 25mM PS solution; cycling performance of 

S/NC and S/KB cells cycling at (d) 0.5, and (e) 0.05 C; (f) capacity retention of each cycle 

(capacity of this cycle/capacity of the previous cycle). 
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Table 3-4. The mass of PS anions that can be completely disproportionated by unit mass of NC 

in PS solutions of different concentrations. 

PS solution 

(mM) 

 
Volume of Li2S6 

solution (mL) 

Mass of NC 

matrix (mg) 

S8 / NC  

(weight 

ratio) 

5  1 10 0.096 

15  1 10 0.288 

25  1 10 0.48 

 

 

Table 3- 5. Theoretical mass ratio of sulfur that can be disproportionated in S/NC electrodes with 

1.5 mg loading of sulfur under different ratios of S and NC.   

S/NC ratio Mass of NC 

(mg) 

Theoretically S can be 

disproportionated (mg) 

Dispro. S / Total S 

(wt %) 

6:4 1 0.096 6.4 

7:3 0.64 0.061 4.1 

8:2 0.38 0.036 2.4 
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3.4 Conclusion 

In this chapter, we studied the interaction mechanisms between NC and PS in Li-S 

batteries. Through HPLC, and electrochemical analysis, we gained comprehensive insights into 

the NC’s ability to facilitate the disproportionation reactions of PS. Color change experiments 

and HPLC analysis, along with the excellent cycling performance of S/NC cells presented in 

Chapter 1, led us to propose a hypothetical mechanism of pseudo-8-electron redox reaction. 

After the initial reduction of S8 to long-chain lithium PS, high-order PS anions undergo 

disproportionation into S8 and Li2S2. The regenerated S8 is then simultaneously reduction on-site 

along with the S8 present in the cathode matrix, while Li2S2 is further reduced to Li2S as 

discharging continues. During charging, these reactions are reversible. The presence of these 

disproportionation reactions enhances the cycling ability of Li-S cells by reducing the presence 

of soluble PS in the electrolyte and ensuring the deposition of solid Li2S2/Li2S on-site within the 

cathode matrix, thereby effectively relief the shuttle effect. 

A systematic study comparing various carbon materials and inorganic compounds 

demonstrated that NC possesses a superior ability in facilitating PS disproportionation. 

Chromatograms of NC samples showed significant decreases in polysulfide peaks and increases 

in elemental sulfur peaks, indicating effective catalysis. Other carbon materials, including Vulcan 

XC72 and KB, displayed less pronounced catalytic effects, while some inorganic materials like 

MnO₂ and Cu₂S showed significant interaction with polysulfides, but through different 

mechanisms.  

Although NC significantly reduces the remaining PS in the electrolyte, this improvement 

is not prominently reflected in the electrochemical behavior. The discharge curves of Li-S cells 

using NC still show the characteristic two discharge plateaus observed with conventional sulfur 
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cathodes. This can be attributed to the slow kinetics of PS disproportionated during cycling. 

While the contributions of these disproportionation reactions are not sufficient to eliminate the 

shuttle effect, the cumulative effect over many cycles results in excellent long-term cycling 

performance.  

In conclusion, the findings of this chapter underline the critical role of NC in enhancing 

the performance of Li-S batteries by mitigating the shuttle effect through facilitating the 

disproportionation of polysulfides. The ability of NC to catalyze these reactions and facilitate the 

uniform deposition of solid discharge products offers a promising pathway to improving the 

efficiency and cycling life of Li-S batteries.  
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CHAPTER 4. POUCH CELLS MAKING AND TESTING 

4.1 Introduction  

Li-S batteries are considered as a promising next generation energy storage technology 

not only because of the abundant sources of sulfur in the Earth’s crust but also because of their 

significantly higher theoretical specific capacity (1675 mAh g-1) and energy density (2600 Wh 

kg-1) compared to current commercial Li-ion batteries.[85] These advantages make Li-S batteries 

an attractive option for applications requiring high energy density and cost-effectiveness. 

However, despite their potential, completely replacing Li-ion batteries with Li-S batteries 

remains challenging due to the low utilization of insulating sulfur and the shuttle effect that 

occurs during the cycling process. These issues result in low practical output capacity and poor 

cycling life of the Li-S batteries. The shuttle effect is a major obstacle. It involves the dissolution 

and migration of polysulfides between the anode and cathode, leading to the loss of active 

material and the formation of insulating layers on the electrodes.[154] This not only reduces the 

overall efficiency and capacity of the battery but also causes rapid capacity fading and shortens 

the cycle life. Additionally, the insulating nature of sulfur and its reduction products requires the 

incorporation of conductive additives, which can increase the complexity and cost of the battery 

design.  

