
ABSTRACT 

ZHU, JIADENG. Advanced Separator Selection and Design for High-Performance Lithium-

Sulfur Batteries. (Under the direction of Dr. Xiangwu Zhang). 

 

 

Sulfur (S) has received much attention recently as a promising cathode material for high-

specific energy rechargeable lithium batteries due to its high theoretical capacity (1,675 mAh 

g-1), which is calculated based on the complete reduction from S to lithium sulfide (Li2S). 

Moreover, S is inexpensive and nontoxic. Despite these significant advantages, the practical 

applications of Li-S batteries are hindered by the short cycle life, severe capacity fading and 

low Coulombic efficiency. All of these challenges are related to the dissolution of reduction 

intermediates, lithium polysulfides, in the electrolyte, resulting in parasitic reactions. 

Therefore, it is essential to suppress the diffusion of polysulfides in order to obtain high 

performance Li-S batteries. 

 

To address the abovementioned challenges for Li-S batteries, the main approach has 

been to perform nanomaterials (including porous hollow carbon, carbon nanofiber, carbon 

nanotubes, graphene oxide, graphene, yolk-shell TiO2 spheres, conductive polymers, etc.) as 

conductive frameworks for sulfur cathodes. These conductive frameworks help sulfur cathodes 

achieve high capacity and long cycle life by enhancing the electrical conductivity of the 

cathode and minimizing the loss of soluble polysulfide intermediates during cycling. However, 

those methods generally involve complex, multi-step synthetic processes, which hinder the 

practical application of Li-S batteries. Moreover, the severe self-discharge induced by 

polysulfides has not been fully solved. 



As a critical component in battery systems, the separator plays an important role in all 

batteries because its main function is to prevent electrical short circuiting by separating positive 

and negative electrodes while simultaneously transporting the ions. An ideal separator for Li-

S batteries is expected to not only have a good ionic conductivity but also to suppress the 

migration of polysulfides during cycling. Recently, glass fiber (GF) and as-spun polymer 

nanofiber membranes have received attention for use as battery separators because they have 

a relatively higher porosity compared to polypropylene (PP) or polyethylene (PE) membranes. 

The higher porosity results in higher electrolyte intake and consequently greater ionic 

conductivity when placed in an electrolyte, facilitating rapid ionic transportation. 

 

In this work, glass fiber and polymer nanofiber membranes were investigated as 

superior separators for Li-S batteries. In order to further improve the electrochemical 

performance of the Li-S cells, different approaches were utilized, including carbon-coating on 

the separators, incorporating particles into polymer nanofibers, and insertion of multi-walled 

carbon nanotube interlayer. The improved performance is likely due to the suppression of 

polysulfide migration by these methods, not only enhancing the utilization of the active 

materials but also protecting the Li anode as well. 
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CHAPTER 1 OVERVIEW OF LITHIUM-SULFUR BATTERIES 

 

1.1 Introduction 

  

With the continuously increasing demand for energy around the world along with the extensive 

development of electric vehicles and portable electronic devices, advances in energy storage 

systems are essential.1-13 It is clear that the intensive use of petroleum for transportation has 

significantly influenced the environment, negatively affecting the quality of life.14-18 Therefore, 

clean energy sources such as solar and wind energies are becoming more and more important. 

Unfortunately, the application of solar and wind energies are less viable without energy 

storage, thus it is critical for efficient and economical storage of electricity produced by 

renewable sources to be competitive. 

 

Rechargeable lithium-ion batteries have been the subject of intense research over the past three 

decades due to their relatively higher energy density, longer cycle life, and low environmental 

impact compared to the well-known Ni-Cd and Ni-MH battery systems.19-34 As highlighted in 

Figure 1.1, the comparison between specific and volumetric energy densities for rechargeable 

battery technologies shows these differences.35 The general goal for battery development is to 

increase energy density. For example, the huge demand for portable electronics by consumers 

means that researchers are pursuing both smaller and lighter batteries which need less time to 

charge, but without minimizing usage time or cycling life. However, it is very hard to further 

improve the energy density of Li-ion batteries since the limited electrochemically-stabile 
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working window for the currently available liquid electrolytes makes it difficult to increase the 

cathode operating voltage beyond ~4.5 V.36 In addition, the capacities of the insertion-oxide 

cathode and the graphite anode are limited to ~250 mAh g-1 and ~370 mAh g-1, respectively. 

Therefore, alternative cathodes and anodes offering higher capacities need be developed. 

 

 
 

Figure 1.1 Comparison of the different battery systems in terms of energy density.35 

 

Lithium-sulfur (Li-S) batteries are prospective candidate in this regard not only because S has 

a high theoretical capacity of 1,675 mAh g-1 which is an order of magnitude higher than those 

of the insertion-oxide cathodes but also due to their low cost and environmental friendliness. 
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In terms of the energy density of Li-S batteries, the theoretical value is ~2500 Wh kg-1 (or 

~2800 Wh L-1) calculated based on the Li anode and the S cathode (shown in Figure 1.2).37 

The practical energy density of packaged Li-S batteries would be as high as 500 Wh kg-1 which 

is two or three times higher than the current commercial LIBs, as exhibited in Figure 1.3.38 

 
 

Figure 1.2 Theoretical energy densities of various rechargeable batteries based the active 

materials only.37 
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Figure 1.3 Practical energy densities of various rechargeable batteries.38 
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1.2 Mechanism 

 

A Li-S cell is an electrochemical storage device through which electrical energy can be stored 

in sulfur electrodes. Figure 1.4 shows a schematic of the components in a single Li-S cell.39  

 

 

Figure 1.4 Schematic image of a conventional Li-S cell.39 

 

Like LIBs, a Li-S cell also includes cathode, separator, anode, and electrolyte in between. As 

shown in Figure 1.4, Li metal and S are used as the anode and cathode, respectively. The 

microporous polyolefin (e.g. polypropylene) is generally applied as the separator. The 

operating principle of Li-S battery relies on electrochemical reactions between S and Li, 
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supported by the electrolyte as a conductive medium for Li ions. Since S is in the charged state, 

the cell operation starts with discharge. The typical discharge-charge profile for the first cycle 

of the Li-S cell is shown in Figure 1.5.40 

 

 

Figure 1.5 Typical voltage profiles of a Li-S cell.40 

 

During the discharge process, Li metal is oxidized at the negative electrode to produce Li ions 

and electrons. The produced Li ions move to the positive electrode through the electrolyte 

while the electrons go to the positive electrode through the external electrical circuit.41 S 

reduction is a multistep electrochemical process that involve several various intermediate 

species.42-50 As shown in Figure 1.5, the discharge process are divided into four regions.  
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Region I: A solid-liquid two-state reduction from S to Li2S8. The high solublity of Li2S8 in the 

electrolyte results in a big volume change. 

                                                            S8 + 2Li → Li2S8                                                      (1.1) 

 

Region II: A liquid-liquid single-state reduction from Li2S8 to low-order polysulfides (Li2Sx, 4 

≤ x < 8). The solution’s viscosity achieves a maximum value at the end of this region. 

                                                   Li2S8 + 2Li → Li2S8-x + Li2Sx                                            (1.2) 

 

Region III: A liquid-solid two-state reduction from low-order polysulfides to solid Li2S2 or 

Li2S. 

                                                    2Li2Sx + (2x-4) Li → xLi2S2                                                                      (1.3) 

                                                      Li2Sx + (2x-2) Li → xLi2S                                               (1.4) 

 

Region IV: A solid-solid single-state reduction from Li2S2 to Li2S. 

                                                          Li2S2 + 2Li → 2Li2S                                                     (1.5) 

 

During the charge process, the oxidation reactions of lithium sulfides to polysulfides and 

finally to sulfur occur. 

 

As shown in Figure 1.5, there are two arrows. Arrow 1 is ascribed to a point at which the 

polysulfide solution has the highest viscosity as a combined result of the S-S chain length and 
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concentration of polysulfide anions. Arrow 2 presents a reduced polarization as a result of the 

phase transition from solid Li2S2 and Li2S to the soluble polysulfides. 

  

The theoretical capacities of S and Li are 1,675 and 3,862 mAh g-1, respectively, which lead 

to a theoretical cell capacity of 1,168 mAh g-1 for the Li-S cell. And the discharge reaction has 

an average cell voltage of 2.1 V, hence, the theoretical gravimetric energy density for a Li-S 

cell is ~2500 Wh kg-1.   
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1.3 Challenges 

 

The practical applications of Li-S batteries are hindered by many factors that need to be 

addressed.  

 

1.3.1 Sulfur Cathode and Its Intermediates 

 

The first challenge comes from the S and its various intermediate polysulfides formed during 

the discharge which show poor ionic and electronic conductivities, causing the internal 

resistance of the battery to increase and limitating of the active material utilization efficiency 

and rate capability.51-55 The increase of internal resistance also leads to a large polarization that 

reduces the energy efficiency of the battery. In addition, the intermediate products of lithium 

polysulfides (Li2Sx) formed during the cycling along with their structural and morphological 

changes results in unstable electrochemical contact with sulfur electrodes. 

 

The second challenge lies in the electrochemical process of the Li-S battery.56, 57 As discussed 

above, the discharge process of the Li-S battery contains four regions. S element (S8) is reduced 

by Li step-wisely to form soluble Li2S8 and Li2S6, semi-solid Li2S4, and then solid Li2S2 and 

Li2S. During the reverse charging process, Li2S is first oxidized to polysulfides and finally to 

sulfur. It is demonstrated that the polysulifides (mainly Li2S4-Li2S8) produced during cycling 

can easily react with or dissolve into the organic solvent of electrolyte, leading to irreversible 

capacity fade of the solid cathode.58-60 Moreover, the dissolved polysulfides can migrate onto 
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the Li anode by a so-called shuttle effect (shown in Figure 1.6) and thereby form an 

electrochemically inactive layer, consisting mainly of Li2S2 and Li2S, further reducing the 

battery efficiency.41 

 

 

Figure 1.6 Schematic image of the shuttle mechanism in a Li-S cell.41 

 

The third challenge is related to volume change during the cycling process, as shown in Figure 

1.7.61 The densities of S and its final reduction product Li2S are 2.07 and 1.66 g cm-3, 

respectively, which result in a volumetric increase by ~79% in a full discharge. The big volume 

change makes Li2S lose their electrical contacts with the conductive substrate or the current 

collector, leading to a fast capacity fading.62, 63 
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Figure 1.7 Typical volume expansion of sulfur upon lithiation.61 

 

1.3.2 Electrolyte 

 

Electrolyte is also an important component of Li-S batteries, and the selection of each part in 

the electrolyte directly affects the battery performance.64-66 Polysulfide anions and anionic 

polysulfide radicals are extremely reactive and they participate in many types of reactions. It 

appears that the suitable solvents for the Li-S cell electrolytes are only limited within the linear 

and cyclic ethers, such as dimethyl ether (DME) and 1,3-dioxolane (DOL). 

 

Abruna et al. studied the effects of solvents with 1 M lithium trifluoromethanesulfonate 

(LiCF3SO3) on the performance of the Li-S batteries.67 As shown in Figure 1.8a, two distinct 

voltage plateaus were seen at around 2.4 and 2.1 V, respectively, for the tetra(ethylene glycol) 

dimethyl ether (TEGDME) and DOL/DME electrolytes. The slight difference of the voltage 

window for the plateaus between these two systems were probably ascribed to the difference 

in their viscosities.68 Only one plateau was observed at 2.4 V for the electrolyte with the 

existence of propylene carbonates (PC)/ethylene carbonate (EC)/diethyl carbonate (DEC) 
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which was because carbonates can react with polysulfides through possible nucleophilic attack 

at either the ether or carbonyl carbon atoms on the carbonate molecules.69 

 

 

Figure 1.8 (a) Discharge and (b) charge profiles of the first cycle for the Li-S cell in 1 M 

LiCF3SO3 with different solvents by volumetric ratios.67 
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Figure 1.9 Cycling performance for the Li-S cells with different solvents.67 

 

The first charge profiles for the Li-S cells with various electrolytes are shown in Figure 1.8b. 

It could be seen that the charge capacities were both higher than 1000 mAh g-1 for the 

TEGDME and DOL/DME. In contrast, there was almost no capacity for the PC/EC/DEC 

electrolyte. It is obvious that the cell with electrolyte solvents of DOL/DME displayed the best 

electrochemical performance, as shown in Figure 1.9. 

 

It concludes that the linear DME offers higher polysulfide solubility and faster polysulfide 

reaction kinetics, whereas the cyclic DOL forms more stable solid electrolyte interface (SEI) 

on the surface of the Li anode while providing lower polysulfide solubility and slower reaction 

kinetics. Although the dissolution of polysulfides causes parasitic redox shuttle reactions, the 
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solvents with high polysulfide solubility and low viscosity are greatly favorable for the cycling 

performance of the Li-S cells.  

 

In addition, lithium salt in the electrolytes is playing an important role. It is selected based on 

the chemical compatibility with polysulfides. The conventional lithium salts, such as lithium 

hexafluorophosphate (LiPF6), and lithium tetrafluoroborate (LiBF4), are not suitable for the 

electrolyte of the Li-S cells due to the following reactions: 

 

                                               LiPF6 + Li2Sn → LiPSnF4 + 2LiF                                            (1.6) 

                                               LiBF4 + Li2Sn → LiBSnF2 + 2LiF                                             (1.7) 

 

It is necessary to note that lithium perchlorate (LiClO4) is also not a good choice due to its 

oxidative property although no safety issue has been reported yet. So far, 

bis(trifluoromethane)sulfonamide lithium (LiTFSI, LiN(SO2CF3)2) is the mostly used as the 

lithium salt for Li-S cells because it provides higher ionic conductivity and less corrosion to 

the aluminum (Al) substrate.40, 70 

 

1.3.3 Anode 

 

Li anodes are widely used for Li-S batteries and they also suffer from several problems 

although these issues are not as severe as those observed in other lithium cell systems. This 

can be ascribed to the dissolved polysulfides, which prevents the growth of Li dendrites.  
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The electrolytes can be reduced on the surface of the Li anode to form a SEI layer, causing a 

significant irreversible capacity loss and low deposition efficiency of Li upon charging.71 

 

The problem of the Li anode also comes from the shuttle effect of polysulfides. The high-order 

polysulfides diffusing throughout of the separator could react with Li to form insoluble sulfides 

(Li2S2, Li2S) which further retards the rapid access of Li, resulting in poor rate capability.72-74 

 

1.3.4 Separator 

 

It is well known that separators also play a key role in all batteries. Their main function is to 

prevent electrical short circuits by keeping the positive and negative electrodes apart, while 

simultaneously allowing the rapid transport of ionic charge carriers that are needed to complete 

the path during the passage of current in an electrochemical cell.75 There are many property 

requirements for separators used in batteries: high electronic insulation, excellent chemical 

resistance, good wettability with electrolyte, etc. Microporous polyolefin membranes are 

currently the most commonly-used separators for lithium batteries since they have good 

chemical stability and mechanical strength, but they suffer from low porosity and poor 

wettability with liquid electrolyte which increase the cell resistance, resulting in poor kinetics 

and low rate capability of the batteries. In addition, polyolefin-based separators exhibit large 

thermal shrinkage at high temperatures which may cause internal short circuits, fire and even 

explosions in case of overcharge or overheating. 
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1.4 Solutions 

 

As discussed above, most of the problems faced by the Li-S batteries are due to the dissolution 

of polysulides, which result in parasitic reactions. Many approaches have been applied to solve 

this issue. The details are discussed as followings. 

 

1.4.1 Sulfur Cathode 

 

Since sulfur is an insulator with a resistivity of ~1030 Ω cm, a key approach is to provide a 

proper electrically conductive framework (conductive carbon/polymer) for the active material 

to ensure smooth electron transport between the electrical conductor and the active material.76-

83 Based on the composition and structure of the electrodes, we separate them into several 

types: (1) porous carbon-sulfur composites, (2) graphene (oxide)-sulfur composites, (3) one-

dimensional carbon-sulfur composites, and (4) conductive polymer-sulfur composites. In 

addition, binder, a key component in the cathode, is also playing an important role in 

determining the final performance of batteries. 

 

1.4.1.1 Porous Carbon-Sulfur Composites 

 

Briefly, a porous carbon-sulfur composite is a mixture of porous carbon and sulfur where most 

of sulfur exists inside the carbon pores. Those carbon pores not only improve the electrical 

conductivity of the composite but help trap dissolved polysulfides during the cycling.84-93 
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In 2002, Wang et al. reported that a sulfur-carbon nano-composite with elemental sulfur 

incorporated in porous carbon could deliver a reversible capacity of 440 mAh g-1 at a current 

density of 0.3 mA cm-2, as shown in Figure 1.10.84 The utilization of the active sulfur was up 

to 90% assuming a complete reaction to the product of Li2S. 

 

Figure 1.10 Discharge-charge profiles for the composite containing 30 wt% sulfur and pure 

carbon.84 

 

Later, Ji et al. demonstrated that the electrochemical performance of the Li-S cells could be 

significantly improved by using ordered CMK-3 mesoporous carbon to trap polysulfides.85 As 

shown in Figure 1.11a, CMK-3 carbon consists of an assembly of hollow 6.5 nm-thick carbon 

rods separated by empty 3 nm-wide channel voids. The intermediates, polysulfides, can be 

efficiently trapped by those small pores which can facilitate fast electronic and ionic transport. 
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The electronic contacts were provided by the numerous carbon interconnects that span the 

channels (Figure 1.11b). 

 

 

Figure 1.11 (a) A schematic diagram of the sulfur (yellow) incorporated in the interconnected 

pore structure of CMK-3. (b) Procedure of the composite syntheses and the lower diagram 

shows the chemical reaction with Li during cycling.85 

 

 As a result, shown in Figure 1.12, a high initial discharge capacity of 1005 mAh g-1 could be 

achieved for the composite CMK-3/S, and it was further increased to 1320 mAh g-1 by linking 

the carbon surface with polyethylene glycol (PEG) which helps trap polysulfides. It is 

important to note that these values are much higher than earlier results which demonstrates that 

incorporating S into porous carbon is an effective approach to achieve high-performance Li-S 

batteries. 

 

 

(a) (b)
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Figure 1.12 Cycling performance of CMK-3/S-PEG (in black) and CMK-3/S (in red).85 

 

To enhance the long-term stability of sulfur cathode for a high energy lithium-sulfur system, 

Gao et al. used porous carbon sphere composite to encapsulate sulfur by thermal treatment of 

a mixture of sublimed sulfur and microporous carbon sphere.86 The surface area of the carbon 

sphere significantly decreased from 843.5 to 6.5 m2 g-1, demonstrating the successful 

embedding of sulfur into the carbon sphere. As shown in Figure 1.13a, the lithium-sulfur cell 

with a sulfur content of 42 wt% could obtain a much higher capacity compared to that of 51 

wt% at a low current density of 40 mA g-1. The capacities were ~900 and ~300 mAh g-1 after 

50 cycles, respectively, for 42 and 51 wt% sulfur electrodes. This was probably due to the 

pore-narrowing and full saturation of the micropores, preventing passage of solvated 

electrolyte molecules. The high performance can be achieved by such design not only because 

the carbon framework improves the conductivity of the cathode but the migration of  the 
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polysulfides can be minimized, enhancing the utilization of the active material and resulting in 

a much better performance (Figure 1.13b). 

 

 

Figure 1.13 (a) Cycling performance of the sulfur-carbon composites with 42 and 51 wt% 

sulfur at a current density of 40 mA g-1. (b) A schematic of the electrochemical reaction inside 

the micropores of the sulfur-carbon sphere.86 

 

Archer and his coworkers presented a template-based method for synthesizing hollow carbon 

particles for incorporating with S (63 wt% S loading).87   

 

As shown in Figure 1.14a, a capacity of ~970 mAh g-1 with a Coulombic efficiency of 94% 

could be still obtained at the 100th cycle under a current density of 0.5C. For the rate capability 

test (Figure 1.14b), it could deliver a capacity of 450 mAh g-1 at 3C and 891 mAh g-1 with the 

current density went back to 0.5C. This confirmed that the unique structure is able to suppress 

(a) (b)
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the shuttle effect as well as to enhance electron transport based on the close contact between S 

and the carbon framework. 

 

 
Figure 1.14 (a) Cycling performance at a current density of 0.5C. (b) Rate capability.87 

 

1.4.1.2 Graphene (Oxide)-Sulfur Composites 

 

Graphene has a single-atom thickness and it is made up of sp2-boned carbon atoms that are 

densely packed in a honeycomb crystal lattice. It has attracted much attention due to its high 

surface area and excellent electrical conductivity.94-105 

 

In 2010, Wang et al. synthesized sulfur-graphene nanosheets (S-GNS) by heating a mixture of 

graphene nanosheets and elemental sulfur.97 According to scanning electron microscopy image 

with energy dispersive X-ray mapping, it was demonstrated that the sulfur was distributed 

uniformly in the graphene matrix, as shown in Figure 1.15. 
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Figure 1.15 (a) SEM image of the S-GNS and EDS mapping for (b) sulfur and (c) carbon.97 

 

 

Figure 1.16 Cycling performance of the cells with pure sulfur and S-GNS as cathodes.97 

 

With the addition of the GNS, the initial discharge capacity increased from 1100 to ~1611 

mAh g-1 at a current density of 50 mA g-1. Meanwhile, the cycling stability of the cell with S-

GNS was also improved (Figure 1.16). Those improvements were ascribed to high electrical 

conductivity of the S-GNS composite which was provided by the graphene. 

 

(a) (c)(b)



 

23 

Recently, Li et al. demonstrated an easy electrochemical assembly method to obtain sulfur-

graphene (S-G) nanowalls, which were controllably and vertically aligned onto the surface of 

the electrically conductive substrates during the tunable cyclic voltammetry (CV) process, 

shown in Figure 1.17.98 

 

 

Figure 1.17 (a) Schematic explanation of the fabrication procedure. (b) CV curves at different 

cycles during the electrochemical assembly process. (c) Schematic image of the final product.98 
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Figure 1.18 Rate capability of the lithium-sulfur cell with vertically aligned sulfur-graphene 

nanowalls as cathode.98 

 

The rate capabilities of vertically aligned sulfur-graphene nanowalls were further investigated 

at various current densities from C/8 to 4C. As shown in Figure 1.18, the capacity decreased 

slowly with the increase of the current density. Even at the highest current density of 8C, a 

capacity of 410 mAh g-1 was still achieved. It is confirmed that such unique structure is 

favorable for the fast ion and electron transport, resulting in good electrochemical 

performance. 

 

Obviously, graphene oxide is oxidation of graphene and it contains many oxygen-functional 

groups and it can be used as a sulfur immobilizer to improve the electrochemical performance 

of the lithium-sulfur batteries.106-109 
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Ji et al. prepared a sulfur/graphene oxide composite by depositing nano-sulfur on the surface 

of GO by chemical reaction in a micro-emulsion system.106 Then, the as-prepared sample was 

further treated at 155 oC for 12 h in an argon atmosphere to remove the bulk sulfur which was 

not directly attached to the GO layers. 

 

 

Figure 1.19 Discharge/charge profiles of the Li-S cells at 0.02C.106 

 

As shown in Figure 1.19, it could get an initial capacity of 1320 mAh g-1 with a Coulombic 

efficiency of 96.4% at 0.02C. A high reversible capacity of 1247 mAh g-1 with a Coulombic 

efficiency of 97.5% could be achieved at the second cycle, corresponding to 94.5% capacity 

retention. It was probably ascribed to the strong GO-sulfur interaction, which could suppress 

the dissolution of the lithium polysulfides into the electrolyte and minimize the shuttle effect, 

further enhancing utilization of the active material. 
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Zhou et al. discovered that a three-dimensionally cross-linked structure prepared by an 

amylopectin wrapped graphene oxide-sulfur composite could stabilize the lithium-sulfur 

batteries.107 The synthesis procedure was shown in Figure 1.20.  

 

 

Figure 1.20 Schematic of the procedure for preparing three-dimensionally structure.107 
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Figure 1.21 (a) First discharge/charge profiles with the sulfur loading of 2 and 6 mg cm-2 at 

C/8. (b) Cycling performance of the cells with the different sulfur loadings.107 

 

In Figure 1.21, it was clear that the cell with a sulfur loading of 2 mg cm-2 delivered higher 

capacity and efficiency compared to that of 6 mg cm-2.  Low capacity for the high sulfur loading 

was due to worse ionic transportation and contact in thicker electrode film, but it is important 

to note that it is still much better than the pure sulfur electrode. 

 

 

1.4.1.3 One-Dimensional Carbon-Sulfur Composites 

 

One-dimensional structural materials possess short diffusion distance for ions and effective 

transfer pathway for electrons, which are beneficial for improving the electrochemical 

performance of the batteries.110-121  
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Yuan et al. carried out the sulfur coating of multi-walled carbon nanotubes (MWCNTs) and 

further investigated their electrochemical performance.122 Figure 1.22 shows TEM images of 

pure sulfur, MWCNTs and their composites. It is clear that the diameter of the sulfur coated 

MWCNTs was larger than that of the pure MWCNTs and the sulfur was uniformly coated on 

the surface, demonstrating good connection between components. 

 

 

Figure 1.22 TEM images of (a) pure sulfur, (b) MWCNTs, (c) sulfur-coated MWCNTs (50 

wt% sulfur), and (d) sulfur-coated MWCNTs (80 wt% sulfur).122 

 

In Figure 1.23, the initial discharge capacities of the cell with S-coated-CB and S/MWCNTs 

were 480 and 655 mAh g-1. In contrast, the capacity increased to 1075 mAh g-1 for the cell 

with S-coated-MWCNTs. The electrochemical impedance spectroscopy (EIS) measurements 
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were carried out to characterize the batteries before discharge and after 40 cycles. The 

corresponding Nyquist plots are shown in Figures 1.24(a) and (b), respectively. The semicircle 

in the high frequency is corresponded to the charge transfer resistance.123 Before discharge, the 

charge transfer resistance of the cell with S/MWCNTs was smaller compared to the other two 

samples. However, after 40 cycles, the charge transfer resistances of the cell with S-coated-

MWCNTs and S-coated-CB were 16 and 28 Ω, respectively, which were both lower than that 

of S/MWCNTs. This is because the surface of MWCNTs and CB uncovered to the electrolyte 

increased with the phase change of sulfur from solid to the dissolved polysulfide state during 

the cycling.  

