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Abstract 
Rechargeable batteries have recently solidified their role in society’s transition toward a cleaner 

energy future through the emergence of electric vehicles and grid-scale energy storage. The 

deployment of electrochemical energy storage near electricity generators and at home has 

increased the reliability of renewable energy, thus easing renewable energy’s emergence into 

power grids worldwide. Similarly, electric vehicles have continued to increase their 

implementation into global transportation networks, which reduces the reliance on fossil fuel-

based vehicles and helps mitigate CO2 emissions. 

At present, lithium-ion batteries (LIBs) dominate the portable electronics market due to their 

superior energy density. However, as lithium-ion batteries are late in their development cycle, 

the limitations of the technology are becoming apparent, and researchers have turned to new 

battery chemistries to enhance the energy density, reduce the cost, and mitigate the 

environmental impacts of current-generation batteries.  

Lithium-sulfur batteries (Li−S) are an excellent example of next-generation batteries, and can 

deliver higher energy densities, reduce costs, and minimise environmental impacts over 

current-generation LIBs. However, Li−S batteries have technical limitations associated with 

their chemistry. The most troublesome limitation of the Li−S cell is the dubbed the polysulfide 

shuttle and refers to the dissolution and migration of soluble discharge intermediates which 

results in rapid capacity fading. Other limitations revolve around the limited conductivity of 

sulfur cathodes, volume expansion of electroactive materials, and poor performance at high 

current densities. Researchers have focused on various cell components to address the 

limitations, with substantial research on the cathode, anode, and electrolyte. This thesis 

employs strategies targeted at the composite sulfur cathode in lithium-sulfur cells. 

In the first work of this thesis, poly(thiourea triethylene glycol) is synthesised and applied as a 

multifunctional binder so that a composite sulfur cathode can be constructed. The abundant 

lone-pair rich thiourea and ether functional groups provide ample chemical bonding to retain 

soluble polysulfides to reduce the shuttle effect. Additionally, the robust adhesive properties of 

the polymer maintain the composite cathode’s conductive network after cycling to enhance the 

electrochemical performance of the lithium-sulfur batteries. 

The second work develops a zinc defective zinc cobalt oxide (ZDZCO) material and applies it 

in constructing a conductive composite blocking layer at the cathode’s surface in lithium-sulfur 
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batteries. The ZDZCO has a high affinity towards the soluble polysulfide reaction 

intermediates and prevents their migration through the separator, thus delivering a long cycle-

life Li−S battery. What’s more, the catalytic properties of the ZDZCO-based blocking layer 

promotes fast polysulfide conversion enabling cycling at extremely high current densities. 

These synergistic effects allow the ZDZCO-composite to facilitate the stable cycling of a sulfur 

cathode with an extremely high sulfur loading. 

Following this, a highly-branched amylopectin (HBA) binder is extracted from sticky rice and 

used in the sulfur cathode. The HBA improved the performance in Li−S batteries via two 

mechanisms. First, the HBA binder can chemically retain soluble polysulfides at the cathode 

via coordinate and C−S bonds for strong adsorption, reducing capacity fading due to the shuttle 

effect. Secondly, the highly-branched structure of the HBA delivers excellent mechanical and 

adhesive properties. Compared with a mixed lowly-branched polysaccharide (LBP), the HBA 

maintained a robust composite framework throughout the sulfur cathode which contributed to 

the improved performance of the cell. 

Lastly, a hierarchical porous carbon host (HPCH) is produced and used in sulfur composite 

cathodes as a bi-functional sulfur host. The HPCH was found to have an extremely high specific 

surface area with a desirable pore size distribution which was achieved through the novel 

porogen/solvent system during synthesis. The HPCH was also functionalised with abundant 

carbonyl and hydroxyl groups during fabrication, which allowed for chemical polysulfide 

retention via the formation of coordinate bonds with the lone-pair rich oxygen groups, 

enhancing cycle stability and capacity retention. The carbon framework also enhanced 

electronic and ionic conductivity throughout the cathode composite, which enabled the cells 

based on this host to possess superb reaction kinetics. Compared with the composite cathode 

based on carbon black alone, the HPCH-based electrode delivered substantially improved 

electrochemical performances while being produced from a scalable and environmentally 

friendly synthesis method. 

Overall, each work in this thesis aims to chemically trap the soluble polysulfides at the cathode 

to reduce the capacity fading in Li−S cells. Additionally, each work aims to improve the 

reaction kinetics in the Li−S battery by rationally designing composite cathode so that the 

electronic and ionic conductivity can be improved. 
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1.1 Significance of the Project 

Global population growth, economic development, and technological advancement are 

intimately linked to CO2 emissions due to the worldwide reliance on fossil fuel-based energy 

and transportation [1-2]. To avoid a climate disaster and move towards a carbon-neutral future, 

CO2 emissions from fossil fuel combustion must be addressed [3]. Two means to address these 

concerns is the broader uptake of renewable energy and electric vehicles (EVs) into global 

markets [4-5]. 

Renewable energy, that is, energy production that does generate CO2 emissions, can displace 

energy production technologies such as coal and gas-fired power stations, which are known to 

contribute a substantial portion of global CO2 emissions [6]. Renewable energy generation, 

including solar and wind, has already significantly infiltrated global energy infrastructure [7]. 

However, increased uptake of these technologies is still required, mainly because fossil fuel-

based power stations continue to be built in the developing world [6]. Renewable energy 

technologies must become cheaper and more reliable to reduce the domination of fossil fuel-

based energy. Technological advances have enabled renewable technologies to become 

considerably cheaper [8], but despite this, the intermittent nature of renewable energy continues 

to hinder its uptake at a broader scale [9]. 

A promising solution to the intermittent nature of renewable energy is through rechargeable 

batteries, both at the grid and residential scale [10]. These grid-scale applications, along with 

the widespread uptake of in-home energy storage, have cemented rechargeable batteries’ niche 

in the future carbon-neutral energy grid. Similarly, the role that rechargeable batteries have 

played in the successful emergence of EVs into global transportation markets cannot be ignored 

[11].  

Rechargeable batteries' success in energy storage and EV applications is strictly owed to the 

dominance of the lithium-ion battery (LIB) [12]. Since its introduction by Sony in the 1990s, 

LIBs have revolutionised the portable electronic markets due to their superior energy density 

compared with the battery technologies available at the time [13]. However, LIBs are late in 

their development life cycle, and the limitations of this now mature technology must be 

addressed. One such limitation of the LIB is the reliance on sporadically distributed and 

expensive transition metals required to fabricate the transition metal cathodes upon which LIBs 

rely [14]. These transition metal cathodes provide an improved energy density over obsolete 



3 
 

technologies but are not sufficient for future requirements, such as allowing an EV to travel the 

same distance as a fossil-fuel-based vehicle on a single charge [15]. 

To address these concerns, researchers are looking towards rechargeable battery technologies 

that are cheaper in cost, larger in energy capacity, increased in power density, and cleaner to 

the environment. One such promising technology is batteries based on the lithium-sulfur (Li−S) 

cell [16]. Lithium-sulfur batteries (LSBs) have a theoretical energy density up to 5 times greater 

than current-generation LIBs while also avoiding the reliance on transition metal materials in 

the cathode [17]. However, LSBs are plagued by technical limitations, which are hindering 

their widespread application [18]. The technical challenges associated with LSBs are the focus 

of researchers in the field. Both the technical limitations and methods to address these concerns 

are thoroughly outlined in the next section. This thesis aims to address some of the technical 

limitations of the Li−S cell through the investigation and application of multifunctional 

composites in sulfur cathodes for advanced Li−S batteries 

If their associated limitations can be addressed, LSBs can cause a paradigm shift in global 

rechargeable battery markets, which could help further to increase the infiltration of EVs into 

transportation markets. In addition to this, the negative aspects of renewable energy sources 

could be mitigated, thus also improving their infiltration into energy grids worldwide. Both of 

these applications could have severe ramifications in the pursuit of a carbon-neutral future. 
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1.2 Research Objectives 

The ultimate goal of this thesis is to improve the electrochemical performance of the Li−S cell 

by rationally designing and applying multi-functional cathodic composites. More specifically, 

the precise aims of this thesis are as follows; 

 

1. Explore materials that can trap the soluble polysulfides, either via physical or 

chemical means, at the cathode matrix so that the polysulfide dissolution and shuttling 

during cycling is hindered so that the cycle life of the Li−S cell can be improved. 

2. Rationally design composite cathodes that can maintain the electronic conducting 

networks throughout the cathode matrix, which can help to overcome the insulating 

nature of sulfur and the discharge products (Li2S2/Li2S). 

3. Implement specially designed materials that can enhance the ionic conducting 

channels within the composite cathodes so that the sluggish reaction kinetics and poor 

rate performance of the Li−S cell can be improved 

4. Where possible, look towards synthesis methods that are environmentally friendly, 

cheap, and scalable so that the chances of commercial Li−S battery implementation 

can be improved whilst minimising harm to the environment 
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1.3 Thesis Outline 

This thesis aims to investigate multifunctional composites to be applied at the cathode of the 

Li−S battery in the hopes of addressing the rapid capacity fading due to the polysulfide 

shuttling phenomenon, the sluggish electrochemical reaction kinetics, the high cost, and the 

environmental concerns associated with these cells. 

 

The framework of this thesis and the aims of each chapter are as follows: 

 Chapter 1: Provide a broad overview of the problems this thesis aims to address and 

provide the structure of the thesis 

 Chapter 2: Outline the technical challenges as well as the current methods to address 

the shortfalls of the Li−S cell and provide a literature review of the research to date 

 Chapter 3: Investigate the role of the polymer poly(thiourea triethylene glycol) 

(PTTG) as a multifunctional binder in Li−S cathode composites to chemically trap 

soluble polysulfides at the lone-pair rich thiourea and ether groups. The chemical 

retention of soluble polysulfides should enhance the cycle life and reduce the capacity 

fading in the LSBs. 

 Chapter 4: Apply a Zinc defective Zinc Cobalt Oxide (ZDZCO) polysulfide blocking 

composite at the surface of the Li−S cathode, which can chemically retain 

polysulfides at the bi-metallic oxide’s surface and facilitate the rapid electrochemical 

conversion of reaction intermediates. The electrochemical performance of the LSBs 

could be enhanced through chemical polysulfide retention. In addition, the rapid 

electrochemical conversion of polysulfides facilitated by the ZDZCO composite 

should improve the electrochemical performance of the LSBs, especially under fast 

charge/discharge scenarios. 

 Chapter 5: Extract and apply an environmentally friendly highly-branched 

amylopectin (HBA) binder derived from sticky rice in the construction of composite 

Li−S cathodes to chemically retain soluble polysulfides through coordinate and C−S 

bonds to mitigate the polysulfide shuttling. The HBA inherently contains the 

necessary chemical functionality to trap polysulfides at the cathode, reducing capacity 

fading and improving electrochemical performance, while reducing the environmental 

impacts of the LSBs fabrication due to its biological origins 
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 Chapter 6: Develop a scalable and environmentally friendly synthesis method for a 

hierarchical porous carbon host (HPCH) and apply the material in composite cathodes 

of Li−S batteries to trap soluble polysulfides in the microporous network and via the 

abundant lone-pair rich carbonyl and hydroxyl functional groups contained on the 

host. The physical and chemical retention of the soluble polysulfides should enhance 

the longevity and electrochemical performance of the LSBs. 

 Chapter 7: Summarise the work included in this thesis and provide a general outlook 

and future works 
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2.2 Abstract 

Extensive efforts have been devoted to designing micro-, nano-, or molecular structures of 

sulfur hosts to address the challenges of lithium-sulfur (Li−S) batteries, yet comparatively, little 

research has been carried out on the binders in Li−S batteries. Herein, we systematically review 

the polymer composite frameworks that confine the sulfur within the sulfur electrode, taking 

the roles of sulfur hosts and functions of binders into consideration. In particular, we investigate 

the binding mechanism between the binder and sulfur host (such as mechanical interlocking 

and interfacial interactions), the chemical interactions between the polymer binder and sulfur 

(such as covalent bonding, electrostatic bonding, etc.), as well as the beneficial functions that 

polymer binders can impart on Li−S cathodes, such as conductive binders, electrolyte intake, 

adhesion strength etc. This work could provide a more comprehensive strategy in designing 

sulfur electrodes for long-life, large-capacity, and high-rate Li−S batteries. 

Highlights 

 The roles of binders in both sulfur host-based and sulfur host-free systems are 

considered for polymer composite frameworks in lithium-sulfur batteries. 

 The applications of the existing and potential multifunctional polymer composite 

frameworks are summarized for manufacturing lithium-sulfur batteries. 
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2.3 Introduction 

The recent increases in global population and worldwide development continue to put upward 

pressure on the demand for energy [1]. As most energy is still produced through the combustion 

of fossil fuels, this increased demand for energy continues to raise global greenhouse gas 

emissions, which is the driving force behind climate change [2]. A transition away from fossil 

fuel-based energy to more renewable sources must be realized to reduce the environmental 

impacts of society’s energy demands. Solar and wind power have made inroads into global 

energy infrastructure concerning grid-scale energy generation but are hindered by their 

intermittent energy supply [3]. Further uptake of electric vehicles (EVs) could also put 

downward pressure on emissions from fossil fuel combustion for transportation. However, for 

this to be realized on a larger scale, the travel range of EVs must be improved [4]. Current 

generation lithium-ion batteries (LIBs) have been successfully applied in both grid-scale 

energy storage and EVs, but the limitations of this mature technology are beginning to show. 

The high cost of LIBs is limiting their widespread application as grid-scale storage devices, 

and their limited energy densities cap the travel range of EVs [5]. To counteract these shortfalls, 

researchers in the field are investigating more cost-effective and energy-dense rechargeable 

batteries. Lithium-sulfur (Li−S) batteries are a promising alternative to current generation 

LIBs, as their associated electrochemistry delivers an energy density up to 5 times higher than 

current cells [6]. 

Additionally, the active materials in Li−S cells are cheaper and more abundant than their 

traditional LIB counterparts. However, Li−S cells have hindrances in their commercial 

application due to their limited conductivity, volume expansion, and rapid capacity fading [7]. 

The most common method to address these concerns is through the rational design and 

implementation of nanostructured sulfur hosts, toward which a great deal of research has been 

focused [8]. In comparison, the design and implementation of novel polymeric binders have 

been largely overlooked in Li−S cells [9] and has only recently started to capture the attention 

of researchers, as shown in recent reviews [10-12], yet approaches investigating the entire 

cathode structure are lacking. This review investigates the role of polymeric binders in 

constructing polymer composite frameworks (PCFs) to consolidate the current research in the 

field and provide future research directions. To begin with, we summarize the general binding 

mechanism in LIBs and then introduce the current challenges and solutions in Li−S batteries. 

Finally, we investigate the role of polymeric binders in host-based PCFs, followed by a 
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discussion on the role of binders in host-free PCFs, and finish with a review of multifunctional 

binders in PCFs, as shown in Fig. 2.1. 

 

Figure 2.1: Three polymer composite frameworks (PCFs) in Li−S batteries; sulfur host-

based PCFs, sulfur host-free PCFs, and multifunctional PCFs for sulfur cathodes in Li−S 

Batteries 

2.4 Polymeric Binders in LIBs 

2.4.1 General Binding Mechanism 

As the electrodes in LIBs are composite electrodes containing the active material and 

conductive additives, polymeric binders are employed to ensure intimate contact between the 

electrode components and the current collector is maintained over extended cycling. Before an 

in-depth review of binders in Li−S batteries is carried out, a summary of the adhesion 

mechanism is provided. An electrode slurry can be fabricated by combining a binder solution 

and the desired active materials. During this step, the solution can thoroughly wet the surface 

pores of the particles. Once the slurry is coated and dried, adhesion throughout the polymer 

composite framework is achieved. This adhesion can be thought to arise via two mechanisms, 

mechanical interlocking and interfacial forces, as shown in Fig. 2.2 [13]. 
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Figure 2.2: The roles of polymeric binders in a typical LIB 

2.4.1.1 Mechanical Interlocking 

D.E. Packham has provided a fascinating history into the role of mechanical interlocking in 

adhesion theory [14]. Mechanical interlocking arises when a binder solution penetrates the 

pores of a particular surface (or surfaces) and is subsequently hardened. As the binder solution 

solidifies in situ, a solid, embedded film remains in the material's pores, leading to adhesion. 

The surface roughness influences the adhesion strength, which allows for a higher area for 

bonding [15] and the nature of the adhesive itself [16]. 

2.4.1.2 Interfacial Interactions 

Various adhesive mechanisms which occur at the interface between the adhesive and the active 

material surface have been proposed [17]. The mechanisms most commonly encountered in 

LIBs adhesion include intermolecular forces, electrostatic forces, and covalent bonding, which 

occur at the binder/surface interface. In the case of intermolecular forces, the adhesive strength 

between two materials can be improved if the ever-present Van der Waals forces are 

supplemented by hydrogen bonding between the binder and substrate [18]. Similarly, the 

adhesive strength can be improved if either electrostatic [19] or covalent bonds [20] occur at 

the interface. For a more comprehensive introduction to the forces that occur both at the 

interface and within a binder itself, we refer readers to our recent review, which thoroughly 

investigates the matter [13]. 

2.4.2 Challenges of Traditional Binders 

Fluorine containing polymers have experienced remarkable success when applied in energy 

storage devices such as batteries [13], supercapacitors [21], and fuel cells [22] and are the 

current status quo for binders in energy storage devices. Poly(vinylidene fluoride) or 

poly(vinylidene difluoride) (PVDF) (Scheme 2.1) is mainly produced by emulsion or 

suspension polymerization [11] and is the most widely used binder in battery electrodes due to 

its relative chemical inertness and stability over a wide voltage window [23]. 
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Poly(Tetrafluoroethylene) (PTFE) (Scheme 2.1), another fluoro-polymer, has also found 

success in energy storage devices, particularly in supercapacitors due to its more superior 

tolerance to alkaline conditions compared with PVDF [24]. However, its inferior 

mechanical/adhesive properties have led to the dominance of the PVDF binder in battery 

systems. As PVDF is the most common binder in batteries, its limitations are the most relevant 

and are briefly discussed below. 

 

Scheme 2.1: The molecular structures of the PVDF and PTFE 

2.4.2.1 Chemical Stability 

Although wildly successful and chemically stable under various conditions, PVDF still causes 

operational concerns due to its chemistry. PVDF can react with lithium metal (or lithiated 

graphite) during high-temperature operation to form LiF [25]. Furthermore, under “abuse-

conditions” such as over-charge/discharging or short circuits, unwanted reactions with PVDF 

can cause thermal runaway, which leads to safety concerns [26]. Finally, PVDF has been shown 

to cause accelerated degradation of active materials at contact points under elevated 

temperatures [27]. 