In the previous chapter, we proposed NC, obtained through facile carbonization process 

using natural silk as the precursor, as the host material for sulfur cathodes. The S/NC cathode 

displays a promising cycling life because of the synergetic effect of the hierarchical porous 

structures of NC and the disproportionation reactions of polysulfides induced by the functional 

groups on the surface of the NC. The combination of properties in the NC material addresses 
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some of the key challenges faced by Li-S batteries, offering a potential pathway to improving 

their performance and durability.  

For an initial material-level study, the S/NC cathode was tested in small-scale coin cells, 

which are commonly used in the early stage of developing a novel cathode material. While coin 

cells are valuable for initial testing and evaluation, pouch cells are more desirable for practical 

applications as they maximize energy density at the cell level owing to their lightweight 

packaging.[155] However, despite this advantage, certain issues can become more pronounced in 

larger-scale pouch cells, where there is a greater quantity of active material and reduced amount 

of electrolyte. In coin cell testing, the amounts of active materials within the cathode are limited, 

and the electrolyte is usually in excess. This excess can lead to some potential issues, and the 

results obtained at the coin cell level may not always be reproducible in pouch cells. Therefore, 

although coin cell testing provides valuable initial insights, further evaluation in pouch cells is 

necessary to fully understand the performance and practical viability of the S/NC cathode in real-

world applications. 

Recent studies on Li-S batteries have increasingly focused on boosting the sulfur content 

within the cathode. Although Li-S batteries inherently offer a much higher theoretical specific 

energy compared to LIBs, achieving a practical energy density that can compete with current 

commercial LIBs requires a high sulfur loading. Previous studies suggests that an areal sulfur 

loading of at least 3 mg cm-2 is essential for Li-S batteries to deliver a competitive specific 

energy and fully utilize the cost advantage of sulfur over expensive commercial materials like 

cobalt, and nickel.[156] However, increasing sulfur introduces significant challenges, particularly 

in maintaining cycle life and efficiency. High sulfur content can exacerbate the shuttle effect, 

leading to fast degradation of the cell. In addition, high sulfur content can intensify lithium 
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stripping and redeposition on negative electrode due to the higher current applied to the anode, 

potentially lithium dendrite growth. These dendrites could penetrate the separator, and therefore 

lead to the failure of the battery.  

Another important factor for increasing the practical output specific energy of Li-S 

batteries is the quantity of electrolyte that is added to the cell. While an excess of electrolyte 

generally benefits the electrochemical performance of the cell, leading to a high capacity and 

prolonged cycling life, it decreases the practical energy density that the cell can deliver.[157] The 

practical energy density of a cell is defined as the ratio of energy capacity to the total weight of 

the cell. The more weight of inactive components, such as the current collectors, separators, and 

electrolyte, the lower the practical output specific energy. Therefore, to make Li-S batteries 

competitive with Li-ion batteries, the proportion of inactive components should be minimized. 

Adjusting the weight of electrolyte is an effective way to reduce “dead weight” of inactive 

components in the cell.[156] However, using less electrolyte can also introduce problems. With 

less amount of electrolyte, the dissolution and deposition of sulfur species in the electrolyte can 

be affected. Insufficient infiltration of electrolyte within the cathode can also lead to low output 

capacity due to the limited utilization of active materials. In addition, high sulfur loading can 

cause more long-chain polysulfides to dissolve in the electrolyte, increasing the internal 

resistance and polarization of the cell. This can result in the loss of the second plateau typically 

observed in the discharge profile of Li-S batteries, consequently resulting in a low total 

capacity.[157] Therefore, balancing the amount of electrolyte and find the appropriate E/S 

(electrolyte volume/sulfur weight μL mg-1) ratio is also critical for optimizing the performance 

and practical energy density of the pouch cells of Li-S batteries. 
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To further investigate the performance of the NC as the host material for sulfur cathodes, 

pouch cells with S/NC cathodes were prepared and tested. Cathodes with varying areal sulfur 

loading, ranging from low to high (1-5 mg cm-2), and different E/S ratios were also applied to 

assess the capabilities of the S/NC cathodes under various conditions. 