 

 

Figure 1.23 First discharge profiles of the cell with sulfur coated carbon black (S-coated-CB), 

mixture of sulfur and MWCNTs (S/MWCNTs), and sulfur coated MWCNTs (S-coated-

MWCNTs).122 
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Figure 1.24 Nyquist plots for sulfur cathodes (a) before discharge and (b) after 40 cycles.122 

 

Zheng et al. introduced amphiphilic polymers to modify the surface of the CNTs, rendering 

strong interactions between the nonpolar carbon and the polar LixS compounds.124 The cycling 

performance of the cells with unmodified and modified electrodes is shown in Figure 1.25. A 

fast capacity fading could be seen for the cell with unmodified electrode. In contrast, the 

capacity retention was over 80% for more than 300 cycles after the modification which was 

probably because the amphiphilic polymers could supply anchoring points, allowing lithium 

sulfides to bind strongly with the carbon surface (shown in Figure 1.26).  
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Figure 1.25 Cycling performance of the sulfur and polymer modified sulfur cathodes.124 

 

 

Figure 1.26 Schematic images of the polymer modified sulfur cathode before (left) and after 

discharge (right).124 
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1.4.1.4 Conductive Polymer-Sulfur Composites 

 

Besides conductive carbon matrices, conductive polymers are also used as the framework for 

the sulfur electrode not only to improve the electrode conductivity but also to suppress the 

migration of the lithium polysulfides during cycling.125-130 

 

A conductive polymer/sulfur composite was prepared by heating a mixture of polyacrylonitrile 

(PAN) powder and sublimed sulfur at 280 to 300 oC for 6 h under an atmosphere of argon.128 

At 300 oC, PAN and sulfur made contact at the molecular level in the melt state. Sulfur 

dehydrogenated PAN formed a conductive main chain. Meanwhile, the –CN function groups 

cyclized in the melt state to form a highly thermally stable compound where sulfur was 

intercalated. A capacity of over 600 mAh g-1 was achieved after 50 cycles (Figure 1.27). 

 

Figure 1.27 Cycling performance of the composite cathode.128 
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Xiao et al. used polyaniline as the conductive polymer matrix.129 The polymer and sulfur were 

treated at 280 oC and a fraction of sulfur reacted with the polymer to fabricate three-

dimensional cross-linked stable sulfur-polyaniline nanotubes (SPANI-NT). This novel 

framework provided strong physical and chemical confinement to the sulfur and the resident 

polysulfide at molecular level. Figure 1.28 shows a possible structure for the SPANI-NT 

composite and it illustrated the morphology change during the discharge/charge process. 

 

 

Figure 1.28 Schematic illustration of cycling process of the SPANI-NT/S composite.129 
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Figure 1.29 (a) Cycling performance of the SPANI-NT/S composite at different current 

densities. (b) Cycling performance of the electrode up to 500 cycles at 1C.129 

 

In Figure 1.29a, the capacities at different current densities almost stabilized and displayed 

relatively slow fading rates. The capacities of 837, 614, and 568 mAh g-1 could be obtained 

after 100 cycles at 0.1, 0.5, and 1C, respectively. A capacity as high as 432 mAh g-1 was 

achieved at 1C even after 500 cycles, as shown in Figure 1.29b. 

 

Hollow sulfur nanospheres coated by different conductive polymers were synthesized and 

investigated by Li et al.130 Briefly, monodisperse hollow sulfur nanospheres were dispersed in 

water with different monomers (aniline, pyrrole, or 3,4-ethylenedioxythiophene (EDOT)), then 

a small amount of acid (hydrochloric acid for aniline; no acid for pyrrole; camphorsulfonic 

acid for EDOT) and oxidant (iron chloride for pyrrole; ammonium persulfate for aniline and 

EDOT) were added. The procedure is shown in Figure 1.30. The as-prepared three samples 

were designated as PANI-S, PPY-S, and PEDOT-S, respectively. 

(a) (b)
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Figure 1.30 Schematic image of the experimental procedure.130 

 

Figure 1.31 shows the cycling performance of the cells made from PANI-S, PPY-S, and 

PEDOT-S with conductive polymer coatings of ~20 nm at a current density of C/2. The initial 

capacities of the cells made from PANI-S, PPY-S, and PEDOT-S were 1140, 1201, and 1165 

mAh g-1, respectively. The cells made from PPY-S and PEDOT-S could still deliver high 

capacities of 726 and 780 mAh g-1 even after 500 cycles. The cell made from PANI-S showed 

a relatively faster capacity fading with a capacity of 516 mAh g-1 at the 500th cycle. EIS 

measurements were carried out to further investigate the electrode kinetics. The charge transfer 

resistances of the three electrodes are in the order of PEDOT-S < PPY-S < PANI-S, revealing 

the conductivities of the three polymers are in the order of PEDOT-S > PPY-S > PANI-S. 
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Figure 1.31 Cycling performance of the cell with PANI-S, PPY-S, and PEDOT-S.130 

 

1.4.1.5 Binders 

 

Several alternative electrode binders, such as polyethylene oxide (PEO), gelatin, 

polyvinylpyrrolidone (PVP), Na-alginate, gum arabic (GA), etc., have been studied as 

alternatives to the common polyvinylidene difluoride (PVDF).131-136 The ideal binder is 

required to create a more robust conductive framework and improve the strength and structural 

stability of the entire sulfur electrode.  

 

Li et al. presented Acacia senegal-inspired binder, GA, which is nontoxic and sustainable, for 

high performance of lithium-sulfur batteries. The structure of the GA was described in Figure 

1.32.135 
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Figure 1.32 Schematic image of the chemical structure of GA with the background of Acacia 

senegal.135 

 

Figure 1.33a shows the discharge/charge profiles of the cell with GA binder at C/5. It was clear 

that there were two typical plateaus during the discharge, corresponding to the formation of 

soluble long-chain polysulfides and insoluble short-chain Li2S2/Li2S. As shown in Figure 

1.33b, the S@GA could deliver an initial capacity of 1386 mAh g-1 which was much higher 

than that of S@Gelatin and S@PVDF. A high capacity of 1090 mAh g-1 could still be achieved 

after 50 cycles for S@GA, indicating the excellent electrode integrity of the cell with GA. On 

the other hand, the capacities of the cell with Gelatin and PVDF decreased to 452 and 312 mAh 

g-1, respectively. 
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Figure 1.33 (a) Discharge/charge profiles of the cell with GA binder at C/5. (b) Cycling 

performance of the cells with various binders.135 

 

Even though those alternative binders have been demonstrated to have positive effects for 

lithium-sulfur batteries, there are still many limitations for their practical applications due to a 

lack of understanding of how these binders interact with the sulfur cathode to improve 

performance. Therefore, more work needs to be done to understand the mechanism behind 

them. 

 

(a) (b)
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1.4.2 Electrolyte Additives 

 

Since the solvents and the lithium salts for the Li-S batteries are fixed, we only focus on the 

additives in the electrolytes which can affect the bulk electrolyte properties such as ionic 

conductivity, viscosity, wettability, etc.137-143 Different additives have been demonstrated to 

protect Li electrodes by forming a surface protective film and suppressing the shuttle effect. 

Several additives are discussed below. 

 

1.4.2.1 Lithium Nitrate 

 

One of the most commonly used additives in Li-S electrolytes is lithium nitrate (LiNO3) which 

is able to form a stable passivation SEI layer on the surface of Li electrodes.144 This protective 

film effectively improves the stability of the Li anode and further suppresses the shuttle effect 

of the polysulfides and self-discharging of the Li-S cells, enhancing the capacity as well as 

Coulombic efficiency of the cells.145 

 

Aurbach et al. reported that the additional LiNO3 in the electrolyte could improve the discharge 

capacity, which increased from ~650 to ~1150 mAh g-1, as shown in Figure 1.34.146 It was 

obvious that the upper discharge plateau was greatly shortened in the absence of LiNO3 which 

was ascribed to the loss of long-chain polysulfides, decreasing the utilization of active 

materials. 
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Figure 1.34 Typical discharge/charge profiles of the Li-S cells (a) without and (b) with LiNO3 

additive.146 

 

The mechanism of the LiNO3-induced SEI for preventing the shuttle effect in Li-S batteries 

was further studied by Xiong et al.144 Based on the characterizations of scanning electron 

microscope (SEM) and X-ray photoelectron spectroscopy (XPS), it is believed that both LiNO3 

and polysulfides play important roles in forming stable SEI layers on the Li electrode, shown 

in Figure 1.35.  A SEI film is produced and grows during cycling in an electrolyte with LiNO3 

as additive which is due to the strong oxidative nature of LiNO3. 
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Figure 1.35 Illustration of the surface film behavior on lithium anode cycling with various 

additives.144 

 

1.4.2.2 Polysulfides 

 

Long-chain polysulfides are also used as additive in the electrolyte to eliminate the formation 

of insoluble Li2S2 and Li2S inside the carbon matrix and generate a protective SEI layer on the 

Li electrode. As shown in Figure 1.35, for the electrolyte with polysulfides additive, a stable 

SEI film is also formed during the cycling, which mainly consists of solid Li2S2 and Li2S. 

 

Xiong et al. also used two additives together, LiNO3 and lithium polysulfides, to investigate 

SEI film formation of the Li-S cells.144 The results shows that the SEI film possesses two sub-

layers. First, the reduced products of LiNO3 and polysulfides are deposited on the Li electrode, 

which results in a compact bottom layer composed of Li2S2, Li2S, and LiNxOy. The subsequent 
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layer comes from the reaction between LiNO3 and lithium polysulfides, forming stable 

compounds Li2S2O3 and LiSO4 (shown in Figure 1.35). This top layer is able to block direct 

contact between the polysulfides in the electrolyte solution and reductive species on the Li 

electrode during the cycling.  

 

1.4.2.3 Phosphorus Pentasulfide 

 

Liang’s group found that phosphorus pentasulfide (P2S5) could be used as a novel additive in 

the organic electrolyte for Li-S batteries, which demonstrated that P2S5 can react with the Li 

electrode to form a dense passivation layer between the Li electrode and the electrolyte.147 This 

passivation layer can help prevent polysulfides from accessing and reacting with the Li 

electrode. 
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Figure 1.36 Cycling performance of Li-S batteries with and without P2S5.
147 

 

As shown in Figure 1.36, a capacity of ~900 mAh g-1 could be achieved after 40 cycles with 

the additive of P2S5. In contrast, the capacity of the cell without P2S5 additive was less than 

300 mAh g-1. This poor cycling performance was probably due to the direct reduction of 

polysulfides on the Li electrode surface and formation of a SEI film mainly composed of Li2S, 

which is a poor Li-ion conductor. 
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1.4.3 Anodes 

 

The anode is an important part of the Li-S battery system because the long-term cycle stability 

of Li-S batteries is determined by the stability of the anode. Metallic lithium is widely used as 

the anode material for Li-S batteries due to its low potential and high capacity, resulting in 

higher energy density. Nevertheless, metallic lithium is unstable in organic electrolytes, which 

may produce safety issues for the rechargeable batteries. The limitations of metallic lithium 

anodes and its possible alternative anodes are discussed in the following sections. 

 

1.4.3.1 Lithium Anode  

 

Metallic lithium has a high theoretical capacity of ~3800 mAh g-1, however, it suffers from 

degradation upon cycling, forming dendrites which negatively affect the cycling performance 

and introduce the safety issue of rechargeable batteries.148-151 

  

The dendrite formation and low lithium cycling efficiency were due to the instability of the 

SEI film on its surface, which couldn’t suppress the shape and volume changes of the lithium 

electrode during charge/discharge process and resulted in lithium dendrite formation. The 

intermediate polysulfides in Li-S batteries can be dissolved in an organic electrolyte which 

causes severe parasitic reactions on the lithium surface, making it hard to form a stable SEI 

film. Some approaches have been used to solve this issue, including the usage of additive (e.g. 

LiNO3, polysulfides, P2S5) in the electrolytes.  



 

45 

Recently, Cui’s group reported that a thicker and less sharp morphology (shown in Figure 1.37 

a-c) of lithium filaments deposited in the electrolyte with LiNO3 compared to the absence of 

LiNO3 even though LiNO3 alone is not sufficient to prevent dendrite growth.152 In comparison, 

a lower density of nucleated lithium particles was produced when Li2S8 and LiNO3 were added 

to the electrolyte together, as shown in Figure 1.37 d-e. No long filaments or dendrites could 

be found even at a high deposition capacity of 6 mAh cm-2 (Figure 1.37 f). 
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Figure 1.37 Scanning electron microscopy (SEM) images of lithium metal deposited onto the 

bare stainless steel for the electrolyte with addition of only LiNO3 (a-c) and with addition of 

LiNO3 and Li2S8 (d-f) at different deposition capacities.152 
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1.4.3.2 Silicon Anode 

 

Silicon is a promising alternative for lithium metal as an anode for Li-S batteries due to its high 

theoretical capacity of ~3580 mAh g-1 (Li15Si4). It is well known that the practical application 

of Si-based anodes is limited by the severe capacity fade which is ascribed to the mechanical 

failure of the active material of high volume change of >300% during the cycling.153-157 

Fortunately, this major issue has been solved by using nanosized Si as anode which can not 

only control the volume change but also shorten the Li-ion diffusion length.158 

 

It is important to note that either the cathode (S) or the anode (Si) needs to be prelithiated when 

making a full battery. Cui and his coworkers presented a prelithiated silicon nanowire anode 

by an easy self-discharge mechanism and constructed a full battery using prelithiated silicon 

nanowire and sulfur as anode and cathode, respectively.  

 

 

Figure 1.38 (a) Voltage profiles of the first, second, and tenth cycles of the full cell. (b) Cycling 

performance of the full cell.158 



 

48 

Figure 1.38a shows the voltage profiles of the first, second, and tenth cycles of the 

sulfur/prelithiated silicon nanowire. A retention of ~80% could be achieved after 10 cycles 

(Figure 1.38b) and severe capacity fading was obvious within the first 20 cycles. But it is 

demonstrated that a full battery can be fabricated with a prelithiated anode materials and a Li-

free sulfur cathode, which eliminates the safety issues associated with the lithium metal.  
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1.4.4 Interlayers 

 

As discussed previously, the main approaches for achieving high-performance lithium-sulfur 

batteries are using conductive frameworks (carbon/polymer) for sulfur. All those methods not 

only improve the electrical conductivity of the cathode but suppress the migration of the 

polysulfide intermediates during cycling, enhancing the utilization of the active material.  

 

Since Manthiram’s group introduced a microporous carbon (MPC) interlayer into the cell 

which was inserted between the cathode and separator, the study on interlayers for the Li-S 

batteries has attracted more attention.159-169 The schematic image of the first work of 

Manthiram’s group is shown in Figure 1.39.159 This electrolyte-permeable microporous carbon 

paper could trap the polysulfide intermediates and was treated as a second current collector, 

resulting in a significant improvement for the lithium-sulfur batteries. 

 

Figure 1.39 Schematic image of the Li-S cell with a microporous carbon interlayer.159 
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In Figure 1.40a, with the insertion of the MPC interlayer, the charge transfer resistance of the 

cell remarkably decreased by about 79% compared to that of the cell without MPC interlayer. 

As shown in Figure 1.40b, the retained capacity was higher than 1000 mAh g-1 with a 

Coulombic efficiency of 97.6% even after 100 cycles at the current density of 1C. A capacity 

as high as 846 mAh g-1 could be achieved at a higher current density of 2C after 150 cycles.  

 

 
 

Figure 1.40 (a) EIS plots of Li-S cells with and without the carbon interlayer. (b) 

Discharge/charge profiles of the cell with carbon interlayer at different cycles.159 

 

Recently, Singhal et al. used activated carbon nanofibers (ACNF) as the interlay for high-

performance lithium-sulfur batteries.170 As exhibited in Figure 1.41, the cycling performance 

of the cell with ACNF interlayer significantly improved. The initial discharge capacity of the 

cell with conventional sulfur cathode increased from 1226 to 1519 mAh g-1 at a current density 

of C/5 with the insertion of the ACNF interlayer. It displayed a relatively stable capacity during 

cycling. The capacity retentions after 100 and 200 cycles were ~80% and ~60%, respectively. 

(a) (b)
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When the sulfur content increased to 70 wt%, a capacity of 810 mAh g-1 could still be obtained 

after 200 cycles. 

 

 

Figure 1.41 Cycling performance of the cell with and without ACNF.170 

 

However, this carbon interlayer generally requires a further heat-treatment which is energy 

consuming. Meanwhile, the thickness (hundreds of micrometers) and the mass (several 

milligrams) of the carbon interlayers are large, which results in a reduced energy density of the 

cell, limiting the practical applications of lithium-sulfur batteries.  
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1.4.5 Separators 

 

Compared with the intensive studies on the electrode material designs, there are only few 

researchers working on Li-S battery separators, which are considered to be a critical 

component in the battery system.171-173 

 

As discussed before, the main function of separators in batteries is to permeate ions and block 

electrons to realize reversible charge/discharge, and avoid the direct contact between the 

cathode and anode electrodes. An ideal separator for Li-S batteries is expected to not only have 

a good ionic conductivity but suppress the migration of polysulfides during cycling.174-176  

 

Yao et al. reported a conductive coating on the separator to prevent the accumulation of 

inactive sulfur-related species at the cathode.171 The cycling performance of the cell with 

pristine separator (polypropylene, PP) and different materials coated on the separator are 

shown in Figure 1.42. A initial capacity of 1100 mAh g-1 could be achieved for the cell with 

the Ketjenblack and multi-wall carbon nanotube coated separator. In contrast, it was only ~700 

mAh g-1 for the cell with the super P coated separator. It was probably due the higher 

conductivity of Ketjenblack and multi-wall carbon nanotube compared to that of super P. It is 

important to note that a big improvement was achieved for the cell with super P coated 

separator compared to the pristine separator.  
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Figure 1.42 Cycling performance of the cells with pristine separator and different materials 

coating on separator at C/5 with a sulfur content of 60 wt%.171 

 

Even though microporous polyolefin membranes are currently the most commonly-used 

separators for lithium batteries, their low porosity and poor wettability with liquid electrolyte 

increase the cell resistance, resulting in poor kinetics and low rate capability of the batteries.  

 

A poor rate capability of the cell with pristine polypropylene is shown in Figure 1.43. Even for 

the cell with the super P coated separator, a capacity of ~300 mAh g-1 could only be obtained 

at a current density of 1C. This was probably due to low porosity and poor wettability with 

liquid electrolyte of the microporous polyolefin membranes, resulting in poor kinetics of the 

batteries. 
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Figure 1.43 Rate capability of the cell with the pristine separator and super P coated 

separator.171 

 

Therefore, to achieve better rate capability for lithium-sulfur batteries, the proper separator 

should not only have highly porous structure and excellent electrolyte wettability but also be 

able to trap sulfur-related species during cycling, enhancing the utilization of the active 

material.     
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CHAPTER 2 RESEARCH OBJECTIVES 

 

The objective of this work is to explore and design advanced separators for high-performance 

Li-S batteries. Our main research work includes: 

 

2.1 Separator Selection 

 

Microporous polyolefin membranes are currently the most commonly-used separators for 

lithium batteries since they have good chemical stability and mechanical strength, but they 

suffer from low porosity and poor wettability with liquid electrolyte which increases the cell 

resistance, resulting in poor kinetics and low rate capability of the batteries. In addition, 

polyolefin-based separators exhibit large thermal shrinkage at high temperatures which may 

cause internal short circuits, fire and even explosions in case of overcharge or overheating. 

 

Glass fiber (GF) membranes have received attention because of their highly porous structure 

and excellent wettability, which can lead to large electrolyte intake and consequently high ionic 

conductivity when placed in the electrolyte, facilitating rapid ionic transportation. In this study, 

a highly porous GF membrane was investigated as the separator for Li-S batteries. 

Experimental results showed that the GF membrane not only had higher thermal stability and 

larger ionic conductivity but also possessed superior electrochemical performance compared 

to microporous polypropylene (PP). It is, therefore, demonstrated that a GF membrane with 
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superior thermal stability and excellent electrolyte wettability is a promising separator 

candidate for high-performance Li-S batteries. 

 

2.2 Carbon Coated Glass Fiber Separator 

 

Although GF has been considered as a promising separator candidate for Li-S batteries, the 

performance of the Li-S cell needs to be further improved. Herein, we introduced a conductive 

carbon coating on the GF separator. The carbon coating layer not only provides sufficient 

contact with the cathode surface, offering a high active material utilization, but also inhibits 

the migration of polysulfide intermediates, avoiding shuttle reactions.  

 

More importantly, the improved cells involve only a simple adjustment of the cell 

configuration by introducing a carbon coating on the separator instead of complex carbon-

sulfur composite structure design or sulfur-conductive polymer modification. 

 

2.3 Polyacrylonitrile/Graphene Oxide Nanofiber Membrane Separator 

 

Nanofiber membranes are attractive for use as battery separators because they have highly 

porous structure and excellent electrolyte wettability, which can lead to large electrolyte intake 

and consequently high ionic conductivity when placed in the electrolyte, facilitating rapid ionic 

transportation. Many polymers can be used to prepare nanofiber membranes. Among them, 
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polyacrylonitrile (PAN) is believed to be a suitable polymer for battery separator application 

because of its easy processability and excellent resistance to oxidative degradation.  

 

In addition to PAN, graphene oxide (GO) membrane was demonstrated to be able to block the 

polysulfide diffusion which was due to the electrostatic interactions between the negatively 

charged species (Sn
2-) and the oxygen-containing groups on GO. We reported an effective 

PAN/GO nanofiber membrane separator that could provide Li-S cells with significantly 

enhanced cycle stability and rate capability without complex cathode structure design. 

 

2.4 Polyacrylonitrile/Silica Nanofiber Membrane Separator with Carbon Nanotube 

Sheet 

 

Silica nanoparticles were used as an adsorption agent for polysulfides. The combination of 

PAN and SiO2 could lead to a nanofiber membrane separator that can effectively inhibit the 

diffusion of polysulfides in Li-S batteries. Moreover, the performance of Li-S batteries can be 

further improved by introducing a conductive carbon interlayer. 

 

Therefore, a hierarchical multi-component PAN/SiO2 nanofiber membrane separator with an 

ultralight and thin MWCNT sheet was prepared and used to improve the electrochemical 

performance of Li-S cells without introducing a complicated cathode architecture. These 

results are also supported by molecular modeling studies designed to investigate the molecular 

origins of this improved performance.  
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CHAPTER 3 SEPARATOR SELCTION 

 

Abstract 

Glass fiber (GF) membrane is evaluated as a potential separator for lithium-sulfur batteries. It 

is found that GF membrane has a highly porous structure with superior thermal stability, 

resulting in high liquid electrolyte uptake and enhanced electrochemical performance. Li-S 

cells using GF membrane as the separator can retain a capacity of 617 mAh g-1 after 100 cycles 

at a current density of 0.2C, which is 42% higher than that of cells using commercial 

microporous polypropylene separator. During rate capability tests, the capacity of Li-S cells 

using GF membrane decreases slowly from the reversible capacity of 616 mAh g-1 at 0.2C to 

505, 394 and 262 mAh g-1 at 0.5C, 1C, and 2C, respectively. It should be noted that these cells 

can still deliver a high capacity of 587 mAh g-1 with a high retention of 95% when the current 

density is lowered back to 0.2C. The improved cycling and rate performance are ascribed to 

the fact that the highly porous GF membrane can increase the intake of soluble polysulfide 

intermediates and slow down their rapid diffusion to the Li anode side, which can not only 

improve the utilization of active material, but help protect the Li anode surface as well. 

 

Keywords: Separators; Glass fiber; Lithium-sulfur batteries; Rate capability; High capacity 
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3.1 Introduction 

 

Demand is increasing for rechargeable lithium batteries with higher energy density and longer 

cycle life since they are widely used in portable electronic devices, electric vehicles, etc.177-185 

Sulfur (S) is considered to be one of the most promising candidates in this regard because it 

has the advantages of high theoretical capacity (1,675 mAh g-1), low cost, and environmental 

friendliness. However, the practical application of Li-S batteries is hindered by the low 

utilization of the active material, severe capacity fading, and low Coulombic efficiency.   

Many efforts have been made to overcome the challenges faced by Li-S batteries. The main 

approaches focus on design various nanomaterials as conductive frameworks for sulfur 

cathodes to achieve high capacity and improve cycle life.186-190 The active material utilization 

and cyclability can be improved because these conductive frameworks can enhance the 

electrical conductivity of the cathodes and minimize the loss of soluble polysulphide 

intermediates during cycling. However, those methods always involve complicated, multi-step 

synthetic processes, which limit their application in practical Li-S batteries. 

Compared with the intensive studies on the electrode material designs, there are only few 

researchers working on Li-S battery separators, which are considered as a critical component 

in the battery system. It is well known that separators play a key role in all batteries since their 

main function is to keep the positive and negative electrodes apart to prevent electrical short 

circuit and meanwhile allow the rapid transport of ionic charge carriers that are needed to 

complete the path during the passage of current in an electrochemical cell.191, 192 There are 
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many property requirements for separators used in batteries: high electronic insulation, 

excellent chemical resistance, good wettability with electrolyte, etc.193-195 Microporous 

polyolefin membranes are currently the most commonly-used separators for lithium batteries 

since they have good chemical stability and mechanical strength, but they suffer from low 

porosity and poor wettability with liquid electrolyte which increase the cell resistance, resulting 

in poor kinetics and low rate capability of the batteries. In addition, polyolefin-based separators 

exhibit large thermal shrinkage at high temperatures which may cause internal short circuits, 

fire and even explosions in case of overcharge or overheating.196 

 

Glass fiber (GF) membrane has received attention because it has highly porous structure and 

excellent wettability, which could lead to large electrolyte intake and consequently high ionic 

conductivity when placed in the electrolyte, facilitating rapid ionic transportation. For 

example, Luo et al. introduced a glass fiber fabric separator into Li-ion batteries and achieved 

a capacity retention of 60% for more than 100 cycles at a current density of 40 mA g-1.197 Zhu 

et al. used polyvinylidene fluoride (PVDF) coated GF as the separator for Li-ion batteries.198 

They found that a reversible capacity of 125 mAh g-1 could be achieved for the LiFePO4 

electrode at 0.2C when the PVDF-coated GF separator was used. Recently, a hybrid separator 

composed of GF membrane and Celgard microporous polypropylene (PP) membrane was 

developed for Li-S batteries by Wang et al.199 Their results showed that the cell with this hybrid 

separator delivered a specific capacity of 1050 mAh g-1 at the 10th cycle with a current density 

of 0.2C, which was significantly higher than that (450 mAh g-1) achieved by the cell with PP 

membrane. However, they did not report any result on the use of GF membrane directly as the 
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separator in Li-S batteries. In our study, we directly used the GF membrane (without the 

introduction of PP) as the separator for Li-S cells since the excess weight from the microporous 

PP membrane can decrease the gravimetric energy density as well as the volumetric energy 

density of the cells. In addition, the extra PP membrane can also increase the resistance of the 

cell and negatively affect the ionic transportation, resulting in reduced electrochemical kinetics, 

especially at high current densities. Experimental results showed that the GF membrane not 

only had higher thermal stability and larger ionic conductivity but also provided Li-S cells with 

more stable capacity and better rate capability as compared to microporous PP membrane. It 

is, therefore, demonstrated that GF membrane with superior thermal stability and excellent 

electrolyte wettability is a promising separator candidate for high-performance Li-S batteries 

when it is used alone without the introduction of another PP layer. More importantly, the 

contribution of this manuscript to the scientific community is to provide a new route to further 

improve the electrochemical performance of Li-S batteries by using a simple GF membrane 

separator without introducing complex electrode structure designs, enhancing the practical 

application of Li-S batteries. 

