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ABSTRACT 

Rechargeable Lithium-Sulfur Batteries with High Sulfur-

Loading Electrodes 
 

Jianhua Yan 
 

       Energy is one of the biggest challenges that mankind has been faced for many years. 

The ever-growing demand for energy is coupled with environmental concerns associated 

with the excessive use of fossil fuels such as coal, oil and gas. The development of new 

energy storage device with high energy density has unparalleled advantages in terms of 

easing the energy crisis and decreasing environmental pollution, and fueling the various 

energy applications. As one of the prospective energy storage systems, rechargeable 

lithium-sulfur (Li-S) batteries offer possibilities of low cost and high energy density since 

sulfur offers a high theoretical capacity of 1672 mA h g
-1

 and a high energy density of 

2600 Wh kg
-1 

with relatively low-cost. However, despite 20 years of intensive efforts and 

advancements achieved in performance improvements, commercialization of the current 

liquid type Li-S batteries are still challenged by insufficient cycle life with rapid capacity 

fades and low practical energy/power densities.  

   

        In this dissertation, sulfur reaction mechanisms, challenges and recent developments 

related to Li-S batteries were first summarized. A major challenge of Li-S chemistry is 

the multi-step sulfur reaction from elemental sulfur (S8) to Li2S (S8→Li2S8→Li2S6→ 

Li2S4→Li2S2→Li2S). During these processes, the long-chain polysulfide species (Li2Sx, 

4≤ x ≤ 8) can easily dissolve into liquid electrolyte and can migrate back and forth 

between electrodes. This shuttle effect results in a series of problems like self-discharge 

and low practical capacity. More severely, these species can react with the Li-anode and 

make the anode unstable. Another challenge is associated with the insoluble and 

insulating nature of S8 and Li2S/Li2S2, which cause high internal resistance and pose 

major issues for cycle life and power capacity for Li-S batteries. To address these 

obstacles, low sulfur-loading are always employed in sulfur electrodes, which result in a 

low practical energy density and inhibit the commercialization of Li-S batteries.  

 

        These challenges could be met to a large degree by adopting novel carbon structures 

with micrometer pores. Sulfurized carbon nanotubes (SCNT) and sulfurized polyanilines 

(SPANI) with large size pores were successfully synthesized and demonstrated improved 

performance when used as electrode materials in Li-S batteries. The synthesis method for 

SCNT involved surface treatment, solvent exchange, and low-temperature treatment. The 

SCNT composite had a high sulfur content (68 wt.%). The synthesis method for SPANI 

involved in situ chlorinated substitution and vulcanization reactions, which resulted in a 

high sulfur content of 65 wt.%. Both SCNT and SPANI could chemically trap polysulfide 

species from dissolving into liquid electrolytes by forming strong sulfur chemical bonds 

on SCNT and SPANI surfaces, thereby extended the cycle lifetime of Li-S batteries.  

 



 
 

 
 

       A binder-free porous multilayered sulfur cathode structure containing alternately 

arranged SCNT and SPANI layers demonstrated synergistic effects of both materials. The 

multilayered structure with multiple micrometer pores served as high efficiency binders, 

conductive agents, and 3-D mechanical scaffolds for efficient use of sulfur. In addition, 

the layered structures formed physical and chemical C-S bond barriers that retarded 

shuttle effects. A significant improvement not only in the active material utilization but 

also in capacity retention was observed. To move a step closer for commercialization of 

Li-S batteries, which required a much higher sulfur loadings and low cost, a cost-

effective carbon nanofiber paper (CNP) electrode structure that could offer high sulfur 

loading (6-10 mg cm
-2

), and excellent cycling stabilities and rate capabilities was 

developed. This electrode had a hierarchical structure with micrometer pores conducive 

to fast mass transportation, and offered a high degree of interconnectivity of the 

millimeter length CNF to ensure electron conductivity across the entire film. Such a 

structure not only provided physical barrier to trap polysulfide anions, but also functioned 

as a current collector for efficient transportation of electrons and Li-ions. This electrode 

had presented good mass diffusion and electron transportation properties for high energy 

density Li-S batteries and is ready to be applied in real applications, and this simple and 

cost-effective procedure is feasible for mass production.  

 

        To elucidate the underlying mechanism of capacity fade, a comprehensive study of a 

binder-free sulfur-multiwalled CNT composite electrode with a commercialized CNF 

current collector in different quantity of electrolytes was conducted. By examining 

electrochemical performance, sulfur reaction kinetics, and EIS, the major reason for the 

rapid capacity fade was related to the formation of thick layers of solid and 

nonconductive Li2S2/Li2S films.  

 

        Last, a summary was given, and future research recommendations for my research 

were also discussed. 
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Chapter 1: Introduction 

 

       Energy is one of the biggest challenges that mankind faces over the last 50 years, and 

we consume energy 24 hours a day.[1] There are obvious things like our cars, computers, 

phones, air conditioning and heating in our offices and houses. Most of the time, we're 

too caught up in modern life to realize the energy makes these all possible. However, the 

ever-growing demand for energy is always coupled with environmental concerns 

associated with the excessive use of fossil fuels such as coal, oil and gas. Consequently 

there are urgent needs to increase electricity generation efficiency and to develop clean 

and efficient means of energy conversion and storage such as rechargeable batteries. [2] 

 

       Take our cars as an example, the heavy carbonaceous emissions from vehicle engines 

and shortages of fossil fuels have attracted increased research interest in electric vehicles 

including plug-in hybrid electric vehicles (PHEV), hybrid electric vehicles (HEV) and 

electric vehicles (EV). Battery-powered electric vehicles use an electric motor for 

propulsion with batteries for electricity storage. The energy in the batteries provides 

motive and auxiliary power onboard the vehicle. Electric vehicles offer the prospect of 

low air pollutants and relatively low cost of the electric motor, as well as very high 

efficiency. The main drawback is their reliance on batteries that presently have very low 

energy and power densities compared to oil fuels. [3, 4] 

 

1.1 Rechargeable Lithium-Ion Batteries 

       Since the invention of lead acid batteries in 1859, researchers have developed new 

chemistries with ever-higher theoretical energy capacity than the last.[5] After the lead 

acid batteries were nickel cadmium batteries (NiCd), then was the nickel metal hydride 

batteries (NiMH), and then, in 1991, was the first commercial lithium-ion (Li-ion) 

batteries, which remains the highest energy secondary (rechargeable) battery chemistry 

available on the market today (Figure 1-1).  [6, 7] 
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Figure 1-1 Schematic diagram of rechargeable battery performance and history [6].  

 

        Li-ion batteries generally contain four components: anode, cathode, electrolyte and 

separator.[8-10] Anode is the electrode where oxidation reaction takes place, and cathode 

is the electrode where reduction reaction takes place.[11] Electrolyte is an electron 

insulating liquid or solid substance that allows Li-ions to move freely.[12, 13] In this 

dissertation, the positive electrode containing the active material is referred to as the 

cathode. And the Li-metal is referred as the anode. Between the cathode and anode is a 

separator, which is a porous film that prevents the anode and cathode from touching, but 

allows the electrolyte to pass through freely.[14] Figure 1-2 shows how cell operates 

using the commercialized graphite/LiCoO2 battery as an example.[15] Usually, the cell is 

in a discharged state after being assembled. During discharge, lithium ions move from the 

anode through the separator to the cathode. Simultaneously, electrons move from the 

anode to the cathode through the external circuit. This process causes the potential of the 

cathode to decrease and the anode to increase, thus decreasing the voltage of the cell. The 

direction of electron and ion motion is inversed during charging process in comparison 

with that in discharging process. [16, 17] 
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Figure 1-2 A schematic of a commercialized Li-ion battery using LiCoO2 as cathode and graphite 

as anode.  

 

         With Li-ion battery technology poised to move into large scale applications such as 

PHEV and EV, cost targets and performance requirements are raised especially with 

regard to energy, power, cycle life, safety and charge/discharge rate; therefore, further 

advances in Li-ion battery materials and devices are essential. [11] Since the performance 

of cathode materials is inferior to that of anode materials (i.e. graphite), but the price of 

cathode materials is much higher than anode materials, most research studies have 

focused on the development of cathode materials. Among the potential cathode 

chemistries, spinel lithium transition metal oxides (LiM2O4), olivine lithium transition 

metal phosphates (LiMPO4) and layered ternary compounds (LiMO2, in which, M is a 

combination of nickel, cobalt and manganese, so-called NCM) have generated significant 

amount of interest. They have low-cost precursors, their structures are stable and they are 

environmentally benign. [18-20] These characteristics are in contrast to layered oxide 

systems such as LiCoO2, which has long been considered state of the art, but is now 

being reevaluated due to structural instability in recharging process, high cost and 

potential environmental pollution. [21] Great progress has already been made in new 

cathode materials for power applications over the past several years and has led to 

commercial production and increased sales. For example, more cost-competitive NCM is 

winning a higher share in electric bicycles and motors, while lithium manganese oxide 

(LiMn2O4) and lithium iron phosphate (LiFePO4) are already being used in electric cars. 
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        However, the current cathode materials have limitations, and their performance is 

summarized in Table 1-1. The battery system in the 40-mile PHEVs or EVs is expected 

to be designed with adequate cycle life and safety. Safety is a pre-requirement for power 

Li-ion batteries and the high energy density must be able to sustain high operating 

temperatures and poor working conditions. Most of all, the battery systems should have 

sufficient energy capacity and adequate output peak power, both of which are often 

considered as two key criteria during material optimization and development. The 

demands of electric drive vehicles (EDV) for power Li-ion batteries are shown in Table 

1-2.  

 

Table 1-1 Comparison of current commercialized cathode materials. 

 

Table 1-2 EDV demands for power Li-ion batteries. 

 

         While Li-ion batteries have enjoyed a significant degree of success, there is 

evidence that their rise has begun to plateau due to their high-cost and low 

capacity/energy density. [22, 23] Consider the emerging electric vehicles (EVs) that use 

today’s state-of-the-art Li-ion cells, yet the batteries are still the weakest link in 

determining the vehicle’s performance, durability, and cost. Even after decades of 

progress, Li-ion batteries are still too expensive. When the state-of-the-art Li-ion batteries 

are deployed in quantities of over 7,000 in the Tesla Model S, the result is a high-

performance vehicle that accelerates with the best of its internal-combustion engine (ICE) 

competition. However, despite this promising performance, the Model S is still a heavy 

car (its batteries weigh over 330 kg) and is too expensive for wide use (its batteries cost 

about $20,000). The batteries used in the Model S as well as other production EVs are the 
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best Li-ion batteries available today, yet they are still the key concern in determining 

vehicle performance, durability, and cost. The Li-ion battery energy capacity is 

fundamentally limited by its basic electrochemistry, while its high costs are unavoidable 

due to the expensive metals used in its construction. 

 

1.2 Rechargeable Lithium Sulfur (Li-S) Batteries  

        In order to further expand the reach of electrochemical energy storage in the market, 

a substantial improvement will be necessary. Improving the battery chemistry from 

current lithium intercalation reactions in transition metal oxides or metal phosphates or 

graphite may boost the energy density of Li-ion batteries. [24] The Li-S chemistry is a 

potential breakthrough solution to this enduring battery performance problem. [25] Li-S 

batteries are regarded as one of the next-generation energy storage systems due to their 

high specific energy and improved energy density compared to Li-ion batteries. [26] The 

theoretical capacity of sulfur is 1672 mA h g
-1

 (two electrons are needed for each sulfur 

atom, calculated based on S
0
 ↔ S

2-
). Coupled with the average operating voltage of a Li-

S cell (2.15 V vs Li
+
/Li

0
) and the theoretical capacity of a pure Li-anode (3862 mA h g

-1
, 

calculated based on Li
+
 ↔ Li

0
), the energy density can be estimated to be as high as 

~2600 Wh kg
-1

, which is an order of magnitude higher than that of traditional Li-ion 

batteries (Table 1-3). [27] In addition to the advantage of significant high energy density, 

Li-S batteries have been proposed to be an inexpensive alternative of current batteries, 

owing to the low cost of sulfur. Furthermore, sulfur is benign and far safer than toxic 

cobalt oxide.  

 

Table 1-3 Comparison of typical C/Li[CoNiMn]O2 and Li-S batteries. [27] 

 

        The Li-S battery seems a good fit for many applications due to its low-cost active 

material, environmental benignity, high gravimetric/volumetric energy density, and low 
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operation voltage. Consumer electronics applications, such as power tools and tablet 

computers, value low-weight batteries, are willing to pay a premium for differentiated 

performance. By utilizing the Li-S battery technology, the usage time of portable devices 

could be considerably enhanced by at least three times longer than that of current Li-ion 

battery systems.  The EV market presents a large and growing opportunity for Li-S. The 

Li-S battery can also be designed as a half-flow-mode cell with a tank of polysulfide 

catholyte at the cathode side. This concept has recently been proved feasible with a 

membrane-free, semi-liquid cell configuration. The redox flow Li-S cell is applicable to 

large-scale stationary energy storage for intermittent renewable energies such as wind, 

solar, geothermal, and hydropower.  

 

1.3 Li-S Systems and Principles 

Although a variety of Li-S cells have been considered, a sulfur cathode generally 

contains elemental sulfur along with supporting components similar to a Li-ion battery, 

including an electronically conductive additive and a polymer binder. Sulfur is a naturally 

abundant element that exists as an eight-membered ring (S8). In a conventional Li-S cell 

(Figure 1-3), the cathode is separated from the metallic Li-anode by an organic liquid 

electrolyte. This configuration has been the platform for subsequent major research 

activities.  

                                      

Figure 1-3 Illustration of the charge (red)/discharge (black) process involved in a rechargeable 

Li-S battery consisting of Li-metal anode, organic electrolyte, and sulfur composite cathode. 

 

        When applied a discharge/charge current to a liquid type Li-S battery, a series of 

electrochemical reduction/oxidation reactions take place on the sulfur cathode and 
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reversed oxidation/reduction reactions take place at the anode. For example, in discharge, 

the reduction starts from the dissolution of elemental sulfur and end with lithium sulfide, 

Li2S, through an eight-stage process, as shown in equations 1-1 → 1-8. [28-31] The 

overall redox reaction can be written in equation 1-0, in which two electrons are needed 

for one sulfur atom. On the basis of this 2-electron chemical reaction, in combination 

with the low weight of lithium and sulfur, Li-S batteries possess a high theoretical 

specific energy of 2680 Wh kg
-1

, nearly five times that of the current Li-ion battery 

technology. 

                                                 2Li
+ 

+ S + 2e
 ⇔ Li2S↓ (1-0) 

S8 (s) ⇔ S8 (l)              (1-1) 

S8 (l) ＋ 2e ⇔ S8
2-

           

(1-2) 

3

2
 S8

2- ＋ e ⇔ 2 S6
2-

          

(1-3) 

S6
2-

 ＋ e ⇔ 
3

2
 S4

2- 
         (1-4) 

1

2
 S4

2-
 ＋ e ⇔ S2

2-
             

(1-5) 

1

2
 S2

2- ＋ e ⇔ S2
-
                

(1-6) 

S2
2- ＋ 2Li

+
 ⇔ Li2S2↓  (1-7) 

S2
- ＋ 4Li

+
 ⇔ 2Li2S↓    (1-8) 

         

Figure 1-4 (a) A typical charge and discharge curves under a moderate current. (b) A typical 

discharge curve showing polysulfide anions’ solubility under a moderate current. 

 

       A typical voltage profile of Li-S battery is plotted in Figure 1-4a. In discharge, 

solid-phase sulfur rings (S8) first dissolve into electrolyte, then the dissolved sulfur is 

(a) (b) 
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reduced step-by-step. It is generally thought that the discharge process can be divided 

into three reduction regions. [25] The predominant products of these three regions are 

Li2S4, Li2S2 and Li2S, respectively. [32] The first region belongs to the dissolution region, 

and the last two regions are ascribed to the solid-state region, as shown in Figure 1-4b. 

[33] 

 

       Region I: Initially, the solid state sulfur is dissolved into the liquid electrolyte and 

forms liquid state sulfur, as shown in equation 1-1. Then, the liquid-type sulfur is further 

reduced to the intermediate long-chain highly soluble polysulfide species Sn
2-

 (4 ≤ n ≤ 8), 

through a stepwise sequence of soluble polysulfide ions to form S4
2-

 as shown in 

equation 1-9, which  combined equations 1-1 to 1-4.           

S8 (l) ＋4 e → 2 S4
2- 

                    
  

(1-9) 

This is a half-electron charge transfer per sulfur atom, contributing about 25% of the total 

sulfur capacity. The controlled Nernst equation is shown in equation 1-10 [34]: 

𝐸𝑈 =  𝐸𝑈
Ɵ + 

𝑅𝑇

𝑛𝐻𝐹
𝑙𝑛

[𝑆8(𝑙)
0 ]

[𝑆4
2−]2                    (1-10)  

Increased with the depth of discharge, the concentration of soluble S4
2-

 anions gradually 

increases, while the concentration of S8 is maintained at or a little lower than its saturated 

concentration in the electrolyte all the time because of the low solubility of elemental 

sulfur in liquid electrolyte. Therefore, the voltage in the upper plateau, which decreases 

all the time, is mainly affected by the concentration of S4
2-

. When the electrolyte viscosity 

rises to a certain level, the Li-ion transport will encounter some difficulties, as verified by 

the small reverse peak that is circled as point 1 (Figure 1-4a). Thus, the fast voltage drop 

in the sloping region reflects the concentration polarization.  

 

       Region II: Next, the liquid long-chain polysulfide S4
2- 

is further reduced to short-

chain Li2S2 or Li2S, as seen in equations 1-11 and 1-12.  

S4
2-＋6 e → 4 S

2-
                                      

(1-11) 

S4
2-＋2 e → 2 S2

2-
                                     

(1-12) 

Some literatures suggested that the transition from the high to the low discharge voltage 

plateau took place concurrently with the start of the formation of solid lithium sulfide. 
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This stage contributes to the major portion of the capacity with a fixed voltage. The 

controlled Nernst equation is shown in equation 1-13 [35]: 

𝐸𝐿 =  𝐸𝐿
Ɵ + 

𝑅𝑇

𝑛𝐿𝐹
𝑙𝑛

[𝑆4
2−]

[𝑆2
2−/𝑆2−]4 

          (1-13) 

Since both Li2S and Li2S2 have a very low solubility in electrolyte, the concentration of 

S2
2-

/S
2-

 is almost maintained at its saturated concentration. On the other hand, although 

the concentration of S4
2- 

gradually decreases along with the discharge time, the kinetic 

reactions of equations 1-11/1-12 are very slow, thus the discharge curve keeps between 

2.1 and 2 V for a long time. Until the concentration of S4
2- 

is reduced to a certain extent, 

the voltage shows a quick decrease, and the reaction is terminated.  

 

      Region III: The last sloping tail corresponds to a solid-to-solid reduction from Li2S2 to 

Li2S, as seen in equation 1-14: 

Li2S2 ＋2 Li
+
 + 2 e → 2 Li2S      (1-14) 

The inter-conversion of Li2S2 to Li2S is kinetically slow and difficult. This conversion is 

impeded due to the sluggishness of solid state diffusion in the bulk. [35]  

 

       Region II together with region III accounted for a one and half electron charge 

transfer per sulfur, contributing the remaining 75% of the sulfur capacity. Li2S was found 

to form in the beginning of the low plateau, which contributes to the major portion of the 

capacity with a fixed voltage. [36] 

 

       In the charge process, the electrons transfer from the cathode active materials to the 

electrode until the charging cut off voltage. A long flat low plateau is seen first, 

representing the oxidation of insoluble Li2S and Li2S2 to long-chain soluble polysulfide 

species.[37] A reduced polarization caused by the oxidation from solid Li2S and Li2S2 to 

liquid long-chain polysulfide species is verified by the small peak that is circled as point 

2 (Figure 1-4a). The upper charge plateau, which is hard to define, indicates the 

oxidation reactions from the soluble long-chain polysulfide species to elemental sulfur. It 

is suggested that all the polysulfide species transform into the intermediate with the most 

facile oxidation kinetics (via charge transfer), which is believed to be S8
2-

. [38]        
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1.4 Challenges of Li-S Batteries 

        Sulfur’s high theoretical capacity of 1675 mA h g
-1

, a ten-fold greater capacity 

versus today’s Li-ion and Na-ion batteries, make Li-S batteries an attractive candidate for 

meeting increasing demand for high energy density high energy storage devices. In 

addition, the cheap sulfur materials may contribute to alleviating the cost-efficient nature 

of renewable energy. However, the commercialization of Li-S batteries is hindered by 

their short calendar life caused by the rapid capacity fade. [24, 39-41] 

 

         A prominent issue is associated to the multi-step process from S8 to Li2S (S8↔S8
2-

↔S6
2-

↔S4
2-

↔ Li2S2↔Li2S). First, S8 and Li2S2/Li2S are insoluble species and have 

extremely low electronic conductivity, which greatly decrease the utilization of the active 

sulfur materials and pose major issues for power capability. The soluble long-chain 

polysulfide species (Li2Sn, n≥3) can be directly reduced to Li2S2/Li2S, and deposit or 

accumulate on the cathode surface, which decreases the electrochemical reaction sites in 

the cathode structure and thus results in capacity fade. Although adding a large amount of 

conduct carbon agents can alleviate this problem, the overall capacity content of sulfur 

cathode is correspondingly decreased, which neutralizes the advantage of high energy-

density. [42] 

 

        A second significantly complicated issue is related to the formation of intermediate 

long-chain lithium polysulfide species during cycling. For one thing, these intermediate 

polysulfide species exist only in the electrolyte, and can diffuse from the cathode to the 

electrolyte, reducing the overall quantity of sulfur in the cathode, and thus leading to a 

decreased battery capacity. For another, they can further diffuse to the Li-anode, where 

they are reduced to nonconductive Li2S, which is deposited on the anode or in the 

electrolyte. [34, 43-45] Some of these Li2S may continue to react with long-chain 

polysulfide species and form short-chain polysulfide species, which can diffuse back to 

the cathode. The uncontrollable deposition layers consume active sulfur materials and 

increase cell’s resistance, resulting in rapid capacity fade of cells, while the shuttle 

circulating between the two electrodes leads to self-discharge, making the charging time 
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of the battery towards infinity, and greatly decreasing the Coulombic efficiency and cycle 

life of cells. [46-48] 

 

1.4.1 Insulating Active Sulfur Materials 

        The first problem in a Li-S cell is the nonconductive property of Li2S2/Li2S and 

sulfur (with a high resistance of 5 × 10
-30

 S cm
-1

), which is required to contact with 

conductors since the reduction or oxidation of sulfur can only take place on the 

conductive surface.[49] The high resistance of sulfur leads to low active utilization in Li-

S cells. Although this problem could be addressed by introducing a large amount of 

conductive agents, the low sulfur content in sulfur electrodes may neutralize the 

advantages of high-energy density Li-S batteries. 

 

1.4.2 Volume Expansion 

        Sulfur has a high mass density of 2.03 g cm
-3

, which expands during discharge 

owing to the lower density of the final discharge products (Li2S) with a mass density of 

1.67 g cm
-3

, and contracts again on charge. The volume change is an important factor to 

consider when designing sulfur electrodes, since it induces strain inside the electrode, and 

causes huge crack, resulting in the detachment of lithium polysulfide species from the 

carbon surface, and leading to low efficiency and fast capacity decay of cycling.[50] 

Utilizing conductive polymer materials or fabricating binder-free sulfur electrode could 

mitigate this problem. 

 

1.4.3 Rapid Capacity Fade 

        Li-S battery is a liquid electrochemical system, in which the sulfur-to-electrolyte 

ratio plays an essential role in the cell’s performance.[51, 52] More electrolyte causes 

larger amounts of materials loss, and leads to a rapid capacity fade. However, the 

dissolution of long-chain lithium polysulfide species exposes the inner nonconductive 

sulfur/Li2S2/Li2S to the conductive carbon framework, making it easy for electron-

transfer, and thus promotes a complete reaction and produces a high capacity. [35] In 

addition, the dissolution enhances ion diffusion, which promotes a high charge and 
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discharge rate. Therefore, these two opposite factors should be properly balanced to get a 

good performance with a reasonable capacity and cycle life. 

 

       To understand the capacity decay mechanism in Li-S battery, where the discharge 

capacity from and the effects of transformations between the various polysulfide species 

on the discharge capacity should be clearly understood. The discharge capacity at 

different depth of discharge (DOD) is summarized in Table 1-4.  

         

Table 1-4 Discharge capacity vs. DOD in Li-S batteries. 

 

The theoretical capacity (mA h g
-1

) of initial discharge is expressed as:  

                                                  q = 
𝑛𝐹

𝑀
                                                  (1-15) 

Where, M is molar of quality of sulfur, F is Faraday constant, and n is transferred 

electrons per sulfur atoms. 