4.2 Experiment 

Pouch Cells Assemble 

Pouch cells were assembled using 30 mm × 40 mm rectangle S/NC800 electrodes as 

cathodes. Lithium foil, with a thickness of 50 μm, was punched into 32 mm × 42 mm rectangular 

pieces and stacked with cooper foil, which working as the current collector. An aluminum tab 

and a nickel tab were welded to the cathodes and anode, respectively. For the single layer pouch 

cell, the separator (Celgard 2325) was cut into 36 mm × 46 mm rectangle.  

The assembly process began with carefully stacking the S/NC cathodes, separator, and 

lithium anode in the correct sequence to ensure proper alignment and contact. The aluminum and 

nickel tabs were then positioned to extend out of the pouch, allowing for external electrical 

connections. The stacked components were placed into a pre-cut aluminum laminated film pouch 

bag, which was partially sealed, leaving a small opening for electrolyte injection. The 

appropriate amount of electrolyte was carefully injected into the pouch cell. After the injection, 

the pouch bag was fully sealed under vacuum conditions.  

The double-sided coated S/NC electrode was prepared by casting S/NC slurry on both 

sides of an aluminum foil. The multi-layer pouch cells were assembled using a layer-by-layer 

strategy, as illustrated Figure 4-1. 
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The assembled pouch cells were rested overnight before testing to allow a thoroughly 

wetting of separator and electrodes. 

 

Figure 4-1. The construction of pouch cells. 

Electrochemical Analysis 

The pouch cell was sandwich between two plates and hand tight. This step was purposed 

to ensure a uniform and tight contact of the components within the cell. Galvanostatic 

charging/discharging tests were conducted on an Arbin battery testing system (BT200) in a 

voltage window of 1.8~2.9 V vs Li+/Li at ambient temperature. The cycling performance of the 

cells was conducted at different C (1C = 1675 mA g–1) rates. 

Observation of Morphologies Variations of Cycled Lithium Anode 

The cycled pouch cells were meticulously disassembled inside an argon-filled glovebox. 

The S/NC cathodes, separators, and lithium anodes were removed from the pouch cells and 

sealed in transparent plastic Petri dishes to prevent lithium from reacting with air. Subsequently, 

these components were transported out of the glovebox for further examination. The 
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morphologies were observed using the Keyence VHX 2000 microscope, and pictures were taken 

with the built-in digital camera. All images, including 3D images, were produced using the depth 

composition method. 

4.3 Results and Discussions 

The pouch cell was first tested with a relatively low areal sulfur loading of 1 mg cm-2 and 

an excessive electrolyte amount (E/S = 20 μL mg-1). For comparison, a cell with S/KB cathode 

was also applied under the same conditions. The ratio of sulfur to carbon host materials within 

the cathodes was 65:35. The cells were activated at 0.05 C for two cycles and then cycled at 0.2 

C. The electrochemical performance of the two cells is illustrated in Figure 4-2. The S/NC cell 

delivered a higher initial specific capacity of 954 mAh g-1
 at 0.2 C compared to the 715 mAh g-1 

delivered by the S/KB cell. It is notably that the initial coulombic efficiency of the S/NC cell 

when starting to cycle at 0.2 C is also higher than that of S/KB cell, as shown in Figure 4-2 (b). 

The S/NC cell has an initial coulombic efficiency of 99.6 %, while the S/KB cell showed a 

relatively lower coulombic efficiency of 94% for the first cycle at 0.2 C. This higher efficiency 

indicates that the migration of PS toward Li anode was effectively mitigated in the S/NC cell 

during the first discharge/charge process, suggesting that less amount of lithium polysulfides 

were transporting to anode and more active sulfur remained within the cathode. Over the 

following 100 cycles, the S/NC maintained a high coulombic efficiency above 99.5%, while the 

S/KB cell displayed an increased coulombic efficiency, eventually stabilizing around 99%.  The 

S/NC cell was then used as the power source to light up an LED light, as exhibited in Figure 4-2 

(a).  
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Figure 4-2. (a) LED light powered by the S/NC pouch cell; (b) Cycling and (d) CE comparison 

of S/NC and S/KB cells with 1mg cm-2 of sulfur loading and excess electrolyte at 0.2C. 
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When testing the feasibility of NC as the carbon host material for sulfur cathodes (as 

described in Chapter 2), the S/NC electrode was tested in coin cells with a low areal sulfur 

loading and excessive amount of electrolyte. While excessive electrolyte and low sulfur loading 

can extend the cycling performance of Li-S cells, these measures may diminish the advantages of 

high energy densities and low costs of Li-S batteries compared to conventional Li-ion batteries. 