2.4.2.2 Adhesion Strength 

The polymer backbone of PVDF consists of alternating CH2 and CF2 species, which, according 

to the aforementioned binding theory, delivers adhesion through mechanical interlocking and 

Van der Waals forces. Although the C-F bond in PVDF is highly polar due to fluorine’s 

electronegativity, the polymer arranges itself so that the dipole moments cancel each other out 

[28]. Therefore, PVDF cannot produce strong interfacial interactions (i.e., hydrogen bonding, 

electrostatic interactions, or covalent bonds) toward the active materials or current collector. 

As a result, the more robust bonding mechanisms mentioned previously do not present 

themselves in PVDF-based electrodes. What is more, PVDF is prone to swelling in common 

LIB electrolytes, which can lead to the migration of the electrolyte between the binder/substrate 

interface [29], which reduces the intimate contact between electrode components required for 
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tight bonding. Thus, it proves difficult for the PVDF binder to maintain a stable electrode 

structure over extended cycling. 

2.4.2.3 Environmental, Health and Cost Concerns 

PVDF is a rather costly synthetic polymer that is only soluble in volatile and toxic organic 

solvents, with the most commonly used solvent being N-methyl pyrrolidine (NMP) [30]. A 

shift toward aqueous-soluble binders could not only lower costs but could also reduce the 

associated health hazards and environmental impact associated with the manufacturing and 

recycling of secondary cells. 

2.5 Working Mechanisms and Challenges of Li−S Batteries 

2.5.1 Li−S Battery Working Mechanism 

A typical Li−S cell contains a composite sulfur cathode (containing sulfur, a conductive 

additive, and a binder), lithium metal anode, separator, and organic electrolyte. As discharge 

begins, Li+ ions migrate from the anode to the cathode so that the reduction of elemental sulfur 

can begin. A multi-step electrochemical reaction occurs with two associated voltage plateaus, 

as shown in Fig. 2.3 [31]. 

 

Figure 2.3: A typical charge/discharge profile for a Li−S battery. Reproduced with 

permission from Ref. [31]. Copyright 2017 John Wiley and Sons 

The voltage plateau at 2.4 - 2.15 V corresponds to the formation of long-chain polysulfides 

(Li2Sx; x = 4 - 8). As the long-chain polysulfides are soluble in organic electrolytes, this portion 

of the electrochemical reaction involves a solid to liquid phase conversion of the active material 

and supplies ≈ 418 mAh·g-1 toward the total discharge capacity [8]. Upon further lithiation, the 
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long-chain polysulfides are converted to short-chain polysulfides (Li2Sx; x = 1 - 2), which are 

insoluble in the electrolyte and precipitate at the cathode surface, providing the remaining ≈ 

1254 mAh·g-1 for a total of 1672 mAh·g-1 specific capacity which roughly corresponds to an 

energy density of 2600 Wh·kg-1 (based upon the complete formation of Li2S) [31]. 

2.5.2 Challenges and Strategies of Li−S Batteries 

The limitations of conventional LIBs have led researchers to investigate higher energy density 

storage options [6]. Li−S batteries, one of the most promising options, have received well-

deserved attention, with over 1000 research papers published on this topic since 2015 [9]. Such 

devoted attention to this system aims to solve the inherent problems with the Li−S cell, which 

are briefly introduced below. 

2.5.2.1 Low Electronic and Ionic Conductivity of Sulfur 

It is well established that sulfur cathodes suffer from low electron and ion transportation due 

to the insulating nature of both sulfur and its discharge product, Li2S, which results in poor rate 

kinetics and low sulfur utilization [32]. What’s more, upon discharge, a passivating layer of 

Li2S can form on the cathode surface, further reducing the cell’s capacity [33]. In Li−S cells, 

the low conductivities are typically addressed by implementing conductive sulfur hosts within 

the cathode [34, 35]. Additionally, to gain a better theoretical understanding of the ionic 

transport mechanisms within battery components, researchers have turned to density functional 

theory (DFT) calculations [36]. 

2.5.2.2 Volume Expansion of Sulfur 

Another challenge in Li−S cells pertains to the volume expansion experienced by the active 

materials during discharge [37]. Upon complete lithiation, the elemental sulfur undergoes a 

volume expansion of ≈ 70% [38], which can cause internal stresses within the electrode and 

results in electrode pulverization and capacity decay [39]. The volume fluctuations of the active 

materials are typically combated by the rational design and implementation of nanostructured 

sulfur hosts in the Li−S cathode [5]. 

2.5.2.3 The Shuttle Effect of Polysulfides 

The most significant challenge relating to Li−S batteries is dubbed the “shuttle effect” (or 

shuttle phenomenon) [40]. This issue arises from the phase transformation of the active 

material during discharge, wherein the solid elemental sulfur is reduced to long-chain 

polysulfides (PSs), which are highly soluble in the common organic electrolytes found in Li−S 

cells. This formation of soluble long-chain polysulfides causes a concentration gradient to 
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arise, which promotes the migration of these species toward the anode, where they can undergo 

parasitic reactions, causing a severe reduction in the discharge capacity and efficiency of the 

battery [41]. 

Initial attempts to curtail the PS shuttle involved the restriction of PSs through physical means, 

including surface coatings and the loading of sulfur into porous materials at the cathode, but 

more recent solutions include the chemical restriction of PSs [42]. DFT calculations have been 

utilized to investigate mechanisms by which PSs can be chemically anchored within the Li−S 

battery, including through the lithium bond [43], heteroatom doping (particularly N and O 

doping) [44], and transition metal sulfide bonding [45]. 

A wide variety of materials have recently been investigated which aim to suppress the PS 

shuttle by various means, as summarized in the recent reviews on polar materials [46], metal 

oxide/sulfides [7, 47], organosulfur polymers [48], porous organic polymers [49], redox 

mediators [50], and flexible materials [51] for Li−S batteries. These chemical PS anchors are 

commonly applied in the cathode of Li−S batteries, which significantly improve Li−S 

performance [52-62]. Another successful approach to anchor the PSs and prevent their 

migration to the anode is the application of functionalized interlayers and separators [34, 35, 

49, 63-67]. Overall, anchoring the PS at either the cathode or the separator has dramatically 

improved the capacity retention of Li−S cells over extended cycles. 

2.5.2.4 Low Sulfur Loading and High Electrolyte/Sulfur (E/S) Ratio 

There are two key considerations which must be addressed concerning the sulfur loading in 

Li−S cells. The first relates to the sulfur weight fraction in the composite electrode and the 

second relates to the areal sulfur loading. Fang et al. [31] suggest a sulfur weight fraction of 

over 70% in the active materials and an areal loading of over 5 mg·cm-2 for a reliable Li−S 

cell. Over the last few years, significant improvements have been made concerning the 

composite's sulphur loading and the areal sulfur loading [34]. 

The electrolyte is another crucial component of the Li−S cell. The go-to solution for 

electrolytes in Li−S batteries has been liquid organic electrolytes [68], but recently researchers 

have turned their attention to solid electrolytes [69]. However, regardless of the electrolyte 

system chosen, another challenge with the Li−S cell is the excessive amount of electrolyte used 

in the cells reported in the literature, resulting in a high electrolyte to sulfur (E/S) ratio reported 

in test cells. Often, an E/S ratio greater than 7 μL of electrolyte to 1 mg of sulfur is used to 

obtain a high sulfur utilization; however, an E/S ratio of less than 4:1 is required so that the 
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energy density of the Li−S cell can reach suitable levels [70]. Fang et al. [31] have shown that 

among the literature that reports the E/S ratio of Li−S cells (which is already the minority of 

literature), over half use an E/S ratio of greater than 10:1, with only 3 achieving a ratio of 4:1 

or lower. Liu et al. [34] have shown that little has changed concerning the E/S ratio of Li−S 

cells in the literature over the past few years. More recently, however, researchers are beginning 

to work on this problem [71]. 

2.5.2.5 Unstable Lithium Metal Anode 

As mentioned earlier, the Li−S cell relies on a lithium metal anode, which is an attractive 

candidate for high-energy-density batteries due to its remarkable theoretical capacity of  ≈ 3860 

mAh·g-1 and low electrochemical potential of - 3.040 V versus the standard hydrogen electrode 

(SHE) [72]. However, the Li metal anode suffers from a practically infinite volume expansion, 

parasitic reactions with the organic electrolyte and PSs, as well as dendrite formation during 

cycling, resulting in an unstable solid electrolyte interphase (SEI) layer, electrolyte depletion, 

and a decreased cycling efficiency [73, 74]. Attempts to rectify the problems caused by the 

lithium metal anode include polymer protecting layers and artificial SEI layers applied either 

ex-situ or formed in situ through electrolyte additives [75]. Additional approaches include the 

fabrication of 3D host materials to house lithium metal [34, 35]. 

2.5.2.6 Safety of the Li−S Cell 

In addition to the challenges regarding the performance of the Li−S cell, some significant safety 

concerns must be overcome for successful Li−S commercialization. In addition to reducing cell 

efficiency, dendrite growth in Li metal anodes can pierce the separator and cause short circuits 

within the cell, resulting in thermal runaway and explosions [73]. Additionally, LiNO3 is 

commonly used as an electrolyte additive to passivate the Li anode and inhibit PS shuttling; 

however, it is prone to excessive gassing in pouch cells [70], causing an increase in internal 

pressure resulting in a risk of explosion [34, 69]. Recent approaches, which aim to increase the 

safety of Li−S cells, include the application of specially tailored liquid and solid electrolytes 

[69] and the inclusion of flame retardant materials within the cell [76, 77]. 

2.5.2.7 Polymer Composite Frameworks in Li−S Batteries 

As mentioned earlier, a significant amount of research on the Li−S system has been focused 

on the cathode host materials; however, the polymer binder, a crucial component of a high-

performance cathode, is comparatively under-researched [9]. In order to review the research 

progress in this area, we first classify the type of PCF based on the components present in the 
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cathode. For the sake of this review, we define a host-based PCF as a cathode constructed using 

sulfur, a sulfur host, conductive additives, and a polymeric binder. First, we discuss the role of 

the binders in host-based PCFs. Another PCF forgoes the traditional sulfur-host entirely and 

sulfur cathodes are fabricated simply through the combination of sulfur, conductive additives, 

and a binder. In this review, we dub these cathodes as host-free PCFs. The role of polymeric 

binders in host-free PCFs are reviewed in the next section. Finally, researchers have turned to 

multifunctional binders to impart additional features into the Li−S cathode, which we review 

in the final section. 

2.6 Sulfur Host-Based Polymeric Composite Frameworks 

2.6.1 Sulfur Hosts and Interlayers in Li-S Batteries 

A plethora of research into sulfur host-based cathodes in Li-S batteries (LSBs) has shown that 

the application of these materials can enhance the electrochemical performance of LSBs in a 

multitude of ways. Typical sulfur host materials include hierarchical porous carbons [78], 

heteroatom-doped carbon [79], and transition metal oxides/sulfides [47]. The success of sulfur 

hosts in LSBs stems from their unique ability to simultaneously alleviate many of the technical 

limitations of the chemistry in LSBs [8]. 

As mentioned in the previous section, the commercialization of LSBs is hindered by the 

insulating nature of sulfur and its discharge products (Li2S2 and Li2S). Early attempts to 

improve the electrochemical performance of the LSBs relied on the addition of a simple 

conductive additive, for example, Carbon Black, into the composite cathode so that the 

electronic conductivity of the cathode could be improved [80]. By improving the electronic 

conductivity of the composite, electronic pathways between the current collector (and thus, the 

external circuit) and the electroactive sulfur species can be enhanced so that more of the 

electronically insulating species can participate in the electrochemical processes [81]. Since 

this development, the conductive additives have been modified further to enhance the Li-S 

cathode in a multifunctional capacity. 

The first step in the transition between traditional conductive additives and multifunctional 

sulfur hosts was the realisation that a porous and conductive structure can house the sulfur 

within the material, rather than simply distributing the sulfur and conductive additive 

throughout the cathode, as shown by Nazar et al. [82]. This development gave rise to the class 

of materials now known as sulfur hosts. The incorporation of the sulfur in the porous host 

matrix improves the electrochemical performance of the LSBs by reducing the agglomeration 
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and particle size of the sulfur material throughout the cathode, which in turn shortens electronic 

pathways and improves the sulfur utilization in the cathode [83]. 

However, in contrast to traditional conductive additives, sulfur hosts can enhance the 

performance of the LSBs due to their multifunctional nature [84]. In addition to shortening the 

electronic pathways, porous host materials also provide an ample void structure that can house 

the sulfur. Traditionally, the expansion of the sulfur species during discharge causes electrode 

pulverisation, which reduces the electrochemically active regions of the cathode and causes 

rapid capacity fading [85]. When the ample void structure is provided by the porous hosts, the 

material expansion is buffered and the electrode damage can be avoided, which enhances the 

longevity of the LSBs. The void structure of the host material also allows for a sufficiently high 

sulfur loading in the cathode, which helps to address the concerns related to insufficient sulfur 

content in the electrode [86]. 

The most important feature of the recently developed sulfur hosts relates to their polysulfide 

retention ability [87]. Early works into this phenomenon investigated various conductive 

porous carbon materials, which were shown to physically trap the soluble polysulfides in the 

micropores thereby reducing the polysulfide shuttling phenomenon and enhancing the capacity 

retention in LSBs [88]. Although initially effective, over extended cycling, physical trapping 

of polysulfides becomes ineffective and the capacity fading associated with the shuttle effect 

persists [89]. 

In response to this, researchers began investigating porous sulfur host materials with tailored 

chemical functionality, which enables the chemical trapping of soluble polysulfides at the 

cathode surface [90]. The chemical retardation of soluble polysulfides was vastly superior to 

previous attempts based on physical trapping, and led to an astounding amount of literature on 

the topic. 

Finally, multifunctional sulfur hosts can enhance the electrochemical performance in the LSBs 

by catalysing the conversion of polysulfide intermediates in the cell and work reducing the 

energy barriers associated with the complex multi-step conversion of polysulfides, which is 

especially beneficial in fast charge/discharge settings [91-93]. 

The success of the multifunctional sulfur host has been thoroughly reinforced in recent 

literature, with the mechanisms of action thoroughly investigated. Since the exploratory studies 

into these materials have been conducted, researchers can now shift their attention to the 

scalability, environmental impact, and costs of sulfur hosts going forward. 
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Another common approach to enhance the electrochemical performance of the LSBs is 

achieved through the application of multifunctional interlayers [63]. Interlayers can be applied 

as free-standing components [94], cathode surface coatings [95], or as a coating applied at the 

separator of the cell [96]. The materials used in the fabrication of multifunctional interlayers 

closely mirror those used as sulfur hosts in LSBs, with investigations into carbon [97], metal 

oxides [98], and metal sulfide-based interlayers [99] being produced from a wide range of 

researchers. 

Not only are the materials that are used for Li-S interlayers similar to those used for sulfur 

hosts, but so too are the mechanisms by which the performance is improved in the LSBs. 

Carbon-based interlayers enhance the electronic conductivity of the cathode composite by 

acting as an upper current collector, which can reduce the electrochemically inaccessible 

sections of the cathode, thus enhancing sulfur utilisation and improving electrochemical 

performance under fast charging/discharging conditions [100]. Additionally, similar to carbon-

based sulfur hosts, the carbon-based interlayer can physically trap the soluble polysulfides at 

the cathode side of the LSBs, reducing the polysulfide shuttling phenomenon and improving 

the longevity of the cell [101]. 

Polar heteroatom-doped carbons, metal oxides, and metal sulfides applied at the interlayer of 

the LSBs, similar to their sulfur host-based counterparts, also provide chemical polysulfide 

retention. Again, this retention ensures the soluble polysulfides are trapped at the cathode side 

of the cell, which reduces the troublesome effects of the shuttle effect [102]. Catalytic materials 

applied at the interlayer also facilitate the rapid conversion of reaction intermediates in the 

LSBs [103]. 

Although the multifunctional sulfur hosts and interlayer materials share many similarities, a 

significant difference between the two materials can be observed. Due to the fact that the 

interlayer material is applied only at the surface of the cathode, not throughout the entire 

cathode as is the case for sulfur host-based composite, less of the material is required to elicit 

a similar effect, which has significant ramifications on the total mass, and thus the energy 

density, of the entire cell [104]. 

Regardless of whether the multifunctional material is applied as a sulfur-host or as an 

interlayer, the interactions between the material and the polymer binder must be thoroughly 

considered. These considerations are detailed thoroughly in the subsequent sections. 
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2.6.2 Mechanical Interlocking Between Binders and Sulfur Host 

A selection of hosts and binders in host-based Li−S batteries are listed in Table 2.1. It can be 

seen that the most commonly used binders are PVDF and PTFE. Due to the inertness of the 

polymers, the interaction between these polymers and sulfur is weak; however, because the 

polymer can penetrate and interlock the pores of the sulfur host, a relatively stable structure is 

obtained, and the electrode can still deliver acceptable electrochemical performance in Li−S 

batteries [105, 106]. 

As mentioned earlier, a vast array of sulfur hosts has been investigated for use in sulfur 

cathodes. Of these, the carbonaceous host materials are generally porous so that the binder can 

mechanically interlock the sulfur host, while the host can provide an efficient confining 

structure for sulfur. Morphologies of the host can include hollow carbon spheres [102], carbon 

nanotubes [129], graphene [130], and hierarchical porous carbons [131]. For example, Zhao et 

al. synthesized a tube-in-tube carbon nanotube structure as a host for Li−S batteries while 

using. PVDF as a binder to fabricate a host-based PCF structure, as shown in Fig. 2.4 [130]. 