       The initial discharge capacity (mA h g
-1

) can be calculated by equation 1-16: 

𝑞𝑟1 = ∑ 𝜔𝑛𝑞𝑠8→𝐿𝑖2𝑆𝑛
= 𝜔8𝑞𝑠8→𝑆8

2− + 𝜔4𝑞𝑠8→𝑆4
2− +

  
 𝜔2𝑞𝑠8→𝐿𝑖2𝑆2 + 𝜔1𝑞𝑠8→𝐿𝑖2𝑆  

= 210ω
8
 + 420ω

4 
+840ω

2
 +1680ω

1
                                  (1-16) 

Where, ωn is the weight percent of S8 being converted to Sn
2-

, 

∑ 𝜔𝑛 = 1, n=1, 2, 4, 8                                                      (1-17) 

 

       Since the thermodynamic reaction from solid Li2S2 to solid Li2S is very difficult, ω1 

is far below than 1, this is the major reason for a low initial capacity in Li-S cells. On the 

other hand, since the intermediate polysulfide species can easily be dissolved into the 

liquid electrolyte, and the thermodynamic reaction from polysulfide species to the 

elemental sulfur is very slow, only a small amount of active materials can be oxidized to 

elemental sulfur at the end of the initial charge.[53] Therefore, after the initial cycle, most 
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of active materials in the cathode are soluble high-order polysulfide species in high 

valence states.      

 

        From the second cycle, the discharge capacity can be calculated by equation 1-18:  

𝑞𝑟𝑥(𝑥>1) = ∑ 𝜔𝑚
𝑠8𝑞𝑠8→𝐿𝑖2𝑆𝑛

+ ∑ 𝜔𝑚
𝑆8

2−

𝑞𝑆8
2−→𝐿𝑖2𝑆𝑛

+

∑ 𝜔𝑚
𝑆4

2−

𝑞𝑆4
2−→𝐿𝑖2𝑆𝑛

      (1-18) 

This discharge capacity comprises three parts: from elemental sulfur to Li2Sn, from Li2S8 

to Li2Sn, and from Li2S4 to Li2Sn. These three parts indicate three kinds of active 

materials at the very beginning of the second discharge process. Since there are still some 

insoluble Li2S2/Li2S at the end of charging process, the total weight percent of these three 

active materials are described in equation 1-19: 

∑ 𝜔𝑚
𝑠8 + ∑ 𝜔𝑚

𝑆8
2−

+ ∑ 𝜔𝑚
𝑆4

2−

=1- 
∑ ∆𝑆(𝐿𝑖2𝑆+𝐿𝑖2𝑆2)

𝑆
            (1-19) 

Each of the three summarizations also contains three parts, take ∑ 𝜔𝑚
𝑆8

2−

as an example:  

∑ 𝜔𝑚
𝑆8

2−

𝑞𝑆8
2−→𝐿𝑖2𝑆𝑛

=  𝜔4
𝑆8

2−

𝑞𝑆8
2−→𝑆4

2−  +𝜔2
𝑆8

2−

𝑞𝑆8
2−→𝐿𝑖2𝑆2

+ 𝜔1
𝑆8

2−

𝑞𝑆8
2−→𝐿𝑖2𝑆 

= 210𝜔4
𝑆8

2−

+630𝜔2
𝑆8

2−

+1270𝜔1
𝑆8

2−

                             (1-20) 

 

       In the charge process, as mentioned previously, most of the active sulfur materials 

exist as long-chain polysulfide species at the end of charge process. 

 

       In addition to the basic reactions in a Li-S battery that has been discussed in section 

1.3, there are some other complicated reactions during cycling. For example, the long-

chain polysulfide species react with lithium ions in the electrolyte and form insoluble 

Li2S, as seen in equation 1-21: 

Li2Sn + 2 e + 2 Li
+
 → Li2S + Li2Sn-1          (1-21) 

This reaction consumes electrolyte, and causes capacity fade with cycling. [25]   

 

       On the other hand, due to the free movement of long-chain polysulfide species in the 

electrolyte through the separator to the Li-anode where they are reduced to insoluble 

Li2S2 or Li2S, as seen in equations 1-22 and 1-23 [26, 54]: 
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2 Li + Li2Sn → Li2S↓ + Li2Sn-1                 (1-22) 

2 Li + Li2Sn → Li2S2↓ + Li2Sn-2                (1-23) 

These nonconductive solid products easily precipitate onto the Li-anode surface, and the 

Li-anode may be fully coated by Li2S/Li2S2, part of which may continue to react with the 

following arrived long-chain polysulfide species to form short-chain polysulfide species, 

as seen in equations 1-24 and 1-25: 

Li2S + Li2Sn → Li2Sm + Li2Sn-m+1          (1-24) 

Li2S2 + Li2Sn → Li2Sm + Li2Sn-m+2         (1-25) 

 

       When these short polysulfide species become concentrated at the anode side, they 

will diffuse back to the positive electrode and are then re-oxidized into long-chain 

polysulfide species. This repeated migration behavior is called “polysulfide shuttle 

effect”, which causes self-discharge and produces current in the cell. [34] The polysulfide 

species reduced at the anode cause a continuous evolution of porous Li metal structure, 

and lead to unstable solid-state electrolyte interface layers, damaging long-term cell 

performance and presenting safety issues. Polysulfide shuttle takes place in both charge 

and discharge processes (Figure 1-5) in the Li-S cell systems. But it is severe especially 

at the upper plateau region of the charge curve, even until the cell is reaching over its 

theoretical capacity.[48] In charge, the insoluble Li2S can be easily transformed into 

soluble high-order polysulfide species, but the conversion from the soluble polysulfide 

species to elemental sulfur is very difficult, and the process is slow (Figure 1-6a), and 

some reports demonstrated that polysulfide species do not transform back to elemental 

sulfur even at 100% depth of charge in the initial several cycles, and only a little active 

materials are oxidized into elemental sulfur, say 20 % sulfur plus 80% polysulfide 

species. Along with the depth of charging, the concentration of the long-chain polysulfide 

species at the cathode is much larger than that in the anode, and thus the diffusion 

dynamics of these polysulfide species for transporting from the cathode to the Li-anode 

become larger. At the same time, the reduced reactions of these migrated polysulfide 

species on the Li-anode surface are also accelerated. Therefore, the second voltage 

plateau in the charging curve might be the result of a competition between 

electrochemical oxidation and reduction (Figure 1-6b).  
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Figure 1-5 Diagrams of poly-shuttle in (a) discharge and (b) charge process in Li-S battery. 

 

Figure 1-6 Diagrams of charging process in the Li-S batteries. 

 

        However, the current associated with these reactions does not contribute to charging 

the battery, resulting in a low Coulombic efficiency. These highly active polysulfide 

species can further react with the electrolyte, depleting both active materials and solvent 

molecules. Of note, poly-shuttle effect can prevent overcharge of Li-S batteries. 

 

        The diffusion and migration of the soluble long-chain polysulfide species can be 

described by Nernst-Planck equation 1-26 [55]: 

𝐽𝑗(𝑥) = −𝐷𝑗
𝜕𝐶𝑗(𝑥)

𝜕𝑥
− 𝜇𝑗𝐶𝑗

𝜕𝑉(𝑥)

𝜕𝑥
             (1-26) 

In which, j is the polysulfide anion; C is the concentration of the polysulfide anions; V is 

electrostatic potential; D is the diffusion constant, which indicates the ease with which 

the anions pass through the liquid electrolyte under a concentration gradient; and μ is the 

mobility of polysulfide anions, representing the ease with which the anions pass through 

the liquid electrolyte when an external electrical field is applied. Equation 1-26 comprises 

two parts: the first one is diffusion, and the second one is migration. Since for a particular 

cell, the applied voltage is fixed, thus the migration is controlled by open circuit voltage 

(OCV). From equation 1-26, the concentration of polysulfide anions in the cell is an 

(a) (b) 

(a) 
(b) 
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important factor for polysulfide shuttle, which can be adjusted by controlling the quantity 

of electrolytes. Similarly calculations can be applied to the other three formulas.  

 

        Another reason for the capacity fade is due to the formation of thick and insulating 

Li2S and Li2S2 layers covering sulfur electrodes after cycling.[54] This deposition 

behavior may lead to the formation of some “inactive regions” in the cell. The chemistry 

results in uncontrollable deposition of Li2S/Li2S2 species on both electrode surfaces, 

significantly inhibiting further lithiation from Li2S2 to Li2S, leading to low sulfur 

utilization and deteriorating the cyclability. In addition, the deposited Li2S2 can destroy 

the conductive structure in the cathode. This part of sulfur will cause irreversible capacity 

loss. More seriously, it might cause cell failure if the agglomeration of Li2S/Li2S2 blocks 

the electron and ion pathways in the electrode. Appropriate pore distribution in the 

cathode matrix should be designed in order to trap the soluble polysulfide intermediates 

in the pores, which can avoid active material agglomeration plating on the surface of 

electrodes.  

 

     Based on the above analysis, the total capacity fade, Q, of the liquid type Li-S battery 

can be divided into three parts: 

                                         Q = Q1 + Q2 + Q3                                  (1-27) 

Where Q1 is capacity fade due to the loss of active sulfur materials into the liquid 

electrolyte; Q2 is capacity fade due to the precipitation of nonconductive Li2S2/Li2S films 

onto the surfaces of both electrodes and formation of passivation layers, which inhibit 

further lithiation/delithiation; Q3 is capacity fade due to the incomplete conversions from 

Li2S2 to Li2S in discharge and from long-chain polysulfide species to elemental sulfur in 

charge.  

 

1.4.4 Self-Discharge    

        The formation of soluble long-chain polysulfide species through the reduction of S8 

or oxidation of Li2S2/Li2S is common to most current Li-S batteries. The solubility of the 

long-chain polysulfide species can assist the utilization of active sulfur materials because 

the dissolved polysulfide species can migrate freely to ensure intimate contact with 
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conductive carbon or polymers. However, the dissolution behavior brings numerous 

drawbacks, mainly including rapid capacity fade. Accompanied with the rapid capacity 

fade is the fourth problem: self-discharge in current liquid type Li-S battery, which is also 

resulted from the polysulfide dissolution. [56] With the increasing storage time of Li-S 

battery, the long-chain soluble polysulfide species may react with Li-ions in the 

electrolyte and, therefore, produces short-chain soluble polysulfide species that gradually 

diffuse out of the cathode, and insoluble Li2S that precipitate in electrolyte, as shown in 

equations 1-22 and 1-28:  

Li2Sn＋2e + 2Li
+
 ⇔ Li2S↓ + Li2Sn-1

       
(1-22)  

 xLi2Sn-1 ⇔ Li2S↓ + yLi2Sn
                           

(1-28)  

These reactions are helpful for generating the final discharge products of Li2S. While 

self-discharge occurs, the open circuit voltage (OCV) of the cell declines and the upper 

discharge plateau shortens, implying the change in the oxidation state of the active 

material. The self-discharge rate may also depend on properties of current collectors.  

 

1.5 Conclusions  

        In this chapter, we first introduced lithium battery systems, and then focused on the 

Li-S chemistries upon which this work is primarily based. A detailed discussion of Li-S 

fundamentals, challenges and potential applications is presented to provide a general 

context for the research that is covered in this dissertation. The successful operation of a 

Li-S battery relies on the progress of the multiple reactions in the cell. Based on the 

analysis, we concluded some reasons for rapid capacity fade, which is a main problem for 

the current Li-S batteries. The chemical properties of the polysulfide species differ 

greatly. Specifically, S8  and Li2S are solid and insoluble in nearly all common 

electrolyte solvents, while the soluble long-chain polysulfide species are easily dissolved 

by most of solutions including organic solvents, ionic liquids and polymers. During the 

cell operations, these polysulfide species are continuously produced and consumed, and 

at the same time, some of them can diffuse from the cathode structure to the electrolyte, 

reducing the overall  quantity of active sulfur materials and resulting in decreased battery 

capacity. In addition, these polysulfide species can further migrate to and react with the 

Li-anode. These parasitic reactions consume useful energy and are regarded as one of the 
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biggest challenges associated with Li-S batteries. Furthermore, the species insolubility is 

another issue that related to these parasitic reactions. The solid Li2S2/Li2S may precipitate 

everywhere including cathode, anode and electrolyte once they are produced, and most of 

them are potentially impossible to be reused. Interrelated with the challenges for cathodes 

is the issue of anode stability. As with all Li-metal anode battery designs, there is a 

significant concern related to dendrite growth during cycling. 

 

        In spite of the barriers researchers have faced to date, the potential of a viable Li-S 

battery is too great to ignore. The emergence of new nanomaterials science and its 

supporting research tools is enabling progress on the open challenge. When designing a 

battery, there must be a careful consideration of the trade-offs to meet the needs of the 

given applications. These criteria can vary significantly, and some of the most common 

crucial metrics for batteries include: (1) Energy content with respect to weight (specific 

energy, Wh/kg) and volume (energy density, Wh/L). (2) Power content with respect to 

weight (specific power, W/kg) and volume (power density, W/L). (3) Rechargeable 

lifetime (number of cycles). (4) Cost ($/kWh). (5) Safety (environmental toxicity and 

response to mechanical and electrical shock). The recent improvements in Li-S batteries 

are summarized in Chapter 2. 
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Chapter 2: State of The Art 

 

        In this chapter, a detailed literature review on sulfur properties, and recent 

developments in various sulfur cathodes, electrolytes and Li-S cell configurations are 

summarized.  

 

2.1 Properties of Sulfur 

 

Table 2-1 Dynamic viscosity of liquid phase sulfur at different temperatures.[49] 

        The amount of sulfur in the Earth is about 0.05 wt.%, which is higher than carbon. It 

ranks about number 16 among the elements in terms of their abundance in the earth. 

Elemental sulfur could be achieved from mined deposits by the Frasch process or from 

oil and gas production. Sulfur is in the form of polyatomic molecules with different 

structures, and rhombic sulfur (α-S) with eight-membered ring (S8) is the most stable 

allotrope at room temperature. Sulfur melts at 115.21 °C, boils at 444.6 °C and sublimes 

easily. At 95.2 °C, below its melting temperature, S8 changes from α-S to β-

polymorph. The structure of the S8 ring is virtually unchanged by this phase change, 

which affects the intermolecular interactions. Between its melting and boiling 

temperatures, S8 changes its allotrope again, turning from β-S to γ-S, again accompanied 

by a lower density but increased viscosity due to the formation of polymers. The dynamic 

viscosity of liquid sulfur under different temperatures is shown in Table 2-1. It is found 

that sulfur has the lowest viscosity at 158 
o
C, above which sulfur has a quick increased 

viscosity due to the formation of polysulfide species (Sμ) with large molecular weight 

(60,000-150,000). Generally, sulfur exists in the form of S8, S7, and S6 below 400
 o

C 

http://en.wikipedia.org/wiki/Polymorphism_(materials_science)
http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Polymer
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(Figure 2-1). However, in the temperature between 500-800
 o

C, sulfur mainly existed in 

the form of S4 and S2 (Figure 2-2).  

 

 

Figure 2-1 Liquid sulfur compositions at different temperatures. [49] 

 

 

Figure 2-2 Compositions of sulfur vapor molecular at different temperatures. [49] 

 

2.2 Cathodes for Li-S Batteries  

        Since sulfur has a lot of challenges when used as cathode materials, most current 

studies have focused on the development of sulfur materials or sulfur cathode structures 

to improve cell performance. [41] Generally, an ideal sulfur electrode should contain four 

characteristics: (1) sufficient space to accommodate sulfur volumetric expansion; (2) 

short transport channels for both electrons and Li-ions to achieve high capacity and high 

power capability; (3) a large conductive surface area for deposition of insulating 
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Li2S2/Li2S in order to preserve the morphology of the electrode; (4) effective trapping of 

polysulfide species through physical and chemical means. In the following sections, we 

summarize different sulfur cathodes.   

 

2.2.1 Sulfur-Carbon Composites 

       Carbon is widely used as electronic conductor in battery industry, and plays a 

particularly important role in sulfur electrodes. [57-60] The commonly developed carbon 

materials include porous carbon, graphene, carbon nanotubes, and carbon nanofibers. 

Since the role of hollow carbon including spheres and tubes is similar to that of porous 

carbon, we will not summarize it individually. In addition, carbon black is always used as 

additional conductive additive because of its superior conductivity, thus we will not 

introduce it as an individual section. The conventional synthesis procedures for sulfur and 

carbon composites contain physical mixing, melting route at 159 
o
C, sulfur chemical 

bonding at a high temperature (>300
 o

C), and solution-based deposition. Currently, 

employing sulfur/carbon composites is the most common and effective way to improve 

Li-S cell performance. [61] High carbon content improves electrode conductivity but at 

the expense of reduced energy density. Some studies showed that the initial state and 

distribution of sulfur may only influence the first a few cycles since sulfur is converted 

into long-chain polysulfide species, and then they freely diffuse to their preferred 

electrochemical locations, where they are thermodynamically stable in the carbon 

structure. [51] Therefore, the carbon properties are the main factors to impact the cathode 

performance in Li-S batteries. In the following subsections we will group different 

carbon sulfur composites and sulfurized carbon composites.   

 

2.2.1.1 Porous Carbon and Sulfur Composites 

       Porous carbon is frequently used as sulfur matrix owing to their absorbability of 

soluble polysulfide species. [56, 62-75] Peled et al. first described the concept of loading 

sulfur into the porous structure of carbon materials to establish more efficient electronic 

contact and to improve volumetric energy density of Li-S battery. [75] Generally, micro-

pores (d < 2 nm) were demonstrated as the ideal container for accommodating soluble 

polysulfide species due to the small size. While the meso-pores (2 nm < d < 50 nm) could 
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promote Li-ion transport by providing abundant channels for the electrolyte at the 

cathode structure. However, they are less efficient than micro-pores to trap soluble 

polysulfide species since the size of polysulfide ions is closer to that of micro-pores. The 

electronic contact of sulfur encapsulated in the macro-pores (d > 50 nm) is quite limited, 

which results in considerable polarization. When sulfur mass is large, incomplete 

discharge occurs with sulfur remaining within the core of the particles, particularly at 

high power output. The size of meso-pores in the carbon does not have a great effect on 

the cyclability of Li-S cells when the meso-pores are fully-filled.[76] However, partially-

filled sulfur-mesoporous carbon composites are better than fully-filled composite 

cathodes due to the intimate contact between sulfur and the partially-filled carbon, which 

enhances electronic and ionic transport. Nazar et al. reported a mesoporous CMK-

3/sulfur composite that comprised high pore volume carbons with 3D-accessible channel 

nanostructures.[64] Sulfur is readily incorporated from the melt by capillary forces. The 

residual pore volume in the composite is designed to retain pathways for electrolyte/Li
+
 

ingress and to accommodate the active mass volume expansion during cycling. The semi-

amorphous and microporous morphology of the wall structure of CMK-3 carbon is also 

conductive to Li-ion transport. The conductive carbon framework constrains the sulfur 

within its channels and generates essential electrical contact as shown schematically in 

Figure 2-3.  

 

Figure 2-3 Schematic of the sulfur confined in the interconnected pore structure of mesoporous 

carbon, CMK-3 [64]. 

 

2.2.1.2 Carbon Nanotube and Sulfur Composites 

       Carbon nanotube (CNT) materials are widely used as sulfur carriers because of their 

superior mechanical strength and electrical conductivity. [77-80] In addition, CNTs have 

tunable chemical characters including formation of oxygen-containing groups on surfaces 
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and changes in nanotube structures and thermal stability; these chemical characters may 

enhance reactivity of aromatic carbon rings for sulfur immobilization. [81-83] Some 

network structures built from CNTs are able to suppress the polysulfide shuttle due to 

their high absorbability. [84, 85] Pore structures can also be introduced in CNTs via 

various synthesis methods to obtain improved cycle performance. [86, 87]  

 

        However, multi-walled CNT sulfur networks have obvious limitations. [88] First, 

the surface area and pore volume of CNTs are typically less than 350 m
2 

g
-1

 and 0.5 cm
3 

g
-1

, respectively, which limit their capacity to accommodate the sulfur active materials. 

[27] Moreover, the tubes are unfavorable for Li ion transport since ion mobility can only 

take place along the long CNT axis, and not perpendicular to it.  

 

2.2.1.3 Graphene and Sulfur Composites 

         Graphene, a two-dimensional (2D) carbon monolayer that can be extracted from 

graphite, is regarded as an ultra-light, thin, and hard material with high conductivity. [58, 

89, 90] The flexible characteristic of graphene renders it suitable to be the sulfur carrier 

in Li-S batteries. Graphene in composite coatings or wrap in sulfur can suppress the loss 

of active sulfur species due to dissolution during cycling. [86, 91-96] The high electrical 

conductivity of graphene can improve the active material utilization as well. Ji et al. 

applied graphene oxide as the carbon source, and both epoxy and hydroxyl groups could 

assist in immobilizing the active material during discharge/charge. 

 

2.2.1.4 Sulfurized Carbon Composites 

        Besides sulfur and carbon composites, sulfurized carbon materials are often seen in 

the literature to be used for sulfur cathodes. As mentioned in Chapter 1, all of the 

problems of Li-S batteries are related to the dissolution of lithium polysulfide species, a 

series of sulfur reduction intermediates, in the liquid electrolyte, and resulting parasitic 

reactions with the Li anode. In order to prevent the dissolution of polysulfide species, 

sulfurized carbons (SCs) have been intensively investigated due to their ability to 

chemically trap polysulfide species thereby potentially reducing the dissolution of 
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polysulfide species as well as the parasitic reactions with Li-anodes. Zhang summarized 

the recent development of SC cathode materials. [40]  

 

       Commonly, SCs are synthesized at high temperatures (> 500 °C) by reacting carbon 

with sulfur. During the reaction, S8 may decompose into small sulfur allotropes (i.e., S2, 

S4, and S6) which can bond with carbon atoms via reacting with surface functional groups 

on carbon surfaces. To enhance the binding of sulfur to C-C bond, surface 

functionalization is a facile route to be conducted for polymer substrates. The functional 

groups work as a medium for the intimate connection between the soluble polysulfide 

intermediates and carbon surface. It was reported that carboxyl, hydroxyl, and epoxy are 

favorable functional groups to enhance the cyclability of Li-S cells. Researchers have 

studied various carbon or polymer materials that containing surface functional groups 

such as -OH, >C=O, -C(=O)OH, and >C=C<, which have shown some progress in 

binding sulfur on the surfaces of carbon during heat treatments. [76, 97-99] Indeed, SCs 

have been shown to reduce the adverse effects of polysulfide dissolution, but at the same 

time, have caused several concerns including: (і) the low sulfur content (e.g. < 50 wt.%) 

due to high-temperature treatments (e.g. > 500 °C), which reduces the energy density of 

Li-S batteries. The significant use of conductive agents may also neutralize the high 

energy density of Li-S batteries. (ii) Long sulfur chains (-Sx-, x > 4) bonded on carbon 

have led to high capacities but inferior cycling stability, since they can rearrange to 

release elemental sulfur and form soluble polysulfide species during cell operations, 

whereas short sulfur chains (-Sx-, x ≤ 4) may result in low capacity but good capacity 

retention. [40] Therefore, it is important to develop proper sulfurization technology of SC 

cathodes to enhance sulfur immobilization and utilization in Li-S batteries. Tables 2-2 

and 2-3 summarize recent developments in SC cathodes used in Li-S batteries. [40] 
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Table 2-2 Cycling performance of Li/SPAN batteries with different type of electrolyte. [40]  

 

 

Table 2-3 Preparation condition of carbon and SC and cycling performance. [40] 

 

2.2.2 Sulfur and Polymer Composites 
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        Besides carbons, polymers including conductive polymers and non-conductive 

polymers are often used in sulfur electrodes. [100] Conductive polymers such as 

polyaniline, and polythiophene, may facilitate electron transport and improve sulfur 

utilization. [101-106] In addition, coating a layer of polymer is also adopted, which may 

act as a barrier to retard the polysulfide dissolution in electrolyte. [107, 108] Non-

conductive polymers, such as polyacrylonitrile and polyethylene glycol, were employed 

to offer a chemical binding to suppress the migration and diffusion of long-chain 

polysulfide species. [92, 109-112] In our group, we used polyaniline and multi-walled 

CNT to fabricate a multilayered sulfur electrode with a layer-by-layer technique. [113] In 

general, polymers in Li-S cells play a protective role to reduce the capacity fade by 

retaining the soluble polysulfide species at the cathode region, whereas a certain amount 

of carbon additives is still critical to enhance the sulfur utilization and cyclability. 

 

2.2.3 Sulfur and Metal (Oxide) Composites 

        Serving as absorbing agents, various nanosized metal oxides have been used as 

additives in sulfur electrode, such as nickel, alumina, silica, and titanium oxides. [67, 96, 

114-119] The redox potential of the material must not overlap that of sulfur (1.5-2.8 V vs. 

Li
+
/Li

0
) to prevent unwanted electrochemical reactions and structural change from the 

additives. Nazar et al. reported a strategy to trap polysulfides in the cathode that relied on 

a chemical process, whereby a host-manganese dioxide nanosheets served as the 

prototype-reacts with initially formed lithium polysulfides to form surface-bound 

intermediates (Figure 2-4). [117] These function as a redox shuttle to catenate and bind 

higher polysulfides and convert them on reduction to insoluble lithium sulfide via 

disproportionation. The sulfur/manganese dioxide nanosheet composite with 75 wt.% 

sulfur exhibited a reversible capacity of 1300 mA h g
-1 at moderate rates and a fade rate 

over 2,000 cycles of 0.036%  per cycle.  
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Figure 2-4 Schematic showing the oxidation of initially formed polysulfide by d-MnO2 to form 

thiosulfate on the surface, concomitant with the reduction of Mn
4+

 to Mn
2+ 

[117].  