To maximize the energy density advantages of Li-S batteries and effectively enhance its 

competitiveness over Li-ion batteries, the quantity of electrolyte, which is the electrochemically 

inactive component within the pouch cell, should be as low as possible.  

The impact of electrolyte quantity on the electrochemical performance of S/NC cathodes 

was first investigated using coin cells with varying E/S ratios ranging from 5 μL mg-1 to 20 μL 

mg-1. The S/NC composite used to make the electrodes contained 80 wt% sulfur, corresponding 

to 68 wt% of the overall cathode. All cells were initially activated at a low rate of 0.05 C for two 

cycles before being cycled at 0.2 C. The cycling comparison over 100 cycles is illustrated in 

Figure 4-3 (a). Interestingly, the cell with an E/S ratio of 5 μL mg-1 displayed the highest specific 

capacity of 983 mAh g-1 when cycling began at 0.2 C. However, it had the lowest specific 

capacity when started discharging at 0.05 C among the cells, as shown in Figure 4(b). This can 

be explained by the insufficient infiltration of electrolyte into the porous structures of cathodes 

prior to cycling, as evidenced by the increasing initial specific capacity at 0.05 C with higher 

electrolyte amounts. In the following 20 cycles, capacity retention decreased with increasing E/S 

ratios. However, the cell with an E/S ratio of 8 μL mg-1 demonstrated a capacity retention 

comparable to the 5 μL mg-1 cell over the subsequent 80 cycles. As displayed in Table 4-1, both 

cells displayed a relatively high capacity retention of around 86% over 100 cycles, indicating an 

optimal balance between electrolyte amount and electrochemical performance. The 
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charge/discharge profiles in Figure 4-3 (c) and (d) reveal different kinetics in cells with various 

E/S ratios. With an excessive amount of electrolyte, the lowest polarization and smallest voltage 

dip in the discharge curve (located at the beginning of the second plateau) indicate the lowest 

viscosity of the electrolyte. The cell with the lowest E/S ratio of 5 μL mg-1 showed the largest 

viscosity. Interestingly, the polarization of cells with E/S of 8 μL mg-1 gradually decreases as the 

cycling continues.  

 

 

Table 4- 1. Specific capacities and capacities of S/NC coin cells with different E/S ratios. 

 Initial Specific Capacity 

at 0.05 C (mAh g-1) 

Initial Specific Capacity 

at 0.2 C (mAh g-1) 

Specific Capacity at 

100 cycles (mAh g-1) 

Capacity 

Retention (%) 

E/S=5 (μL mg-1) 1220 983 849 85.7 

E/S=8 (μL mg-1) 1260 960 830 85.86 

E/S=10 (μL mg-1) 1259 903 754 83.52 

E/S=20 (μL mg-1) 1273 870 705 80.97 
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Figure 4-3. Cycling comparison of S/NC coin cells with different E/S ratios for (a) 100 cycles 

and (b) initial 20 cycles; Corresponding charge/discharge profiles at the (c) 1st and (d) 10th 

cycle. 
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Figure 4-4 presents the electrochemical analysis of S/NC pouch cells with varying E/S 

ratios from 5 to 12 μL mg-1, tested at the S/NC cathodes with areal sulfur loading of 3.5 mg cm-2. 

The cycling performance, as shown in Figure 4-4 (a), presents a similar trend in initial discharge 

capacities to those observed in coin cells. Specifically, the discharge capacities at the first cycle 

at 0.05 C (activation cycle) were 1273, 1336, 1273, and 1343 mAh g-1 for cells with E/S ratios of 

5, 8, 10, and 12 μL mg-1, respectively, demonstrating excellent sulfur utilization of S/NC 

cathodes even under lean-electrolyte conditions.  