The Li−S battery exhibited excellent electrochemical performance due to the porous carbon 

layers' good electrical conductivity and large pore volume. The specific capacity remained at 

918 mAh·g-1 at 500 mA·g-1 after 50 cycles and 647 mAh·g-1 at 2 A·g-1 after 200 cycles. It also 

delivered high capacity at high current density (550 mAh·g-1 at 6 A·g-1). 
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Table 2.1: PCFs via the interlocking binding mechanism for Li−S batteries 

Binder Sulfur Host Reference(s) 

PVDF 

Nitrogen-doped porous 

carbon 
[105] 

Flower-shaped porous 

carbon 
[107] 

Monolithic carbon [108] 

Nitrogen-doped carbon 

nanofiber 
[109] 

Hollow carbon nanofiber [110] 

Carbon nanocube [111] 

Nitrogen-doped porous 

carbon 
[112] 

Porous carbon layer [113] 

Mesoporous carbon [114-118] 

PPy [119] 

Carbon nanotube [120, 121] 

Ti4O7 [122] 

MnO2 [123] 

Co9S8 [124] 

Porous carbon aerogel [125] 

Li2S/TiO2-impregnated 

hollow CNF 
[126] 

Ti2C [127] 

PTFE 
Porous carbon nanosheets [106] 

Carbon sphere [128] 

 

Similarly, structured metal oxides [122], metal sulfides [124], and metal carbides [127] can 

provide sites for binder mechanical interlocking while simultaneously housing the sulfur active 

materials. Many researchers have already provided in-depth reviews on the design of sulfur 

hosts, which we direct readers to for further information [7, 34, 35, 46-51, 133-137]. 
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Figure 2.4: Schematic illustration for the formation of S‐TTCN composite: (1) Uniform 

coating a solid SiO2 layer and a porous SiO2 layer embedded with C18TMS molecules on 

MWNTs; (2) formation of porous carbon nanotube by carbonization of C18TMS; (3) etching 

SiO2 layers to obtain tube‐in‐tube carbon nanostructure (TTCN) with MWNTs encapsulated 

within hollow porous carbon nanotube; (4) sulfur infused into TTCN to fabricate S‐TTCN 

composite. Reproduced with permission from Ref. [130]. Copyright 2014 John Wiley and 

Sons 

2.6.3 Combined Interfacial Forces in Polymer Composite Frameworks 

In some cases, a host-based PCF based on PVDF/PTFE can still deliver suitable 

electrochemical performance due to the functionality provided by the sulfur host, while these 

binders maintain electrode integrity through weak adhesive interactions. However, to further 

improve the stability of the electrode, binders with functional groups have been explored for 

Li−S batteries, especially for high sulfur loading cathodes where PVDF/PTFE binders become 

insufficient. The binders poly(acrylic acid) (PAA), carboxymethyl cellulose (CMC)/styrene 

butadiene rubber (SBR), and sodium alginate (SA) contain abundant hydroxyl or carboxylate 

groups that can provide strong binding forces for the electrodes [13]. The interaction between 

binders and hosts should be further enhanced to obtain prolonged cycles for high-loading 

electrodes. As shown in Table 2.2, many novel binders have been designed to work with the 

hosts synergistically. 
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Table 2.2: PCFs composed of binders and sulfur hosts with additional interfacial binding 

forces in Li−S batteries 

Binder Sulfur Host Reference 

CMC/SBR Meso@microporous carbon [138] 

CMC/SBR 
PPy warped mesoporous 

carbon 
[139] 

CMC/SBR CNF [140] 

CMC/SBR CNF [141] 

CMC/SBR Co9S8 [124] 

CMC PAN [142] 

CMC 
Hollow porous carbon 

sphere 
[143] 

SA Hollow carbon nanorod [144] 

SA Microporous carbon [145] 

LA132 
Nitrogen-doped carbon 

sphere 
[146] 

LA133 Core-shell carbon sphere [147] 

PAA S-CPAN [148] 

PMMA FeS2 [149] 

PVP/PEO CNF [150] 

Nafion/PVP Porous carbon sphere [151] 

Nafion 
Nickel sulfide/hollow 

carbon spheres 
[152] 

PVP Porous carbon sheets [153] 

PES CNT [153] 

PEB-1 
Nitrogen-doped mesoporous 

carbon 
[154] 

D11 Porous carbon sheets [152] 

PDAT Porous carbon sheets [152] 

PANi CNF/S [152] 

GG PAN [155] 

Carbonyl β-cyclodextrin PAN [156] 
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Binder Sulfur Host Reference 

Polycation β-cyclodextrin PANi [157] 

Double-chain polymer Carbon material [158] 

 

For example, a PVDF binder was sufficient to maintain electrode integrity and obtain stable 

cycle performance when using a Co9S8 host with a sulfur loading below 2.5 mg·cm-2. However, 

when the electrodes were fabricated with higher sulfur loadings (2.5-4.5 mg·cm-2), the use of 

a CMC/SBR binder was required to maintain the high capacity and stable cycles [124]. Another 

example is that Kim et al. [159] investigated PAA as a binder in host-based PCF Li−S cathodes. 

The group combined sulfurized carbonized poly(acrylonitrile) (S-CPAN) as a sulfur host and 

PAA as a binder to form the framework. The PAA-based electrode delivered a higher specific 

capacity upon cycling than the PVDF-based electrode while also delivering a higher 

Coulombic efficiency (CE) (Fig. 2.5a and b). After 100 cycles, post-mortem analysis of the 

electrode cross-section under SEM revealed severe delamination in the PVDF-based 

framework (Fig. 2.5c); however, there was still intimate contact between the electrode film and 

current collector when PAA was used as the binder (Fig. 2.5e). The surface of the PVDF-based 

electrode displayed large cracks, whereas the PAA-based electrode maintained its integrity. 

The group suggested that the structural integrity was maintained in the cathode due to hydrogen 

bonding occurring between the carboxylate groups of the PAA and the OH groups found on 

the carbonized PAN and current collector. This hydrogen bonding displayed high elasticity and 

maintained intimate contact between electrode components during the volume 

expansion/contraction of the S-CPAN upon cycling. Following this, an FEC additive was used 

to stabilize the lithium metal anode in the alkyl carbonate electrolyte, which enabled a 98.5 % 

capacity retention (≈ 1500 mAh·g-1) after 100 cycles at 0.5C. 

Rao et al. [141] used a chemical deposition method to prepare a CNF-S composite. From there, 

they fabricated host-based PCF cathodes using PVDF in NMP, poly(ethylene oxide) (PEO) in 

acetonitrile, and CMC/SBR (2:3) in water as binders, respectively. By observing the discharge 

profiles (Fig. 2.6), it was seen that the CMC/SBR and PEO-based frameworks displayed a 

lower voltage plateau of around 2.0 V, compared with the PVDF-based framework’s lower 

voltage plateau of 1.95 V, which suggests a greater degree of polarization in the PVDF-based 

cell. Upon extended cycling, the discharge capacities were 586, 420, and 350 mAh·g-1 for the 

CMC/SBR, PEO, and PVDF-based batteries, respectively, highlighting the superior capacity 

retention when CMC/SBR is used as a binder. 
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Figure 2.5: (a) Cycle retention graph and (b) charge-discharge curve graph of S-CPAN cells 

with PVdF and PAA binders. SEM images of (c) surface and cross section of S-CPAN with 

PVdF binder electrode, (d) lithium metal surface of S-CPAN cell with PVdF binder, (e) 

surface and cross section of S-CPAN with PAA binder electrode, and (f) lithium metal 

surface of S-CPAN with PAA binder after 100 cycles. Reproduced with permissions from 

Ref. [159]. Copyright 2017 American Chemical Society 

Lacey et al. investigated the effects of binders and hosts in Li−S batteries. They fabricated an 

acceptably high sulfur loading cathode using their optimized poly(vinylpyrrolidone) 

(PVP):PEO binder [149]. They found that with a small addition of CNFs into the cathode, the 

homogeneity of the electrode film was vastly improved (Fig. 2.7), which allowed for increased 

sulfur loading up to 5 mg·cm-2 without delamination of the electrode film. 
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Figure 2.6: Charge and discharge curves of (a) lithium/sulfur cell with a PVDF binder and 

(b) CMC + SBR binder at 0.05C. Reproduced with permission from Ref. [141]. Copyright 

2012 Elsevier 

Oppositely charged binders can also enhance the mechanical properties of the electrodes. Soft-

pack Li−S batteries with an ultra-low binder content of 0.5 wt% were fabricated by Wang et 

al. [150]. The group used an innovative layer-by-layer air spray method to synthesize a 

Nafion/PVP (N/P)-based Li−S electrode (Fig. 2.8). The adhesion of the electrode film was 

examined via a peel test, which revealed the N/P binder delivered a stronger adhesion with 0.5 

wt% than the PVDF film with 10 wt% loading owing to the electrostatic interaction between 

the positively charged PVP and negatively charged Nafion. The as-fabricated pouch cells 

delivered a higher initial capacity and a slower capacity decay than the PVDF batteries, even 

with the ultra-low binder loading. 

Besides the solid binding forces, the binders are also expected to be multifunctional. 

Considering that, various functional binders have been explored for host-based sulfur 

electrodes, such as electronically and ionically conductive binders [142, 158]. For example, a 

poly(pyrrole) (PPy)-based double-chain polymer binder was developed by Liu et al. [158]. 4,4ʹ- 

Biphenyl disulfonic acid (BSA) was capped with pyrrole before polymerising on a CMC 

matrix. The incorporation of 6.4 wt% of the BSA/PPy into the CMC matrix reduced the 

resistance of the composite, in turn vastly increasing the conductivity of the cathodes fabricated 

using this binder while simultaneously providing anchoring sites for PS retention. A thick 

electrode with a sulfur loading of 9.8 mg·cm-2 was fabricated and delivered a high areal 

capacity of 9.2 mAh·cm-2 even with a low electrolyte to sulfur ratio of 5:1 (μL:mg). 
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Figure 2.7: Photographs comparing the effect of a 3.5% w/w addition of carbon nanofibers to 

water-based slurries employing a PVP:PEO binder. Uniformity of sulfur loading is indicated 

for the coating with CNF. Reproduced with permission from Ref. [122]. Copyright 2017 

Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim 

Binders can also facilitate ion transport across the electrolyte-host interface. Li et al. [154] 

introduced a polyelectrolyte binder—poly[(N,N-diallyl-N,N-dimethylammonium) 

bis(trifluoromethanesulfonyl)imide] (PEB-1) to sulfur cathodes with nitrogen-doped 

mesoporous carbon (N-MC) hosts, as shown in Fig. 2.9. Due to the high ionic conductivity of 

PEB-1, sulphur utilisation could be enhanced even in the depths of the mesoporous carbon. 

The Li−S batteries with high sulfur loading could deliver high capacities at a fast rate (1004 

mAh·g-1 at 0.2 C with a high mass loading of 8.1 mg·cm-2) and exhibit long cycle life, which 

is attributed to the sizeable N-doped surface area of the N-MC and facile Li+ ion transport in 

the electrode as aided by PEB-1. 

To further improve the design of hosts for sulfur cathodes, free-standing structures can be 

realized. A free-standing CNF/S/poly(aniline) (PANi) cathode was introduced by Zhu et al. 

[160]. A S/CS2 solution was first used to impregnate a carbon nanofiber mat with sulfur before 

a coating of PANi was applied through an in situ polymerization process. The resultant 

electrode delivered a reversible discharge capacity of 953 mAh·g-1 after 300 cycles at 0.2 C, 

owing to the ability of the 3D architecture to accommodate the sulfur volume 

expansion/contraction during cycling. The energy density of the entire electrode was improved 

through the reduction in unnecessary electrode components. 
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Figure 2.8: Illustration of (a) the air spray process of cathode, (b) the sprayed cathode, (c) the 

layer-by-layer C/S composite, (d) the cross-link between Nafion and PVP. Reproduced with 

permission from Ref. [123]. Copyright 2015 American Chemical Society 

Overall, the implementation of rationally designed sulfur hosts has made great strides in 

overcoming the technical challenges associated with Li−S cells. However, there has been 

comparatively little research into the combined effects realized by sulfur hosts and novel 

binders. Future progress could be made by further investigating the combination of sulfur hosts 

and novel multifunctional binders. 
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Figure 2.9: Illustration of the fabrication of sulfur electrodes with PVDF or PEB-1 binder. 

(a) The cathode is comprised of sulfur-active materials loaded into N-doped mesoporous 

carbon (N-MC) hosts, “Super-P” as the conductive additive, and a polymer binder (PEB-1 or 

PVDF). (b) A conventional sulfur cathode cast onto an aluminum current collector. (c) A 

highly loaded sulfur cathode cast onto a carbon nanofiber current collector. (d) Schematic 

illustrating the formation of complex ion clusters via anion metathesis, when PEB-1 

encounters soluble polysulfides during Li−S cell cycling. Reproduced with permissions from 

Ref. [154] 

2.7 Sulfur Host‑Free Polymeric Composite Frameworks 

Sulfur-host-free PCFs are fabricated without the use of traditional sulfur hosts. As there is no 

sulfur host present, the polymeric binders' responsibility in host-free PCFs is to provide a stable 

electrode structure. This section reviews the research progress on host-free PCFs in Li−S 

batteries. A table overviewing the performances of host-free PCFs and their respective binders 

is provided in Table 2.3. 
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Table 2.3: Binders and their electrochemical performance in host-free PCFs 

Binder 
Discharge capacity 

@ nth cycle 
C-rate Reference(s) 

Natural polymers 

Gelatin 
544 mAh·g-1 @ 50 

cycles 
≈ 0.1 C [161] 

SA 
508 mAh·g-1 @ 50 

cycles 
≈ 0.2 C [162] 

CMC/SBR (1:1) 
580 mAh·g-1  @ 60 

cycles 
≈ 0.05 C [163] 

Chitosan 
≈ 950 mAh·g-1 @ 

20 cycles 

0.1 C (1st 3 cycles), 

0.5 C remaining 

cycles 

[164] 

GA 
841 mAh·g-1 @ 500 

cycles 
0.5 C [165] 

GG 
≈ 600 mAh·g-1 @ 

400 cycles 
1 C [166] 

Carrageenan 
≈ 700 mAh·g-1 @ 

100 cycles 
0.05 C [167] 

Starch 
≈ 500 mAh·g-1 @ 

200 cycles 
0.2 C [168] 

Synthetic polymers 

PVP 
≈ 1000 mAh·g-1 @ 

100 cycles 
0.2 C [169] 

PEO 
≈ 650 mAh·g-1 @ 50 

cycles 
0.2 C [170] 

AMAC 
652 mAh·g-1 @ 100 

cycles 

≈ 0.05 C (1st 6 

cycles), ≈ 1 C 

remaining cycles 

[171] 

PAA 
325 mAh·g-1 @ 50 

cycles 
0.2 C [172] 

LA132 
470 mAh·g-1 @ 100 

cycles 
0.5 C [173] 
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Binder 
Discharge capacity 

@ nth cycle 
C-rate Reference(s) 

PAMAM 
≈ 640 mAh·g-1 @ 

100 cycles 

0.05 C (1st 2 

cycles), 0.2 C 

remaining cycles 

[174] 

PEI 
744.2 mAh·g-1 @ 50 

cycles 
0.05 C [175] 

PQ 
885.1 mAh·g-1 @ 50 

cycles 
0.05 C [176] 

PDAT 
≈ 700 mAh·g-1 @ 50 

cycles 
0.1 C [152] 

PIL-5 
446 mAh·g-1 @ 500 

cycles 
0.2 C [177] 

Thiokol 
501 mAh·g-1 @ 200 

cycles 
0.1 C [178] 

APP 
530 mAh·g-1 @ 200 

cycles 
0.5C [179] 

Composite binders 

PVP:PEO (1:4) 
≈ 1000 mAh·g-1 @ 

50 cycles 
0.2 C [180] 

PEI:PVP 
≈ 580 mAh·g-1 @ 50 

cycles 
0.1 C charge, 0.25 C [181] 

PEI:Gelatin 
871.3 mAh·g-1 @ 

100 cycles 
0.5C [182] 

Cross-linked binders 

SA/Cu2+ 
758 mAh·g-1 @ 250 

cycles 

0.2 C (1st cycle), 1 

C remaining 
[183] 

XG/GG 
724 mAh·g-1 @ 150 

cycles 
0.5 C [184] 

Amino functional 

group binder 

≈ 400 mAh·g-1 @ 

600 cycles 
2 C [185] 

PEI/PEGDGE 
430 mAh·g-1 @ 400 

cycles 
1.5 C [186] 
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Binder 
Discharge capacity 

@ nth cycle 
C-rate Reference(s) 

PEI/ER 
829 mAh·g-1 @ 

1000 cycles 
0.5 C [1879] 

 

2.7.1 Natural Polymers 

Natural polymers have been a staple in binder research since Kovalenko et al. [187] used 

alginate to fabricate high-performance silicon anodes in LIBs. Natural polymers are abundant, 

environmentally friendly, aqueous-soluble, and are endowed with a high degree of 

functionality via their inherent functional groups. As such, natural polymers are an attractive 

option when fabricating host-free sulfur cathodes. 

2.7.1.1 Gelatin 

Gelatin is a water-soluble biological macromolecule, and in an aqueous solution, it delivers a 

sufficient viscosity to function as a binder in rechargeable battery electrodes [188]. Huang et 

al. [189] applied gelatin derived from bovine bones to form a bio-derived host-free cathode in 

Li−S batteries. When compared with an electrode fabricated with PEO, it was observed that 

the gelatin-based cathode displayed superior homogeneity of the sulfur and acetylene black 

conductive additive. The −COOH and −NH2 functional groups contained in gelatin allowed 

for a high adhesion among the electrode components and current collector. Furthermore, as 

these functional groups are highly hydrophilic, the resultant polymeric framework was 

substantially insoluble in the organic electrolyte, which resulted in superior performance of the 

gelatin-based cathode [188]. 

Wang et al. [190] characterized a gelatin-based sulfur cathode at different discharge stages via 

SEM and XRD analysis. SEM images were taken before first discharge (Fig. 2.10a) and reveal 

a homogeneous distribution of sulfur, carbon, and pores throughout the polymeric framework. 

Fig. 2.10b reveals the reduction in pore volume as elemental sulfur is reduced to long-chain 

polysulfides, with Fig. 2.10c revealing a further reduction in pore volume as the long-chain 

polysulfides are further reduced to the insoluble short-chain polysulfides. Upon full discharge 

(Fig. 2.10d), the Li2S layer becomes denser with a further reduction in porosity across the 

electrode. After a full charge, the Li2S layer is fully oxidized, and the framework's porous 

structure returns (Fig. 2.10e). The gelatin-based cathode obtained a capacity of 1235 mAh·g-1 

at the first discharge and retained a capacity of 626 mAh·g-1 after 50 cycles at a discharge 
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current density of 0.4 mA·cm-2, which the group attributed to the framework’s ability to retain 

a stable void structure after PS dissolution. 

 

Figure 2.10: SEM images of the porous sulfur cathodes during the discharge-charge process 

at the (a) original, (b) 6% discharge, (c) 36% discharge, (d) full discharge and (e) first charge. 