 

       Cui et al. designed a TiO2-sulfur yolk-shell composite that exhibited prolonged 

cyclability over 1000 cycles, showing that metal oxides might replace a portion of carbon 

to trap polysulfides, although the sulfur loading needs to be further increased for practical 

use. [116] The schematic of the synthetic process that involves coating of sulfur 

nanoparticles with TiO2 to form sulfur-TiO2 core-shell nanostructures, followed by 

partial dissolution of sulfur in toluene to achieve the yolk-shell morphology is shown in 

Figure 2-5a. The idea of the yolk-shell structure is to avoid the fracture of the TiO2 

spheres during volume expansion of the active material, which could lead to serious 

leakage of polysulfides. Extra void or pore space remained in the cathode structure is 

desirable not only to retain the dissolved polysulfides but also cushion the volume change 

during discharge/charge.  

 

 

Figure 2-5 (a) Schematic of the synthetic process to sulfur-TiO2 core-shell nanostructures. (b) 

Internal void space to accommodate the volume expansion of sulfur during lithiation [116]. 

 

2.2.4 Li2S and Lithium Polysulfide Species as Cathode Materials 

         Although there are several advantages to use Li-S system as energy storage devices, 

employing highly active lithium metal as anode still brings safety concerns. [120, 121] In 

this regard, one way is to use Li2S as the starting cathode material which has a theoretical 

capacity of 1166 mA h g
-1

. When the cathode is lithiated, other lithium-free high energy 

anodes (e.g., silicon) could be used to substitute lithium metal anode.[122] Recent studies 

show that Li2S can be reversible in electrochemical reactions. [123-129] Wu et al. 

(a) 

(b) 
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discovered that large energy barrier and over-potential were found when charging the 

Li2S cathode because of the sluggish oxidation of solid-state bulk Li2S. [123] The charge 

transfer between Li2S and the electrolyte and lithium-ion diffusion in Li2S are kinetically 

slow. Uniform Li2S distribution can be obtained by bonding lithium and nitrile groups in 

PAN. Si/Li2S and Sn/Li2S systems were demonstrated as full cells without any lithium 

metal anodes. Moreover, high active material utilization was achieved with a design of 

Li2S/CNTs sandwiched structure, showing the potential of Li2S for practical applications.  

 

2.2.5 Binder-Free Sulfur Cathodes 

        The traditional sulfur cathode preparation method is a slurry-casting procedure, in 

which polymer binders like polyvinylidene fluoride (PVDF) are added to stick sulfur and 

carbon network onto aluminum substrate. The addition of binders increases the cell 

weight and reduces the electrode conductivity. In addition, binder-free composites can 

eliminate the use of toxic N-Methyl-Pyrrolidone (NMP) solvent during regular electrode 

fabrication in Li-ion battery industry. Two major means are carried out to synthesize 

binder-free cathodes. One is employing a rigid carbon substrate that comprises pore 

structure. [124] The carbon substrate is then co-heated with sulfur to make the sulfur melt 

infiltrate into the pores to form the composite. In addition, polysulfide catholytes can be 

pre-deposited into the film before vacuum filtration. Another way is to fabricate the 

cathode with a new method, like layer-by-layer, electrophoretic deposition (EPD) 

techniques. [50]  

 

2.3 Electrolyte for Li-S Batteries 

      Electrolyte plays a critical role to influence the battery performance. [130] In this 

part, we discuss the commonly used liquid electrolytes and non-liquid electrolytes like 

gel polymers and solid-state electrolytes. 

 

2.3.1 Liquid-Type Electrolytes 

        Liquid electrolyte plays a key role in commercial lithium batteries to allow 

conduction of lithium-ion between cathode and anode.[16] For Li-S systems, in addition 
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to the polysulfide dissolution problem at the cathode, other research suggested that the 

side reactions between the migrated polysulfide species and the Li-metal on the Li-anode 

also damaged long-term cell performance due to the formation of lithium dendrites, 

which were caused by uneven current distributions at the metal-electrolyte interface 

during cycling. [131] The uncontrolled inevitable dendrite formation and the continuous 

evolution of a porous Li metal structure might cause serious safety issues and lower cell 

efficiency. These side reactions may repeatedly expose new lithium surface area that 

further react with the electrolyte to form unstable solid-state electrolyte interface (SEI) 

layers, thus increasing internal cell resistance and accelerating capacity fade. [120]  

 

        The mainstream Li-S battery research mostly adopts low viscosity ethers such as 1, 

3-dioxolane (DOL) and 1, 2-dimethoxy ethane (DME) as the electrolyte solvents. [132] 

DME possesses higher polysulfide solubility than DOL, but DME is reactive with lithium 

metal anode. DOL can help the anode surface to form a SEI. Employing only one of the 

solvents alone results poor cycle performance. By mixing two solvents together, 

synergistic benefit may be obtained on active material utilization and cyclability of Li-S 

batteries. LiCF3SO3, LiN(CF3SO2)2, and LITFSI are common lithium salts added into the 

organic solvent to prepare electrolytes for Li-S cells. These three salts only have slight 

impact on the battery performance. [132] Other conventional salts like LiPF6 and LiBF4 

are inappropriate because they react with lithium polysulfide species and induce ring-

opening polymerization of DOL solvent. Sion Power found that LiNO3, used as an 

electrolyte additive, helped to minimize complicated deleterious reactions between 

polysulfide species and Li metal, resulting in improved cell life. However, gradual 

consumption of additives on the electrodes led to a decrease in the protection efficiency. 

[133]   

   

2.3.2 None-Liquid Type Electrolytes 

         Solid state electrolytes or ionic liquid electrolytes are also used in rechargeable 

batteries. Replacing flammable liquid electrolytes with solid polymers or inorganic 

electrolytes could bring some interesting perspective to address the Li-anode unstable 

problem in Li-ion battery or polysulfide dissolution related issues in Li-S batteries. [72, 
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134-137] Soluble polysulfide species are difficult to migrate in high-viscosity gel 

electrolytes and solid-state electrolytes, which decreases loss of sulfur and shuttle 

effect.[131] Various glass ceramics are used as the solid-state electrolytes, such as Li2S-

P2S5 and Li2S-GeS2-P2S5 glass compounds.[138-140] These electrolytes make all-sold-

state Li-S battery possible, but the kinetic properties are limited, due to both low 

conductivity at room temperature and high interfacial resistance. Recently, Suo et. al 

designed a new class of ‘Solvent-in-Salt’ electrolyte with ultrahigh salt concentration and 

high lithium-ion transference number (0.73), in which salt holds a dominant position in 

the lithium-ion transport system. [131] It remarkably enhanced the cyclic and safety 

performance of next-generation high-energy rechargeable lithium batteries via an 

effective suppression of lithium dendrite growth and shape change in the metallic Li-

anode. However, this electrolyte with such high salt concentration had an inferior rate 

capability, which led to a decrease in power density of Li-S batteries.   

 

2.4 Anodes for Li-S Batteries 

        With the significant progress that has been made toward the development of cathode 

materials and electrolytes in Li-S batteries in recent years, the stability of Li-anode in Li-

S batteries has become one of the more urgent challenges in order to reach long-term 

stability of Li-S batteries. Compared to cathodes and electrolytes, less attention has been 

paid to the modification of Li-metal anodes. In Li-S batteries, a passivation layer may be 

easily formed on the metallic Li anode surface because of the presence of polysulfide 

species and electrolyte additives. Recently, Zhang et. al. summarized the improvements 

on Li-anodes for Li-S batteries.[141] Most reported literature have focused on the 

mitigation of side reactions between polysulfide species and the Li-anode by adopting 

protection layers.[120, 142, 143] For Li-S battery, where Li metal is coupled with sulfur 

cathode, the deposition and reduction of insoluble Li2S2/Li2S species on Li-anode surface 

partially mitigate the dendrite growth problem. However, the problem of continuous Li 

erosion still exists and is compounded with the presence of dissolved polysulfide species 

that also get involved in the continuous SEI formation.[144]  

 

2.5 Objectives of This Dissertation 
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       As aforementioned in the first two chapters, the battery industry is both vast and 

diverse, with countless battery chemistries being employed across myriad applications. 

Among these batteries, Li-S battery has received growing interest in recent decades due 

to its high energy density and low cost of raw sulfur materials. However, Li-S battery 

suffers great problems because of the intrinsic limitations of sulfur chemistry. To mitigate 

these limitations, the traditional strategy for sulfur composite synthesis was a complex, 

expensive and time-intensive process. More importantly, most research focused on 

developing low sulfur-loading cathodes (< 2 mg cm
-2

), and less attention was paid on 

commercialization requirements (> 3 mg cm
-2

) of Li-S batteries. In response to the recent 

renewed interest in Li-S batteries and the challenges involved in achieving a successful 

product, we started on several innovative designs for Li-S batteries. The primary 

objective of this dissertation is to solve the issues persistently remaining with Li-S 

batteries and then focus on high sulfur loading battery designs. The most critical 

challenge is the polysulfide dissolution/migration during cycling, and low conductivities 

of sulfur and sulfides. Here we demonstrate the enhanced electrochemical performance of 

Li-S batteries via (1) developing new sulfur composite cathodes (i.e. sulfurized carbon 

nanotube and sulfurized polyaniline) based on in situ chemical synthesis method; (2) 

creating innovative nano-structured sulfur composite cathode using layer-by-layer nano-

assembly technology. Then considering the commercialization requirements of Li-S 

batteries, we design high sulfur-loading batteries based on carbon paper electrodes with 

open structures.  
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Chapter 3: Sulfur Cathode Materials Development: Sulfurized Carbon 

Nanotubes 

 

        Li-S battery chemistry is very complicated. In response to the challenges involved in 

achieving a successful Li-S battery product, we started on synthesizing innovative 

materials to solve the issues persistently remaining with Li-S batteries. As mentioned in 

Chapters 1 and 2, the most critical challenge is the polysulfide dissolution/migration 

during cycling, and low conductivities of sulfur and the final discharge products 

(Li2S2/Li2S). Sulfur and carbon composites have been used to enhance the conductivity 

and stability of sulfur cathodes. However, the physical barriers provided by adsorption in 

carbon materials can only slow down sulfur loss in a short term owing to the weak 

interactions between nonpolar carbon and highly polar polysulfide species. Theoretically, 

the sulfur and carbon composites cannot prevent the dissolution of long-chain polysulfide 

species. Instead, they can trap to some degree the dissolved polysulfide species within the 

carbon pores before the polysulfides being reduced to insoluble products (Li2S2/Li2S). 

Indeed, migration of ionic polysulfide species is hard to be completely prevented by 

physical adsorption in carbon since it is driven by electrical field in the electrolyte. In this 

case, the parasitic reactions between the dissolved polysulfide species and solvents still 

remain and more importantly, large amounts of carbon must be incorporated into the 

battery, which significantly reduces energy density of the battery.  

 

        A complete solution to the dissolution of polysulfide species is to chemically bind 

sulfur species onto a polymer backbone or carbon surface. This can be achieved by using 

sulfurized carbon (SC) as the cathode material of Li-S batteries. Due to the substantial 

insolubility of SC and Li2S in organic electrolytes, the SC is discharged and charged 

entirely through a solid-to-solid phase transition from the SC to Li2S phase. In discharge, 

the SC is directly reduced to Li2S on the surface of conducting carbon. In charge, the 

carbanion linking to a conjugated sp
2
 carbon and the C-S anion linking to a non-

conjugated sp
3
 carbon preferentially lose an electron to form an anionic radical, onto 

which sulfur is grafted and grown. Indeed, SCs have been shown to reduce the adverse 

effects of polysulfide dissolution, but at the same time, have caused several concerns 
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including: (і) the low sulfur content (e.g. < 50 wt.%) due to by high-temperature 

treatments (e.g. > 500 °C), has reduced the energy density of Li-S batteries; (ii) Li2S has 

the possibility to form long-chain polysulfide species on the surface of the conductive 

carbon, which is affected by the nature of electrolyte solvents and the charge rate. 

Therefore, it is important to develop proper sulfurization technology of SC cathodes to 

enhance sulfur immobilization and utilization in Li-S batteries. 

 

         To develop novel SC materials with high sulfur contents and proper sulfur chains, 

we tried two methods via: (1) at a low temperature (i.e. 300 
o
C) and (2) in situ chemical 

vulcanization. Based on this idea, sulfurized carbon nanotubes (SCNT) and sulfurized 

polyaniline (SPANI) were synthesized as cathode materials in this dissertation. The value 

of these two materials are that they have led to long cycle lifetime in comparison with 

most of other reports, and at the same time, maintained a high capacity retention. In this 

chapter, we will focus on SCNT and its application in Li-S battery. In next chapter, we 

will discuss SPANI as a cathode material in Li-S batteries.  

3.1 Introduction 

          As a promising cathode material, SC has been intensively investigated due to their 

ability to chemically trap polysulfide species thereby may potentially reduce the 

dissolution of polysulfides as well as the parasitic reactions with Li-anode.[40] 

Commonly, SCs are synthesized at high temperatures (> 500 °C) by reacting carbon with 

sulfur. During the reaction, S8 may decompose into small sulfur allotropes (i.e., S2, S4, 

and S6), which can bond with carbon atoms via reacting with surface functional groups 

on carbon surfaces. Researchers have studied various carbon or polymer materials that 

containing surface functional groups such as -OH, >C=O, -C(=O)OH, and >C=C<, which 

have shown some progress in binding sulfur on carbon surface during the heat treatments. 

Indeed, SCs have been shown to reduce the adverse effects of polysulfide dissolution, but 

at the same time, have caused several concerns talked previously. Therefore, it is 

important to develop proper sulfurization technology of SC cathodes to enhance sulfur 

immobilization and utilization in Li-S batteries.  
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         Here, we report long-life and high-efficiency Li-S cell comprised of SCNT cathode. 

We developed a new strategy to fabricate SCNT materials with a high sulfur content (68 

wt.%) under a relatively low temperature of 300
 
°C, by functionalizing CNTs and using a 

solvent exchange method to graft sulfur chains onto CNTs. CNT was chosen as a sulfur 

carrier, because it is composed of hybridized sp
2
 carbon that could form 

electrochemically active C-S bonds. [88] CNT also has superior mechanical strength and 

electrical conductivity. [80] In addition, CNT has tunable chemical characters including 

formation of oxygen-containing groups on surfaces and changes in nanotube structures 

and thermal stability; these chemical characters may enhance reactivity of aromatic 

carbon rings for sulfur immobilization via forming covalent bonds (e.g., O-S bonds) or 

holding sulfur in nanopores of CNTs. [87] As a result, Li-S battery comprised of SCNT 

cathode exhibited an ultralong cycle life (exceeding 1300 cycles at 1/3 C) with an 

ultrahigh capacity retention (67.8% from 809 to 549 mA h g
-1 

over 1300 cycles). 

Moreover, these Li-S cells had an excellent high-rate response up to 2 C, and their 

Coulombic efficiency was higher than 95.5 %. 

 

3.2 Experimental 

3.2.1 In Situ Sulfur Deposition Synthesis of SCNT Composites 

        Our strategy for the preparation of SCNT materials with a high sulfur content 

involved CNT surface treatment and solvent exchange methods. The typical fabrication 

process of the SCNT materials is shown in Figures 3-1a and 3-1b. First, Multi-walled 

carbon nanotubes (CNTs, 10~50 nm in diameter and 5~9 μm in length, Sigma-Aldrich, 

St. Louis, MO) were soaked in nitric acid (70 wt.%) and sulfuric acid (98 wt.%) (v 1:3) in 

an ultrasonic container for 1 h, kept in an oven of 70 
o
C for 2 h, and then rinsed with 

distilled water to obtain the treated CNTs. In this step, the amorphous carbon was 

removed from CNTs and oxygen-containing groups were formed on CNT surfaces. 

Second, elemental sulfur was dissolved into carbon disulfide solution (CS2, Sigma-

Aldrich) for 1 h to reach saturation. Meanwhile, the treated CNTs in the first step were 

immersed in hydrogen peroxide (H2O2, Sigma-Aldrich) solution for 1 h to obtain the 

functionalized CNTs. Third, the prepared sulfur in CS2 suspension were added dropwise 

to the CNTs in H2O2 solution (with pH = 7, adjusted by LiOH) at a slow rate of 2 ml per 
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minute. Next, the mixture was stirred under magnetic at 50 C in a sealed glass box for 2 

h. During such a process, CS2 quickly reacted with H2O2 and formed colloidal sulfur.
 28

 

Then, the solution was evaporated at 50 C in a fume hood for 1.5 h to obtain the pristine 

SCNTs. Last, the samples were treated at 300 °C in a vacuum oven for 5 h, and 

designated as SCNT-300. Two types of control samples were prepared: (i) SCNT-159, 

obtained by heating the pristine SCNTs in a vacuum oven at 159 °C for 10 h; (ii) S/CNT-

159, fabricated by mixing sulfur and functionalized CNTs together and heating the 

mixture in a vacuum oven at 159 °C for 10 h.  

     

Figure 3-1 Schematic illustration of (a) the proposed treatment to integrate oxygen-containing 

surface groups into CNTs; and (b) the proposed strategy for grafting sulfur onto CNTs. 

 

3.2.2 Structural and Microstructure Characterizations 

        The morphologies of the CNTs before (Figure 3-2a) and after (Figure 3-2b) H2O2 

treatment were similar. However, the CNTs intended to be more agglomerated after H2O2 

treatment. Sulfur was well dispersed on CNT surfaces after the solvent-exchange process 

(Figure 3-2c), probably because the reactive groups on CNT surfaces might act as 

growth points for sulfur precipitation. After being treated at 300 °C for 5 h, most of the 

bulk sulfur was evaporated and a dense thin layer of sulfur was formed on CNT surfaces 

(Figure 3-2d). The synthesized SCNTs tended to agglomerate due to van der Waals 

interactions and formed 3D interconnected ionic- and electric-conductive channels. 

Meanwhile, sulfur particles were observed mainly at the ends of CNTs (Figures 3-2e and 

3-2f), which were probably owing to the strong capillary force at the ends of CNTs.  

(a) (b) 
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Figure 3-2 Typical morphologies of CNTs (a) before and (b) after H2O2 treatment. Inset TEM 

figures are with high magnifications. Typical morphologies of SCNT (c) before and (d) after heat 

treatment. (e, f) TEM images of SCNT materials after heat treatment.   

 

3.2.3 Electrochemical Characterizations  

        Cathode slurries were prepared by mixing 90 wt.% of SCNTs and 10 wt.% of 

polyvinylidene fluoride (PVDF), and then coated onto aluminum foils that had been pre-

coated with a thin layer of carbon. The electrodes were dried at 60 C in a vacuum oven 

for 5 h. The electrochemical performance of the SCNT electrodes was evaluated by 

measuring coin-type half-cells with lithium foil as the counter electrodes. CR2016-type 

cells were assembled in an argon glove box. 1.0 mol L
-1

 lithium bis(trifluoromethane 

sulfonyl) imide (LiTFSI) and 0.15 molL
-1

 LiNO3 dissolved in dioxolane (DOL) and 

dimethoxyethane (DME) (1:1, v/v) were used as electrolytes and Cellgard 2400 

microporous membranes were used as separators. The cathode material was on a 0.8 cm 

× 0.8 cm square aluminum substrate, and the amount of electrolyte for each cell was 

about 0.02 ml. The cells were charged and discharged at different current rates between 1 

(or 1.5) and 3 V (vs Li/Li
+
) using an Arbin battery test station. The cyclic voltammetry 

(CV) measurements were carried out with a scan rate of 0.05 mV s
-1

 on a NOVA 

potentiostat analyzer. The specific capacity was calculated based on active sulfur 

materials. All experiments were conducted at room temperature unless specified. 

 

(a) (b) 

(e) (f) 

(c) 

(d) 
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3.3 Results and Discussion  

3.3.1 XRD, SEM, TEM and EDS Studies 

        After being treated in concentrated nitric acid and sulfuric acid followed with H2O2, 

CNTs were found to have much more surface active groups (19.7 wt.%) (Figures 3-3a 

and 3-3b) and much lower thermal stability (Figure 3-3c) compared to the pristine CNTs. 

The intensities of both carbon peaks and oxygen peaks in Figure 3-3b increased with the 

mixed acids and H2O2 treatments. Compared to the non-treated CNTs, the C1s peak 

exhibited both a shift and an asymmetric broadening to higher binding energies (Figure 

3-3b inset). The tip-shift of this peak, due to the polar character of the carbon oxygen 

bonds, was an evidence of the incorporation of oxygen into the nanotube structure. A 

contribution at about 288.4 eV described surface oxygen groups with multiple carbon 

oxygen bonds. The oxygen and corresponding -COOH contents in the CNTs were 

calculated in Tables 3-1 and 3-2, respectively. The oxygen content in the CNTs 

significantly increased from 1.1 wt.% of pristine CNT to 10.4 wt.% and 19.7 wt.% 

respectively, after being treated with the mixed concentrated nitric and sulfuric acids or 

treated with the two mixed concentrated acids followed with H2O2 treatment.  

     

Figure 3-3 (a) XRD pattern and (b) XPS analysis of pristine CNTs. (c) TGA profiles of the 

pristine and prepared CNTs. 

 

(a) (b) (c) 
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Table 3-1 Surface element contents of CNTs with different treatment methods. 

 

Table 3-2 Relationship between oxygen content and -COOH content on CNT surfaces. 

 

        Sulfur content and the mechanism of sulfur incorporation in SCNTs were examined 

using thermo-gravimetric analysis (TGA). The weight contents of sulfur in SCNT-159 

and SCNT-300 were found to be 84.8% (or 3.07 mg cm
-2

) and 68.0% (or 2.94 mg cm
-2

), 

respectively (Figure 3-4a and Table 3-3). The weight loss of SCNT-300 could be 

distinctly divided into two regions according to the rates of weight loss: The fast weight 

loss region from 300 to 400 °C was probably belonged to the decomposition of S-S 

bonds, and the slow weight loss region from 400 to 700 °C could be assigned to the 

breakdown of C-S bonds. It is known that C-S bond has a much higher bond energy than 

S-S bond (i.e., 740 kJ mol
-1

 for C-S and 418 kJ mol
-1

 for S-S bond at 298 K). [110]  

 

       The structure characteristics of the prepared CNTs and SCNTs were examined using 

Fourier transform infrared spectroscopy (FTIR), as shown in Figure 3-4b. Both of the 

pristine CNTs and the prepared CNTs had typical characteristic peaks at 1290, 1430, and 

1680 cm
-1

 corresponding to C-O, C=O, and C=C stretches, respectively. [145] The 

spectra of SCNTs were much different from those of CNTs. For both SCNT-159 and 

SCNT-300, the C-O stretching vibration at 1290 cm
-1

 was shifted to lower wave lengths 

and the intensity of both C=C and C=O vibrational bands at 1680 and 1439 cm
-1

 were 

significantly weak, indicating the replacement of H and O atoms by S atoms. In addition, 

a new band, appeared at 1050 cm
-1

 for SCNT-159 and SCNT-300, could be ascribed to 

the vibrations of O-S. A second new band, centered at 925 cm
-1

 for SCNT-300, could be 

assigned to the vibrations of C-S. [49, 146] Both the TGA and FTIR results indicated that 

a large portion of elemental sulfur reacted with CNTs and formed a cross-linked porous 

SCNT framework with short sulfur chains (-Sx-). As a result, the majority of sulfur in 
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SCNTs had the uncommon monoclinic phase rather than the typical orthorhombic phase, 

and the monoclinic sulfur was very stable even after stored for 30 days at room 

temperature (Figure 3-4c).   

    

Figure 3-4 Characterizations of CNT and SCNT. (a) TGA tested in a nitrogen environment with 

a heating rate of 5 °C min
-1

. (b) FTIR spectra. (c) XRD pattern of SCNT-300.  

 

 

Table 3-3 Sulfur contents in SCNT-159 and SCNT-300. 

 

         The presence of C-S and O-S bonds was further examined using X-ray 

photoelectron spectroscopy (XPS) (Figure 3-5a). The S 2p spectra of SCNT-300 were 

composed of three sub-peaks (Figure 3-5b). The peak at 164.2 eV in the S 2p3/2 

spectrum corresponded to elemental sulfur. An additional peak at 163.8 eV in the S 2p3/2 

spectrum was slightly lower than that of elemental sulfur, revealing the possible presence 

of S-C species. [147] The peak at 165.4 eV in the S 2p1/2 spectrum suggested that S 

atoms were linked to a carbon ring or oxygen atoms. Figures 3-5c and 3-5d show the 

XPS spectra of the C 1s for the prepared CNTs and SCNT-300, respectively. Compared 

to CNT, the C-O and C=O peaks of SCNT-300 shifted to higher binding energies. The 

tip-shift of these two peaks, due to the polar characters of the carbon sulfur and oxygen 

sulfur bonds, was an evidence of incorporation of sulfur into the CNT framework. 