After two cycles of activation cycles, the cells were cycled at 0.1 C. The cell with an E/S 

ratio of 5μL mg-1 achieved the highest capacity of 1083 mAh g-1, followed by 1068, 946, and 979 

for cells with 8, 10, and 12 μL mg-1 of electrolyte, respectively. Over the subsequent cycles, 

pouch cells with E/S ratios of 8 and 10 μL mg-1 showed the best cyclability, with the highest 

capacity retention of 81% over 30 cycles and stable CE around 100%. In contrast, cells with the 

E/S ratio of 5 μL mg-1 experienced an unstable cycling over 30 cycles, as exhibited in Figure 4-4 

(b), which can be attributed to the impact of sulfide species dissolution and deposition under lean 

electrolyte condition. In addition, the cell with the highest E/S ratio also showed a fast capacity 

decay. This phenomenon can be explained by the easier migration of PS species in the flood 

electrolyte environment. These results differ from those of coin cells, which is likely due to the 

higher loading of sulfur within the S/NC cathodes in the pouch cell, which resulted in large 

current applied to Li anode. That caused Li metal to experience a more serious corrosion and 

consequently lead to the fast failure of the cell.  

Figure 4-4 (c) shows the coulombic efficiency of each cell. The cell with an E/S ratio of 

10 and 12 μL mg-1 exhibited slight overcharging but maintained stable efficiency over 30 cycles, 

while the cell with 5 μL mg-1 of electrolyte showed an increasing tendency in CE. Figure 4-4 (d-
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f) displays the charge/discharge profiles at 0.1 C. Unlike the relatively stable charge/discharge 

curves of cells with E/S ratios of 8-12 μL mg-1, the cell with 5 μL mg-1 of electrolyte experienced 

severe overcharge in subsequent cycling, as depicted by the red line in Figure 4-4 (f). This 

overcharging can be attributed to the aggravated decomposition of the electrolyte under lean-

electrolyte conditions. With less electrolyte, the movement of lithium ions and polysulfides is 

limited, making it difficult to continue converting insulating active material in subsequent cycles, 

eventually leading to cell failure.[158] This conclusion is further supported by the increased 

polarization observed in the cell with an E/S ratio of 5 μL mg-1. Overall, an E/S ratio of 8 μL mg-

1 provides the highest capacity and best cyclability for the pouch cell, making it the optimal 

choice for subsequent measurements. 
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Figure 4-4. Pouch cells at different E/S ratios of 5-12 μL mg-1 cycling at 0.1 C: (a) cycling 

performance, (b) capacity retention, (c) coulombic efficiency, and (d-f) voltage profiles at 5th, 

10th, and 25th cycle.   
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The areal sulfur loading of the sulfur cathode is also a critical factor that impacts the 

competitiveness of Li-S batteries compared to conventional Li-ion batteries. To achieve a 

comparable energy density and cost with current commercial Li-ion batteries, the sulfur loading 

should reach at least 3 mg cm-2.[157] However, increasing sulfur loading within the cathode also 

significantly affects the capacity and cycling life of the pouch cell. When the weight ratio 

remains unchanged in the S/NC composite, a higher sulfur loading typically requires an increase 

in electrode thickness. This can lead to wettability issues and mass transport differences due to 

the varied spatial distribution of dissolved polysulfides within the thicker cathode, resulting in 

sluggish kinetics and different reaction dynamics.[159]  

To evaluate the performance of S/NC cathodes with high sulfur loading, pouch cells with 

sulfur loadings ranging from 1 to 5 mg cm-2 were assembled and tested with an E/S ratio of 8 μL 

mg-1. The cycling performance and corresponding CE are displayed in Figure 4-5. At relatively 

low sulfur loadings of 1 and 2 mg cm-2, the S/NC pouch cells delivered high initial specific 

capacities of 900 and 1000 mAh g-1, respectively, at 0.2 C (following activation at 0.05 C for two 

cycles). Even with higher sulfur loadings of 3 and 5 mg cm-2, the cells were able to achieve 

capacities of 638 and 732 mAh g-1 respectively, indicating good wettability and sulfur utilization 

in the thick S/NC electrode. In subsequent cycles, cells with low area sulfur loadings of 1 and 2 

mg cm-2 demonstrated excellent cycling performance. They maintained approximately 90% of 

their initial capacities over 100 cycles, with retained capacities of 1026 and 910 mAh g-1, 

respectively. Cells with higher sulfur loadings of 3 and 5 mg cm-2 also demonstrated good 

cyclability over 100 cycles, retaining specific capacities of 626 and 437 mAh g-1, respectively. 