 

3.2 Experimental 

 

3.2.1 Materials 

 

Sulfur (S, 99.5-100.5%, Sigma-Aldrich), bis(trifluoromethane) sulfonamide lithium (LiTFSI, 

Sigma-Aldrich), lithium nitrite (99.99% trace metals basis, Sigma-Aldrich), n-butyl alcohol 
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(99%, Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich), 1,3-dioxolane 

(DOL, Sigma-Aldrich), 1,2-dimethoxyethane (DME, Sigma-Aldrich), super P carbon black 

(C-65, TIMCAL Graphite & Carbon Ltd.) and polyvinylidene fluoride (Solef® PVDF-5130, 

Solvay) were used as received.   

 

GF membrane (Whatman, thickness of 260 µm) made from borosilicate microfibers was 

investigated as the separator in this study.  Microporous polypropylene (PP) separator (Celgard 

2400, thickness of 25 µm) was used as a comparison to the GF membrane.  

 

3.2.2 Structural Characterization 

 

The morphology of PP and GF separators was studied by using a field-emission scanning 

electron microscopy (FESEM, FEI Verios 460L, USA). 

 

The porosities of the separators were measured by conducting n-butyl alcohol uptake tests. In 

an uptake test, the porosity was calculated based on the following equation: 

                  Porosity (%) = (ww - wd) / (ρb × V)                                     (3.1) 

where ww and wd are the weights of wet and dry separators, respectively; ρb is the density of n-

butyl alcohol, and V is the geometric volume of the separator. 
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3.2.3 Performance Evaluation 

 

The dimensional stability of the separators was determined by thermal shrinkage tests at 150 

oC for 2 h. The electrolyte contact angle test was carried out by using a Canon EOS camera 

which was attached to a microscope (Meiji Techno America). 

 

Liquid electrolyte uptakes were measured by soaking weighed separators in the liquid 

electrolyte of 1 M LiTFSI and 0.1 M LiNO3 in a mixture of DOL and DME (1: 1 by volume) 

for 2 h at room temperature. The electrolyte uptake (EU) was then calculated by: 

EU (%) = (w1 – w0) / w0 × 100        (3.2) 

where w0 and w1 are the weights of the dry and wet separators, respectively. 

 

Electrochemical impedance spectroscopy (EIS) was performed to investigate the ionic 

conductivity of liquid electrolyte-soaked separators by using Reference 600 

Potentiostat/Galvanostat/ZRA (Gamry) over a frequency range from 1 MHz to 1 Hz under an 

AC voltage of 10 mV. During the measurement, the liquid electrolyte-soaked separators were 

sandwiched between two stainless steel electrodes. The ionic conductivity was calculated by 

using the following equation: 

σ = L / (Rb × A)         (3.3) 

where L is the thickness of separator, A is the contact area between the separator and the 

stainless steel electrode, and Rb is the bulk resistance of the electrolyte, defined as the intercept 

of the semicircle with the real axis. 
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The electrochemical performance of Li-S cells containing PP and GF separators was evaluated 

by using coin-type cells. The sulfur cathode was prepared by mixing 70 wt% active material 

(S), 20 wt% Super P and 10 wt% PVDF binder in solvent NMP and coating the slurry onto the 

carbon-coated aluminum foil, following by drying at 60 oC in vacuum oven overnight to 

remove the solvent. Lithium metal foil was used as the anode. Li-S cells were assembled by 

sandwiching liquid electrolyte-soaked separator between lithium anode and sulfur cathode in 

an argon-fill glove box. The electrolyte used was the same as the one for electrolyte uptake 

measurement and its amount was controlled as 40 µL per 1 mg S. A programmable battery 

cycler (Arbin Instruments) was used to record discharge/charge profiles and cycling 

performance with a voltage range between 2.8 V and 1.7 V at ambient temperature. Cyclic 

voltammetry (CV) measurements were carried out by using a Gamry reference 600 device with 

a scan rate of 0.1 mV s-1 in a potential range of 2.8 – 1.7 V. Several coin cells were 

disassembled in the charged state for further analysis after cycling. Morphological 

characterization of the lithium anodes before and after cycling was carried out with a field-

emission scanning electron microscopy (FE-SEM, FEI Verios) after they were washed using 

DOL and dried in the argon-filled glovebox. The sulfur loading was around 0.7-1 mg cm-2 and 

all the cells’ capacities were calculated based on the mass of sulfur. 
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3.3 Results and Discussion 

 

3.3.1 Morphology 

 

FE-SEM is performed to examine the morphology of the GF separator, and the resultant SEM 

images are shown in Figure 3.1. For comparison, the SEM images of the PP separator are also 

shown. It is seen that slit-like pores are uniformly distributed in the PP separator (Fig. 1a and 

b). Such a micro-porous membrane with tortuous structure is designed for rechargeable lithium 

batteries in order to avoid short circuit resulting from dendritic lithium growth during the 

charge/discharge process.194 On the other hand, the GF separator consists of randomly arranged 

fibers with diameters less than 2 µm, which create a network structure with pores in the 

macroscale range (Fig. 1c and d). This highly porous structure is further confirmed by porosity 

testing results, as shown in Table 1. The porosity (66%) of GF separator is significantly higher 

than that (41%) of PP separator. This unique porous structure of GF separator could lead to 

high ionic conductivity when placed in the electrolyte, facilitating rapid ionic transportation. 
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Figure 3.1 SEM images of (a, b) PP and (c, d) GF separators with different resolutions. 

 

 

Table 3.1 Physical and electrochemical parameters of PP and GF separators. 

 

Sample 
Porosity 

(%) 

Electrolyte Uptake 

(%) 

Ionic Conductivity 

(mS cm-1) 

PP 41 152 0.60 

GF 66 360 3.83 

 

5 μm

(a)

1 μm

(b)

100 μm

(c)

20 μm

(d)
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3.3.2 Thermal Dimensional Stability 

 

Thermal stability of separators is a vital aspect of the battery safety characteristics.200 Thermal 

shrinkage properties of PP and GF separators were investigated by observing their dimensional 

changes after storage at 150 oC for 2 h. As shown in Figure 3.2, the PP separator displays a 

significant thermal shrinkage after exposure to high temperature due to its intrinsically poor 

thermal stability. The substantial thermal shrinkage of the PP separator at high temperature 

originates from the low melting point of PP. In contrast, the GF separator does not display 

apparent dimensional change after the thermal exposure. This excellent thermal stability of GF 

separator can be attributed to the intrinsic thermal resistance of the borosilicate structure, which 

is beneficial for battery safety, especially when operated at high charge/discharge rates or 

elevated temperatures. 

 

 

Figure 3.2 Photographs of PP and GF separators (a) before and (b) after thermal treatment at 

150 oC for 2 h. 

(a)

PP

PP

GF

GF

(b)
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3.3.3 Electrolyte Wettability and Uptake  

 

A separator should possess good electrolyte wettability to reduce the electrolyte filling time 

during battery assembly and to retain the electrolyte efficiently in the charge/discharge process. 

Contact angles were measured using a liquid electrolyte (1 M LiTFSI and 0.1 M LiNO3 in 

DOL/DME) to characterize the electrolyte wettability of PP and GF separators. As shown in 

Figure 3.3a, the contact angle of PP separator is 37o, indicating that it cannot be wetted by the 

electrolyte. However, the contact angle of the GF separator is 0o (complete wetting, shown in 

Figure 3.3b), which confirms that GF separator exhibits significantly better electrolyte 

wettability than PP separator. This remarkable liquid electrolyte wettability of GF separator 

may be ascribed to the well interconnected microporous structure and the intrinsically lyophilic 

nature of borosilicate.  

 

 

 
 

Figure 3.3 Contact angle photographs of (a) PP and (b) GF separators using liquid electrolyte. 

 

37°
(a) (b)

Complete Wetting

0°
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The electrolyte uptake capacities of PP and GF separators were measured and are shown in 

Table 3.1. Obviously, the electrolyte capacity (360%) of GF membrane is much higher than 

that (152%) of PP membrane, which can be ascribed to the larger porosity of GF separator. 

Generally, high electrolyte uptake is beneficial for improving the cycling stability and rate 

capability of Li cells. 

 

3.3.4 CV and Discharge-Charge Profiles 

 

Figure 3.4 compares the CV curves of Li-S cells containing PP and GF separators for the first 

five cycles within a cutoff voltage window of 1.7-2.8 V at a scan rate of 0.1 mV s-1. As shown 

in Figure 3.4a, the cell with PP separator exhibits two cathodic peaks at around 1.83 and 2.15 

V and two overlapped anodic peaks at around 2.41 and 2.47 V, which are typical of Li-S cells. 

The Li-S cell with GF separator also exhibits similar redox reactions, except for the difference 

in the peak intensity and slight shifts of the two reduction peaks from 2.28 V and 1.98 V to 

2.27 V and 1.97 V from the 2nd cycle to the 5th cycle (shown in Figure 3.4b). Compared to the 

Li-S cell with GF, the larger deviation in the current peaks of the Li-S cell with PP suggests a 

fast capacity fading during cycling which is due to the diffusion of lithium polysulfide 

intermediates through the separator. 
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Figure 3.4 Cyclic voltammograms of Li-S cells with (a) PP and (b) GF separators cycled 

between 1.7 and 2.8 V at a scan rate of 0.1 mV s-1. 

 

The first discharge-charge profiles of Li-S cells with PP and GF separators are shown in 

Figures 3.5a and b, respectively. It is obvious that both cells display two discharge plateaus 

and two closely spaced charge plateaus, which are consistent with the CV plots. The upper 

discharge plateau (Region 1) represents the transformation of sulfur into long-chain 

polysulfides (Li2Sx, 4 ≤ x ≤ 8) and the lower discharge plateau (Region 2) indicates the 

conversion of the semi-solid phase Li2S4 to solid-phase low-order Li2S2, or even Li2S. During 

the cell charging, the two continuous charge plateaus correspond to the oxidation reactions 

from lithium sulfides to polysulfides and finally to sulfur. From Figure 3.5, it is also seen that 

the cell with GF separator has higher capacity than that with PP separator, and the increased 

capacity for the cell with GF separator is mainly attributed to the extended Region 2. It is 
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probably because the GF separator slows down the diffusion of dissolved polysulfide 

intermediates, which improves the utilization of active material. 

 

  
 

Figure 3.5 Discharge/charge profiles in the first cycle of Li-S cells with (a) PP and (b) GF 

separators at a current density of 0.2C. 

 

3.3.5 Cycling Performance 

 

Figure 3.6a presents the cycling stability of the Li-S cells using PP and GF separators at a 

current density of 0.2C up to 100 cycles. The initial discharge capacity (with sulfur utilization 

in parentheses) increases from 781 (47%) to 1033 mAh g-1 (62%) at 0.2C when using GF as 

the separator instead of PP. Meanwhile, the cell with GF separator shows more stable cycling 

performance and higher capacity retention ratio than the cell with PP separator. After 100 

cycles at a current density of 0.2C, the cell with GF separator can still deliver a high capacity 
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of 617 mAh g-1, which is 42% higher than that of the cell with PP separator. It is probably 

because the highly porous structure of the GF separator, which helps increase the intake of 

soluble polysulfide intermediates and slow down the rapid diffusion of polysulfides to the Li 

anode side, which can not only improve the utilization of active material, but also protect the 

Li anode surface from diffused polysulfides, resulting in a better electrochemical performance, 

as illustrated in Figures 3.6b and c. From Figure 3.6a, it is also seen that both cells display 

good Coulombic efficiencies, which are 99% and 96%, respectively, for PP and GF in most 

cycles. Such excellent Coulombic efficiencies are probably due to the existence of LiNO3 in 

the electrolyte, promoting the formation of a stable passivation film on the Li anode surface to 

minimize the redox shuttle of lithium polysulfides.201 
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Figure 3.6 (a) Cycle performance of the Li-S cells with PP and GF separators at a current 

density of 0.2C; Schematic illustration of the Li-S cells with (b) PP and (c) GF separators. 

 

3.3.6 C-Rate Performance 

 

Rate capability is one of the critical parameters for batteries, especially in high power 

applications. The rate capability of Li-S cells with PP and GF separators was evaluated by 

increasing the discharge/charge current density stepwise from 0.2C to 2C every 10 cycles. 

Since the thickness (25 µm) of PP separator is much thinner than that (260 µm) of GF separator, 
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Li-S cells were assembled by stacking multiple pieces of PP separators to take the 

consideration of the separator thickness effect. It was found that the Li-S cell with 10 pieces 

of PP separators was not able to charge or discharge, probably due to the poor electrolyte 

wettability of PP. Figure 3.7 shows the rate capability of Li-S cells with a single piece of PP 

separator, three pieces of PP separators stacked together, and a single piece of GF separator. It 

is seen that the reversible capacities of Li-S cells with 1 and 3 pieces of PP separators decrease 

from 457 to 302 mAh g-1 and 530 to 111 mAh g-1, respectively, when the current density 

increases from 0.2C to 1C. The capacity of the cell with 3 pieces of PP is almost totally lost 

when the current density increases to 2C, indicating that thicker PP separator will definitely 

result in poorer reaction kinetics of the cell. On the other hand, the capacity of the cell with GF 

separator decreases slowly from the reversible capacity of 616 mAh g-1 at 0.2C to 505, 394 

and 262 mAh g-1 at 0.5C, 1C, and 2C, respectively. Importantly, a high reversible capacity of 

587 mAh g-1 (95% of the stable reversible capacity) is achieved when the current density is 

lowered back to 0.2C, indicating a highly reversible and efficient Li-S cell enabled by using 

the GF separator.202, 203 As shown in Table 1, when placed in a liquid electrolyte, the ionic 

conductivity of the GF separator is 3.83 mS cm-1, which is six times higher than that (0.60 mS 

cm-1) of the PP separator. This higher conductivity can be attributed to the higher porosity of 

the GF separator and might be responsible for the good rate capability of the Li-S cell with GF 

separator. 
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Figure 3.7 Rate capability of Li-S cells with PP (1 and 3 pieces) and GF separators at various 

rates. 

 

A comparison of the rate performance between the Li-S cell with GF separator in this work 

and the Li-S cells with PP separator reported in the literature is given in Figure 3.8.171, 204-207 It 

is obvious that our Li-S cell with GF separator shows a better high-rate capability than the Li-

S cells with PP separator.204-207 Moreover, Yao et al. used a carbon-coated PP separator to 

further improve the electrochemical performance of Li-S cells.171 Although a relatively higher 

capacity of 705 mAh g-1 for the cell with this carbon-coated PP separator could be achieved at 

0.2C compared to that (616 mAh g-1) of the Li-S cell with GF separator in this work, the faster 

capacity fading of the cell with carbon-coated PP separator could be observed as the current 

density increased. For example, the capacities of the Li-S cell with carbon-coated PP separator 

at 0.5C and 1C were 420 and 330 mAh g-1, respectively, while the corresponding capacities 

were 505 and 394 mAh g-1 for the cell with GF separator in this work. It is, therefore, indicated 
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separator with GF separator even without complicated electrode structure designs or other 

modifications. 

 

 

Figure 3.8 Rate capability comparison between the previously reported Li-S cells with PP 

separator and the Li-S cell with GF separator in this work. 
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respectively. The electrochemical performance results of Li-S cells using these two GF 

membranes are shown in Figure 3.9 and Figure 3.10. At 0.2C, the capacities of Li-S cells using 

GF separators with thicknesses of 675 µm and 435 µm are 580 and 575 mAh g-1, respectively, 

which are comparable to that (616 mAh g-1) of Li-S cell using GF separator with a thickness 

of 260 µm. However, rapid capacity fading can be observed for the cells using GF separators 

with thicknesses of 675 µm and 435 µm. For example, at a current density of 2C, the capacities 

of these two cells are 130 and 149 mAh g-1, respectively, which are much lower than that (262 

mAh g-1) of the cell using GF separator with a thickness of 260 µm. The reduced rate capacities 

can probably be ascribed to the larger thicknesses and smaller porosities of these two GF 

separators, which not only increase the cell resistances, but also negatively affect the ionic 

transportation, resulting in reduced electrochemical kinetics. It should be pointed out that 

although the electrochemical performance of Li-S cells can be improved by replacing the PP 

separator with GF separator, the poor mechanical flexibility of the GF separator needs to be 

addressed before it can be used in practical Li-S cells.  One possible strategy is to introduce 

polymer binders, such as polyvinylidene fluoride (PVDF), polyvinylidene fluoride-co-

hexafluoropropylene (PVDF-HFP), etc., to form flexible polymer/GF hybrid separators, which 

can combine the good electrochemical performance of GF separator with the flexible nature of 

polymers. 
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Figure 3.9 Rate capability of the Li-S cell by using GF separator with a porosity and thickness 

of 51% and 675 µm, respectively. 

 

 

Figure 3.10 Rate capability of the Li-S cell by using GF separator with a porosity and thickness 

of 58% and 435 µm, respectively. 
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3.3.7 Morphology of the Li Anode after Cycling 

 

To further understand the function of GF separator, Li-S cells were disassembled after 100 

cycles (at a current density of 1C) in an argon-filled glove box to examine the surface 

morphology of the lithium anode. For the purpose of comparison, the metallic lithium anode 

before cycling was also observed by SEM. It can be seen that the surface of metallic lithium 

before cycling is smooth, as shown in Figure 3.11a and b. However, after 100 cycles in the Li-

S cell containing PP separator (Figure 3.11c and d), obvious corrosion damage can be observed 

on the Li anode surface with some cracks, which is due to the side reactions between soluble 

lithium polysulfides and metallic lithium during cycling. In contrast, a relatively smooth, less 

damaged surface can be found on the lithium anode surface after cycling in the Li-S cell with 

GF separator (Figure 3.11e and f), which indicates that the GF separator can help suppress the 

diffusion of polysulfide intermediates to the lithium anode, resulting in an improved cycling 

performance. 
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Figure 3.11 SEM images of the surface view of Li anode (a, b) before cycling, (c, d) after 

cycling with PP separator, and (e, f) after cycling with GF separator at different magnifications 

(after 100 cycles at a current density of 1C). 
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3.4 Conclusions 

 

In summary, highly porous GF separator had better electrolyte wettability and higher thermal 

stability than microporous PP membrane. The GF separator was also able to increase the intake 

of highly-soluble polysulphide intermediates and slow down the rapid diffusion of polysulfides 

to the Li anode side, resulting in better electrochemical performance. A high capacity of 617 

mAh g-1 was remained for the Li-S cell containing GF separator after 100 cycles at a current 

density of 0.2C, which was 42% higher than that of PP. In the rate capability test, the capacity 

of the cell with GF decreased slowly from the reversible capacity of 616 mAh g-1 at 0.2C to 

505, 394 and 262 mAh g-1 at 0.5C, 1C, and 2C, respectively. Importantly, it could still deliver 

a high capacity of 587 mAh g-1 when the current density was lowered back to 0.2C, indicating 

a high retention of 95%. It is, therefore, demonstrated that GF membrane is a promising 

separator candidate for high-performance Li-S batteries. 
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CHAPTER 4 CARBON COATED GLASS FIBER SEPARATOR 
 

Abstract 

Lithium-sulfur batteries have received intense attention because of their high theoretical 

capacity, low cost and environmental friendliness. However, low active material utilization 

and poor cycle life limit their practical applications. Here, we report a strategy to obtain high 

capacity with long cycle life and rapid charge rate by introducing a carbon coating on the 

separator. Excellent cycling performance with a high capacity 956 mAh g-1 after 200 cycles 

and outstanding high-rate response up to 4C are achieved, which are among the best reports so 

far. High electrochemical performance can be obtained even at a high sulfur loading of 3.37 

mg cm-2. Such improved results could be ascribed to the conductive carbon coating, which not 

only reduces the cell resistance but blocks the diffusion of soluble polysulfides avoiding shuttle 

effect during cycling. This study demonstrates a feasible, low cost and scalable approach to 

address the long-term cycling challenge for lithium-sulfur batteries. 

 

Keywords: Lithium-sulfur batteries, Carbon coating, Separator, Rate capability, Sulfur 

loading 
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4.1 Introduction 

 

With the continuously increasing demand of the world energy consumption, energy storage 

systems are essential for the extensive development of portable electronic devices, electric 

vehicle, etc.208, 209 Lithium-sulfur (Li-S) batteries are one of the prospective candidates in this 

regard because S has a high theoretical capacity of 1,675 mAh g-1, and is low cost and 

environmental friendliness. However, the practical applications of Li-S batteries are hindered 

by the low utilization of the active material, severe capacity fading, and low Coulombic 

efficiency. The poor utilization of active material results from the insulating nature of sulfur, 

which limits the electron transfer during the electrochemical reactions.210-212 The fast capacity 

fading is due to the dissolution of lithium polysulfide intermediates (Li2Sx, 4 ≤ x ≤ 8) in the 

electrolyte and the low Coulombic efficiency is caused by the internal “shuttle reaction”.213, 214 

 

Many efforts have been made to overcome the challenges faced by Li-S batteries. The main 

approaches are performing nanomaterials as conductive frameworks for sulfur cathodes to 

achieve high capacity and improve cycle life, including porous hollow carbon,87, 187 carbon 

nanofiber,188, 189 carbon nanotubes,190 graphene oxide,215 graphene,216 yolk-shell TiO2 

spheres,61 conductive polymers,192 etc. The active material utilization and cyclability are 

improved because these conductive frameworks are able to enhance the electrical conductivity 

of the cathode and minimize the loss of soluble polysulfide intermediates during the cycling. 

These sulfur cathodes with conductive frameworks are often accompanied with electrolyte 

additives, such as lithium nitrate,40 phosphorous pentasulfide147 to increase the Coulombic 
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efficiency. Unfortunately, those structure designs are complex and high cost, which limit the 

practicality of Li-S batteries. In addition, those cathode systems generally have a relatively low 

sulfur content and loading which can significantly reduce the energy density of the entire cell. 

Therefore, it is still urgent to discover a low cost and scalable approach to achieve the high 

performance for Li-S batteries with a high sulfur content and loading. 

 

Recently, Manthiram, et al. introduced a conductive interlayer to the Li-S battery system.159 

This conductive interlayers are able to supply fine contact with the cathode surface, offering 

electron pathways through the insulating S/Li2S and preventing the migrating polysulfide 

intermediates, and this new cell design has shown the promise to improve the performance of 

the Li-S battery.162, 170 However, the thickness (hundreds of micrometers) and the mass (several 

milligrams) of the carbon interlayers are large, which results in a reduced energy density of the 

cell. 

 

Compared with the intensive studies on the electrode material designs, electrolyte additives 

and interlayers, there are only a few researchers working on separators, which are considered 

as a critical component in the battery system. Separators are typically made of insulating 

materials, such as polypropylene (PP) and polyethylene (PE), and have a porous structure that 

allows the transportation of ions. Recently, Celgard® PP membranes coated with graphene,217 

multiwall carbon nanotubes172 and carbon nanoparticles171 have been investigated for 

preventing the migration of polysulfides away from the cathode to the Li metal anode in Li-S 

batteries. With these coated separators, Li-S cells have shown improved cycling stability, 
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however, the low sulfur content and loading, as well as the poor rate performance and high 

cost, still make them unsuitable for practical applications. 

 

Glass fiber (GF) membrane has received attention for use as a battery separator because it has 

a higher porosity (65%) compared to PP or PE membranes (40%), which could lead to higher 

electrolyte intake and consequently greater ionic conductivity when placed in an electrolyte, 

facilitating rapid ionic transportation.201, 218  In this study, we present an effective approach to 

achieve a stable and high-performance Li-S battery with exceptional rate capability by simply 

using carbon-coated GF (CGF) as the separator. It can effectively decrease the cell resistance, 

resulting in an enhancement of active material utilization. The thin carbon coating used in this 

work is able to block the shuttling of soluble polysulfides in the electrolyte and makes them 

available to be reutilized even for prolonged charge/discharge cycling. This conductive carbon 

coating can be considered as a second current collector for accommodating the migrating active 

material from sulfur cathodes. Therefore, the originality of our work is related to the use of a 

simple coating method instead of any complex electrode structure design to achieve excellent 

electrochemical performance (e.g., high cycling stability and good rate capability 

simultaneously) for Li-S batteries. In addition, the cell configuration suggested by this work 

can be fabricated in large scale with low cost, further enhancing the practicality of Li-S 

batteries. 
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4.2 Experimental 

 

4.2.1 Carbon-Coated Separator Fabrication  

 

A super P (TIMCAL, Graphite & Carbon Ltd., C-65)/polyvinylidene fluoride (PVDF) slurry 

was prepared by mixing 70 wt% super P with 30 wt% PVDF in N-methyl-2-pyrrolidone (NMP, 

Sigma-Aldrich) solvent, which was coated onto one side of a Glass Fiber mat (GF, GE 

healthcare) by the doctoral blade casting method. The carbon-coated separator was dried in a 

vacuum oven at 60 oC for 12 h. 

 

4.2.2 Material Characterizations 

 

The morphology of the samples was characterized using a filed-emission scanning electron 

microscopy (FESEM, Quanta 3D FEI, USA) with an energy dispersive X-ray spectroscopy 

(EDS) detector and a transmission electron microscopy (TEM, JEOL 2010F). X-ray 

Diffraction (XRD) patterns were recorded on a Rigaku D/Max 2400 (Japan) type X-ray 

spectrometer with Cu Kα radiation (λ=1.5418 Å). 