Figures 3-5e and 3-5f show the XPS spectra of the O 1s core level of the prepared CNTs 

(a) (b) (c) 
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and SCNT-300, respectively. Both of the two spectra could be separated and fitted into 

two peaks. The lower binding energy feature (532.2 eV) was due to C=O groups in the 

aromatic ring. The second peak was due to C-O bonds. 

                

                

Figure 3-5 XPS analysis. (a) Wide range spectrum of SCNT-300. (b) S 2p regions of SCNT-300. 

C 1s regions of (c) CNT and (d) SCNT-300. O 1s regions of (e) CNT and (f) SCNT-300. 

 

3.3.2 Electrochemical Properties 

          Figure 3-6a shows the first two charge/discharge curves of SCNT-300 cathodes at 

0.75 C. Three discharge plateaus were clearly observed at 2.3, 2.1, and 1.9 V. The plateau 

I was believed to be related to the reduction of S8 to high-order soluble lithium 

polysulfide species (i.e., Li2S4), and plateau II was due to further reduction of Li2S4 into 

Li2S. While plateau III at 1.9 V was lower than the potential of S4
2-

 to Li2S2 reaction at 

around 2.1 V. This third discharge plateau was probably related to the reduction of short 

sulphur chains that covalently bonded on CNTs. Generally, the Li-S cells comprised of 

sulfurized carbon cathodes featured a single discharge plateau between 2-1.6 V. The 

reverse reactions of SCNT-300 cathodes in the oxidation process also had three potential 

plateaus in the charge curve. It seems that the SCNT-300 presented both behaviors of 

elemental sulfur and sulfur bonded on CNT surfaces. As a comparison, we examined the 

voltage profiles of SCNT-159 cathodes (Figure 3-6b), which had typical sulfur cathode 

(a) (b) (c) 

(d) (e) (f) 
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charge and discharge behaviors with two discharge potential plateaus at 2.35 and 2.1 V, 

and two charge potential plateaus at 2.38 and 2.40 V.  

                         

                     

Figure 3-6 Electrochemical performance of Li-S cells comprised of SCNT cathodes. Voltage 

profiles of the first two charge/discharge cycles of (a) SCNT-300 cathodes and (b) SCNT-159 

cathodes at 0.75 C. CV curves of (c) SCNT-300 cathodes and (d) SCNT-159 cathodes at a scan 

rate of 0.05 mV s
-1

 at the first two cycles. 

 

          The CV tests of SCNT-300 and SCNT-159 cathodes were performed between 3.0-

1.0 V using a 0.05 mV s
-1

 scan rate. For SCNT-300, three reduction and three oxidation 

peaks were observed (Figure 3-6c), indicating that the electrochemical reactions in 

SCNT-300 were dominated by a new reaction, represented by the oxidation peak at 2.1 V 

and the third reduction peak at 1.9 V. It seems that the intermediate reactions of sulfur 

and polysulfide species in conventional cathodes were suppressed in the SCNT-300 

cathodes. In comparison, in the CV curves (Figure 3-6d) of SCNT-159 cathodes, two 

partially overlapped oxidation peaks centered at 2.05 V were observed, in addition to the 

two typical sulfur oxidation peaks at 2.5 and 2.6 V. The new oxidation peaks of SCNT-

159, which was not treated at 300 C, could be caused by O-S bonds, since multiple 

studies showed that chemical reactions between sulfur or polysulfide species and oxygen 

(b) 

(d) 

(a) 

(c) 
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functional groups on CNTs could occur and lead to improved stability of Li-S cells. [74, 

76, 148] In addition, the wide cathodic base line from 1.5-1 V might be due to the 

reduction of oxygen-containing surface groups or the reduction of lithium nitrite in the 

electrolyte. [79] 

 

         SCNT-300 cathodes were found to present a great rate capability (Figure 3-7a). 

With the current density varying from 0.25 to 2 C, the SCNT-300 cathodes exhibited a 

high participation of sulfur and preserved decent capacity retentions over long cycling. 

For instance, at 0.25 C, the initial discharge capacity reached 1002 mA h g
−1

, which was 

59.8% of the theoretical value of sulfur. A quick increase in discharge capacities was 

observed in the first 5 cycles followed with a gradual decrease in the following 35 cycles. 

After that, the cathode reached a steady state and exhibited a stable lithiation degree with 

a reversible capacity of 1180 mA h g
-1

 with almost 100% capacity retention even after 

300 cycles. 

 

         The cycling behavior and Coulombic efficiency of Li-S cells comprised of SCNT-

300 cathodes at different current densities are shown in Figure 3-7b. Excellent cycling 

stabilities were observed at relatively lower rates (0.25 C, 0.75 C and 1 C). For instance, 

at 0.75 C, the cell exhibited an initial discharge capacity of 1291 mA h g
-1

, corresponding 

to 77.1% of sulfur participating in reactions. The cell showed great stability of 67.5% 

retention with a discharge capacity of 799 mA h g
-1 

over 600 cycles except the 1st cycle. 

In addition, the Coulombic efficiency of the cells was always higher than 95.5%, 

indicating the effectiveness of SCNT-300 cathodes in trapping intermediate lithium 

polysulfide species during discharge processes. However, at a relatively higher rate of 2 

C, the SCNT-300 cathodes had a fast capacity fading of 39% retention after 500 cycles. 

At such a high current rate, sulfur might not react completely and the cathode might have 

a severe polarization, which could inhibit regular lithium intercalation/de-intercalation 

processes. The discharge curve at 2 C demonstrated a severe voltage hysteresis with a 

shortened capacity in comparison with those in lower current rates (Figure 3-7c), and 

only the first discharge plateau was observed in the later cycles (Figure 3-7d).   
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        SCNT-300 cathodes were also cycled up to 1300 cycles at a rate of 1/3 C and were 

found to present an extremely low capacity decay rate (0.025% per cycle) (Figure 3-7e). 

After 1300 cycles, the discharge capacity was 549 mA h g
-1

 of sulfur. When calculated 

the capacity with the whole cathode weight, the retained discharge capacity of the Li-S 

cells over 1300 cycles was 336 mA h g
-1

, which was still much higher than currently 

commercialized Li-ion batteries. By contrast, the Li-S cells containing SCNT-159 

cathodes had a fast capacity fading of only 30.7% retention from 1095 (in the 6th cycle) 

to 336 mA h g
-1

 over 600 cycles with a relatively low average Coulombic efficiency of 

87.1% (Figure 3-7f). The capacity at 1/3 C was smaller than that at 1 C and the 

underlying reason is still unknown and will be investigated in the future. 

 

        Compared to the performance of recently reported S-doped CNT cathodes, the 

SCNT-300 cathodes had much higher capacity retention and much higher capacity 

utilization at 1 C. [84, 85, 149] The capacity utilization of SCNT-300 cathodes was also 

higher than that of composite electrodes at C/10 and C/20 rates. Such enhanced 

performance likely originated from the good dispersion of S within the CNT matrixes, 

good mechanical stability of cathodes, and suppressed polysulfide species dissolution. 

Specifically, the SCNT-300 cathodes enhanced the electrochemical performance of Li-S 

cells in the following three aspects: (i) the prepared CNTs tended to agglomerate to form 

a strong skeleton with a porous 3D structure that could provide interconnected channels 

for the transport of electrons and ions. Being treated with the concentrated acids and 

H2O2, these CNTs had many nanopores and multiple surface reactive groups, which 

could react with sulfur in the subsequent synthesis process. To verify the strong affinity 

between sulfur and CNTs, we tested the performance of Li-S cells employing S/CNT-159 

cathodes, in which CNTs were not treated with the concentrated acid mixture of nitric 

acid and sulfuric acid or treated with H2O2 solution. The results were shown in Figure 3-

8. Clearly, both capacity and Coloumbic efficiency of S/CNT-159 cathodes were worse 

than those of SCNT-159 and SCNT-300, indicating the advantages of combining solvent 

exchange and surface treatment with low-temperature treatment. (ii) The proposed 

synthesis method for SCNT-300 materials had great advantages such as high sulfur 

immobilization and low temperature treatment. The surface treatment and solvent 
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exchange processes were crucial for high sulfur immobilization and improved the 

interactions between sulfur and CNTs. The heat-treatment process was also important 

since it allowed molten sulfur to be immobilized onto CNTs through nanopores and to 

form C-S bonds. (iii) The C-S bonds resulted in enhanced utilization of sulfur, and 

suppressed the dissolution of polysulfide species into liquid electrolytes. In addition, the 

oxygen-containing surface groups improved the interactions of CNT with sulfur and 

enhanced the physical and chemical adsorptions of sulfur particles and polysulfide anions 

during cell operation.  

                      

            

   

Figure 3-7 Electrochemical performance of Li-S cells comprised of SCNT-300 cathodes. (a) 

Rate performance. (b) Cycling performance and Coulombic efficiency at different rates. (c) 

Voltage profiles at different current rates. (d) Voltage profiles (in the 400th cycle) at 2 C. (e) 

(a) (b) 

(c) (d) 

(e) (f) 
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Cycling properties of Li-S cells comprised of SCNT-159 cathodes (contained 10 wt.% of PVDF 

and 90 wt.% SCNT-159 material) at 0.75 C. (f) Long-term cycling tests at 1/3 C rate.  

 

Figure 3-8 Cycling properties of Li-S cells comprised of S/CNT-159 cathodes (contained 10 

wt.% of PVDF and 90 wt.% S/CNT-159 material) at 0.75 C.  

 

3.4 Conclusions 

         In summary, SCNT-300 cathodes with a high sulfur content of 68 wt.% was 

fabricated by combining surface treatment and solvent exchange methods. SEM and 

TEM images indicated that dense sulfur layers were formed onto CNT surfaces with the 

help of H2O2 and CS2 as two reaction solutions for sulfur precipitation. The 

interconnected 3D CNT framework served as electrical conductive network and could 

accommodate high amounts of sulfur. As a result, the SCNT-300 cathodes demonstrated 

high performance and cyclic stability with high Coulombic efficiency for Li-S batteries. 
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Chapter 4: Sulfur Cathode Materials Development: Sulfurized 

Polyaniline 

           

        In this chapter, we will focus on the fabrication of SPANI and discussion for its 

application in Li-S batteries. Polyaniline (PANI) was chosen as a sulfur carrier due to its 

superior mechanical strength and electrical conductivity. [93, 102, 103, 150] In addition, 

it has unsaturated bonds that could form electrochemically active C-S bonds. [104] In this 

dissertation, an in situ sulfurized process has been developed for synthesizing SPANI 

composite as cathode material. The value of this novel material is that it has the ability to 

chemically trap polysulfide species by forming strong chemical binding of sulfur to PANI 

host. Therefore, the dissolution of polysulfide species into the liquid electrolyte is greatly 

reduced, thereby enhanced the cyclic capabilities of Li-S cells. In addition, LiNO3-free 

electrolyte could be used for this cathode and excellent battery stabilities could be 

obtained. A primary novelty of this synthesis method is that the final products of SPANI 

had a coralloid nanostructure, which enhanced electrical conductivity, and enabled a high 

sulfur loading (65 wt.% of sulfur in SPANI). In addition, SPANI could accommodate 

volume change of sulfur during cycling, and thus led to an improved electrochemical 

performance.  

 

4.1 Introduction 

         As we have talked in the previous chapter, in recent years some researchers 

transferred their research focus from sulfur carbon composites to SC composites because 

the chemical bonds between sulfur and carbon might effectively inhibit dissolution of 

polysulfide species. PAN and CNT have been found suitable in the fabrication of SC 

materials due to their special surface functional groups (i.e. C≡N in PAN and C=C in 

CNT). However, most of these SC materials fabricated with the traditional strategy had 

low sulfur content and insufficient cycle life. Reaction of carbon with sulfur at a high 

temperature was the most common method to fabricate SC materials, which resulted in 

low sulfur contents due to the evaporation of sulfur. In addition, the chemical bonded 

sulfur greatly decreased the conductivity of host carbon.  
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Here, we report a facile chemical approach to fabricate nanoporous SPANI that 

offers high sulfur content (65 wt.%) and electric/ionic conductivity. The SPANI contains 

three parts: a main backbone chain providing electron conductivity; a high degree of 

interconnected nanoporous structures conducive to large elemental sulfur loading and fast 

ionic conduction and mass transportation; and a disulfide side chain functioning as the 

second electrochemical redox component. PANI is well known as a conductive and 

electroactive polymer, which also provides strong affinity and high loading of sulfur and 

polysulfide species. In addition, the multiple positively charged amino-containing surface 

groups on its backbones also favor catenating and stabilizing polysulfide anions during 

cycling. Therefore the electrical contact between sulfur and PANI during cycling can be 

guaranteed by the strong chemical and physical confinement in this nanoporous SPANI 

structures. As a result, the Li-S batteries employing SPANI cathodes showed high 

efficiency of sulfur encapsulation, excellent cycling stabilities and rate capabilities. 

Stable reversible capacities over 700 mA h g
−1

 at 0.3 C, 600 mA h g
−1

 at 0.6 C, and 500 

mA h g
-1

 at 1 C over 200 cycles were obtained; the capacity is calculated based on sulfur 

weight.  

  

4.2 Materials and Methods 

4.2.1 Preparation of SPANI Cathodes  

        In this study, SPANI was fabricated with a wet chemical method, which involved in-

situ chlorinated substitution and vulcanization reactions, as shown in Scheme 4-1. The 

detailed synthesis method of SPANI is described below: First, Polyaniline (emeraldine 

salt, 3-100 μm particle size), sulfur monochloride (98%), and aluminum chloride 

(99.999%), purchased from Sigma-Aldrich, were dissolved in acetonitrile (99.8%) in a 

sealed flask for 10 h, washed using ether, and dried in a vacuum oven at 80 
o
C for 24 h to 

obtain polychlorinated polyaniline. Next, sulfur and sodium sulfide (molar ratio of 8:1) 

were soaked in N,N-dimethylformamide (DMF) in a vacuum oven for 6 h to obtain Na2S5 

and sulfur composites. Then, the polychlorinated polyaniline was added into the prepared 

Na2S5 solution for 24 h in a vacuum oven, washed with deionized water, and dried in a 

vacuum oven at 80 
o
C for 24 h to achieve the as-prepared SPANI. Finally, the as-

prepared SPANI was heated in a vacuum oven at 159 
o
C for 6 h to obtain SPANI. In 
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summary, the polychloride groups were first created in situ by chlorination of the pristine 

PANI nanoparticles. These polychloride groups were then substituted by polysulfide 

groups through in situ vulcanization reaction. After the two-step reaction, the SPANI 

composites were extracted from acetone solution. Last, the SPANI was annealed at 159
 

o
C in a vacuum oven for 6 h to further anchor sulfur onto the SPANI surfaces. Sulfur 

content in SPANI was 65 wt.%, which contained elemental sulfur and disulfide bonds on 

SPANI chains. Cathode slurries contained 80 wt.% of SPANI, 10 wt.% of carbon black, 

and 10 wt.% of polyvinylidene fluoride (PVDF). Sulfur loading in the cathode was ~3.01 

mg cm
-2

.  

 

Scheme 4-1 Synthesis routes of SPANI. 

 

4.2.2 Physical Characterization  

        Scanning electron microscopy (SEM) characterizations were performed with a 

working distance of 12 cm. All the samples were attached to conductive copper tape 

directly for imaging. Energy dispersive X-ray spectrometry (EDS) was performed with 

the connection of SEM device. Crystal structure characterization was conducted with a 

PANalytical X-ray diffraction (XRD) with Cu Kα radiation between 10 and 60° at a scan 

rate of 0.1° s
 −1

. FTS 7000 Fourier transform-infrared spectroscopy (FTIR) and Kratos 

Axis Ultra X-ray photoelectron spectroscopy (XPS, Kratos Analytical) with a 

monochromatized Al Ka X-ray source were used to analyze the surface chemistry of 

SPANI cathodes. Deconvolution of the XPS spectra was performed with a Casa XPS 

program with Gaussian-Lorentzian functions.   
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4.2.3 Electrochemical Measurements  

       CR2032-type coin cells were used for battery assembling. Lithium foils were used as 

the anodes, Cellgard 2400 microporous membranes as separators, 1.0 molL
-1

 

bis(trifluoromethane sulfonyl) imide (LiTFSI) dissolved in dioxolane (DOL) and 1,2-

dimethoxyethane (DME) (1:1, v/v) as electrolytes. The cathode material was on a 0.8 × 

0.8 cm
2
 square aluminium substrate, and the amount of electrolyte for each cell was ~20 

μl. The cells were assembled in an argon-filled glove box. Electrochemical measurements 

were performed galvanostatically between 1.0 and 3.0 V at various current densities. 

Capacity was calculated based on the weight of sulfur on the cathodes. The cyclic 

voltammograms (CV) experiments were conducted using a NOVA potentiostat at a scan 

rate of 0.1 mV s
-1

. EIS measurements were carried out using a NOVA electrochemical 

workstation in a frequency range between 100 kHz and 100 mHz at a potentiostatic signal 

amplitude of 5 mV. All experiments were conducted at room temperature. 

 

4.3 Results 

4.3.1 Material Characterizations  

The pristine PANI had a nanoparticle morphology with an average particle size of 1 

μm, as shown in Figure 4-1a. Interestingly, the obtained SPANI had a hierarchical 

coralloid-like structure with sulfur uniformly coverage on the external surface (Figure 4-

1b). A high magnification image (Figure 4-1c) clearly showed that the coralloid-like 

structure was constructed by multiple nano-flakes, which had a high degree of 

interconnectivity and formed a three dimensional porous framework with increased 

surface areas and macro-pore volumes. As can be seen, the pore size was ~500 nm. These 

multiple pores enhanced mass transportation because of the decreased diffusion length 

for the intercalating electrolyte anions, and thus facilitated more rapid battery operation. 

In addition, these pores could greatly alleviate the volume changes of active sulfur 

materials during the repeated discharging and charging processes. The formation of the 

hierarchical coralloid nano-flaked SPANI structure was probably due to the variation of 

surface energy of PANI polymers caused by the unsaturated surface functional groups in 

the PANI backbones during the synthesis process. The EDS and nuclear magnetic 
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resonance (NMR) characterizations of SPANI are shown in Figures 4-2 and 4-3, which 

demonstrated a structural change of PANI after being reacted with sulfur, probably was 

caused by the substitution of hydrogen atoms with sulfur atoms in PANI backbones. In 

addition, the EDS analysis revealed that the sulfur content was 63 wt.%.    

    

Figure 4-1 SEM characterizations of PANI and SPANI. (a) PANI nanoparticles, (b) synthesized 

coralloid SPANI composites, and (c) the nano-flakes in the coralloid SPANI granules.  

         

         

Figure 4-2 EDS spectra and SEM images of (a, d) pristine PANI; (b, e) polychlorinated 

polyaniline; and (c, f) SPANI.  

(a) (b) (c) 

(d) (e) (f) 

(a) (b) (c) 
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Figure 4-3 
1
H NMR spectra of PANI and SPANI. PANI had four characteristic peaks of 

1
H 

between 7.1-7.75 ppm.  

 

          The sulfur/disulfide bonds and sulfur content in SPANI were determined by 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), as shown 

in Figure 4-4a. Two obvious peaks were observed at 220 and 400 C in the DSC curve 

of SPANI, indicating the existence of two different kinds of sulfur bonds. The one at 220 

C corresponded to the decomposition of S-S bonds, and the other one belonged to the 

breakdown of C-S bonds on the SPANI backbones. Generally, the S-S bond has a much 

lower bond energy than the C-S bond (i.e., 418 kJ mol
-1

 for the S-S bond and 740 kJ mol
-

1
 for the C-S bond at room temperature). [110] Since there was an obvious weight loss 

begin from 420 C in PANI curve, which may be due to the carbonization of PANI, we 

measured the weight loss of SPANI by reducing the weight loss of PANI at 420 C. From 

the weight loss analysis of TGA tests, sulfur content in SPANI was 65 wt.%. 

 

         The SPANI was further characterized using XRD (Figure 4-4b). For PANI, the 

crystalline peaks appeared at 2θ = 15.3
o
, 20.7

o
, and 25.2

o
, corresponding to the (011), 

(020), and (200) crystal planes of PANI in its emeraldine salt form, respectively. For 
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sulfur, all the strong diffraction peaks can be attributed to orthorhombic sulfur with high 

crystallinity. Clearly, the SPANI showed the characteristic peaks of sulfur and PANI.  

 

        The structure of SPANI was determined by FTIR, as shown in Figure 4-4c. PANI 

showed characteristic bands at 3419, 1565, 1492, 1325, and 1139 (808) cm
-1

, 

corresponding to the N-H, C=N, C=C, C-N, and in-plane C-H (out-of-plane C-H) 

stretching vibrations, respectively. [151] These results further confirmed that PANI 

existed in the form of emeraldine salt. In the SPANI spectra, the C-H stretching vibration 

at 1109 cm
-1

 could be assigned to benzenoid rings that shifted to lower wave numbers 

and the intensity of both C-H vibrational bands at 1109 and 808 cm
-1

 significantly 

weakened, indicating the replacement of H atoms on aromatic rings by S atoms. In 

addition, according to Yu et. al, the two peaks at 915 and 816 cm
-1

 could be assigned to 

the vibrations of S-S bonds, the two peaks at 720 and 529 cm
-1

 could be assigned to the 

vibrations of C-S bonds. [146] 

 

       The sulfur bonds in SPANI were further investigated using XPS, and the wide range 

spectra is shown in Figure 4-4d. Figure 4-4e shows the S2p spectra of the SPANI. The 

binding energy of the S 2p3/2 peak was 163.7 eV, which is slightly lower than that of 

elemental sulfur at 164.0 eV, revealing the possible presence of C-S bonds. While the 

peak at 165.4 eV in the S 2p1/2 spectra suggested that S atoms were linked to a 

benzenoid ring and a quinoid ring. The reason for the large peak distance of 1.4 eV could 

be attributed to the presence of C-S bonds and disulfide bondes in SPANI structure. 

Figures 4-4f and 4-4g show the XPS spectra of the N 1s core level of PANI and SPANI, 

respectively. Both of them were composed of three subpeaks, corresponding to -N=, -

NH-, and -N
+
-. [152] Compared with PANI, all the three peaks of SPANI had lower 

binding energies, indicating substitution of the H atom by sulfur. In addition, the ratio of 

[-N=]/[-NH-] for SPANI was obviously higher than that of pure PANI, further 

confirming the existence of chemically bonded sulfur on the SPANI backbones. Figures 

4-4h and 4-4i show the C 1s spectra of PANI and SPANI, respectively. Both of them 

could be separated into four fitted peaks, corresponding to C-C, C-N, C=N, and π-π*. 

[152, 153] Compared to PANI, the C-C and C-N peaks of SPANI shifted to higher 
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binding energies. The tip-shift of these two peaks, due to the polar character of the C-S 

bonds, was evidence of the incorporation of sulfur into the PANI backbone structure. A 

contribution at about 288.4 eV (π-π*), which was smaller than that in PANI, indicated 

that SPANI was more stable than PANI.  

   

      

       

Figure 4-4 Structure characterizations. (a) TGA and DSC analysis showing 65 wt.% of sulfur in 

SPANI. (b) XRD patterns of S, SPANI, and PANI. (c) FTIR spectra of PANI and SPANI. (d) 

XPS spectra of PANI and SPANI. (e) S 2p regions of SPANI C 1s regions of (f) PANI and (g) 

SPANI. N 1s regions of (h) PANI and (i) SPANI.  

 

        Based on the data from TGA, XRD, FTIR, and XPS, we believed during the wet 

chemical synthesis process, part of sulfur reacted with PANI to form a cross-linked 

porous framework with both intra- and inter-chain disulfide bonds. The rest of sulfur 

covered onto the surfaces or infused into the voids and nanopores of SPANI polymers. 

(c) 

(a) 

(d) 

(b) 

(g) 

(e) 

(i) (h) 

(f) 
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Therefore, sulfur was both physically and chemically confined in the coralloid SPANI 

structure. The porous SPANI framework could work not only as an additional host for Li-

ion insertion/extraction, but also as a container for electrolyte to penetrate into the 

aggregated bulk sulfur.  

 

4.3.2 Electrochemical Performance 

                

                 

 

Figure 4-5 Electrochemical performance of Li-S batteries employing SPANI cathodes. (a) 

Continuous CV curves (0.1 mV s
-1

). (b) Cycling ability at 0.3 C. (c) Voltage profiles of initial 

cycles under different current rates. (d) Long-term cycling stability and (e) Coulombic efficiency 

at different current rates.  

