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ABSTRACT 

Lithium-sulfur (Li-S) batteries have attracted considerable attention due to their 

high theoretical energy density. However, the undesirable polysulfides shuttle and 

overgrown lithium dendrites seriously hinder their practical applications. Separator is an 

essential component in rechargeable Li-S batteries. It not only can act as an isolator to 

prevent the electrical contact between cathode and anode, but also can serve as a reservoir 

of liquid electrolyte to regulate the diffusion of ions. Thus, employing the functional 

separators with ionic selectivity to simultaneously address the issues of polysulfides 

shuttle and lithium dendrites growth seems to be a reliable strategy. Herein, we have 

fabricated three-types functional separators and made corresponding investigations and 

analyses on their properties and electrochemical performance. Details are as follows:  

Firstly, we construct a “polysulfide-phobic” surface by anchoring polysulfides 

anions on the VOPO4 hosts. Due to the intrinsic electronegativity of polysulfides, the as-

constructed “polysulfide-phobic” surface produces strong repulsion effect on the free 

polysulfide anions via Coulombic interactions, which is proved by the time/space-

resolved operando Raman evidences and the visible permeation experiments. When we 

introduce the “polysulfide-phobic” interface between cathode and separator, the Li-S cell 

shows a high capacity retention of 75.3% with a low average capacity fading of 0.082% 

upon 300 cycles at 0.2 C. 

Secondly, we use lithiated Nafion (Li@Nafion) with negatively charged -SO3
− 

instead of polysulfides-VOPO4 to construct a more stable and efficient “polysulfide-

phobic” surface. Meanwhile, we further introduce an Al2O3 layer with uniform pore size 

between the lithium anode and routine separator (polypropylene/polyethylene/ 

polypropylene, PEP) to aid in forming homogeneous Li ions fluxes, thus obtaining a 
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dendrite-free metallic-lithium anode. The Li-S with a Li@Nafion/PEP/Al2O3 separator 

realizes a higher capacity retention (77.2%) with a lower capacity decay rate (0.022% per 

cycle) after 1000 cycles at an elevated rate of 1 C. Furthermore, the Li-S coin cells with 

high sulfur loadings (4.8 and 7.6 mg cm−2) also exhibit good electrochemical performance. 

Thirdly, we develop a free-standing MOF@PVDF-HFP membrane instead of the 

tri-layered Li@Nafion/PEP/Al2O3 separator. The highly ordered pore structure and 

narrow pore size window make the MOF@PVDF-HFP membrane not only can act as 

ionic sieve to inhibit polysulfides shuttle, but also can regulate uniform Li+ fluxes to 

suppress the growth of lithium dendrites. After introducing a MOF@PVDF-HFP 

separator, the Li-S coin cell shows an ultralong long cycle life with low capacity decay 

of 0.015% per cycle upon 2000 cycles at 2 C. Moreover, the practical Li-S pouch cell 

with high sulfur loading (5.8 mg cm‒2) also achieves a high reversible capacity (936 mA 

h g‒1) after 200 cycles. 

Through systematically studying the properties and comprehensively investing 

the electrochemical performance the three types of separators, it can be concluded that 

both the repulsion effect by Coulombic interactions and the blocking effect by physical 

barriers are able to mitigate the diffusion of polysulfide anions. Additionally, porous 

materials with small and uniform pore size can aid in regulating homogenous Li+ fluxes 

to inhibit the growth of lithium dendrites. In this case, it seems that the materials with 

small and uniform pore size seem to be more reliable to develop the multifunctional 

separators for Li-S batteries. This research provides a new insight and way for 

constructing functional separators to develop advanced Li-S batteries. 
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Chapter 1. General introduction 

1.1 Historical development of lithium-sulfur batteries 

With the rapid increase of energy demand, high-efficiency and eco-friendly 

energy storage technologies based on the renewable sources are urgently required to be 

developed and adopted (Figure 1.1). In the last few decades, rechargeable batteries, such 

as lead-acid (Pd-acid) batteries, alkaline (Zn-Mn) batteries, nickel metal-hydride (Ni-

MH) batteries, and lithium-ion (Li-ion) batteries, have been proved feasible for electrical 

energy storage and applied in many fields. Among various kinds of rechargeable battery 

systems, Li-ion batteries have become prominent because of their higher energy density. 

Nevertheless, for the current Li-ion battery technology based on the insertion-compound 

cathode and anode materials, its energy density has almost reached the ceiling due to the 

limited capacities of insertion-oxide cathodes (~250 mA h g−1) and graphite anodes (~370 

mA h g−1).1 Therefore, alternative electrode materials that offer higher capacities need to 

be further developed. Meanwhile, some important parameters relating to energy density, 

cycle life, cost, safety, and environmental compatibility should take into consideration. 

 

 

Figure 1.1 World’s energy demand increased rapidly. (Photo: energyandcapital.com) 
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Sulfur is one of the most abundant elements in earth’s crust. Theoretically, it can 

offer a high capacity of 1675 mA h g−1, which is quite higher than those of the transition-

metal oxide cathode materials. More importantly, the environmental friendliness and 

low cost of sulfur also greatly meet the requirements of renewable and clean energy 

development. Lithium metal possesses low standard potential (‒3.04 V vs. SHE), 

ultra-high theoretical capacity (3860 mA h g‒1), as well as light weight (0.53 g cm‒

3), thus it is considered as an ideal anode material for rechargeable batteries. Thus, 

the exploitation of lithium-sulfur (Li-S) batteries based on sulfur cathode and 

lithium-metal anode is an inevitable trend.  

The invention of Li-S batteries dates to 1962, when Herbert and Ulam 

patented a primary battery employing sulfur as cathodic material and lithium as 

anodic material.2 Since then, some scientists and researches turn their attentions to 

development of Li-S batteries. Few years later, the voltage of the battery was 

obtained by introducing organic solvents, such as polycarbonate (PC), N,N-

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and so on.3 However, 

research relative to sulfur-based batteries cased in the 1990 with the success of 

Lithium-ion batteries (LIBs).4, 5 After 2000, the rapid development of emerging 

applications came up with higher demands on the battery energy density, leading 

to the resurgent of Li-S batteries.5-7 In the recent years, the number of scientific 

publications on the topic of Li-S batteries grows exponentially. 

1.2 Configurations of lithium-sulfur batteries 

Generally, a Li-S cell is composed of cathode, anode, separator, electrolyte and 

battery shell (Figure 1.2).  
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Figure 1.2 Schematic illustration of the inner structure of a Li-S battery. 

1.2.1 Cathode  

The cathode includes cathode materials and cathode current collector. In general, 

the crucial ingredient for electrode material is sulfur, but its poor electrical conductivity 

makes it not a good choice for direct use as cathode material of batteries. Therefore, in 

order to make the sulfur available for Li-S batteries, various approaches have been 

conducted to improve its electrical conductivity. The most commonly used strategies are 

directly mixing sulfur with some conductive additives (e.g. carbon materials) or 

employing some conductive materials to fabricate sulfur-composites materials. Current 

collector is a conductive solid part that connect to the electrode with external loading. Its 

main function for different types of batteries is similar: supporting the electrode and 

collecting the accumulated electrical energy from the electrode.8 The good conductivity 

of current collector plays significant role in improving the electrochemical performance 

of batteries. Currently used collectors for cathode are mostly aluminium foils or carbon 

papers. 

1.2.2 Anode 

The anode of Li-S batteries is commonly fabricated by pressing a lithium metal 

foil on the current collector. The widely applied anode current collectors for Li-S batteries 

are copper foils or copper meshes. Recently, some lithium metal-free anodes (e.g. carbon, 
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silicon, alloy, and tin) have aroused considerable attentions owing to their high 

conductivity, low weight and high safety.9, 10 It should be noted that when the cathode 

material is sulfur, the metal-free anodes should be pre-lithiated before they are used as 

lithium sources for assembling Li-S batteries.  

1.2.3 Separator 

Separator is placed between cathode and anode to separate the two electrodes. 

Besides, the separator can also act as electrolyte reservoir to enable the transportation of 

ions.10 Although the separator does not take part in the cell reaction, its physical and 

chemical properties greatly influencing the electrochemical performance of Li-S 

batteries, including energy density, rate performance, cycle life as well as safety. In this 

case, some important factors should be taken into consideration while choosing 

appropriate separators for Li-S batteries11, 12: 1) Separators must be chemically and 

electrochemically stable to the electrode materials and electrolyte; 2) The separators 

should have good wettability for absorbing and retaining liquid electrolyte to realize low 

internal resistance and high ionic conductivity; 3) The separators should have good 

mechanical strength to withstand the penetration of electrode materials; 4) Available 

thickness and appropriate porosity greatly influence the ionic conductivity of separators; 

5) Separators should be as flat as possible while laying out and immersing in liquid 

electrolyte to avert the misalignment when they are used to assemble Li-S batteries. Table 

1.1 presents the basic requirements of separators not only for batteries.10 The commercial 

separators for Li-S batteries are generally microporous polyethylene (PE) and laminates 

of polypropylene (PP) and polyethylene. 
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Table 1.1 Basic requirements of separators for lithium-based batteries.11 

 

1.2.4 Electrolyte 

Electrolyte is also an essential component to enable the normal operation of Li-S 

batteries. The main function of the electrolyte in a battery is to transport ions between the 

electrodes.13 The available target of Li+ ionic conductivity should be higher than 10−4 S 

cm−1 in the operation temperature range.3 For practical cells, high chemical and 

electrochemical stabilities of electrolyte are also required. The most common electrolyte 

concept for Li-S battery is a simple lithium salt with a small to medium sized anion, which 

is dissolved in a matrix of one or two solvents based on small organic molecules, offering 

a concentration close to 1 M.14 The typical lithium salts for preparing electrolyte are 

lithium trifluoromethanesulfonate (LiTf), lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI), Lithium hexafluorophosphate (LiPF6), and Lithium perchlorate (LiClO4) 

(Figure 1.3).13 The organic solvents include ethers tetrahydrofuran (THF), 1,2- 

dimethoxyethane (DME), and 1 3-dioxolane (DOL), sulphones, carbonates, glymes, and 

so on (Figure 1.4).3  
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Figure 1.3 Lithium salts for preparing the electrolyte of Li-S batteries.13 

Besides the non-aqueous organic liquid electrolytes, some special electrolyte 

systems such as ionic liquid-based electrolytes,15-17 gel polymer electrolytes,18-20 and solid 

electrolytes21-23 also have been exploited and applied in Li-S batteries.  

 

 

Figure 1.4 Organic solvents for preparing the electrolyte of Li-S batteries.3 
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1.3 Principles of lithium-sulfur batteries 

The Li-S cell can store electrical energy in sulfur electrode. A schematic of the 

components in a Li-S cell and its typical discharge-charge voltage profile24 in ether-based 

electrolytes are presented in Figure 1.5. 

  

 

Figure 1.5 The schematic of operation mechanism in a single Li-S cell and its typical 

discharge-charge voltage profile24 in ether-based electrolytes.  

Li-S batteries operated based on a reversible electrochemical reaction of 

16Li + S8 ↔ 8Li2S.4, 6 Specific reactions at cathode and anode are as follows: 

Discharge: 

Anode: Li → Li+ + e− 

Cathode: S8 + 16Li+ +16e− → 8Li2S 

Overall: S8 + 16Li → 8Li2S 

Charge:  

Anode: Li+ + e− → Li 

Cathode: 8Li2S → S8 + 16Li+ +16e−  

Overall: 8Li2S → S8 + 16Li  

Although these reactions look simply, the actual charge/discharge process 

involves a series of complex electrochemical conversion. During the discharging 
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process, in the anode side, lithium metal is oxidized to form lithium ions (Li+) and 

electrons. In the cathode side, the sulfur is firstly reacted with transferred Li+ to 

reduce to long-chain lithium polysulfide species (S8→Li2S8→Li2S6→Li2S4) at an 

average voltage of ~2.35 V (vs Li/Li+), which corresponds a fast-kinetic process because 

of the high solubility of long-chain lithium polysulfides. This process contributes 

around 25% of the theoretical capacity (418 mA h g‒1) of sulfur.25 Then the generated 

long-chain lithium polysulfides are further reacted with  Li+ ions to form insoluble 

short-chain lithium sulfide species (Li2S4→Li2S2→Li2S) at a relatively low 

platform at ~2.1 V(vs Li/Li+), relating to a slow kinetic process. This process 

contributes the remaining 75% of the theoretical capacity (1257 mA h g‒1) of 

sulfur.26 The reconversion of Li2S to elemental sulfur occurs during the subsequent 

charging process through the formation of a series of lithium polysulfides intermediates.27 

Overall, the operation of Li-S batteries undergo a solid-liquid-solid transition, which is 

quite different from other energy storage battery systems. This is also part of the reasons 

causing poor electrochemical performance of practical Li-S batteries. 
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Chapter 2. Technical challenges of lithium-sulfur batteries 

2.1 Introduction 

Although Li-S battery possess high energy density in theory, several 

challenges seriously limit its practical applications and need to be addressed for 

future commercialization.24 In this section, the intrinsic and extrinsic problems of 

Li-S batteries (Figure 2.1) would be discussed. 

 

 

 

Figure 2.1 The intrinsic and extrinsic problems of Li-S batteries. 

2.2 Insulating nature of sulfur  

The combination of sulfur cathode and lithium anode can offer high specific 

capacity. However, both sulfur and its final-discharge product Li2S are electrical 

insulation with very poor electronic conductivity around ~10−30 S cm−2, which 

seriously constrains the efficient electrochemical reactions. The sluggish 

electrochemical reaction kinetics results in incomplete conversion reactions.28 

Thus, even after repeated cycling, unreacted sulfur clusters still exist in the cathode, 

leading to low utilizations of the active materials.29 The observation of the cycled 

cathode also indicates that the fast reaction kinetics at the upper discharge plateau 
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of ~2.35 V is not enough to realize full utilization of sulfur. In addition, at the relative 

lower discharge plateau of ~2.1 V, the high resistance gives rise to more difficult 

conversion of polysulfides to lithium sulphides due to the sluggish reaction kinetics of 

the liquid-solid process.30, 31 What’s worse, during the reiterated cycling process, 

the continuous precipitation of insulative discharge products Li2S will create a 

passive layer on the surface of cathode, resulting in increased overpotential and 

limiting an ideal capacity output.32 In this case, in order to obtain high utilization 

of sulfur, introducing conductive additives in the cathode is always required. A 

uniform dispersion of sulfur in the conductive host or on the conductive substrate 

is necessary for good electrical contact, which is beneficial to achieve a smooth 

conversion of sulfur.29, 30, 33 

2.3 Shuttle of soluble polysulfides  

During the discharging/charging process, the generated lithium polysulfides 

are highly soluble in the most organic electrolytes of Li-S batteries. The dissolved 

polysulfides in the liquid organic electrolyte have high electrochemical activity and 

good mobility. The relocation of soluble polysulfide anions within region of 

cathode facilitates a uniform distribution of active materials. Additionally, the 

dissolved polysulfides can act as redox mediators to assist the redox reactions in 

the cell.28, 34, 35 These positive features of soluble lithium polysulfides are 

conductive to make the active materials to access for the Li ions from electrolyte 

and electrons from conductive hosts/substrates, enhancing the utilization of active 

materials and improving the rate performance.36-38 

However, due to the high mobility and the concentration difference between 

cathode region and anode region, the dissolved polysulfides can easily diffuse from 

cathode side to anode side (Figure 2.2).39 The migrating polysulfide anions can 
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chemically react with lithium metal anode to form insoluble lithium sulfides (Li2S2/ 

Li2S). Upon charging, the remaining unreacted polysulfides are partially reduced by 

lithium ions to form relatively shorter chain polysulfides, which can diffuse back to 

cathode region resulted from the electric field from anode to cathode.32, 40-42 The 

repeated migration of polysulfide ions between cathode and anode causes the so-

called “shuttle effect”, which gives rise to a serious of adverse problems and 

seriously affects the electrochemical performance of Li-S batteries,43-45 including: 

(1) the chemical reaction between polysulfides and lithium metal leads to 

irreversible loss of active materials and rapid decay of capacity; (2) the generated 

insulating lithium sulfides on the surface of lithium anode will form a passivate 

layer, causing a high resistance and severe polarization of the cell; (3) upon the 

repeated cycling, the continuous dissolution, relocation and redeposition of the 

active material species cause irreversible rearrangement distribution of sulfur 

within the cathode, which passivates the cathode and increase the cell impedance 

due to the uneven distribution of insulating sulfur.24, 32, 38 As a result, the dissolution 

of polysulfides leads to a serious of unfavourable effects, including rapid capacity 

decay, poor Coulombic efficiency, poor rate performance and short cycle life.  

 

Figure 2.2 Schematic illustration of shuttle of dissolved polysulfide ions.39 
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2.4 Volume expansion of sulfur cathode 

The density of sulfur is 2.07 g cm−3, while the density of Li2S is 1.66 g cm−3. 

The big difference between them lead to a large volume expansion of active 

materials up to 80% upon lithiation.24 The repeated volume change of the electrode 

easily causes collapse of the cathode structure and pulverization of the cathode.4, 

46, 47 Besides, the cathode with damaged integrity results in detachment of sulfur 

from the cathode host or conductive agents.37, 38 Without a good electrical contact 

with conductive matrix, the insulating sulfur will lose access to electrons, 

becoming inactive.48, 49 The isolate sulfur is difficult to take part in the following 

electrochemical reactions, resulting in increased cell impedance and rapid capacity 

fade.50, 51 

In this regard, providing appropriate void spaces within the cathode is 

necessary, because it is beneficial for accommodating the big volume change of the 

active materials and preserving cathode integration.46 However, combining the 

intrinsic low density of sulfur with a big volume host would further decrease the 

volumetric energy density of the battery.52-54 Therefore, an appropriate porosity of 

cathode is quite important for achieving high volumetric energy density of Li-S 

batteries.38, 52, 55 

2.5 Degradation of the lithium-metal anode  

Apart from the improvement of sulfur cathode for Li-S batteries, some 

serious issues associated with lithium metal anode also need to be addressed.8, 9, 56 

The lithium metal has good activity, which allows it easily to react with the organic 

solvents of electrolytes to generate a solid electrolyte interphase (SEI) layer on the 

surface of lithium anode.24, 32 The formed SEI layer can prevent the further reaction 
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between organic electrolyte and the active lithium metal, offering a relatively good 

chemical and electrochemical stability of the battery.  