 

4.2.3 Electrode Fabrication and Cell Assembly 

 

The sulfur electrodes were prepared by casting a slurry containing 70 wt% pure sulfur (Sigma-

Aldrich), 20 wt% conductive additive (TIMCAL, Graphite & Carbon Ltd., C-65), and 10 wt% 
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PVDF binder in NMP (Sigma-Aldrich) on the carbon-coated aluminum foil, followed by 

drying in a vacuum oven at 60 oC for 12 h. The areal loading of sulfur for the as-prepared 

electrodes ranged from 0.70 to 3.37 mg cm-2. To test the electrochemical properties, 2032 type 

coin cells were assembled using the sulfur electrodes, PGF/CGF separators, and Li metal 

(Sigma-Aldrich) as the counter electrode. The electrolyte was prepared by dissolving 1 M 

bis(trifluoromethane)sulfonamide lithium (LiTFSI, Sigma-Aldrich) and 0.1 M lithium nitrite 

(99.99% trace metals basis, Sigma-Aldrich) in a mixture of 1,3-dioxolane (DOL, Sigma-

Aldrich) and 1,2-dimethoxyethane (DME, Sigma-Aldrich) (1: 1 by volume). The amount of 

the electrolyte used in this work was 40 µL per 1 mg S. The cell assembly process was done 

in an argon-filled glove box and all capacity values were calculated based on the sulfur mass. 

 

4.2.4 Electrochemical Measurement 

 

Electrochemical impedance spectroscopy data were obtained with a device from 100,000 to 1 

Hz with an AC voltage amplitude of 5 mV. A programmable battery cycler (Arbin Instruments) 

was used to record discharge/charge profiles cycle data. The cyclic voltammetry (CV) 

measurements were carried out by using a Gamry reference 600 device with a scan rate of 0.1 

mV s-1 in a potential range of 2.8 – 1.7 V. Several coin cells were disassembled in the charged 

state for further analysis after cycling. Morphological characterization and elemental mapping 

of the Li electrodes before and after cycling were carried out with a FE-SEM equipped with 

an EDS. X-ray photoelectron spectroscopy (XPS, SPECS FlexMod, Germany) was performed 

to execute elemental analysis at room temperature by using a Kratos Analytical spectrometer 
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and monochromatic Mg Kα X-ray source. The lithium electrodes were washed using DOL and 

dried in the argon-filled glove box. A pure lithium plate before cycling was used as a 

comparison. 

 

4.2.5 Polysulfide Diffusion Test 

 

Li2S8 was synthesized by adding Li and S into the electrolyte (in volumetric flask) with a proper 

molar ratio under an intensive stirring at 80 oC for 24 h. The concentration of Li2S8 in the 

electrolyte was adjusted to 0.1 M. A vial with a hole on its cap combined with an O-ring and 

a beaker were used as the Li2S8 solution and blank electrolyte containers, respectively. The 

diffusion images were recorded by a camera. 

 

4.3 Results and Discussion 

 

The conductive carbon coating was applied onto one side of the GF separator (toward the 

cathode side). The main interaction mechanism of carbon coating in Li-S cell is that the 

conductive carbon coating can act as an interlayer to suppress the diffusion of the lithium 

polysulfides, which in turn minimizes the shuttle effect and enhances the active material 

utilization. In addition, this conductive carbon coating on the separator surface may also act as 

a current collector for low-conductivity sulfur and thus enhance the utilization of active 

materials, raising the specific capacity of the cell. In this work, the conductive carbon coating 

was prepared by a facile slurry coating of carbon nanoparticles and polyvinylidene fluoride 
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(PVDF) binder with an optimized weight ratio of 7:3 (as shown in Figure 4.1). It is noted that 

sever cracking is obvious when the carbon/PVDF weight ratios are 9:1 (Figure 4.1b) and 8:2 

(Figure 4.1c). The final mass loading of the carbon coating on the separator is ~0.61 mg cm-2 

and the thickness of coating is ~60 μm when the carbon/PVDF weight ratio is 7:3 (as shown 

in Figures 4.1d and e). 

 

 

Figure 4.1(a) SEM images of pristine GF separator. (b-d) SEM images of carbon/PVDF coated 

GF separators with weight ratios of 9/1, 8/2, and 7/3, respectively. The inserts are their 

photographs. (e) SEM image of the cross-section area of the carbon/PVDF (7/3 by weight) 

coated GF. 

a b c

d e

10 µm 100 µm 100 µm

100 µm 200 µm



 

90 

The configuration of the cell is shown in Figure 4.2a. Here, we employ pure sulfur powder as 

the active material to fabricate conventional sulfur cathodes instead of using sulfur-carbon 

composite or applying conductive polymer surface modification to demonstrate that the 

observed improvement of electrochemical performance is solely contributed from the 

conductive carbon coating. Figure 4.2b shows the scanning electron microscope (SEM) image 

of the conductive carbon coating used in this study. It is seen that the nanosized carbon particles 

(C-65) are uniformly dispersed on the surface of GF separator, which is able to reduce the 

electrical resistance by providing sufficient surface contact with the sulfur cathode. The highly 

porous coating structure is beneficial for electrolyte penetration during cycling.159 

Transmission electron microscope (TEM) was used to evaluate the size of the carbon particles 

in the coating. The particle size ranges from 30 to 50 nm, as shown in Figure 4.2c. The crystal 

nature of the carbon particles was identified by high-resolution TEM (Figure 4.2d), which is 

in good agreement with its XRD pattern (Figure 4.2e). The crystallized carbon structure 

generally provides good electrical conductivity, which is also helpful for improving the 

electrochemical performance of battery cells. 
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Figure 4.2 (a) Schematic configuration of a Li-S cell with CGF as the separator. (b) SEM image 

of the surface of the CGF (the inset is its photograph). (c) Low-resolution and (d) high-

resolution transmission electron microscope images of C-65. (e) XRD spectrum of C-65. 

 

To analyze the impact of the conductive carbon coating, impedance analysis was performed to 

compare the cells with pristine GF (PGF) and CGF before cycling (Figure 4.3). The diameter 

of depressed semicircle in the high-frequency region, regarded as the charge transfer resistance 

of the cell, decreases from 58 Ω cm2 to 8 Ω cm2 after the introduction of the conductive carbon 

coating onto the separator surface.177 This conductive carbon coating can block the diffusion 

of the lithium polysulfides, avoiding the shuttle effect, enhancing the active material 
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utilization. The reduced charge transfer resistance is probably because the conductive carbon 

coating on the separator surface provides a conductive pathway, facilitating the charge transfer 

for surface reactions, and thus reduces the charge transfer resistance.219 Moreover, the charge 

transfer resistance remarkably decreases for the cell with CGF, indicating a weaker 

polarization for the Li-S cell with the addition of carbon coating layer.220  

 

 

Figure 4.3 Impedance spectra of Li-S cells with PGF and CGF before cycling. This indicates 

the charge transfer resistance can be reduced significantly with the introduction of the 

conductive carbon coating. 

 

Figure 4.4a shows the cyclic voltammetry (CV) of the cell with CGF for the first five cycles 

within a cutoff voltage window of 1.7-2.8 V at a scan rate of 0.1 mV s-1. The C rates specified 
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in this study are based on the mass and theoretical capacity of sulfur (1C = 1,675 mA g-1). Two 

cathodic peaks at around 2.3 and 2.0 V, and two overlapped anodic peaks at around 2.38 and 

2.45 V are typical of Li-S cells without the carbon coating (Figure 4.4b).178 The cathodic peak 

in the first cycle appears at 2.2V, which is probably due to the over potential of the electrode, 

caused by the morphology and position changes during the discharge. This cathodic peak shifts 

to a relatively stable value, 2.3 V, from the second cycle, which is due to the rearrangement of 

the migrating active material to electrochemically favorable positions.221 The discharge/charge 

profiles in Figure 4.4c, exhibiting two discharge plateaus and two closely spaced charge 

plateaus, are consistent with the cyclic voltammogram plots. The upper discharge plateau 

(Region 1) represents the transformation of sulfur into long-chain polysulfides (Li2Sx, 4 ≤ x ≤ 

8) and the lower discharge plateau (Region 2) represents the conversion of the semi-solid phase 

Li2S4 to solid phase low-order Li2S2, or even Li2S. During the cell charging, the two continuous 

charge plateaus at 2.38 and 2.45 V correspond to the oxidation reactions from lithium sulfides 

to polysulfides and finally to sulfur. Additionally, the polarization potential (as shown in Figure 

4.4c) of the cell with CGF is significantly reduced to 117 mV, only 40.6% of that of PGF (288 

mV), probably due to its small cell impedance, which suggests a kinetically efficient reaction 

process with a small barrier. It is important to note that the capacities of the cells with CGF 

and PGF for Region 1 are almost the same (around 410 mAh g-1), which indicates the sulfur 

could be fully reacted to form Li2S4 (the theoretical capacity of this reaction is 418 mAh g-1). 

Thus, the increased capacity for the cell with CGF is mainly contributed by the extended 

Region 2. It is probably because the conductive carbon coating acts as a second current 

collector, therefore, the solid lithium sulfides tend to deposit on the surface of CGF, instead of 
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being formed on the anode surface (as illustrated in Figure 4.5), which enhances the utilization 

of active material. 

  

 

Figure 4.4(a) Cyclic voltammogram scans of the Li-S cell with (a) CGF and (b) PGF. (b) 

Discharge/charge profiles in the first cycle of Li-S cells with PGF and CGF at a current density 

of 0.2C. 
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Figure 4.5 Schematic of polysulfide diffusion in Li-S cells with PGF (left) and CGF (right) 

during discharge. 

 

Figure 4.6a compares the cycling performance of Li-S cells with PGF and CGF separators, and 

it demonstrates that the carbon-coated GF allows the successful implementation of a pure 

sulfur cathode containing 70 wt% sulfur and leads to a high discharge capacity and stable 

cyclability. After updating the PGF separator to the CGF, the initial discharge capacity (with 

sulfur utilization in parentheses) increases from 976 (58%) to 1352 mAh g-1 (81%) at 0.2C rate. 

The Coulombic efficiencies of the Li-S cells with PGF and CGF are 96.7% and 97.6%, 

respectively, even at the 200th cycle. Figure 4.6b shows the long-term cycling behavior of Li-

S cells containing CGF at higher current densities. When the current density increases to 1C 

and 2C, the cell still delivers reversible capacities of 721 and 607 mAh g-1 at 200th cycle with 

high Coulombic efficiencies of 98.6% and 96.7%, respectively. The electrochemical 

performance of Li-S cells with PGF at higher current densities are also included, as shown in 

Figure 4.6c. It is apparent that the electrochemical performance of Li-S cells is improved at 

high C-rates by the introduction of a conductive coating on the separator surface. The 
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capacities of the cell with PGF at 1C and 2C are only 44.8% and 31.1% of that of the cell with 

CGF, respectively, which further indicates the essentiality of the conductive carbon coating in 

this system. 

 

 
 

Figure 4.6 (a) Cycling performance of Li-S cells with PGF and CGF at a current density of 

0.2C. Cycling performance of the Li-S cell with (b) CGF and (c) PGF at high rates of 1C and 

2C. 
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Rate capability is one of the critical parameters for batteries, especially for high power 

applications. The rate capability of the Li-S cells with PGF and CGF is evaluated by increasing 

the discharge/charge current density stepwise from 0.2C to 4C every 10 cycles. In Figure 4.7a, 

the first discharge capacity of the cell with CGF is as high as 1352 mAh g-1 (corresponding to 

81% utilization of sulfur), which is 60% greater than that of the cell with PGF, demonstrating 

the effectiveness of the conductive carbon coating in enhancing the conductivity and active 

material utilization. The capacity becomes stable after the initial decay stage. As the current 

density increases, the capacity of the cell with CGF decreases slowly from the reversible 

capacity of 1151 mAh g-1 at 0.2C to 1008, 869, 683, 544 and 417 mAh g-1 at 0.5C, 1C, 2C, 3C, 

and 4C, respectively. Importantly, a high reversible capacity of 1025 mAh g-1 (89% of the 

initial reversible capacity) is achieved when the current density is lowered back to 0.2C, 

indicating a highly reversible and efficient electrode enabled by the introduction of the 

conductive carbon coating. In contrast, the cathode assembled with PGF exhibits not only 

much lower capacity at the same discharge rate but also inferior capacity retention ratio of 

0.8% (from 487 mAh g-1 at 0.2C to 4 mAh g-1 at 4C). Additionally, Figure 4.7b gives the 

comparison of the rate performance between the Li-S cell with CGF in this work and Li-S cells 

reported in literature.60, 61, 100, 171, 190, 208, 217 Our Li-S cell with CGF exhibits a more stable high-

rate capability as the current density increases, indicating the electrochemical performance of 

Li-S cells can be significantly improved even without the complex cathode structure design or 

modification. However, it should be noted that our rate capability is not the highest among all 

reported results.222 The high-rate capability should be improved, especially at 4C rate. Some 

possible approaches can be performed to further improve the high-rate capability, such as 
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optimizing coating thickness, selecting more conductive carbon filler, introducing more 

effective polymer binder, modifying sulfur cathode structure, etc.223  

 

 

Figure 4.7 (a) Rate cyclability of Li-S cells with PGF and CGF up to 4C. (b) Comparison of 

rate capabilities of the Li-S cell with CGF in this work and previously reported Li-S cells. 
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remarkably increases from 171 to 507 mV when the current density increases from 0.2 to 2C, 

indicating a kinetically efficient reaction process with a small barrier for the cell with CGF.  

 

 

Figure 4.8 Discharge/charge profiles of Li-S cells with (a) CGF and (b) PGF at different current 

densities. (c) Comparison of the potential difference of Li-S cells with PGF and CGF. 
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To further understand the function of the CGF, the Li-S cells were disassembled after 100 

cycles (at a current density of 1C) in an argon-filled glove box. For comparison, the metallic 

lithium anode before cycling was first observed by SEM. It can be seen that the surface of 

metallic lithium before cycling is smooth, as shown in Figures 4.9a and b. However, after 100 

cycles in the Li-S cell with PGF (Figures 4.9c and d), obvious corrosion damage can be 

observed on the lithium anode surface with some cracks and the deposition of complicated 

sulfur-containing chemicals, such as Li2S2 and Li2S, etc., which is due to the side reactions 

between soluble lithium polysulfides and metallic lithium during cycling. In contrast, a 

relatively smooth, less damaged surface was found on the lithium anode after cycling in the 

Li-S cell with CGF (Figures 4.9e and f). The improvement in lithium surface morphology is in 

good agreement with the S-mapping analysis by EDS, as showing in Figures 4.9g and h. The 

S intensity on the Li surface of Li-S cell with PGF is much stronger than that of CGF, 

demonstrating more lithium sulfide compounds are deposited on the surface, which results in 

the loss of active materials and corrosion damage of the lithium anode. 
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Figure 4.9 (a, b) SEM images of the surface view of pristine Li metallic plate before cycling 

at different magnifications. (c, d) SEM images of the surface view of Li metal anode from the 

Li-S cell with PGF after 100 cycles at different magnifications. (e, f) SEM images of the 

surface view of Li metal anode from the Li-S cell with CGF after 100 cycles at different 

magnifications. (g) S-elemental mapping of Li metal anodes from Li-S cells with PGF (g) and 

CGF (h). The current density used for the 100 cycles was 1C. 

a

b

c

d

e

g

f

h

30 µm30 µm 30 µm

10 µm 10 µm 10 µm

5 µm

5 µm

1 µm

h

1 µm

g



 

102 

XPS was also performed to characterize the surfaces of lithium anodes from the Li-S cells with 

PGF and CGF after 100 cycles. As shown in Figure 4.10, the peaks at 167-171 eV and 160-

165 eV for the Li anode from the cell with PGF can be attributed to LixSOy species, which are 

due to the reaction of the active material with the LiTFSI, and the discharge product Li2S/Li2S2, 

respectively.224, 225 Similar phenomenon is also found for the Li anode from the cell with CGF. 

However, it is noteworthy noting that the intensity of the peaks at 160-165 eV for the cell with 

CGF is significantly reduced, indicating less short-chain Li2S2 and Li2S are deposited on the 

Li metal surface with the introduction of the carbon coting layer on the separator. This result 

demonstrates the ability of CGF in reducing the diffusion of polysulfides to the Li anode, which 

is critically important for enhancing the active material utilization and protecting the Li anode 

surface.  

 

Figure 4.10 XPS spectra from the lithium anodes of the Li-S cells with PGF and CGF after 100 

cycles at 1C. 
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Photographic images of the separator surfaces that face the lithium plate are also obtained after 

100 cycles at a current density of 1C. The yellowish color on the surface of the PGF indicates 

that polysulfides could diffuse through the separator and react with the lithium anode during 

cycling (as shown in Figure 4.11a), leading to shuttling reaction and reduced active material 

utilization. However, the surface of the CGF remains relatively clean and free of yellowish 

color (Figure 4.11b), which means the polysulfide migration is well controlled by the 

conductive carbon coating. All the results demonstrate that the CGF acts as a strong absorbent 

and an effective barrier to limit the diffusion of polysulfide through the separator and onto the 

lithium anode during the discharge/charge process, which reduces the polysulfide shuttle 

phenomenon and lithium surface corrosion.226 

 

 

Figure 4.11 Photographs of the lithium anode side of the (a) PGF and (b) CGF separators after 

100 cycles at a current density of 1C. 
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In this work, we have presented the electrochemical performance of traditional sulfur electrode 

using carbon-coated GF as a separator. A simple diffusion model was used to observe the 

polysulfide diffusion across the separator, as shown in Figure 4.12. The polysulfides were fully 

blocked by either PGF or CGF at the beginning. The electrolyte with PGF turned to yellow 

after 15 min, while the color of the electrolyte with CGF did not change. Even after 30 min 

diffusion, the electrolyte with CGF only showed slight change in color, displaying a good 

inhibiting effect of polysulfide diffusion due to the carbon coating, which further resulted in 

better electrochemical performance of the cell.  

 

Figure 4.12 The images of polysulfide diffusion across the PGF (a-c) and CGF (d-f) toward 

various resting times. 
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Obviously, the high loading of active material is extremely important for practical applications. 

The surface loading used in the previous section was 0.7-1.0 mg cm-2. Here, we investigated 

the cycling performance of electrodes with higher sulfur loadings of 2.13 and 3.37 mg cm-2, 

respectively (Figure 4.13). The cell with a sulfur loading of 2.13 mg cm-2 can still deliver a 

reversible capacity as high as 1218 mAh g-1 at a current density of 0.2C for the first cycle with 

a low decay of 0.4% per cycle over 30 cycles. When the sulfur loading increases to 3.37 mg 

cm-2, an excellent retention of 94% can be achieved over 30 cycles with a high reversible 

capacity of 815 mAh g-1. It should be noted that the electrochemical performance of the Li-S 

cell with CGF is probably related to many factors, such as the type and amount of electrolyte, 

the porosity and thickness of the GF, the loading and thickness of conductive carbon coating, 

etc. In addition, S particle size is also essential because the shorter Li+ diffusion lengths could 

be obtained by using smaller S particles, which further results in better rate capability. What’s 

more, on one hand, the large amount of electrolyte and thick carbon coating can cause 

decreased energy density of lithium-sulfur cells; on the other hand, the large amount of 

electrolyte and three dimensional current collector such as carbon coating will improve the 

electrochemical performance by reversible dissolution of lithium polysulfides.227 Therefore, it 

is important to determine the appropriate electrolyte amount and carbon coating structure for 

achieving optimized overall performance. Further work is needed to reduce the carbon content 

and coating thickness so that the cathode capacity can be further improved. 
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Figure 4.13 Cycling performance of Li-S cells with CGF at high sulfur loadings at a current 

density of 0.2C. 
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carbon coating on the separator instead of complex carbon-sulfur composite structure design 

or sulfur-conductive polymer modification, enhancing the commercial viability of Li-S 

batteries. 
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CHAPTER 5 POLYACRYLONITRILE/GRAPHENE OXIDE NANOFIBER 

MEMBRANE SEPARATOR 

 

Abstract 

Lithium-sulfur (Li-S) batteries have been considered as a promising candidate for next-

generation energy-storage devices due to their high theoretical capacity and energy density. 

However, the severe self-discharge behavior of Li-S batteries strongly limits their use in 

practical applications. Here, we report a sustainable and highly porous 

polyacrylonitrile/graphene oxide (PAN/GO) nanofiber membrane separator that 

simultaneously enables large capacity and excellent anti-self-discharge capability for lithium-

sulfur batteries. A low retention loss (5%) can be achieved even after a resting time of 24 h. 

Besides benefitting from the highly porous structure and excellent electrolyte wettability of the 

nanofiber separator, the improved performance can also be ascribed to the excellent barrier 

effects caused by the relatively high energy binding between –C≡N and Li2S/polysulfides and 

the electrostatic interactions between GO and negatively charged species (Sn
2-). It is, therefore, 

demonstrated that this GO incorporated PAN nanofiber separator with highly porous structure 

and excellent electrolyte wettability is a promising separator candidate for high-performance 

Li-S batteries. 

 

Keywords: Graphene oxide; Polyacrylonitrile; Nanofiber; Separator; Lithium-sulfur batteries 
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5.1 Introduction 

 

Sulfur (S) has recently received attention as a promising cathode material for high-specific-

energy rechargeable lithium batteries because it has a high theoretical capacity of 1,675 mAh 

g-1, which is calculated based on the complete reduction from S to lithium sulfide (Li2S).228-230 

Moreover, S is inexpensive and nontoxic. However, the use of Li-S batteries in practical 

applications is currently hindered by their short cycle life, severe self-discharge, and low 

Coulombic efficiency.231, 232 All these challenges are mainly related to the dissolution of 

reduction intermediates, lithium polysulfides, in the electrolyte, resulting in parasitic 

reactions.233 Therefore, it is essential to suppress the diffusion of polysulfides in order to obtain 

high-performance Li-S batteries. 

 

To address the challenges faced by Li-S batteries, efforts have been focused on the 

development of electrode materials via introducing conductive frameworks into the cathode, 

such as porous carbon, graphene, carbon nanotubes, metallic oxides, etc.234-238 For example, 

Lv et al.230 prepared integrated Ketjen Black/sulfur composite via a solution-polymerization 

followed by melt-diffusion approach and achieved a discharge capacity of 750 mAh g-1 at 0.1C 

after 100 cycles. Nazar et al.234, 235 used titanium oxide (Ti4O7, magneli phase) and manganese 

dioxide (MnO2) as efficient polysulfide mediators for Li-S batteries and obtained high 

rechargeable capacities at practical current densities even with high sulfur loading. Li et al.53 

synthesized sulfur impregnated carbon clusters for use as cathode material in Li-S batteries 

and achieved a stable capacity of over 700 mAh g-1 after 300 cycles. Sulfur cathodes 
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encapsulated in nitrogen-doped hollow carbon spheres and wrapped graphene were studied by 

Zhou and his coworkers,238 and it was found that sulfur/polysulfides were effectively 

suppressed in this 3D structure, leading to enhanced utilization of active materials. Although 

improved cell performance was achieved, the methods used in preparing these composite 

materials generally involve complex, multi-step synthetic processes. In addition, the severe 

self-discharge of Li-S batteries induced by polysulfides has not been fully solved. 

 

As a critical component in battery systems, the separator plays an important role in all batteries 

because its main function is to prevent electrical short circuit by separating positive and 

negative electrodes and transporting the ions between them.239 An ideal separator for Li-S 

batteries is expected to not only have a good ionic conductivity after absorbing the liquid 

electrolyte, but also can suppress the migration of polysulfides during cycling. Recently, a 

cationic selective Nafion modified membrane was used to suppress polysulfide diffusion, 

enhancing the electrochemical performance of Li-S cells.240, 241 Yao et al. performed a thin 

conductive carbon coating on the polypropylene separator to prevent the migration of 

polysulfides.171 Although the cycling performance of the Li-S cells was improved in their 

work, the active material concentrations in those systems were relatively low (40-60 wt%) 

which significantly reduced the energy density of the cells. In addition, poor rate capability 

was observed in those systems which was probably due to the slow cell kinetics caused by the 

low porosity and poor wettability of the microporous polyolefin membranes. In the study of 

Chang et al., a single-wall carbon nanotube (SWCNT)-modulated polypropylene was utilized 
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as the separator.242 Although a capacity of 501 mAh g-1 could be achieved at 0.2C after 300 

cycles, the cell using this separator still had a relatively poor rate capability. 

  

Nanofiber membranes are attractive for use as battery separators because they have highly 

porous structure and excellent electrolyte wettability, which can lead to large electrolyte intake 

and consequently high ionic conductivity when placed in the electrolyte, facilitating rapid ionic 

transportation.243, 244 Many polymers can be used to prepare nanofiber membranes. Among 

them, polyacrylonitrile (PAN) is believed to be a suitable polymer for battery separator 

application because of its easy processability and excellent resistance to oxidative 

degradation.245 Tatsuma et al. and Gopalan et al. found that the use of PAN separators led to 

reduced lithium dendrite sizes because the viscoelastic polymer could mechanically suppress 

dendrite formation.246, 247 In addition to PAN, graphene oxide (GO) has received a lot of 

attention recently.248 GO membrane was also demonstrated to be able to block the diffusion of 

polysulfides which was ascribed to the electrostatic interactions between the negatively 

charged species (Sn
2-) and the oxygen-containing groups on GO.163 For example, Zeng et al. 

used electroactive cellulose-supported GO interlayers in Li-S cells, and found that the GO 

interlayers could minimize the diffusion of polysulfides, enhancing the utilization of active 

material.249 Zhuang et al. also reported that the GO sheets could act as physical barriers to 

suppress the diffusion of polysulfide anions, improving the electrochemical performance of 

Li-S batteries.250 
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Based on the abovementioned considerations, we report an effective PAN/GO nanofiber 

membrane separator that can provide Li-S cells with significantly enhanced cycle stability and 

rate capability without introducing complicated cathode structure design. More importantly, a 

low capacity retention loss (5%) can be achieved even after a resting time of 24 h, indicating 

excellent anti-self-discharge capability of the PAN/GO nanofiber membrane. It is, therefore, 

demonstrated that this PAN/GO nanofiber membrane can be considered as a promising 

separator candidate for advanced Li-S batteries. 

 

5.2 Experimental 

 

5.2.1 GO Synthesis 

 

GO was synthesized based on an improved method.251 Briefly, 1.5 g graphite powder (< 20 

micro, Sigma-Aldrich) and 9 g potassium permanganate (KMnO4, ≥99%, Sigma-Aldrich) were 

added to a mixture of 180 mL sulfuric acid (H2SO4, 95-98%, Sigma-Aldrich) and 20 mL 

phosphoric acid (H3PO4, ≥85%, Sigma-Aldrich). The mixture was then heated to 50 oC 

followed by mechanical stirring for 12 h. After that, the mixture was cooled to room 

temperature and poured onto the ice (180 g) with a certain amount of 30 wt% hydrogen 

peroxide (H2O2, 30 wt%, Sigma-Aldrich). The solution color changed from dark green to 

bright yellow. The solution was then centrifuged at 3500 rpm for 30 min. The obtained material 

was washed by 100 mL of deionized (DI) water, 100 mL of 37 wt% hydrochloric acid (HCl, 
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Sigma-Aldrich), and 200 mL of ethanol (EtOH, 99.5%, Sigma-Aldrich). The time for each 

wash was 15 min. Finally, the as-prepared GO was vacuum-dried at 60 oC for 6 h. 