(c) 

(a) (b) 

(d) 

(e) 
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       The first five cycles’ CV curve of the Li-SPANI battery at a scan rate of 0.1 mV s
-1

 is 

shown in Figure 4-5a. We observed two cathodic peaks at ~2.25 and ~1.95 V, and two 

almost overlapped anodic peaks at ~2.45 and ~2.50V. The sulfur chemical bonds in 

SPANI changed the equilibrium potential of S-Li reactions, which led to a discharge 

potential shifting to a lower plateau. The cathodic peak at 1.70 V disappeared after the 

initial cycle, probably due to the rearrangement of the active sulfur materials to 

electrochemically favorable positions after their dissolution into the liquid electrolyte 

during the first cycles. The CV curves in the subsequent cycles showed good 

reproducibility, indicating a high degree of reversibility of the multi-step reaction. The 

charge/discharge voltage profiles of these Li-S cells at a current rate of 0.3 C are shown 

in Figure 4-5b. The cells had typical sulfur cathode behavior with two discharge 

potential plateaus at 2.3 and 2.1 V, and two charge potential plateaus at 2.3 and 2.4 V. 

The length ratios between the upper and lower plateaus were nearly identical for all of the 

cycles, indicating a high efficiency of sulfur utilization in the SPANI cathode. The 

discharge capacity value of the cell at the first cycle was ~937 mA h g
-1

, corresponding to 

a high sulfur utilization of ~58.2%. However, a large capacity drop between the 1st and 

the 2nd cycles was observed, which was attributed to the catalytic reduction of electrolyte 

solvents on the fresh surfaces of SPANI, and the formation of solid electrolyte interface 

films on the Li-anode in the first cycle (Figure 4-5c).  

 

Figures 4-5d and 4-5e compared the long-term cycling behavior and Coloumbic 

efficiency of Li-S cells at different discharge/charge current rates. High cycling stabilities 

were observed at all rates. For example, at 0.3 C, the cell delivered a stable reversible 

capacity of 734 mA h g
-1 

over 200 cycles with a low decay rate (0.051% per cycle). 

Meanwhile, the cell always had a high Coulombic efficiency of 99.3%, indicating that the 

poly-shuttle effects were significantly reduced in the cells. Similar cycling performance 

enhancements were observed at 0.6 and 1 C, over 200 cycles, strongly suggesting that the 

developed SPANI cathode played a key role in extending the cycling life of Li-S 

batteries. Even at a high current of 2 C, the cell retained a capacity of above 700 mA h g
-1 

after 100 cycles, demonstrating exceptional rate performance. At 2 C, it appeared that the 

active material took about 100 cycles to reach a steady state in the cathode region to offer 
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stable electrochemical performance because of the solubility of the intermediate lithium 

polysulfide species in the electrolyte, indicating strong affinity of the discharged lithium 

polysulfide species in the SPANI framework. Surprisingly, the Coulombic efficiency of 

SPANI was consistently decreased with increasing current rates from 0.3 C to 2 C, which 

was different with the traditional Li-S batteries.  

 

4.4 Discussion 

        When sulfur covalently bonded on PANI chains, it is not soluble in organic 

electrolytes during the cell operations, and thus can improve the long-cycle stability of 

Li-S batteries. However, the capacities of these active sulfur materials decrease. To verify 

the contribution of disulfide on SPANI, we designed two control experiments based on S 

and PANI composites. The first one (S/PANI) was fabricated by simply mixing sulfur 

and PANI together, and the second one (S-PANI) was fabricated with a traditional 

heating strategy at 159 
o
C for 8 h, and then at 280

 o
C for 2 h in vacuum oven. Both 

cathodes employing these composites have the same sulfur content with SPANI cathode. 

The electrochemical performances for both cathodes are shown in Figure 4-6. As can be 

seen, at 0.6 C, both electrodes showed inferior cycling stability with a much lower 

capacity in comparison with SPANI electrode. Of note, the battery had a higher capacity 

at 2 C than that at 0.6 C and 1 C. The exact mechanisms controlling this unusual 

phenomenon are still under investigation. One possible explanation is that carbon sulfur 

bonds (C-S) and disulfide bonds (S-S) on PANI chains have different electrochemical 

performance with elemental sulfur. The proposed mechanism of the SPANI composite is 

shown in Scheme 4-2. The disulfide bonds have electrochemical activity due to the 

intramolecular electrocatalytic effect of the aniline moiety, as well as the improved 

recombination efficiency from the confined polymer structure that was interconnected 

with the S-S bonds. During the discharge process, the side chains of S-S functional 

groups de-polymerized and combined lithium ions to form lithium polysulfides, while the 

main chain of PANI was stable. During the charge process, a reversed reaction takes 

place. Generally, the cleavage of S-S bonds and the recombination efficiency are low, 

since they need a high energy, which was affected by the steric resistant effect of S-S 

bonds. However, at a larger discharge and charge current, an improved recombination 
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efficiency can be achieved, because the S-S bonds could be separated easier. It was 

confirmed by the larger capacity retention of 700 mA h g
-1 

at 2 C than 600 mA h g
-1 

at 0.6 

C after 200 cycles. This means that the S-S electrochemical cleavage and recombination 

process was enhanced at large current rate. Surprisingly, the Coulombic efficiency of 

Li/SPANI battery was lower at 2 C than that at 0.3, 0.6 and 1 C. The formation and 

breaking of the S-S bonds may be the key reason for the different Coulombic efficiency 

change trend, and further work should be performed to research the fundamental reason.  

          

Figure 4-6 Cycling performance of Li-S cell employing (a) S/PANI cathode (50 wt.% of sulfur, 

30 wt.% of PANI, 10 wt.% of carbon black, and 10 wt.% of PVDF); and (b) S-PANI cathode (80 

wt.% of S-PANI, 10 wt.% of carbon black, and 10 wt.% of PVDF) at 0.6 C.  

 

Scheme 4-2 Proposed electrochemical performance of SPANI composites. 

 

  Based on the above analysis, the SPANI cathodes enhanced cycling stability of Li-S 

batteries. We attributed the improved performance to the unique structure of SPANI, 

which not only provided multiple nanopores and strong affinity to trap polysulfide anions 

during the repeated cycles, but also contained multiple disulfide bonds with 

(a) (b) 
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electrochemical activity. When comparing the surface morphologies of SPANI with the 

S-PANI that was fabricated by heating, we observed there were multiple interconnected 

nanopores on SPANI surface, while the S-PANI had a nanoparticle morphology with a 

relatively smooth surface without pores (Figure 4-7). The nanoporous coralloid structure 

in SPANI was conducive to fast mass transportation within the macrometer size pores, 

and offered a high degree of interconnectivity of PANI chains to ensure high electron 

conductivity across the entire structure. In addition, the multiple nano-flakes in the 

coralloid SPANI structure also accommodated volume change of sulfur and provided 

large specific surface areas, which not only offered more electroactive sites for sulfur, but 

also immobilized polysulfide species and reduced the aggregation of sulfur. The SEM 

image of the SPANI cathodes after 100 cycles is shown in Figure 4-8a. As can be seen, 

the active sulfur materials were uniformly distributed on the porous coralloid SPANI 

structure and formed a thick layer, indicating the strong interaction between sulfur and 

PANI. The corresponding Energy-dispersive X-ray spectroscopy (EDS) mapping was 

shown in Figures 4-8b-8d. The density of sulfur materials was much higher than carbon 

and nitrogen, confirming the existence of both elemental sulfur and disulfide bonds in 

SPANI materials.  

 

  When sulfur was reduced upon fully discharge, the sulfur chemical bonding and a 

strong interaction between intermediate polysulfide species and the SPANI framework 

was important to hold the active sulfur materials in the cathode and retain effectively 

electrical contact with PANI. This assumption was verified by electrochemical 

impedance spectroscopy spectra (EIS), as shown in Figure 4-9a. When compared with 

S/PANI composite cathode, the SPANI cathode presented a smaller semicircle at the 

high-frequency region, since the chemical bonding and strong interactions significantly 

reduced the charge-transfer resistance in SPANI structure. The improved electronic 

conductivity together with the enhanced fast mass transportation property might increase 

the electrocatalytic activity of sulfur toward complete transformation to lithium sulfide 

(Li2S). In addition, the electrostatic interaction between the alkyl ammonium cations and 

polysulfide anions might also be vital for the effectively entrapment of polysulfide 

species during cycling. As shown in the XPS spectra (Figure 4-9b), the binding energy 
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of N 1s peak was reduced from 399.2 (before cycling) to 398.3 eV (after cycling), 

indicating the strong interactions of the alkyl ammonium cations with polysulfide species.  

                    

Figure 4-7 SEM images of S-PANI and SPANI. (a) S-PANI and (b) SPANI. 

 

 

Figure 4-8 SEM and EDS mapping data of the cathode after 100 cycles. (a) SEM image of the 

SPANI cathode. EDS mapping showing the homogenous distribution of (b) carbon, (c) sulfur, 

and (d) nitrogen in the SPANI composite, respectively. 

 

(a) (b) 

(c) (d) 

(a) (b) 
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Figure 4-9 (a) EIS tests of Li-S cells employing S/PANI cathode and SPANI cathode. The 

fabrication of S/PANI cathode was described in Figure S4a. (b) N 1s spectra of SPANI before 

cycling and after 100 cycles. 

 

4.5 Conclusions 

         In summary, for the first time, we have fabricated nanoporous coralloid SPANI 

polymers with a two-step chemical process, and showed a bonding stabilization of 

polysulfide species on its long-chain backbones. These covalently bonded polysulfide 

species contributed to high performance of Li-S batteries including high rate capability, 

long lifespan and high reversible capacity. The coralloid SPANI structure had tripe role 

in improving electrochemical performance of the SPANI cathodes: (i) it crosslinked to 

enhance strong interaction between the nonpolar carbon surface and various polar 

discharge polysulfide species; (ii) it fixed sulfur on SPANI by chemical interaction, and 

thus reduced the diffusion of polysulfides during cycling; and (iii) it enhanced the 

electron and ion conductivities in the composite cathode by increasing the meso-pore 

volumes and surface areas. In addition, the SPANI framework provided a high 

mechanical stability. Based on this structure, the SPANI demonstrated a superior rate 

response up to 2 C, and delivered a high performance over 200 cycles with 89.4% 

capacity retention. The SPANI cathodes may offer a new way to solve the long-term 

cycling difficulty for sulfur-carbon cathodes and can serve as the basis for significant 

future work. Further investigations will be conducted to understand the disulfide bond 

reaction mechanism and enhance the high-rate capability of Li-S cells employing SPANI 

cathodes.  

 

(a) (b) 
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Chapter 5: Sulfur Cathode Structures Development: Multilayered 

Electrodes 

 

          As demonstrated in Chapters 3 and 4, SC materials are effective in trapping 

polysulfide anions within the cathode structure. The capacity of such materials could be 

improved. As aforementioned (Chapter 1), two electrons are needed for each sulfur 

atom, based on this calculation, sulfur has a high theoretical capacity of 1675 mA h g
-1

. 

When sulfur combined with carbon, the sulfur atom that directly bonded with carbon 

atom will lose one electron, which lead to half of its theoretical capacity. In order to 

maximize the value of Li-S batteries, novel cathode structure design is a strategy. The 

objective in this chapter is to develop advanced cathode materials by building the right 

nano-structures using the right material combinations. Battery electrodes (anode and 

cathode) must conduct electrons and ions to the active redox sites within the electrode 

matrix, and as a result most electrodes generally consist of multiple materials and the 

interface among these materials are important. In this chapter, we developed a novel 

nano-structured sulfur composite cathode using layer-by-layer nano-assembly 

technology, from which the interface among the composite materials can be finely tuned 

to minimize interface barrier.  

 

         Due to the film growth behavior of multilayered electrodes, extra cell components 

such as binders are rendered unnecessary, thereby decreasing the cell weight. In addition, 

the binder-free composite could eliminate the use of toxic NMP solvent during regular 

electrode fabrication in Li-ion battery industry. The value of this design was that it is able 

to achieve a high degree of sulfur loading by using multilayered structure as a scaffold 

for sulfur deposition, and to obtain rapid charge and discharge without sacrificing 

capacity. Currently, electrodes (particularly cathodes) are usually solvent cast from 

slurry, and optimized interfaces among component materials have not been achieved. 

Moreover, it is suggested that the ideal electrode architecture that can provide efficient 

ion and electron transport should consist of an interpenetrating network of electron and 

ion pathways. In addition, layer-by-layer nano-assembly could be scaled up, and has been 

widely studied to prepare multiple nano-layers on a variety of surfaces. Electrostatic 
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attraction is believed to be the main driving force while other forces (e.g. hydrophobic, 

and van der Waals) may also play a role in the multiple nano-layer formation.  

 

5.1 Introduction 

         In the current Li-S systems, polysulfide dissolution represents a common but not the 

sole reason for the capacity decay of sulfur cathodes. [24, 32] Investigations by in 

operando transmission X-ray microscopy and inductively coupled plasma-optical 

emission spectroscopy have revealed that dissolution of sulfur in electrolytes is not so 

severe and takes limited responsibility for capacity fade. [32] Recently, the detachment 

and separation of lithium sulfides (Li2S and Li2S2), the full-discharge products, from the 

carbon matrix were identified as another important, but rarely noticed, contributing factor 

to cause irreversible active mass loss and electrical contact isolation. [154, 155] To 

mitigate this problem, amphiphilic polymers have been introduced to modify the 

interfacial properties of sulfur-carbon composites, achieving a long lifespan of 300 cycles 

at 0.5 C. [154] Nevertheless, the rate capability of cells is still limited by non-covalent 

adsorption of the poorly conductive polymer shell on carbon surfaces. Well-designed 

electrode structures and manipulation of sulfur distributions and attachments on the nano-

meter scale may be effective in enhancing the stability and performance of sulfur 

cathodes. 

 

        Here, we report the layer-by-layer (LbL) nano-assembly
 
fabrication of efficient, 

multilayered sulfur cathodes. [93, 156-160] The multilayered cathodes were fabricated on 

aluminum current collectors by alternate adsorption of negatively charged S-carbon 

nanotubes polystyrene sulfonate (S-CNT-PSS
-
) and positively charged S-polyaniline 

nanotubes (SPANI)-NH
+
 as shown in Figure 5-1a. Polyaniline (PANI) was deposited as 

the outermost layer to prevent direct contact between sulfur and the electrolyte. The 

formed sandwich-like porous structures acted as self-control poly-shuttle frameworks by 

forming physical and chemical barriers that reduced the migration of polysulfides from 

the cathode toward the Li-anode as shown in Figure 5-1b. 
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Figure 5-1 (a) Schematic diagram of multilayered cathode fabricated by the LbL nano-assembly 

process and functions of each component. (b) Schematic diagram of the self-control poly-shuttle 

process in the multilayered cathode.  

 

5.2 Experimental 

5.2.1 Preparation of S-CNT Composites  

          Multi-walled carbon nanotubes (CNTs, 110~170 nm in diameter and 5~9 μm in 

length, Sigma-Aldrich, St. Louis, MO) were soaked in nitric acid (70 wt.%) and sulfuric 

acid (98 wt.%) (v 1:3) in an ultrasonic container for 1 h, kept in an oven of 70 
0
C for 2 h, 

and then rinsed with distilled water to get FCNTs. The FCNTs were dispersed into 

sodium dodecyl sulfate (SDS) aqueous solution (Sigma-Aldrich). Meanwhile, sulfur 

powder (99.98%, Sigma-Aldrich) was dissolved in tetrahydrofuran (THF, Sigma-

Aldrich) to form a saturated solution. Next, the sulfur-saturated THF and FCNTs in SDS 

were mixed for 12 h under magnetic stirring, then centrifuged. The supernatant was 

decanted and the remaining materials were washed using deionized water to remove 

SDS. Finally, the as-prepared S-CNTs were mixed with sulfur (1:1 wt.%) and treated in a 

vacuum oven at 159 
o
C for 8 h then at 300 

o
C for 1.5 h.  

 

(a) (b) 
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5.2.2 Preparation of SPANI  

        Aniline, sodium dodecylbenzenesulfonate (SDBS), and ammonium persulfate, 

purchased from Sigma-Aldrich, were dissolved in hydrochloride aqueous solution for 40 

h, washed using distilled water and dried in a vacuum oven at room temperature for 24 h 

to obtain PANI nanotubes. PANI, sulfur monochloride (Sigma-Aldrich), and aluminum 

chloride (Sigma-Aldrich), were soaked in acetonitrile in a sealed flask for 10 h, washed 

using ether, and dried in a vacuum oven at 80 
o
C for 24 h to obtain chloride PANI. Sulfur 

and sodium sulfide were then mixed in N,N-dimethylformamide (DMF) in a vacuum 

oven for 6 h to obtain disodium pentasulfide (Na2S5). Next, the chloride PANI was 

soaked in a Na2S5 solution for 24 h in a vacuum oven, washed with deionized water, and 

dried in a vacuum oven at 80 
o
C for 24 h to achieve initial sulfurized PANI. Finally, the 

initial sulfurized PANI was mixed with sulfur (1:1 wt.%) in carbon disulfide solution 

(CS2, Sigma-Aldrich) for 2 h under magnetic stirring and heated in a vacuum oven at 280 

o
C for 2 h to obtain SPANI.  

 

5.2.3 Fabrication of Multilayered Cathodes Using LbL Nano-Assembly Technique 

A. Aluminum substrate treatment. Aluminum current collector was used as the 

substrate for the LbL process and a thin layer of CNT-COO
- 

was deposited on the 

substrate by electrophoretic deposition (EPD) technique. 

 

B. LbL process. First, SPANI was treated with NH2OH solution at 70 
0
C for 2 h and S-

CNT was mixed with poly(styrenesulfonate) (PSS, MW ~ 70,000, Sigma-Aldrich) 

solution for 2 h. These treated powders were then sonicated for 6 h in deionized water 

separately. The pH values of both solutions were adjusted to 3.5 and the solutions were 

sonicated for 3 h before LbL assembly. The purpose of introducing PSS here was to 

facilitate the growth of the multilayer films via electrostatic interactions; PSS is a strong 

polyelectrolyte. Details of LbL assembly of cathodes can be found elsewhere. In brief, 

the process involves immersing the treated substrate into the SPANI suspension for 3 min 

and then washing the substrate in deionized water for 30 sec; next, placing the SPANI-

coated substrate into S-CNT suspension for 3 min and then washing in deionized water 

for 30 sec. These steps are repeated until the desired number of layers is achieved. In the 
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present study, the multilayered cathode has 90 bi-layers with sulfur loading of 1.76 

mg·cm
-2

. Finally, the assembled multilayered cathodes are dried in air and treated at 100 

o
C in a vacuum oven for 5 h. The cathode is now ready to be assembled into a cell.  Note 

that the LbL method can produce a large number of samples by robot machines and has 

the potential for large-scale industrial applications.  

 

5.2.4 XPS, XRD, and FTIR Measurements 

        Kratos Axis Ultra XPS (Kratos Analytical) with a monochromatized Al Ka X-ray 

source, PANalytical XRD, and FTS 7000 FTIR were used to analyze the surface 

chemistry of S-CNT, SPANI, and multilayered cathodes. Curve fittings of the XPS 

spectra were performed following a Shirley-type background subtraction.  

 

5.2.5 Electrochemical Measurements of Multilayered Cathode-Based Cells  

        CR2016-type coin cells were used as the testing cells. Lithium foils were used as the 

anodes, Cellgard 2400 microporous membranes as separators, 1.0 molL
-1

 

bis(trifluoromethane sulfonyl) imide (LiTFSI) and 0.15 molL
-1

 LiNO3 dissolved in 

dioxolane (DOL) and dimethoxyethane (DME) (1:1, v/v) as electrolytes, and S-

CNT/SPANI multilayered composite as cathodes. The cells were assembled in an Argon-

filled glove box. Electrochemical measurements were performed galvanostatically 

between 1.0 and 3.0 V at current densities of 550, 1300, 1950, and 6400 mAg
-1

. Capacity 

was calculated based on the weight of all materials on the cathodes. CV experiments 

were conducted using a NOVA potentiostat at scan rates of 5, 0.5, and 0.1 mVs
-1

. EIS 

measurements were carried out using a NOVA electrochemical workstation in a 

frequency range between 100 kHz and 100 mHz at a potentiostatic signal amplitude of 5 

mV. All experiments were conducted at room temperature. 

 

5.3 Results and Discussion  

5.3.1 Characterizations of the Multilayered Cathodes and Related Materials 

           S-CNT Materials. S-CNT was synthesized using functionalized CNT (FCNT). 

The pristine FCNT tended to agglomerate due to strong van der Waals interactions 

(Figure 5-2a). However, these interactions appeared to weaken after a thin layer of sulfur 
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was coated on the surface of the FCNT (Figure 5-2b). The sulfur on the FCNT surface 

was evaluated by X-ray diffraction (XRD), in which obvious characteristic peaks of 

sulfur were observed for S-CNT (Figure 5-2c). The S-CNT had typical sulfur peaks, 

indicating its uniform deposition on CNT surfaces. By comparison, SPANI showed both 

sulfur and PANI peaks, indicating that sulfur layers did not completely coat the PANI 

surfaces. A monoclinic sulfur phase was detected by XRD in S-CNT after heating at 159
 

o
C for 8 h and then 300

 o
C for 1.5 h. At 300 

o
C, elemental sulfur may react with FCNTs 

and form covalently bonded sulfur. C-S bonds formed were verified by the two additional 

peaks at 740 cm
-1 

and 933 cm
-1

 in the Fourier transform infrared spectroscopy (FTIR) 

analysis (Figure 5-2d), since it is known that S8 shows no vibrational activity in the 900 

to 2000 cm
−1

 range.[146] FCNT showed characteristic bands at 1290, 1430, and 1680 cm
-

1
 corresponding to the C-O, C=O, and C=C stretch, respectively. All the C-O and C=O 

peaks of S-CNT were smaller than that of FCNT, indicating the decrease of functional 

groups after reacting with sulfur. The sulfur content in the S-CNT was found to be 76.9 

wt.% by thermo gravimetric analysis (TGA) (Figure 5-2e). TGA results indicated that 

the weight-loss and weight-loss temperature of S-CNT were higher than those of S/CNT 

composites, suggesting a promoted affinity and interaction between sulfur and FCNT.  

       

                    

(b) (a) (c) 

(d) (e) 
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Figure 5-2 Characterizations of S-CNT materials. Scanning electron microscopy (SEM) images 

of (a) FCNT and (b) S-CNT. (c) XRD analysis of S-CNT, SPANI and FCNT. (d) FTIR spectra of 

S-CNT and FCNT. (e) TGA and DSC analysis of S-CNT.  

 

           SPANI Materials. SPANI was synthesized using PANI precursors. The as 

prepared PANI nanotubes were shown in Figure 5-3a. The typical morphology of the 

SPANI was shown in Figure 5-3b where bulk sulfur particles were also found on SPANI 

surfaces which may be attributed to strong capillary force during the post-heat treatment. 

X-ray photoelectron spectroscopy (XPS) was conducted on the SPANI polymer and the 

fitted curves indicated that the back-chains of PANI were chemically modified and 

physically coated with sulfur (Figures 5-3c-f). The lower binding energy feature (163.7 

eV) was due to S8. The second peak at 165 eV could be attributed to C-S bonds. The ratio 

of [S]/[C-S] provided a direct evaluation of the covalent bonds between sulfur and the C 

atoms of PANI. These C 1s spectra could be separated into four peaks. The first three 

peaks were due to the C-C group (284.2 eV) in the aromatic ring, C-N bonds (285.2 eV), 

and C=N bonds (286.6 eV). The fourth peaks centered at 288.4 eV was attributed to the 

π-π* shake-up satellite. [152, 153] The N
+
 peak at 400.8 eV was due to the protonated 

amine after being heated with sulfur at 300
 o

C. TGA results indicated that the sulfur 

content in SPANI was 65.4% (Figure 5-3g). 

   

    

(c) (a) 

(e) 

(b) 

(d) (f) 
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Figure 5-3 SEM image of (a) the as-prepared PANI nanotubes and (b) SPANI composites. (c) 

Wide range XPS spectra of PANI and the obtained SPANI. (d) XPS data of S 2p regions of 

SPANI. (e) XPS data of C 1s regions of SPANI. (f) XPS data of N 1s regions of SPANI. (g) TGA 

and DSC analysis of SPANI showing 65.4 wt.% of sulfur in SPANI composite.  

 

         Multilayered Cathodes. The ultrahigh aspect ratio and good mechanical strength 

of FCNT and PANI led to a multilayered cathode with a robust structure that possessed 

abundant interconnected channels through which Li-ions might pass (Figures 5-4a-c). 

These channels formed 3-D porous frameworks that favored the penetration of 

electrolytes. Since sulfur is involved in multi-step reactions during discharge and charge, 

Li-ion and electron transports are important factors. The empty pores in the multilayered 

cathode acted as reservoirs for liquid electrolytes capable of fast Li-ion conduction. 

Meanwhile, the highly intertwined PANI and FCNT facilitated electrical conductivity 

and, to a lesser extent, Li-ion transport. The multilayered structure formed a 3-D 

integrated skeleton and the discrete layers ensured a homogeneous sulfur distribution. 