These results highlight the feasibility of achieving high sulfur loadings in S/NC cathodes while 

maintaining favorable electrochemical performance.  
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Figure 4- 5. (a) Cycling performance, and (c) coulombic efficiency of S/NC pouch cells with the 

areal sulfur loading of 1, 2, 3 and 5 mg cm-2 (E/S=8 μL mg-1). 
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The prolonged cycling performance of S/NC pouch cells with areal sulfur loading of 2 

mg cm-2 is displayed in Figure 4-6 (a). The cell initially exhibited good cycle stability, but 

significant capacity decay and continuous increase in CE began to appear after 100 cycles. By 

the 200th cycle, the cell delivered a capacity of 638 mAh g-1. To further investigate the variation 

of electrochemical behaviors of the cell, the charge/discharge profiles were recorded and shown 

in Figure 4-6 (b). During the initial 100 cycles, the voltages of the two discharge plateaus 

remained unchanged at 2.3 and 2.1 V, demonstrating the stable cyclability of the S/NC pouch 

cell. However, in the subsequent cycles, the voltage of discharge plateau voltages decreased, and 

the voltage of charge plateau voltage increased, demonstrating gradually increased polarization. 

This polarization led to severe overcharge and high CE of 107% at the 200th cycle.  

Although the NC matrix facilitates the disproportionation reactions of PS and helps 

mitigate the shuttle effect during cycling, the pouch cells displayed a shorter cycling life than 

coin cells (as shown in Chapter 2). The cycled pouch cell was disassembled in the glovebox to 

investigate the cause of rapid capacity fade during prolonged cycling. The cycled Li anode, 

cathode, and separator are exhibited in Figure 4-6 (d-f). Compared to the shiny fresh Li metal 

anode, displayed in Figure 4-6 (c), the cycled Li anode was covered with a dull passivation layer, 

and some of the lithium metal had detached from the copper foil (current collector) and adhered 

to the separator, as shown in Figure 4-6 (d) and (e). The cycled Li anode was observed under the 

microscope at ×200 magnification and displayed a powdery and porous morphology, which 

could be attributed to the growth of lithium dendrites. The corresponding images were recorded 

and shown in Figure 4-6 (g-h). Except for the dissolution and transportation of lithium 

polysulfides, the formation of these porous interface on anode is another factor that contribute to 

the increasing polarization of the cell as the proceed of cycling.[160] The impact of lithium 
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dendrites is more severe in pouch cells than in coin cells because of the higher current/capacity 

applied to the anode.[85] With a larger electrode area, pouch cells have higher total sulfur content 

within the system than coin cells (with same areal sulfur loading),  leading to increased current 

and more severe dendrite growth. The uneven growth of these dendrites is evidenced by the still 

shiny lithium metal on anode after cycling, as indicated by the red circle in Figure 4-6 (d). The 

3D image in Figure 4-6 (k) also shows uneven distribution of the lithium dendrites, indicated by 

different flat heights on the anode. Additionally, the repeated stripping and deposition of lithium 

during leads to the repeated SEI formation on the lithium surface and continuous electrolyte 

consumption, evidenced by the dry separator and S/NC cathode from the cycled pouch cell. The 

depletion of electrolytes also contributes to the polarization increasing of the cell.[160] This also 

explains the poor cycle life of cell with low E/S ratio that displayed in Figure 4-4. The detached 

lithium from current collector could be explained by the fallen off of lithium dendrites, which 

became dead lithium, from the current collector after wrapped by SEI.[85]   

The S/NC pouch cell with a similar areal sulfur loading and the same E/S ratios was 

taken apart after ten cycles. Its cycling performance and charge/discharge curves are shown in 

Figure 4-7 (a) and (b). The morphologies of the cycled lithium anode were also studied the 

microscope. The images in Figure 4-7 (d-h) reveal pronounced lithium dendrite growth even 

within the initial ten cycles. The formation of these dendrites is uneven, some parts of the lithium 

metal remain shiny, while other parts are covered by the gray film or have already detached from 

the copper foil, as indicated by the red circle in Figure 4-7 (e). 

When testing in the coin cells, the excessive lithium (200 μm) and electrolyte avoid the 

occurrence of the problem of the formation of dead lithium and consumption of electrolyte. 

However, in pouch cells, the amount of electrolyte and the thickness of the lithium anode (50 
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μm) must be limited to improve the practical energy density of the cell. Not only the S/NC 

cathode, but the stability of lithium anode is also critical for the long-term cycling life of the cell. 