 

5.2.2 Membrane Preparation 

 

A homogenous solution of 3 g polyacrylonitrile (PAN, Mw = 150, 000, Sigma-Aldrich) in 27 

g dimethylformamide (DMF, >99.5%, Sigma-Aldrich) was prepared and then electrospun to 

form a PAN nanofiber membrane under a high voltage of 15 kV with a feeding rate of 0.75 

mL min-1.252 For the preparation of PAN/GO nanofiber membrane, 0.3 g GO was firstly 

dispersed into DMF with the assistance of sonication. Then, 3 g PAN was added into the GO 

dispersed solution. The weight ratio between PAN and GO in the as-spun PAN/GO nanofiber 

membrane was 10:1, corresponding to a GO content of 9.1 wt%. The average thicknesses of 

these as-spun membranes were in the range of 65 ± 3 µm. Polypropylene (PP, Celgard 2400) 

membrane was used for comparison in this study. 

 

5.2.3 Structural Characterization 

 

The size and thickness of GO were evaluated by using atomic force microscopy (AFM, Bruker 

Dimension 3000, USA). Field-emission scanning electron microscopy (FE-SEM, FEI Verios 

460L, USA) was performed to observe the morphology of PAN and PAN/GO nanofiber 

membranes.  X-ray diffraction (XRD, PANalytical Empyrean, Holland) was used to identify 

the structure of the as-prepared nanofibers. The surface functional groups of PAN and 
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PAN/GO nanofiber membranes were characterized by using X-ray photoelectron spectroscopy 

(XPS, SPECS FlexMod, Germany) with Mg Kα X-ray source.  

 

The porosities of the as-prepared membranes were measured by using n-butyl alcohol (99%, 

Sigma-Aldrich) uptake test and calculated by: 

                                 Porosity (%) = (ww – wd) / (ρb × V) × 100%                                        (5.1) 

where ww and wd are the weights of wet and dry separators, ρb stands for n-butyl alcohol’s 

density, and V is the geometric volume of the separator.  

 

The electrolyte uptakes (EU) were determined by soaking weighed separators in the liquid 

electrolyte of 1 M lithium bis(trifluoromethane)sulfonamide lithium (LiTFSI, Sigma-Aldrich) 

and 0.1 M lithium nitrite (LiNO3, 99.99% trace metals basis, Sigma-Aldrich) in a mixture of 

1,3-dioxolane (DOL, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, Sigma-Aldrich) (1: 1 

by volume) at room temperature for 2 h. The EU values were calculated by: 

                                           EU (%) = (w1 – w0) / w0 × 100%                                               (5.2) 

where w0  and w1 are the weights of separators before and after soaking in the electrolyte, 

respectively.  

 

The ionic conductivities (σ) of electrolyte-soaked separators were determined based on the 

electrochemical impedance spectroscopy (EIS) test. The measurements were carried out after 

the separators fully adsorbed the liquid electrolyte and reached the equilibrium. The σ values 

were calculated by: 
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                                                                    σ = L / (Rb × A)                                                    (5.3) 

where Rb is the electrolyte’s bulk resistance, L and A are the thickness of the separator and the 

contact area between the stainless steel electrode and the separator, respectively,  which are 65 

µm and 1.89 cm2. 

 

5.2.4 Electrochemical Performance Evaluation 

 

Coin-type 2032 Li-S cells were assembled in an argon-filled glove box to evaluate the 

electrochemical performance of PAN and PAN/GO nanofiber separators. The cathode was 

prepared by mixing 70 wt% sulfur (99.5-100.5%, Sigma-Aldrich) and 20 wt% Super P (C-65, 

TIMCAL Graphite & Carbon Ltd.) with 10 wt% polyvinylidene fluoride (Solef®PVDF-5130, 

Solvay) and certain amount of N-methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich) to form 

a slurry which was then coated on the carbon coated aluminum foil and dried under vacuum at 

60 oC for 12 h. Lithium metal foil was used as the anode and 1 M LiTFSI with 0.1 M LiNO3 

in a mixture of DOL/DME (1: 1 by volume) was used as the electrolyte. The sulfur loading 

was around 0.7-1 mg cm-2 and the amount of electrolyte in different coin cells was fixed at 40 

µL per 1 mg S. The polysulfide solution with 0.02 M Li2S8 was used for the polysulfide 

diffusion test. The cycling performance of assembled Li-S cells was evaluated by using Arbin 

Instruments in a potential range of 2.8-1.7 V. The specific capacities of the cells used in this 

study were calculated based on the sulfur mass in the cathode. 
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The cyclic voltammetry (CV) measurement was conducted using a Gamry Reference 600 with 

different scanning rates in a potential range of 2.8-1.7 V. Lithium-ion diffusion coefficient DLi
+ 

(cm2 s-1) was measured by CV with different scanning rates and calculated according to the 

Randles-Sevick equation: 

                                             Ip = 2.69 × 105 n1.5 A DLi
+ 0.5 CLi

+ v0.5                                                              (5.4) 

where Ip is the peak current in A, n is the number of electrons in the reaction (it is 2 for Li-S 

battery), A is the electrode area in cm2, CLi
+ and v represent the lithium-ion concentration in 

the electrolyte in mol mL-1 and the CV scanning rate in V s-1, respectively. 

 

5.3 Results and Discussion 

 

5.3.1 Morphology and Structure 

 

The purpose of this work is to obtain PAN/GO nanofiber separator that is able to minimize the 

polysulfide diffusion in Li-S batteries. While suppressing the polysulfide diffusion, the 

PAN/GO nanofiber separator should also have the structure features of high porosity and good 

electrolyte wettability so that the lithium cations can transport freely between the two 

electrodes. The scanning electron microscopy (SEM) image of PAN/GO nanofiber separator 

is shown in Figure 5.1. For comparison, the SEM images of microporous PP membrane 

separator and PAN nanofiber separator are also shown. Unlike slit-like porous structure of 

polypropylene (PP) (Figure 5.1a), both PAN (Figure 5.1b) and PAN/GO (Figure 5.1c) 

nanofiber separators consist of randomly arranged fibers with average diameters of 850 and 
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600 nm, respectively. The randomly arranged fibers assemble to form a network structure with 

open pores in the macroscale range. This highly porous structure is further confirmed by the 

porosity testing results, as shown in Table 1. The porosities of PAN and PAN/GO nanofiber 

separators are 70% and 72%, respectively, which are significantly higher than that (41%) of 

PP separator. It should be noted that the use of high-porosity PAN and PAN/GO membranes 

might increase the risk of short circuit for Li-S cells. Min et al.245 used a PAN membrane 

(porosity = 68%) as Li-ion battery separator and found that the open pores in the membrane 

disappeared after the uptake of liquid electrolyte, which was caused by the gelation of PAN in 

liquid electrolyte.  This indicated that PAN based separators might reduce the short circuit risk 

for Li-S batteries.  However, efforts are still needed to permanently eliminate the short circuit 

behavior. One possible approach is to coat the lithium anode with a mechanically-strong, 

ionically-conductive non-porous layer.  Another concern for the use of high-porosity PAN and 

PAN/GO separators is that Li dendrites might pass through them easily when Li anode is used.  

However, Tatsuma et al.246 found that the use of PAN membrane reduced the size of lithium 

dendrites because the viscoelastic polymer mechanically suppresses dendrite growth. Similar 

phenomenon has been discovered by Gopalan et al.247 Although PAN-based membranes could 

potentially inhibit the lithium dendrite growth, this is not a permanent solution. Therefore, 

other approaches must be studied to avoid the lithium dendrite growth, and the 

abovementioned non-porous coating layer on lithium anode could be an effect solution to solve 

the dendrite problem. 
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Figure 5.1 SEM images of (a) PP, (b) PAN, and (c) PAN/GO separators, the inserts are high 

resolution images. 

 

Table 5.1 Physical and electrochemical parameters of PP, PAN, and PAN/GO separators. 

 

Sample 
Porosity 

(%) 

Electrolyte Uptake 

(%) 

Ionic Conductivity 

(mS cm-1) 

PP 41 152 0.60 

PAN 70 275 1.00 

PAN/GO 72 303 1.36 

 

 

Figure 5.2 shows the X-ray diffraction (XRD) patterns of pure PAN and PAN/GO nanofiber 

separators. The XRD spectrum of PAN nanofiber separator displays a sharp intense peak at 

16.7o and a weak diffraction peak at 28.5o. The first peak is corresponding to the (100) 

diffraction of the hexagonal lattice and the second peak is ascribed to the second-order 

diffraction of the first peak.253 After the introduction of GO filler, the XRD pattern of PAN/GO 
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nanofiber separator shows an additional peak at 10.5o, corresponding to the (002) reflection of 

GO, while still presenting the PAN peaks at 16.7o and 28.5o. The appearance of both PAN and 

GO peaks indicates that the electrospinning method did not change the structure of GO filler 

and PAN chains. 

 

 

 

Figure 5.2 XRD patterns of PAN and PAN/GO separators. 

 

XPS was applied to identify the surface functionality of as-spun PAN and PAN/GO nanofiber 

separators (Figure 5.3). The peaks at 398 and 284 eV for both PAN and PAN/GO membranes 

are corresponding to N1s and C1s of the –C≡N groups as well as the main chain of 

polyacrylonitrile. A small oxygen peak can be detected in PAN/GO nanofiber separator (Figure 

5.3b) due to the presentence of oxygen-containing functional groups (such as ketone carbonyls, 
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ester and lactol carbonyls, etc.) in GO.251 The relatively low intensity of oxygen is ascribed to 

the low concentration of oxygen in the PAN/GO nanofiber separator. As expected, there is no 

oxygen detected for the PAN membrane (Figure 5.3a). 

 

 

 

Figure 5.3 XPS survey spectra of (a) PAN and (b) PAN/GO separators. 

 

The unique structural features of PAN/GO nanofiber separator can play an important role in 

improving the overall performance of Li-S cells. As shown schematically in Figure 5.4, when 

PAN/GO nanofiber separator is used, the lithium cations can transport freely across this high 

porous network structure, which guarantees the high capacity and excellent rate capability of 

the Li-S cells. At the same time, the anions of polysulfides are confined on the cathode side 

and the shuttle of polysulfides between the cathode and anode sides can be significantly 

minimized due to the relatively high energy binding between the –C≡N groups of PAN and 
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the Li2S/polysulfides in the electrolyte and the electrostatic interactions between the oxygen-

containing functional groups of GO and the negatively charged species (Sn
2-) of polysulfides. 

As a result, this highly porous PAN/GO membrane can not only block the diffusion of 

polysulfides but also improve the ionic conductivity which are beneficial for improving the 

cycling performance, rate capability and anti-self-discharge capability of Li-S cells. The 

electrochemical performance of Li-S cells using PAN/GO nanofiber separator was 

characterized and discussed below. 
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Figure 5.4 Schematic illustration of the Li-S cell with PAN/GO separator. 

 

5.3.2 CV and Discharge-Charge Profiles 

 

CV tests were conducted to investigate the electrochemical behavior of the Li-S cells at a scan 

rate of 0.1 mV s-1. As shown in Figure 5.5a, the CV curve of the cell with PP separator exhibits 
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two cathodic peaks at around 2.21 and 1.96 V and two overlapped anodic peaks at around 2.41 

and 2.47 V, which are typical of Li-S cells. Similar results have also been found for the Li-S 

cells with PAN (Figure 5.5b) and PAN/GO (Figure 5.5c) separators. 

 

          

 

Figure 5.5 CV curves of Li-S cells with (a) PP, (b) PAN, and (c) PAN/GO separators at a scan 

rate of 0.1 mV s-1. 

 

The discharge-charge profiles of the first cycle for Li-S cells with PP, PAN, and PAN/GO 

separators at 0.2C are shown in Figure 5.6. The C-rates specified in this study are based on the 
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mass and theoretical capacity of sulfur (1C = 1,675 mA g-1). In general, there are two discharge 

regions based on the voltage profile in the reduction process of Li-S battery, which are in the 

range of 2.4-2.1 V (the first region) and 2.1-1.7 V (the second region), respectively. The first 

region represents the formation of long-chain polysulfides (Li2Sn, 4 ≤ n ≤ 8) by the reduction 

of elemental sulfur and the second discharge region indicates the conversion of Li2S4 to solid-

phase low-order Li2S2 or Li2S. During the cell charging, the two continuous charge plateaus 

correspond to the oxidation reactions from lithium sulfides to polysulfides and finally to sulfur. 

From Figures 5.6a and b, it is seen that both the charge and discharge capacities of the Li-S 

cell with PAN separator is slightly higher than those with PP separator, which is due to the 

relatively higher binding energy between the –C≡N and Li2S/polysulfides compared with that 

between -CH3 and Li2S/polysulfides, suppressing the diffusion rate of polysulfides and 

improving the active material utilization. The binding energies between -C≡N and 

Li2S/polysulfides are 0.60 eV and 0.77 eV, while the binding energies between -CH3 and 

Li2S/polysulfides are 0.23 eV and 0.30 eV, respectively.254 As shown in Figure 5.6c, the Li-S 

cell with PAN/GO separator has the highest charge and discharge capacities among all three 

cells. This is probably because the electrostatic interactions between GO and negatively 

charged species (Sn
2-) help minimize the migration of polysulfide intermediates and further 

enhance the utilization of active material.163 
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Figure 5.6 The first discharge-charge profiles of Li-S cells with (a) PP, (b) PAN, and (c) 

PAN/GO separators. 

 

5.3.3 Cycling and Rate Performance 

 

Cycling performance of Li-S cells with PP, PAN, and PAN/GO separators was tested at a 

current density of 0.2C, and the results are shown in Figure 5.7. The initial discharge capacity 

for Li-S cells with PP, PAN, and PAN/GO separators are 781, 868, and 987 mAh g-1, 

respectively. As discussed above, the higher discharge capacity of the Li-S cell with PAN 
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separator than that with PP separator is caused by the relatively higher binding energies 

between the –C≡N and Li2S/polysulfides compared with those between -CH3 and 

Li2S/polysulfides, suppressing the diffusion rate of polysulfides and improving the active 

material utilization.248 The Li-S cell with PAN/GO separator has the highest discharge capacity 

among the three cells because the strong electrostatic interactions between GO and negatively 

charged species (Sn
2-) further minimize the migration of polysulfide intermediates and enhance 

the utilization of active material.163, 250 After 100 cycles, the cell with PAN/GO separator can 

still deliver a high capacity of 597 mAh g-1 which is 38% higher than that of the cell with PP 

separator. Such improved cycling performance is due to the relatively high energy binding 

between –C≡N and Li2S/polysulfides and the electrostatic interactions between GO and 

negatively charged species (Sn
2-), effectively blocking the polysulfides transportation and 

further enhancing the utilization of the active material. 

 

 

Figure 5.7 Cycling performance of Li-S cells with PP, PAN, and PAN/GO separators at a 

current density of 0.2C. 
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Since the rate capability is considered as another essential parameter for batteries, the Li-S 

cells were also tested under various current densities from 0.2 to 2C rate. As seen in Figure 

5.8, the cell with PP separator can deliver specific capacities of 445, 382, and 303 mAh g-1 at 

current densities of 0.2, 0.5, and 1C, respectively. When the current density increases to 2C, 

the capacity drops rapidly to 129 mAh g-1. For comparison, the cell with PAN separator shows 

relatively stabilized and higher capacities of 580, 485, and 391 mAh g-1, respectively, at current 

densities of 0.2, 0.5, and 1C. A capacity of 257 mAh g-1 can be obtained at the current density 

of 2C for the Li-S cell with PAN separator. The improved electrochemical performance is 

probably due to the formation of LiSn···N interactions via the N lone-pair electrons, which 

alleviates the dissolution of lithium polysulfides in the electrolyte and enhances the active 

material utilization.214 For the cell with PAN/GO separator, the capacity gradually decreases 

from 699 to 591, 448 mAh g-1, respectively, when the current density increases from 0.2 to 0.5, 

1C. At a high current density of 2C, the capacity (337 mAh g-1) achieved by the cell with 

PAN/GO separator is significantly higher than those (129 and 257 mAh g-1) of the cells with 

PP and PAN separators. More importantly, when the current density is switched back from 2C 

to 0.2C, the Li-S cell with PAN/GO separator can still deliver a reversible capacity of 655 mAh 

g-1 (a high retention of 94%), which is 80% and 25% higher than those (364 and 525 mAh g-1) 

of the cells with PP and PAN separators. The excellent rate capacity of the Li-S cell with 

PAN/GO separator can be ascribed not only to the highly porous structure of the separator, 

resulting in good ionic conductivity (1.36 mS cm-1, as can be seen in Table 5.1), but also to the 

relatively high energy binding between –C≡N and Li2S/polysulfides and the electrostatic 
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interactions between GO and negatively charged species (Sn
2-), availably suppressing the 

diffusion of polysulfides. 

 

 

Figure 5.8 Rate performance of Li-S cells with PP, PAN, and PAN/GO separators under 

varying current densities. 
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with different scan rates (shown in Figures 5.9a-c) and calculated by the Randles-Sevick 

equation.255, 256 Here, the cathodic perks at ~2.2 V and ~1.95 V and the anodic peak at ~2.45 

V were defined as peaks A, B, and C, respectively. According to Equation (4), the plot of the 

reduction peak current Ip versus the square root of the scan rate should result in a straight line 

which is confirmed by Figures 5.9d-f. From the slope of the linear fit, the lithium diffusion 

coefficients are calculated to be DLi
+ (A) = 2.90×10-9 cm2 s-1, DLi

+ (B) = 6.36×10-9 cm2 s-1, and 

DLi
+ (C) = 1.07×10-8 cm2 s-1 for the Li-S cell with PP separator. The diffusion coefficients 

increase to DLi
+ (A) = 5.51×10-9 cm2 s-1, DLi

+ (B) =6.71×10-9 cm2 s-1, DLi
+ (C) = 1.55×10-8 cm2 

s-1 when PAN separator was used. After the addition of GO in PAN, the diffusion coefficients 

further increase to DLi
+ (A) = 8.25×10-9 cm2 s-1, DLi

+ (B) = 1.15×10-8 cm2 s-1, and DLi
+ (C) = 

2.34×10-8 cm2 s-1. It is obvious that the lithium ion diffusion coefficients can be dramatically 

enhanced when using PAN and PAN/GO separators, which is attributed to their highly porous 

structure and excellent electrolyte uptake ability. As shown in Table 1, the electrolyte uptake 

of the PAN and PAN/GO separators are 275% and 303%, respectively, which are significantly 

higher than that (152%) of the PP separator. 
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Figure 5.9 CV curves at various voltage scan rates of Li-S cells with (a) PP, (b) PAN, and (c) 

PAN/GO PP separators; the linear fits of the peak currents for Li-S cells with (d) PP, (e) PAN, 

and (f) PAN/GO separators. 

 

5.3.5 Anti-Self-Discharge Capability 

 

It should be noted that low self-discharge is another important requirement for determining the 

practicality of Li-S batteries. Unfortunately, conventional Li-S batteries exhibit severe self-

discharge behavior. The evolution of open-circuit voltages (OCV) with time for Li-S cells 

using PP, PAN and PAN/GO separators are shown in Figure 5.10. It is seen that the OCV value 

of the cell with PP separator dropped from 2.44 V to 2.39 V after 10 h of storage, while the 

OCV of the cell with PAN separator kept a stable value of 2.40 V even after 120 h. For the cell 
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with PAN/GO separator, the OCV is stabilized at a high value of 2.73 V, demonstrating its 

excellent anti-self-discharge behavior. Since the self-discharge of Li-S batteries is largely 

caused by the continuous dissolving of sulfur/high-order polysulfides in the electrolyte even 

in the resting state after charging due to the presence of concentration gradients, in this work, 

the discharge capacity after resting was also used to describe how the PAN/GO separator 

contributes to the anti-self-discharge feature. The capacity retention was defined as the 

capacity ratio between the second cycle and the first cycle. The capacity retention of the Li-S 

cell with PP separator is 86% without resting (Figure 5.11a).  However, the capacity retention 

decreases to 51% when there is a 24 h rest between the first and second cycle (Figure 5.11d). 

This indicates that a high retention loss of 35% (86% - 51%) can be observed for the cell using 

PP separator if there is a 24 h rest between the first two cycles. As shown in Figures 5.11b and 

e, the retention loss after 24 h rest decreases to 28% (90% - 62%) when PAN separator is used, 

which is probably because of the relatively higher binding energy between the –C≡N and 

Li2S/polysulfides compared to that between -CH3 and Li2S/polysulfides.254 After the 

introduction of GO into PAN, a significantly lower retention loss of 5% (79% - 74%) can be 

obtained for the cell using PAN/GO separator, indicating the excellent anti-self-discharge 

behavior (Figures 5.11c and f). Besides benefitting from the binding ability of the –C≡N groups 

in PAN, the oxygen-containing electronegative groups in GO act as ion-hopping sites of Li+ 

and minimize the transportation of negatively charged species (Sn
2-) through the formation of 

electrostatic interactions, which in turn enhances the anti-self-discharge capability of Li-S 

cells. 
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Figure 5.10 Evolution of open-circuit voltages with time for Li-S cells with PP, PAN, and 

PAN/GO separators. 

 

 

Figure 5.11 Discharge-charge profiles and self-discharge behavior of Li-S cells with (a, d) PP, 

(b, e) PAN, and (c, f) PAN/GO separators at a current density of 0.2C. 
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In addition, as shown in Figure 5.12, the diffusion of polysulfides through PP, PAN and 

PAN/GO separators was observed by using a diffusion model. It is clear that polysulfides were 

totally blocked by all three separators at the beginning. After 30 min, the color of the electrolyte 

with PP separator turned to yellow. However, there was no color change when PAN and 

PAN/GO separators were used, indicating their excellent ability of suppressing the polysulfide 

diffusion. 

 

 

Figure 5.12 Images of polysulfide diffusion through PP, PAN, and PAN/GO separators in 30 

min. 
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5.4 Conclusions 

 

In summary, PAN/GO nanofiber separator was prepared for Li-S batteries to enhance the cycle 

stability and rate capacity even with high sulfur content of 70 wt% in the cathode. The 

improved performance is attributed to a variety of synergic effects, including highly porous 

structure and good wettability of PAN/GO nanofibers, as well as the physical and chemical 

barrier effects of PAN chains, which have –C≡N, and GO filler, which contains various 

oxygen-containing functional groups. The Li-S cell made with PAN/GO separator is able to 

demonstrate high specific capacity, excellent rate capability, and enhanced anti-self-discharge 

capability. More importantly, this work offers a general strategy to apply GO-based polymer 

membrane for use as novel separator to achieve high-performance Li-S batteries, enhancing 

their commercial viability. 
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CHAPTER 6 POLYACRYLONITRILE/SILICA NANOFIBER MEMBRANE 

SEPARATOR WITH CARBON NANOTUBE SHEET  

 

Abstract 

Sulfur (S) has been considered as a promising cathode candidate for lithium batteries due to its 

high theoretical specific capacity and energy density. However, the low active material 

utilization, severe capacity fading, and the short lifespan of the resultant lithium-sulfur (Li-S) 

batteries have strongly hindered their practicality. In this work, a multi-functional 

polyacrylonitrile/silica nanofiber membrane with an integral ultralight and thin multi-walled 

carbon nanotube sheet is presented and demonstrates a new approach to significantly improve 

the overall electrochemical performance of Li-S batteries. The experimental results are in 

agreement with molecular modeling studies based on density functional theory and Monte 

Carlo simulations. Remarkably, this design is favorable for the fast diffusion of both lithium 

ions and electrons, and mitigating the diffusion of polysulfides. As a consequence, a high 

reversible capacity of 741 mAh g-1 at 0.2C after 100 cycles with excellent cyclability and high-

rate performance (627 mAh g-1 at 1C) are achieved even with a high sulfur loading of 70 wt% 

in the cathode, revealing its great potential for energy storage applications. Moreover, a 

capacity of 426 mAh g-1 is retained after 300 cycles at a high current density of 2C. These 

results represent a major step forward in the progress of Li-S battery technologies. 

 

Keywords: Lithium-sulfur batteries, Nanofiber membrane, Carbon nanotube, High 

performance, Long cycle life 
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6.1 Introduction 

 

Lithium-ion batteries (LIBs) have been widely used as the main power source for portable 

electronic devices because they exhibit long cycle life, high power density and energy 

density.257-261 However, the applicability of LIBs is hindered in large scale applications, such 

as electric vehicles, stationary energy storage, etc. This has been the driving force for a large 

number of investigation of new battery technologies. The lithium-sulfur (Li-S) battery is a 

promising candidate and has attracted lots of attention due to its abundance in nature, relatively 

low cost, non-toxicity, high theoretical capacity (1,675 mAh g-1) and high energy density 

(2,600 Wh kg-1) which are calculated based on the reduction from S to lithium sulfide (Li2S).262 

 

Despite these considerable advantages, the use of Li-S batteries in practical applications has 

been severely limited by their short cycle life, fast self-discharge, and low Coulombic 

efficiency.263 All of these challenges are mainly attributed to the dissolution and diffusion of 

reduction intermediates (lithium polysulfides, Li2Sx, 2 < x ≤ 8) into the organic electrolyte, 

resulting in a loss of active material from the cathode and a polysulfide shuttle phenomenon. 

It is extremely important to suppress the diffusion of polysulfides in order to obtain high-

performance Li-S batteries. 

 

Many efforts have been made to address the challenges faced by Li-S batteries, which mostly 

focused on the preparation of composites of S with conductive materials, such as porous 

carbon,87 graphene,226 carbon nanotubes,264 conductive polymers,130 etc.; and using metal 
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oxides which have high polysulfide absorption ability, such as TiO2,
61 Ti4O7,

265 and Al2O3,
266 

etc. Unfortunately, these efforts resulted in complicated cathode structure designs that 

definitely hinder the practicality of Li-S batteries. 