Reproduced with permission from Ref. [190]. Copyright 2009 Elsevier 

Following this, the group observed the electrochemical behaviour of both the gelatin-based 

(SGA) and PEO-based (SPA) cathodes, as shown in Fig. 2.11 [161]. They observed that, for 

the gelatin-based cathode (Fig. 2.11a), the two distinct plateaus are present on the discharge 

profile even at a high current density of 1600 mA·g-1, whereas for the PEO-based cathodes, the 

distinct plateaus disappear at current densities greater than 800 mA·g-1 (Fig. 2.11b), which 

suggests two different discharge mechanisms for the two cells. X-ray diffraction (XRD) 

analysis of both cells pre- and post-discharge supported this hypothesis by revealing that in the 

gelatin-based cell, no elemental sulfur remained in the XRD pattern, suggesting that all of the 

sulfur participated in the reaction, which they accredited to the excellent dispersion properties 

of the gelatin-based composite conductive binding framework. Although the gelatin-based 

cathode retained both of the characteristic discharge plateaus at high current densities, the 

specific capacity for the entire discharge was only 29% of the expected theoretical capacity. 

The group postulated as the first discharge region was relatively unchanged that only a part of 

the dissolved long-chain PS could be fully reduced on the cathode surface due to already 

precipitated Li2S restricting ionic transport for the remaining active material. A freeze-drying 

method was employed to increase the porosity in the gelatin-based framework to provide more 

reaction sites for complete PS reduction to counteract this phenomenon. SEM analysis revealed 
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an increased porosity of the as-fabricated electrode with a corresponding specific capacity 

increase to 733 mAh·g-1 when discharged at 1600 mA·g-1. 

 

Figure 2.11: Initial discharge curves of Li−S batteries using SGA (gelatin-based) cathode (a) 

and SPA (PEO-based) cathode (b) at different current densities. Reproduced with permission 

from Ref. [161]. Copyright 2011 The Electrochemical Society 

Zhang et al. [191] further investigated the dispersion properties of gelatin-based host-free 

cathodes by controlling the pH of the aqueous electrode slurry to observe the influence on the 

homogeneity of the resultant electrode. The group found that the cathode prepared at pH 10 

resulted in a more even dispersion of sulfur and conductive additives across the framework 

when compared to the cathodes prepared at pH 8 and 5. They hypothesized that the origin of 

this increase in dispersion in the framework was due to gelatin’s tendency to shift its 

conformation in solution when the pH is far from the isoelectric point (IEP). This increase in 

homogeneity resulted in superior performance from the cathode fabricated at pH 10, which 

delivered an initial discharge capacity of 1137 mAh·g-1, compared with the 1024 mAh·g-1 

delivered by the pH 8 cathode and 1034 mAh·g-1 delivered by the pH 5 cathode. The pH 10 

cathode mediated the active sulfur's more complete redox reaction, as evidenced by the strong 

re-emergence of the sulfur peak on the XRD pattern after the first discharge/charge. 

Jiang et al. [192] further improved the dispersion, adhesion, and electrochemistry of gelatin-

based host-free cathodes by introducing l-cysteine onto the gelatin biopolymer framework. 
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Incorporating l-cysteine into this framework helped reduce the polarization of the as-fabricated 

cathode, as evidenced by CV taken on the 1st and 10th cycle (Fig. 2.12a). EIS analysis also 

revealed a reduced charge-transfer resistance for the l-cysteine modified electrode (Fig. 2.12b), 

which the group attributed to the enhanced electronic network formed by the superior 

dispersion properties of the fabricated binding framework.  

 

Figure 2.12: (a) CV of gelatin (SG) and l-cysteine gelatin (SGL) cathodes after 1st and 10th 

discharge with scan rate of 0.5 mV·s-1 and (b) impedance plots for Li−S cells with SG and 

SGL after 1st discharge in the frequency range of (100 kHz-100 mHz). Reproduced with 

permission from Ref. [192]. Copyright 2012 Taylor and Francis 

2.7.1.2 Sodium Alginate (SA) 

Na-alginate's adhesion and dispersion properties are well established; however, Bao et al. [162] 

found that polymeric frameworks based on Na-alginate can also initiate chemical interactions 

with the active sulfur material. The group used the relative decrease in the obtained Fourier 

Transform Infrared (FTIR) spectrum to confirm the interaction between the alginate and sulfur, 

which they postulate is the reason for the improved discharge capacity and capacity retention 

compared with the sulfur cathode fabricated with PVDF. 

2.7.1.3 Carboxymethyl Cellulose (CMC) 

CMC, derived from cellulose, is a low-cost, water-soluble, and commercially available 

polysaccharide, which has found uses in medical applications, pharmaceuticals, cosmetics, 

and, most relevantly, as a thickener, dispersion aid, stabilizer, and binder in a variety of 

applications [193]. CMC can be used directly as a binder in the electrode manufacturing 

process but, due to its crystallinity, the electrodes fabricated in this matter are stiff and rigid 

and prone to cracking. As such, CMC is typically combined with styrene butadiene rubber 

(SBR) to increase the elasticity of the composite. The CMC/SBR blend is an attractive 
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alternative to the conventional PVDF binder and is already finding commercial success in 

manufacturing graphite anodes for LIBs [23]. He et al. [163] applied a 1:1 blend of CMC/SBR 

to form a host-free PCF for Li−S batteries. The dispersion morphology of the electrode slurry 

was investigated via optical microscopy, as shown in Fig. 2.13. A superior dispersion was 

obtained for the aqueous-based CMC/SBR (Fig. 2.13a1) slurry compared to the PVDF-based 

slurry in NMP (Fig. 2.13b1). The group supposed that the addition of CMC into the slurry 

allowed the carbon black to be dispersed effectively as the carboxylate groups of the CMC can 

give rise to an adequate surface charge on the carbon black, stabilizing the dispersion through 

an electrostatic double-layer repulsion effect. They further analysed the dispersion properties 

by measuring the zeta potentials of the electrode components and verified the strong 

electrostatic repulsive force. Following this, the group suggested that this homogeneous 

dispersion of the CMC/SBR could result in a more effective conductive framework supported 

by the low internal and charge-transfer resistance of the CMC/SBR-based composite 

determined by EIS analysis. As a result, the CMC/SBR-based cathode delivered a reversible 

capacity of 580 mAh·g-1 after 60 cycles at 100 mA·g-1 current density, far surpassing the 

reference electrode based on a PVDF binder. 

 

Figure 2.13: Dispersion morphology of (a1) S/CB/SBR-CMC, (a2) CB/SBR-CMC, (a3) 

S/SBR-CMC, (b1) S/CB/PVDF, (b2) CB/PVDF, and (b3) S/PVDF. Reproduced with 

permission from Ref. [163]. Copyright 2011 American Chemical Society 
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2.7.1.4 Chitosan 

Chitosan is an attractive natural polymer with a high nitrogen and hydroxyl content commonly 

sourced from crab and shrimp shells [194]. Chen et al. [164] applied chitosan as a chemical 

polysulfide anchor combined with acetylene black to form a host-free framework for Li−S 

batteries. Considerable improvements in the sulfur redox reversibility and cycling performance 

were achieved using this binder, as evidenced by the higher reversible capacity displayed after 

cycling compared with the gelatin-based cathode (Fig. 2.14). The authors attributed the 

chitosan-based electrode's higher upper plateau discharge capacities to its polysulfide 

anchoring effect (Fig. 2.14c). 

 

Figure 2.14: Discharge curves of batteries: (a) sulfur cathode with chitosan, (b) sulfur 

cathode with gelatin, and (c) the upper plateau discharge capacities of batteries with different 

sulfur cathodes. Reproduced with permission from Ref. [164]. Copyright 2015 Royal Society 

of Chemistry 

2.7.1.5 Gum Arabic (GA) 

Gum Arabic (GA) is a tree gum exudate that has been utilized for over 5000 years in various 

applications, including as an adhesive for paint and during the ancient Egyptian embalming 

process [195]. More recently, GA has been used as a thickening and stabilizing agent [196]. It 

is a branched, complex polysaccharide polymer, consisting of a leading chain of β-d-

galactopyranosyl and side chains endowed with abundant carbonyl and nitrogen-containing 

functional groups [196]. Li et al. [165] adopted GA as a low-cost water-soluble binder to 

fabricate a host-free framework. The GA allowed the electrode slurry to possess a good 

dispersion of active materials, resulting in a homogeneous electrode with reduced 

electrochemical impedance. The as-fabricated electrode delivered a high capacity of 841 

mAh·g-1 over 500 cycles at 0.5 C with a high sulfur loading of 4.4 mg·cm-2. Nano-indentation 
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analysis revealed that the GA displayed superior flexibility when compared with the gelatin 

and PVDF-based electrodes, which allowed for better delamination tolerance. X-ray absorption 

spectroscopy (XAS) was used to verify the chemical bonding between the GA and sulfur, while 

FTIR was used to verify bonding between GA and PS (Fig. 2.15). This analysis revealed that 

not only can the GA firmly hold sulfur through the host-free framework, it can also retain PS, 

which can prevent migration and parasitic reactions at the lithium metal anode. 

 

Figure 2.15: Characterization of chemical bonds between GA and S. (a) TEY XAS and (b) 

TFY XAS spectra for the mixture of GA and S before andafter the thermal treatment at 80 

°C. (c) FTIR spectroscopy of the mixture of GA and polysulfides (Li2Sx, x = 8). Reproduced 

with permission from Ref. [165]. Copyright 2015 John Wiley and Sons 

2.7.1.6 Guar Gum 

Guar gum (GG) is yet another commonly used and widely available biopolymer [197]. GG can 

also fabricate host-free frameworks for sulfur cathodes, as evidenced by Lu et al. [166]. When 

cycled at 1 C, the resultant Li−S batteries delivered a reversible capacity of ≈ 600 mAh·g-1 over 

400 cycles. To explain the improved performance over the reference PVDF-based electrode, 

the group investigated the chemical and mechanical properties of the GG. FTIR analysis 

revealed that the polar OH groups of the GG interact with both the sulfur and polysulfide 

species, which could have inhibited the shuttling effect, increasing electrode stability and cell 

performance. The material’s behaviour toward the electrolyte was observed for both GG and 

PVDF. It was found that the GG displayed minor swelling in the electrolyte, whereas PVDF 

was quickly swollen, which the group supposed to lead to the degradation of the bonding and 
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conductive pathways in the PVDF framework. Furthermore, the GG sample displayed better 

viscosity (when measured in a 1 wt% solution) and hardness than the PVDF sample, all of 

which were suspected reasons for the superior performance of the GG framework in Li−S cells. 

Following this, Cheng et al. [198] conducted a thorough investigation into how the rheological 

behaviour of GG solutions changed with time and the effects of these observations on the 

resultant dispersions of the electrode slurries. The group found that when an aqueous solution 

of GG was made, a gelatinous slurry (g-GG) was obtained; however, after 48 h, the viscosity 

of the solution decreases, and a better fluidity is obtained in a process called retrogradation (r-

GG). FTIR spectroscopy was used to investigate this phenomenon, which revealed that the g-

GG solution exhibited strong hydrogen bonding between the polymer and aqueous solvent; 

however, the r-GG solution preferred hydrogen bonding toward itself. Electrode slurries were 

constructed with both forms of GG, and rheological analysis was conducted. The g-GG-based 

slurry exhibited shear-thinning behaviour, which suggested powder agglomerates were present; 

conversely, the r-GG slurry was more homogeneous. Consequently, electrodes fabricated from 

the r-GG slurry displayed better homogeneity and reduced agglomeration, as revealed by SEM 

analysis, which resulted in increased electrochemical performance. 

2.7.1.7 Carrageenan 

Ling et al. [167] investigated a new method to achieve PS retention in Li−S batteries. A strong 

polysulfide anchoring effect was realised by taking advantage of a nucleophilic substitution 

reaction between the polymer binder and polysulfides. By considering the reaction mechanism, 

the group determined that a sulfate group could serve as a suitable leaving group; therefore 

poly(vinyl sulfate) potassium salt (PVS) polymer was initially tried as a nucleophilic 

substitution binder for Li−S batteries. Although a strong PS anchoring effect was observed in 

the time-lapse ultraviolet (UV)-Vis spectra and C−S bonds formed between the binder and PS, 

the insufficient mechanical properties left room for improvement in cycling stability, which led 

the group to investigate carrageenan as a nucleophilic substitution binder for Li−S batteries. 

Carrageenan is an aqueous-soluble natural product polymer with abundant sulfate groups and 

has a high amount of hydroxyl groups which provides enhanced adhesive capabilities. As with 

the PVS polymer, the carrageenan binder strongly adsorbed PS through the formation of a C−S 

bond, as determined by XAS and XPS analysis. The carrageenan binder allowed for a sulfur 

cathode with a high sulfur loading of 24.6 mg·cm-2, which delivered an areal capacity of 33.7 

mAh·cm-2. The polysulfide retention was also demonstrated during cell operation using 

operando XAS measurements (Fig. 2.16). The cells were discharged at 0.2 C between 2.6 and 
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1.8 V, while the fluorescence spectra were observed. As shown in Fig. 2.16b, the polysulfide 

concentration (purple peak) quickly increases and plateaus as the discharge proceeds; however, 

the polysulfide dissolution in the carrageenan-based electrode remains low (Fig. 2.16c), 

highlighting successful PS shuttling mitigation. 

 

Figure 2.16: Operando XAS measurements of Li−S cell. (a) Schematic of the in situ XAS 

measurement set-up. The inlet photo is the actual customer build instrumentation for this 

experiment. (b), (c) The S K-edge XAS spectra evolution of the electrolyte with voltage scan. 

The purple highlighted peaks are polysulfide adsorption peaks, which evolve during first 

discharge. PVDF binder-based Li−S cell shows the dramatic increase of polysulfide 

concentration in the electrolyte during the first lithiation process. The carrageenan binder-

based Li−S cell shows much slow concentration built up of polysulfide. (d) The relative 

polysulfide concentration changes with discharge shows the superiority of carrageenan binder 

in immobilizing polysulfide. Reproduced with permission from Ref. [167]. Copyright 2017 

Elsevier 

2.7.1.8 Starch 

Starch is also a natural biopolymer also with good mechanical properties. Duan et al. [168] 

subjected starch to a gelatinization process before using the product to fabricate a host-free 

framework using only Super-P and commercial sulfur powder. The as-fabricated framework 

delivered a ≈ 90% capacity retention at 0.2 C after 200 cycles, corresponding to a capacity 

decay of only 0.05 % per cycle. SEM analysis revealed that before cycling, the starch-based 
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framework displayed a rather severe degree of agglomeration. The authors ascribed this to the 

greater wettability of Super-P and sulfur particles compared with the starch, however after 100 

cycles, the framework's integrity remained intact. 

Conversely, the PVDF framework displayed cracks throughout the composite, resulting in 

electronically isolated electrode sections. The authors attributed this stability to the minimal 

swelling of the gelatinized starch framework when the framework was exposed to the 

electrolyte. This resistance to swelling allowed the structure to avoid the exfoliation of sections 

of the electrode. In short, natural polymers often display the necessary viscosity in solutions to 

form suitable binders and are often naturally endowed with specialized functional groups 

conducive to good host-free sulfur cathode function. 

Overall, natural polymers have many inherent benefits. The aqueous-soluble and cheap natural 

polymers could be combined with sulfur hosts synthesized through cheap and green chemical 

methods to reduce the environmental impact of Li−S cell fabrication while still obtaining high 

electrochemical performance. A relatively small amount of research has been carried out with 

multifunctional sulfur hosts combined with natural polymers, which may be a fruitful future 

research direction. 

2.7.2 Synthetic Polymers 

The wide range of available synthetic polymers have the advantage of being highly tailorable 

so that favourable mechanical properties and a strong binding force in host-free PCFs can be 

achieved. 

2.7.2.1 Poly(Vinylpyrrolidone) (PVP) 

The crucial work by Seh et al. [169] provided the theoretical insight into achieving a robust 

chemical bonding mechanism between binders and polysulfides. The group used Ab initio 

simulations in the framework of DFT to evaluate the interactions between various functional 

groups (R) and Li2S on a vinyl polymer [−(CH2CHR)n−] framework (Fig. 2.17). They found 

that a lithium atom in Li2S can form coordination-like bonds with electron-rich groups 

containing lone pairs of electrons on oxygen, nitrogen, and halogens. The most robust 

interaction was determined to be between Li2S and carbonyl (>C=O) groups, found in esters, 

ketones, and amides, as shown in Fig. 2.17a. The group attributed this tight binding to the hard-

acid properties of Li+, which can interact with the hard oxygen donor atoms in the carbonyl 

groups to form a strong lithium-oxygen bond (Li−O). Conversely, the interaction between 

fluoroalkane groups and Li2S is much weaker, which explains why the PVDF binder cannot 
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act as a polysulfide anchor. Considering this, the group selected PVP to act as a multifunctional 

binder to construct a polymeric framework using Li2S as an active material. Evidence of the 

strong interaction between the active material and the binder was provided by observing the 

high degree of dispersion in the electrode slurry, which the authors attributed to the strong 

adsorption of PVP onto the Li2S particles, which stabilized the dispersion. Upon cycling at 0.2 

C, the as-fabricated batteries retained 69% of their original capacity, corresponding to a low 

0.062% capacity loss per cycle attributed to a strong PS retention effect. The group quantified 

the PS anchoring effect by conducting inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) analysis on the electrolyte after discharge. The PVP-based electrode 

consistently showed reduced sulfur amounts in the electrolyte after 1, 5, 10, and 20 cycles. 

 

Figure 2.17: (a) Table showing the calculated binding energy of Li2S with various functional 

groups (R) based on the framework of vinyl polymers -(CH2-CHR)n-. (b-d) Ab initio 

simulations showing the most stable configuration and calculated binding energy of Li2S with 

(b) ester, (c) ketone and (d) amide R groups in vinyl polymers. (e) General schematic 

representing the Li-O interaction between Li2S and >C=O groups as shown in (b-d). 

Reproduced with permission from Ref. [169]. Copyright 2013 Royal Society of Chemistry 

An interesting phenomenon regarding the solvent effects on slurry dispersions was investigated 

by Fu et al. [199]. The group found that by using acetic acid (AA) as a co-solvent, the dispersion 

properties of aqueous PVP and PAA slurries were substantially increased due to a chain 
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opening effect. The co-solvent-based slurries displayed an increased viscosity, with a 

correspondingly enhanced porosity, uniformity, and mechanical properties of the electrodes 

fabricated by this approach. The PVP-based host-free cathode fabricated using the AA co-

solvent approach delivered an initial discharge capacity improvement of 220 mAh·g-1 over the 

PVP-based framework cast from a pure water slurry. The long-term cycling performance of 

the AA co-solvent approach was also improved, delivering a reversible capacity of 530 mAh·g-

1 after 100 cycles at 0.3 A·g-1. 