 

Figure 2.3 Schematic illustrates the formation of lithium dendrites. 

 

Figure 2.4 Schematic illustrates the problems caused by the lithium dendrites.57 

However, the uncontrol growth of lithium dendrites seriously destabilize the 

anode circumstances within the cell. The formation of the lithium dendrites is 

originally caused by the change of lithium crystal morphologies during the continuous 

charging/discharging process (Figure 2.3). At a low charge/discharge current density, the 

concentration gradient of electric field and the preferred transfer of Li ions to rough 

surface regions of the electrode leads to the instable lithium crystal morphologies, which 

are known as “lithium dendrites”. In the case of high charge/discharge current density, 

because of the consumption of anions near the anode, a space charge is produced in the 

electrolyte. It drives ions away from regions circumambient a growing dendrite and 

masses them on the dendrite tip, accelerating the growth of dendrites. Therefore, no matter 

charging/discharging at low rate or high rate, the rough and dendritic deposition of lithium 
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metal would be produced. The growth of lithium dendrites brings several fatal obstacles 

for Li-S batteries (Figure 2.4)57: (1) the spiculate lithium dendrites can damage the formed 

SEI layer via the reaction between lithium metal and electrolyte, giving rise to unstable 

electrochemical environment in the cell; (2) the growth of lithium dendrites would greatly 

increase the active surface area of the lithium metal and accelerates the side reaction 

between electrolyte and lithium metal, resulting in irreversible loss of active lithium metal 

and rapid consumption of electrolyte; (3) due to the electrical insulation of side reaction 

products between electrolyte and lithium metal, the wrapped lithium metal loss the 

approachability to the current collectors and become electrically isolated, directly causing 

a lot of “dead lithium”; (4) the porous and uneven solid state interface (SEI) layer will 

increase the diffusion distance and resistance of Li ions and electrons, leading to a high 

polarization; (5) when the sharp dendrites penetrate the separator, it would cause the 

directly electrical contact between cathode and anode, resulting internal short and 

explosion ensue.19-22 In short, the growth of lithium dendrites not only significantly 

reduces the energy density and Coulombic efficiency of Li-S batteries, but also induces 

the serious safety issue. Therefore, efficient strategies need to be developed stabilize the 

lithium metal anode, achieving high-performance of Li-S batteries.  
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Chapter 3. Effective strategies to address the issues in 

lithium-sulfur batteries 

3.1 Introduction 

Recently, many efforts have been devoted and various strategies have been 

dedicated to address the above issues. Baes on the reported research papers, the 

effective strategies can be categorized into three types: (1) designing porous 

structure of cathode materials; (2) constructing a protective layer on the surface of 

lithium metal anode; (3) introducing functional interlayer/separator between 

cathode and anode. Herein, we present an overview of the state-of-the-art strategies 

for high-performance Li-S batteries. This Chapter will be summed up into three 

parts: stabilizing sulfur cathodes, protrecting lithium-metal anodes, and modifying 

separators.  

 

Figure 3.1 Schematic illustrations of confining polysulfides in cathode via physical 

constraint or chemical bonding. 

3.2 Stabilizing sulfur cathodes 

Fabricating stable sulfur cathodes is one of the most widely approaches to 

improve the performance of Li-S batteries. A suitable sulfur cathode not only can 
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accommodate the volume variation during the charging and discharging process, 

but also can entrap the soluble intermediate polysulfides via physical 

constraint/chemical bonding (Figure 3.1). Many efforts have been devoted to 

construct stable sulfur cathodes. The most popular pathway is to introduce porous 

materials and/or polar materials as sulfur hosts. 

3.2.1 Porous carbon-based cathodes  

Among various porous materials, conductive porous carbon-based materials 

are regarded as excellent hosts for the sulfur in Li-S batteries due to their superior 

electrical conductivity. The porous structure not only can guarantee a good 

electrical contact between sulfur and hosts, but also is able to stand the volume 

change during the cycling because of the density difference between Li2S2/Li2S 

and sulfur. More importantly, the porous structure also can provide a physical 

constraint for the soluble polysulfide intermediates. Nazar et al. employed highly 

ordered CMK-3 as sulfur hosts (Figure 3.2a) for Li-S batteries.58 The 

nanostructured CMK-3/S composites shows an impressive discharge capacity of 

1005 mA h g−1 (Figure 3.2b), which is quite higher than that of the conventional 

carbon/S electrode (on average between 300 and 420 mA h g−1).58 Lou group 

fabricated a carbon/sulfur composite by confining the sulfur within a double-

shelled carbon sphere (Figure 3.2c).59 The complex shell structure of the hollow 

carbon spheres can not only effectively mitigate the shuttle effect by encapsulating 

the polysulfides within the cavities, but also withstand the volume change upon the 

long-term cycling of Li-S batteries, delivering a high reversible capacity (690 mA 

h g−1)  after 100 cycles at a current density of 0.1 C.59 Chen group developed an in-

situ wrapping strategy to build a compact layer on carbon/sulfur composite 

particles (Figure 3.2d, e).60 A sulfurized polyacrylonitrile (PANS) layer was grown on 
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CMK-3/S by free radical polymerization of acrylonitrile, and a triphenylphosphine 

sulfide (TPS) was formed on the top of PANS via introducing triphenylphosphine in the 

1 M LITFSI within DOL/DME electrolyte (1:1, v/v). The special construction of 

cathode allows the polysulfides diffusion with the interior of the wrapped region 

of the composites to achieve a high utilization of the active materials but prevents 

the polysulfides migration to outside of the composites for inhibiting the shuttle 

effect. As a result, the CMK-3/S@PANS@TPS cathode significantly improves the 

Coulombic efficiency (98.2%) and cycle life of the Li-S batteries, achieving a high 

capacity retention ration of 89% at 0.25 C upon 100 cycles (Figure 3.2f).60 

 

 

Figure 3.2 (a) A schematic diagram of the sulfur (yellow) confined in CMK-3, (b) 

charge/discharge profiles of CMK-3/S electrode.58 (c) TEM image and 

corresponding elemental maps of a DHCS-S sphere.59 (d) A schematic diagram and 

corresponding TEM image of CMK-3/S@PANS@TPS particle, (e) cycling 

performance of various electrodes at 0.25 C.60 

3.2.2 Metal oxides/sulfides-based cathodes 
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Figure 3.3 (a) LiPSs diffuse out of cathode and are immobilized on perovskite 

(PrNP) promoter, facilitating their redox reaction.61 (b) Visualized adsorption of 

Li2S4 on graphene and CoS2.
62 (c) SEM image of ZnO@S/CNT.63 (d) Cycling 

performance of various cathodes at 1600 mA g−1.63 

As the metal oxides/sulfides can facilitate the chemisorption of generated 

lithium polysulfides, a lot of metal oxides/sulfides were employed as sulfur hosts 

to prepare the cathode materials for Li-S batteries. In general, the metal 

oxides/sulfides possess many active sites, which can combine the lithium 

polysulfides via chemical bonding, hence affording high capacity and good cycle 

stability. Zhang and Huang et al.61 reported the use of Ba0.5Sr0.5Co0.8Fe0.2O3−δ 

perovskite nanoparticles (PrNPs) as a promoter to anchor the polysulfides and 

guide the deposition of lithium sulfides (Figure 3.3a). On one hand, the abundant 

exposed active sites (O and Sr sites) on PrNPs facilitated the surface interactions 

between the lithium polysulfides and PrNPs to immobile polysulfides. On the other 

hand, the variable- and high-valence transition metal ions (Fe and Co ions) 

introduced by PrNPs benefited for the uniform deposition of lithium sulfides.61 
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They also incorporated sulfiphilic cobalt disulfide (CoS2) into the carbon/sulfur 

cathode materials. The strong interaction between the active sites on the CoS2 and 

lithium polysulfides (Figure 3.3b) effectively mitigated the shuttle effect and 

facilitated the redox reactions of polysulfides.62 With a 15% concentration of CoS2 

in the CoS2/S/graphene composite, a low capacity decay rate of 0.034% was 

achieved after 200 cycles at 0.2 C. Gu et al.63 used a simple and low cost ball-

milling method fabricated nickel hydroxide wrapped sulphur/carbon nanotubes 

(Ni(OH)2@S/CNT) composites (Figure 3.3c) and zinc oxide wrapped 

sulphur/carbon nanotubes (ZnO@S/CNT) composites as cathode materials for Li-

S batteries. By introducing the Ni(OH)2 and ZnO on the surface of S/CNT 

composites, the cyclic stability of the Li-S batteries were significantly enhanced 

(Figure 3.3d). After 200 cycles at 1 C, the Ni(OH)2@S/CNT-based and the 

ZnO@S/CNT-based Li-S cells can still deliver high discharge capacities of 490 

and 698 mA h g−1, respectively.63  

 

3.2.3 Polymer-based cathodes 

In general, polymer is used as the binder for electrode materials in battery system, 

such as polyvinylidene Fluoride (PVDF) and polytetrafluoroethylene (PTFE). Recently, 

some polymers and their derivatives also have been increasingly sought out as 

sulfur hosts for their application in the development of Li-S batteries, because their 

unique chain structures and functional groups aid in restraining the shuttle effect through 

physical absorption and/or chemical bonding. Additionally, the good flexibility of 

polymers is beneficial for improving the mechanical strength and alleviating the volume 

expansion of the cathode. Kim et al.64 reported a layer by layer polymer deposition 

strategy to develop stable cathode for Li-S batteries. They deposited a single 



20 

 

poly(allylamine hydrochloride) /poly(acrylic acid) (PAH/PAA) priming bi-layer 

with overcoated bi-layers of (polyethylene oxide/poly(acrylic acid))n (PEO/PAA)n on 

sulfur cathode materials (Figure 3.4a). The PAH/PAA layer was formed via the spin 

coating a mixed aqueous solution containing PAA (pH 3.5) and PAH (pH 7.5). 

Sequentially, the (PEO/PAA)n multilayers were introduced on the sulfur cathode via 

dipping deposition from PEO/PAA solution. Each solution was prepared by adding 0.1 

M lithium bis(tri-fluoromethanesulfonyl)imide (LiTFSI), and the pH of the solution 

should be adjusted to allow for the hydrogen bonding between the proton rich carboxylic 

acids of PAA and the ether oxygen of PEO.64 The research results indicated that the 

presence of a PAH/PAA bilayer on the sulfur cathode can act as a priming layer to aid 

in the further deposition of PEO/PAA layer. The PAH/PAA/(PEO/PAA)3 coated layer 

can minimize the polysulfides diffusion rate while allowing the diffusion of lithium 

ions. Chung et al.65 fabricated processable polymeric materials by directly 

copolymerization the vinylic monomers with elemental sulfur (Figure 3.4b). The tunable 

thermomechanical properties enables a high content of sulfur in the copolymer. The 

sulfur-modified copolymer cathodes exhibited a high specific capacity of 823 mA h g−1 

after 100 cycles at 0.1 C (Figure 3.4d).65 Meanwhile, a class of organosulfur 

compounds(Figure 3.4c) were also fabricated by employing the porous 

trithiocyanuric acid (TTCA) crystals as precursors.66 Applied the sulfur-rich polymers 

as cathode materials in Li-S batteries, The cells showed a high reversible capacity 

of 945 mA h g−1 at 0.2 C after 100 cycles, achieving a high capacity retention of 

92% (Figure 3.4e).66 

In a word, confining sulfur within cathode is an effective approach to improve the 

electrochemical performance of Li-S batteries. However, despite some issues of Li-S 

batteries can be addressed by employing porous and/or polar materials to design unique 
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structure of sulfur cathode in the case of low sulfur loading, new challenges will be 

brought. On the one hand, the more serious volume expansion at high sulfur loading 

accelerate fatigue failure of the cathode structure. On the other hand, the electrical 

insulating property of most polar materials needs high content of conductivity additives 

to enhance the electrical conductivity of the cathode, thus resulting in a low sulfur ratio 

in the cell, which would inevitably sacrifice the overall energy density.  

 

Figure 3.4 (a) Schematic illustrates fabrication of PAH/PAA/(PEO/PAA) by the layer-

by-layer (LbL) deposition.64 (b) Synthetic scheme of S8 with DIB to form sulfur 

copolymers.65 (c) SEM images of the S-TTCA-I.66 (d) Cycling performance with a 

charge/discharge profile inset.65 (e) The cycling performance and Coulombic efficiencies 

of Li-S cells with different cathodes.66 
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3.3 Protecting lithium-metal anodes 

Apart from the cathode issue, the deactivation of metallic lithium anodes is also a 

serious problem leading to premature failure of the Li-S battery. In order to improve the 

cycling performance of Li-S batteries, approaches aiming to reinforce solid electrolyte 

interface (SEI) layers on the lithium metal anodes were extensively adopted, including 

adding additives into electrolytes, adjusting the components of electrolytes, introducing 

artificial layer on the surface of lithium anodes. Herein, the strategies are categorized into 

two parts: (1) including introducing additives into electrolytes and adjusting the 

components of electrolytes are identified as the in-situ protection; (2) introducing 

artificial layer on the surface of lithium anodes is regarded as the ex-situ protection.  

3.3.1 In-situ protection  

 

Figure 3.5 Schematic of the morphologies of lithium deposited on the  

substrate (a) without lithium polysulfide and (b) with lithium polysulfide. SEM 

images of cycled lithium metal electrodes (c) without and (d) with the addition of Li2S8 

(0.18 M). Scale bars, 20 mm.67 (e) Schematic of the cell with the Li3N layer, (f) the 

charge-discharge profiles and (g) cycling performance of Li-S batteries with 

different lithium anodes at 0.2 C.68 
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In liquid electrolytes, a lot of organic and inorganic compounds have been 

introduced as additives to promote the formation of stable SEI layer during the initial 

cycles that activating lithium metal anodes. Electrolyte additives are generally deemed 

sacrificial. An ideal additive for electrolyte should react with lithium to some degree to 

form a chemically and physically stable SEI layer but should avoid too reactive to 

consume too much lithium. The formed SEI layer are beneficial for preventing the further 

side reaction between electrolyte and lithium metal anodes in the subsequent cycling 

process, inhibiting the decomposition of electrolytes and irreversible consumption of 

active lithium metal.57, 69 The first-principles calculations and microgravimetric 

measurements also theoretically and experimentally demonstrated that an available SEI 

layer can aid in obtaining highly efficient lithium metal anodes,70 which is quite essential 

to achieve high energy density of lithium metal-based batteries. Cui et al.67 reported that 

the manipulating chemical reactions between lithium, lithium nitrate (LiNO3) and lithium 

polysulfide (Li2S8) can effectively inhibit the growth of lithium dendrites. Both Li2S8 and 

LiNO3 served as additives to be introduced in ether-based electrolyte, which capacitates 

a synergetic effect to form a uniform and stable SEI layer on the surface of lithium metal 

anodes (Figure 3.5a, b).67 The formed SEI layer greatly reduce the decomposition of 

electrolyte and can greatly minimize the electrolyte. Additionally, they observed that the 

formation of lithium dendrites can be effectively suppressed at a practical current density 

of 2 mA cm−2 up to a deposited areal capacity of 6 mA h cm−2 (Figure 3.5c, d).67 Ma et 

al.68 in-situ constructed a Li3N protective layer on the lithium anode surface via directly 

making the lithium metal react with nitrogen (N2) gas at the at room temperature. The 

polycrystalline Li3N layer showed a high ionic conductivity that enable the fast migration 

of Li+. Besides, the Li3N layer can simultaneously inhibit the growth of lithium dendrites 

and prevent side reaction between polysulfides-contained electrolyte and lithium metal 
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anode (Figure 3.5e). As a result, lower polarization (Figure 3.5f) and a higher reversible 

capacity (956 m A h g−1) after 200 cycles at 0.2 C (Figure 3.5g) was obtained after 

employing a Li3N protected lithium metal as anode for Li-S batteries.68 Besides adding 

additives into electrolyte, Archer’s group demonstrated the application of hybrid 

electrolytes, such as ionic liquid-based hybrid electrolytes, as well as liquid electrolytes 

with halogenated salt solid blends, can effectively inhibit the growth of lithium dendrites 

and realize stable lithium metal anodes in carbonate electrolyte.71-73 

3.3.2 Ex-situ protection  

Except for adding the additives in electrolytes to in-situ generate the stable SEI 

layers, beforehand introducing an artificial SEI layer on the surface of lithium anodes 

were also widely applied to promote a stable lithium plating/striping process, 

mechanically suppressing the growth of lithium dendrites. Zheng et al.74 introduced a 

monolayer composed of interconnected amorphous hollow carbon spheres on the surface 

of lithium metal anode to facilitate the formation of a stable SEI layer (Figure 3.6a, b). 

The chemically stable carbon layer on the surface of lithium metal has a Young’s modulus 

(~200 Gpa), which is strong enough to inhibit the growth of lithium dendrites. Moreover, 

the weakly bound between the carbon layer and the current collector of lithium metal can 

move up and down to adjust available space to accommodate the volume change of 

lithium metal anodes during cycling.74 Kozen et al.75 developed a new strategy to stabilize 

the lithium metal anode via directly introducing atomic layer deposition (ALD) 

protection layers on the surface of lithium metal, creating a new phase between 

various corrosive surroundings and the metal anodes. As shown in Figure 3.6c, the 

pristine lithium foil almost immediately begins tarnishing after air exposure less than 1 

min, while the ALD Al2O3 protected lithium foil greatly delayed the onset of surface 

tarnishing up to 20 h.75 Furthermore, the Li-S battery with a protected lithium 
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anode maintained about 90% of its initial capacity after 100 cycles at 0.1 C (Figure 

3.6d), and the Li-S with a bare lithium metal anode can only kept 50% of its initial 

capacity, indicating that the introduction of a ALD Al2O3 layer on lithium metal anode 

can effectively improve the electrochemical performance of Li-S batteries.75 

 

Figure 3.6 (a) Schematic diagrams of stabilizing the lithium metal by a hollow carbon 

nanosphere layer, (b) cross-section SEM image of the carbon spheres coated lithium 

metal.74 (c) Optical images of lithium foil surface exposed in atmosphere, (d) cycling 

performance of Li-S cells with different lithium anodes.75 

It should be noted that although introducing an addition layer on the surface of 

lithium metal can simultaneously suppress the reaction between polysulfides and lithium 

metal and prevent the growth of lithium dendrites, it generally increases the interfacial 

resistance between lithium anode and electrolyte.  