 

It is well known that a key component in all batteries is the separator, which should be 

electronically insulating but ionically conducting. Microporous polypropylene (PP) separators 

are commercially used for LIBs but their low porosity and poor electrolyte wettability strongly 

limit the electrochemical performance of Li-S batteries, especially the rate capability. In 

contrast, nanofiber membranes have been shown to exhibit better performance as the separator 

for lithium batteries due to their highly porous structure and excellent electrolyte wettability, 

which result in large electrolyte uptake and high ionic conductivity, facilitating rapid ionic 

transportation. An ideal separator for Li-S batteries is expected to not only have a good ionic 

conductivity after absorbing the liquid electrolyte, but also to mitigate the diffusion of 

polysulfides during cycling. Very recently, we have demonstrated that electrospun 

polyacrylonitrile (PAN) nanofiber membranes are promising separator candidate for Li-S 

batteries, because the –C≡N group has higher binding energy with Li2S/polysulfides compared 

to the –CH3 group in a PP separator.267 In addition to PAN, silica nanoparticles were studied 

by Kim et al.,268 and can be used as an adsorption agent for polysulfides. The combination of 

PAN and SiO2 could lead to a nanofiber membrane separator that can effectively inhibit the 

diffusion of polysulfides in Li-S batteries. Moreover, the performance of Li-S batteries can be 

further improved by introducing a conductive carbon interlayer or coating onto the separator. 

For example, Manthiram et al.,159 used a microporous carbon paper interlayer that is able to 
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supply fine contact with the cathode surface, offering electron pathways through the insulating 

S/Li2S and preventing the migration of polysulfides to achieve high-performance Li-S 

batteries. Even though the electrochemical performance of Li-S batteries can be improved by 

this design, this conductive interlayer typically has a large thickness of several hundred 

micrometers and a high areal density of several milligrams per square centimeters, 

respectively, leading to a significant reduction in the cell’s energy density. 

 

Based on the abovementioned considerations, we report a hierarchical multi-component 

PAN/SiO2 nanofiber membrane separator with an ultralight (an areal density of ~0.234 mg cm-

2) and thin (a thickness of ~3 µm) MWCNT sheet that can provide Li-S cells with significantly 

improved cycle stability and rate capability without introducing a complicated cathode 

architecture, further enhancing the practicality of Li-S batteries. These results are also 

supported by molecular modeling studies designed to investigate the molecular origins of this 

improved performance. 

 

6.2 Experimental 

 

6.2.1 Synthesis of Multi-Walled Carbon-Nanotube Sheets 

 

Vertically aligned multi-walled carbon nanotubes (MWCNT) were grown by chemical vapor 

deposition (CVD) on a quartz substrate using iron (II) chloride (FeCl2) as the catalyst. FeCl2 

and the substrate were placed inside a quartz tube which was loaded into the furnace. After the 
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chamber was sealed and pumped to as low as 6.5 mTorr, the furnace was heated up to 760 °C. 

Subsequently, the growth gasses, acetylene (600 sccm), argon (400 sccm) and chlorine (2 

sccm), were allowed to flow into the chamber. The MWCNT growth process lasted for 20 

minutes under a pressure of 3 torr. After which time the chamber was returned to the ambient 

temperature and atmospheric pressure. The resulting MWCNT array had an average height of 

~ 2 mm.  The aligned MWCNT sheets were formed by means of the MWCNT clean surfaces 

and the sufficient van der Waals interactions between the tubes that allowed for the transferring 

of the MWCNTs from an aligned vertical orientation on top of the quartz substrate to the 

aligned horizontal orientation in the MWCNT sheet. The aligned MWCNT sheet was pulled 

out of 50 mm wide MWCNT arrays by tweezers and drawn by means of double sided tape 

over a piece of copper foil until the required number of MWCNT layers was reached. 

 

6.2.2 Self-Assembly of Polyacrylonitrile/Silica Nanofiber Membrane with MWCNT Sheet 

 

Two PAN/SiO2 solutions were prepared by dispersing 0.3 g and 0.9 g SiO2 (nanopowder, 10-

20 nm, Sigma-Aldrich) in 27 g dimethylformamide (DMF, >99.5%, Sigma-Aldrich), 

respectively, with the assistance of sonication. After that, 3 g of PAN (Mw = 150, 000, Sigma-

Aldrich) were added into each solution. The well mixed solutions were electrospun to form 

PAN/SiO2 nanofiber membranes under a high voltage of 15 kV with a feeding rate of 0.75 mL 

min-1. [29, 30] The final PAN/SiO2 nanofiber membranes with 0.3 g and 0.9 g SiO2 were 

designated as PAN/SiO2-10 and PAN/SiO2-30, respectively, according to their SiO2 contents. 

The incorporation of SiO2 into the nanofiber membranes was confirmed by Fourier Transform 
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Infrared Spectroscopy (FT-IR, Nicolet Nexus 470 Spectrometer with Nicolet OMNI 

Germanium Crystal ATR sampling head, USA). The average thicknesses of these as-spun 

membranes were ~65 µm. The assembly of PAN/SiO2-30 with MWCNT was prepared by 

electrospinning PAN/SiO2-30 directly onto the MWCNT sheet layers that were attached to a 

copper foil. 

 

6.2.3 Structural Characterization 

 

The morphology and structure of the as-prepared nanofiber membranes were identified by 

Field-emission scanning electron microscopy (FE-SEM, FEI Verios 460L, USA) and X-ray 

diffraction (XRD, PANalytical Empyrean, Holland), respectively. The crystal structure of 

MWCNT was further characterized by transmission electron microscopy (TEM, JEOL 2010F). 

The porosities of the as-prepared membranes were measured by using a n-butyl alcohol (99%, 

Sigma-Aldrich) uptake test and calculated by: 

                                Porosity (%) = (ww – wd) / (ρb × V) × 100%                                         (6.1) 

where ww and wd are the weights of wet and dry separators, ρb stands for n-butyl alcohol’s 

density, and V is the geometric volume of the separator.  

 

The electrolyte uptakes (EU) were determined by soaking weighed separators in the liquid 

electrolyte of 1 M lithium bis(trifluoromethane)sulfonamide lithium (LiTFSI, Sigma-Aldrich) 

and 0.1 M lithium nitrite (LiNO3, 99.99% trace metals basis, Sigma-Aldrich) in a mixture of 
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1,3-dioxolane (DOL, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, Sigma-Aldrich) (1: 1 

by volume) at room temperature for 2 h. The EU values were calculated by: 

                                                   EU (%) = (w1 – w0) / w0 × 100%                                      (6.2) 

where w0  and w1 are the weights of separators before and after soaking in the electrolyte, 

respectively.  

 

The ionic conductivities (σ) of electrolyte-soaked separators were determined based on the 

electrochemical impedance spectroscopy (EIS) test. The measurements were carried out after 

the separators fully adsorbed the liquid electrolyte and reached the equilibrium. The σ values 

were calculated by: 

                                                               σ = L / (Rb × A)                                                       (6.3) 

where Rb is the electrolyte’s bulk resistance, L and A are the thickness of the separator and the 

contact area between the stainless steel electrode and the separator, which are 65 µm and 1.89 

cm2, respectively. 

 

6.2.4 Electrochemical Measurements 

 

Sulfur (S, 99.5-100.5%, Sigma-Aldrich), Super P (C-65, TIMCAL Graphite & Carbon Ltd.), 

and polyvinylidene fluoride (PVDF, 10 wt%, Solef®PVDF-5130, Solvay) binder with a weight 

ratio of 7 : 2 : 1 in N-methyl-2-pyrrolidone (NMP, 99%, Sigma-Aldrich) were mixed into a 

homogeneous slurry which was then pasted on the carbon-coated aluminum foil and dried 

under vacuum at 60 oC for 12 h. Lithium metal foil and 1 M LiTFSI with 0.1 M LiNO3 in a 
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mixture of DOL and DME (1: 1 by volume) were used as the anode and electrolyte, 

respectively. Electrochemical test cells were assembled in an argon-filled glovebox and 

evaluated in the voltage window from 1.7 V to 2.8 V by using Arbin Instruments. Lithium-ion 

diffusion coefficient DLi
+ (cm2 s-1) was measured by CV with different scanning rates and 

calculated according to the Randles-Sevick equation: 

                                             Ip = 2.69 × 105 n1.5 A DLi
+ 0.5 CLi

+ v0.5                                                             (6.4) 

where Ip is the peak current in A, n is the number of electrons in the reaction (it is 2 for Li-S 

battery), A is the electrode area in cm2, and CLi
+ and v represent the lithium-ion concentration 

in the electrolyte in mol mL-1 and the CV scanning rate in V s-1, respectively. 

 

6.2.5 Molecular Modeling Studies 

 

Computational chemistry methods were employed to elucidate binding and interactions of PP, 

PAN and SiO2 with Li2S and LiS· radicals at the molecular level to explain observed 

macroscale separator properties. Density functional theory (DFT) methods 269 with B3LYP 270, 

271 and M06-2X 272 functionals at the 6-31++(d,p) level were used to optimize geometries and 

calculate binding energies by using Gaussian09 software.273  

 

For Monte Carlo simulations, amorphous cells with 3nm × 3nm × 3nm of PP and PAN were 

constructed by using the Materials Studio 5.5 software.274 A 3 nm vacuum slab in the z 

direction was used to model polymer surfaces after 5000 step molecular mechanics geometry 

optimization by using the COMPASS force field.275 Ewald and group summation method 
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where interactions between charge groups are calculated by using a group-based sum, were 

used while all other electrostatic interaction are calculated using an Ewald summation 

method.276 An atomic based method with a 12.5 Å cut-off distance was used to model vdW 

interactions. SiO2 surfaces were modeled with a similar process, however surface oxygens 

were vacuum slab constructed, and were saturated with hydrogens for SiO2 cells. The first 1 

nm depth from the surfaces were targeted as the adsorption region. Low energy adsorption 

sites were determined by a Monte Carlo type annealing procedure using the same force field 

with PAN, PP and SiO2 substrates loaded with Li2S adsorbate with a fixed composition and 

cell volume. Simulations were repeated by increasing the number of Li2S adsorbates from one 

to seven for each surface. 

 

6.3 Results and Discussion 

 

The scanning electron microscopy (SEM) images of PAN/SiO2 nanofiber separators with 

different SiO2 contents of 10 and 30 wt% (designated as PAN/SiO2-10 and PAN/SiO2-30) in 

Figure 6.1 show their highly porous structures, which is different from the slit-like porous 

structure of a microporous PP separator. Both nanofiber separators consist of randomly 

arranged fibers with average diameters of ~625 and ~600 nm, respectively. The porosities of 

PAN/SiO2-10 and PAN/SiO2-30 nanofiber separators are 72% and 75%, respectively, as shown 

in Table 6.1, which are both significantly higher than that (41%) of PP separators. PAN/SiO2-

30 were also directly deposited onto a MWCNT sheet, forming a multi-component separator 

(i.e., PAN/SiO2-30-MWCNT) with a porosity of 76%. The morphology and structure of the 
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synthesized MWCNTs were investigated by using SEM and transmission electron microscopy 

(TEM), shown in Figures 6.1c, d and e. The diameter of each MWCNT is ~50 nm and it has a 

well crystallized structure which can provide good electrical conductivity, benefiting the 

electrochemical performance of battery cells because it is in direct contact with the S. Figure 

6.1f contains the FT-IR spectra of as-spun PAN, PAN/SiO2-10, and PAN/SiO2-30 nanofiber 

membranes. Peaks at 1452, 2243, and 2937 cm-1, are characteristic of PAN, corresponding to 

the CH2, bending vibration stretching of C≡N, and C-H stretching in CH2, respectively.277 The 

major peak at 1084 cm-1 is assigned to Si-O-Si stretching of SiO2, and the minor peak at 1639 

cm-1 is suggested to be the result of the O-H bending vibration of the adsorbed water. Moreover, 

the absence of a strong broad peak near 3450 cm−1 indicates that the silanol group (Si-OH) 

content is low in SiO2. PAN/SiO2-10 and PAN/SiO2-30 show characteristic peaks of both 

components and their relative peak intensities of Si-O-Si to C≡N increase with increasing SiO2 

loading. 
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Figure 6.1 SEM images of a) PAN/SiO2-10 nanofibers, b) PAN/SiO2-30 nanofibers, and c) 

MWCNT sheet. d) TEM and e) HRTEM images of MWCNT sheet. f) FT-IR spectra of as-

spun PAN, PAN/SiO2-10, and PAN/SiO2-30 nanofiber membranes. 

 

Table 6.1 Physical and electrochemical parameters of PP, PAN/SiO2-10, PAN/SiO2-30, and 

PAN/SiO2-30-MWCNT separators. 

Sample 
Porosity 

(%) 

Electrolyte Uptake 

(%) 

Ionic Conductivity 

(mS cm-1) 

PP (Ref.20) 41 152 0.60 

PAN/SiO2-10 72 310 1.20 

PAN/SiO2-30 75 332 1.45 

PAN/SiO2-30-MWCNT 76 330 2.17 
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Figures 6.2a, b, and c display the cyclic voltammetry (CV) profiles of Li-S cells containing 

PAN/SiO2-10, PAN/SiO2-30, and PAN/SiO2-30-MWCNT for the first five cycles within a 

voltage window of 1.7-2.8 V at a scan rate of 0.1 mV s-1. It is obvious that there are two 

cathodic peaks at around 2.25 and 2.00 V for the cell with the PAN/SiO2-10 separator which 

are corresponding to the transformation of S into long-chain polysulfides (Li2Sx, 4 ≤ x ≤ 8) 

(Region 1) and the conversion of the long-chain polysulfides to low-order Li2S2, or even Li2S 

(Region 2), respectively. Two overlapped anodic peaks at around 2.45 and 2.50 V represent 

the oxidation reactions from lithium sulfides to polysulfides and finally to S. The Li-S cells 

with PAN/SiO2-30 and PAN/SiO2-30-MWCNT also exhibit similar redox reactions. 

 

Figures 6.2d, e, and f show the initial discharge-charge profiles of Li-S cells with PAN/SiO2-

10, PAN/SiO2-30, and PAN/SiO2-30-MWCNT at a constant current density of 0.2C, 

respectively. All three cells display two discharge plateaus and two closely spaced charge 

plateaus, which are in agreement with their CV plots. From Figure 2f, it is seen that the cell 

with PAN/SiO2-30-MWCNT has the highest capacity among the three samples, and the 

increased capacity for the cell with PAN/SiO2-30-MWCNT is attributed to both Region 1 and 

Region 2. It is because the conductive MWCNT sheet acts as a second current collector, 

therefore, it provides sufficient contact with the cathode surface, offering a high active material 

utilization. Additionally, this MWCNT sheet inhibits the migration of polysulfide 

intermediates, avoiding shuttle reactions, as illustrated in Figure 6.3. It is important to note that 

all of their capacities are higher than that of the cell with PP separator,267 which is probably 
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due to the relatively higher binding energy of both –C≡N and SiO2 to Li2S/polysulfides 

compared to that between -CH3 group and Li2S/polysulfides for the PP separator. 

 

 

Figure 6.2 CV curves of Li-S cells with a) PAN/SiO2-10, b) PAN/SiO2-30, and c) PAN/SiO2-

30-MWCNT at a voltage scan rate of 0.1 mV s-1. d-f) Corresponding discharge-charge profiles 

for the first cycle at a current density of 0.2C. 
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Figure 6.3 Schematic illustration of polysulfide diffusion in the Li-S cell with PAN/SiO2-30-

MWCNT. 

 

We performed density functional theory (DFT) calculations to determine possible interaction 

mechanisms and to compare adsorption performance of Li2S molecules and LiS· radicals with 

PP, PAN and SiO2 based separators. Figure 6.4 contains the most stable configuration and the 

calculated binding energy of Li2S structure with PP, PAN pentamers, and a SiO2 nanoparticle 

model with the B3LYP functional. The lowest energy structure for PP has a conformation 

similar to  that reported in the literature,254 with a binding energy value of -5.99 kcal mol-1, 

which is significantly lower than that of the PAN-Li2S interaction (-39.57 kcal mol-1); results 

using the M06-2X meta-GGA functional also have a similar trend for interaction energies 

(Table 6.2). Our calculations indicate for the first time that PAN can form two bonds with both 

Li atoms in Li2S at the same time through its nitrogen in the most stable structure, which has 

Li

PAN/SiO2

Li2Sx

SMWCNT
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a higher binding energy than the most stable structures determined by Seh et al.254 In addition, 

SiO2 nanoparticles can coordinate Li atoms with their multiple oxygen atoms in the surface 

cavities and pores, and thus more than one stable structure can exist for interaction between 

Li2S and the SiO2 nanoparticle model. The lowest energy conformation is calculated to be the 

structure that maximizes the Li-O binding and is given in Figure 6.4c. The DFT calculations 

also reveal that S atoms can interact with Si-O-H groups at the end and surfaces of SiO2 

nanoparticles. 

 

 

Figure 6.4 Calculated lowest energy structures and binding energies of Li2S with a) PP 

pentamer, b) PAN pentamer, and c) SiO2 nanoparticle model. 

a

PP (-5.99 kcal mol-1) 

b

PAN (-39.57 kcal mol-1) 

c

SiO2 (-59.75 kcal mol-1) 
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Table 6.2 Binding energy of PP, PAN, SiO2 with LiS· radical and Li2S calculated by using 

DFT methods (M06-2X functional results are given in parenthesis). 

Material 

Binding Energy 

(kcal mol-1) 

Li2S LiS· 

PP 
-5.99 

(-6.38) 

-7.70 

(-9.23) 

PAN 
-39.57 

(-49.75) 

PAN1:-20.82, PAN2:-32.33 

(PAN1:-26.81, PAN2:-41.18) 

SiO2 
-59.75 

(-76.32) 

-37.51 

(-51.91) 

 

 

To calculate LiS· radical interactions with PP and PAN pentamer and SiO2 nanoparticle 

models, unrestricted DFT calculations were performed. The calculations reveal two possible 

stable structures between PAN and LiS· radicals: one where Li bonds to a single nitrogen atom 

(PAN1 in Figure 6.5a), which was also reported in the literature,254 and one where Li is 

coordinated by two nitrogen atoms from separate PAN repeat units (PAN2 in Figure 6.5b). 

The interaction energy with the LiS· radical for PAN2 is 11.5 kcal mol-1 higher than for PAN1. 

With PP, LiS· radical pair has a weaker binding energy as compared to PAN, and both the 

lowest energy geometry and interaction energy of the PP-LiS· radical pair in Figure 6.5c are 

similar to previously reported calculations.254 LiS· radicals have stronger interaction with PP 

than Li2S for the same Li-CH3 binding conformation with PP (Figure 6.5c), this has a similar 
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lowest energy geometry and similar interaction energy to previously reported calculations. It 

is important to note that the SiO2 nanoparticle model in Figure 6.5d has the strongest interaction 

(-37.51 kcal mol-1) with the LiS· radical through its oxygen rich surface as well as –Si-O-H 

end groups in interaction with S atoms. 

 

 

Figure 6.5 Calculated lowest energy structures and binding energies of Li-S· radical with a) 

PAN pentamer conformer-1 (bonded to LiS with one nitrogen), b) PAN pentamer conformer-

2 (bonded to LiS with two nitrogen), c) PP pentamer, and d) SiO2 nanoparticle model. 

a

PAN1 (-20.82 kcal mol-1) 

b

PAN2 (-32.33 kcal mol-1) 

c

SiO2 (-37.51 kcal mol-1) 

d

PP (-7.70 kcal mol-1) 
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Possible adsorption configurations and adsorption energies were determined by carrying out 

force field based Monte Carlo simulations 278 that search the configurational space for the Li2S 

adsorbate onto PP, PAN and SiO2 substrate surfaces as the temperature slowly decreased. 

Averages of five annealing cycles for each Monte Carlo simulation were used to calculate the 

following quantities: rigid adsorption energy, which is the energy released when the unrelaxed 

Li2S molecules are adsorbed on the substrate; the relaxation energy, which is the energy 

released when the adsorbed Li2S molecules are relaxed on the surface; and the average 

adsorption energy, which is the sum of the rigid adsorption energy and the relaxation 

energy.279, 280 These quantities are given for each surface with increasing number of Li2S 

molecules in Figure 6.6 and Table 6.3. These results indicate that the total adsorption energy 

for SiO2 is higher than those of PP and PAN. The adsorption energies calculated by Monte 

Carlo simulations (Figure 6.6, Table 6.3) for PAN are higher than those of PP for low numbers 

of Li2S adsorbate molecules, as also observed by DFT calculations for single adsorbate in 

Figure 6.4. However, this difference decreases with increasing number of Li2S adsorbate 

molecules onto the surface. This trend is also observed for the rigid adsorption energies, where 

the PP and PAN surfaces exhibit similar adsorption performance for higher numbers of Li2S 

molecules in the system. The rigid adsorption energy to the SiO2 substrate surface is lower 

than those of PAN and PP polymer based systems; note that most of the adsorption energy to 

the SiO2 surface arises from the relaxation energy due to the geometry optimization of the 

system. The high relaxation energy for SiO2 is mainly due to the cavity and pore shape changes 

on the surface in order to coordinate Li atoms and the conformational change on the –O-H to 

interact with S atoms, which is also observed in DFT calculations. The relaxation energy for 
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PP and PAN surfaces has lower contribution to the system as compared to rigid adsorption 

energy. 

 

         

 

Figure 6.6. a) Adsorption, b) rigid adsorption, and c) relaxation energies for PP, PAN, and SiO2 

with various numbers of Li2S molecule. 
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Table 6.3 Adsorption energy, rigid adsorption energy and relaxation energy of Li2S with PP, 

PAN, and SiO2 surfaces calculated by Monte Carlo simulations. 

 

Surface 

#  

Adsorbant 

Li2S 

Adsoption  

Energy 

Rigid Adsorption  

Energy 

Relaxation  

Energy 

(kcal mol-1) (kcal mol-1) (kcal mol-1) 

PP 

1 -53.23 -11.36 -41.85 

2 -138.3 -59.47 -81.89 

3 -236.28 -123.57 -112.02 

4 -326.27 -179.52 -146.25 

5 -427.94 -240.48 -187.46 

6 -533.27 -306.54 -225.67 

7 -627.42 -365.72 -257.68 

PAN 

1 -92.08 -52.72 -40.45 

2 -179.17 -104.88 -74.78 

3 -271.54 -151.31 -120.18 

4 -359.9 -209.01 -151.89 

5 -455.26 -260.17 -195.09 

6 -552.11 -316.34 -225.51 

7 -653.12 -373.45 -269.76 

SiO2 

1 -204.21 -18.18 -186.22 

2 -407.82 -35.41 -372.92 

3 -610.32 -52.62 -557.98 

4 -803.68 -62.85 -744.42 

5 -1008.83 -78.87 -930.96 

6 -1203.66 -87.94 -1115.94 

7 -1396.22 -95.32 -1303.87 

 

 

To explain decreasing total and rigid adsorption energy differences between PP and PAN 

systems with increasing number of adsorbate molecules, one of the lowest energy cell 

structures for adsorption of seven Li2S molecules followed by system relaxation were 
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investigated more closely. As given in Figures 6.7a and b, Li2S molecules formed aggregate 

clusters on the PP and PAN surfaces, respectively. DFT calculations reveal that Li2S bonds to 

the PAN surface more strongly than to PP. The aggregation and clustering of Li2S molecules 

take place with an increasing number of adsorbate, especially for the relatively nonpolar PP 

surface. However, this clustering and aggregation effect is not observed for the SiO2 cell 

surface, which has a higher number of adsorption sites formed by relatively more polar oxygen 

and hydroxyl rich cavities (Figure 6.7c). The adsorbate molecules prefer to interact with each 

other instead of the polymer chains on the relatively hydrophobic PP and PAN surfaces. This 

aggregation effect causes the reduced adsorption energy difference between pure PP and PAN 

with increasing number of Li-S compounds. In the absence of this aggregation behavior for 

SiO2 in Figure 6.7c, a linear increase is observed in the total adsorption energy due to a higher 

number of adsorption sites. A high relaxation energy via geometry optimization is observed 

due to the reorganization of cavities and pores after adsorption of Li2S to SiO2. Thus, increasing 

performance can be expected for the systems both with high content of SiO2 as well as with 

higher surface area, as demonstrated by our experiments. 
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Figure 6.7 Surface morphology of a) PP, b) PAN, and c) SiO2 after adsorption and relaxation 

by seven Li2S molecules. 

 

Figure 6.8a presents the observed cycling stability of the Li-S cells using PAN/SiO2-10, 

PAN/SiO2-30, and PAN/SiO2-30-MWCNT at a current density of 0.2C up to 100 cycles. The 

initial discharge capacity increases slightly from 930 to 946 mAh g-1 at 0.2C when using 

PAN/SiO2-30 as the separator instead of PAN/SiO2-10. In contrast, it can be improved to 1182 

mAh g-1 by using PAN/SiO2-30-MWCNT. The cell with PAN/SiO2-30-MWCNT can still 

deliver a high capacity of 741 mAh g-1 after 100 cycles at a current density of 0.2C. To further 

study the electrochemical performance of the cell with PAN/SiO2-30-MWCNT, the long-term 

cycling test was carried out under a higher current density of 2C, as shown in Figure 6.8b. At 

such a high current density, the cell with PAN/SiO2-30-MWCNT can still deliver an initial 

capacity as high as 816 mAh g-1. More importantly, a capacity of 426 mAh g-1 can still be 

PP PAN SiO2

a b c
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maintained with a Coulombic efficiency of 96.3% even after 300 cycles, further indicating its 

excellent electrochemical performance. 