The skeleton provided large reactive interfacial areas that allowed easy incorporation and 

manipulation of sulfur. The structure facilitated electronic and ionic conduction across 

the multilayered interfaces between the discrete layers and the electrolyte, maximizing 

the efficiency of sulfur in combining with lithium. The thickness of the multilayered 

cathode increased approximately linearly with the increasing number of bilayers; the 

cathode with 90 bilayers had a thickness of 35.3 μm with a material density of 2.75 mg 

cm
-2

 after heat treatment (Figure 5-4d). XPS analysis of the multilayered cathodes after 

heat treatment revealed significant amounts of S8 and C-S bonds within the cathodes 

(Figure 5-4e). The peak at 164.4 eV in the S 2p3/2 spectrum indicated elemental sulfur, 

while the peak at 165.4 eV in the S 2p1/2 spectrum suggested that S atoms were linked to 

(g) 
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a benzenoid ring (SPANI) and a quinoid ring (sulfurized CNT). The small peak at 168.5 

corresponded to PSS. The atomic composition of the multilayered cathode was found to 

be 29.2 wt.% carbon, 64.1 wt.% sulfur, 4.6 wt.% oxygen, and 2.1 wt.% nitrogen. TGA 

results indicated that the sulfur content in the whole cathode was 67.5% (Figure 5-4f).    

    

  

Figure 5-4 Characterizations of multilayered cathodes. SEM images of (a) the outermost layer, 

PANI, (b) SPANI layer, and (c) S-CNT layer. (d) Area mass density (mg cm
-2

) and thickness (μm) 

vs. bilayers of multilayered cathodes on aluminum current collectors. (e) XPS and (f) TGA 

analysis of the multilayered cathodes.  

 

5.3.2 Electrochemical Performance of Multilayered Cathodes  

          The rate capability of multilayered cathodes is shown in Figure 5-5a. The C rates 

specified in this study are based on the theoretical capacity of sulfur, with 1 C = 1675 mA 

g
-1

.
 
The initial discharge capacity reached 1346 mA h g

−1
 of sulfur at 0.1 C, which is 

80.4% of the theoretical value for sulfur. A reversible capacity of 1014 mA h g
−1

 was 

observed at the 300th cycle, corresponding to 75.3% capacity retention. The results 

demonstrated the superiority of the multilayered structure in enhancing the active 

material utilization. As current density varied from 0.1 to 2.5 C, the multilayered 

cathodes still displayed reasonable capacity although capacity decreased gradually, which 

(a) (c) (b) 

(f) (e) (d) 



 
 

70 
 

may be due to the polarization effect. Even at a rate of 2.5 C, the cell capacity exceeded 

580 mA h g
−1

 after 150 cycles, demonstrating high rate performance and robust structure. 

  

        The long-term cycling behavior and Coulombic efficiency of multilayered cathodes 

at different current densities are shown in Figure 5-5b.  Significantly improved cycling 

stability was observed at the current densities studied. For instance, at 0.3 C, the cell had 

a high reversible capacity of 1100 mA h g
−1

. A reversible capacity of 818 mA h g
−1 

was 

obtained even after 600 cycles, corresponding to 74.4% of capacity retention with an 

average Coulombic efficiency of 97.5%. It is noteworthy to mention that Li-S cells using 

the same multilayered cathode but having no lithium nitrate additive in electrolyte also 

had a high Coulombic efficiency of 96.3% (Figure 5-5c), while the traditional Li-S cells 

using slurry-coating sulfur cathodes had a much lower Coulombic efficiency of ~80% 

(Figure 5-5d). These results indicated that the polysulfide shuttling effects were 

significantly mitigated in the multilayered sulfur cathode based cells. Unlike traditional 

sulfur cathodes with poor contact between sulfur and carbon during discharge/charge, the 

multilayered sulfur structure provided strong affinity of polysulfides/sulfur and reduced 

their dissociation from the interconnected network of CNTs and PANIs during cycling 

(Figures 5-6a and 6b). The intimate contact layers within the multilayered structure 

further attracted polysulfide anions and prevented the anions from “leaking” out (Figure 

5-6c). In addition, the porous frameworks in the multilayered cathodes accommodated 

the volume change of the sulfur and the corresponding strains accumulated in the 

cathodes, thus leading to improved cycling stability. 

 

          The current density also had a great influence on the discharge reactions (Figure 5-

5b). At a high current density of 2.5 C, the discharge capacity of multilayered cathodes 

reached a steady state after 130 cycles, probably because sulfur could not be reacted until 

it was exposed to the electrolyte after the initial cycles at high C rates. However, at a low 

current density of 0.1 C, we estimated that ~80% of sulfur reacted with lithium from the 

beginning of the test. While at moderate current densities of 0.3, 0.6, and 1 C, a decrease 

in the first few cycles followed by an increase in discharge capacity was observed. The 

decrease was probably caused by the catalytic reduction of electrolyte solvents on the 
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fresh surfaces of the multilayers, and the formation of solid electrolyte interface films on 

Li-anodes. The increase was probably related to the high solubility of polysulfides in 

electrolytes. Initially, the cathodes contained bulk sulfur, which could not completely 

react at the end of discharge. After a few cycles, the electrolyte infiltrated into the 

internal layers and the bulk sulfur reacted and pulverized. Subsequently, the cells reached 

a steady state and showed stable cyclic properties. 

         

        

Figure 5-5 (a-c) Electrochemical performance of Li-S cells employing multilayered cathodes. (a) 

Rate performance. Long-term cycling performance and Coulombic efficiency at different current 

rates (b) with and (c) without lithium nitrate additives in the liquid electrolyte. (d) Cycling 

performance of Li-S cells employing slurry-coated cathodes (10 wt.% of PVDF + 45 wt.% S-

CNT + 45 wt.% SPANI).  

    
(b) 

(a) 

(a) (c) 

(b) 

(c) (d) 
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Figure 5-6 SEM characterizations of the cathodes at different cycles. (a) Top view and (c) cross-

section at the 10
th
 cycle, and (b) top view at the 50

th
 cycle of multilayered cathodes.  

 

5.3.3 Electrochemical Reaction Processes in Multilayered Cathodes  

         The electrochemical reaction mechanism of sulfur in multilayered cathodes was 

revealed using cyclic voltammetry (CV) at a scan rate of 0.05 mV s
−1

. As shown in 

Figure 5-7a, the fresh multilayered cathode featured three reduction current peaks at 

around 2.38, 2.1, and 1.8 V. The first two narrow peaks showed typical characteristics of 

two-step reduction of sulfur from solid-liquid (S8-S6
2-

) and liquid-solid (S6
2-

-Li2S2) phase 

transitions. The third broad reduction current peak at 1.8 V was lower than the potential 

of S4
2-

 to Li2S2 reaction at around 2.1 V. [87] Similarly, multilayered cathodes without 

lithium nitrate additives had three reduction peaks (Figure 5-7b). However, SPANI, 

SPANI-PSS, and S-CNT-PSS based cathodes presented typical sulfur characteristics with 

two reduction peaks at 2.30 and 1.97, 2.31 and 2.01, and 2.44 and 2.04 V, respectively 

(Figure 6-7c). These observations indicated that the multilayered cathodes experienced a 

new reaction represented by the reduction peak at 1.8 V, which was possibly attributed to 

the reaction from Li2S2 to Li2S. As shown in Figure 5-7d, the four characteristic peaks at 

23
o
, 31

o
, 45

o
, and 50

o
 in the XRD pattern indicated the existence of Li2S. However, the 

CV curves at the 50th cycle showed significantly different behavior. The first two 

reduction peaks showed in the initial cycle were substituted by a new broad peak centered 

at 2.2 V in the 50th cycle. Most likely, the high potential polarization between soluble, 

high-order polysulfides (HPS, i.e. Li2Sn, n ≥ 3) and insoluble, low-order polysulfide 

species (Li2Sn, n ≤ 2) caused an overlap of the two possible reduction peaks. The 

continuous CV scans of the multilayered cathodes shown in Figure 5-7e demonstrated 

gradual changes during the electrochemical reaction processes.  

   

(a) (b) (c) 
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Figure 5-7 CV scans of Li-S cells employing electrolyte (a) with and (b) without lithium nitrate 

additives. (c) CV scans of SPANI, SPANI-PSS, and S-CNT-PSS based cathodes. Both scan rates 

were 0.05 mV s
-1

. The SPANI cathodes contained 10 wt.% of PVDF and 90 wt.% of SPANI; the 

SPANI-PSS (S-CNT-PSS) cathodes contained 10 wt.% of PVDF, 30 wt.% of PSS and 60 wt.% of 

SPANI (S-CNT). (d) XRD data of the multilayered cathode after the 50th discharge. (e) 

Continuous CV scans of multilayered cathodes for the first 3 cycles.  

 

          At 0.3 C, the discharge/charge profiles of multilayered cathodes in Figure 5-8a 

exhibited three discharge plateaus at 2.3, 2.1, and 1.9 V and two discrete charge plateaus 

at 2.3 and 2.4 V, which were consistent with the CV analyses. Similar results were 

observed at 0.6 and 1.0 C (Figure 5-8b). The upper discharge plateau at 2.3 V 

corresponded to the reduction of sulfur into soluble lithium polysulfide species. The 

discharge capacity values of the cell corresponding to this plateau at the 1
st
, 50

th
, and 

150
th

 cycles were identical, demonstrating the effectiveness of the multilayered cathode 

in trapping soluble polysulfide species and enhancing the utilization of sulfur. When 

sulfur in each layer is reduced upon full discharge, the strong affinity of polysulfide 

species for the sandwich-like porous frameworks is vital for retaining the active mass and 

electrical contact of sulfur/ polysulfide species within the conductive framework. SEM 

images (Figures 5-8c-e) of the multilayered cathodes in the discharged state revealed that 

the discharge products were kept within the cathode structure to form thick layers instead 

of discrete particles, implying the strong interaction between polysulfides and the 

multilayered structure. The thick sulfur layer observed on the surface of the cathode 

could be attributed to the insoluble Li2S or Li2S2 layers formed at the end of discharge. 

 

(d) (e) 
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Figure 5-8 Electrochemical performance of Li-S cells employing multilayered cathodes and SEM 

characterizations of the cathodes at different cycles. (a) Voltage profiles at 1st, 50th and 150th 

cycles. (b) Initial voltage profiles at 0.6 and 1 C. Top surface characterization at the (c) 150th, (d) 

250th, and (e) 350th cycles. 

 

        The multilayered sulfur cathodes reduced the dissolution of polysulfide species 

probably because, in the multilayered structure design, the alternately arranged SPANI 

layers and S-CNT-PSS layers not only provided capacity, but also served as chemical and 

physical barriers that reduced unwanted polysulfide migration from the cathode to the 

electrolyte. The electrostatic interaction between the alkylammonium cations and 

polysulfide anions might also trap polysulfide species during the repeated cycles, leading 

to high cycling stability. In addition, multiple studies have shown that chemical 

interactions between sulfur or polysulfide with an oxygen functional group or unsaturated 

carbon bonds on CNT and PANI in the multilayered cathodes could reduce the 

dissolution of polysulfide species. The porous 3-D framework in the multilayered 

structure provided efficient electron and Li-ion conduction, which contributed to a high 

utilization of sulfur and fast kinetics. 

(a) (b
) 

(c) (e) (d) 
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Figure 5-9 EIS analysis of the Li-S cells containing multilayered cathodes. (a) EIS analysis of Li-

S cells. (b) SEM image of cathode surface after 500 cycles. 

 

           Electrochemical impedance spectra (EIS) analysis was performed to further 

evaluate the multilayered cathodes. As shown in Figure 5-9a, the EIS spectra were 

comprised of two semicircles at the high frequency region and an inclined tail in the low 

frequency region.[33, 46, 54, 109] The real axis intercepting at the high frequency 

represented the electrolyte resistance. The semicircle from high to medium frequency 

corresponded to the SEI layer resistance, and the second semicircle at medium frequency 

was related to the charge transfer resistance. The short inclined line in the low frequency 

regions was due to ionic diffusion within the cathode. The interfacial charge-transfer 

resistance was recognizable from the second semicircle owing to the redox formation of 

soluble polysulfide species and insoluble short-chain polysulfide species. The resistances 

at the 50
th

 and 150
th

 cycles were identical, indicating a stable SEI layer on the lithium 

surface and a smooth charge transfer of lithium ions in the cell. These findings might 

indicate that there was limited polysulfide shuttling in the first 150 cycles since 

otherwise, the dissolved polysulfide species would migrate toward the Li-anode at which 

point they would be reduced to LPS and irreversibly precipitate onto the Li-anode 

surface. This would inhibit charge transfer of lithium ions thereby leading to an increase 

in cell impedance. Cathode kinetics and charge-transfer polarization accounted for the 

majority of the voltage loss in the cells. The multilayered cathodes had low resistance, 

which presented an ideal opportunity to create intimate organic-inorganic interfaces for 

efficient electrochemical reactions in Li-S batteries. At the 500th cycle, by contrast, both 

the interfacial resistance and charge transfer resistance increased. The reactions of sulfur 

(a) (b
) 
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resulted in great morphological changes at the 500th cycle, leading to (i) obvious cracks 

and (ii) formation of crystal slabs on the surfaces of the multilayered cathodes (Figure 5-

9b). Both the nonconductive crystal slabs and the cracks caused high resistance within 

the cell.  

 

5.4 Conclusions 

          In summary, we demonstrated a unique multilayered sulfur electrode fabricated 

with LbL nano-assembly method. With this method, extra cell components such as PVDF 

binders were not necessary. Within the multilayered structure, the PANI and FCNT 

layers served as an electrical conductive network and the abundance of pores served as 

ionic conductive pathways. The structure separated sulfur layers and maintained a high 

surface area, and led to enhanced sulfur utilization. The discharge/charge voltage profiles 

and the CV scans, combined with the EIS, XPS, and FTIR analyses, revealed that the 

multilayered cathodes resulted in reduced polysulfide shuffling effects and more 

complete sulfur transformation, leading to excellent cell operation with high efficiency, 

good reversibility, and fast kinetics. SEM images showed no significant structural 

damage to the multilayered cathode before 350 cycles, indicating high structural stability 

of the multilayered cathode. As a result, the multilayered cathodes provided a long 

lifetime of more than 600 cycles with an average Coulombic efficiency of 97.5% under a 

variety of discharge/charge current densities. The tunable nature of the LbL technique 

allows for the incorporation and manipulation of non-conductive sulfur and highly 

conductive CNTs/PANIs. These multilayered cathodes may contribute to potential 

development and applications of long-lived, high energy density and high power Li-S 

batteries for electric vehicle systems and flexible and thin-film devices.   
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Chapter 6: Sulfur Cathode Structures Development: Carbon Paper 

Electrode with High Sulfur-Loading 

 

        In this chapter, we will develop a cost-effective approach to obtain electrodes with 

high energy density and long-cycling properties. Carbon nanofiber (CNF) substrates with 

a high electrical conductivity (420 S cm
-1

)
 
and an extremely low density (~0.2 g cm

-3
) 

were used as current collectors and also as hosts for high sulfur loading (~6.7 mg cm
-2

), 

while the carbon black nanoparticles which were well-distributed within the CNF 

substrates, functioned as electrical bridges for nonconductive sulfur and highly 

conductive CNF framework. In addition, a densely packed (~6.6 g cm
-3

) porous carbon 

layer (~5 μm) on the top of CNF acted as a protective layer to inhibit polysulfide shuttle 

between cathode and anode. As a result, this unique design enabled the fabrication of Li-

S batteries with a remarkably high reversible capacity exceeding 900 mA h g
-1

 at 0.2 C, 

800 mA h g
-1

 at 0.5 C, and 700 mA h g
-1

 at 1 C, while the average Coulombic efficiency 

was greater than 99.5%. Moreover, at a high current rate of 1.5 C, capacity retention from 

709 to 302 mA h g
-1

, corresponding to an areal capacity of >2 mA h cm
-2

, was obtained 

over 1000 cycles. 

 

6.1 Introduction 

          Owing to the low cost and a high capacity of sulfur, rechargeable lithium sulfur 

(Li-S) battery offers the possibilities of low cost and high energy density. [26, 168] 

Despite 20 years of intensive efforts and advancements achieved in fundamental 

electrochemistry and performance improvements, the real applications of current liquid 

type Li-S battery are still challenged by insufficient cycle life with a rapid capacity fade 

and low practical energy/power density. [24, 26, 39, 42] It is well accepted that the major 

degradation mechanisms of S-cathode are (1) low electric conductivity of S and sulfides, 

(2) insoluble discharge products such as Li2S, and (3) poly-shuttle related issues. [25] 

Although the long-term cycling stability of Li-S batteries could be obtained by using 

hybrid carbon structures, such as carbon nanotubes and carbon fibers, to enhance the 

conductivity of the active sulfur materials, to gain a much lower polarizations and to 

retard the polysulfide migrations in the cathode compared with the use of single 
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conductive carbon agents. [53, 63, 76, 92, 103, 161, 162] However, most research have 

focused on developing novel sulfur porous carbon/polymer composites with low sulfur-

loadings (i.e. < 2 mg cm
-2

), and less attention was paid on commercialization 

requirements of a Li-S battery. [73, 92, 159]  

 

         Indeed, a high sulfur-loading cathode commonly results in low sulfur utilization due 

to the non-ideal mass transportation, and thus deteriorates battery performance. [91, 149, 

169] In the reported Li-S batteries with high sulfur-loading, the researchers found that 

increasing the amount of sulfur-loading resulted in decreased transport efficiency for 

electrons and ions and thus inferior performance of Li-S batteries.
 
Recently, Zu et al. 

fabricated a sulfur cathode with a high sulfur-loading of 5.5 mg cm
−2

 using soluble 

polysulfide species as the active material in the cathode and a carbon nanofiber (CNF) 

film as the current collector.[38] In their cells, high capacities, larger than 1000 mA h g
-1

, 

were obtained. However, these exceptional capacities were achieved only at very low 

current densities (i.e., 0.2 C and 0.1 C). Further, their cells had inferior cycling 

performance (50 cycles) due to the anode corrosion caused by side reactions between the 

lithium metal and soluble polysulfide species. Their configuration is also conducive to 

the formation of dendrites upon repeated charges and discharges, resulting in an unstable 

Li-anode. This situation urges the investigation of high sulfur-loading cathode together 

with a cost-effective process from a system point of view, while simultaneously 

considering the performance of Li-S batteries. 

 

        The traditional strategy for sulfur composite synthesis is somewhat complex and 

requires high temperature or other high-cost procedures like CVD and chemical reactions 

to disperse sulfur into/onto porous carbon or other designed porous structures. [27, 37, 

167, 170] Albeit this, such cathodes always resulted in inferior cycle life and poor sulfur 

utilization due to the lacking of porosity for nonconductive sulfur/Li2S2/Li2S deposition, 

and the instability of cathode structure that impaired electron and Li-ion transportation. 

[38, 50] This situation is severe in a high sulfur-loading Li-S cathode. [149] Since long-

chain polysulfide species (Li2Sx, 3≤x≤8) are easily dissolved into the electrolyte, sulfur 

will rearrange their positions during the repeated cycles and tend to agglomerate to form 
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large particles, which may destroy cathode structure and cause electrical contact 

problems and thus result in capacity fade. [84] In our previous study, introducing 

micrometer size pores in the cathode was found beneficial for fast mass transportation 

and sulfur kinetics performance. [124] Therefore, in a high sulfur-loading cathode, the 

initial state of sulfur may not be so important, in contrast, an ideal mass transportation 

and an ideal electron conduction path in a stable conductive carbon network is essential.  

  

        In this chapter, a commercial CNF-porous carbon paper (CNFPC, ~165 μm) coupled 

with carbon black nanoparticles and soluble lithium polysulfide species was used as a 

sulfur electrode and a current collector (Figures 6-1a and 1b). In this structure, the three-

dimensional (3D) CNF substrate provided multiple 3D interlinked electron pathways and 

sufficient space to accommodate a large amount of active sulfur materials. On the top of 

the CNF substrate was a compact porous carbon film (~5 μm) with a high tap density of 

6.6 g cm
-3

, which was designed to keep the soluble high-order polysulfides within the 

cathode. A liquid polysulfide (Li2S6) catholyte (Figure 6-1c) was used as the active 

material, simplifying the fabrication process and ensuring efficient contact with the 

conductive CNF matrix. The CNF acted as the long-range conductive framework, while 

the carbon black nanoparticles served as the short-range conductive agents, which 

bridged the gaps between sulfur materials and the CNF framework. As a result, reversible 

capacities over 900 mA h gsulfur
−1

 at 0.2 C, 800 mA h gsulfur
−1

 at 0.5 C, and 700 mA h 

gsulfur
−1

 at 1 C over 200 cycles were obtained with a high sulfur loading of 6.7 mg cm
-2

. 

Therefore, our simple and cost-effective sulfur cathode structure led to Li-S batteries with 

high performance. 
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Figure 6-1 (a) Schematic of the CNFPC electrode design, (b) large areal figure of the CNFPC 

electrode, and (c) carbon black/soluble Li2S6 liquid catholyte. 

 

6.2 Experimental Section  

Preparation of CNFPC Electrodes. The CNF substrate used in this experiment had a 

thickness of ~160 μm, an electrical conductivity of 420 S cm
-1 

and a density of ~0.2 g cm
-

3
. The porous carbon layer had a thickness of ~5 μm, and a density of ~6.6 g cm

-3
. 

According to these data, the areal loading of CNF was 3.2 mg cm
-2

, and the areal loading 

of porous carbon was 3.3 mg cm
-2

. The controlled CNF paper electrode that without the 

porous carbon layer had the same parameters of CNF, carbon black and active sulfur 

materials. The soluble polysulfide catholyte was formed by chemically reacting 0.025 

mol sublimed sulfur (99.5%, Sigma-Aldrich) and 0.005 mol Li2S (99.98%, Sigma-

Aldrich) in 10 ml dioxolane (DOL) and 1, 2-dimethoxyethane (DME) (1:1, v/v). The 

chemical reaction was: 5S + Li2S = Li2S6. Next, 28 mg of carbon black (~150 nm, US 

Research Nanomaterials, Inc.) was added into the above solution and stirred for 2 h. Then 

300 μL of polysulfide catholyte was added into a 2 cm × 2 cm CNFPC/CNF paper 

current collector (SGL group, the carbon company), corresponding to a carbon black-

loading of 0.23 mg cm
-2

, and a high sulfur-loading of 6.7 mg cm
-2

. Lastly, after the 

evaporation of DME and DOL, the prepared electrode was used for battery assembly. 

(b) 

(c) 

(a) 
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Based on the above calculation, the sulfur ratio in the whole electrode (including current 

collector) was 50 wt.%. All of the experiments were conducted in a glove box.  

 

Material characterization. Morphology of the CNFPC current collectors was examined 

by SEM, TEM, and EDX (EDS). Crystal structure characterization was conducted with a 

PANalytical XRD with Cu Kα radiation between 10 and 80° at a scan rate of 0.1° s
 −1

. 

Kratos Axis Ultra XPS (Kratos Analytical) with a monochromatized Al Ka X-ray source 

was used to analyze the surface chemistry of CNFPC electrodes. Deconvolution of the 

XPS spectra was performed with a Casa XPS program with Gaussian-Lorentzian 

functions after subtraction of a Shirley background. The pretreatments for the samples 

after cycling included the following several steps. First, the disassembled cathode and 

anode were washed with DOL solution 5 times to remove the soluble polysulfides on the 

surfaces and bottoms of the cathode and anode. Next, the cathode and anode were left in 

the glove box for 1 day to evaporate the solution remained. Then, the cathode and anode 

samples were anchored onto the SEM specimen mount holders, and placed into two 

separated vacuum jars for test. Last, the samples were quickly transferred to the SEM 

chamber. For XPS test, the electron gun was used to remove several nanometers of the 

oxidized surfaces of the samples. 

 

Electrochemical Measurements. CR2032-type coin cells were used as the testing cells. 

Lithium foils were used as the anodes, Cellgard 2400 microporous membranes as 

separators, 1.0 mol L
-1

 bis(trifluoromethane sulfonyl) imide (LiTFSI) and 0.1 mol L
-1

 

LiNO3 dissolved in dioxolane (DOL) and 1,2-dimethoxyethane (DME) (1:1, v/v) as 

electrolytes. The ring lithium foil with a thickness of 20 μm and diameter of 2.8 cm was 

used as the anode. LiNO3 was used to form a protective film on the surface of Li-anode. 

The cells were assembled in an argon-filled glove box. The size of the electrode material 

was 0.9 cm × 0.9 cm, and the amount of electrolyte for each cell was about 0.04 ml. 

Electrochemical measurements were performed galvanostatically between 1.8 and 3.0 V 

at various current densities. Capacity was calculated based on the weight of sulfur on the 

electrodes. CV experiments were conducted using a NOVA potentiostat at a scan rate of 

0.1 mV s
-1

. EIS measurements were carried out using a NOVA electrochemical 
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workstation in a frequency range between 100 kHz and 100 mHz at a potentiostatic signal 

amplitude of 5 mV. All of the CV, EIS, cycling and rate performance were collected on 

Li-S batteries with an areal sulfur loading of 6.7 mg cm
-2

. All experiments were 

conducted at room temperature.  