3.4 Modifying separators 

Owing to without adverse influence on the cathode and anode, functional 

separators have been attracted considerable attentions recent years. Modifying the 

common separators by functional materials has been demonstrated that can 

effectively inhibit the shuttle effect via physical obstruction and/or chemical 

bonding.76-79 In this case, separator modification seems to be more reliable to 
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obtain high-performance Li-S batteries for practical applications. The materials 

used for modifying separators are basically the same with the materials for 

stabilizing cathode, including carbon-based materials, inorganic metal 

oxides/sulfides-based materials, and polymer-based materials. Some novel 

materials such as black phosphorus and metal-organic framework (MOF) were also 

exploited and applied for constructing functional separators.  

3.4.1 Carbon-based separators  

 

Figure 3.7 (a) Schematic illustration of Li-S cell with a carbon-based separator, (b) long-

term cycling performance of various separators at 0.6 C.80 (c) SEM image of carbon-

coated Glass Fiber with its photograph inset, (d) Cycling performance of Li-S cells with 

PGF and CGF at a current density of 0.2 C.81  

Owing to the extraordinary electrical conductivity, large surface area, good 

thermostability and chemical stability, carbon-based materials become one of the 

most popular choice to modify the separators for Li-S batteries. The wildly applied 

materials include carbon particals,78-80 carbon nanofibers/nanotubes,84-89 graphene or 

graphene oxide sheets,90-94 and various porous carbon-based materials.81, 83, 95-97 A typical 
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scheme of carbon-modification separator for impeding the shuttle of polysulfides is 

shown in Figure 3.7a.80 Introducing a carbon interlayer between the cathode and 

traditional separator can not only block the diffusion of polysulfide anions by physical 

obstruction, but also can sever as an additional current collector to facilitate the electrons 

transport into active material. Such a design is beneficial for enhancing the utilization of 

active materials and improving the cycle stability of Li-S batteries. As a result, the Li-S 

batteries with a carbon coated separator achieved a discharge capacity of 730 mA h g−1 

at 0.6 C after 500 cycles with a small capacity decay rate of 0.058% per cycle 

(Figure 3.7b).80 Zhu et al.81 coated a conductive carbon (Super P) particle layer onto one 

side of the ordinary Glass Fiber (GF) membrane (Figure 3.7c) by a doctoral blade casting 

method. When the separator applied in the Li-S battery (the carbon layer toward the sulfur 

cathode), outstanding cyclic stability with a high reversible capacity of 956 mA h g−1 

after 200 cycles at 0.2 C (Figure 3.7d).81 

3.4.2 Inorganic metal oxides/sulfides-based separators 

Because the metal oxides/sulfides can immobile polysulfides by the chemical 

interaction between the polysulfides and the heteroatom dopants (such as B, N, O, and S, 

etc.) or the exposed metal sites on the polar materials, inorganic metal oxides/sulfides and 

their composites are employed as modifiers to fabricate the functional separators for Li-

S batteries. Vanadium oxide (V2O5) with good solid-state Li+ conductivity, is a popular 

cathode material for lithium-ion battery. A micrometer-scale V2O5 layer coated on the 

commercial separators can effectively mitigate the polysulfides diffusion without 

negatively influence on the transportation of Li+.98 Besides of blocking the shuttle effect, 

multi-component-based separators are also beneficial for further address the corrosion 

problem of Li anodes. Al2O3 are generally employed as a functional coating on the 

separator to improve the electrochemical performance of lithium-ion batteries. The good 
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thermal stability of Al2O3 is in favour of controlling the thermal shrinkage of separator. 

Moreover, the intrinsic hydrophilicity of Al2O3 can greatly improve the liquid electrolyte 

wetting behaviour of the separator.99, 100 Owning to these advantages, Al2O3 recently are 

used for Li-S batteries in two ways, one is as sulfur hosts in cathode,101, 102 another is as 

a function layer on the routine separator. When the Al2O3 layer faced to cathode, it can 

block the migration of polysulfides via chemical adsorbing and physical obstacle.100, 103, 

104 Tang et al.82 introduced a MoS2 layer on the surface of commercial Celgard membrane 

(Figure 3.8b). The MoS2/Celgard separator acted as an ion sieve that allowed Li+ 

transition while prevent the undesired migration of polysulfide anions (Figure 3.8a).82 

Meanwhile, attributed to the good Li+ conductivity of the separator, the Li-S battery 

delivered an initial discharge capacity of 808 mA h g−1 at 0.5 C and maintained 401 

mA h g−1 after 600 cycles with a low capacity decay rate of 0.083% per cycle  

(Figure 3.8c).82 

 

 

Figure 3.8 (a) Schematic illustration of Li-S cell with a MoS2/Celgard separator, (b) cross 

section SEM image of a MoS2 layer, (c) cycling performance of the Li-S cells with 

different separators at 0.5 C.82  
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3.4.3 Organic polymer-based separators 

 

Figure 3.9 (a) Schematic of Li-S cell with an ion-selective separator, in which the 

separator allows the Li+ transport while blocks the diffusion of polysulfide anions, (b) 

SEM image of Nafion-PP/PE/PP membrane.77 (c) Charge/discharge profiles and (d) 

cycling performance of the cell with different separators at 1 C.83 

Except as binders or as functional additives in cathode, polymers recently are used 

to fabricate separators owing to their good flexibility as well as unique chemical 

properties.39, 105 Nafion, a typical polymeric material, possesses a lot of sulfonate-ended 

perfluoroalkyl ether groups (–SO3
–), which allow the hopping of positively charged 

species while block the diffusion of positively charge species.77, 83, 106-108 Thus, 

introducing a Nafion layer onto the separator in Li-S batteries can effectively mitigate the 

shuttle effect (Figure 3.9a, b).77 Cai et al.83 coated a lithiated-Nafion-based separator in 

Li-S batteries, achieving a more higher discharge capacity (1330 mA h g−1) at 0.2 C than 

that of a common Celgard-battery (Figure 3.9c). Furthermore, the lithiated-Nafion-based 
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cell achieved a high reversible capacity of 770 mA h g−1 even after 300 cycles at a current 

density of 1 C (Figure 3.9d).83 In addition, because the poly(styrenesulfonate) (PSS) also 

has an appropriate –SO3
–  groups on its surface, the separators coated with PSS layer also 

can work as an electrostatic shield towards polysulfide anions.109, 110 Carboxyl acid groups 

exhibits good cationic permselectivity, separators grafted carboxyl acid groups also 

benefit for suppress polysulfides shuttle.111 Proton-doped conductive polymers, such as 

polypyrrole (Ppy), polyaniline (PANI), as well as polythiophene (PT), can employ the 

protons as bridges to combine with polysulfides through hydrogen bonds (H-bonds).112, 

113 Furthermore, the conductive polymers with good electronical and ionic conductivity 

can reduce the interfacial resistance of the batteries, realizing improved rate 

capability.114-116 
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Chapter 4. Target and outline of this dissertation 

4.1 Motivation of this research 

Rechargeable Li-S batteries are considered as one of the most promising 

candidates for next generation electrochemical energy storage systems. However, their 

practical applications are seriously limited by a serious of problems. Recently, massive 

efforts, including fabricating sulfur-composites cathode materials, introducing stable SEI 

layer to protect lithium metal anodes and employing functional materials to modify the 

separators, have been devoted to improving the electrochemical performance of Li-S 

batteries. Despite some issues can be addressed by stabilizing sulfur cathode and 

protecting lithium anode, new challenges will be brought. On one hand, introducing too 

much insulative materials in the cathode will lead to a low sulfur ratio in the cell, which 

would inevitably sacrifice the overall energy density. On the other hand, introducing an 

addition layer on the surface of lithium metal will increase the interfacial resistance 

between lithium anode and electrolyte, resulting poor rate performance. Thus, it seems 

that modifying separators are more reliable to achieve high performance of Li-S batteries. 

Nevertheless, numerous strategies have been developed to use functional separators to 

restrain the shuttle effect, little attentions focus on employing separators to inhibit the 

growth of lithium dendrites. Besides, although enhanced electrochemical performance of 

Li-S coin cells with low sulfur loading can be easily achieved, how to develop a high-

quality separator for high-performance practical Li-S pouch cell with high sulfur loading 

is still needed to put in a lot of efforts to exploited and study. Therefore, functional 

separators that can simultaneously suppress the undesirable polysulfides shuttle and the 

uncontrolled growth of lithium dendrites (Figure 4.1) should be further developed for 

comprehensively enhancing the electrochemical performance of practical Li-S batteries.  
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Figure 4.1 Fabricating a functional separator that can simultaneously suppress the 

polysulfides shuttle and the growth of lithium dendrites. 

4.2 Target of this research 

 

Figure 4.2 The research routes and main target of this research.  
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The main target of this research is aiming to develop high-quality separators to 

enhance the utilization of active materials and prolong the cycle life of Li-S batteries. 

Details are as follows: 

(1) Introducing a functional layer between cathode and routine separator to inhibit 

the diffusion of polysulfides by physical barrier or repulsion effect (Figure 4.2a); 

(2) Coating a function layer on the routine separator faced anode side to suppress 

the growth of lithium dendrites by regulating the uniform transportation of lithium ions 

(Figure 4.2b); 

(3) Fabricating a free-standing separator with multifunction to simultaneously 

prevent the polysulfides shuttle and the lithium dendrites growth (Figure 4.2c).  

4.3 Outline of this thesis 

This dissertation consists of the following 8 chapters: 

Charter 1 is a general introduction of Li-S batteries, including the historical 

development, configurations and principles of Li-S batteries. 

Chapter 2 introduces the technical challenges of lithium-sulfur batteries, including 

the insulating nature of sulfur, the shuttle of soluble polysulfides, volume expansion 

of sulfur cathode, and degradation of the lithium-metal anode. 

Chapter 3 illustrates the effective strategies to address the issues in lithium-sulfur 

batteries, including stabilizing sulfur cathodes, protecting lithium-metal anodes, and 

modifying separators. 

Chapter 4 proposes the motivation and target of this research. 

Chapter 5 introduces how to build a “polysulfides-phobic” interface for inhibiting 

the polysulfides shuttle. The corresponding XPS spectra, Raman observations, 
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permeation experiments, and electrochemical tests also will be provided to demonstrate 

the effectivity of the proposed “polysulfides-phobic” strategy; 

Chapter 6 introduces respectively employing a lithiated Nafion (Li@Nafion) layer 

to suppress the polysulfides shuttle by Columbic repulsion and an Al2O3 layer to inhibit 

the lithium dendrites growth by regulating uniform lithium ions fluxes;  

Chapter 7 introduces developing a free-standing MOF-based separator to 

simultaneously address the issues of polysulfides shuttle and lithium dendrites growth. 

Moreover, the reliability of practicability of the MOF-based separators also will be 

demonstrated by the practical Li-S pouch cell with high sulfur loading; 

Chapter 8 makes a conclusion of the whole dissertation. 
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Chapter 5. Building a “polysulfides-phobic” interface  

to restrain shuttle effect 

5.1 Introduction 

Rapid development of electric vehicles and portable electronics come up with 

high demands of the novel energy storage systems in regard to high energy density and 

long-cycle life. Owing to their ultrahigh theoretical specific capacity (1675 mA h g‒

1), rechargeable Li-S batteries are attracted considerable attentions.117-119 However, the 

fatal effects aroused by undesirable polysulfides shuttle would give rise to low sulfur 

utilization and rapid decay of capacity.1, 120, 121 Thus, the actual performance of Li-S 

batteries is difficult to reach the theoretical value, and their practical applications are 

still up against enormous challenges.122-124  

Over the past decades, enormous efforts have been devoted to addressing 

aforesaid issues.40, 80, 125-129 One of the most popular strategies to restrain shuttle effect is 

introducing porous martials and/or polar materials as the hosts of sulfur. Thus, the 

produced polysulfides intermediates can be confined within holes of the porous hosts by 

physical adsorption or anchored by polar materials via chemical bonding.130-135 Despite 

the polysulfides shuttle can be indeed mitigated to some degree by the adsorption/bonding 

strategies, it is unable to immobilize the polysulfides too long time due to unstable 

cathode structure suffered from the violent volume expansion.136, 137 In addition, the 

insulative nature of most polar materials needs high content of conductivity additive, thus 

leading to a low sulfur ratio, which is difficult to achieve high energy density of the 

battery. In this case, introducing a barrier layer on the separator towards the cathode 

seems more reliable, since it would not bring any negative influences on the cathode.  
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Figure 5.1 Schematics of (a) a hydro-phobic surface by anchoring hydrophobic groups on 

the substrate and (b) a polysulfide-phobic surface by immobilizing polysulfides on the 

polar materials. 

The hydrophobic effect is a very important nonspecific interaction in biological 

owing to its significant guiding significance in fundamental researches and practical 

applications. According to the hydrophobic mechanism of some biological materials (e.g. 

lotus leaves, butterfly wings, fish scales, et al.), a large number of artificial hydrophobic 

surfaces have been built by introducing various hydrophobic groups on the substrates 

(Figure 5.1a). The popular hydrophobic groups include ethyl, ethyl, n-butyl, and so on.138 

The constructed hydrophobic surfaces have strong repulsion effect on the approaching 

H2O molecules, producing a self-cleaning surface to reduce the dust contamination 

erosion and accumulation.139 Herein, enlightened by the hydrophobic repulsion effect 

towards the water molecules, we render a novel strategy that building a “polysulfide-

phobic” interface to mitigate the shuttle of polysulfide anions. Owing to the 

electronegativity of polysulfide anions, we employed the polysulfides themselves as the 

polysulfide-phobic groups to construct the polysulfide-phobic surface, in which the polar 

materials are used as substrates to anchor the polysulfides by chemical bonding to form a 
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stable interface (Figure 5.1b). The as-constructed polysulfide-phobic surface can reject 

the diffusion of polysulfides ions by the Coulomb repulsion. 

5.2 Experiment and characterization 

5.2.1 Chemicals and materials 

Vanadium pentoxide (V2O5), sulfur (S8), sodium thiosulfate (N2S2O3) and 1, 3-

dioxolane (DOL, >99.9%) were purchased from Tokyo Chemical Industry Co., Ltd. 

Phosphoric acid (H3PO4, 85%,), hydrochloric acid (HCl, 35%~37%), 2-propanol and 1,2 

dimethoxymethane (DME, >99.9%) were obtained from FUJIFILM Wako Pure Chemical 

Corporation. Lithium sulfide (Li2S, 99.9% purity), lithium bis(trifluoromethanesulfonyl) 

imide (LiTFSI) and lithium nitrate (LiNO3) were purchased from Sigma-Aldrich. Celgard 

2400 (PP) membranes were obtained from Celgard company.  

5.2.2 Synthesis of Li2S6 in DOL/DME 

The Li2S6 solution was synthesized according to a reported method.140 In detail, 

S8 powder and Li2S powder were mixed with a molar ratio of 34 in a glass bottle under 

protection of Argon. Then a mixed solvent of DME and DOL, with a volume ratio of 1:1 

was added into the glass bottle under mild stirring. After continuously stirring at 50 °C 

for 12 h, a red-brown Li2S6 solution was finally obtained.  

5.2.3 Fabrication of flexible S6
2−-VOPO4/PP membranes 

Preparation of VOPO42H2O precursor. The bulk VOPO42H2O precursor was 

prepared according a reflux method reported by the reference.141, 142 Briefly, 2.4 g V2O5 

was added into a mixture of H3PO4 (13.3 mL) and H2O (67.7 mL) under stirring. After 

refluxing at 110 C for 16 h, the system was naturally cooled down to room temperature. 

The resulting luminous yellow precipitate was collected by filtration, washed several 
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times with acetone. Finally, the as-prepared products were dried in vacuum oven at 60 C 

for 12 h to obtain VOPO42H2O powder.  

Preparation of VOPO4/PP membranes. To prepare flexible VOPO4/PP 

membranes, 100 mg VOPO42H2O yellow powder was dispersed in 200 mL 2-propanol. 

After stirring for 1 h, the obtained suspension was ultrasonicated in iced water for 5 h to 

exfoliate the bulk VOPO42H2O, then the VOPO4 nanosheets suspension with a 

concentration of 0.5 mg mL−1 was obtained. The flexible VOPO4/PP membranes were 

fabricated via a simple and mild self-assembly strategy. In detail, 30 ml VOPO4 

nanosheets suspension was firstly filtered through a conventional PP filter membrane. 

After the 2-propanol solvent was removed, the obtained VOPO4/PP membranes 

(abbreviated as VPP) were dried at 60 °C for 12 h in a vacuum oven before using. 

Fabrication of S6
2−-VOPO4/PP membranes. The as-prepared VOPO4/PP 

membranes were firstly cut into wafers with diameter of 16 mm. Then the small 

VOPO4/PP wafers were immersed in Li2S6 solution for 12 h under the protection of 

Argon. After fully reaction with polysulfides, the small VOPO4/PP wafers were washed 

several times by immersing in pure DME solvent to remove the redundant Li2S6. Finally, 

the S6
2− treated VOPO4/PP (abbreviated as S6

2−-VPP) membranes were dried by vacuum 

valve before using. 

5.2.4 Preparation of graphene@sulfur cathode materials 

The graphene@sulfur composite materials were prepared by a self-assembled 

method.143 In detail, Na2S2O3 power (79 mg) was added in GO suspension (1 mg mL‒1, 

24 mL). After stirring for 1 h, the mixed Na2S2O3/GO solution was treated by an 

ultrasonic processing for 0.5 h. Then, HCl (5 M, 0.1 mL) was introduced. After 

continually stirring for 0.5 h, the obtained yellow brown muddy liquid mixture was sealed 

in a glass vial, which was heated at 95 °C for 4 h. After the GO was completely reduced 
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to form reduced graphene oxide (RGO), the products were washed by ultrapure water to 

remove the extra impurities and ions. Lastly, the obtained reduced graphene oxide/sulfur 

(RGO@S) hybrid composites was freeze-dried for 10 h. The sulfur content calculated by 

thermogravimetric analysis (TGA) was about 87%. 