 

As is well known that the rate capability is one of the important parameters for batteries, 

especially for high-power applications and the ability to quickly recharge. Therefore, the rate 

performance of Li-S cells with the three different separators was investigated and is presented 

in Figure 8c. Current density was increased stepwise from 0.1C to 1C for every ten successive 

cycles and then returned to 0.1C. The stable reversible capacities of Li-S cells with PAN/SiO2-

10 and PAN/SiO2-30 decrease from 613 to 317 mAh g-1 and 671 to 357 mAh g-1, respectively, 

as the current density increases from 0.1C to 1C. While the capacity of the cell with PAN/SiO2-

30-MWCNT decreases slowly from the reversible capacity 960 mAh g-1 at 0.1C to 845, 726, 

627 mAh g-1 at 0.2C, 0.5C and 1C, respectively. Importantly, a high reversible capacity of 842 

mAh g-1 is achieved when the current density is lowered back to 0.1C, indicating a highly 

reversible and efficient Li-S cell enabled by using PAN/SiO2-30-MWCNT. When placed in a 

liquid electrolyte, the ionic conductivities of PAN/SiO2-10 and PAN/SiO2-30 separators as 

given in Table 6.1 are 1.2 and 1.45 mS cm-1, respectively, which are two times higher than that 

(0.6 mS cm-1) of the PP separator. With the additional MWCNT sheet, the ionic conductivity 

can further increase to 2.17 mS cm-1. These higher ionic conductivities are ascribed to their 

higher porosities, which might be responsible for the good rate capability of their Li-S cells. 
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Figure 6.8 a) Cycling performance of cells with PAN/SiO2-10, PAN/SiO2-30, and PAN/SiO2-

30-MWCNT at a current density of 0.2C. b) Cycling performance of the cell with PAN/SiO2-

30-MWCNT at a high current density of 2C. c) Rate capability. 
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The discharge/charge profiles of Li-S cells with PAN/SiO2-10, PAN/SiO2-30, and PAN/SiO2-

30-MWCNT at different C-rates are shown in Figures 6.9a, b, and c, respectively. At low 

current rates, all the discharge profiles are characterized by a two-plateau behavior of a typical 

S cathode, while the charge profiles display two platforms, respectively, which are in 

agreement with their CV plots. The discharge plateau decreases with the increment of C-rates 

which is attributed to the kinetic overpotentials at high C-rates. It should be noted that the 

profiles of the cell with PAN/SiO2-30-MWCNT display two longer discharge plateaus even at 

a current density of 1C compared to that of PAN/SiO2-10 and PAN/SiO2-30, demonstrating its 

highly reversible capacities and low polarization. 

 

 

Figure 6.9 Discharge/charge profiles of Li-S cells with a) PAN/SiO2-10, b) PAN/SiO2-30, and 

c) PAN/SiO2-30-MWCNT at different C-rates. 

 

Meanwhile, it is important to investigate the impact of SiO2 and MWCNT on lithium-ion 

diffusion since the rate performance is closely related to the diffusion of lithium ions in the 

cells. The lithium-ion diffusion coefficients were evaluated by a series of CV measurements 

with different scan rates (Figure 6.10) and calculated by the Randles-Sevcik equation. Here, 
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the cathodic peaks at ~2.2 V and ~1.95 V and the anodic peak at ~2.45 V were defined as peaks 

A, B, and C, respectively. According to the Randles-Sevcik equation, the plot of the reduction 

peak current Ip versus the square root of the scan rate should result in a straight line which is 

confirmed in Figures 9d-f. From the slope of the linear fit, the lithium-ion diffusion coefficients 

were calculated to be DLi
+ (A) = 6.17×10-9 cm2 s-1, DLi

+ (B) = 9.56×10-9 cm2 s-1, and DLi
+ (C) 

= 2.33×10-8 cm2 s-1 for the Li-S cell with the PAN/SiO2-10 separator, given in Table S3. The 

diffusion coefficients increase to DLi
+ (A) = 1.05×10-8 cm2 s-1, DLi

+ (B) = 2.05×10-8 cm2 s-1, 

and DLi
+ (C) = 3.66×10-8 cm2 s-1 when the PAN/SiO2-30 separator was used. After the addition 

of the MWCNT sheet into the PAN/SiO2-30 separator, the diffusion coefficients increase 

further to DLi
+ (A) = 1.12×10-8 cm2 s-1, DLi

+ (B) = 2.09×10-8 cm2 s-1, and DLi
+ (C) = 4.55×10-8 

cm2 s-1. Compared to the PP separator, the lithium-ion diffusion coefficients can be remarkably 

enhanced when using the three studied separators, which is attributed to their highly porous 

structure and excellent electrolyte uptake ability. As shown in Table 6.1, the electrolyte uptake 

of the PAN/SiO2-10, PAN/SiO2-30 and PAN/SiO2-30-MWCNT separators are 310%, 332% 

and 330%, respectively, which are all significantly higher than that (152%) of the PP separator. 
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Figure 6.10 CV curves with various voltage scan rates of Li-S cells with a) PAN/SiO2-10, b) 

PAN/SiO2-30, and c) PAN/SiO2-30-MWCNT; the linear fits of the peak currents for Li-S 

cells with d) PAN/SiO2-10, e) PAN/SiO2-30, and f) PAN/SiO2-30-MWCNT.  

 

Table 6.4 Li-Ion diffusion coefficient measurement. 

Sample 

Li-ion diffusion coefficient 

(cm2 s-1) 

A B C 

PAN/SiO2-10 6.17×10-9 9.56×10-9 2.33×10-8 

PAN/SiO2-30 1.05×10-8 2.05×10-8 3.66×10-8 

PAN/SiO2-30-MWCNT 1.12×10-8 2.09×10-8 4.55×10-8 
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6.4 Conclusions 

 

In summary, we have proposed a PAN/SiO2 nanofiber membrane with a MWCNT sheet as a 

hierarchical multi-component separator for achieving high-performance Li-S batteries. The 

improved performance is ascribed to a variety of synergic effects, including a highly porous 

structure and good wettability of PAN/SiO2 nanofibers, as well as the physical and chemical 

barrier effects of PAN chains (–C≡N) and SiO2 filler, which mitigate the polysulfide diffusion 

to the Li side. These results are in agreement with molecular modeling studies that indicate a 

significant increase for the SiO2 nanoparticle model compared to PP and PAN both for the 

interaction calculated with DFT methods and the adsorption energies calculated with Monte 

Carlo simulations. Additionally, the existence of the MWCNT separator sheet can further 

enhance the electrochemical performance of Li-S cells, which not only provides sufficient 

contact with the cathode surface, offering a high active material utilization, but also inhibits 

the migration of polysulfides, thus avoiding their shuttle reactions. The findings in this work 

reveal a scalable and effective membrane separator that provides for a significant development 

and applicability for Li-S batteries. 
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CHAPTER 7 RECOMMENDED FUTURE WORK 

 

The recommended future work can include but not limited to: 

 

7.1 Polymer Selection 

 

We have demonstrated that PAN-based nanofiber membrane is a promising separator 

candidate for Li-S batteries. Besides benefitting from its highly porous structure and excellent 

electrolyte wettability of the nanofiber separator, the improved performance can also be 

ascribed to the excellent barrier effects caused by the relatively high energy binding between 

–C≡N and Li2S/polysulfides. Therefore, it is worth further finding other polymer matrix which 

has a higher energy binding with Li2S/polysulfides compared to that of PAN. 

 

Therefore, several polymers, such as polyimide, polyvinylidene fluoride, 

polyvinylpyrrolidone, polymethyl methacrylate, etc., are selected to compare their energy 

binding with Li2S/polysulfides based on the simulation method. 

 

Through this detailed comparison, we can finally choose one or two polymers among them to 

be used as the separator matrix for Li-S cells to further examine their practical applications. 

Then, their electrochemical performance will be carried out, such as CV measurement, EIS, 

cycling performance, rate capability, anti-self-discharge ability, etc. 
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7.2 Filler Selection 

 

In Chapter 5, we have demonstrated that GO is able to block the diffusion of polysulfides 

which is ascribed to the electrostatic interactions between the negatively charged species (Sn
2) 

and the oxygen-containing groups on GO. SiO2 has also been confirmed to have strong ability 

for polysulfide adsorption which is due to its high energy binding with polysulfides/Li2S in 

Chapter 6. 

 

We may find other fillers which have stronger adsorption ability of polysulfides compared to 

that of GO and SiO2 by computational chemistry calculations. Those fillers can be used either 

or both in the cathode and separator to inhibit the diffusion of polysulfides, avoiding shuttle 

effect and enhancing the utilization of active material. 

 

7.3 Binder Selection and Modification 

 

As one of the critical components in electrodes, binder, which directly influences the 

electrochemical performance of Li-S batteries, especially the cell cylability, rate capability, 

and lifespan. Therefore, it is necessary to take it into consideration for obtaining high 

performance Li-S batteries. As discussed above, the ideal binder is required to create a more 

robust conductive framework and improve the strength and structural stability of the entire 

sulfur electrode. 
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Hence, different binders and their modifications, such as PVDF, cyclodextrin, sodium 

alginates, polyvinylpyrrolidone, etc., will be studied and their electrochemical measurements 

will be carried out. What’s more important is to understand the mechanism behind them how 

they work to affect the electrochemical performance of batteries. 

 

7.4 Lithium Anode Protection 

 

It is well known that Li metal has been considered as an ideal anode candidate for lithium 

batteries due to its high theoretical specific capacity and low negative electrochemical 

potential. However, uncontrollable dendritic Li growth during Li deposition/stripping inherent 

in these batteries has prevented their practical applications. It is, therefore, necessary to solve 

it by using various methods, such as improving the stability and uniformity of the solid 

electrolyte interphase (SEI) layer on the Li surface by adjusting electrolyte components and 

additives, coated polymer layers, etc. 
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Yolk–shell structure of polyaniline-coated sulfur for lithium–sulfur batteries. Journal of the 

American Chemical Society 135, no. 44 (2013): 16736-16743. 

126. Yongzhu Fu, and Arumugam Manthiram. Enhanced cyclability of lithium–sulfur batteries 

by a polymer acid-doped polypyrrole mixed ionic–electronic conductor. Chemistry of 

Materials 24, no. 15 (2012): 3081-3087. 

127. Li Duan, Jiachun Lu, Wenyuan Liu, Ping Huang, Wushang Wang, and Zhichao Liu. 

Fabrication of conductive polymer-coated sulfur composite cathode materials based on layer-

by-layer assembly for rechargeable lithium–sulfur batteries. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 414 (2012): 98-103. 

128. Jinlin Wang, Jun Yang, Chunrong Wan, Ke Du, Jingying Xie, and Naixin Xu. Sulfur 

composite cathode materials for rechargeable lithium batteries. Advanced Functional 

Materials 13, no. 6 (2003): 487-492. 

129. Lifen Xiao, Yuliang Cao, Jie Xiao, Birgit Schwenzer, Mark H. Engelhard, Laxmikant V. 

Saraf, Zimin Nie, Gregory J. Exarhos, and Jun Liu. A soft approach to encapsulate sulfur: 

polyaniline nanotubes for lithium‐sulfur batteries with long cycle life. Advanced Materials 24, 

no. 9 (2012): 1176-1181. 

130. Weiyang Li, Qianfan Zhang, Guangyuan Zheng, Zhi Wei Seh, Hongbin Yao, and Yi Cui. 

Understanding the role of different conductive polymers in improving the nanostructured 

sulfur cathode performance. Nano Letters 13, no. 11 (2013): 5534-5540. 



 

185 

131. Xiaobo Duan, Yamiao Han, Yanbing Li, and Yungui Chen. Improved capacity retention 

of low cost sulfur cathodes enabled by a novel starch binder derived from food. RSC 

Advances 4, no. 105 (2014): 60995-61000. 

132. Matthew J. Lacey, Fabian Jeschull, Kristina Edström, and Daniel Brandell. Why PEO as 

a binder or polymer coating increases capacity in the Li–S system. Chemical 

Communications 49, no. 76 (2013): 8531-8533. 

133. Jin Pan, Guiyin Xu, Bing Ding, Jinpeng Han, Hui Dou, and Xiaogang Zhang. Enhanced 

electrochemical performance of sulfur cathodes with a water-soluble binder. RSC Advances 5, 

no. 18 (2015): 13709-13714. 

134. Yilei Chen, Naiqiang Liu, Hongyuan Shao, Weikun Wang, Mengyao Gao, Chengming 

Li, Hao Zhang, Anbang Wang, and Yaqin Huang. Chitosan as a functional additive for high-

performance lithium–sulfur batteries. Journal of Materials Chemistry A 3, no. 29 (2015): 

15235-15240. 

135. Gaoran Li, Min Ling, Yifan Ye, Zhoupeng Li, Jinghua Guo, Yingfang Yao, Junfa Zhu, 

Zhan Lin, and Shanqing Zhang. Acacia senegal–inspired bifunctional binder for longevity of 

lithium–sulfur batteries. Advanced Energy Materials (2015). 

136. Gaoran Li, Wenlong Cai, Binhong Liu, and Zhoupeng Li. A multi functional binder with 

lithium ion conductive polymer and polysulfide absorbents to improve cycleability of lithium–

sulfur batteries. Journal of Power Sources 294 (2015): 187-192. 

137. Nasim Azimi, Zheng Xue, Ira Bloom, Mikhail L. Gordin, Donghai Wang, Tad Daniel, 

Christos Takoudis, and Zhengcheng Zhang. Understanding the effect of a fluorinated ether on 



 

186 

the performance of lithium–sulfur batteries. ACS Applied Materials & Interfaces 7, no. 17 

(2015): 9169-9177. 

138. Duck-Rye Chang, Suck-Hyun Lee, Sun-Wook Kim, and Hee-Tak Kim. Binary electrolyte 

based on tetra (ethylene glycol) dimethyl ether and 1, 3-dioxolane for lithium–sulfur 

battery. Journal of Power Sources 112, no. 2 (2002): 452-460. 

139. E. Peled, Y. Sternberg, A. Gorenshtein, and Y. Lavi. Lithium‐sulfur battery: evaluation 

of dioxolane‐based electrolytes. Journal of the Electrochemical Society 136, no. 6 (1989): 

1621-1625. 

140. Nasim Azimi, Zheng Xue, Nancy Dietz Rago, Christos Takoudis, Mikhail L. Gordin, 

Jiangxuan Song, Donghai Wang, and Zhengcheng Zhang. Fluorinated electrolytes for Li-S 

battery: Suppressing the self-discharge with an electrolyte containing fluoroether 

solvent. Journal of the Electrochemical Society 162, no. 1 (2015): A64-A68. 

141. Sheng S. Zhang. New insight into liquid electrolyte of rechargeable lithium/sulfur 

battery. Electrochimica Acta 97 (2013): 226-230. 

142. Jae-Won Choi, Jin-Kyu Kim, Gouri Cheruvally, Jou-Hyeon Ahn, Hyo-Jun Ahn, and Ki-

Won Kim. Rechargeable lithium/sulfur battery with suitable mixed liquid 

electrolytes. Electrochimica Acta 52, no. 5 (2007): 2075-2082. 

143. Seok Kim, Yongju Jung, and Hong S. Lim. The effect of solvent component on the 

discharge performance of lithium–sulfur cell containing various organic 

electrolytes. Electrochimica Acta 50, no. 2 (2004): 889-892. 



 

187 

144. Shizhao Xiong, Kai Xie, Yan Diao, and Xiaobin Hong. Characterization of the solid 

electrolyte interphase on lithium anode for preventing the shuttle mechanism in lithium–sulfur 

batteries. Journal of Power Sources 246 (2014): 840-845. 

145. M. Kazazi, M. R. Vaezi, and A. Kazemzadeh. Improving the self-discharge behavior of 

sulfur-polypyrrole cathode material by LiNO3 electrolyte additive. Ionics 20, no. 9 (2014): 

1291-1300. 

146. Doron Aurbach, Elad Pollak, Ran Elazari, Gregory Salitra, C. Scordilis Kelley, and John 

Affinito. On the surface chemical aspects of very high energy density, rechargeable Li–sulfur 

batteries. Journal of the Electrochemical Society 156, no. 8 (2009): A694-A702. 

147. Zhan Lin, Zengcai Liu, Wujun Fu, Nancy J. Dudney, and Chengdu Liang. Phosphorous 

pentasulfide as a novel additive for high‐performance lithium‐sulfur batteries. Advanced 

Functional Materials 23, no. 8 (2013): 1064-1069. 

148. Xiang-Wu Zhang, Yangxing Li, Saad A. Khan, and Peter S. Fedkiw. Inhibition of lithium 

dendrites by fumed silica-based composite electrolytes. Journal of the Electrochemical 

Society 151, no. 8 (2004): A1257-A1263. 

149. Tetsu Tatsuma, Makoto Taguchi, and Noboru Oyama. Inhibition effect of covalently 

cross-linked gel electrolytes on lithium dendrite formation. Electrochimica Acta 46, no. 8 

(2001): 1201-1205. 

150. Jens Steiger, Gunther Richter, Moritz Wenk, Dominik Kramer, and Reiner Mönig. 

Comparison of the growth of lithium filaments and dendrites under different 

conditions. Electrochemistry Communications 50 (2015): 11-14. 



 

188 

151. Renaud Bouchet. Batteries: A stable lithium metal interface. Nature Nanotechnology 9, 

no. 8 (2014): 572-573. 

152. Weiyang Li, Hongbin Yao, Kai Yan, Guangyuan Zheng, Zheng Liang, Yet-Ming Chiang, 

and Yi Cui. The synergetic effect of lithium polysulfide and lithium nitrate to prevent lithium 

dendrite growth. Nature Communications 6 (2015). 

153. Nikolay Dimov, Satoshi Kugino, and Masaki Yoshio. Carbon-coated silicon as anode 

material for lithium ion batteries: advantages and limitations. Electrochimica Acta 48, no. 11 

(2003): 1579-1587. 

154. Hunjoon Jung, Min Park, Yeo-Geon Yoon, Gi-Bum Kim, and Seung-Ki Joo. Amorphous 

silicon anode for lithium-ion rechargeable batteries. Journal of Power Sources 115, no. 2 

(2003): 346-351. 

155. Xilin Chen, Konstantinos Gerasopoulos, Juchen Guo, Adam Brown, Chunsheng Wang, 

Reza Ghodssi, and James N. Culver. Virus-enabled silicon anode for lithium-ion batteries. ACS 

Nano 4, no. 9 (2010): 5366-5372. 

156. Xilin Chen, Konstantinos Gerasopoulos, Juchen Guo, Adam Brown, Chunsheng Wang, 

Reza Ghodssi, and James N. Culver. A patterned 3D silicon anode fabricated by 

electrodeposition on a virus‐structured current collector. Advanced Functional Materials 21, 

no. 2 (2011): 380-387. 

157. Yan Yao, Kaifu Huo, Liangbing Hu, Nian Liu, Judy J. Cha, Matthew T. McDowell, Paul 

K. Chu, and Yi Cui. Highly conductive, mechanically robust, and electrochemically inactive 

TiC/C nanofiber scaffold for high-performance silicon anode batteries. ACS Nano 5, no. 10 

(2011): 8346-8351. 



 

189 

158. Nian Liu, Liangbing Hu, Matthew T. McDowell, Ariel Jackson, and Yi Cui. Prelithiated 

silicon nanowires as an anode for lithium ion batteries. ACS Nano5, no. 8 (2011): 6487-6493. 

159. Yu-Sheng Su, and Arumugam Manthiram. Lithium–sulphur batteries with a microporous 

carbon paper as a bifunctional interlayer. Nature Communications 3 (2012): 1166. 

160. Jiangan Wang, Ying Yang, and Feiyu Kang. Porous carbon nanofiber paper as an effective 

interlayer for high-performance lithium-sulfur batteries. Electrochimica Acta 168 (2015): 271-

276. 

161. Duo Li, Fei Han, Shuai Wang, Fei Cheng, Qiang Sun, and Wen-Cui Li. High sulfur 

loading cathodes fabricated using peapodlike, large pore volume mesoporous carbon for 

lithium–sulfur battery. ACS Applied Materials & Interfaces 5, no. 6 (2013): 2208-2213. 

162. Xingxing Gu, Chao Lai, Fei Liu, Wenlong Yang, Yanglong Hou, and Shanqing Zhang. 

A conductive interwoven bamboo carbon fiber membrane for Li–S batteries. Journal of 

Materials Chemistry A 3, no. 18 (2015): 9502-9509. 

163. Jia-Qi Huang, Ting-Zhou Zhuang, Qiang Zhang, Hong-Jie Peng, Cheng-Meng Chen, and 

Fei Wei. Permselective graphene oxide membrane for highly stable and anti-self-discharge 

lithium–sulfur batteries. ACS Nano 9, no. 3 (2015): 3002-3011. 

164. Sheng‐Heng Chung, Pauline Han, Richa Singhal, Vibha Kalra, and Arumugam 

Manthiram. Electrochemically stable rechargeable lithium–sulfur batteries with a microporous 

carbon nanofiber filter for polysulfide. Advanced Energy Materials 5, no. 18 (2015). 

165. Guanchao Wang, Yanqing Lai, Zhian Zhang, Jie Li, and Zhiyong Zhang. Enhanced rate 

capability and cycle stability of lithium–sulfur batteries with a bifunctional MCNT@PEG-

modified separator. Journal of Materials Chemistry A 3, no. 13 (2015): 7139-7144. 



 

190 

166. Yu-Sheng Su, and Arumugam Manthiram. A new approach to improve cycle performance 

of rechargeable lithium–sulfur batteries by inserting a free-standing MWCNT 

interlayer. Chemical Communications 48, no. 70 (2012): 8817-8819. 

167. Chenxi Zu, Yu-Sheng Su, Yongzhu Fu, and Arumugam Manthiram. Improved lithium–

sulfur cells with a treated carbon paper interlayer. Physical Chemistry Chemical Physics 15, 

no. 7 (2013): 2291-2297. 

168. Zhian Zhang, Zhiyong Zhang, Kai Zhang, Xing Yang, and Qiang Li. Improvement of 

electrochemical performance of rechargeable lithium–selenium batteries by inserting a free-

standing carbon interlayer. RSC Advances 4, no. 30 (2014): 15489-15492. 

169. Sheng-Heng Chung, and Arumugam Manthiram. A hierarchical carbonized paper with 

controllable thickness as a modulable interlayer system for high performance Li–S 

batteries. Chemical Communications 50, no. 32 (2014): 4184-4187. 

170. Richa Singhal, Sheng-Heng Chung, Arumugam Manthiram, and Vibha Kalra. A free-

standing carbon nanofiber interlayer for high-performance lithium–sulfur batteries. Journal of 

Materials Chemistry A 3, no. 8 (2015): 4530-4538. 

171. Hongbin Yao, Kai Yan, Weiyang Li, Guangyuan Zheng, Desheng Kong, Zhi Wei Seh, 

Vijay Kris Narasimhan, Zheng Liang, and Yi Cui. Improved lithium–sulfur batteries with a 

conductive coating on the separator to prevent the accumulation of inactive S-related species 

at the cathode–separator interface. Energy & Environmental Science 7, no. 10 (2014): 3381-

3390. 



 

191 

172. Sheng-Heng Chung, and Arumugam Manthiram. High-performance Li–S batteries with 

an ultra-lightweight MWCNT-coated separator. The Journal of Physical Chemistry Letters 5, 

no. 11 (2014): 1978-1983. 

173. Jing Fang, Furong Qin, Jie Li, Kai Zhang, Wenwen Liu, Mengran Wang, Fan Yu, and 

Liyuan Zhang. Improved performance of sulfur cathode by an easy and scale-up coating 

strategy. Journal of Power Sources 297 (2015): 265-270. 

174. Wenlong Cai, Gaoran Li, Fan He, Liming Jin, Binhong Liu, and Zhoupeng Li. A novel 

laminated separator with multi functions for high-rate dischargeable lithium–sulfur 

batteries. Journal of Power Sources 283 (2015): 524-529. 

175. Jia-Qi Huang, Qiang Zhang, Hong-Jie Peng, Xin-Yan Liu, Wei-Zhong Qian, and Fei Wei. 

Ionic shield for polysulfides towards highly-stable lithium–sulfur batteries. Energy & 

Environmental Science 7, no. 1 (2014): 347-353. 

176. Rensheng Song, Ruopian Fang, Lei Wen, Ying Shi, Shaogang Wang, and Feng Li. A 

trilayer separator with dual function for high performance lithium–sulfur batteries. Journal of 

Power Sources 301 (2016): 179-186. 

177. Lixia Yuan, Xinping Qiu, Liquan Chen, and Wentao Zhu. New insight into the discharge 

process of sulfur cathode by electrochemical impedance spectroscopy. Journal of Power 

Sources 189, no. 1 (2009): 127-132. 

178. Yu-Sheng Su, and Arumugam Manthiram. A facile in situ sulfur deposition route to obtain 

carbon-wrapped sulfur composite cathodes for lithium–sulfur batteries. Electrochimica 

Acta 77 (2012): 272-278. 



 

192 

179. Meltem Yanilmaz, Yao Lu, Mahmut Dirican, Kun Fu, and Xiangwu Zhang. Nanoparticle-

on-nanofiber hybrid membrane separators for lithium-ion batteries via combining 

electrospraying and electrospinning techniques. Journal of Membrane Science 456 (2014): 57-

65. 

180. Jinfang Zhang, Cheng Ma, Qingbing Xia, Jiatu Liu, Zhengping Ding, Mingquan Xu, 

Libao Chen, and Weifeng Wei. Composite electrolyte membranes incorporating viscous 

copolymers with cellulose for high performance lithium-ion batteries. Journal of Membrane 

Science 497 (2016): 259-269. 

181. Long Qie, and Arumugam Manthiram. A facile layer‐by‐layer approach for high‐areal‐

capacity sulfur cathodes. Advanced Materials 27, no. 10 (2015): 1694-1700. 

182. Yeqian Ge, Han Jiang, Jiadeng Zhu, Yao Lu, Chen Chen, Yi Hu, Yiping Qiu, and 

Xiangwu Zhang. High cyclability of carbon-coated TiO2 nanoparticles as anode for sodium-

ion batteries. Electrochimica Acta 157 (2015): 142-148.  

183. Ran Elazari, Gregory Salitra, Arnd Garsuch, Alexander Panchenko, and Doron Aurbach. 

Sulfur‐impregnated activated carbon fiber cloth as a binder‐free cathode for rechargeable Li‐S 

batteries. Advanced Materials23, no. 47 (2011): 5641-5644. 

184. Shu Zhang, Zhan Lin, Liwen Ji, Ying Li, Guanjie Xu, Leigang Xue, Shuli Li, Yao Lu, 

Ozan Toprakci, and Xiangwu Zhang. Cr-doped Li2MnSiO4/carbon composite nanofibers as 

high-energy cathodes for Li-ion batteries. Journal of Materials Chemistry 22, no. 29 (2012): 

14661-14666. 



 

193 

185. Leigang Xue, Guanjie Xu, Ying Li, Shuli Li, Kun Fu, Quan Shi, and Xiangwu Zhang. 

Carbon-coated Si nanoparticles dispersed in carbon nanotube networks as anode material for 

lithium-ion batteries. ACS Applied Materials & Interfaces 5, no. 1 (2012): 21-25. 

186. Chengdu Liang, Nancy J. Dudney, and Jane Y. Howe. Hierarchically structured 

sulfur/carbon nanocomposite material for high-energy lithium battery. Chemistry of 

Materials 21, no. 19 (2009): 4724-4730. 

187. Guangyuan Zheng, Yuan Yang, Judy J. Cha, Seung Sae Hong, and Yi Cui. Hollow carbon 

nanofiber-encapsulated sulfur cathodes for high specific capacity rechargeable lithium 

batteries. Nano letters 11, no. 10 (2011): 4462-4467. 