 

6.3 Results 

          Battery Performance. Using our developed CNFPC sulfur electrode, the Li-S 

battery delivered a reversible capacity of >700 mA h g
-1

 over 200 cycles at 1670 mA g
-1

 

(~1 C) as shown in Figure 6-2a; this improvement in capacity retention in such a high 

sulfur-loading electrode is remarkable. However, the initial discharge capacity was lower 

than 600 mA h g
-1 

due to the loss of the high voltage plateau near 2.35 V, which was 

ascribed to the transition from S/Li2S8 to Li2S6. As the soluble lithium polysulfides 

(Li2S6) were directly used as the active materials, the discharge process started at the 

transition from Li2S6 to Li2S4. In addition, a severe voltage hysteresis was observed in the 

initial discharge curve, which was possibly caused by severe battery polarization because 

of large amounts of active sulfur materials. These soluble active materials rearranged 

themselves to electrochemically favorable positions in the electrode after the first cycle, 

and then the discharge profiles came back to normal, as shown in Figure 6-2a. This 

phenomenon was also verified by cyclic voltammogram (CV) testing (Figure 6-2b): the 

over-potential of the first cathodic peak disappeared after the first cycle, then the CV 

curves presented a high reversibility of the electrode. Figure 6-2c presents the 

discharge/charge voltage profiles (the 2nd cycle) of the Li/CNFPC batteries at different 

current densities. Even at a current rate of 2500 mA g
-1

 (~1.5 C), the battery capacity 

exceeded 650 mA h g
-1

, demonstrating exceptional rate performance. Of note, the voltage 

gap between discharge and charge was obviously reduced using CNFPC electrodes 

compared to using traditional sulfur electrodes we previously reported. For example, the 

charging voltage plateau decreased to 2.2 V at 167 mA g
-1

 (~0.1 C). The smaller voltage 

plateau difference was probably attributed to the fast kinetics in the surface oxidation 

reaction, and thus a high redox electrochemical reversibility within this electrode. The 

porous and thick structure of CNFPC cathode drove the soluble polysulfide species to 
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electrochemically favorable sites and stabilized them, which could be further reduced or 

oxidized with the help of long-range CNF conductive agents.  

 

          Figure 6-2d compares the cycling performance and Coulombic efficiency of the 

Li/CNFPC batteries at 335 mA g
-1

 (~0.2 C), 840 mA g
-1

 (~0.5 C), and 1670 mA g
-1 

(~1 

C). Reversible capacities of ~900 mA h g
−1

 (at 335 mA g
-1

), ~830 mA h g
−1

 (at 840 mA 

g
-1

), and 710 mA h g
-1

 (at 1670 mA g
-1

)
 
over 200 cycles were obtained. The Coulombic 

efficiency approached 100% for most cycles, indicating that polysulfide migration from 

cathode to anode was significantly reduced in this novel sulfur electrode structure. It is 

worth mentioning that long-term cycle stability of the high-sulfur-loading batteries at 

2500 mA g
-1

 was also observed (Figure 6-2e). The battery retained a capacity of 302 mA 

h g
-1

 after 1000 cycles, corresponding to only 0.057% capacity fade per cycle. 

Particularly, the Coulombic efficiency of the Li-S battery decreased from 104.3% to 

99.6% over 1000 cycles. In addition, a rapid capacity fading in the initial 100 cycles was 

noted, which was probably caused by a severe polarization in the electrode at such a high 

current rate. After some cycles, the resistance of polarization and reaction dynamics in 

the cell reached equilibrium, and thus the battery had a stable capacity with cycle 

numbers. 

      

    

(a) (b
) 

(c) 

(d
) 

(e) 
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Figure 6-2 Electrochemical performance of Li/CNFPC cells. (a) Cycling ability of the battery at 

a rate of 1670 mA g
-1

. (b) Continuous CV curves of the battery (scanning rate was 0.1 mV s
-1

). 

(c) Voltage profiles of the battery at different rates. (d, e) Long-term cycling stability and 

Coulombic efficiency of the battery at different current rates.  

 

        Material Characterization. Structural variations of the cycled CNFPC paper 

electrodes were characterized by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). The porous carbon nanoparticles with an average size of 

~100 nm constructed a densely compact film layer (~6.6 g cm
-3

) (Figure 6-3a). The 

native CNF current collector had a robust structure with large spaces between individual 

fibers (Figure 6-3b), which could hold large amounts of carbon black/soluble lithium 

polysulfides (Figure 6-3c). TEM images showed that these soluble lithium polysulfides 

were uniformly coated onto the surfaces of carbon nanoparticles, which connected 

together and formed a well-distributed framework across the 3D CNF skeleton (Figure 6-

3d). However, after the 100th discharge, these active sulfur nanoparticles changed into 

thin films and covered the surfaces of the CNF skeleton (Figures 6-3e and 3f). The 

chemical compositions of these thin films were identified as crystalline Li2S and other 

polysulfides by X-ray diffraction (XRD), as shown in Figure 6-4a. The cycled sulfur 

electrodes were further investigated after the 100th charge (Figure 6-3g). A magnified 

image of these films indicated that there were numerous nanoparticles after charging 

(Figure 6-3h). Most of these nanoparticles were amorphous sulfur, as verified by XRD in 

Figure 6-4b. The end discharge product of lithium sulfide formed at the end of discharge 

was converted to amorphous sulfur at the end of the following charge. The original 

morphology of the porous carbon layer was well preserved even after 100
 
cycles (Figure 

6-3i), indicating its robust mechanical structure. Energy dispersive spectroscopy (EDS) 

studies found that the chemical composition on the surface of the cycled porous carbon 

layer had a very small amount of sulfur or polysulfide species (Figure 6-5a). Unlike the 

traditional sulfur electrode, the chemical composition of surface film on the electrode was 

more sophisticated, as polysulfide species are always involved (Figure 6-5b).[120, 141] 

The results indicated high effectiveness of the porous carbon layer on trapping 

polysulfide species within CNFPC electrodes.  
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Figure 6-3 SEM images of (a) porous carbon film layer before cycling, (b) native CNF substrate 

and (c) CNF substrate after infiltration with soluble lithium polysulfides. (d) TEM images of 

lithium polysulfide wrapped carbon black. (e, f) SEM images of CNF surface after 100th 

discharge at different magnifications. (g, h) SEM images of CNF surface after 100th charge at 

different magnifications. (i) SEM image of porous carbon film surface after 100th cycles. 

 

             

Figure 6-4 XRD data collected from the surface of cathode films after the 100
th
 (a) discharge 

process and (b) charge process.  

(c) (a) (b
) 

(d
) 

(e) (f) 

(g) (h
) 

(i) 
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Figure 6-5 EDX data of (a) porous carbon layer surface from the CNFPC cathode and (b) 

cathode surface from the conventional slurry-coated batteries, respectively.  

 

6.4 Discussion 

         The charge/discharge rates and sulfur-loading used in this study were found to be 

substantially higher than those used in conventional Li-S batteries. More importantly, 

decent battery capacity retention over 1000 cycles was obtained at a large current rate of 

1.5 C. A systematic investigation on the exact mechanisms controlling the CNFPC paper 

electrode for high rate capability and long-term stability were conducted. The function of 

a CNFPC paper as a sulfur host was quite different from a carbon or metal framework to 

conduct electrons and constrain polysulfide diffusion. Unlike the traditional slurry-coated 

electrodes with a compact conductive carbon framework that tended to fail after a few 

cycles if the sulfur-loading was high, the CNFPC paper electrode had a robust and 

effective conductive framework even after 1200 cycles (Figure 6-6). In this electrode 

structure, the current collector had multiple micro-scale spaces, which were built by 

interconnected CNFs with large diameters of 6~10 μm (Figure 6-7). These spaces not 

only enabled a very high sulfur-loading of 6.7 mg cm
-2

, but also favored the penetration 

of the electrolyte through the electrodes, and thus enhanced Li-ion conductivity in the 

electrode. In addition, the large CNFs served as the long-range conductive pathways, 

while the well-distributed carbon black nanoparticles (particle size of ~150 nm) in the 

interspaces acted as the short-range conductive bridges. These two conductive systems 

facilitated effective electron conduction. As a result, the electrical conductivity, tested by 

van der Pauw method, of the CNFPC paper electrode with high sulfur-loading reached 

(a) (b) 
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230 S cm
-1

, which was much larger than those formerly reported.[91, 149] For example, 

Yuan et al. reported a carbon-nanotube paper electrode with a conductivity of 17.1 S cm
-

1
, which was larger than the electrical conductivity of electrodes prepared by the slurry-

coated method.[149]  

                  

                  

Figure 6-6 SEM images of CNFPC cathodes after 1200 cycles. (a, b) CNF current collectors. 

Both the (a) cross section and (b) top surface images showed the integrity of the CNF conductive 

framework. (c, d) Porous carbon layer at different magnifications. 

 

               

Figure 6-7 SEM images showed that the diameter of CNF was between 6-10 μm. 

 

         In addition, the directly use of soluble polysulfide species resulted in good 

dispersion of active sulfur materials in the CNFPC electrodes. Both SEM images and 

EDS mapping showed that the active sulfur materials were uniformly integrated 

throughout the cathode without individual sulfur particles after 100 cycles (Figure 6-8), 

(a) (b) 

(c) (d) 

(a) (b) 
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revealing the efficient electrical contact between active sulfur materials and the CNF 

conductive framework. Furthermore, the CNF paper current collector was still intact 

without damage, indicating the effectiveness of the electrode to accommodate volume 

changes of sulfur during the repeated cycles. The robust CNF structure with a large 

thickness (~160 μm) favored the utilization of the active sulfur materials. Consequently, 

highly efficient electron/ion pathways and high sulfur-loading capability were obtained.  

     

    

Figure 6-8 (a, b) SEM images of CNF current collector after 100 cycles. (c-f) EDS mapping of 

different elements corresponding to the SEM image of (b).  

 

         Now that the roles of the CNF current collector and carbon black have been 

investigated, the factors influencing long-term cycling stability need to be discussed. One 

possible explanation for the excellent cycling stability was that the compact porous 

carbon layer with a high tap density on the surface of the CNF current collector may have 

functioned as a physical barrier that decreased the transport of polysulfide species from 

cathode to anode. This layer was reasonably vital to retain the active mass and electrical 

contact of CNFPC paper electrode, and thus enhanced the Coulombic efficiency of Li-S 

batteries. Control cells adopting the CNF electrode without a porous carbon layer were 

assembled (Figure 6-9a). Capacities of these control cells decreased all the time at all 

rates studied (Figure 6-9b), and capacities of these batteries were low (Figure 6-9c), 

indicating that the porous carbon layer probably acted as a physical barrier that reduced 

(a) (c) (b) 

(d) (e) (f) 
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polysulfide shuttle and thus protected capacity retention. On the other hand, the Li-anode 

dissembled from the Li/CNFPC battery after 100 cycles had a much more dense structure 

(Figures 6-10a and 6-10b). In contrast, there were obviously cracks and numerous 

lithium dendrites on the surface of the Li-anode in the control cells (Figures 6-10c and 6-

10d). In addition, the chemical composition of surface film on the Li-anode in the control 

cells was more sophisticated and contained much more sulfur substance (Figures 6-10e 

and 6-10f). The results indicated that the side reactions between soluble polysulfides and 

Li-anode might be an important reason for the growth of lithium dendrites in Li-S 

batteries. These side reactions were largely alleviated in the Li/CNFPC batteries, further 

supporting the effectiveness of a porous carbon film layer on trapping polysulfides within 

CNFPC electrodes.  

   

Figure 6-9 Characterization of the control cells. (a) SEM image of CNF cathodes without a 

porous carbon layer. (b) Cycling performance of Li/CNF batteries at 0.5 C. (c) Discharge/charge 

voltage profiles of Li/CNF batteries at 0.5 C.  

 

   

   

(a) (b
) 

(c) 

(f) (d
) 

(e) 

(a) 

(b) 

(c) 
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Figure 6-10 Characterizations of surface films on Li-anode. (a, b) SEM images of the Li-metal 

surface from the Li/CNFPC batteries at different magnifications. (c, d) SEM images of the Li-

metal surface from the Li/CNF batteries at different magnifications. (e, f) EDS and EDX data of 

Li-metals surface from (e) Li/CNFPC batteries and (f) Li/CNF batteries, respectively. 

 

          Furthermore, it is worth noting that the porous carbon layer in CNFPC electrodes 

reduced the charge-transfer resistance (activation polarizations), as characterized by the 

smaller semicircle at the high-frequency region in the electrochemical impedance 

spectroscopy spectra (Figure 6-11) compared to the control batteries. However, the 

thickness of the porous carbon layer had a great influence on the performance of Li-S 

batteries. When increasing the thickness from 5 to 15 μm, negative effects on 

electrochemical performance were observed (Figure 6-12). A high over-potential in the 

CV curves (Figure 6-12a) and a relatively fast capacity fading were noted (Figures 6-

12b and 6-12c). One possible explanation is that the thick and densely tapped porous 

carbon film decreased the efficiency of Li-ion diffusion, which was governed by random 

jumps of Li-ions, leading to position exchange with their neighbors. As shown in Figure 

6-12b, the Coulombic efficiency of the two batteries at different current rates was always 

larger than 100%, and the higher the current rate, the lower the Coulombic efficiency. 

This result infers that it is more difficult for lithium ions to diffuse out of the cathode than 

to insert into the cathode. 

 

Figure 6-11 Comparison of the EIS curves of Li/CNFPC battery (red) and Li/CNF battery 

(black).  
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Figure 6-12 Electrochemical performance of a thick (~15 μm) CNFPC cathode. (a) CV curves. 

(b) Cycling performance at different current rates. (c) Discharge/charge curves at 1 C.  

 

        From the above discussion, the combination of highly conductive CNFPC paper and 

carbon black nanoparticles with soluble lithium polysulfide species resulted in a high 

sulfur-loading composite electrode that can take advantage of each part. However, the 

specific capacities at all of the rates studied were not high. To get insight into the 

chemistry of the Li/CNFPC battery, X-ray photoelectron spectroscopy (XPS) (Figure 6-

13) was performed to confirm the surface compositions of the cathode after initial 

charge/discharge. The high-resolution S 2p region spectra of CNF current collector are 

shown in Figures 6-13a-c, corresponding to the three points A-C in Figure 6-13d, 

respectively. Initially, before cycling, the electrode contained high-order polysulfides 

(mainly as Li2S6), as verified by the characteristic S 2p3/2 peak at 161.9 eV (Figure 6-

13a). After being fully discharged to 1.8 V, the electrode contained Li2S (158.1 eV), 

Li2S2 (159.4 eV), and high-order lithium polysulfide species (centered at 160.9 eV) 

(Figure 6-13b). After being fully charged to 2.5 V, the electrode contained Li2S, Li2S2, 

high-order lithium polysulfide species, and elemental sulfur (163.2 eV) (Figure 6-13c). 

The results showed an incomplete conversion in both discharge/charge processes, 

resulting in a relatively low capacity. In this study, the electrolyte-to-sulfur ratio was 

around 7.4 ml/g, which was a little smaller than the ratio reported, and thus generate a 

relatively lower capacity. Since the reduction of sulfur and oxidation of Li2S2/Li2S can 

only take place on the surface of carbon, some of the active sulfur materials in the dead 

corner of CNFPC structure that lost the direct contact with the conductive matrix did not 

contribute capacity. It was suggested that most of the polysulfide species were 

transformed into intermediates with the most facile reduction and oxidation kinetics (via 

charge transfer), as the kinetic dynamics from high order polysulfide species to 

(b) 

(a) (c) 
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Li2S2/Li2S or elemental sulfur were very slow. For example, after the initial cycle, most 

of the active materials in the electrode were soluble high-order polysulfide species in the 

higher valence state (i.e. S8
2-

). Unlike the nonconductive sulfur or Li2S2/Li2S, these 

incompletely transformed high-order polysulfide species dissolved into the electrolyte 

might have enhanced the transports of Li-ions and electrons, which is why, at a large 

current rate of 1.5 C, a decent cell capacity was retained over 1000 cycles. In addition, 

the C 1s region spectra of the CNFPC electrodes was also performed. Compared to the 

electrode before cycling, which presented a main peak at 284.1 eV corresponding to sp
2
 

carbon (C-H) (Figure 6-13f), the one after the 100
th

 discharge showed a new peak at 

287.3 eV (Figure 6-13e), which was assigned to a combination of C-O and C=O bonds, 

implying the chemical stability of the electrodes.  

 

Figure 6-13 High resolution XPS S 2p spectra of the CNF current collector surface (a) before 

cycling, (b) after the initial discharge and (c) after the initial charge. (d) The initial 

discharge/charge profiles at ~1 C rate. High resolution XPS c 1s spectra of the CNF current 

collector surface (e) after the initial discharge and (f) before cycling. 

 

          On the basis of these discussions, the integrated CNF and carbon black system 

provided an effective conductive framework, which facilitated fast discharging/charging; 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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while the porous carbon layer greatly reduced polysulfide migration, leading to excellent 

capacity retention. The primary results indicated that polysulfide dissolution was the 

reason for a low capacity, and polysulfide migration was responsible for fast capacity 

decay. The areal capacity of Li/CNFPC battery was high. For example, at 0.5 C, the areal 

capacity reached 5.56 mA h cm
-2

 over 200 cycles, which was pretty high and promising 

for commercial applications.    

 

6.5 Conclusions      

         In summary, we demonstrated herein an effective, low cost method to achieve high 

sulfur-loading Li-S batteries with a great rate capability and an excellent long-cycle 

stability. The CNFPC electrode with an ultrahigh sulfur-loading of 6.7 mg cm
-2

 and a 

high electrical conductivity was obtained using a simple method. The functions of each 

part in this unique CNFPC design were verified. The CNF current collector served as the 

long-range conductive framework and as a host for the soluble polysulfides while the 

incorporation of carbon black nanoparticles, which acted as the short-range conductive 

framework, further enhanced electron transport. In addition, the CNF framework had 

superior integrity and an improved ability to accommodate the volume changes of the 

active sulfur materials due to the large interspaces in this framework, which also 

facilitated electrolyte infiltration and thus enhanced Li-ion transport. We also found that 

the top layer of porous carbon film on the CNF current collector not only reduced 

polysulfide migration from cathode to anode, but also enhanced the integrity of the whole 

cathode structure. As a result, at a high current rate of 1.5 C, reversible capacities of 302 

mAh g
-1

 over 1000 cycles were achieved in such high sulfur-loading Li-S batteries. At 

the same time, the Coulombic efficiency was always larger than 99.5%, indicating the 

highly reversible capability of Li-S batteries employing CNFPC electrodes. We believe 

that these CNFPC electrodes fabricated using a simple method at low cost, producing Li-

S batteries with high rate capability and long-cycling performance, move a step closer to 

Li-S battery commercialization.  

 

 

 

 



 
 

94 
 

Chapter 7: Mechanism and Kinetics of Capacity Fade in Lithium Sulfur 

Batteries 

 

         Rechargeable Li-S batteries are receiving ever-increasing attention due to their high 

theoretical energy density and inexpensive raw sulfur materials. However, rapid capacity 

fade has been one of the main barriers to further improvements in Li-S batteries and is 

expected to remain so for the near future. As we have talked in Chapter 1, it is generally 

thought that polysulfide species dissolution and shuttle, nonconductive Li2S2/Li2S 

precipitation, and irreversible transformations of sulfur cause various degrees of capacity 

fade. Li-S battery is a liquid electrochemical system, in which the sulfur-to-electrolyte 

ratio plays an essential role in the cell’s performance. More electrolyte causes larger 

amounts of materials loss, and leads to a more rapid capacity fade as mentioned 

previously. However, the dissolution of long-chain lithium polysulfide species exposes 

the inner nonconductive sulfur/Li2S2/Li2S to the conductive carbon framework, making it 

easy for electron-transfer, and thus promotes a complete reaction and produces a high 

capacity. In addition, the dissolution enhances ion diffusion, which promotes a high 

charge and discharge rate. [25] Therefore, these two opposite factors should be properly 

balanced to get a good performance with a reasonable capacity and cycle life. 

 

       Most literatures did not mention the amount of electrolytes used in batteries, 

although the sulfur-to-electrolyte ratio strongly affects battery performance. [154] With 

this in mind, in an effort to quantify these degradation processes and elucidate the 

underlying mechanism of capacity fade, we conducted a comprehensive study of a 

binder-free sulfur-multiwall carbon nanotube (SMCNT) composite electrode with a 

commercialized carbon nanofiber (CNF) current collector with different amounts of 

electrolytes. The capacity loss was discussed and separated into three parameters. By 

discussing the electrochemical performance, sulfur reaction kinetics, and EIS, the major 

reason for the rapid capacity fade was ascribed to the formation of thick layers of solid 

and nonconductive Li2S2/Li2S films.      

 

7.1 Experimental Design  
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          Based on the capacity fade analysis in Chapter 1, the total capacity fade, Q, of the 

liquid type Li-S battery can be divided into three parts: sulfur loss (Q1), the precipitation 

of nonconductive Li2S2/Li2S films (Q2) and sulfur reaction kinetics (Q3). All of them are 

related to the quantity of electrolytes. To quantify Q1, Q2, and Q3, three different amounts 

of electrolytes were adopted: 5 ml/g, 8 ml/g, and 12 ml/g, based on sulfur, representing 

insufficient, proper, and sufficient quantity of electrolytes, respectively. There are a lot of 

parameters should be considered when designing a sulfur cathode, in which the 

conductivity, porosity, and thickness are the most important factors. [39-41, 44] In order 

to reliably track the influence of electrolyte, all other parameters should be fixed. In this 

study, we designed a binder-free SMCNT electrode with a 3D carbon nanofiber (CNF)-

based current collector. Our former studies demonstrated that using PVDF leads to a 

blockage of pores in the sulfur electrode, which strongly limits the access to active 

materials and dramatically reduces specific capacity of Li-S cell. [50] Whereas, binder-

free electrodes may lead to high specific capacities. [155, 156] In addition, the 3D CNF 

current collector provided an improved conductive network and made it easy for 

electrolyte access to the porous structure, and confined the polysulfide species during 

cycling, to limit the loss of the active sulfur materials. [124]  

 

         The sulfur loading in the SMCNT electrode was 1.9 mg cm
-2

, and sulfur content 

was 71 wt.%. We found the sulfur cathode could be infiltrated even with a small amount 

of electrolyte (5 ml g
-1

), indicating the effectiveness of binder-free sulfur electrode on 

absorbing electrolyte. CR2032-type coin cells were used as the testing cells. Lithium foils 

were used as the anodes, Cellgard 2400 microporous membranes as separators, 1.0 mol L
-

1
 bis(trifluoromethane sulfonyl) imide (LiTFSI)/bis(fluorosulfonyl) imide (LiFSI) (mass 

ratio 1:1) and 0.1 mol L
-1

 LiNO3 dissolved in dioxolane (DOL) and 1,2-dimethoxyethane 

(DME) (1:1, v/v) as electrolytes. The ring lithium foil with a thickness of 20 μm and 

diameter of 1.65 cm was used as Li-anode. LiNO3 was used to form a protective film on 

the surface of Li-anode. [133] The cells were assembled in an argon-filled glove box. The 

size of the electrode material was 1 cm × 1 cm. Electrochemistry measurements were 

performed galvanostatically between 1.8 and 3.0 V at various current densities. Capacity 

was calculated based on the weight of sulfur on the electrodes. CV experiments were 
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conducted using a NOVA potentiostat at a scan rate of 0.1 mV s
-1

. EIS measurements 

were carried out using a NOVA electrochemical workstation in a frequency range 

between 100 kHz and 100 mHz at a potentiostatic signal amplitude of 5 mV. All 

experiments were conducted at room temperature.  

 

7.2 Results and Discussion 

7.2.1 Synthesis and Characterization of SMCNT Electrode 

        The porous SMCNT structure was synthesized by the facile two-step approach 

illustrated in Figure 7-1a. This strategy involved solvent exchange and freeze-drying 

methods. The detailed information about the solvent exchange procedure to SMCNT in 

the water was described in our former work. [37] With this method, CNTs presented 

oxygen-containing groups and sulfur was well dispersed on CNT surfaces. Then, freeze-

drying strategy was applied to the SMCNT samples to achieve fine control of porous 

SMCNT framework structures. The freeze-drying method involves freezing the material 

at low temperatures (typically -170 °C in liquid nitrogen) and then directly evaporate ice 

crystals. [157] Scanning electron microscopy (SEM) images of the composite, which has 

an irregular spherical morphology with CNTs protruding to the surface, are shown in 

Figures 7-1b and 7-1c. It was found that the infiltration of sulfur into MCNTs leads to 

electrodes with minimized particle agglomeration. The average particle size was about 

30um (Figure 7-1d). The cross-section image showed that the CNTs were dispersed 

throughout the particle interior (Figure 7-1e). XRD was performed to characterize the 

composite, as shown in Figure 7-1f. Sulfur in the SMCNT composite had both 

monoclinic phase and orthorhombic phase. The monoclinic phase might attribute to the 

chemical bonds between sulfur and oxygen-containing groups on the CNT surfaces. The 

3D CNF current collector (Figure 7-1g) might be of interest for enlarging the reaction 

area. In our former study, we identified the 3D current collector enabled good 

conductivity, and the flexible, porous architecture accommodated the volume changes 

during cycling and retained the polysulfide species in the electrode region. [124] It was 

confirmed by SEM that the active sulfur materials were well distributed in the electrodes 
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even after long-term cycling. In addition, the mechanical stability of the CNF electrode 

was sufficient to achieve long cycle life without binder.   