5.2.5 Lithium-sulfur cells assembly 

All Li-S coin cells were assembled in an Argon filled glove box with moisture 

and oxygen contents below 1 ppm. The cathode was prepared mixing the RGO@S, 

carbon black and PVDF (8:1:1 by weight) in NMP to form a slurry. Then the mixed slurry 

was coated on the aluminium foil. After drying at 70 °C for 12 h in a vacuum oven, the 

mixture coated aluminium foil was cut into wafers with diameter of 11 mm to be used as 

cathodes (sulfur loading~ 1 mg cm−2). The anodes were prepared by directly pressing Li 

metal foils on stainless steel foils. The electrolyte was 1 M LiTFSI in DOL and DME (1:1 

by volume) with 2 wt% LiNO3 as additive. The addition amount of electrolyte in every 

cell was about 30 µL. The commercial Celgard 2400 (PP) and the as-prepared S6
2−-VPP 

membranes with diameter of 16 mm were used as separators. It should be noted that the 

S6
2−-VOPO4 coating layer was faced to cathode side. Standard 2032 coin cells were used 

to evaluate the electrochemical performance of Li-S batteries. 

5.2.6 Characterization 

LEO Gemini Supra 35 system and SU8020 field-emission scanning electron 

microscopy (FE-SEM) was used to reveal the morphologies of the samples. The X-ray 

diffraction (XRD) patterns were performed by scanning from 5 to 50 under an operating 

voltage of 40 kV and a current of 40 mA on a Bruker D8 Advanced diffractometer fitted 

with Cu-Kα X-rays (λ =1.5406Å) radiation. X–ray photoelectron spectroscopy (XPS) 

spectra was obtained from the AXIS ULTRA (Kratos Analytical Ltd.) using Al Ka 
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radiation (1486.6 eV) as an excitation source. Zeta potentials were measured by using the 

Electrophoretic Light Scattering (ELS) (Malvern Instruments Ltd). The materials were 

dispersed into 2-propanol. Thermogravimetric analysis (TGA) data were obtained from 

an AXIS ULTRA under the protection of N2 atmosphere in a temperature range from 20 

to 500 C at a heating rate of 5 C min‒1. 

5.2.7 Raman Measurements 

The Raman spectra were obtained by a Renishaw inVia microscope Spectrometer. 

A 50×long working distance lens (Olympus America Inc.) was employed. The confocal 

slit was 4.0 μm. The collection time of Raman spectrum was about 45~60 s. During 

operando testing, the sample (plate and electrolyte solution) is sealed within an Ar-gas 

tight home-made cell. Besides, the SiO2 wrapped gold nanoparticles with diameter around 

40 nm144 were used as enhanced additives, which were coated on the surface of VOPO4 

before assembly. As for the time/space-resolution operando testing, the Au@SiO2 nano 

particles were dispersed into the as-prepared polysulfide solution. 

5.2.8 Ionic conductivity 

The ionic conductivity was performed carried out by a symmetric coin cell 

assembled by two stainless steel electrodes. The separators (PP or S6
2−-VPP membranes) 

were saturated with same electrolyte with Li-S coin cells. The value of ionic conductivity 

was calculated from EIS according to the following equation (Equation 5.1).82 

 =d/(RA)                                            (Equation 5.1) 

In which  is the ionic conductivity (S cm−1), d refers to the thickness of separator (cm), 

R stands for the resistance (), and A represents the area of stainless steel electrode (cm2). 

5.2.9 Transference number of lithium ions 

The Li+ transference number was evaluated by a potentiostatic polarization  
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method in a Li//Li symmetric coin cell, and the separator was PP membrane or S6
2−-VPP 

membrane saturated with 0.3 M Li2S6 electrolyte. The potentiostatic polarization process 

was performed with a constant potential at 20 mV for 10000s to record the current at 

initial and steady-state. Besides, before and after the potentiostatic polarization, the EIS 

were also needed to be collected. The Li+ transference number was calculated according 

to the following equation (Equation 5.2).145, 146 

tLi+ = Iss(V-I0R0) / I0(V-IssRss)            (Equation 5.2) 

In which tLi+ stands for the Li+ transference number, I0 and Iss is the current at initial and 

steady-state (mA), R0 and Rss presents for the resistance before and after the potentiostatic 

polarization (), V is the potentiostatic potential (V). 

5.2.10 Electrochemical measurements 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

were carried out by using Solartron 1470 system. CV curves were collected at various 

scan rates within a potential window of 1.7~2.8 V versus Li/Li+. The EIS was measured 

in a frequency range of 100 kHz to 0.01 Hz with amplitude of 5 mV. The galvanostatic 

charge/discharge were carried out by using a Hokuto system at room temperature. Cycling 

stability of Li-S cells were measured galvanostatically at various charge/discharge rates 

within a potential window of 1.7~2.8 V versus Li/Li+. The mass specific capacities were 

calculated based on the total mass of sulfur in this paper. 

5.3 Results and Discussions  

5.3.1 Immobilization of polysulfides on VOPO4 

Herein, we employed the 2D vanadyl phosphate (VOPO4) sheets with a typical 

layered structure as the polar materials to anchor the polysulfides. The VOPO4 sheets 

were obtained from vanadyl phosphate dihydrate (VOPO42H2O) with a typical two 
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dimensional layered structure, in which the VOPO4 sheets form the linked vertex-sharing 

VO6 octahedra and phosphate PO4 tetrahedra.147 The X-ray powder diffraction (XRD) 

pattern of the pristine bulk VOPO42H2O precursor is shown in Figure 5.2a. All the 

characteristic peaks can be readily indexed to the tetragonal VOPO42H2O (JCPDS card 

NO. 84-0111) with P4/nmm space group (a = 6.202 Å, b = 6.202 Å, c = 7.410 Å).147 The 

Field emission scanning electron microscopy (FE-SEM) image (Figure 5.2b) further 

exhibits the characteristic layered structure of the bulk VOPO42H2O, of which the 

VOPO4 sheets were tightly stacked. After a period of strong ultrasonication treated in 2-

propanol solution, the hydrogen bonds between the H2O molecules and VOPO4 sheets 

were destroyed and pure VOPO4 sheets were obtained.147  

Figure 5.2 (a) XRD pattern and (b) FE-SEM image of layered VOPO4·2H2O. 

 

Figure 5.3 The color change of a Li2S6 solution after introducing VOPO4 sheets with the 

increase of rest time. 
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The immobilization of polysulfides on the VOPO4 sheets was carried out by 

adding VOPO4 sheets into a Li2S6 DME/DOL solution. From the Figure 5.3, we can see 

that the color of rufous Li2S6 solution gradually faded with the increase of rest time, 

indicating a strong interaction between the polysulfides and VOPO4 sheets. X-ray 

photoelectron spectroscopy (XPS) was employed to analyze the surface compositions and 

chemical states of VOPO4 before and after treating in Li2S6 solution. As shown in Figure 

5.4a, obvious S 2s and S 2p peaks appear on the survey spectrum of Li2S6-treated VOPO4, 

suggesting that effective absorption of VOPO4 sheets towards polysulfides. In addition, 

the deconvoluted S 2p XPS spectrum exhibited two distinct peaks at 164.2 and 162.9 eV 

(Figure 5.4b), which are assigned to bridging sulfur (SB
0) and terminal sulfur (ST

−1), 

respectively.149 The splitting of S 2p peaks is rationally resulted from the change of 

complex chemical environment of S. In the meanwhile, the V 2p peaks of VOPO4 at 524.6 

and 517.1 eV assigned to V 2p1/2 and V 2p3/2 were shifted to lower binding energies 523.8 

and 516.4 eV after treating in Li2S6 solution (Figure 5.4c), further confirming that a new  

local environment of V was formed after anchored with polysulfide species. 

Figure 5.4 (a) Wide-scan survey XPS spectra of pristine VOPO4 and S6
2−-VOPO4. (b) S 

2p and (c) V 2p elemental XPS spectra of S6
2−-VOPO4.   

Then, we employed the time-resolved operando Raman spectroscopy to further 

investigate the variation trend of polysulfide adsorption state. As shown in Figure 5.5a 
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and 5.5b, profiting by the shell-isolated nanoparticle-enhanced Raman spectroscopy 

(SHINER) technology, surface information of VOPO4 was obtained after soaking into 

polysulfide (S6
2−)-contained solution. It should be noted that the tested samples were pre-

deposited by SiO2@Au-based surface-enhanced additive to reduce the interference 

information. After treated within polysulfides solution, the shift of original VOPO4-

related Raman peaks (PO4 stretching and PO4 bending/stretching, etc.) exhibit well 

coincide with the corresponding change of local environment, which was revealed by 

XPS observation. Additionally, a pair of new peaks located at 218 and 358 cm−1 were 

appeared, assigning to the adsorbed S6
2− and S8

2− polysulfide species (S-S stretching 

modes, υs).
 It should be mentioned that although the as-prepared polysulfide solution is 

dominated by S6
2−, a small amount of S8

2− can be detected, which was resulted from the 

typical polysulfides disproportionate reactions. According to the Raman spectrum of 

vanadium sulfide, this newly appeared peak can be ascribed to the V-S stretching mode 

within surface anchored with polysulfide species.148 Furthermore, from the time-

resolution spectroscopic information (Figure 5.5c, d), it can be seen that the adsorption 

of polysulfide gradually increased and finally reached a saturation point after 75 min 

aging. 

On the contrary, no obvious desorption can be observed during the continuous 

soaking/aging, implying that the polysulfides-saturated VOPO4 surface kept a stable state. 

In this case, the evidence obtained from Raman results demonstrated the chemical 

adsorption interaction between VOPO4 host and polysulfide is stable and it can reach to 

a saturation state. The relationship between the amount of VOPO4 and the adsorbed 

amount of polysulfides is shown in Figure 5.6. It can be concluded that when the available 

vacancies of VOPO4 are fully occupied by polysulfides, the absorbed polysulfides satisfy 

the relational expression of mPS=0.35 mV (mV represents the mass of VOPO4 while mPS 
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stands for the mass of absorbed polysulfides, which was calculated by the mass difference 

between the S6
2−-VOPO4 and pristine VOPO4). 

 

 

Figure 5.5 (a) Raman peak assignments for S-S and V-S stretching modes within obtained 

spectra. (b) Raman spectra collected on the surface of VOPO4. after different aging time. 

(c) Raman peak assignments: at the pristine state (black trace) and after 2 hours aging 

(blue trace), respectively. (d) Time-dependence of specific Raman peak intensities, which 

directly read from the operando spectra.  
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Figure 5.6 The relationship between the amount of VOPO4 and the adsorbed amount of 

polysulfides. 

5.3.2 The effect of S6
2−-VOPO4 on the polysulfide anions 

Zeta potential analysis was employed to reveal the surface charge of S6
2−-treated 

VOPO4. Both the VOPO4 and S6
2−-treated VOPO4 powder were dispersed in 2-propanol. 

As shown in Figure 5.7, the pristine VOPO4 shows a Zeta-potential of 0.26 mV, 

suggesting that the pure VOPO4 is electrically neutral. On the contrary, the S6
2−-treated 

VOPO4 exhibits a value of −31.70 mV, indicating the electronegativity of the S6
2−-

VOPO4.  

To further elucidate the effect of S6
2−-treated VOPO4 on the dissolved polysulfide 

anions, the advanced time/space-resolved operando Raman observation was employed 

(Figure 5.8). It is worth emphasizing that the Raman laser beam herein was focused on 

the polysulfide-contained solution near the interlayer rather than the VOPO4 surface, thus 

we can collect the information of concentration distributions of soluble polysulfides in 

different spaces with the solution. It can be seen from the inset of Figure 5.8a that the 

related Raman signals were collected by shifting the laser beam away from the VOPO4 
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Figure 5.7 Zeta potential results of (a) the pristine VOPO4 powder and (b) the S6
2−-VOPO4 

dispersed in 2-propanol. 

after different aging times. It should be noted that due to the too big size of Raman beam 

(1~2 um in diameter), although the laser spot was just focused on the solution region near 

the solid/liquid interface, some adsorption information from surface can inevitably be 

collected. In this case, the characteristic peak of surface adsorbed V-S6
2− (307 cm−1) was 

observed from the several initial spectra recorded near the VOPO4 surface (bottom black 

traces, Figure 5.8a), then gradually reduced as the divorcing/removing laser beam away 

from VOPO4 surface, and finally disappeared (upper blue traces, Figure 5.8a). In another 

word, the collected Raman information of polysulfides were attributed to two sections: 

surface adsorbed and bulk dissolved, which are illustrated in Figure 5.8b. As summarized 

in Figure 5.8c, the peak intensity of S-S stretching mode was composed of adsorbed 

polysulfides and dissolved polysulfides (υs within S6
2−, upper pattern in Figure 5.8c). 
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Fortunately, the independent peak located at 309 cm−1 corresponding to the V-S stretch 

within adsorbed polysulfide exhibits an obvious change trend of adsorbed polysulfide 

(middle pattern in Figure 5.8c). In this case, the time/space-distribution of dissolved 

polysulfide can be normalizedbased on the intensity distribution of non-overlapped V-S 

stretch (bottom pattern in Figure 5.8c).  

With the accumulation of polysulfide species on the surface of VOPO4, the 

concentration of dissolved polysulfides shows a distinct gradient distribution (red blocks, 

Figure 5.8d). To be specific, in the region close to the surface anchored with polysulfides, 

the concentration of dissolved polysulfides is much lower than the one recorded in the 

dissolved solution. Besides, the concentration gaps of dissolved polysulfide are gradually 

increased till reached to the saturation point of adsorption (around 75 min soaking). The 

results implied that the surface anchored with negatively charged polysulfide anions can 

evolve into a polysulfide-phobic surface, which can prevent the migration of polysulfide 

anions (Figure 5.8d). This repulsion effect can be rationally attributed to the charge 

interaction, a typical Coulomb interaction between immobilized polysulfides and 

dissolved polysulfide anions. Evidences provided by Raman spectroscopy convincingly 

demonstrated that the polysulfide-phobic interface can repulse the approaching 

polysulfide anions. Such a unique repulsion effect also can be further interpreted as a 

“self-defence” mechanism against the migration of polysulfide anions. To our best 

knowledge, this is a very original/novel employment strategy/mode for the polar hosts of 

polysulfide anions in Li-S battery techniques. More significantly, not merely limited 

within VOPO4, the built theoretical model can be further employed to develop other polar 

materials as polysulfide hosts to construct a polysulfides-phobic surface/interface. 

Certainly, the polar materials anchored with polysulfides should be keep stable during 

continues charging/discharging process in a Li-S battery system.  
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Figure 5.8 (a) Above: schematic illustration the operation process of Raman information; 

below: the obtained Raman spectra at different distances away from VOPO4/polysulfide 

solution interface. (b) The enlarged Raman spectra in the square of (a). Because of the 

too big size of Raman laser spot (1~2 μm), the Raman information/signal obtained from 

near the interface is inevitably composed of both surface adsorbed polysulfides and 

dissolved polysulfide anions. (c) Time/space (x/y-axis) resolved contour plots evolution 

of specific Raman peak intensities. (d) The concentrations of adsorbed/dissolved 

polysulfide at different place with the schematic of repulsion effect of the VOPO4 surface 

anchored with towards the free polysulfides anions in the solution.  
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5.3.3 Permselectivity of S6
2−-VOPO4/PP membrane 

 

 

Figure 5.9 (a) Digital photos, (b) top-view and (c) side-view FE-SEM images of 

VOPO4/PP membrane. (d) FE-SEM image of S6
2−-VPP separator with the corresponding 

elemental maps of V and S within the squared area. (e) Electrochemical impedance 

spectra of PP and S6
2−-VPP separators. 

After confirming that the anchored polysulfides can evolve into a polysulfide-

phobic surface, we fabricated VOPO4/PP (abbreviated as VPP) membranes and then 

treated them in a Li2S6 DME/DOL solution to comprehensively evaluate their reliability 

and practicability in Li-S batteries. The thin VPP membranes (Figure 5.9a) were 

fabricated by vacuum filtering a small amount of exfoliated VOPO4/2-propanol 

dispersion onto conventional PP membranes. The corresponding FE-SEM images show 

the VOPO4 sheets with a uniform distribution on the PP membrane (Figure 5.9b). The 

cross-section SEM image reveal that the thicknesses of the VOPO4 layer and the PP layer 

are about 2 and 10 m, respectively (Figure 5.9c). Then the as-prepared VPP membranes 
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were immersed in a Li2S6 DME/DOL solution to immobilize the polysulfides on the 

surface of VOPO4 (abbreviated as S6
2−-VPP), forming a polysulfide-phobic surface. The 

FE-SEM image and the corresponding EDX maps of V and S elementals suggested that 

the polysulfides distributed uniformly on the surface of VOPO4 sheets (Figure 5.9d). The 

ion conductivity was carried out by using a stainless steel/stainless steel symmetric coin 

cell with different separator/electrolyte systems. From the Figure 5.9e, it can be seen that 

the ion conductivity of the S6
2−-VPP saturated with electrolyte system was calculated to 

be 0.11 mS cm−1 at room temperature, which was only slightly lower than that of a pure 

PP/electrolyte system (0.14 mS cm−1), indicating that introduction of a thin VOPO4 layer 

almost has no any negative influences on the Li+ transport. 

 

Figure 5.10 (a) Schematic diagram of V-type device. Optical images of the diffusion of 

polysulfides: visualized V-type glass devices with (b) a routine PP separator and (c) a 

S6
2−-VPP separator. 