188. Kun Fu, Yanpeng Li, Mahmut Dirican, Chen Chen, Yao Lu, Jiadeng Zhu, Yao Li, Linyou 

Cao, Philip D. Bradford, and Xiangwu Zhang. Sulfur gradient-distributed CNF composite: a 

self-inhibiting cathode for binder-free lithium–sulfur batteries. Chemical Communications 50, 

no. 71 (2014): 10277-10280. 

189. Jia-Qi Huang, Qiang Zhang, Shu-Mao Zhang, Xiao-Fei Liu, Wancheng Zhu, Wei-Zhong 

Qian, and Fei Wei. Aligned sulfur-coated carbon nanotubes with a polyethylene glycol barrier 

at one end for use as a high efficiency sulfur cathode. Carbon 58 (2013): 99-106. 

190. Yuan Yang, Guihua Yu, Judy J. Cha, Hui Wu, Michael Vosgueritchian, Yan Yao, Zhenan 

Bao, and Yi Cui. Improving the performance of lithium–sulfur batteries by conductive polymer 

coating. ACS Nano 5, no. 11 (2011): 9187-9193. 

191. David Linden, and Thomas B. Reddy. Handbook of Batteries. 3rd. McGraw-Hill (2002). 

192. Pankaj Arora, and Zhengming Zhang. Battery separators. Chemical Reviews 104, no. 10 

(2004): 4419-4462. 



 

194 

193. Hun Lee, Meltem Yanilmaz, Ozan Toprakci, Kun Fu, and Xiangwu Zhang. A review of 

recent developments in membrane separators for rechargeable lithium-ion batteries. Energy & 

Environmental Science 7, no. 12 (2014): 3857-3886. 

194. Meltem Yanilmaz, Mahmut Dirican, and Xiangwu Zhang. Evaluation of electrospun 

SiO2/nylon 6, 6 nanofiber membranes as a thermally-stable separator for lithium-ion 

batteries. Electrochimica Acta 133 (2014): 501-508. 

195. Wan-Ho Seol, Yong Min Lee, and Jung-Ki Park. Preparation and characterization of new 

microporous stretched membrane for lithium rechargeable battery. Journal of Power 

Sources 163, no. 1 (2006): 247-251. 

196. Jongchan Song, Myung-Hyun Ryou, Bongki Son, Je-Nam Lee, Dong Jin Lee, Yong Min 

Lee, Jang Wook Choi, and Jung-Ki Park. Co-polyimide-coated polyethylene separators for 

enhanced thermal stability of lithium ion batteries. Electrochimica Acta 85 (2012): 524-530. 

197. Xi Luo, Wei Pan, Honggang Liu, Jianghong Gong, and Hui Wu. Glass fiber fabric mat as 

the separator for lithium-ion battery with high safety performance. Ionics 21, no. 11 (2015): 

3135-3139. 

198. Yusong Zhu, Faxing Wang, Lili Liu, Shiyin Xiao, Yaqiong Yang, and Yuping Wu. Cheap 

glass fiber mats as a matrix of gel polymer electrolytes for lithium ion batteries. Scientific 

Reports 3 (2013). 

199. Lina Wang, Jingyuan Liu, Servane Haller, Yonggang Wang, and Yongyao Xia. A scalable 

hybrid separator for a high performance lithium–sulfur battery. Chemical Communications 51, 

no. 32 (2015): 6996-6999. 



 

195 

200. Sheng Shui Zhang. A review on the separators of liquid electrolyte Li-ion 

batteries. Journal of Power Sources 164, no. 1 (2007): 351-364. 

201. Sheng S Zhang. Role of LiNO3 in rechargeable lithium/sulfur battery. Electrochimica 

Acta 70 (2012): 344-348. 

202. Sheng Shui Zhang. A review on electrolyte additives for lithium-ion batteries. Journal of 

Power Sources 162, no. 2 (2006): 1379-1394. 

203. Fausto Croce, Maria Letizia Focarete, Jusef Hassoun, Ida Meschini, and Bruno Scrosati. 

A safe, high-rate and high-energy polymer lithium-ion battery based on gelled membranes 

prepared by electrospinning. Energy & Environmental Science 4, no. 3 (2011): 921-927. 

204. Songtao Lu, Yingwen Cheng, Xiaohong Wu, and Jie Liu. Significantly improved long-

cycle stability in high-rate Li–S batteries enabled by coaxial graphene wrapping over sulfur-

coated carbon nanofibers. Nano Letters 13, no. 6 (2013): 2485-2489. 

205. Jiantie Xu, Jianglan Shui, Jianli Wang, Min Wang, Hua-Kun Liu, Shi Xue Dou, In-Yup 

Jeon, Jeong-Min Seo, Jong-Beom Baek, and Liming Dai. Sulfur–graphene nanostructured 

cathodes via ball-milling for high-performance lithium–sulfur batteries. ACS Nano 8, no. 10 

(2014): 10920-10930. 

206. Xiaogang Li, Mumin Rao, Haibin Lin, Dongrui Chen, Haibin Lin, Yanlin Liu, Shizhu 

Liu, Youhao Liao, Lidan Xing, Mengqing Xu and Weishan Li. Sulfur loaded in curved 

graphene and coated with conductive polyaniline: preparation and performance as a cathode 

for lithium–sulfur batteries. Journal of Materials Chemistry A 3 (2015): 18098-18104. 



 

196 

207. Yanrong Li, Lixia Yuan, Zhen Li, Yizi Qi, Chao Wu, Jing Liu, and Yunhui Huang. 

Improving the electrochemical performance of a lithium–sulfur battery with a conductive 

polymer-coated sulfur cathode. RSC Advances 5, no. 55 (2015): 44160-44164. 

208. Zhenguo Yang, Jianlu Zhang, Michael CW Kintner-Meyer, Xiaochuan Lu, Daiwon Choi, 

John P. Lemmon, and Jun Liu. Electrochemical energy storage for green grid. Chemical 

Reviews 111, no. 5 (2011): 3577-3613. 

209. Bingkun Guo, Ying Li, Yingfang Yao, Zhan Lin, Liwen Ji, Guangjie Xu, Yinzheng Liang, 

Quan Shi, and Xiangwu Zhang. Electrospun Li4Ti5O12/C composites for lithium-ion batteries 

with high rate performance. Solid State Ionics 204 (2011): 61-65. 

210. Hong-Jie Peng, Jiyuan Liang, Lin Zhu, Jia-Qi Huang, Xin-Bing Cheng, Xuefeng Guo, 

Weiping Ding, Wancheng Zhu, and Qiang Zhang. Catalytic self-limited assembly at hard 

templates: a mesoscale approach to graphene nanoshells for lithium–sulfur batteries. ACS 

Nano 8, no. 11 (2014): 11280-11289. 

211. Feng Wu, Lili Shi, Daobin Mu, Hongliang Xu, and Borong Wu. A hierarchical carbon 

fiber/sulfur composite as cathode material for Li–S batteries. Carbon 86 (2015): 146-155. 

212. Jeewoo Lim, Jeffrey Pyun, and Kookheon Char. Recent approaches for the direct use of 

elemental sulfur in the synthesis and processing of advanced materials. Angewandte Chemie 

International Edition 54, no. 11 (2015): 3249-3258. 

213. Yuriy V. Mikhaylik, and James R. Akridge. Polysulfide shuttle study in the Li/S battery 

system. Journal of the Electrochemical Society 151, no. 11 (2004): A1969-A1976. 

214. Yongcai Qiu, Wanfei Li, Wen Zhao, Guizhu Li, Yuan Hou, Meinan Liu, Lisha Zhou, 

Fangmin Ye, Hongfei, Li, Zhanhua Wei, Shihe Yang, Wenhui Duan, Yifan, Ye, Jinghua Guo, 



 

197 

and Yuegang Zhang. High-rate, ultralong cycle-life lithium/sulfur batteries enabled by 

nitrogen-doped graphene. Nano Letters 14, no. 8 (2014): 4821-4827. 

215. Zhiyu Wang, Yanfeng Dong, Hongjiang Li, Zongbin Zhao, Hao Bin Wu, Ce Hao, 

Shaohong Liu, Jieshan Qiu, and Xiong Wen David Lou. Enhancing lithium–sulphur battery 

performance by strongly binding the discharge products on amino-functionalized reduced 

graphene oxide. Nature Communications 5 (2014). 

216. Jia-Qi Huang, Xiao-Fei Liu, Qiang Zhang, Cheng-Meng Chen, Meng-Qiang Zhao, Shu-

Mao Zhang, Wancheng Zhu, Wei-Zhong Qian, and Fei Wei. Entrapment of sulfur in 

hierarchical porous graphene for lithium–sulfur batteries with high rate performance from −40 

to 60 oC. Nano Energy 2, no. 2 (2013): 314-321. 

217. Guangmin Zhou, Lu Li, Da‐Wei Wang, Xu‐yi Shan, Songfeng Pei, Feng Li, and Hui‐

Ming Cheng. A flexible sulfur‐graphene‐polypropylene separator integrated electrode for 

advanced Li–S batteries. Advanced Materials 27, no. 4 (2015): 641-647. 

218. Wang Yi, Zhan Huaiyu, Hu Jian, Liang Yun, and Zeng Shushu. Wet-laid non-woven 

fabric for separator of lithium-ion battery. Journal of Power Sources 189, no. 1 (2009): 616-

619. 

219. Guangmin Zhou, Eunsu Paek, Gyeong S. Hwang, and Arumugam Manthiram. Long-life 

Li/polysulphide batteries with high sulphur loading enabled by lightweight three-dimensional 

nitrogen/sulphur-codoped graphene sponge. Nature Communications 6 (2015). 

220. Guoqiang Ma, Zhaoyin Wen, Jun Jin, Meifen Wu, Xiangwei Wu, and Jingchao Zhang. 

Enhanced cycle performance of Li–S battery with a polypyrrole functional interlayer. Journal 

of Power Sources 267 (2014): 542-546. 



 

198 

221. Huan Ye, Ya-Xia Yin, and Yu-Guo Guo. Insight into the loading temperature of sulfur 

on sulfur/carbon cathode in lithium-sulfur batteries. Electrochimica Acta 185 (2015): 62-68. 

222. Jia-Qi Huang, Hong-Jie Peng, Xin-Yan Liu, Jing-Qi Nie, Xin-Bing Cheng, Qiang Zhang, 

and Fei Wei. Flexible all-carbon interlinked nanoarchitectures as cathode scaffolds for high-

rate lithium–sulfur batteries. Journal of Materials Chemistry A 2, no. 28 (2014): 10869-10875. 

223. Kyusung Park, Joon Hee Cho, Ji-Hoon Jang, Byeong-Chul Yu, T. Andreah, Kevin M. 

Miller, Christopher J. Ellison, and John B. Goodenough. Trapping lithium polysulfides of a 

Li–S battery by forming lithium bonds in a polymer matrix. Energy & Environmental 

Science 8, no. 8 (2015): 2389-2395. 

224. Shizhao Xiong, Kai Xie, Yan Diao, and Xiaobin Hong. On the role of polysulfides for a 

stable solid electrolyte interphase on the lithium anode cycled in lithium–sulfur 

batteries. Journal of Power Sources 236 (2013): 181-187. 

225. Jianming Zheng, Meng Gu, Honghao Chen, Praveen Meduri, Mark H. Engelhard, Ji-

Guang Zhang, Jun Liu, and Jie Xiao. Ionic liquid-enhanced solid state electrolyte interface 

(SEI) for lithium–sulfur batteries. Journal of Materials Chemistry A 1, no. 29 (2013): 8464-

8470. 

226. Guangmin Zhou, Songfeng Pei, Lu Li, Da‐Wei Wang, Shaogang Wang, Kun Huang, Li‐

Chang Yin, Feng Li, and Hui‐Ming Cheng. A graphene–pure‐sulfur sandwich structure for 

ultrafast, long‐life lithium–sulfur batteries. Advanced Materials 26, no. 4 (2014): 625-631. 

227. Gerri Lynn Duffitt, and Peter G. Pickup. Enhanced ionic conductivity of polypyrrole due 

to incorporation of excess electrolyte during potential cycling. Journal of the Chemical 

Society, Faraday Transactions 88, no. 10 (1992): 1417-1423. 



 

199 

228. Ya‐Xia Yin, Sen Xin, Yu‐Guo Guo, and Li‐Jun Wan. Lithium–sulfur batteries: 

Electrochemistry, materials, and prospects. Angewandte Chemie International Edition 52, no. 

50 (2013): 13186-13200. 

229. Jia-Le Shi, Hong-Jie Peng, Lin Zhu, Wancheng Zhu, and Qiang Zhang. Template growth 

of porous graphene microspheres on layered double oxide catalysts and their applications in 

lithium–sulfur batteries. Carbon 92 (2015): 96-105. 

230. Dongping Lv, Jianming Zheng, Qiuyan Li, Xi Xie, Seth Ferrara, Zimin Nie, Layla B. 

Mehdi, Nigel D. Browning, Ji-Guang Zhang, Gordon L. Graff, Jun Liu, Jie Xiao. High energy 

density lithium–sulfur batteries: Challenges of thick sulfur cathodes. Advanced Energy 

Materials 5, no. 16 (2015). 

231. Sheng S. Zhang. Binder based on polyelectrolyte for high capacity density lithium/sulfur 

battery. Journal of The Electrochemical Society 159, no. 8 (2012): A1226-A1229. 

232. M. Cuisinier, P-E. Cabelguen, B. D. Adams, A. Garsuch, M. Balasubramanian, and L. F. 

Nazar. Unique behaviour of nonsolvents for polysulphides in lithium–sulphur 

batteries. Energy & Environmental Science7, no. 8 (2014): 2697-2705. 

233. Jongchan Song, Hyungjun Noh, Hongkyung Lee, Je-Nam Lee, Dong Jin Lee, Yunju Lee, 

Chul Hwan Kim, Yong Min Lee, Jung-Ki Park, and Hee-Tak Kim. Polysulfide rejection layer 

from alpha-lipoic acid for high performance lithium–sulfur battery. Journal of Materials 

Chemistry A 3, no. 1 (2015): 323-330. 

234. Quan Pang, Dipan Kundu, Marine Cuisinier, and L. F. Nazar. Surface-enhanced redox 

chemistry of polysulphides on a metallic and polar host for lithium-sulphur batteries. Nature 

Communications 5 (2014). 



 

200 

235. Xiao Liang, Connor Hart, Quan Pang, Arnd Garsuch, Thomas Weiss, and Linda F. Nazar. 

A highly efficient polysulfide mediator for lithium–sulfur batteries. Nature Communications 6 

(2015). 

236. Zhen Li, Lixia Yuan, Ziqi Yi, Yang Liu, Ying Xin, Zhaoliang Zhang, and Yunhui Huang. 

A dual coaxial nanocable sulfur composite for high-rate lithium–sulfur batteries. Nanoscale 6, 

no. 3 (2014): 1653-1660. 

237. Guangmin Zhou, Da-Wei Wang, Feng Li, Peng-Xiang Hou, Lichang Yin, Chang Liu, 

Gao Qing Max Lu, Ian R. Gentle, and Hui-Ming Cheng. A flexible nanostructured sulphur–

carbon nanotube cathode with high rate performance for Li-S batteries. Energy & 

Environmental Science 5, no. 10 (2012): 8901-8906. 

238. Guangmin Zhou, Yubao Zhao, and Arumugam Manthiram. Dual‐confined flexible sulfur 

cathodes encapsulated in nitrogen‐doped double‐shelled hollow carbon spheres and wrapped 

with graphene for Li–S batteries. Advanced Energy Materials 5, no. 9 (2015). 

239. Jiadeng Zhu, Yeqian Ge, David Kim, Yao Lu, Chen Chen, Mengjin Jiang, and Xiangwu 

Zhang. A novel separator coated by carbon for achieving exceptional high performance 

lithium-sulfur batteries. Nano Energy 20 (2016): 176-184. 

240. I. Bauer, S. Thieme, J. Brückner, H. Althues, and S. Kaskel. Reduced polysulfide shuttle 

in lithium–sulfur batteries using Nafion-based separators. Journal of Power Sources 251 

(2014): 417-422. 

241. I. Bauer, M. Kohl, H. Althues, and S. Kaskel. Shuttle suppression in room temperature 

sodium–sulfur batteries using ion selective polymer membranes. Chemical 

Communications 50, no. 24 (2014): 3208-3210. 



 

201 

242. Chi‐Hao Chang, Sheng‐Heng Chung, and Arumugam Manthiram. Effective stabilization 

of a high‐loading sulfur cathode and a lithium‐metal anode in Li‐S batteries utilizing SWCNT‐

modulated separators. Small 12, no. 2 (2016): 174-179. 

243. Kang Xu. Nonaqueous liquid electrolytes for lithium-based rechargeable 

batteries. Chemical Reviews 104, no. 10 (2004): 4303-4418. 

244. Hun Lee, Mataz Alcoutlabi, Jill V. Watson, and Xiangwu Zhang. Electrospun nanofiber‐

coated separator membranes for lithium‐ion rechargeable batteries. Journal of Applied 

Polymer Science 129, no. 4 (2013): 1939-1951. 

245. Hyo-Sik Min, Jang-Myoun Ko, and Dong-Won Kim. Preparation and characterization of 

porous polyacrylonitrile membranes for lithium-ion polymer batteries. Journal of Power 

Sources 119 (2003): 469-472. 

246. Tetsu Tatsuma, Makoto Taguchi, Masahiro Iwaku, Tadashi Sotomura, and Noboru 

Oyama. Inhibition effects of polyacrylonitrile gel electrolytes on lithium dendrite 

formation. Journal of Electroanalytical Chemistry 472, no. 2 (1999): 142-146. 

247. Anantha Iyenger Gopalan, Padmanabhan Santhosh, Kalayil Manian Manesh, Jin Hee 

Nho, Sang Ho Kim, Chul-Gyun Hwang, and Kwang-Pill Lee. Development of electrospun 

PVdF–PAN membrane-based polymer electrolytes for lithium batteries. Journal of Membrane 

Science 325, no. 2 (2008): 683-690. 

248. Jiadeng Zhu, Jun Lim, Cheol‐Ho Lee, Han‐Ik Joh, Hwan Chul Kim, Byoungnam Park, 

Nam‐Ho You, and Sungho Lee. Multifunctional polyimide/graphene oxide composites via in 

situ polymerization. Journal of Applied Polymer Science 131, no. 9 (2014). 



 

202 

249. Xue Leng, Kuang-Hsu Wu, Ian R. Gentle, and Da-Wei Wang. Electroactive cellulose-

supported graphene oxide interlayers for Li–S batteries. Carbon 93 (2015): 611-619. 

250. Ting‐Zhou Zhuang, Jia‐Qi Huang, Hong‐Jie Peng, Lian‐Yuan He, Xin‐Bing Cheng, 

Cheng‐Meng Chen, and Qiang Zhang. Rational integration of polypropylene/graphene 

oxide/nafion as ternary‐layered separator to retard the shuttle of polysulfides for lithium–sulfur 

batteries. Small (2015).  

251. Daniela C. Marcano, Dmitry V. Kosynkin, Jacob M. Berlin, Alexander Sinitskii, 

Zhengzong Sun, Alexander Slesarev, Lawrence B. Alemany, Wei Lu, and James M. Tour. 

Improved synthesis of graphene oxide. ACS Nano 4, no. 8 (2010): 4806-4814. 

252. Bao-Yu Hsieh, Jinwook Kim, Jiadeng Zhu, Sibo Li, Xiangwu Zhang, and Xiaoning Jiang. 

A laser ultrasound transducer using carbon nanofibers–polydimethylsiloxane composite thin 

film. Applied Physics Letters 106, no. 2 (2015): 021902. 

253. Christophe Pirlot, Isabelle Willems, Antonio Fonseca, Janos B. Nagy, and Joseph 

Delhalle. Preparation and characterization of carbon nanotube/polyacrylonitrile 

composites. Advanced Engineering Materials 4, no. 3 (2002): 109. 

254. Zhi Wei Seh, Qianfan Zhang, Weiyang Li, Guangyuan Zheng, Hongbin Yao, and Yi Cui. 

Stable cycling of lithium sulfide cathodes through strong affinity with a bifunctional 

binder. Chemical Science 4, no. 9 (2013): 3673-3677. 

255. S. R. Das, S. B. Majumder, and R. S. Katiyar. Kinetic analysis of the Li+ ion intercalation 

behavior of solution derived nano-crystalline lithium manganate thin films. Journal of Power 

Sources 139, no. 1 (2005): 261-268. 



 

203 

256. Jiulin Wang, Fengjiao Lin, Hao Jia, Jun Yang, Charles W. Monroe, and Yanna NuLi. 

Towards a safe lithium–sulfur battery with a flame‐inhibiting electrolyte and a sulfur‐based 

composite cathode. Angewandte Chemie International Edition 53, no. 38 (2014): 10099-

10104. 

257. Peter G. Bruce, Bruno Scrosati, and Jean‐Marie Tarascon. Nanomaterials for rechargeable 

lithium batteries. Angewandte Chemie International Edition 47, no. 16 (2008): 2930-2946. 

258 John B. Goodenough, and Kyu-Sung Park. The Li-ion rechargeable battery: a 

perspective. Journal of the American Chemical Society 135, no. 4 (2013): 1167-1176. 

259. Jiadeng Zhu, Yao Lu, Chen Chen, Yeqian Ge, Samuel Jasper, Jennifer D. Leary, Dawei 

Li, Mengjin Jiang, and Xiangwu Zhang. Porous One-Dimensional Carbon/Iron Oxide 

Composite for Rechargeable Lithium-Ion Batteries with High and Stable Capacity. Journal of 

Alloys and Compounds 672 (2016): 79-85. 

260. Meltem Yanilmaz, Yao Lu, Jiadeng Zhu, and Xiangwu Zhang. Silica/polyacrylonitrile 

hybrid nanofiber membrane separators via sol-gel and electrospinning techniques for lithium-

ion batteries. Journal of Power Sources 313 (2016): 205-212. 

261. Naoki Nitta, Feixiang Wu, Jung Tae Lee, and Gleb Yushin. Li-ion battery materials: 

present and future. Materials Today 18, no. 5 (2015): 252-264. 

262. Jiadeng Zhu, Meltem Yanilmaz, Kun Fu, Chen Chen, Yao Lu, Yeqian Ge, David Kim, 

and Xiangwu Zhang. Understanding glass fiber membrane used as a novel separator for 

lithium-sulfur batteries. Journal of Membrane Science 504 (2016): 89-96. 



 

204 

263. Hyo‐Seok Kang, and Yang‐Kook Sun. Freestanding Bilayer Carbon–Sulfur Cathode with 

Function of Entrapping Polysulfide for High Performance Li–S battery. Advanced Functional 

Materials 26 (2016): 1225-1232. 

264. Susanne Dörfler, Markus Hagen, Holger Althues, Jens Tübke, Stefan Kaskel, and Michael 

J. Hoffmann. High capacity vertical aligned carbon nanotube/sulfur composite cathodes for 

lithium–sulfur batteries. Chemical Communications 48, no. 34 (2012): 4097-4099. 

265. Quan Pang, Dipan Kundu, Marine Cuisinier, and L. F. Nazar. Surface-enhanced redox 

chemistry of polysulphides on a metallic and polar host for lithium-sulphur batteries. Nature 

Communications 5 (2014): 4759. 

266. Mingpeng Yu, Wenjing Yuan, Chun Li, Jong-Dal Hong, and Gaoquan Shi. Performance 

enhancement of a graphene–sulfur composite as a lithium–sulfur battery electrode by coating 

with an ultrathin Al2O3 film via atomic layer deposition. Journal of Materials Chemistry A 2, 

no. 20 (2014): 7360-7366. 

267. Jiadeng Zhu, Chen Chen, Yao Lu, Jun Zang, Mengjin Jiang, David Kim, and Xiangwu 

Zhang. Highly porous polyacrylonitrile/graphene oxide membrane separator exhibiting 

excellent anti-self-discharge feature for high-performance lithium–sulfur 

batteries. Carbon 101 (2016): 272-280. 

268. Miso Kim, Sung-Hwan Kang, James Manuel, Xiaohui Zhao, Kwon Koo Cho, and Jou 

Hyeon Ahn. Investigation into the role of silica in lithium polysulfide adsorption for lithium 

sulfur battery. Materials Research Bulletin 69 (2015): 29-35. 

269. Robert G. Parr, Weitao Yang. Density-Functional Theory of Atoms and Molecules, New 

York: Oxford University Press, 1989. 



 

205 

270. Axel D. Becke, Density functional thermochemistry. III. The role of exact Exchange. 

Journal of Chemical Physics 98 (1993): 5648–5652. 

271. Chengteh Lee, Weitao Yang, and Robert G. Parr. Development of the Colle-Salvetti 

correlation-energy formula into a functional of the electron density. Physical Review B 37 

(1980): 785–789. 

272. Y. Zhao and D.G. Truhlar. The M06 suite of density functionals for main group 

thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and 

transition elements: Two new functionals and systematic testing of four M06-class functionals 

and 12 other functionals. Theoretical Chemistry Account 120 (2006): 215–241. 

273. Gaussian 09 Revision A.02; Gaussian, Inc.: Wallingford, CT, 2009. 

274. Materials Studio release 5.5. San Diego, CA: Accelrys Software Inc., 2010. 

275. H. Sun. COMPASS: An ab Initio Force-Field Optimized for Condensed-Phase 

Applications Overview with Details on Alkane and Benzene Compounds. The Journal of 

Physical Chemistry B 102, no. 38 (1998):7338–7364. 

276. G. Maitland, M. Rigby, E. Smith, W. Wakeham, and Douglas Henderson. Intermolecular 

forces: their origin and determination. Physics Today 36 (1983): 57. 

277. Pushpa Bajaj, T. V. Sreekumar, and Kushal Sen. Effect of reaction medium on radical 

copolymerization of acrylonitrile with vinyl acids. Journal of Applied Polymer Science 79, no. 

9 (2001): 1640-1652. 

278. Nicholas Metropolis, Arianna W. Rosenbluth, Marshall N. Rosenbluth, Augusta H. 

Teller, and Edward Teller. Equation of state calculations by fast computing machines. The 

Journal of Chemical Physics 21, no. 6 (1953): 1087-1092. 



 

206 

279. Daan Frenkel, Berend Smit, Understanding Molecular Simulation: From Algorithms to 

Applications, 2nd Edition, San Diego: Academic Press, 2002. 

280. S. Kirkpatrick, C. D. Gelatt, M. P. Vecchi. Optimization by Simulated Annealing. Science 

220, no. 4598 (1983): 671-680. 

 

 