 

      

       

Figure 7-1 (a) Typical procedures to SMCNT. (b-d) Surface and (e) cross-sectional SEM images 

of the porous SMCNT structures. (f) XRD analysis of SMCNT. (g) CNF current collector used in 

this study.  

 

7.2.2 Cycling Performance 

         To analyze the capacity fade in Li-S batteries with various amounts of electrolytes, 

long-cycling performance and the relatively capacity fade were examined, as shown in 

Figure 7-2. The discharge current rate was 0.1 C (167 mA g
-1

). The cycling stability is 

shown in Figure 7-2a. The cell with 5 ml/g of electrolyte presented a low initial capacity 

but a very stable capacity throughout cycling. By contrast, the cell with 12 ml/g of 

electrolyte resulted in a high initial capacity. However, the discharge capacity dropped 

quickly in the first 30 cycles, and then decreased linearly with cycling. The sulfur 

utilization and the capacity fade as a function of cycle number are shown in Figures 7-2b 

and 7-2c, respectively. The sulfur utilization was based on the theoretical sulfur capacity 

(a) 

(b) (c) (d) 

(e) (f) (g) 
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of 1672 mA h g
-1

, while the capacity fade was based on the initial discharge capacity. The 

capacity was checked on the second cycle, and every 20 cycles after that. As can be seen 

from Figure 7-2b, increasing the quantity of electrolyte in the cell led to an increased 

initial discharge capacity, and thus enhanced initial sulfur utilization. At the 100th fully 

discharged cycles, sulfur utilization for the batteries with 5 and 8 ml/g of electrolytes 

demonstrated no big difference, and both of them were ~50%. The battery with 12 ml/g 

of electrolyte only had a sulfur utilization of 38%. From Figure 7-2c, a large irreversible 

capacity loss between the first two cycles was observed for all of these three batteries, 

which was well agreed with the previous analysis for equation 10. After the second cycle, 

the capacity fade diverged greatly for these three batteries. The capacity of the battery 

with a sufficient amount of electrolyte (12 ml/g) decreased rapidly with increasing cycle 

numbers, and the capacity fade reached 60% over 100 cycles. However, the cells with an 

insufficient amount of electrolyte (5 ml/g) only lost 25% of its initial capacity after 100 

cycles, and the capacity retained the same or a little bit larger with the cycle numbers 

after 80 cycles. Further, the rate of capacity fade between the second and the 100th cycles 

was the fastest for batteries with 12 ml/g of electrolyte among these three batteries. These 

results indicated that the quantity of electrolyte had a significant influence on the capacity 

and capacity fade of SMCNT electrodes. 

 

       The battery with 8 ml/g of electrolyte always had a Coulombic Efficiency (CE) 

approaching 100%, and showed the best combination of specific capacity and capacity 

retention. The battery with 5 ml/g of electrolyte always had a CE larger than 100%, 

resulting in a high cycling stability. Of note, the high CE (>100%) means the discharge 

capacity was larger than charge capacity, indicating more Li-ion diffused into the cathode 

than that diffused out of the cathode during cycling. In the Li-S half-cell, Li source is 

infinite compared to that of sulfur. The insufficient amount of electrolyte resulted in a 

high concentration of polysulfide species in the cathode structure, and the high viscosity 

decreased the diffusion of Li-ion and polysulfide species from the cathode to the 

electrolyte, thereby reduced polysulfide shuttle, and resulted in a high capacity retention. 

On the other hand, the high viscosity also hampered the electronic contact between 

polysulfide species with conductive CNTs, and thus generated a low discharge capacity. 
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In this study, LiNO3 was added into the electrolyte, and thus the batteries with 12 ml/g of 

electrolyte also had a high CE of ~95%, indicating that the poly-shuttle effect was 

limited. However, a low capacity retention after 40 cycles and a rapid capacity fade trend 

along the whole cycling were observed. Therefore, poly-shuttle may not be the main 

reason for the rapid capacity fade in Li-S batteries. 

                   

 

Figure 7-2 Cycling performance, sulfur utilization and capacity fade of Li-S batteries employing 

different quantities of electrolytes. (a) Cycling performance at 0.1 C. (b) Sulfur utilization vs. 

cycle numbers. (c) Capacity fade vs. cycle numbers.  

 

7.2.3 Sulfur Reaction Kinetics 

        Next, sulfur reaction kinetics was analyzed. Figure 7-3a shows the output voltage as 

a function of depth of discharge (DOD), the cells with the three different amounts of 

electrolytes had been cycled up to 100 times. The output voltage of the half-cell under 

constant current can be simply represented as  

E= E0 - iRi                  (20) 

Where E0 is the standard cell potential and Ri is the internal resistance of the cell, 

including electrolyte resistance, contact resistance, activation polarizations (ƞct, charge 

transfer over voltage) and concentration polarizations (ƞc) at cathode. [16] As can be 

seen, the output voltages of the cell with 12 ml/g of electrolyte at each DOD were always 

(a) (b) 

(c) 
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larger than that of the other two batteries, indicating that more electrolyte decreased the 

resistance of the battery, and thus enhanced the reaction kinetics. To further verify this 

conclusion, the first three cycles’ voltage profiles of the Li-S cells were analyzed, as 

shown in Figures 7-3b-d. All of the three batteries showed an increase of both upper and 

lower discharge plateaus after their initial cycles. The lower voltage plateaus in the initial 

cycle indicated high polarizations of the sulfur cathode during the reaction time. After the 

initial cycle, most of the active sulfur materials dissolved into the liquid electrolyte and 

rearranged in the cathode, and thus showing an increase in the discharge plateaus. In 

addition, it was found that an increase in the quantity of electrolyte greatly enlarged the 

discharge/charge capacities and decreased the voltage difference between charge plateau 

and discharge plateau (from 0.298 V to 0.167 V), indicating a fast reaction kinetics in the 

battery with more electrolytes. In the cells with a small amount of electrolytes (5 ml/g), a 

severe polarization was observed (ΔE = 0.298 V), and both the discharge and charge 

curves in the first two cycles had a lot of bumps. Since the reaction of sulfur can only 

take place on the surfaces of CNTs, insufficient electrolytes slowed or inhibited the 

transportation of polysulfide species and Li-ions to the CNT surfaces, which caused an 

unevenly reactions in the cathode along with the reaction time, and thus resulted in a 

rough voltage profiles and high polarizations.  

 

      Based on these results, a sufficient amount of electrolyte dissolved more long-chain 

lithium polysulfide species and exposed the inner nonconductive sulfur/Li2S2/Li2S to the 

conductive CNF framework, driving the reaction forward and thus produced a high 

capacity. On the other hand, more electrolytes made it easy for polysulfide species 

transferring from the cathode to the electrolyte, resulting in the active sulfur material loss 

into the dead corner of electrolyte, and thus leading to a rapid capacity fade in the first 

several cycles. [25] However, the electrolyte should be saturated with the dissolved long-

chain polysulfide species after the first several cycles, but the cell capacities always 

decreased no matter with 12 ml/g of electrolyte or 8 ml/g of electrolyte (Figure 7-2a). 

Therefore, in addition to the above reasons, other important reasons may be responsible 

for rapid capacity fade. 
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Figure 7-3 Output voltage and voltage profiles of Li-S cells with different quantities of 

electrolytes. (a) Output voltages over 100 cycles as a function of DOD. (b, c, d) The first three 

cycles’ voltage profiles with the three different quantities of electrolytes. 

 

7.2.4 Li2S2/Li2S Precipitation Analysis 

        To further investigate the parameters influencing the capacity fade of Li-S batteries, 

SEM was carried out to check the micro-structures of the sulfur electrodes cycled up to 

100 times (Figure 7-4). Distinguishable differences between these batteries with different 

amounts of electrolytes were observed. After being fully discharged to 100 cycles, it can 

be seen that the cathode samples in the batteries with 5 ml/g of electrolytes (Figure 7-4a) 

were composed by numerous large Li2S2/Li2S particles, between which there were a lot 

of holes. However, a thick Li2S2/Li2S film with a lot of cracks was observed for the 

cathode samples of 8 ml/g of electrolytes (Figure 7-4b). For the cathode samples of 12 

ml/g of electrolytes (Figure 7-4c), a more dense thick Li2S2/Li2S film was observed. The 

deposition and accumulation of nonconductive and insoluble Li2S2/Li2S films in cathodes 

led to structural deterioration of cathode. On the other hand, after being fully charged to 

100 cycles (Figures 7-4d-f), sulfur agglomerates were seen on the surface of the cathode 

samples with 8 ml/g and 12 ml/g of electrolytes, while no obvious sulfur accumulations 

were observed on the samples with 5 ml/g of electrolytes. In addition, increasing the 

(a) (b) 

(c) (d) 
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quantity of electrolytes, an increased sulfur agglomerate size was observed. From Figure 

7-4e, it can be seen that the average sulfur agglomerate size was around 5 μm. Since 

sulfur is nonconductive, and the electrochemical reaction can only occur on the surface of 

conductive CNTs, 5 μm of nonconductive sulfur particles is too large for electron 

transport. Based on the SEM results, the formation of nonconductive Li2S2/Li2S films and 

large sulfur agglomerates on the sulfur electrodes was important reason for the rapid 

capacity fade in Li-S batteries. 

   

   

Figure 7-4 SEM images of the cathode in Li-S batteries cycled up to 100 times. Fully discharged 

batteries with electrolyte of (a) 5 ml/g, (b) 8 ml/g, and (c) 12 ml/g. Fully charged batteries with 

electrolyte of (d) 5 ml/g, (e) 8 ml/g, and (f) 12 ml/g.  

 

7.2.5 Electrochemical Impedance Spectroscopy (EIS) Study 

        EIS is one of the most powerful tools for studying the electrochemical reactions in 

batteries. [33, 46, 54, 109, 158] To elucidate the control mechanism for the deposition 

and dissolution of the solid Li2S2/Li2S films, EIS measurements of Li-S batteries cycled 

up to 100 times were carried out, as shown in Figure 7-5. In the fully discharged states 

(Figure 7-5a), all of the three impedance spectra exhibit two depressed semicircles in 

high and medium followed by an inclined line indicating solid-state diffusion at low 

frequency regions. For comparison, in the fully charged states (Figure 7-5b), all of the 

three impedance spectra are composed of one depressed semicircle in high and a short 

inclined line in low frequency regions. It was believed that the semicircle in the high-

(a) (b) (c) 

(e) (f) (d) 
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frequency region reflects the charge-transfer process at carbon interface and the 

semicircle in the middle-frequency region is related to the formation of solid Li2S2/Li2S 

films on the CNT surface in cathodes. [46, 54] As can be seen, in the fully discharged 

state, increasing the quantity of electrolytes increased the resistance of solid Li2S2/Li2S 

films. In both fully discharged and charged states, the charge-transfer impedance of the 

battery with a smaller amount of electrolytes was larger than that of the battery with a 

larger amount of electrolytes. This result was well agree with the previous conclusions: 

more electrolytes led to charge-transfer, but at the same time, produced thicker 

nonconductive films that increased the resistance of mass transport during the repeated 

cycles.  

             

Figure 7-5 EIS plots of batteries cycled up to 100 cycles with different quantities of electrolytes 

at a discharge current rate of 0.1 C. The tested batteries had a 8 ml/g of electrolyte. (a) Fully 

discharge states (discharge to 1.8 V). (b) Fully charge states (charge to 2.8 V).  

 

       To examine the formation kinetics of the solid nonconductive Li2S2/Li2S films and 

large sulfur agglomerates during cycling, EIS studies at various points, as marked with 

points of A-G in Figure 7-6a were conducted. The chosen points A-G were selected 

according to discharge and charge time, in which the discharge/charge time in the first 

cycle had been used as the reference for the calculation of the state-of-charge or DOD. 

The EIS spectra were shown in Figure 7-6b. Of note, there is a fluctuation with the 

electrode resistances (characterized by the resistance of the very beginning points in each 

curve) for different states. As discharge proceeds, sulfur transformed to soluble 

polysulfide species, and thus the viscosity of electrolyte increased in the electrode, 

resulting in an increase in electrode resistance. It can be seen from the figures that the 

impedance spectra could be divided into two types according to the shape of the curves. 

(a) (b) 
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At points C, D, E, and F, the EIS spectra comprised two depressed semi-circles and a 

strait sloping line; while the EIS spectra at points A, B and G only presented one 

depressed semi-circle and a strait sloping line. These results were well agreed with the 

above assumption that the depressed semi-circle in the medium frequency corresponded 

to the formation of Li2S2/Li2S films. From A to B, the reduction reaction was dominated 

by charge transfer resistance, which decreased a lot due to the dissolution of polysulfide 

species into liquid electrolytes. From B to D, the charge transfer resistance increased 

gradually due to the slow kinetics from long-chain polysulfide species to nonconductive 

Li2S2/Li2S. At the same time, the resistance from the solid Li2S2/Li2S film increased 

greatly due to the increasing thickness of Li2S2/Li2S films. This result indicated that from 

B to D, the formation of Li2S2/Li2S films should be a main step controlling the reduction 

reaction. From E to F, both resistances decreased due to the disappearance of solid 

Li2S2/Li2S films and the formation of soluble long-chain polysulfide species. At G, only 

one depressed semi-circle that corresponded to the charge-transfer resistance was 

observed, indicating that the solid Li2S2/Li2S films were transformed into long-chain 

polysulfide species.  

              

Figure 7-6 EIS characterization of cells with 12 ml/g of electrolyte at the first cycle. (a) The 

selected points for EIS tests in the voltage profiles. (b) EIS spectra at various points.  

        The morphologies and compositions of the sulfur electrodes at different discharge 

and charge states were investigated using SEM and energy-dispersive X-ray spectroscopy 

(EDX), respectively. Before taking SEM tests, the cycled electrodes at different states 

were washed with DOL solution in the glovebox. During this process, the soluble long-

chain polysulfide species were completely removed, and only solid insoluble species 

remained on the cathode. Then the washed electrodes were dried in the glovebox for 24 

h. Prior to discharge, the original SMCNT electrodes had well distributed sulfur particles 

(a) (b) 
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(Figure 7-1c), and the initial sulfur content was 71%. After discharged to point B, as can 

be seen from Figure 7-7a, most sulfur particles disappeared, and only a little solid sulfur 

materials were observed. When it comes to the middle point C of the lower discharge 

plateau, there are disconnected solid films on the surfaces of CNTs without any 

aggregated sulfur particles (Figure 7-7b). Until the end of the discharge, the CNT 

surfaces were fully covered with a solid film (Figure 7-7c). At the middle charge state F, 

parts of the solid films were broken and sulfur particles were observed (Figure 7-7d). 

Until to the end of the charge, no obvious solid films and sulfur particles were seen on the 

CNT surfaces (Figure 7-7e). The sulfur content in the SMCNT electrodes at various 

discharge and charge states was summarized in Figure 7-7f. In the discharge process, 

sulfur content decreased sharply at the high plateau, and then increased at the low 

plateau. In the charge process, sulfur content decreased continuously. As discussed 

previously, at the high discharge plateau, most of elemental sulfur should be transferred 

into soluble long-chain polysulfide species. While at the low discharge plateau, 

nonconductive Li2S2/Li2S materials were generated. During the subsequently charge 

process, these nonconductive Li2S2/Li2S materials dissolved into the liquid electrolytes 

and transformed into long-chain polysulfide species. According to the previous study on 

Li/S batteries, polysulfide species when recharging after the very first discharge do not 

transform back into elemental sulfur even at 100% depth of charge. [19, 24] Thus the 

19% of sulfur at the end of charge should be ascribed to the remained Li2S2/Li2S 

materials, although the contact films were destroyed. Combining these results with the 

EIS spectra from Figure 7-6b, we conclude that the formation and accumulation of 

nonconductive Li2S2/Li2S films were the main reason for rapid capacity fade in the 

liquid-type Li-S batteries. 

    

(a) (b) (c) 
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Figure 7-7 SEM characterizations and sulfur content of SMCNT electrodes at various discharge 

and charge states in the first cycle. The battery had a 8 ml/g of electrolyte. (a-e) At discharge 

points B, C and D, charge points E and F. (f) sulfur content at each tested states. 

 

      Based on the interpretation of the spectra of EIS, the equivalent circuit was 

constructed, as shown in Figure 7-8a. In the equivalent circuits, Re represents the 

impedance contributed by the resistance of the electrolyte, Rct and CdI are the charge 

transfer resistance at the conductive agent interface and its relative double-layer 

capacitance. Rfilm and Cfilm are the resistance in the Li2S/Li2S2 film and its relative space 

charge capacitance. [109] W is the Warburg impedance due to the diffusion of the 

polysulfides within the cathode. To further verify the above conclusion, we compared the 

resistances of the nonconductive Li2S2/Li2S films at the first cycle and the 100th cycle, 

the data from points C, D and F were analyzed. From Figure 7-8b, the resistances in the 

first cycle were smaller than those in the 100th cycle for all of the tested points in the 

three different batteries. During the repeated cycles, the heat produced in the cells and the 

side reactions, as discussed in equation 13, would accelerate the evaporation and 

depletion of local electrolytes, and thus increased the resistance of the battery. As can be 

seen, for the battery with 12 ml/g of electrolyte, the rate of resistance increased at the two 

discharged states C and D was the fastest among the three different kinds of batteries. 

While at the charged state F, the resistances were similar with the resistances at the 

middle discharged state C. This result indicated that at the middle charged state F, only 

some of the solid Li2S2/Li2S were transformed into soluble long-chain polysulfide 

species. The other Li2S2/Li2S films became passivation layers and inhibited further 

lithiation/delithiation processes, which greatly increased the resistance of the batteries, 

and thus resulted in a rapid capacity fade. 

 

(e) (d) (f) 
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Figure 7-8 (a) Equivalent circuit of the EIS spectra. (b) Rfilm resistances of the solid Li2S2/Li2S 

films in the first cycle and 100th cycle with different quantity of electrolytes. 

 

        Based on the EIS analysis and the morphology of the sulfur electrodes at different 

discharged and charged states, we believed that the formation and accumulation of solid 

Li2S2/Li2S films had never stopped during the repeated cycles. In addition, more 

electrolytes led to more deposition of Li2S2/Li2S films due to the enhanced sulfur reaction 

kinetics. However, the dissolution and transformation of Li2S2/Li2S to long-chain 

polysulfide species were not complete, thus with cycling, the Li2S2/Li2S films became 

thicker and thicker, which greatly reduced the migration of Li-ion through the 

nonconductive films and hampered deeper discharge or charge in the cells, and thus 

resulted in a rapid capacity fade.  

 

7.3 Conclusions 

         In summary, a systematic capacity fade study was carried out for Li-S batteries 

employing different amounts of electrolytes. Three major causes of capacity fade 

including the loss of active sulfur materials into the liquid electrolyte (Q1), the 

precipitation of nonconductive Li2S2/Li2S films (Q2) and the incomplete conversions (Q3) 

were analyzed. In each case the precipitation of nonconductive Li2S2/Li2S films 

dominated the capacity fade of the whole battery. After the formation of thick Li2S2/Li2S 

films on the surfaces of sulfur electrodes, further lithiation was inhibited, which resulted 

in an incomplete reaction. While the loss of active sulfur materials into the liquid 

electrolytes directly influenced the discharge capacity from the second cycle. Large 

quantity of electrolytes enhanced sulfur reaction kinetics, while this was also favorable 

for the accumulation of thick Li2S2/Li2S films. EIS verified that the rapid capacity loss 

(a) (b) 
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was correlated with the increase of the internal resistance, which was caused by the 

formation of thick Li2S2/Li2S films. SEM images further demonstrated that the deposition 

of such thick films during the repeated cycles on the surface of SMCNT electrodes. The 

formation kinetics of the solid nonconductive Li2S2/Li2S films and large sulfur 

agglomerates during cycling were also investigated: the semicircle in the middle 

frequency range was found to be caused by the solid Li2S2/Li2S film on the CNT surfaces 

in the electrode.  
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Chapter 8 Summary and Recommendations 

 

Summary 

       This dissertation summarized the principle and challenges of current liquid type Li-S 

batteries. To address these challenges, several original sulfurized materials and cathode 

structures were designed. For materials, SPANI and SCNT exhibited excellent rate 

capability, high capacity retention, and high Coulombic efficiency. For cathode 

structures, the binder-free multilayered sulfur cathode demonstrated not only high active 

sulfur mass utilizations, but also good active mass morphology control, representing a 

rational direction for further development. For large-scale applications of Li-S batteries, a 

rational combination of CNF paper and carbon black nanoparticles with a high sulfur-

loading (6.7 mg cm
-2

) was designed to construct sulfur cathode with high energy density. 

Based on these results, we tried to illustrate the mechanism and kinetics for capacity 

fading by designing a binder-free sulfur electrode with a freeze-drying method. The 

results indicated sulfur agglomeration and precipitation on electrode surface was the main 

reason for rapid capacity fade in Li-S batteries. In summary, four principles of 

developing a viable Li-S battery can be generalized as below:  

 

(1) Appropriate dispersion of active sulfur into a well-conductive network. For one 

thing, short transport pathways for both electrons and Li-ions are critical for 

achieving high capacity and high power capability. For another, a sufficient contact 

between the active sulfur and the conductive agents are necessary for the utilization 

of sulfur, although sulfur transforms into soluble polysulfides during cycling. As 

discussed in the section of multilayered sulfur cathode structure.  

 

(2) A well designed conductive agents that have large surface areas. The deposition of 

insulating Li2S2 and Li2S destroy the morphology of the sulfur cathode, and lead to a 

detachment of the active sulfur mass from the conductive network, and thus lead to a 

fast capacity decay and inferior rate capability. Therefore, novel material synthesis 
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method and new cathode fabrication technology should be developed, for example. 

As discussed in the sections of SPANI material and multilayered cathode structures. 

 

  

(3) A stable electrolyte system. The current liquid electrolyte is not suitable for the 

commercialization of Li-S batteries due to the side reactions between polysulfide 

species/electrolyte solvent/Li-anode. A more reliable electrolyte is preferred to avoid 

the consumption of electrolyte, which could reduce the capacity degradation of Li-S 

batteries.  

 

(4) Large areal sulfur loading in cathode. The high sulfur-loading battery performance 

should be optimized by adjusting each parameter as shown in (1)-(3). The well-

designed carbon nanofiber paper seemed to be suitable for designing high sulfur-

loading battery. The paper cathode is expected to provide: (i) an interconnected 

network for rapid electron and ion transport, (ii) a large areal-sulfur loading. The 

developed approach is simple, low-cost, safe, and broadly applicable and (iii) a 

confined nanostructured matrix with tunable surface properties retards the shuttle of 

soluble polysulfides between the cathode and anode. This offers potential new 

avenues for the rational design and engineering of sulfur cathode materials with 

enhanced properties. 

 

Recommendations for Future Research 

       The following two recommendations are offered for related research in the field of 

Li-S battery. 

 

(1) High sulfur loading Li-S battery could be realized by employing CNF paper 

electrode. As shown in Figure 8-1, the reduction of sulfur can only take place on 

carbon surface (reaction ①), which obtains electrons and produces capacity.[52] 

Once sulfur is reduced to Li2S and precipitated on carbon surface, these Li2S 

species can quickly react with sulfur and form soluble long-chain lithium 

polysulfide species (reaction ②). This step is a parasitic reaction, which does not 
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transport electrons to external circuit and thus does not contribute to capacity.[25] 

However, it dissolves elemental sulfur/Li2S, and drives the reaction forward. 

Under the electric filed in the cell, partial of these long-chain lithium polysulfide 

species diffuse to carbon surface, where they are reduced to Li2S (③ ) and 

produces capacity. While the other partial diffuse into the dead corner of 

electrolyte and results in capacity fade. Therefore, since the reaction happens at 

the surface of carbon network, which has sufficient electrical conductivity, the 

insulating nature of sulfur and sulfide may not be a critical step toward the 

utilization of S-cathode in Li-S battery. In contrast, in a high sulfur-loading Li-S 

cathode system, a well-designed carbon network that affords an effective matrix 

for dispersing sulfur to prevent them from agglomerating is essential.  

 

Figure 8-1 Schematic diagram of sulfur reactions at carbon surface and Li2S surface. 

 

(2) Protect the Li-anode with a mixed ionic and electronic conductor. As shown in 

Figure 8-2, after discharge, the Li surface is uneven because of the unevenness of 

Li-ion density that closed to Li-surface. Then in the following charge process, Li-

ion deposition will be much more easier at the peak than that at the bottom, which 

causes Li-dendrite. In the conventional strategies, researchers used carbon or 

metal to protect the Li-anode. However, in these situations, lithium will deposit 

onto carbon/metal surfaces because of their excellent electric conductivities, and 

then will also damage the long-cycle stability of battery. However, if we change 

conducted carbon or metal to a mixed ionic and electronic conductor, which 

conducts Li-ions faster than conducts electrons,  then Li-ion deposition will take 
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place between Li-anode surface and the mixed ionic and electric conductor 

surface.  

   

Figure 8-2 Schematic diagram of the formation of Li-dendrite. 
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