2.7.2.2 Poly(Ethylene Oxide) (PEO) 

One of the primary considerations when fabricating host-free PCFs with traditional binders, 

which swell or dissolve in the organic electrolyte, is that the void structure required to house 

the sulfur is lost during sulfur dissolution. The interaction between the binder and the 

electrolyte in host-free cathodes is a critical consideration, as elucidated through investigating 

PEO as a binder in host-free frameworks [200, 201]. Lacey et al. [170] investigated the 

mechanisms by which PEO binders can improve sulfur cathode performance. As lower 

molecular weight polymers (i.e., PEG-20000) are soluble, and higher molecular weight PEO 

(Mw ≤ 4,000,000) swell in common liquid electrolytes, they considered it unlikely that PEO 

coatings can physically retard dissolved polysulfides during cycling. Upon observing the 

voltage profile for the first cycle (Fig. 2.18a), they observed that the voltage peak at the 

beginning of the charge cycle, attributed to cell polarization due to insoluble discharge product 

deposition, is removed when PEO is used as a binder. After 50 cycles, the PEO-based 

composite conductive framework enables high capacity retention with distinct upper and lower 

voltage plateaus during discharge (Fig. 2.18b). They concluded that the PEO binder improved 

electrochemical reversibility and suppression of passivation on the sulfur cathode due to the 

nature of PEO dissolution (or swelling), which modified the electrolyte system. 
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Figure 2.18: Voltage profiles for the reference and PEG/PEO-modified cells at C/5 for (a) 

the 1st cycle and (b) 50th cycle. Reproduced with permission from Ref. [170]. Copyright 

2013 Royal Society of Chemistry 

Further investigation into the swelling/dissolution phenomenon of PEO binders was conducted 

by Zhang [171], who argued that polymeric frameworks which are based on polymer binders 

that dissolve or swell in common liquid electrolytes could not maintain a stable void structure 

during sulfur dissolution and are thus unsuitable for Li−S cells with a long cycle life (Fig. 

2.19). 

2.7.2.3 Poly(Acrylamide‑co‑diallyldimethylammonium Chloride) (AMAC) 

In response to this swelling/dissolution phenomenon observed with PEO binders, S.S. Zhang 

introduced a cationic polyelectrolyte named poly(acrylamide-co-diallyldimethylammonium 

chloride) (AMAC) which is substantially insoluble in organic electrolytes but highly soluble 

in water [171]. 
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Figure 2.19: Schematic structure of the sulfur cathode before and after PS dissolution. 

Reproduced with permission from Ref. [171]. Copyright 2012 The Electrochemical Society 

The author attributed the enlarged second discharge plateau to the retained pore structure after 

sulfur dissolution, allowing for easy deposition of Li2S2 and Li2S. To further illustrate this 

effect, the group partially discharged the PEO and AMAC-based cathodes to 300 mAh·g-1 to 

achieve a total conversion of solid sulfur to soluble PS to observe the composite behaviour 

conductive binding framework after PS dissolution. The partially discharged cells were 

disassembled and washed with electrolyte before being stored in triglyme. Due to the gelation 

of the PEO-based cathode, many of the electrode components were stuck to the separator after 

disassembly. In contrast, the AMAC-based cathode maintained its structural integrity, as 

shown in Fig. 2.20. 

Furthermore, the AMAC-based cathode could withstand storage in the triglyme solvent for 48 

h at 60 °C, which was not the case for the PEO-based electrode. These results revealed that the 

AMAC-based composite conductive binding framework delivers greater structural integrity 

and void structure compared to PEO-based composites. Electrochemical results reinforced this 

claim, with the AMAC-based cathode delivering a reversible capacity of 652 mAh·g-1 after 

100 cycles compared with 384 mAh·g-1 for the PEO-based cathode. This work highlights the 

importance of the interaction between the electrolyte and binder, especially during the 

fabrication of host-free sulfur cathodes. 
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Figure 2.20: Visual pictures of separator and sulfur cathode after the Li−S cell was 

discharged to 300 mAh·g-1 sulfur and the cathode was stored in triglyme at 60 °C for 48 h. 

Reproduced with permission from Ref. [171]. Copyright 2012 The Electrochemical Society 

2.7.2.4 Poly(Acrylic Acid) (PAA) 

PAA, a mechanically robust, water-soluble polymer was first investigated by Zhang et al. [172] 

as a polymeric binder in Li−S batteries. The PAA-based cathode delivered a higher discharge 

capacity than the PVDF-based cell, and it also displayed an almost twofold increase in the 

reduction current and a threefold increase in the oxidation current when observing the CV (Fig. 

2.21), which suggests better reaction kinetics within the PAA electrode. The group suggested 

that the binding strength helped stabilize the electrode framework, restrain polysulfides, and 

prevent electrode delamination. 

2.7.2.5 LA132 

LA132, a flexible, water-soluble, highly adhesive copolymer containing acrylonitrile, acrylate, 

and acrylamide, was investigated as a binder in Li−S batteries by Hong et al. [202]. The 

dispersions of electrode slurries using SA, CMC, and LA132 were compared (Fig. 2.22), and 

it was found that the LA132-based slurry provided the best dispersion after being left overnight. 

The better dispersion corresponded to a more homogenous and stable cathode, which allowed 

for a higher discharge capacity over 50 cycles. Pan et al. [173] demonstrated that a cathode 

fabricated with a 5 wt% loading of LA132 binder could even outperform a cathode using 10 

wt% of PVDF. 
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Figure 2.21: Cyclic voltammogram curves of the Li−S cells with PAA sulfur cathode and 

PVDF sulfur cathode at a scan rate of 0.1 mV·s-1. Reproduced with permission from Ref. 

[172]. Copyright 2012 The Electrochemical Society 

 

Figure 2.22: Suspensions of 1 mg·mL-1 sulfur composites dispersed in a SA; b CMC; c 

LA132 after an overnight settlement. Reproduced with permission from Ref. [202]. 

Copyright 2016 Elsevier 

2.7.2.6 Poly(Amidoamine) (PAMAM) 

Poly(amidoamine) (PAMAM) is a highly branched synthetic polymer referred to as a 

dendrimer, which possesses a central core, repeating interior branch cells, and terminal 

functional groups [203]. Bhattacharya et al. [174] compared various PAMAM dendrimers with 

different functional groups as aqueous-soluble binders for Li−S batteries. Most importantly, 

the cathodes based on PAMAM dendrimers with hydroxyl (G4OH), 4-

carboxymethylpyrrolidone (G4CMP), and carboxylate (G4COONa) functionality enabled a 
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high sulfur loading above 4 mg·cm-2, comparatively greater than the reference CMC/SBR-

based cathodes (2.34 mg·cm-2). As predicted by Seh et al.’s work [169], the previously 

mentioned PAMAM dendrimers with carbonyl functional groups enabled chemical anchoring 

of PSs within the cathode framework, as evidenced by XPS analysis. Not only that, but the 

dendrimers also display an internal porous structure in the range of 2 nm, which could 

physically trap PS, resulting in a dual-approach PS restriction at the cathode. The PAMAM 

dendrimer framework enabled a high sulfur loading in the composite (> 68 wt%), a high areal 

capacity (4.32 mAh·cm-2), and a capacity retention of ≈ 640 mAh·g-1 after 100 cycles. 

2.7.2.7 Poly(Ethylenimine) (PEI) 

Poly(Ethylenimine) is an amine-containing polymer used as a chemical PS trap in Li−S 

batteries [204]. Zhang et al. [175] used PEI as a binder and PS anchor to form a host-free 

framework. A high sulfur loading of 8.6 mg·cm-2 was achieved throughout the composite, 

which delivered a reversible capacity of 744.2 mAh·g-1 after 50 cycles. UV-Vis and XAS 

analysis revealed direct evidence of electrostatic interaction between the amino groups in the 

PEI with PS intermediates, resulting in a reduction in PS shuttling and a subsequent 

improvement in the electrochemical performance. Wang et al. [205] subsequently modified 

PEI polymer with methyl iodide (CH3I), which resulted in an even greater PS anchoring ability; 

thus, a further improved electrochemical performance was obtained. 

2.7.2.8 Polycationic Binders 

Electrostatic confinement of polysulfide intermediates was realized by using a cationic polymer 

binder by Ling et al. [176]. The poly[bis(2-chloroethyl) ether-alt-1,3-bis[3(dimethylamino) 

propyl]urea] quaternized (PQ) binder, endowed with quaternary ammonium cations (Fig. 

2.23), binds with the soluble polysulfide (Li2S6) with an energy of 1.89 eV, but is lower than 

the covalent bonding energy thus providing an electrostatic interaction. The retention abilities 

of the PQ binder were evaluated experimentally through time-lapse UV-Vis spectroscopy, 

which found that the PQ binder can reduce the amount of polysulfides in the solution through 

electrostatic interaction whereas the concentration in the PVDF experiment remains 

unchanged. Electrochemical characterization revealed the PQ displayed good separation of 

discharge plateaus and delivered a high areal capacity of 9 mAh·cm-2 with a sulfur loading of 

7.5 mg·cm-2. 
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Figure 2.23: Polysulfides confinement through cationic polymer. The electrostatic attraction 

between the PQ quaternary ammonium cations and polysulfide anions. Reproduced with 

permission from Ref. [176]. Copyright 2017 American Chemical Society 

Two representative cationic binders for Li−S batteries were investigated by Su et al. [152]. The 

group used poly[(2-ethyldimethylammonioethyl methacrylate ethyl sulfate)-co-(1-

vinylpyrrolidone)] (D11) and poly(diallyldimethylammonium triflate) (PDAT), synthesized 

through an anion exchange reaction between poly(diallyldimethyl ammonium chloride) and 

silver triflate (CF3SO3Ag) as shown in Fig. 2.24, and compared the electrochemical 

performance with a PVP-based Li−S cell. D11 and PDAT were chosen due to their positively 

charged nitrogen atom, while PVP contains uncharged nitrogen, and were chosen so that the 

role of a positively charged nitrogen in PS anchoring could be investigated. Both the D11- and 

PDAT-based Li−S cells delivered an improved cycling performance compared with the PVP-

based cell. Although the D11-based cell delivered a similar initial discharge capacity to the 

PVP, its capacity retention over 50 cycles improved. The PDAT binder-based electrode 

delivered an increased initial discharge capacity and improved capacity retention over both the 

PVP and D11-based electrodes; thus, the PDAT binder was further examined. Short duration 

polysulfide adsorption tests (i.e., <1 min) revealed that the PDAT binder composite displays a 

superior anchoring effect, as confirmed by UV-Vis spectroscopy. Furthermore, XPS analysis 

of the lithiated electrodes revealed a superior sulfur utilization for the PDAT-based electrode. 

The group concluded that polycation containing binders could mediate a stronger PS 

sequestration. 
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Figure 2.24: Molecular structures of polyvinylpyrrolidone (PVP) and poly[(2-

ethyldimethylammonioethyl methacrylate ethyl sulfate)-co-(1-vinylpyrrolidone)] (D11) and 

the synthesis of poly(diallyldimethylammonium triflate) (PDAT) via anion exchange. 

Reproduced with permission from Ref. [152]. Copyright 2017 American Chemical Society 

Liao et al. [206] investigated the effect of the chosen counter anions on 

poly(diallyldimethylammonium) (PDADMA)-based binders for Li−S batteries. The chosen 

counter anions in this case were: Cl-, PF6
-, BF4

-, and TFSI-. The group found that the PDADMA 

with the latter 3 counter anions could successfully anchor PS, whereas the PDADMA with a 

Cl- counter anion was ineffective at PS trapping. The TFSI- anion-based binder delivered the 

lowest capacity decay and lowest polarization while maintaining the best cycling stability. 

2.7.2.9 Polymeric Ionic Liquid (PIL) Binders 

Five different polymer ionic liquids (PILs) were investigated as cathode binders in Li−S 

batteries by Vizintin et al. [177]. PIL4 (Fig. 2.25) was of particular interest, which enabled a 

discharge capacity of 1015 mAh·g-1 after 3 cycles, 657 mAh·g-1 after 200 cycles, and 446 

mAh·g-1 after 500 cycles. The group found that between the 50th and the 200th cycle, the ratio 

between the upper voltage discharge plateau (Qhigh) and the total discharge capacity (Qtotal) 

increased, which they related to a more efficient reduction of sulfur to Li2S4 during prolonged 

discharge-charge cycling. Post-mortem SEM analysis was carried out to obtain possible 

reasons for the increased cycling performance. The PVDF and PIL electrodes in the discharged 

state displayed a different morphology, which the authors suggested was due to increased 

uptake of ionic compounds by the PIL binder, thus mediating a more uniform mixing and 

retention of sulfide species within the PIL binding framework. This was supported by 

submerging the PIL4 in a PS solution, which noticeably swelled and formed a white gel. 

Overall, the authors attributed the increased cycling performance of the PIL4 to its ability to 

provide sufficient adhesion, improve sulfur redox and dispersion, and trap polysulfide during 
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swelling/deswelling cycles thus reducing volume change-induced stress throughout the 

framework. 

 

Figure 2.25: PIL binders examined for use in Li−S systems. Reproduced with permission 

from Ref. [177]. Copyright 2018 American Chemical Society 

2.7.2.10 Thiokol 

Thiokol, a type of synthetic polysulfide rubber, was also adopted as a functional binder for 

restricted polysulfide shuttling in Li−S batteries by Liu et al. [178]. The group proposed that 

the Thiokol could act as a kind of polysulfide scissor, reducing the amount of long-chain PS, 

thereby reducing the PS shuttle. A similar mechanism was also reported when dithiothreitol 

was used as an electrolyte additive [207]. The thiokol-based binder is insoluble in the 

electrolyte, which, as mentioned earlier, results in a stable structure during cycling [171]. As a 

result, the thiokol-based cathode delivered an initial discharge capacity of 819 mAh·g-1 at 0.1 

C and achieved a capacity retention of 61.1 % after 200 cycles. 

2.7.2.11 Ammonium Polyphosphate (APP) 

The binder materials reviewed thus far have been based on organic polymer backbones; 

however, the work by Zhou et al. [77] demonstrates this does not necessarily have to be the 

case. The group used the inorganic polymer ammonium polyphosphate (APP), a commercially 

available food additive, emulsifier, and fertilizer, as a multifunctional binder in Li−S cathodes. 

In contrast to traditional polymers based on an organic C−C backbone (which cannot mediate 

PS anchoring), the backbone of the APP polymer can indeed initiate polysulfide trapping due 

to its polar nature. Evidence of the PS retention by the APP binder was provided by way of 

adsorption experiments and UV-Vis spectroscopy, which revealed a substantial decrease in 

polysulfide concentration when exposed to APP polymer. DFT calculations were conducted 

using a range of polysulfide species (Li2Sx where x = 1, 2, 4, and 8), which showed that the 
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APP binder delivered binding energies in the range of 2.16 to 2.30 eV, much higher than the 

PVDF binder can achieve (0.58 to 0.74 eV). 

Further evidence for the APPs superior polysulfide retention was given by the open circuit 

voltage (OCV) stability over 30 days. The voltage of the APP binder-based Li−S cell showed 

almost no decrease in OCV, whereas the PVDF-based cell’s voltage dropped from 2.42 to 2.29 

V, suggesting the reduction of sulfur to PS had begun. When electrochemical testing was 

carried out, the APP binder allowed for an active material loading of 5.6 mg·cm-2 to be 

achieved, which delivered a reversible discharge capacity of 530 mAh·g-1 after 200 cycles at 

0.5 C. The group also carried out burning time tests that showed the APP binder's flame-

retardant properties could increase the safety of Li−S cells, as shown in Fig. 2.26. 

 

Figure 2.26: Flame-retardant properties. The specific burning time test of sulfur electrodes 

with (a) S-PVDF electrode and (b) S-APP electrode. The times indicated in the pictures are 

counted as soon as the electrodes are exposed to the direct flame from a lighter (indicated by 

the white arrow in panel a). (c) The specific burning time of the sulfur cathodes with APP and 

PVDF binders. (d) Schematic showing the flame-retardant mechanism of the APP binder-

based sulfur electrode. Reproduced with permission from Ref. [77]. Copyright 2018 

American Chemical Society 
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In summary, synthetic polymers have remarkably improved the mechanical properties, sulfur 

loading, and PS anchoring abilities in PCFs. Future works with synthetic polymers could aim 

to improve the E/S ratio of Li−S cells and improve safety through the inclusion of flame-

retardant materials. 

2.7.3 Composite Binders 

Composite binders can be synthesized by combining two different polymers, resulting in a 

synergistic performance greater than the sum of their parts. For example, Lacey et al. [179] 

investigated a combination of PVP and PEO as a binder for Li−S cathodes. The group found 

that a 1:4 mixture of PVP:PEO delivered the highest capacity after 50 cycles at 0.2 C, 

outperforming both pure PEO- and pure PVP-based electrodes as well as a 2:3 CMC/SBR-

based electrode. 

Jung et al. [180] utilized a small amount of poly(ethyleneimine) (PEI) to form a PVP-based 

composite binder. The PEI functions as a cationic dispersant that can stabilize aqueous 

dispersions and increase the adhesion of paints, inks, and pigments on different surfaces. The 

work showed that by increasing the PEI loading in the electrode slurry from 0.25 to 2.5%, the 

resultant viscosity of the 5% PVP solution increased from 14 to 120 cP, providing a suitable 

slurry for electrode coating while also increasing the stability of the framework in the 

electrolyte. These characteristics allowed the PVP/PEI composite binder to deliver higher 

electrochemical performance than a framework based on PVP alone. 

Ahktar et al. [181] fabricated a composite binder (GPC) by combining PEI and gelatin. Gelatin 

was chosen due to its established dispersion and adhesion properties, and PEI was utilized for 

its PS trapping ability. Interestingly, when subjected to a PS solution, the GPC binder displayed 

better PS trapping than either of the individual components of the composite, as verified by 

UV-Vis spectroscopy. Owing to the adhesion, strong dispersion, and PS anchoring, the GPC-

based electrode delivered a reversible capacity of 871.3 mAh·g-1 at 0.2 C after 100 cycles. 

Kim et al. [208] investigated the effect that different binders had on the resultant porosity of 

Li−S cathodes. The group fabricated composite binders using CMC:PTFE, PVA:PTFE, and 

various Mw PVP before conducting BET measurements on the product. The average pore 

diameters in different cathodes were found to be around 20 and 0.05 µm, regardless of the type 

of binder; however, the electrodes with PTFE binders displayed a high specific surface area 

(SSA). Upon electrochemical investigation, the group found that the PTFE:CMC-based 

framework delivered a higher operating voltage and a sulfur utilization approaching 70%, 
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which they suspected was due to the lower interfacial resistance related to the increased surface 

area. 