Then visualized V-type glass devices were designed and assembled to intuitively 

observe the availability of S6
2−-VPP separator on blocking the polysulfides shuttle (Figure 

5.10a). The DOL/DME solvent with 0.3 M Li2S6 was injected in the left chamber and the 
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pure solvent without polysulfides was injected in the right chamber. The two chambers 

were separated by pure PP separator or the S6
2−-VPP separator. For the V-type device 

with a routine PP separator, it can be seen that the red-brown polysulfides gradually 

passed through the separator from left chamber to right chamber and reached a 

highest level after 10 h rest (Figure 5.10b), suggesting that the pure PP is difficult to 

inhibit the polysulfides diffusion. To the contrary, no obvious polysulfides diffusion 

phenomenon can be observed from the V-type device with a S6
2−-VPP separator even 

after 48 h rest (Figure 5.10c), convincingly demonstrating that the S6
2−-VPP separator can 

effectively prevent the penetration of dissolved polysulfide species.  

 

Figure 5.11 The characteristic of Li+ transference number. (a) Polarization curves of 

symmetric cells with different separators. Electrochemical impedance spectra (b) with 

pure PP separator and (c) with S6
2−-VPP separator, respectively. The insets of EIS spectra 

for the batteries with different separators are the equivalent circuit models. R0: resistance 

of the electrolyte, Rct: charge transfer resistance at the electrodes, CPE: constant phase 

element about the double layer capacitance, W0: Warburg impedance. 
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The lithium ions transference number (tLi+) associated with a Li2S6 DME/DOL 

electrolyte was further measured to verify the permselectivity of S6
2−-VPP separator 

(Figure 5.11). As a result, The tLi+ of the pure routine PP/Li2S6 electrolyte system was 

calculated to be 0.45, which is agree with the reported values. Replacing the PP 

membrane with a pre-treated S6
2−-VPP separator, the tLi+ was prominently enhanced 

to 0.71, which is not only ascribed to the restriction of polysulfide diffusion 

(electrostatic repulsion) but also resulted from the acceleration of Li ions hopping 

(electrostatic attraction). The enhanced Li+ transference number is beneficial for a 

higher attainable charge state at high rate, where a large and constant current would be 

indispensable to quickly charge the battery.150, 151 

 

5.3.4 Electrochemical performance of lithium-sulfur batteries 

As is known that the free polysulfide species are generally electrochemically 

activity. Therefore, to verify whether the polysulfides anchored on the VPP membrane is 

activity, we firstly designed and assembled a cell with a S6
2−-VPP membrane as separator 

and a carbon paper without S as cathode and tested its electrochemical performance 

(Figure 5.12a). From the Figures 5.12b and 5.12c, we can see that no obvious 

characteristic charging and discharging plateaus of Li-S cell can be observed even after a 

long-term cycling upon 200 cycles, demonstrating that the polysulfides anchored by VPP 

were inactive and can’t contribute any additional capacity. 

The electrochemical performance was evaluated by Li-S coin cells with various 

separators. The inner structure of the Li-S coin cell is presented as Figure 5.13. The 

cathode was prepared by coating a mixed slurry of RGO@S (sulfur content: 87 wt%), 

carbon black and PVDF with mass ratio of 8:1:1 on the aluminum foil. The sulfur loading 

in every cathode is about 1 mg cm−2. The anodes were prepared by directly pressing Li 
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metal foils on stainless steel foils. The electrolyte was 1 M LiTFSI in DOL/DME (1:1) 

with 2 wt% LiNO3. The separator is commercial Celgard 2400 (PP) or the as-prepared 

flexible S6
2−-VPP membranes. It should be noted that the S6

2−-VOPO4 coating layer is 

faced to sulfur cathode. Reference Li-S cells with pure PP membranes and untreated a 

pure PP membrane as separator were also assembled for comparation. 

 

 

 

Figure 5.12 (a) The inner structure, (b) cycling performance, and (c) corresponding 

charge/discharge curves at 0.1 C of the cell with a S6
2−-VPP membrane as separator and 

a carbon paper without S as cathode. 

The rate performance assessed at different current densities is shown in Figure 

5.14a. The initial capacity at 0.1 C of the Li-S cell with a PP separator is 1259 mA h g‒1, 

while the discharge capacity was decreased rapidly as the current density increased. When 

the current density increased to 5 C, the PP-cell maintains a very low reversible capacity 

of 122 mA h g‒1. After introducing a S6
2−-VPP membrane to build a “polysulfides-

phobic” interface between sulfur cathode and routine PP separator, the Li-S cell exhibits 
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a higher initial discharge capacity of 1310 mA h g‒1, about 78.2% of the theoretical value, 

indicating a high utilization of sulfur. With the increase of the discharge rate, the Li-S cell 

still can deliver high capacities of 1199, 1082, 967, 868 728, 640 and 415 mA h g‒1 at the 

current densities of 0.2, 0.5, 1, 2, 3, 4 and 5 C, respectively. In particular, when the current 

density suddenly decreased from 5 C to 0.1 C, an ultra-high discharge capacity of 1188 

mA h g‒1 was recovered, demonstrating a good reversibility of the cell after introducing 

a “polysulfides-phobic” interface.  

 

 

Figure 5.13 The inner structure of the assembled Li-S coin cell. 

 

Figure 5.14 (a) The rate performance of Li-S cells with different separators. (b) Voltage 

profiles of Li-S cell with a S6
2−-VPP separator. 



56 

 

The corresponding voltage profiles are shown in Figure 5.14b. All the voltage 

profiles at various current densities exhibit two typical discharge plateaus. The plateau at 

high potential around 2.3 V was attributed to the reduction of element S to long-chain 

polysulfides (Li2Sx, 4 x 8), involving a fast kinetic process, while the plateau at relative 

lower potential nearly 2.1 V was contributed by the further reduction of generated long-

chain polysulfides to insoluble Li2S2/Li2S, referring to a slow kinetic process. During the 

subsequent charging process, the final discharging products Li2S2/Li2S were reconverted 

to elemental S through formation of polysulfides intermediates, obtaining a complete 

cycle. In especial, when the current density reached up to an ultra-high rate of 3 C, stable 

and flat charging/discharging plateaus still can be observed from the voltage profiles, 

further demonstrating that the incorporation of a S6
2−-VPP separator facilitated a good 

rate performance. The excellent rate performance was basically attributed to following 

factors: (1) the good electrolyte accessibility and the thin thickness of VOPO4 layer 

facilitate free ion transport; (2) the effective restriction of polysulfides diffusion 

significantly improved the reutilization of active materials; (3) the enhanced Li+ 

transference number was beneficial for a higher attainable charge state at high rates, 

where a large and constant current is indispensable to quickly charge the battery.150, 151 

The cycling performance of Li-S cells with various separators are presented in 

Figure 5.15a, which were tested by galvanostatic charge/discharge at a low current 

density of 0.2 C within a potential range of 1.7~2.8 V versus Li/Li+. It can be observed 

that the discharge capacity of the cell with a routine PP separator decayed rapidly under 

a continuous charging/discharging process, especially in the first few cycles, suffering 

from the adverse polysulfides shuttle. After 300 cycles, its capacity decreased to 310 mA 

h g‒1, exhibiting a very low capacity retention of 28.1%. After introducing a S6
2−-VPP 

separator, the cell realized a high reversible capacity of 840 mA h g‒1 after 300 cycles, 
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corresponding to 75.3% capacity retention with a low capacity decay rate of 0.082%. The 

excellent cycling performance of the Li-S cell was attribute to the effective inhibition of 

polysulfides migration by the polysulfide-phobic S6
2−-VPP separator via coulomb 

repulsion. The detailed electrochemical behaviour of the cell with a S6
2−-VPP separator 

was further investigate by CV (Figure 5.15b). Two characteristic peaks appearing at 

cathodic scan were ascribed to the two reduction process of elemental sulfur while the 

peak at the subsequent anodic scan was assigned to formation of S8, which are consistent 

with the charging/discharging curves. The nearly overlapped peak position of the selected 

curves at various cycles further prove the high reversibility and good stability of the Li-S 

cell endowed by S6
2−-VPP separator.  

 

Figure 5.15 (a) Comparison of cycling performance of Li-S cells with different separators. 

(b) Selective CV curves of Li-S cells with a S6
2−-VPP separator at 0.2 mV s−1. 

The PXRD of S6
2−-VPP membranes after cycling was also performed to verify the 

structure stability of S6
2−-VOPO4 in a Li-S cell. From the PXRD patterns shown in Figure 

5.16, we can see that the VOPO4 sheets still maintains a typical layered structure after 

cycling. In addition, the FE-SEM image presented inset of Figure 5.16 shows dense 

distribution of VOPO4 sheets, further confirming a good stability of the S6
2−-VPP 

separators.  



58 

 

 

Figure 5.16 PXRD patterns of S6
2−-VPP separator before and after cycling. Inset presents 

the FE-SEM image of S6
2−-VPP separator after cycling. 

5.4 Summary  

In summary, we proposed and developed a novel polysulfide-phobic strategy to 

restrain polysulfides shuttle in Li-S batteries. The VOPO4 sheets with adequate active 

sites were used to immobilize the polysulfides via formation of V-S bonds. Owing to the 

electronegativity of polysulfides, the VOPO4 sheets anchored with polysulfides can 

evolve into a polysulfide-phobic surface driven by Coulomb repulsion. This adsorption-

induced “self-defence” mechanism was convincingly proved by the evidences from the 

time/space-resolved operando Raman observation. In addition, the enhanced 

electrochemical performance of Li-S batteries with polysulfides-treated separators proved 

the reliability and practicability of the polysulfide-phobic strategy. Fundamental 

understanding of the interaction between the soluble polysulfide anions and anchored 

polysulfides provides new insights and opportunities to construct high quality separators 

for advanced Li-S batteries. 
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Chapter 6. Fabricating a tri-layer separator to restrain 

shuttle effect and inhibit lithium dendrites growth 

6.1 Introduction 

In chapter 5, we have built a “polysulfide-phobic” surface by anchoring the 

polysulfides on the polar materials. The collected Raman information also evidently 

demonstrated that the anchored polysulfides have strong repulsion effect on the 

approaching polysulfides. However, despite constructing a “polysulfide-phobic” surface 

can effectively inhibit the polysulfides shuttle, the fatal effects aroused by uncontrolled 

growth of lithium dendrites still seriously affects the durability and security of Li-S 

batteries (Figure 6.1a). In this case, a multi-functional separator that can simultaneously 

suppress the polysulfides shuttle and lithium dendrites growth is still needed to be further 

developed.  

 

Figure 6.1 (a) Building a “polysulfide-phobic” surface to prevent the diffusion of 

polysulfides in chapter 5. (b) Building a “polysulfide-phobic” surface by Li@Nafion and 

introducing an Al2O3 layer to simultaneously restrain the polysulfides shuttle and lithium 

dendrites growth in chapter 6. 

In accordance with this line of thinking, it can be concluded that an ideal separator 

for Li-S batteries should have the attributes as follows10, 11: (1) electronic insulation to 
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avoid internal short; (2) good chemical and electrochemical stability that can withstand 

the strong oxidizing and reducing circumstances in the batteries; (3) functional layers to 

inhibit the polysulfides shuttle and lithium dendrites growth; (4) good electrolyte 

wettability to facilitate the adsorption of liquid electrolyte; (5) porous structure with 

appropriate porosity to retain adequate electrolyte for achieving low internal resistance as 

well as high ionic conductivity; (6) robust mechanical strength for improving the 

practicability and security of batteries. 

To meet these requirements, here we designed a triple-layered membrane as 

multifunctional separator for Li-S batteries. The triple-layered separator was fabricated 

by respectively coating a thin lithiated Nafion (Li@Nafion) layer and an Al2O3 

nanoparticles layer on the two sides of a routine polymer membrane 

(polypropylene/polyethylene/ polypropylene, PEP) (Figure 6.1b). The thin Li@Nafion 

towards sulfur cathode acts as an ionic shield that can effectively restrain the polysulfides 

migration but facilitate the Li ions hopping via Coulombic interactions. It should be noted 

that using the Li@Nafion instead of S6
2−-VOPO4 to construct “polysulfide-phobic” 

surface is because of two factors: on one hand, Li@Nafion composed of 

tetrafluoroethylene and perfluoro-vinyl-ether with sulfonate-ended perfluoroalkyl ether 

groups, which make it allow the hopping of positively charged ions (Li+) but reject the 

diffusion of negatively charged ions (polysulfides); on the other hand, the pre-treatment 

of S6
2−-VOPO4 needs a lot of steps, while a “polysulfide-phobic” surface built by 

Li@Nafion just needs directly drop the Li@Nafion solution on the PEP substrate, thus 

greatly cutting down the time costs of fabrication. With respect of the layer composed of 

Al2O3 nanoparticles, their porous structure with a narrow pore size distribution is 

beneficial to control the uniformity of Li ions plating, suppressing the growth of lithium 

dendrites.152, 153 As a result, the Li-S batteries cooperating with a Li@Nafion/PEP/Al2O3 
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(LNPA) separator achieved high capacity, excellent rate performance as well as 

remarkable cyclic stability.  

6.2 Experiment and characterization 

6.2.1 Chemicals and materials 

Nafion 117 solution (~5% in a mixture of lower aliphatic alcohols and water) was 

from Sigma-Aldrich. Aluminium oxide (Al2O3), sulfur (S8), and 1, 3-dioxolane (DOL, 

>99.9%) were purchased from Tokyo Chemical Industry Co., Ltd. 1,2 dimethoxymethane 

(DME, >99.9%) were obtained from FUJIFILM Wako Pure Chemical Corporation. 

lithium sulfide (Li2S, 99.9% purity), lithium bis(trifluoromethanesulfonyl) imide 

(LiTFSI) and lithium nitrate (LiNO3) were purchased from Sigma-Aldrich. 

Polypropylene/polyethylene/polypropylene (PEP)/Al2O3 membranes were obtained from 

Liaoyuan Hongtu LIBS Technology CO., LTD. Carbon paper was obtained from the 

Chemours Company.  

6.2.2 Synthesis of Li2S6 in DOL/DME 

The detailed preparation process of Li2S6 DOL/DME solution has been described 

in section 5.2.2. 

6.2.3 Fabrication of Li@Nafion/PEP/Al2O3 membranes 

Nafion 117 solution (~5% in a mixture of lower aliphatic alcohols and water) was 

firstly lithiated and neutralized by 0.5 M LiOH to pH~7. Then the lithiated Nafion 

(Li@Nafion) was directly dripped on the PEP surface of PEP/Al2O3 membrane. The 

Li@Nafion liquid drops can spread along the surface of PEP substrate to form a uniform 

layer. The coating amounts of Li@Nafion layer were adjusted to 0.3, 1.0, and 2.9 mg 

cm−2. For comparation, the Li@Nafion/PEP (with Li@Nafion coating amount of 1.0 mg 
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cm−2) membranes were also fabricated. The Li@Nafion/PEP, PEP/Al2O3 and 

Li@Nafion/PEP/Al2O3 membranes in this work are abbreviated as LNP, PA and LNPA, 

respectively. 

6.2.4 Li//Li symmetric cells assembly  

All Li//Li symmetric cells were assembled under the protection of Argon. 

Standard 2032 coin cells were used to evaluate the Li plating/stripping performance of 

Li//Li symmetric batteries. The electrodes were prepared by directly pressing Li metal 

foils with diameter of 12 mm on stainless steel foils. The electrolyte was prepared by 

dissolving 1 M LiTFSI and 2 wt% LiNO3 in a mixture of DOL and DME (1:1 by volume). 

The addition amount of electrolyte in every cell was about 50 µL. The PEP, PEP/Al2O3 

(PA), Li@Nafion/PEP (LNP), and Li@Nafion/PEP/Al2O3 (LNPA) membranes with 

diameter of 16 mm were used as separators. 

6.2.5 Lithium-sulfur cells assembly 

The Li-S coin cells were assembled in an Argon filled glove box. The cathode 

was prepared by coating a mixed slurry of RGO@S and PVDF with a mass ratio of 9:1 

on the carbon paper. The anodes were prepared via directly pressing Li metal foils on 

stainless steel foils. The electrolyte was 1 M LiTFSI with 2 wt% LiNO3 in DOL/DME 

(1:1). The addition amount of electrolyte in every cell was about 30 µL. The PEP, 

PEP/Al2O3 (PA), Li@Nafion/PEP (LNP), and Li@Nafion/PEP/Al2O3 (LNPA) 

membranes with diameter of 16 mm were used as separators. It should be noted that the 

Li@Nafion layer was faced to cathode side and the Al2O3 layer was towards the lithium 

metal anodes. Standard 2032 coin cells were used to evaluate the electrochemical 

performance of Li-S batteries. 
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6.2.6 Characterization and electrochemical measurements 

LEO Gemini Supra 35 system and SU8020 field-emission scanning electron 

microscopy (FE-SEM) was used to reveal the morphologies of the samples. The test 

method of ionic conductivity was shown as in 5.2.8. The measurement and calculation of 

Li+ transference was shown in 5.2.9. The corresponding separator was changed to PEP, 

PEP/Al2O3 (PA), Li@Nafion/PEP (LNP), or Li@Nafion/PEP/Al2O3 (LNPA) 

membranes. The electrochemical measurements can be referenced 5.2.10. 

6.3 Results and discussions  

6.3.1 Properties of Li@Nafion/PEP/Al2O3 membrane 

The morphologies of each component were revealed by FE-SEM. It can be seen 

that the commercial PEP membrane presents a flat surface with three-dimensional 

channels throughout whole membrane (Figure 6.2a), which are in favour of rapid 

transportation of lithium ions but hardly reserve the polysulfide ions. After coating a thin 

Li@Nafion layer with amount of 1 mg cm−2, the channels in the PEP membrane 

completely covered (Figure 6.2b), which is beneficial to block the diffusion of dissolved 

polysulfides. On another side of the PEP membrane, an Al2O3 layer was formed by 50 

nm Al2O3 particles (Figure 6.2c). The total thickness of the LNPA membrane is about 15 

m, and the thicknesses of the thin Li@Nafion layer and Al2O3 layer are about 1 and 4 

m, respectively (Figure 6.2d). It is noteworthy that the loading amount of Li@Nafion 

plays an important role in the electrochemical performance of Li-S batteries. When the 

loading amount of Li@Nafion is too low (0.3 mg cm−2), it cannot form a complete film 

to cover the channels throughout the PEP membrane (Figure 6.2e). However, a high 

Li@Nafion loading (2.9 mg cm−2) will lead to a high transfer resistance and low ion 

conductivity (Figure 6.2f).  
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Figure 6.2 SEM images of (a) PEP membrane, (b) Li@Nafion layer with loading of 1.0 

mg cm−2, and (c) Al2O3 layer. (d) Cross-section SEM image of Li@Nafion/PEP/Al2O3 

with Li@Nafion loading of 1.0 mg cm−2. SEM images of Li@Nafion layer with loading 

of (e) 0.3 and (f) 2.9 mg cm−2. 