Therefore, enhancing the protection of the lithium metal anode is crucial for improving the 

cycling stability of Li-S pouch cell.  
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Figure 4-6. Extended (a) cycling performance and (b) charge/discharge profiles of pouch cell 

with areal sulfur loading of 2.2 mg cm-2; (c) Fresh Li anode; (d) Li anode, (e) separator, and (f) 

S/NC cathode from pouch cell after 200 cycles; (g-j) Morphologies of the cycled Li anode 

obtained at different magnifications; (k) 3D image of the cycled Li anode. 
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Figure 4-7. (a) Cycling performance and (b) corresponding charge/discharge profiles of S/NC 

cells (2.6 mg cm-2 of areal sulfur loading and E/S = 8 μL mg-1) that activate at 0.05 C and cycling 

at 0.2 C; (c) Cycled lithium anode after 10 cycles; (d-g) Morphologies of the cycled Li anode 

obtained at different magnifications; (h) 3D image of the cycled Li anode.   
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In the practical Li-S pouch cells, more than one layer of sulfur cathode is required to 

achieve high energy density at the cell level. To maximize the energy density of the cell, which is 

the amount of energy stored per unit weight or volume, double-side coated sulfur cathodes are 

required to reduce the weight of inactive materials. Therefore, in addition to S/NC pouch cells 

with single-side cast electrodes, the performance of one layer double-side coated cathode was 

also examined at 0.2 C with the results displayed in Figure 4-8 (a). The areal sulfur loading of 

the applied S/NC cathode is 1.3 mg cm-2, and the cell was tested at the E/S ratio of 8 μL mg-1. 

The cell initially delivered a specific capacity of 735 mAh g-1 when cycling at 0.2 C and then 

experienced a capacity increase over the first 20 cycles, which could be attributed to the gradual 

infiltration of electrolyte to the active material within the cathode. After 160 cycles, the high 

specific capacity of 701 mAh g-1 was still preserved, demonstrating its good cycling 

performance.  

The performance of 2-layer double-side coated cathodes is shown in Figure 4-8 (b). The 

cell was fabricated using the layer-by-layer strategy with two pieces of double-sided coated 

S/NC cathodes. Each side of the applied S/NC cathode had an area of 30 cm2, containing a total 

of 156 mg of sulfur.[85] The cell was assembled by placing the S/NC cathode, separator, and 

lithium anode layer by layer, as the schematic graph that is shown in Figure 4-1. The two layers 

cell displayed an initial specific discharge capacity of 931 mAh g-1 at 0.2 C. Although it 

experienced a rapid capacity decay over the following two cycles, it maintained stable cycling 

performance in subsequent cycles, delivering a capacity of 664 mAh g-1 at the 140th cycle. This 

consistent performance indicates the effectiveness of the S/NC cathodes in maintaining high 

capacity and stability even in multi-layer pouch cell configurations, making it a promising 

candidate for practical high-energy-density Li-S batteries.  
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Figure 4- 8. Cycling performance of pouch cells with (a) single layer double-sided coated S/NC 

cathode, and (b) two layers double-sided coated S/NC cathodes. 
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3.5 Conclusion 

This chapter presents a comprehensive investigation of the performance of pouch cells 

utilizing the S/NC cathode for Li-S batteries. The initial test that was conducted on the cell with 

low sulfur content and excessive electrolyte (E/S = 20 μL mg-1) demonstrated the superior 

performance of S/NC cathodes over S/KB cathodes. This improvement is attributed to the 

mitigation of the shuttle effect though disproportionation reactions of PS facilitated by the NC 

host. 

The study further explored the viability of S/NC cathodes with lean electrolytes and high sulfur 

loading. Pouch cells with S/NC cathodes displayed a high specific capacity of 1272 and 716 

mAh g-1 at the 1st and 30th cycles respectively with a low E/S ratio of 5 μL mg-1, indicating 

excellent wettability and sulfur utilization of the cathode. The optimal E/S ratio of 8 μL mg-1 

presented the best cycling stability, with the highest capacity of 868 mAh g-1 and a stable CE 

over 99.5% by 30 cycles, pointing to a balance between the electrolyte quantity and cell 

performance. This ratio minimized polarization and facilitated electrolyte infiltration for better 

utilization of sulfur. In the study of the impact of sulfur content on battery performance, the 

pouch cells with low sulfur loadings of 1 and 2 mg cm-2 displayed capacity retention of 90% 

over 100 cycles, indicating the excellent cycling stability of S/NC cathodes. High sulfur content 

cells with 3 and 5 mg cm-2 of sulfur loadings also achieved high specific capacities and 

maintained good cycling stability.  