2.7.4 Cross-Linked Binders 

Further improvements in the mechanical properties of binders can be realized through a cross-

linking mechanism. Liu et al. [182] fabricated a robust network binder through an ionic cross-

linking effect using SA and Cu2+ ions. As mentioned previously, the oxygen-rich groups on 

polymeric binders can mediate coordination like interactions toward the Li+ ions in 

polysulfides; however, this work found that a more efficient PS anchoring effect can be realized 

through direct interaction between the polysulfide anions and cations in the polymer binder 

(i.e., Cu2+). DFT calculations showed that the most substantial polysulfide constraint is 

obtained when synergistic electronegative and electropositive anchoring is achieved (Fig. 

2.27). Adsorption tests along with UV-Vis spectroscopy confirmed the strong anchoring effect 

of the SA/Cu2+ binder, which corresponded to an increase in electrochemical performance. The 

Li−S cell based on the SA/Cu2+ framework delivered an 83 % capacity retention over 100 

cycles, a discharge capacity of 758 mAh·g-1 after 250 cycles at 1 C, and when the rate 

performance was evaluated, the cell delivered an outstanding capacity of 586 mAh·g-1 at 6 C. 

This work shows the electropositive/electronegative approach toward polysulfide anchoring 

can show favourable retention. 

 

Figure 2.27: Binding energies of Li2S6 with various functional groups. Reproduced with 

permission from Ref. [182]. Copyright 2018 Royal Society of Chemistry 

A mechanically robust composite guar gum and xanthan gum (XG) binder was developed by 

Liu et al. [183], as shown in Fig. 2.28. Xanthan gum, similar to guar gum, is a natural 



58 
 

polysaccharide biopolymer; however, the side chains in the XG polymer contain acetic and 

pyruvic acid residues (Fig. 2.28b) [209]. Hydrogen bonding occurs between the XG polymer 

and “smooth” regions (i.e., areas along the polymer backbone with no galactose residues) of 

the GG polymer, and as a result, a mechanically robust biopolymer network is synthesized 

(Fig. 2.28c). The group examined the intermolecular interactions of the network through FTIR 

spectroscopy (Fig. 2.28e), which indicated the interaction had occurred, with the optimal ratio 

between the GG and XG determined to be 3:1 (GG:XG). The mechanically robust binding 

framework, with abundant functional groups from both polymers, allowed for an ultra-high 

sulfur loading of 19.8 mg·cm-2 to be achieved, which delivered an areal capacity of 26.4 

mAh·cm-2. 

 

Figure 2.28: Chemical structures of (a) GG and (b) XG; (c) schematic of the intermolecular 

binding effect between GG and XG; (d schematic of the polymer network formed by the 

intermolecular binding effect; and (e) FTIR spectra of GG, XG, and N-GG-XG. Reproduced 

with permission from Ref. [183]. Copyright 2017 Royal Society of Chemistry 

Chen et al. [184] created a 3D hyperbranched polymer network through the copolymerization 

of PEI and hexamethylene diisocyanate (HDI) to form the amino functional group (AFG) 

binder (Fig. 2.29). The covalent bonding between the PEI and HDI was verified through 13C 

nuclear magnetic resonance (NMR) spectroscopy and XPS analysis. This covalent network 

enabled the AFG binder to be stretched >70% without damage (Fig. 2.29d). Electrodes 

fabricated using the AFG binder delivered a 91.3 % capacity retention over 600 cycles at 2 C. 

Following this, the group conducted a series of experiments to explain the low capacity fading. 
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In situ UV-vis spectroscopy was used to monitor the discharge products qualitatively and found 

that the polysulfides were released from the PVDF-based electrode far faster than from the 

AFG-based cell. DFT analysis was also carried out, revealing considerable binding between 

the amino groups in the AFG backbone. 

 

Figure 2.29: (a) Synthesis scheme of AFG binder by copolymerization of PEI with HDI in 

DMF solution. (b) 13C NMR spectrum of AFG, and the resonance amide signal at 163.58 

ppm (red a, N-CH=O) with 159.45 ppm (red b, N=C-OH) and amine group signal at 40.09 

ppm (red c, C-C- NH2) were detected. (c) Tensile property test of the AFG binder, which 

reveals the flexibility of the AFG binder polymer. (d) Digital photographs show the AFG 

copolymer with excellent stretchability. Reproduced with permission from Ref. [184]. 

Copyright 2017 John Wiley and Sons 

Although it possessed interesting physical and electrochemical properties, the AFG binder was 

insoluble in common solvents used in electrode slurries. This prompted Chen et al. [185] to 

develop a cross-linked PEI and poly(ethylene glycol) diglycidyl ether (PEGDGE) composite 

binder, named PPA, which was hydrophilic and thus water-soluble. The PPA binder displayed 

excellent adhesion strength and was strong enough to support up to a 100 g weight, unlike 

PVDF, which could not support any weight. As a result of its excellent adhesion and chemical 

polysulfide anchoring, the Li−S batteries based on this cross-linked binder delivered 

outstanding electrochemical performances. 
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Yan et al. [186] introduced a robust network structure based on PEI and epoxy resin (ER). The 

group tailored the ratio between the framework components and found that a PEI:ER ratio 

between 1:1 and 1:4 delivered a binder with unnoticeable deformation toward the electrolyte 

after 7 days of submersion. UV-Vis spectroscopy was carried out to observe the binder’s 

polysulfide anchoring ability, with the peak relating to polysulfides approaching zero. The 

mechanical properties of the PEI/ER binder with different component ratios were also 

examined. A 1:1 ratio delivered a relatively low tensile strength of 1.5 MPa, which the author’s 

attributed to insufficient cross-linking, however when the ratio was increased to 1:2 a tensile 

strength of 22.3 MPa was obtained, which increased to 27.5 and 29.6 MPa for 1:3 and 1:4 based 

composites, respectively. Electrochemical testing revealed that the PEI/ER1:2 binder delivered 

a discharge capacity of 829 mAh·g-1 after 1000 cycles at 0.5 C, which was increased to 937 

mAh·g-1 after 1000 cycles with the inclusion of a PEI/ER/Super-P interlayer. 

Composite and cross-linked binders excel when two or more outstanding properties of 

individual materials are synergistically utilized. Further improvements in the overall 

performance, loadings, electrolyte content, and safety of Li−S cells could be realized through 

the rational combination of composite/cross-linked binders and a relevant sulfur host. 

2.8 Multifunctional Polymer Composite Frameworks 

The research reviewed thus far typically utilizes polymeric binders to form robust networks 

which can retain the sulfur and electrode components. However, multifunctional binders can 

fulfil more than one role in the composite. For example, electronically conductive binders can 

fill the role of both binder and conductive additive. Though some of the papers in this section 

mention multifunctional polymers in host-based PCFs, the research into multifunctional 

binders in host-free PCFs is emphasized in this section. A table containing the electrochemical 

performances of multifunctional PCFs is included in Table 2.4. 
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Table 2.4: Binders and their electrochemical performance in multifunctional PCFs 

Binder 
Discharge capacity 

@ nth cycle 
C-rate Reference 

Electronically conductive binders 

PAA/PEDOT:PSS 
833 mAh·g-1 @ 80 

cycles 
0.5 C [210] 

PEDOT:PSS/Mg2+ 
≈ 810 mAh·g-1 @ 

250 cycles 
0.5 C [211] 

PANi 
439 mAh·g-1 @ 50 

cycles 
≈ 0.07 C [212] 

PPy/PU 
≈ 1000 mAh·g-1 @ 

100 cycles 
0.33 C [213] 

PFM 
≈ 800 mAh·g-1 @ 

150 cycles 
0.1 C [214] 

Ionically conductive binders 

Li-Nafion 
≈ 540 mAh·g-1 @ 

100 cycles 
0.2 C [142] 

Li-Nafion/PVP/nano 
silica 

≈ 800 mAh·g-1 @ 
350 cycles 

1 C [215] 

SPEEK 
≈ 300 mAh·g-1 @ 

300 cycles 
≈ 0.6 C [216] 

PEO/TA 
476.7 mAh·g-1 @ 

1000 cycles 
0.2 C [217] 

Redox-active binders 

π-Stacked PBI 
600 mAh·g-1 @ 150 

cycles 
1 C [218] 

Naphthalene-
polyether 

≈ 910 mAh·g-1 @ 30 
cycles 

0.2 C [219] 

 

2.8.1 Electronically Conductive Binders 

It is a well-established fact that sulfur and the insoluble PS discharge products are electronic 

and ionic insulators, which leads to the utilization of conductive carbon hosts and additives to 

promote conductivity across Li−S cathodes. Therefore, it is unavoidable that the capacity 

according to the mass of the entire cathode is reduced, as some of the composite mass goes 

toward promoting conductivity, while another portion is devoted to the adhesion and structural 

stability of the electrode (i.e., the binder). If both the conductivity and adhesion could be 

provided by one electrode component, the mass loading of components, which do not 

contribute to the capacity of the electrode, can be reduced; thus, a higher capacity according to 

the mass of the entire electrode could be realized. Conductive polymers may be able to fill this 

requirement with the works toward this aim reviewed below. 
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Poly(3,4-ethylenedioxythiophene) (PEDOT) can either be used directly, or more generally, as 

a composite polymer with poly(styrene sulfonate) (PEDOT:PSS), as shown in Fig. 2.30, 

PEDOT:PSS consists of conjugated PEDOT with a positive charge and a negatively charged 

saturated PSS. PEDOT:PSS is the most successful conductive polymer in practical application 

and has found uses in many electrochemical applications [220]. Recently, researchers focusing 

on Li−S batteries have applied PEDOT and PEDOT:PSS to Li−S cathodes to produce 

electronically conductive polymeric binding frameworks. 

 

Figure 2.30: Chemical structure of PEDOT:PSS. Reproduced with permission from Ref. 

[220]. Copyright 2015 Springer Nature 

Wang et al. [221] first investigated PEDOT as a binder for sulfur cathodes in Li−S batteries. 

The group examined the electrochemical performance derived from this binder when 

commercial micrometric sulfur and prepared nanometric sulfur were used as active materials 

in two electrolyte systems (1,3-dioxolane(DOL):1,2-dimethoxyethane (DME) and 

poly(ethylene glycol) dimethoxyethane (PEGDME)) and compared the performance obtained 

with a PVDF binder. The best electrochemical performance was obtained when the cathode 

framework was synthesized with the commercial micrometric sulfur power and PEDOT binder 

in a PEGDME electrolyte. The group ascribed this to a reduced polysulfide dissolution and 

more viscous electrolyte, reducing particle mobility. 

Pan et al. [210] investigated a water-soluble PAA/PEDOT:PSS composite binder for Li−S 

batteries which delivered synergistic functions in high-performance Li−S cells. The PAA 

binder modified the electrolyte-electrode interface, which improved reaction kinetics and 
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provided electrode adhesion, while the PEDOT:PSS provided chemical anchoring for PS 

retention and allowed for good electronic and ionic conductivity. The group varied the ratio 

between the multifunctional binder components and found that a ratio of 2:3 (PAA to 

PEDOT:PSS) delivered the optimum performance. As a result, the polymeric conductive 

binding framework enabled an initial discharge capacity of 1121 mAh·g-1 and a reversible 

capacity of 833 mAh·g-1 after 80 cycles at 0.5 C. 

Later, an ionically cross-linked PEDOT:PSS/Mg2+ network binder was developed by Yan et 

al. [211]. The Mg2+ ions interacted with the free SO2OH groups on the PSS backbone, which 

enabled a robust and conductive 3-D network that could better withstand the volume 

expansion-related stresses that the framework is exposed to during cycling. As a result, the 

PEDOT:PSS/Mg2+ network binder enabled an initial discharge capacity of 1097 mAh·g-1 with 

a 74 % capacity retention after 250 cycles at 0.5 C. 

PANi, in its acid-doped form, is an electronically conductive polymer. However, the brittle 

PANi chain can hardly accommodate the stresses associated with the volume variation during 

cycling. In response to this, extended conducting PANi with good electrical conductivity was 

developed by Gao et al. [212] through an anion doping strategy. Sulfuric acid was employed 

to coordinate with the PANi chain in an m-cresol solvent to form the extended chain structure, 

which subsequently enabled a “cobweb” structure that efficiently bonded the active materials 

with sufficient space for electrolyte swelling and channels for ion transfer, even under an 

intriguingly low binder dose of 2 wt%. Additionally, the positively charged conductive matrix 

and the heteroatoms also help to electrostatically and chemically adsorb polysulfides for 

inhibited shuttling behaviour. Owing to these merits, a sulfur electrode based on cobweb PANi 

binder displayed a reduced internal resistance and faster reaction kinetics, corresponding to a 

ca. 104 % and 74 % increase in the specific capacity at a current density of 122 and 610 mA·g-

1, respectively, when compared to the PVDF-based cathode. 

PPy is another conductive polymer that has been successfully applied to other LIB systems but 

has struggled to be implemented in Li−S cells due to its brittleness, making its direct use 

difficult. Milroy et al. fabricated a conductive, electroactive, and elastic PPy/poly(urethane) 

(PU) multifunctional binder for a free-standing and flexible Li−S cathode to circumvent this 

[213]. The PPyPU binder delivered dual benefits; an electronically conductive network 

deriving from the PPy and mechanical pliability from the PU that can help to accommodate the 

severe volume change characteristic of sulfur cathodes. A high reversible discharge capacity 
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of ca. 1000 mAh·g-1 was delivered after 100 cycles at 3 C rate owing to the prevention of 

premature electrode degradation by the PPyPU binder. 

Poly(9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM) binder (Fig. 2.31a) is 

a specifically designed polymer with both carbonyl groups for chemical sulfur anchoring and 

an enhanced electronic conductivity developed by Ai et al. [214]. The group chose 

representative polymer binders with specific functionality to compare with the PFM binder in 

their study. PEDOT:PSS was chosen as an example binder that displays electronic 

conductivity, PVP was chosen for its chemical PS anchoring ability, and PVDF was chosen as 

it has neither functionality. Upon investigating the obtained electrochemical performances, it 

can be noted that between the PEDOT:PSS and PVP-based electrode, the PEDOT:PSS 

electrode displays a comparatively higher initial discharge capacity but a faster capacity fading 

upon cycling, whereas the opposite is true for the PVP binder (i.e. a comparatively lower initial 

capacity but better capacity retention). The group supposed that PEDOT:PSS's electronic 

conductivity allowed for a greater degree of initial sulfur utilization, whereas the chemical 

bonding mediated by the PVP binder resulted in improved capacity retention. The PFM binder 

combines both of these traits and, as a result, delivers the best electrochemical performance. 

Post-mortem SEM analysis of the top and bottom of the PFM electrodes revealed that in the 

fully charged state, the PFM binder enables the long-chain PS to be precipitated as elemental 

sulfur homogeneously throughout the entire electrode due to the combined effects of the 

carbonyl functional groups and the conductivity of the binder. Complete Li2S precipitation is 

also mediated by the PFM binder owing to the strong affinity between the carbonyl groups and 

Li2S and an increased amount of reaction sites for Li2S precipitation, owing to the enhanced 

conductive surface of the multifunctional PFM binding framework. 



65 
 

 

Figure 2.31: (a) Chemical structures of the four different binders: PFM, PEDOT, PVP, and 

PVDF. (b) Cycling performance at C/10 and self-discharge performance of cathodes with 

different binders. (c) The open-circuit voltage change versus rest time during the third self-

discharge rest of 240 h for the PFM-S, PEDOT-S, PVP-S, and PVDF-S cathodes. The self-

discharge capacity prevention ratio (d) and reversible capacity retention ratio (e) for cathodes 

with different binders during the self-discharge test. Reproduced with permission from Ref. 

[214]. Copyright 2015 Elsevier 

2.8.2 Ionically Conductive Binders 

Ionically conductive binders can help overcome the low ionic conductivity of sulfur and Li2S, 

so sulfur utilization and mass transport can be improved within the electrode. The work using 

ionically conductive binders is reviewed below. 

One such example is Nafion, a perfluorosulfonate ionomer (ionic polymer) that is most 

commonly used in proton exchange membranes [222]. The ion-conducting properties of Nafion 

can be altered through cation exchange, as evidenced by Schneider et al. [142]. The group 

treated the commercial Nafion polymer with LiOH to carry out a cation exchange and 

examined the material as a binder for Li−S batteries (Fig. 2.32). Electrodes were fabricated 

using the Li-Nafion as a binder with an additional Li-Nafion layer spray-coated on the surface. 

The resultant batteries displayed an improved initial discharge capacity when compared to 

CMC and PTFE-based cells, which indicates an improved sulfur utilization owing to the 

improved ionic conductivity of the Li-Nafion-based cell. 
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Figure 2.32: Chemical structures of H-Nafion (a) and Li-Nafion (b). Reproduced with 

permission from Ref. [223]. Copyright 2018 Elsevier 

Following this, Li et al. combined Li-Nafion, PVP and nano-silica as a multifunctional binder 

for high-performance Li−S batteries [215]. Each component of the binder contributed to 

improved cell performance. The Li-Nafion improved Li+ supply for sulfur redox reactions. The 

PVP provided PS anchoring for a reduced shuttle effect, improved the mechanical properties 

of the composite, and enabled a good dispersion of active materials within the sulfur electrode. 

The impregnated nano-silica could further inhibit the shuttle effect due to the strong affinity 

toward its polar surface and polysulfides while introducing abundant interfaces within the 

electrode for improved electrolyte wetting. Attributed to these favourable functionalities, the 

sulfur electrode based on the composite binder achieved a high sulfur utilization with an initial 

discharge capacity of 1373 mAh·g-1 at 0.2 C, excellent sulfur redox kinetics with a high 

reversible capacity of 470 mAh·g-1 at a high current rate up to 5 C, and superb cycling stability 

over 300 cycles at 1 C. More recently, Gao et al. used a Li-Nafion resin as the binder and solid 

electrolyte in Li−S cells [223]. An optimized loading of 40% Li-Nafion and 10% conductive 

additive allowed for a balance of ionic and electronic conductivity in the cathode, which 

delivered a reversible capacity of 895 mAh·g-1 at 1 C with an 89 % capacity retention after 100 

cycles. 

Cheng et al. developed a sulfonated poly(ether ether ketone) (SPEEK) polymer as a functional 

binder for sulfur electrodes [216]. The ether and benzene rings endowed the SPEEK with an 

appropriate combination of flexibility and stiffness, leading to good adhesion for active 

electrode materials, while the abundant carbonyl, sulfonyl, and benzene ring groups 
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contributed to a strong electronegativity that repelled the dissolution and diffusion of 

polysulfide anions, thus facilitating the inhibition on polysulfide shuttling. As a result, the 

SPEEK-based Li−S cell delivered a more stable performance after 300 cycles at a current 

density of 1000 mA·g-1 than the PVDF-based cell. 