 

 

Figure 6.3 (a) Electrochemical impedance spectra and (b) corresponding ion 

conductivities of various separators. 

The ion conductivities of various separators were carried out by using stainless 

steel/stainless steel symmetric coin cells. As shown in Figure 6.3, the pure PEP separator 

exhibits an ion conductivity of 0.129 mS cm−1. After coating a Li@Nafion layer (1.0 mg 



65 

 

cm−2) and an Al2O3 layer respectively, the ion conductivies slightly decreased to 0.122 

and 0.119 mS cm−1. When simultaneously coated the Li@Nafion layer and the Al2O3 

layer on the two sides of PEP membrane, the ion conductivities for the tri-layer seperator 

with Li@Nafion loading of 0.3 and 1.0 mg cm−2 are 0.116 and 0.105 mS cm−1, suggesting 

to introduce a Al2O3 layer and a Li@Nafion layer with appropriate thickness almost have 

no influence on the transport of lithium ions. While when the Li@Nafion loading 

increased to 2.9 mg cm−2, the ion conductivity of the LNPA separator decreased to 0.699 

mg cm−2, indicating that the too high Li@Nafion loading would affect the lithium ion 

diffusion. The Li@Nafion loading in the following study is 1.0 mg cm−2. 

 

 

Figure 6.4 (a) N2 adsorption/desorption isotherms and (b) corresponding pore size 

distributions of Al2O3 layer. 

The porous structure of Al2O3 composite layer was investigated by N2 

adsorption/desorption test (Figure 6.4). The obtained isotherm belongs to type Ⅳ, 

revealing the mesoporous properties of the Al2O3. The specific surface area of Al2O3 

composite layer was determined to be 279 m2 g−1. The pore-size distribution curve shows 

that the composite layer possesses a narrow pore size distribution located at ≈8 nm, which 

is not only able to store a large amount of liquid electrolyte, but also beneficial for aiding 

to form homogeneous Li-ion fluxes, achieving stable electrodeposition of lithium. 
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Moreover, due to the porous structure and hydrophilic of Al2O3 particles, the LNPA 

exhibits favourable electrolyte wettability (Figure 6.5), which is conducive to obtain a 

low internal resistance to achieve superior battery performance.154  

 

 

Figure 6.5 The optical photographs of various separators with the liquid electrolyte after 

different time. 

6.3.2 Ionic selectivity of Li@Nafion/PEP/Al2O3 membranes 

Visualized V-type glass device was designed and assembled to evaluate the 

blocking effect of each separator on the polysulfides diffusion (Figure 6.6). The inside of 

the left chamber is DOL/DME solvent with Li2S6 while the inside of the right chamber is 

the pure solvent without Li2S6. The two chambers were separated by different separators. 

In the V-type device with a pristine PEP separator, it can be seen that the red brown high-

order polysulfides gradually passed through the separator from left chamber to 

right chamber and reached a high level after 10 h, indicating that the pure PEP separator 

hardly prevent the diffusion of polysulfides. To the contrary, no obvious diffusion 

phenomenon of polysulfides was observed from the V-type device with a LNPA separator 

even after 48 h rest, proving that the LNPA separator can effectively inhibit the 
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polysulfides shuttle. To understand the main functional components of the LNPA in 

blocking polysulfides, the V-type glass devices with LNP and PA separators were also 

assembled, respectively. We can see that although an Al2O3 layer can postpone the 

diffusion of polysulfides, it cannot fully reserve the polysulfides in the left chamber. For 

the PEP membrane with a thin Li@Nafion layer, it can effectively restrain the transfer of 

polysulfides, demonstrating that the Li@Nafion layer on the LNPA membrane play the 

crucial role in blocking the polysulfides shuttle.  

 

Figure 6.6 The visualized V-type glass devices with various separators. The insides of the 

left and right chambers are DOL/DME with and without Li2S6, respectively. 

The lithium ions transference number (tLi+) associated with 1 M LiTFSI in 

DOL/DME was further measured to verify the ionic selectivity of LNPA separator. As 

shown in Figure 6.7, the tLi+ of LNPA/LiTFSI liquid electrolyte system was 

calculated to be 0.91, which is quite higher than that of a PEP/LiTFSI DME/DOL 

liquid electrolyte system (0.3~0.5),155-157 indicating that the strong repulsion effect 
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of Li@Nafion layer on the negatively charged species. Such a high Li+ transference 

number is in favour of a higher attainable charge state at high rate, where a large and 

constant current would be indispensable to quickly charge the battery.150, 151  

 

Figure 6.7 The characteristic of Li+ transference number. (a) The potentiostatic 

polarization curve of Li-S cell with a LNPA separator. (b) The electrochemical impedance 

spectra before and after polarization. 

6.3.3 Lithium plating/stripping stability  

 

Figure 6.8 Schematic diagram of the inner structure of Li//Li symmetric cell. 

The effect of various separators on the Li metal stability during Li 

plating/stripping was investigated by Li//Li symmetric cells (Figure 6.8). Operated at a 

current density of 2 mA cm−2 with corresponding areal capacity of 1 mA h cm−2, the PEP-

cell revealed a low overpotential about 40 mV at the first few cycles (Figure 6.9). 
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However, after a continuously stable Li plating/tripping process last for 150 h, the 

overpotential gradually increased as the cycle time increased, and reached up to 340 mV 

after 600 h cycle (Figure 6.9a), which was nearly nine-fold increase compared to initial 

value. The severe polarization was mainly caused by the porous and uneven structured 

lithium dendrites, which prolong the transfer pathway of electrolyte ions.158 In addition, 

the overgrown lithium dendrites also enlarged the reactive surface area of the possible 

parasitic reactions between lithium metal and electrolyte, and the formed solid electrolyte 

interface (SEI) layer would wrap the fresh lithium metal. In this way the wrapped lithium 

metal may out of approachability to current collectors, resulting in electrochemically inert 

dead Li and premature failure of the electrodes.57 After introducing a Li@Nafion layer 

on the PEP membrane, the period of stable Li plating/tripping process can be prolonged 

to about 650 h (Figure 6.9b). Using a ceramic layer composing of porous Al2O3 

nanoparticles instead of Li@Nafion layer, a stable Li plating/tripping process with a low 

average overpotential (~49 mV) was achieved (Figure 6.9c). The effective inhibition of 

lithium dendrites growth is attributed to the uniform porosity of the Al2O3 nanoparticles, 

which can aid in regulating homogeneous Li ions flux, realizing a stable Li 

plating/stripping process.152, 153 As a result, integrating both Li@Nafion layer and Al2O3 

layer on the PEP membrane, the LNPA-cell with a separator maintain a stable 

overpotential even after an ultralong duration of cycle over 1000 h (Figure 6.9d).  

Furthermore, the potential of LNPA for practical applications was further 

evaluated at a high current density of 5 mA cm−2 with areal capacity of 2.5 mA h cm−2. 

As shown in Figure 6.9e, a slight fluctuation was observed from the initial several 

cycles, generally because the symmetric cell plated/stripped at such a high rate 

need an activation process. The overpotential gradually became stable and 

maintained at ~ 96 mV. No obvious short circuit occurred during such a long cycling 
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process of 1000 h, forcefully indicating the LNPA separator can effective inhibit the 

growth of Li dendrites. The high efficiency Li metal anode has great potential to achieve 

high theoretical specific capacity and be employed in next-generation energy storage 

systems.  

 

Figure 6.9 Li stripping/plating performance in Li//Li symmetric cells at 2 mA cm −2 (1 

mA h cm−2) with different separators. (a) PEP, (b) Li@Nafion/PEP, (c) PEP/Al2O3, and 

(d) Li@Nafion/PEP/Al2O3. (e) Li plating/stripping behaviour of cell with a 

Li@Nafion/PEP/Al2O3 separator at high current-density of 5 mA cm −2 (2.5 mA h cm−2).  

The Li//Li symmetric cells after cycling 1000 h at 2 mA cm−2 were detached to 

observe the status of Li electrodes. As shown in Figure 6.10a and 6.10c, it can be seen 

that the cycled Li metal electrodes from PEP-cell and LNP-cell display a rough surface 
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with numerous dendrites. The erosion of Li metal reached nearly 150 m (Figure 6.10b 

and 6.10d), implying that plenty of fresh Li was consumed by the undesirable side 

reaction between electrolyte and Li dendrites. On the contrary, the cycled Li metal 

electrodes detached from PA-cell and LNPA-cell show flat and compact surface with 

uniform and stable SEI layers (Figure 6.10e-h), further demonstrating that introducing a 

Al2O3 layer onto the separator can facilitate a homogeneous electrodeposition of Li ions, 

which fundamentally inhibits the growth of lithium dendrites.  

 

Figure 6.10 The cycled lithium metal electrodes from the cells with various separators: 

(a, b) PEP, (c, d) Li@Nafion/PEP, (e, f) PEP/Al2O3, and (g, h) Li@Nafion/PEP/Al2O3. 

6.3.4 Electrochemical performance of lithium-sulfur batteries 

The electrochemical performance was evaluated by Li-S coin cells with various 

separators. The cathode was prepared by coating a mixed slurry of RGO@S and PVDF 

with mass ratio of 9:1 on the carbon paper. The sulfur loading in every cathode is about 

1 mg cm−2. The anodes were prepared by directly pressing Li metal foils on stainless steel 

foils. It should be noted that the Li@Nafion layer and the Al2O3 layer are respectively 

faced to sulfur cathode and lithium anode. 
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Figure 6.11 (a) The rate performance of Li-S cells with different separators. (b) Voltage 

profiles of Li-S cell with a Li@Nafion/PEP/Al2O3 separator. 

Galvanostatic charging/discharging at various rates from 0.1 C to 3 C were firstly 

performed to evaluate the rate performance (Figure 6.11a). The initial capacities of the 

cells with Li@Nafion/PEP and Li@Nafion/PEP/Al2O3 separators (1259 and 1272 mA h 

g‒1) are relatively higher than that of the cells with PEP and PEP/Al2O3 separators (1187 

and 1164 mA h g‒1), indicating the restraint of polysulfides shuttle can effectively 

enhance the utilization of active materials. With the increase of the current density, the 

capacities of cells with PEP and PEP/Al2O3 separators decreased rapidly, while the cell 

with Li@Nafion/PEP and Li@Nafion/PEP/Al2O3 separators can still deliver high 

capacities of 587 and 645 mA h g‒1 even at 3 C. The charge/discharge profiles at various 

rates of the cell with Li@Nafion/PEP/Al2O3 separator are shown in Figure 6.11b. All of 

them present two discharge plateaus, corresponding to two typical reduction stages that 

the conversion of elemental sulfur to long-chain polysulfide species and eventually to 

insoluble sulfide species (Li2S2/Li2S). The excellent rate performance of the cell with a 

Li@Nafion/PEP/Al2O3 separator is mainly contributed by the following factors: (1) the 

good electrolyte wettability is favourable for absorbing and retaining a large amount of 

electrolyte to realize low internal resistance and high ionic conductivity;10 (2) the high 
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Li+ transference number is beneficial for a higher attainable state of charge at high rates, 

where a large and constant current is requisite to fast charge the battery;150, 151 (3) the 

effective mitigation of polysulfides shuttle and Li dendrites growth significantly 

accelerate the reutilization of active materials.  

 

 

 

Figure 6.12 (a) The discharge capacities and (b) capacity retentions of the Li-S cells with 

various separators.  

In order to further prove the availability of the LNPA separator for inhibiting the 

polysulfides shuttle and Li dendrites growth, long-term cycling performance of the 

batteries was evaluated at 1 C. As shown in Figure 6.12, the capacity of the cell with a 

pure PP separator decreased rapidly as the increase of the cycle number, especially in the 

first 200 cycles. After 1000 cycles, it can merely deliver a capacity of 45 mA h g‒1 with 

an ultralow capacity retention of 4.6%, which was caused by the adverse effects of 

polysulfides shuttle and uncontrolled growth of lithium dendrites. Introducing an Al2O3 
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layer on the pristine PEP separator, the capacity retention increased to 24.2%, indicating 

that the Al2O3 layer also can mitigate the polysulfides shuttle via physical absorption. 

Using a Li@Nafion coating layer instead of the Al2O3 layer, both the initial discharge 

capacity (1021 mA h g‒1) and the capacity retention (50.7%) obviously enhanced, 

implying that the shuttle effect is the main factor in causing a poor cycling performance 

in the case of low sulfur loading. When design a ternary separator simultaneously 

incorporating a Li@Nafion layer and an Al2O3 layer on the two sides of PEP membrane, 

the cyclic stability of the Li-S cell greatly improved, achieving an ultrahigh capacity 

retention (77.2%) along with a low capacity decay rate (0.022% per cycle) after 1000 

cycles. The significant enhancement in cycling performance of the cell with the LNPA 

separator can attributed to two respects: on the one hand, the remarkable suppression of 

the polysulfides shuttle via electrostatic repulsion of the Li@Nafion layer effectively 

store the active species within the cathode region to achieve high sulfur reutilization; on 

the other hand, the available inhibition of lithium dendrites growth by Al2O3 layer 

prominently stabilize the lithium plating/stripping progress to prolong service life the 

lithium metal anode.  

Additionally, in order to evaluate the feasibility of the LNPA separator in practical 

application, the sulfur loading was augmented to 4.8 and 7.6 mg cm−2 (Figure 6.13). 

Excitingly, the cells were still able to deliver high initial capacities of 1344 mA h g‒1 (4.8 

mg cm−2) and 1322 mA h g‒1 (7.6 mg cm−2) at 0.05 C, corresponding to high areal 

capacities of 6.4 and 10.0 mA h cm‒2, respectively. After activation at 0.05 C, the cells 

with high sulfur loading were cycling at a low rate of 0.2 C. Both of them maintained 

considerable capacity retentions after long-term cycling. The pronounced cyclic 

performance of the Li-S cells illustrates the practicability and reliability of the ternary 

designed LNPA membrane as a multifunctional separator. 
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Figure 6. 13 The initial charge/discharge profiles of the Li-S cells with Li@Nafion/PEP 

/Al2O3 separators with high sulfur loadings of (a) 4.8 and (b) 7.6 mg cm−2 at 0.05 C. (c) 

The cycling performance of the cell with high sulfur loadings at 0.2 C.  

6.4 Summary 

In summary, we rationally constructed a ternary separator by integrating a 

Li@Nafion layer and an Al2O3 nanoparticles layer on the two sides of PEP membrane for 

Li-S batteries. The Li@Nafion layer with negatively charged -SO3
− can effectively inhibit 

the polysulfides diffusion via Coulombic interactions, while the Al2O3 layer with a 

narrow pore size window can acquire a dendrite-free metallic-lithium anode by regulating 

a uniformity of Li ions. Moreover, the porous Al2O3 nanoparticles further improved the 

electrolyte wettability and thermal stability of the ternary layered LNPA separator. As a 

result, the Li-S cell cooperating with a LNPA separator exhibited high capacity, excellent 

rate performance and outstanding cyclic stability. In particular, the good electrochemical 

performance of Li-S batteries with a high sulfur loadings (4.8 and 7.6 mg cm−2) further 
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demonstrated the practicability and reliability of the ternary designed LNPA membrane 

as a multifunctional separator. This work provides a new way of thinking to design 

functional separators for Li-S batteries. 
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Chapter 7. Developing a free-standing membrane to 

simultaneously inhibit shuttle effect and Li dendrites growth 

7.1 Introduction 

In chapter 6, we have prepared a ternary-layered Li@Nafion/PEP/Al2O3 separator 

to inhibit the polysulfides shuttle and lithium dendrites growth. However, in this work, in 

order to achieve the multi-functions, we need to introduce a Li@Nafion layer to restrain 

the polysulfides shuttle, an Al2O3 layer to inhibit the growth of lithium dendrites, and a 

PEP membrane as the substrate to support the two layers (Figure 7.1a). The excessive 

raw materials for fabricating a separator may cause high cost. In this case, a novel material 

that can prepare a free-standing separator with multi-functions still needs to be further 

developed.  

 

Figure 7.1 Developing (b) a free-standing MOF@PVDF-HFP separator instead of (a) the 

tri-layered separator to simultaneously inhibit shuttle effect and lithium dendrites growth. 

Metal-organic frameworks (MOFs), with highly ordered pore structures, 

controllable pore sizes and topologies, show multiple advantages in constructing 

functional separators for Li-S batteries. Our group fabricated a metal-organic 
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framework@graphene oxide (MOF@GO) separator as an ionic sieve for Li-S 

batteries.136 It is known that the length of every S-S chain of lithium polysulfide (Li2Sn, 4

＜n≤8) in the range of 2.09 Å ~ 2.39 Å. The MOF@GO separator with small pore sizes 

(9 Å) allowed the shuttle of Li ions but suppress the migration of polysulfides. However, 

because of the electron conductivity of GO sheets, it may cause self-discharge of cells. 

What’s worse, the intrinsic mechanical brittleness of the MOF resulted in a poor 

mechanical strength of the MOF@GO membrane, thus they hardly meet the high 

requirements of durability and stability in practical pouch Li-S cells. Therefore, it is 

still a big challenge to develop a functional separator, which should not only restrain the 

issues of polysulfides shuttle and lithium dendrites, but also is able to support the practical 

batteries for long-term work. 

Herein, a flexible metal organic framework-based membrane (MOF@PVDF-

HFP) was fabricated by employing the HKUST-1 nanoparticles as assemble units and the 

PVDF-HFP as binder. As shown in Figure 7.1b, attributed to the small pore size of MOF 

nanoparticles, the MOF@PVDF-HFP separator is able to prevent the diffusion of the 

polysulfide anions from cathode side to anode side via physical barrier. Furthermore, the 

uniform pore size distribution of MOF@PVDF-HFP separator can aid in to obtain 

homogenous Li+ flux, achieving stable Li plating/stripping and inhibiting the growth of 

lithium dendrites. 