The prolonged cycling tests of S/NC pouch cells demonstrated apparent capacity decay 

and polarization increase with continuous cycling. Examining the morphologies of components 

from cycled cells revealed the formation of porous and powdery lithium dendrites and electrolyte 

depletion, which contribute to the increased polarization and decay of the cell. These results 
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underscore the importance of lithium protection in achieving long-term stability for Li-S pouch 

cells with lean electrolytes and high sulfur content. 

In conclusion, our S/NC cathode shows significant potential in improving the 

performance of Li-S pouch cells under lean electrolyte and high sulfur loading conditions. The 

findings presented in this chapter underscore the significance of optimizing not only the sulfur 

cathodes but also the lithium metal anode is significant for the overall performance of Li-S 

pouch cell with high energy density. These insights provide a promising way toward developing 

viable Li-S batteries as a competitive alternative to current Li-ion technologies. 
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CHAPTER 5. CONLUSIONS AND FUTURE WORKS 

Li-S batteries are competitive alternatives to current commercial Li-ion batteries in the 

marketplace because of their high theoretical energy density and low cost of sulfur. However, the 

insulating nature of elemental sulfur and the shuttle effect hinder the practical development and 

application of Li-S batteries.  

In this thesis, a novel carbon host material for sulfur cathodes, designated as NC, was 

presented. The carbon was derived from the carbonization of degummed natural silk. This novel 

carbon material possesses hierarchically porous structures and inherently doped nitrogen atoms, 

which help to physically trap and chemically encapsulate dissolved LiPS species at the cathode 

side and prevent their transportation toward the Li anode. Different carbonization ranging from 

750 to 900 oC was tested. The carbon obtained at 800 oC shows the optimized porosity and the 

highest nitrogen content. As a result, its composite with sulfur displays the best electrochemical 

properties, including excellent cyclability and rate performance, as the cathode for Li-S batteries. 

From the results of the color change experiment and HPLC analysis, we found that NC 

can facilitate the disproportionation reactions of PS species, transforming them into elemental 

sulfur and Li2S2 simultaneously. These disproportionation reactions enhance the cycling ability 

of Li-S cells by reducing the possibility of soluble PS species shuttling toward the Li anode and 

ensuring the deposition of solid Li2S2/Li2S on-site within the cathode matrix. However, the role 

of the disproportionation reaction of PS in each cycle is subtle and insufficient to eliminate the 

shuttle effect completely. Therefore, the much-improved cycling of S/NC Li-S batteries is the 

result of a cumulative effect over decades and hundreds of cycles. 
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The S/NC cathodes show superior electrochemical properties in the coin cells with low 

sulfur loading and excessive electrolytes, and they also perform well in pouch cells with high 

sulfur content and limited electrolytes. Although the electrolyte amount in pouch cells should be 

minimized to realize a high practical energy density, the S/NC pouch cells delivered the highest 

capacity and best cycle stability with the E/S ratio of 8 μL mg-1, indicating a balance between the 

electrolyte quantity and cell performance at this E/S ratio.  

S/NC pouch cells could retain stable cycling and CE within the initial 100 cycles, 

depending on the sulfur loading within the cathode. However, most of the cells experienced a 

rapid capacity decay or even a sudden failure in prolonged cycling. Through the explorations of 

components of cycled pouch cells, it is found that the impact of lithium dendrite growth is more 

severe under conditions of low electrolyte and high sulfur loadings. In addition, the repeated 

striping and deposition of lithium lead to the depletion of electrolytes due to the formation of SEI 

in long-term cycling. These issues result in increased polarization, the formation of dead Li, and 

ultimately, battery performance degradation or even failure.  

In future studies, the investigation could focus on better utilizing the disproportionation 

reactions of PS species to extend the cycling life of Li-S batteries to levels comparable to current 

commercial Li-ion batteries. Furthermore, optimization of the lithium metal anode is necessary 

to ensure a high energy density Li-S cell with superior cycling life. 
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