As mentioned earlier, the mechanical strength and adhesive properties of PEO frameworks 

suffer from swelling/dissolution in organic electrolytes. Zhang et al. attempted to rectify this 

phenomenon by creating a 3D-cross-linked tannic acid (TA)/PEO binder with enhanced ionic 

conductivity for Li−S cells [217]. The formation of the 3D network was realized through 

hydrogen bonding interactions between the TA and the PEO, which could enable the TA/PEO 

framework to provide strong adhesion even after submersion in the electrolyte. 

Electrochemical investigation revealed that the TA/PEO framework delivered a stable 

discharge capacity of 476.7 mAh·g-1 after an outstanding 1000 cycles, owing to the composite 

network binder’s PS anchoring ability and mechanical properties. Post-mortem SEM analysis 

of the cathodes revealed that the PEO and PVDF-based electrodes displayed a thick Li2S layer 

deposited on the surface. In contrast, the TA/PEO electrode had a relatively uniform 

distribution of discharge products, which the authors suggest was due to a facile diffusion of 

lithium ions throughout the framework. 

2.8.3 Redox-Active Binders 

A straightforward strategy to achieve a reactive binder is incorporating active sulfur into the 

binder structure, contributing additional capacity while maintaining good electrode integrity. 

Trofimov et al. [224] prepared bis-[3-(vinyloxyethoxy)-2-hydroxypropyl-] polysulfides 

(BVPS) by reacting ethylene glycol vinyl glycidyl ether (EGVGE) with Na2S4 in the presence 

of NaHCO3 and a phase transfer catalyst triethylbenzylammonium chloride. The obtained 

BVPS contained 24.5% sulfur (n = 2, 3, where n represents the length of the polysulfide chain 

in the BVPS molecule) bridging the symmetric organic moieties, which was further 

copolymerized with elemental sulfur at 130 °C for 1 h to yield a polymer containing up to 

32.6% sulfur (n = 4). The polymerization leads to cross-linked polymers, which were used as 

the active binder for Li−S batteries. The obtained binder exhibited strong adhesion that could 

retain a robust electrode even under low binder content of 5%. Meanwhile, the binder also 

contributed additional capacity due to the redox reactivity of the sulfur incorporated in the 

binder structure. 
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Imide-based organic compounds have recently been investigated as redox-active mediators in 

Li−S systems by Frischmann et al. [225]. The group then implemented π-stacked perylene 

bisimide (PBI) as redox-active supramolecular polymer binders to overcome the ionic and 

electronic bottlenecks in sulfur cathodes [218]. The PBI binder offered self-healing properties 

to reduce structural damage from the active material volume expansion upon cycling. By 

fabricating a PBI/PVDF composite binder, the over-potential of the electrodes during discharge 

was minimized, as evidenced by a galvanostatic intermittent titration technique (GITT). The 

group then further investigated a lithiated, redox-active, aqueous-soluble PBI binder which 

showed further electrochemical improvements [226]. 

Hernández et al. [219] investigated three polyimide-polyether composite redox-active binders 

for Li−S batteries (Fig. 2.33). Among the pyromellitic, naphthalene, and perylene polyimides, 

the cell based on the naphthalene-polyether composite binder showed a higher sulfur utilization 

and a lower polarization and thus delivered the best electrochemical performance for a few 

reasons. The redox potential of the naphthalene-polyether coincided best with the sulfur redox 

potential and, as a result, successfully facilitated charge transfer across the binding framework 

and sulfur interfaces, improving active mass utilization. The incorporation of PEO within the 

composite increased the solubility of the copolymer, making electrode fabrication easier, and 

during cycling enabled an improved mass transport across the electrode while simultaneously 

limiting PS diffusion from the cathode. The resultant naphthalene-polyether based electrodes 

delivered an initial capacity of 1300 mAh·g-1 with a 70 % capacity retention after 30 cycles at 

0.2 C. 

Overall, multifunctional PCFs can increase the performance of a sulfur cathode relative to its 

entire mass by endowing a cell component that would have otherwise not contributed to a cell's 

electrochemical function (beyond providing structural stability) with such abilities as electronic 

and ionic conductivity or redox activity. Further improvements could be achieved by 

combining these multifunctional binders with relevant sulfur hosts for increased performance. 
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Figure 2.33: Chemical structure, physical aspect and cyclic voltammogram of polyimide-

polyether copolymers. Reproduced with permission from Ref. [219]. Copyright 2017 Elsevier 

2.9 Conclusions 

Thus far, most efforts to address the inherent challenges of Li−S batteries have been focused 

on the design of micro-, nano-, or molecular structured sulfur hosts. The function of binders 

and the widespread availability of multifunctional binders have been neglected. Recently, 

sulfur host-based cathodes that utilize the traditional PVDF binder have been the dominant 

research direction; however, the role of novel binders in these cathodes is beginning to be 

explored. Briefly, by the careful selection of multifunctional binders and sulfur hosts, the 

following benefits could be realized: 

 1. By combining natural polymers with hosts synthesized via green chemical routes, 

the overall environmental impact of Li−S cell fabrication could be reduced. 

 2. By combining synthetic binders, cross-linked binders, or composite binders with a 

suitable sulfur host, further improvements in sulfur loading, sulfur utilization, E/S ratio, and 

safety of the Li−S system could be achieved. 
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 3. By using relevant multifunctional binders, the specific capacity of the Li−S cathode 

could be improved by reducing the amount of electrochemically inactive components. 

These relatively new research directions could provide vast improvements in the future. 

However, in the case of host-free PCFs, special attention must be paid to assure that the 

polymeric binder can not only initiate strong adhesive forces between the electrode 

components, it must also be able to retain a stable void structure during sulfur dissolution. In 

short, binder research in Li−S batteries is an under-explored and fruitful research direction. 
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3.2 Abstract 

A mechanically strong binder with polar functional groups could overcome the dilemma of the 

significant volume change during charge/discharge processes and poor cyclability of lithium-

sulfur batteries (LSBs). In this work, for the first time, we report the use of poly(thiourea 

triethylene glycol) (PTTG) as a multifunctional binder for sulfur cathodes to enhance the 

performance of LSBs. As expected, the PTTG binder facilitates the high performance and 

stability delivered by the Sulfur-PTTG cathode, including a higher reversible capacity of 825 

mAh·g-1 at 0.2 C after 80 cycles, a lower capacity fading (0.123 % per cycle) over 350 cycles 

at 0.5 C, a higher areal capacity of 2.5 mAh·cm-2 at 0.25 mA·cm-2, and better rate capability of 

587 mAh·g-1 at 2 C. Such superior electrochemical performances could be attributed to PTTG's 

strong chemical adsorption towards polysulfides, which may avoid the lithium polysulfide 

shuttle effect and excellent mechanical characteristics that prevent electrode collapse during 

cycling and allow the Sulfur-PTTG electrode to maintain robust electron and ion migration 

pathways for accelerated redox reaction kinetics. 

Highlights 

 A multifunctional PTTG binder is used to fabricate lithium-sulfur batteries for the 

first time. 

 PTTG binder illustrates higher mechanical strength compared to the PVDF binder. 

 PTTG binder demonstrates an excellent ability to inhibit polysulfides from shuttling 

via strong chemical adsorption. 

 The Sulfur-PTTG electrode displays improved electron and ion transportation. 

 The Sulfur-PTTG cathode delivers improved electrochemical performance and 

outstanding stability. 
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Graphical Abstract 

 

Graphical Abstract 3-1: Poly(thiourea triethylene glycol) PTTG polymer used as a lithium-

sulfur battery (LSB) binder shows strong chemical interaction with soluble polysulfides. 

Sulfur-PTTG cathodes possess high electronic and ionic conductivity as well as robust 

mechanical properties to provide excellent LSB performance. 

Keywords 

Lithium-sulfur battery; Polymer binder; Chemical adsorption; DFT; Poly(thiourea triethylene 

glycol) 
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3.3 Introduction 

Li-ion batteries (LIBs) dominate the portable electronics market, but the limits of this mature 

technology are beginning to become apparent, especially where higher energy densities are 

required, namely for electric vehicle (EV) applications [1]. As such, novel battery chemistries 

that can deliver increased energy densities are being explored [2]. One prominent example is 

the lithium-sulfur battery (LSB), based on a metallic lithium anode and a sulfur composite 

cathode [3]. The primary appeal of the LSB is its high theoretical capacity and energy density 

(ca. 1670 mAh·g-1 and 2500 Wh·kg-1, respectively) delivered by electrochemical reduction of 

elemental sulfur to Li2S, which dwarfs the energy density delivered by current generation LIBs 

[4, 5]. Additional appeals of the LSB are the natural abundance, low cost, and environmental 

benignity of sulfur [6]. 

Despite their appeal, LSBs are plagued with inherent problems that researchers are working to 

address. Perhaps the most severe problem with the LSB is dubbed the lithium polysulfide 

(LiPS) shuttle phenomenon, which arises from the soluble nature of the discharge intermediates 

and causes loss of active material, low Coulombic efficiency (CE), capacity fading, and self-

discharge [7]. Additionally, sulfur, along with its discharge product Li2S, suffers from low 

electronic conductivity [8] and undergoes a significant volume expansion upon conversion [9]. 

Last but not least, the use of a lithium metal anode causes further technical challenges by way 

of dendrite formation during the repeated charge/discharge process, leading to an additional 

reduction in CE along with safety concerns arising from short circuits [10]. Research into 

alleviating the concerns mentioned above is multi-faceted, with the focus typically being 

directed towards particular battery components, including the cathode [5, 11, 12], 

interlayer/separator [13], anode [14], liquid electrolytes [15], and even all-solid-state LSBs [16, 

17]. 

Moreover, research into polymeric binders, a critical cathode component, has also received 

increased attention [18-25]. The requirement for advanced binders in LSBs stems from the fact 

that the most commonly used binder, polyvinylidene difluoride (PVDF), cannot withstand the 

volume change of the active materials or prevent the loss of soluble LiPSs during cycling [20]. 

Therefore, battery researchers have devoted much effort to developing binders with strong 

mechanical adhesion to the electrode components and chemical adsorption to LiPSs to develop 

practical LSBs [19]. Additionally, electronically conductive binders, ionically conductive 
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binders, and redox-active binders could also help deliver improved electrochemical 

performance and stability of LSBs [23, 24]. 

Inspired by these strategies, we synthesized a novel polymer binder, poly(thiourea triethylene 

glycol) (PTTG) to fabricate Sulfur-PTTG cathodes. The electrochemical performance of the 

resultant LSBs has been significantly enhanced due to PTTG’s multifunctional properties, i.e., 

abundant polar functional groups to chemically hinder LiPS shuttling, and excellent 

mechanical properties to withstand mechanical damage during the charge/discharge process 

while maintaining robust electron and ion migration pathways to accelerate redox reaction 

kinetics. 

3.4 Experimental Section 

3.4.1 Materials Synthesis 

Unless stated otherwise, all chemicals were purchased from Sigma Aldrich, stored in an Argon 

filled glovebox (MBraun, Germany), and used directly with no further purification. The 

synthesis of poly(thiourea triethylene glycol) (PTTG) was carried out following the method 

reported by Yanagisawa et al. [26]. Briefly, 1,1’-thiocarbonyldiimidazole (5.7 g) was added to 

a solution of 4.9 g of 1,2-bis(2-aminoethoxy)ethane and 16 mL DMF and was stirred for 24 h 

at 24 oC. After stirring, ca. 30 mL of chloroform was added to the reaction vessel before the 

solution was poured into cold diethyl ether (ca. 500 mL). The supernatant solution was 

removed, and the precipitate was collected before it was redissolved in chloroform and added 

to methanol. The precipitate was collected by centrifugation, redissolved in chloroform, added 

to methanol, and centrifuged again. The product was dried at 80 oC for 48 h in a vacuum oven 

to yield the PTTG polymer. 

3.4.2 Materials Characterisation 
1H and 13C NMR spectra were obtained using a Bruker 400 MHz spectrometer at 400 and 100 

MHz, respectively. Signals are reported in terms of their chemical shift (δ in ppm) relative to 

the deuterated solvent used to obtain that spectrum. The 1H and 13C chemical shifts were 

referenced to the residual d6-DMSO (Cambridge isotope Laboratory, Inc.) solvent peaks, δH 

2.50 and δC 39.52 respectively, and processed using the Mnova™ software suite. 500 mg of 

PVDF and PTTG samples were exposed to a ca. 1 M solution of Li2S6 in 1,2-dimethoxyethane 

(DME) and allowed to rest for 24 h to observe the LiPS adsorption ability of the PTTG polymer. 

Fourier transform infrared (FTIR) spectra of the pristine PTTG polymer and the PTTG polymer 

after LiPS exposure were obtained on a Bruker Alpha (Bruker, USA) in transmission mode. 
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The supernatant solutions from the LiPS adsorption experiment were diluted 20:1 and UV-Vis 

spectra were obtained on a Cary Series UV-Vis-NIR Spectrophotometer (Agilent 

Technologies, USA). For X-ray photoelectron spectroscopic (XPS) analysis, 40 mg of the 

PTTG polymer was exposed to 40 mL of 0.1 M solution of Li2S4 in DME for 2 h. Afterwards, 

the supernatant solution was removed, and the remaining solid was transferred to a silicon 

wafer. XPS data was acquired using a Kratos Axis ULTRA X-ray Photoelectron Spectrometer 

incorporating a 165 mm hemispherical electron energy analyser. The incident radiation was 

Monochromatic Al Kα X-rays (1486.6 eV) at 225 W (15 kV, 15 mA). Survey (wide) scans 

were taken at an analyser pass energy of 160 eV and multiplex (narrow) high-resolution scans 

at 40 eV. Survey scans were carried out over 1200 - 0 eV binding energy range with 1.0 eV 

steps and a dwell time of 100 ms. Narrow high-resolution scans were run with 0.05 eV steps 

and 250 ms dwell time. The base pressure in the analysis chamber was 1.0 x 10-9 torr and 1.0 

x 10-8 torr during sample analysis. Peak fitting of the high-resolution data was carried out using 

the CasaXPS software. Scanning electron microscope (SEM) images were obtained on a JSM-

7001F SEM (JEOL, Japan) and were used to investigate the morphologies of the electrodes 

before and after cycling. 90 o peel-off tests of electrode films were carried out on a MTS Tytron 

microforce tester (MTS, USA) to study the binders’ adhesive properties., Sulfur-PTTG and 

Sulfur-PVDF cathodes were fabricated as per the method described below to carry out the peel-

off testing; however rectangular sections of the film (ca. 5 cm x 2 cm) were cut and applied to 

an “L” shape aluminium alloy workpiece. Scotch tape was applied to the surface of the 

electrode film and was peeled perpendicularly to the film's surface at a speed of 0.1 mm·s-1 

[27]. The experiment was repeated 7 times for each sample, with each replicate averaged to 

give the result. 

3.4.3 Electrochemical Characterisation 

Sulfur-PTTG electrodes were fabricated for electrochemical testing by mixing an electrode 

slurry consisting of elemental sulfur as the active material, carbon black as a conductive 

additive, and PTTG polymer as a binder in a weight ratio of 60:30:10 with 1-methyl-2-

pyrrolidinone (NMP) as a solvent and was magnetically stirred until a homogeneous slurry was 

obtained. The solid to solvent ratio of the slurry was 1 mg:5 µL. After stirring, the slurry was 

cast onto C-coated Al foil using an adjustable blade with the gap set to 250 µm and then dried 

in a vacuum oven at 80 oC for 24 h. After drying, electrodes with a 13 mm ø (1.33 cm2) were 

cut using a hole punch and stored in a glove box. The sulfur loading of the electrodes was 

approx. 1 mg·cm-2. As a reference, the above process was repeated, replacing the binder with 
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poly(vinylidene fluoride) (PVDF) (Mw 180,000) to form the Sulfur-PVDF electrodes. Half-

cells were fabricated using either a Sulfur-PTTG or Sulfur-PVDF cathode, a lithium foil 

counter electrode, polypropylene (Celgard 2300) separator, and 1 M lithium 

bis(trifluoromethane)sulfonimide (LiTFSI) in 1,3-dioxolane/1,2-dimethoxyethane (1:1, v/v) 

with 0.2 M LiNO3 as the electrolyte. Sulfur electrodes with an active material loading of 

approx. 4 mg·cm-2 were also fabricated for areal capacity testing. The electrolyte/sulfur (E/S) 

ratio was constant at 20 µL of electrolyte per 1 mg of sulfur for all half-cells. 

The half-cells underwent charge-discharge and rate performance testing on a Neware Battery 

Testing System (Neware, China) with a voltage window between 1.7 - 2.7 V in an oven set to 

30 oC. All half-cells for the charge-discharge and rate performance tests were subjected to one 

activation cycle at 0.05 C (1 C = 1672 mAh·g-1) before cycling at the specified rate, except for 

the cells subject to areal capacity testing, which were cycled directly at 0.25 mA·cm-2. 

Electrochemical impedance spectroscopy (EIS) was carried out on a Biologic SP-200 

(Biologic, France) with the AC set to 5 mV and a frequency range of 10 mHz to 100 kHz. 

Cyclic voltammetry (CV) was carried out on a CHI660D electrochemical station (CHI 

Instruments, USA) at 24 oC with a scan rate of 0.05 mV·s-1 and a voltage window of 1.7 - 2.7 

V. 

3.4.4 Computational Details 

The atomic configurations and adsorption energies between the polymer (PTTG/PVDF) and 

the lithium sulfide species (Li2S/Li2S4) were calculated by using the plane-wave based density 

functional theory (DFT) method, as implemented in the Vienna ab initio Simulation Package 

(VASP) [28]. The Perdew-Burke-Ernzerh exchange-correlation functional was employed 

using generalized gradient approximation (GGA) parameterized by Perdew-Burke-Ernzerhof 

(PBE) [29]. The interaction potentials of the core electrons were replaced by Projector-

augmented-wave (PAW) pseudopotentials [30]. All calculations employed a cutoff energy of 

500 eV for the plane-wave basis set, while Brillouin-zone integrations were approximated by 

using 1×1×1 gamma-only k-points sampling. The energy difference and force required for 

convergence were set to 10 - 4 eV and 0.03 eV·Å-1, respectively. 

The vacuum between a polymer and its image is 30 Å, while the distance between the 

Li2S/Li2S4 and its image is no less than 25 Å along the periodic directions. These systems were 

large enough to avoid any artificial interaction caused by periodicity. The binding energy, Eb, 

was defined as the energy difference between the Li2S/Li2S4 adsorbed system 
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(𝐸୮୭୪୷୫ୣ୰ି௫୐ మୗ/௅௜మௌర
) and the summation of the pristine polymer (𝐸୮୭୪୷୫ୣ୰ ) and isolated 

Li2S/Li2S4 cluster, as shown in Eqn. 3.1. 