7.2 Experiment and characterization 

7.2.1 Chemicals and materials 

1,3,5 benzenetricarboxylic acid (C9H6O6, 99.5%) and Cupric nitrate trihydrate 

(Cu(NO3)2·3H2O) were from Tokyo Chemical Industry Co., Ltd. Poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP, Mw 455000) , lithium sulfide (Li2S, 
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99.9% purity), lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) and lithium nitrate 

(LiNO3) were purchased from Sigma-Aldrich.  

7.2.2 Synthesis of Li2S6 in DOL/DME 

The detailed preparation process of Li2S6 DOL/DME solution has been described 

in section 5.2.2. 

7.2.3 Fabrication of MOF@PVDF-HFP membranes 

Preparation of HKUST-1 nanoparticles. The HKUST-1 nanoparticles precursor 

solution was prepared according a reported method159: 1.75 g (7.2 mmol) Cu(NO3)2·3H2O 

was dissolved in 50 mL ethanol and 0.84 g (4.0 mmol) C9H6O6 was dissolved in 50 mL 

ethanol. Then the Cu(NO3)2·3H2O ethanol solution and C9H6O6 ethanol solution were  

mixed under continuously stirring for 2 h. Then the color of the mixture changed from a 

blue clear state to a cloudy one. 

Fabrication of MOF@PVDF-HFP membranes. The flexible HKUST-1 @PVDF-

HFP membranes were fabricated through a self-assembled process. In detail, 10 ml 

HKUST-1 precursor solution was firstly filtered through a conventional Celgard 2400 

filter membrane. Then turn off the filter pump but keep it at a vacuum state, and it was 

followed by the addition of PVDF-HFP/acetone solution (0.5 mL, 0.05 g mL−1). 

Repeating the previous two steps three times to make a compact combination between 

the HKUST-1 particles. A flexible MOF@PVDF-HFP membrane was finally obtained 

after peeling off from the Celgard 2400 filter membrane. The obtained MOF@PVDF-

HFP membranes were dried at 80 °C for 12 h in a vacuum oven before using. 

7.2.4 Li//Li symmetric cells assembly  

The detailed assembly process of Li//Li symmetric cells has been described in 
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section 6.2.4. In this chapter, the commercial Celgard 2400 (PP) membranes and 

MOF@PVDF-HFP-sandwiched Celgard membranes were used as separators. 

7.2.5 Lithium-sulfur coin cells assembly  

All Li-S coin cells were also assembled under the protection of Argon. Standard 

2032 coin cells were also used to evaluate the electrochemical performance of Li-S 

batteries. The cathode materials were prepared by mixed of RGO@S and PVDF (9:1 by 

weight) in NMP. Then obtained mixed slurry was coated on the carbon paper. After 

drying at 60 °C for 10 h in a vacuum oven, the mixture coated carbon paper was cut into 

wafers with diameter of 12 mm and used as cathodes, with mass loading of sulfur around 

1~1.5 mg cm−2. The anodes were prepared by directly pressing Li metal foils with 

diameter of 12 mm on stainless steel foils. The electrolyte is 1 M LiTFSI and 2 wt% 

LiNO3 in DOL and DME (1:1 by volume). The addition amount of electrolyte in every 

cell was about 50 µL. The commercial PP membranes and MOF@PVDF-HFP 

membranes with diameter of 16 mm were used as separators. It should be noted that the 

MOF can react with polysulfides to form Cu-S bonds, which is an irreversible process. 

So the MOF@PVDF-HFP membranes were immersed in Li2S6 electrolyte for 48 h to 

avoid the vacancies of vacancies of copper metal sites. After treated with Li2S6 

electrolyte, the MOF@PVDF-HFP membranes were also washed several times by 

immersing in pure DME solvent to remove the redundant Li2S6
 in the MOF, and finally 

were dried by vacuum valve before using. The amount of inactive sulfur species 

combined with HKUST-1 to form Cu-S bonds was calculated to be 5 wt%~ 10 wt% of 

the total mass of sulfur in every cell. 

7.2.6 H-type lithium-sulfur glass cells assembly  

Li-S H-type glass cells were assembled under the same conditions with Li-S coin 
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cells. It should be pointed put that the sulfur loading of cathode was increased to 3 mg 

cm−2. The electrolyte in each chamber was about 3.5 mL. The Al-strip and Ni-strip were 

used to bring out the cathode and anode current collectors from the cells. 

7.2.7 Lithium-sulfur pouch cells assembly  

The Li-S pouch cell was assembled by using same cathode materials, electrolyte 

and anodes with coin cells, while the current collector of cathode was using carbon cloth 

instead of carbon paper, and the sulfur loading was in creased to 5.8 mg cm−2. The inner 

cross structure of the pouch cells is shown as Figure 7.17a. The package material was Al-

plastic film. The Ni-strip and Al-strip were used to bring out the current collectors of 

anode and cathode from the pouch cells. 

7.2.8 Characterization and electrochemical measurements 

The specific test conditions and parameters of SEM, XRD, FT-IR AND XPS are 

referenced 5.2.7. The test method of ionic conductivity was shown as in 5.2.8. The Li+ 

transference number was evaluated by a potentiostatic polarization method shown in 

5.2.9. The corresponding separator was changed to PP or MOF@PVDF-HFP membranes. 

The electrochemical measurements can be referenced 5.2.10. 

7.3 Results and discussions 

7.3.1 The morphology and structure of MOF@PVDF-HFP membranes 

The MOF@PVDF-HFP membrane was fabricated by a vacuum filtration method 

(Figure 7.2). The MOF particles solution was firstly filtered through a polyethylene (PP) 

separator, then a small amount of PVDF-HFP gel solution was introduced. On the one 

hand, the PVDF-HFP acted as binder to link the MOF particles; on the other hand, the 

PVDF-HFP with good ductility can fill the void spaces between MOF particles to form a 
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dense MOF membrane. After repeating the foregoing process three times, a free-standing 

MOF@PVDF-HFP membrane was obtained. As shown in Figure 7.3a, the as-prepared 

MOF@PVDF-HFP membrane exhibits good flexibility, which is beneficial for 

assembling practical pouch cells. The morphology of the MOF@PVDF-HFP was 

observed by FE-SEM. From the obtained image (Figure 7.3b), it can be seen that the 

membrane exhibits flat and smooth surface. The corresponding elemental maps of Cu and 

F imply the uniform distribution of MOF particles and PVDF-HFP. The cross-section 

SEM image (Figure 7.3c) exhibits that the thickness of the MOF@PVDF-HFP membrane 

is around 28 μm. 

 

Figure 7.2 Schematic illustration of the preparation process of a free-standing 

MOF@PVDF-HFP membrane. 

 

Figure 7.3 (a) Digital photos, (b) FE-SEM image with elemental maps of Cu and F, and 

(c) cross-section FE-SEM image of MOF@PVDF-HFP separator. 
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Figure 7.4 PXRD patterns of PVDF-HFP, MOF particles and MOF@PVDF-HFP. 

The crystal structures of the pure PVDF-HFP, MOF particles and MOF@PVDF-

HFP membrane were revealed by the Powder X-ray diffraction (PXRD) (Figure 7.4). The 

pure PVDF-HFP shows two broad diffraction peaks located at 2=18.2 and 20.1, 

suggesting a semi-crystalline structure of PVDF-HFP.160, 161 As to the MOF particles, it 

shows a series of obvious characteristic diffraction peaks, corresponding to the cubic 

structure of crystalline HKUST-1.159, 162, 163 The MOF@PVDF-HFP membrane presents 

a serious of same characteristic peaks with that of the MOF precursors, implying a high 

purity of HKUST-1 crystals in MOF@PVDF-HFP membrane. There are no obvious 

characteristic diffraction peaks of PVDF-HFP can be observed from the PXRD pattern of 

MOF@PVDF-HFP membrane, which is mainly because the peaks of PVDF-HFP are 

overlapped by the peaks of MOFs.  

The Fourier transform infrared (FT-IR) technique was further employed to 

investigate the as-prepared materials. As shown in Figure 7.5, the characteristic peaks of 

MOF@PVDF-HFP membrane are overlapped with that of pure MOF and PVDF-HFP, 



84 

 

indicating a good combination of MOF with PVDF-HFP. Specifically, the two absorption 

peaks located at 1072 and 1402 cm−1 are associated with the α phase of PVDF-HFP, and 

the peaks around 840 and 879 and cm−1 are assigned to β phase of PVDF-HFP, suggesting 

that the PVDF-HFP in the composite membrane is mainly composed of α- and β-

crystalline phases.164-166 For the MOF particles, the absorption peaks located at 1450 and 

1649 cm−1 are resulted from the COO–Cu2 stretching and the peaks located at 1373 and 

1570 cm−1 are assigned to the −C=C− stretching.167, 168 At the same time, the peaks at 730 

and 760 cm−1 are attributed to C–CO2 stretching, and the vibration at 517 cm−1 is ascribed 

to the −Cu–O stretching vibration.136, 168 

 

Figure 7.5 FT- IR spectra of PVDF-HFP, MOF particles and MOF@PVDF-HFP. 

TGA was used to analyse the respective content of PVDF-HFP and MOF in the 

composite membrane. The obtained TGA plots of various materials are shown in Figure 

7.6. The pure MOF particles show a weight loss in the range of 30~120 C, which is 

caused by the evaporation of water or guest molecules. Subsequently weight decrease 

from ~300 C is owing to the degradation of BTC linkers, and the remained products is 

CuO.159 The MOF@PVDF-HFP membrane exhibits a similar decomposition process 
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with the pure MOF particles except a sudden weight loss (~29.7) at ~430 C, which is 

resulted from the PVDF-HFP degradation. The TGA results indicate the good thermal 

stability of as-prepared MOF@PVDF-HFP, and the mass ratio of PVDF-HFP to MOF in 

MOF@PVDF-HFP is about 3:7. 

 

Figure 7.6 TGA curves PVDF-HFP, MOF particles and MOF@PVDF-HFP. 

The N2 adsorption/desorption test was used to investigate the porous 

structure of the obtained materials. As shown in Figure 7.7, both the isotherms of 

the MOF particles and MOF@PVDF-HFP membrane belong to type I, suggesting 

their microporous properties. The specific surface area of pure MOF precursors is 

determined to be 1206 m2 g−1. After introducing the PVDF-HFP binder, the specific 

surface area of MOF@PVDF-HFP membrane is decreased to 709 m2 g−1, indicating that 

partial pores of MOF particles were covered by PVDF-HFP. Nevertheless, the 

MOF@PVDF-HFP membranes still possess a porous structure with pore size of ~9 Å. 

The small and uniform pore size of MOF@PVDF-HFP membrane not only can built a 

physical barrier to inhibit the polysulfides diffusion, but also can aid in forming 

homogeneous Li-ion fluxes to obtain stable Li electrodeposition, fundamentally 

suppressing the growth of lithium dendrites.  
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Figure 7.7 (a) N2 adsorption/desorption isotherms with the corresponding pore size 

distributions of (b) pure MOF particles and (c) MOF@PVDF-HFP membranes. 

7.3.2 MOF@PVDF-HFP membrane as an ionic sieve  

To verify the availability of MOF@PVDF-HFP membrane for preventing the 

diffusion of polysulfides, visualized H-type glass Li-S cells were designed and assembled 

with different separators. As shown in Figure 7.8a, the cathode was prepared by directly 

coating the sulfur composites on the carbon paper, and the sulfur loading is about 3 mg 

cm−2. The anode was composited of lithium plate and Cu mesh. The Al strip and Ni strip 

were used for cathode and anode to contact with external circuit separately. The cells 

were performed at a low current density of 0.1 C from 2.8 to 1.7 V. During the initial 

discharging process, it can be seen that the rufous long-chain lithium polysulfide 

species (Li2Sx, 6≤x≤8) were gradually produced in the cathode side (left chamber) 

of the two visible cells. With the increase of discharging time, the red brown 

electrolyte was gradually turned to a yellow-green one, which was resulted from the 

reduction of long chain polysulfides to relative lower chain polysulfides species (Li2Sx, 

2 < x  4).  At the same time, in the cell with a routine PP separator (Figure 7.8b), it can 

be seen that the dissolved polysulfides gradually passed through the separator from left 

chamber to right chamber after 4 h discharging, and finally reached a high level after 10 

h. The phenomenon suggests that the PP separator is unable to prevent the polysulfides 
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diffusion. On the contrary, no obvious polysulfide species can be observed from the anode 

side (right chamber) in the cell with a MOF@PVDF-HFP separator during the whole 

discharging process (Figure 7.8c), convincingly demonstrating that the MOF@PVDF-

HFP membrane can effectively block the migration of polysulfides. 

 

 

Figure 7.8 (a) The schematic image of H-type Li-S glass cell. Optical images of visible 

H-type cells with (b) PP separator and (c) MOF@PVDF-HFP separator during a 

discharging process. 

To further prove the ionic selectivity of MOF@PVDF-HFP separators, the 

Li+ transference number (tLi+) was measured. As shown in Figure 7.9, it can be seen 

that the system with a routine PP separator shows a tLi+ around 0.41, which agree 

with the value reported from the previous literatures. After introducing a 

MOF@PVDF-HFP separator, the tLi+ of the system is significantly increased to 

0.76. The enhancement of tLi+ further implies that the MOF@PVDF-HFP separator 

allows the transfer of Li+ while prevents the diffusion of polysulfide ions. 
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Figure 7.9 (a) The characteristic of Li+ transference number: polarization curves of 

symmetric cells with different separators. The EIS spectra of the cell with (b) a PP 

separator and (c) a MOF@PVDF-HFP separator before and after polarization.  

 

 

Figure 7. 10 Electrochemical impedance spectra of MOF@PVDF-HFP separator. 
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The ion conductivity of MOF@PVDF-HFP was carried out by a symmetric coin 

cell with two stainless steel electrodes at room temperature. As shown in Figure 7.10, the 

ion conductivity of MOF@PVDF-HFP is calculated to be 0.094 mS cm−1, which is just 

slightly lower than that of a PP separator (0.138 mS cm−1). The high ion conductivity 

suggests that although the MOF@PVDF-HFP can effectively block the diffusion of 

polysulfide anions, it almost has no negative influences on the transport of lithium ions.  

7.3.3 Lithium plating/stripping stability  

To evaluate the availability of MOF@PVDF-HFP for inhibiting the growth of 

lithium dendrites, the lithium plating/striping stability was investigated by Li//Li 

symmetric cells with different separators. As is shown in Figure 7.11a, the Li//Li cell with 

a PP separator shows an average overpotential around 30 mV at a current density of 2 

mA cm−2 with areal capacity of 1 mA h cm−2
 in the first few cycles. The stable lithium 

plating/tripping process lasted about 150 h. Then the overpotential of the cell was 

gradually increased as the increase of the cycle number. After 618 cycles, the 

overpotential reached to 2 V, which is the cut off voltage. The premature failure of 

Li//PP//Li symmetric cell was mainly caused by the overgrown lithium dendrites, which 

gave rise to rapid consumption of both fresh lithium metal and electrolyte, aggravated 

side reactions and high polarization. For the Li//Li symmetric cell with a MOF@PVDF-

HFP separator, the overpotential of the cell slightly higher than the cell with a PP 

separator, this may because a little thicker of the MOF@PVDF-HFP membrane. With the 

increase of cycle number, the overpotential of the cell remains stable and shows a low 

overpotential of 45 mV even after 1000 h cycling, indicating the introduction of 

MOF@PVDF-HFP separator can achieve a stable lithium plating/stripping process. 
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Figure 7.11 (a) Lithium plating/stripping stability of the symmetric cell with PP separator 

and MOF@PVDF-HFP separator. (b) Lithium plating/stripping stability of the cell with 

a MOF@PVDF-HFP separator at a high current density of 10 mA cm −2 with selected 

voltage profiles insets.  

To further evaluate the reliability of MOF@PVDF-HFP for the high 

requirements of fast charging/discharging in practical applications, the current 

density was increased to ultra-high current density of 10 mA cm−2 with areal 

capacity of 5 mA h cm−2. The obtained voltage profiles are shown as Figure 7.11b, 

it can be seen that the overpotential exhibits a slight fluctuation in the initial few 

cycles. This is probably caused by the original unstable composites on the surface 

of lithium metal, which makes the cell need an activation process in the case of 

cycling at such a high rate. Subsequently, the overpotential of the cell gradually 

became stable and maintained at about 185 mV. No obvious circuit phenomenon was 

observed during the whole discharging/charging process, further demonstrating that the 

potential possibility of MOF@PVDF-HFP membrane for practical applications. 
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Figure 7.12 Digital photos of the detached Li//Li symmetric cells with (a) a PP separator 

and (b) a MOF@PVDF-HFP separator after cycling. SEM images of (c, d) pristine 

lithium metal, (e, f) from the PP-cell, and (g, h) from the MOF@PVDF-HFP cell.  

To reveal the state of the lithium metal anodes after cycling, the symmetric cells 

with different separators tested at the current density of 2 mA cm−2 were detached. From 

Figure 7.12a, it can be seen that the lithium metal electrodes from the cell with a PP 

separator has been seriously destroyed, and a large proportion of the metals have been 

pulverized. On the contrary, the both lithium metal anodes from the cell with a 

MOF@PVDF-HFP separator still showed flat surface, which have bright metallic luster 

(Figure 7.12b). The microstructures of Li metal electrodes after cycling were further 

observed by FE-SEM. For the pristine Li metal, it exhibits a smooth and flat surface 

(Figure 7.12c, d). After cycling in a Li//PP//Li cell, the lithium metal became loose with 

a lot of lithium dendrites on the surface (Figure 7.12e). The cross-section SEM image 

revealed the corrosion of electrode by the side reaction between lithium metal and 
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electrolyte reached nearly 200 μm (Figure 7.12f), indicating of a large amount of fresh 

lithium metal was consumed. For the lithium metal electrode from a cycled cell with 

MOF@PVDF-HFP separator (Figure 7.12g), it still maintained a flat and compact 

surface, and no obvious cracks can be observed. Its cross-section SEM image shows a 

dense interface with a uniform SEI layer on the lithium electrode surface (Figure 712h), 

further confirming that the MOF@PVDF-HFP membrane can effectively inhibit the 

growth of lithium dendrites.  

7.3.4 Electrochemical performance of lithium-sulfur batteries 

The electrochemical performance of Li-S batteries was firstly evaluated by coin 

cells, which used the RGO@S (S content of 87 wt%) as cathode materials, lithium metal 

foils as anodes, and PP or MOF@PVDF-HFP membranes as separators. The Li+ diffusion 

coefficient (DLi+) was evaluated by cyclic voltammogram (CV) at various scan rates from 

0.1 to 0.4 mV s−1. (Figure 7.13a, b). All CV curves presented two characteristic reduction 

peaks around 2.3 and 2 V (assigned as β and γ), corresponding to the reduction the sulfur 

to long-chain polysulfide species at the higher potential and the further reduction of 

long-chain polysulfides to Li2S2/Li2S at the lower potential.121 The peaks around 2.5 V 

(assigned as α) were contributed to the oxidation of Li2S2/Li2S to element sulfur. From 

the linear fitting of the peak currents (Figure 7.13c, d), we calculated the DLi+ by the 

classical Randles-Sevick equation.169, 170 According to the slope of the linear fit, the 

diffusion coefficients at different CV voltage regions for the cell with routine PP separator 

were calculated to be DLi+(α1) = 4.2510−8 cm2s−1, DLi+(β1) = 2.8710−8 cm2s−1, and 

DLi+(γ1) = 5.41  10−9 cm2s−1, respectively. After incorporating with a MOF@PVDF-

HFP membrane, the diffusion coefficients were determined to be DLi+(α2) = 3.28  10−8 

cm2s−1, DLi+ (β2) =1.1510−8 cm2s−1, and DLi+(γ2) = 5.6110−9 cm2s−1, respectively, 
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sufficiently illustrating that the introduction of MOF@PVDF-HFP did not impact on the 

diffusion of the Li+. 

 

Figure 7.13 Cyclic voltammograms profiles at different scan rates of Li-S coin cells: (a) 

PP separator and (b) MOF@PVDF-HFP separator. The linear fits of the peak currents for 

cells with (c) PP separator and (d) MOF@PVDF-HFP separator. 

The rate performance was tested from 0.1 C to 3 C. The cell with a PP separator 

shows an initial discharge capacity of 1231 mA h g‒1 at 0.1 C (Figure 7.14a), which is 91 

mA h g‒1 lower than that of a MOF@PVDF-HFP-cell (1322 mA h g‒1), indicating that 

the MOF@PVDF-HFP separator can enhance the utilization of active materials. Then the 

capacity decreased rapidly as the rate increased. When the rate increased to 3 C, only 373 

mA h g‒1 discharge capacity was delivered. For the cell with a MOF@PVDF-HFP 

separator, when the current density gradually increased from 0.2 C to 3 C, it still exhibited 

high discharge capacities of 1123, 1001, 916, 776, and 633 mA h g‒1, indicating good 
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reversibility and stability of the MOF@PVDF-HFP-cell. The corresponding 

charge/discharge profiles are shown as Figure 7.14b. All of them present two discharge 

plateaus, attributing to the two typical reduction stages, which agree with the CV curves. 

Even the current density increased to 3 C, it still maintained flat and stable 

charge/discharge plateaus with a low difference between discharge and charge plateau 

(0.63 V), further demonstrating that the MOF@PVDF-HFP membrane is beneficial for 

achieving an outstanding rate performance. The enhanced rate performance of the Li-S 

cell with MOF@PVDF-HFP separator was attributed to following factors: (1) the 

efficient suppression of polysulfides shuttle and Li dendrites growth greatly enhanced the 

reutilization of active species; (2) the high Li+ transference number was in favour of a 

higher attainable state of charge at high rates, where a large and constant current was 

essential to quickly charge the battery;150, 151 (3) the porous structure of the membrane 

made free diffusion of electrolyte ions even at a high rate.  

Figure 7. 14 (a) The comparison of rate performance of Li-S cells assembled by different 

separators at various current densities. (b) Voltage profiles of Li-S cell assembled by a 

MOF@PVDF-HFP separator. 

 

The cycling performance were conducted at 0.5 C. As shown in Figure 7.15a, the 

initial discharge capacity of the cell assembled by a PP separator is 1118 mA h g‒1. With 

the increase of the cycle number, the capacity decreased quickly. After 600 cycles, the 
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cell with a PP separator just maintains a low reversible capacity of 304 mA h g‒1. The 

average capacity decay rate is as high as 0.121% per cycle. For the Li-S cell with a 

MOF@PVDF-HFP separator, it can be seen that it shows a higher initial discharge 

capacity of 1196 mA h g‒1, indicating a higher utilization of sulfur. Furthermore, after 

600 cycles, the cell still can delivere a high reversible capacity of 802 mA h g‒1, with a 

low capacity decay rate of 0.059% per cycle. The capacity retention was enhanced by 

approximately 40%. The outstanding cyclic stability of the Li-S cell is attributed to the 

effective inhibition of polysulfides shuttle and lithium dendrites growth by the 

MOF@PVDF-HFP separator. It should be noted that the thickness of the MOF@PVDF-

HFP membrane plays an important role for the electrochemical of the Li-S cell. The 

MOF@PVDF-HFP separators with thickness of 20, 28 and 45 μm were prepared and 

used to assemble Li-S cells. Their cycling performance were evaluated at a current of 1 

C (Figure 7.15b). The cell with a 28 μm-MOF@PVDF-HFP separator shows a nearly 

initial discharge capacity with that of the cell with a 20 μm-MOF@PVDF-HFP separator, 

while is much higher than that of the cell with a 45 μm-MOF@PVDF-HFP separator. 

This is because the too thick separator would lead to a high polarization. Besides, we can 

see that if the separator is too thin, it is difficult to prevent the polysulfides shuttle for too 

long time. Therefore, designing an appropriate thickness of MOF@PVDF-HFP separator 

is significant for the electrochemical performance of Li-S batteries. 

Figure 7.15 (a) The cycling performance of Li-S cells with different separators. (b) Cycle 

stability of Li-S cell with MOF@PVDF-HFP membranes with different thickness. 
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The cell with a MOF@PVDF-HFP separator was further carried out at a high rate 

of 2 C (Figure 7.16). It can be seen that the cell delivered a relatively low capacity at in 

the initial cycles, and then it gradually increased to 913 mA h g‒1. This is because the cell 

charged/discharged at a high current density need an active process. As the continually 

charging/discharging, more and more sulfur participated in the electrochemical reactions. 

Some representative charge/discharge profiles of 1-5, 996-1000, and 1996-2000 cycles 

are shown below of Figure 7.16, it can be seen that the polarization gradually reduced 

with the increase of the cycle number. As a result, the cell achieves an ultralow average 

capacity fading rate of 0.015% per cycle after a long-term cycle of 2000 cycles. The 

comprehensive electrochemical performance of Li-S cell assembled by a MOF@PVDF-

HFP separator is superior than most of recent the state of art Li-S batteries using 

composited sulfur cathodes, protective lithium anodes, as well as the functional separators 

(Table 7.1).68, 136, 149, 171-180 

 

 

Figure 7.16 Ultralong-term cycling performance with selected voltage profiles of Li-S 

cell with a MOF@PVDF-HFP separator at 2 C. 
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Table 7.1 Comparation of Li-S cell in this work with other Li-S batteries. 

 

Additionally, a flexible Li-S pouch cell (2.5 cm  2.5 cm) was also assembled to 

further evaluate the practicability of MOF@PVDF-HFP membrane (Figure 7.17a, b). 

The sulfur loading of the pouch cell was increased to 5.8 mg cm‒2. Initially, the pouch 

cell delivers a discharge capacity of 1269 mA h g‒1 at 0.1 C, corresponding to an areal 

capacity of 7.46 mA h cm‒2, suggesting a high utilization of sulfur. Then the Li-S pouch 

cell was cycled continuously at various degrees bending state. As shown in Figure 7.17c, 

the charge and discharge capacities were almost not influenced by the bending of pouch 

cells. Even after 200 cycles, a high reversible capacity of 936 mA h g‒1 still can be 

achieved. Besides the effective suppression of polysulfides shuttle and lithium dendrites 

growth, such an outstanding electrochemical performance of the Li-S pouch cell is also 

attributed to the good flexibility of MOF@PVDF-HFP separator. The results further 

demonstrated that the MOF@PVDF-HFP membrane has great potential for developing 

high-performance practical Li-S cells. 
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Figure 7. 17 (a) Schematic of the inner structure and (b) digital photograph of a Li-S 

pouch cell with a MOF@PVDF-HFP separator. (c) Cyclic stability of the Li-S pouch cell 

at 0.1 C under various degrees bending state. 

7.3.5 The characterization of MOF@PVDF-HFP after cycling 

 

 

Figure 7. 18 PXRD patterns of MOF@PVDF-HFP membranes at different stages. 
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The PXRD was used to investigate the structure stability of the MOF crystals in 

the Li-S battery systems (Figure 7.18). The almost same PXRD patterns of 

MOF@PVDF-HFP membranes after different treatments imply that the MOFs remained 

well crystal phase and structural skeleton no matter being treated in a polysulfides-

contained electrolyte or cycling in a Li-S cell. For the FT-IR spectra (Figure 7.19), it can 

be seen that an obvious absorption peak at 613 cm−1 appears after treating in Li2S6 

solution and after cycling. This is because some polysulfides were anchored by the open 

copper metal sites of HKUST-1 to form Cu-S bonds.181, 182 Nevertheless, it is unnecessary 

to concern about the destruction of MOF structure during the discharging/charging 

process, since most copper metal sites in the MOF have been occupied by oxygen groups, 

and only few open copper metal sites are available for forming the Cu-S bonds.136, 183 The 

FE-SEM image of MOF@PVDF-HFP with corresponding elements maps of Cu, F, and 

S are shown in Figure 7.20. It can be seen that the MOF@PVDF-HFP separator after 

cycling still maintained a stable structure with a flat surface. The maps of Cu, F indicates 

the with MOFs and PVDF-HFP are distributed uniformly across the entire separator. 

Additionally, sparse distribution of element S implies is because the available vacancies 

of copper metal sites can anchor the polysulfides through the formation of Cu-S bonds.  

Figure 7.19 FT-IR spectra of MOF@PVDF-HFP at different stages. 
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Figure 7.20 FE-SEM image with the corresponding elemental maps of Cu, F and S of 

MOF@PVDF-HFP membrane after cycling in Li-S coin cell. 

X-ray photoelectron spectroscopy (XPS) was also employed to analyse the 

chemical environment within the MOF@PVDF-HFP separator after cycling (Figure 

7.21). For the Figure 7.21a, it can be seen that obvious S 2s and S 2p peaks appear after 

cycling, which is resulted from the combination of polysulfides and MOF. Additionally, 

the shift of Cu 2p peaks at 953.9 eV (2p1/2) and 933.6 eV (2p3/2) to lower binding energies 

at 952.9 and 933.1 eV further suggests that a new local environment of Cu was formed 

after cycling184, 185 (Figure 7.21b). Besides, the Cu 2p splitting peak shows three splitting 

peaks at 932.7, 933.7 and 952.9 eV, which are corresponded to Cu+ 2p3/2, Cu2+ 2p3/2 and 

Cu2+ 2p1/2, respectively.184, 186 As to the splitting peak of S 2p, the peaks located at 162.6 

and 163.5 eV are attributed to terminal sulfur (ST
−1) and bridging sulfur (SB

0) and 

respectively.149, 187 Compared to the previous report,188 the shift of the ST
−1 bond at 162.6 

eV to 163.5 eV is caused by the formation of Cu-S bond. At the same time, the peaks 

located at 169.0 and 167.8 eV suggest the formation of thiosulfate and polythionate.184,186  
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Figure 7.21 (a) Survey XPS and (b) Cu 2p XPS spectra of MOF@PVDF-HFP before and 

after cycling. (c) Cu 2p and (d) S 2p XPS spectra of MOF@PVDF-HFP membrane after 

cycling. In (c) and (d), (-•-) represents experimental XPS curve, where (--) represents 

the fitted XPS curve by using Gaussian-Lorentzian function after performing a Shirley 

background correction. 

7.4 Summary 

In summary, a flexible and free-standing MOF@PVDF-HFP membrane was 

fabricated via a facial and simple vacuum filtration method. The highly ordered pore 

structure and uniformly distributed pore size of MOF particles can aid in forming even 

Li+ flux, thus the growth of lithium dendrites was fundamentally inhibited. The Li//Li 

symmetric cell assembled by a MOF@PVDF-HFP membrane showed good lithium 
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plating/stripping stability even increased the current density to10 mA cm−2
. Besides, 

benefitting from the small pore size of MOF nanoparticles, the MOF@PVDF-HFP 

membrane acted as a physical barrier to prevent the diffusion of polysulfides. As a result, 

the Li-S cell achieved an ultralong long cycle life over 2000 cycles with low capacity 

fading of 0.015 % per cycle at 2 C. Moreover, in the case of a high sulfur loading of 5.8 

mg cm‒2, the flexible Li-S pouch cell with a MOF@PVDF-HFP separator still delivered 

a high capacity (1269 mA h g‒1) and excellent cycling performance (936 mA h g‒1 after 

200 cycles) at various bending states, further demonstrating the potential of 

MOF@PVDF-HFP membrane for the development of practical energy storage devices. 
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Chapter 8. Conclusions 

Separator is an essential component in rechargeable Li-S batteries, since it not 

only can act as an isolator to prevent the electrical contact between the cathode and anode, 

but also can serve as a reserve of liquid electrolyte to regulate the diffusion of ions. In the 

present research, to address the issues of polysulfides shuttle and lithium dendrites growth 

in Li-S batteries, we have fabricated three-types functional separators and made a series 

of investigations and analyses towards the feasibility and electrochemical performance. 

Main results obtained are as follows: 

(1) We built a “polysulfide-phobic” interface by introducing polysulfides on the 

surface of polar VOPO4 hosts. The time/space-resolved operando Raman evidences 

convectively suggested that the constructed “polysulfide-phobic” surface produce strong 

repulsion effect on the free polysulfide anions in the bulk solution via Coulombic 

interactions. At the same time, the permeation experiment conducted by visible V-type 

devices showed that the separator with a “polysulfide-phobic” layer can effectively 

prevent the diffusion of polysulfides. When applied the “polysulfide-phobic” strategy in 

Li-S batteries, a high capacity retention of 75.3% with a low average capacity fading of 

0.082% at 0.2 C was achieved; 

(2) Introducing a Li@Nafion layer with negatively charged -SO3
− also can 

construct a “polysulfide-phobic” surface to inhibit the polysulfides diffusion. Besides, 

coating an Al2O3 layer with a narrow pore size window can acquire a dendrite-free 

metallic-lithium anode by regulating uniform Li ions flux. Moreover, the porous structure 

of Al2O3 nanoparticles are beneficial for improving the electrolyte wettability of the 

separator. As a result, the Li-S cell assembled with a Li@Nafion/PEP/Al2O3 separator 

exhibited an ultrahigh capacity retention (77.2%) along with a low capacity decay rate 
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(0.022% per cycle) after 1000 cycles at 1 C. Furthermore, the good electrochemical 

performance of Li-S coin cell with high sulfur loadings (4.8 and 7.6 mg cm−2) further 

demonstrated the practicability and reliability of the ternary separator; 

(3) A free-standing MOF@PVDF-HFP membrane with good flexibility was 

fabricated via a facial vacuum filtration strategy. The highly ordered pore structure and 

narrow pore size window can simultaneously suppress the polysulfides shuttle and inhibit 

the growth of lithium dendrites. By employing the MOF@PVDF-HFP membrane as 

separator, the Li-S coin cell realized an ultralong long cycle life over 2000 cycles with 

low capacity fading of 0.015 % per cycle at a high rate of 2 C. Moreover, the practical 

Li-S pouch cell with a high sulfur loading of 5.8 mg cm‒2 can still deliver a high capacity 

(1269 mA h g‒1) and excellent cycling performance (936 mA h g‒1 after 200 cycles) at 

various bending states. The results demonstrate the reliability and practicability of 

MOF@PVDF-HFP membrane for developing high-performance Li-S batteries. 

According to the obtained results, we summarized the properties of the three types 

of separators (Table 8.1) and made several significant conclusions as follows: 

Table 8.1 Summary of the properties of the three types of separators. 
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(1) For suppressing the polysulfides shuttle, both the repulsion effect by 

Coulombic interactions and the blocking effect by physical barriers can effectively 

mitigate the diffusion of polysulfide anions. However, constructing a “polysulfides-

phobic” interface via Coulombic interactions may need a series of pre-treatment 

operations, while building a physical barrier just need choose a stable material with 

smaller pore size than the chain size of polysulfides. In this case, it seems that employing 

the physical barrier to prevent the polysulfides diffusion will be more efficient; 

(2) As to inhibiting the growth of lithium dendrites, it can be realized by 

introducing a functional layer composed of porous materials with uniform pore size 

distribution, which can aid in regulating the uniform electrodeposition of lithium ions. 

Employing the materials with smaller size is better than the one with bigger size, since 

properly small size can confine the transport of anions to facilitate high mobility of 

lithium ions, which is in favour of a higher attainable state of charge at high rates. 

Certainly, the pore size of the materials should bigger than the size of lithium ions to 

avoid the negative influence on the transfer of lithium ions.  

(3) From a practical point of view, the materials with small and uniform pore size 

seem to be more reliable to develop the multifunctional separators for Li-S batteries, as 

they can simultaneously inhibit polysulfides shuttle by physical barrier and suppress the 

lithium dendrites growth through facilitating homogenous Li-ion fluxes. In this case, the 

MOF-based separator is the best one for the practical Li-S batteries. However, the MOF-

based membranes prepared by filtration method have small size, which is limited by the 

experimental facility. Considering the practical applications, efficient, low cost and easy 

to scale up technologies for preparing high quality separators should be further developed. 

To sum up, the fundamental understanding with substantial evidences of this 

research provides a new way of thinking to develop advanced Li-S batteries.   
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