 𝐸ୠ = ൫𝑥𝐸୐୧మୗ/௅௜మௌర
+ 𝐸୮୭୪୷୫ୣ୰൯ − 𝐸୮୭୪୷୫ୣ୰ି௫୐୧మୗ/௅௜మௌర

 (3.1) 

With this definition, a positive binding energy indicated that the binding interaction was 

favoured. The three-dimensional visualization models were constructed using VESTA 

software. 

3.5 Results and Discussion 

The reaction scheme and chemical structure of the PTTG polymer are provided in Scheme 3.1. 

To confirm that the synthesis yielded the desired product, 1H and 13C NMR spectra were 

obtained (Fig. 3.1a and b, respectively), which match well with the previous report [26], 

suggesting that the PTTG polymer was successfully synthesised. By comparing the ratio of the 

integrated area of the primary end group amine hydrogen (2.76 ppm) and the thiourea hydrogen 

(7.51 ppm) within the polymer chain on the 1H-NMR spectrum (Fig. 3.1a), the molecular 

weight of the PTTG polymer was approximated and found to be roughly 8800 a.m.u. The NMR 

characterization highlights the polymers' abundant functional groups, including lone pair rich 

thiourea and ether groups, which have been shown to reduce LiPS shuttling [31-33]. 

 

Scheme 3.1: The synthesis scheme and chemical structure of the PTTG polymer 

 

Figure 3.1: (a) 1H-NMR spectra of the PTTG polymer and (b) 13C-NMR spectra of the PTTG 

polymer 
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To experimentally verify whether or not the PTTG polymer could indeed interact with soluble 

LiPS, a simple adsorption test was carried out. A ca. 1 M solution of Li2S6 was exposed to 500 

mg of PTTG and PVDF in separate vials and allowed to rest for 24 hours, as shown in Fig. 3.2. 

After exposure, it can be observed that the supernatant solution in the PTTG vial experienced 

a drastic colour change, unlike the solution exposed to PVDF. UV-Vis spectra were obtained 

from the supernatant solution (Fig. 3.2d), which corroborate the reduced concentration of LiPS 

present in the solution after PTTG exposure [34, 35]. Additionally, a milky white precipitate 

formed at the interface between the PTTG polymer and the LiPS solution. These preliminary 

results suggest that the PTTG polymer can chemically interact with soluble polysulfide species. 

To further investigate the chemical adsorption of LiPS on PTTG polymer, Fourier transform 

infra-red (FTIR) investigation was carried out on both the pristine PTTG polymer and the 

sample of PTTG after LiPS exposure. The FTIR spectra are displayed in Fig. 3.3, with the 

critical peaks highlighted. The peaks at approx. 3290 and 1660 cm-1 correspond to the N−H 

stretching and bending vibration, respectively. The peaks at 3060 and 1545 cm-1 can be 

assigned to the thiourea moiety [26, 36], while the broad doublet peak at around 1090 cm-1 is 

assigned to the ether groups in the PTTG polymer. After exposure to the LiPS solution, the 

peak relating to N−H stretching increased and broadened, whereas the N−H bending peak 

sharply declined. The peaks assigned to both the thiourea and ether groups also declined after 

LiPS exposure. The changes in the peaks associated with electron-rich functional groups are 

attributed to coordinated bonds formed between the PTTG and the LiPS [37]. 

Additionally, the peak located at around 3060 cm-1 is of further interest in this work. This peak 

corresponds to the N−H deformation vibration of non-linearly H-bonded thiourea units and 

does not appear in semi-crystalline H-bonded urea-containing materials [26, 38]. This is 

particularly relevant in the LSB system because when employed as a binder, the H-bonding 

ability of the PTTG polymer could provide interfacial forces that could tightly adhere the 

electrode components [19, 20] without suffering the drawbacks of a crystalline and brittle H-

bonded network inherent to standard binders such as carboxymethyl cellulose (CMC) [39]. 

Next, the XPS characterizations were conducted to confirm the chemical interaction between 

the PTTG polymer and soluble LiPS. 40 mg of the PTTG polymer was exposed to 40 mL 0.1 

M Li2S4 solution for 2 h under magnetic stirring before the supernatant solution was removed, 

and the remaining solid was subjected to XPS analysis. As a reference, XPS spectra were also 
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obtained from the pure PTTG polymer. The resulting XPS survey spectra are shown in Fig. 

3.4, with the corresponding high-resolution (HR) spectra shown in Fig. 3.5. 

 

Figure 3.2: (a) Blank LiPS solution, (b) LiPS solution exposed to 500 mg PTTG, (c) LiPS 

solution exposed to 500 mg PVDF (i) before and (ii) after 24 h . (d) UV-Vis spectra of the 

supernatant lithium polysulfide (LiPS) solution after adsorption experiment 
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Figure 3.3: FTIR spectra of the PTTG polymer and the PTTG sample after LiPS exposure 

 

Figure 3.4: Survey XPS spectra of the (a) PTTG polymer and (b) PTTG polymer after Li2S4 

exposure 

The HR spectra of the O 1s region for the PTTG polymer (Fig. 3.5a-i) displays a characteristic 

peak at 530.8 eV, typical for the ether group of polyethylene oxide [40]. After exposure to the 

Li2S4 solution, the O 1s signal shifts to a lower binding energy and can be expressed as two 

peaks relating to uncoordinated ether oxygen (530.4 eV) and the newly formed Li−O 

coordinate bond (529.6 eV), respectively (Fig. 3.5a-ii) [31]. Similarly, the N 1s peak at 399.1 
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eV displayed in Fig. 3.5b-i, which can be ascribed to the secondary amine within the thiourea 

moiety of the PTTG polymer [41], shifts to the lower binding energy of 398.2 eV with a new 

peak appearing at 397.5 eV due to the formation of the Li-N bond after Li2S4 exposure (Fig. 

3.5b-ii) [42]. For the HR S 2p spectra, all signals were assigned as a doublet with a 2:1 area 

ratio and 1.18 eV peak separation, following the S 2p3/2/S 2p1/2 spin doublet convention [43], 

with the S 2p3/2 portion represented by a solid line and the S 2p1/2 represented by a dashed line, 

and the quoted binding energies referencing the S2p3/2 section of the doublet. The thioketone 

group in the PTTG polymer is assigned to the major peak at 162.8 eV in Fig. 3.5c-i [44], with 

the minor satellite peaks assigned to SO3
2- and S2- [45]. After exposure to Li2S4, a downshift 

of the thioketone peak to 161.6 eV is observed, with an additional peak appearing at 160.9 eV 

due to the formation of the coordinated Li−S bond between the thioketone group and the 

lithium atom of the soluble LiPS. The reduction in the binding energies and the formation of 

new peaks attributed to coordinated Li bonds in the HR XPS spectra provides further evidence 

of PTTG’s chemical interaction with soluble LiPSs. 

Following the LiPS adsorption experiments, DFT calculations were employed to provide a 

computational explanation of the obtained LiPS adsorption results. The calculation results are 

displayed in Fig. 3.6 and 3.7. Fig. 3.6a shows the relaxed PTTG structure used for calculations. 

It was found that Li2S preferentially binds in one of two sites on the PTTG polymer structure, 

the thiourea site (Fig. 3.6b-i and ii) and the oxygen site (Fig. 3.6c-i and ii). The thiourea site 

can accommodate two Li2S molecules at the sulfur and nitrogen atoms, respectively, providing 

a combined binding energy of 1.477 eV. In contrast, the oxygen site accommodates one Li2S 

molecule with a binding energy of 0.821 eV, much higher than the binding energies calculated 

between Li2S and PVDF (0.324 eV), as shown in Fig 3.7a. 

To further confirm the formation of coordinated bonds between the PTTG polymer and soluble 

LiPSs, the binding energies of Li2S4 and PTTG were calculated. As shown in Fig 3.7c and d, 

the sulfur and oxygen site of the PTTG polymer coordinates with Li2S4 at a binding energy of 

0.660 eV and 0.613 eV, respectively, again much higher than the binding energy calculated 

between PVDF and Li2S4 (0.256 eV). These DFT calculations support the earlier results 

obtained in the LiPS adsorption experiments [31, 46], all of which indicate an enhanced 

adsorption ability of PTTG towards LiPS, which means the LiPS shuttle phenomenon could be 

effectively inhibited when applied in LSBs. 
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Figure 3.5: High-resolution XPS spectra of the (a) O 1s, (b) N 1s, and (c) S 2p regions for 

the PTTG polymer before (i) and after (ii) Li2S4 exposure 
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Figure 3.6: The DFT calculation of the binding energy between Li2S and thiourea and ether 

sites (a) The relaxed structure of the PTTG polymer. (b-i and ii) The binding sites and 

binding energy between the thiourea sites and Li2S. (c-i and ii) The binding site and binding 

energy between the ether sites and Li2S. Yellow atom: sulfur, blue atom: nitrogen, red atom: 

oxygen, green atom: lithium, brown atom: carbon, pink atom: hydrogen 

A thorough electrochemical investigation was carried out to determine whether the proposed 

benefits of the PTTG polymer enhance the performance of LSBs in practice. The cells were 

subject to charge-discharge testing at a rate of 0.2 C (1 C = 1672 mAh·g-1), with the 

voltage/capacity profile of the first cycle displayed in Fig. 3.8a. It is well-established that the 

discharge profile of the LSB can be separated into two distinct plateaus, with the first relating 

to the dissolution of solid sulfur to soluble LiPS intermediates and the second corresponding 

to the precipitation of the soluble species to form Li2S2/Li2S, after which the discharge process 

is complete [5]. It can be observed that in both cells, a capacity of ca. 285 mAh·g-1 is obtained 

during the first discharge step, suggesting that in both cases, a roughly equivalent amount of 

solid sulfur has dissolved into soluble LiPS. However, upon complete discharge, the Sulfur-
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PTTG cell delivers a capacity of 981 mAh·g-1 compared with 889 mAh·g-1 in the Sulfur-PVDF 

cell, suggesting that the PTTG binder enables more of the dissolved LiPSs to be completely 

reduced to Li2S. 

Additionally, the discharge plateaus in the Sulfur-PTTG cell display a higher reduction 

potential than the Sulfur-PVDF cell. In contrast, upon charging, the Sulfur-PTTG cell has a 

lower oxidation voltage than the Sulfur-PVDF cell, resulting in a reduced degree of 

polarization when PTTG is used as the binder. The discharge capacity and Coulombic 

efficiency (CE) over 80 cycles is displayed in Fig. 3.8b. The discharge capacity of the Sulfur-

PTTG cell steadily decays to 825 mAh·g-1 after 80 cycles, corresponding to a capacity loss of 

0.198 % per cycle over the tested range. On the other hand, the Sulfur-PVDF cell suffers from 

a more pronounced capacity fading of 0.426 % per cycle, resulting in a discharge capacity of 

586 mAh·g-1 at the 80th cycle highlighting the ability of PTTG to reduce the capacity fading in 

LSBs. What’s more, the CE of the Sulfur-PTTG cell is higher over the 80 cycles than that of 

the Sulfur-PVDF cell. 

 

 

Figure 3.7: DTF model and binding energy of (a) PVDF and Li2S, (b) PVDF and Li2S4, (c) 

PTTG-Sulfur site and Li2S4, and (d) PTTG-Oxygen site and Li2S4 
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Figure 3.8: Electrochemical data of the Sulfur-PTTG (red) and Sulfur-PVDF (black) cells, 

including (a) first-discharge profile at 0.2 C (1 C = 1672 mAh g-1), (b) charge-discharge 

capacity and coulombic efficiency at 0.2 C, (c) rate performance, and (d) charge-discharge 

capacity and coulombic efficiency at 0.5 C 

In order to investigate the performance of the PTTG binder under different charge-discharge 

currents, rate performance testing was carried out, as shown in Fig. 3.8c. The cells were 

subjected to charge/discharge cycles at increasing C-rates before returning to the initial current 

density. The Sulfur-PTTG cell delivered capacities of 985, 826, 717, and 587 mAh g-1 at 0.2, 

0.5, 1, and 2 C, respectively, whereas the Sulfur-PVDF cell delivered capacities of 840, 681, 

595, and 426 mAh g-1 at the same current densities. These results demonstrate PTTG’s ability 

to deliver a higher discharge capacity under increased charge/discharge rates, especially when 

cycled at 2 C. Additionally, upon returning to the original discharge rate of 0.2 C, the Sulfur-

PTTG cell provides a higher discharge capacity from the 21st cycle onwards and suffers from 

a smaller capacity decay per cycle than the Sulfur-PVDF cell. Like before, the Sulfur-PTTG 

cell displayed a higher CE over the tested cycles and a much lower drop in efficiency when 

switching between discharge currents when compared with the Sulfur-PVDF cell (Fig. 3.9). 
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Figure 3.9: CE of the PTTG and PVDF-based cells during the rate performance experiment 

The long term cycle performance was also examined in both the PTTG and PVDF-based cells, 

with the results shown in Fig. 3.8d. An activation process can be observed in the first few 

cycles for the PTTG-Sulfur cell, a common phenomenon [47]. After 350 cycles at 0.5 C, the 

PTTG-based cell delivers a discharge capacity of 529 mAh·g-1 compared with only 264 mAh·g-

1 in the PVDF-based cell, corresponding to a capacity fading of 0.123 and 0.198 % per cycle 

for each cell, respectively, which again highlights the superior capacity retention displayed by 

the PTTG polymer. The areal capacity of the LSB is another critical parameter that must be 

improved before commercialisation [48]; thus the areal capacity obtained at 0.2 C with a sulfur 

loading of 1.0 mg·cm-2 is displayed in Fig. 3.10a. Following this, high loading cathodes (≈4 

mg cm-2) were fabricated and cycled at 0.25 mA cm-2 to investigate the areal performance of 

the PTTG binder. As shown in Fig. 3.10b, the Sulfur-PTTG electrode delivers an areal capacity 

of about 2.5 mAh·cm-2 in the 5th cycle, much higher than the capacity of around 1.5 mAh·cm-

2 delivered by the Sulfur-PVDF cathode at the same sulfur loading, which shows PTTG’s 

ability to deliver better electrochemical performance, even at higher sulfur loading. 
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Figure 3.10: Areal capacity and Coulombic Efficiency of (a) the Sulfur-PTTG cathode over 
80 cycles at 0.2 C and (b) the Sulfur-PTTG and Sulfur-PVDF cathodes over 5 cycles at 0.25 

mA·cm-2 

In order to deeply understand the mechanisms by which the PTTG binder enhances the 

electrochemical performance of LSBs, cyclic voltammetry testing was first carried out between 

the voltage window of 1.7 - 2.7 V at a scan rate of 0.05 mV·s-1. As shown in Fig. 3.11a, the 

voltammogram of Sulfur-PTTG cell shows only a minor difference in the peak height and 

position between the first and second cycle, with almost no change between the second and 

third cycle. Compared with the CV curve for the Sulfur-PVDF battery (Fig. 3.11b), a less stable 

first cycle can be observed, with overlap between the first and second discharge peak. 

Additional differences in electrochemical performance between the cells can be noted by 

observing the peak current during discharge. The first discharge peak current in both the Sulfur-

PTTG and Sulfur-PVDF cell is roughly equivalent (approx. -0.28 mA); however the peak 

current associated with soluble LiPS precipitation is higher in the Sulfur-PTTG cell compared 

with the Sulfur-PVDF cell (approx. -0.75 vs. -0.60 mA, respectively), highlighting the superior 

reaction kinetics of the cell when PTTG is used as a binder. These CV results indicate that the 

PTTG binder could effectively reduce the polarization of the sulfur cathode and accelerate the 

redox kinetics. 
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Figure 3.11: Cyclic voltammogram of the (a) Sulfur-PTTG and (b) Sulfur-PVDF cell for 3 

cycles at 0.05 mV·s-1. EIS spectra of the Sulfur-PTTG and Sulfur-PVDF cathode (c) before 

and (d) after 50 cycles at 0.5C 

EIS was carried out on both the Sulfur-PTTG and Sulfur-PVDF cathodes before and after 50 

cycles at 0.5 C. The resulting spectra were fit with an equivalent circuit, with the experimental 

and theoretical results displayed in Fig. 3.11c and d and Table 3.1, with the equivalent circuits 

displayed in the inset of the respective spectra. 

Before cycling, the spectra can be modelled by the circuit displayed in Fig. 3.11c [49], with 

the impedance contributions attributed to the ohmic resistance (Re), charge transfer resistance 

(Rct), and Warburg impedance (Wo) in the cells, respectively. In the Sulfur-PTTG cell, an Rct 

value of 212 Ω is obtained, which is smaller than that of the Sulfur-PVDF cell (430 Ω) (Table 

3.1). After cycling, the cells can be modelled by the equivalent circuit shown in Fig. 3.11d, 

with the additional contribution to the impedance stemming from the interphase contact 

resistance in the electrode bulk (Rint) [50]. When the EIS results for the Sulfur-PTTG cell are 

fit to the equivalent circuit, the values of 31.6 Ω and 14.3 Ω are obtained for Rct, and Rint, 
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respectively, which are much lower than those in the Sulfur-PVDF cell (63.1 and 69.3 Ω) 

(Table 3.1). The lower Rct and Rint values in the Sulfur-PTTG cell suggest quicker electron 

transportation, leading to lower polarization and faster redox kinetics. 

Table 3.1: Resistance results from EIS fitting 

 Before Cycling (Ω) After Cycling (Ω) 

PTTG - - 

Rct 212 31.6 

Rint N/A 14.3 

PVDF - - 

Rct 430 63.1 

Rint N/A 69.3 

 

 
𝐷௅௜ =

𝑅ଶ𝑇ଶ

2𝐴ଶ𝑛ସ𝐹ସ𝐶ଶ𝜎௪
ଶ
 (3.2) 

 
𝐷௅௜ ∝

1

𝜎௪
ଶ
 (3.3) 

Qualitative lithium-ion diffusion information can also be obtained from the low-frequency 

region of the EIS results, which is attributed to Wo  [51]. By graphing the real component of 

the complex impedance (Z’) vs. the angular frequency (ω-0.5) in the low-frequency region of 

the EIS results after cycling, as shown in Fig. 3.12, a value for the Warburg factor (𝜎ௐ) can 

be obtained [52]. The trend in the lithium diffusion kinetics in both electrodes can be obtained 

through the inversely proportional relationship between the lithium-ion diffusion coefficient 

(DLi) and σw, as shown in Eqn. 3.2 and 3.3 [53]. Thus, as the Sulfur-PTTG cell displays a 

smaller 𝜎ௐ compared with the Sulfur-PVDF cell (3.9691 vs. 13.651, respectively), improved 

lithium-ion diffusion kinetics can be inferred. 

Secondly, the electrode morphological characterizations and peel tests were also carried out to 

explain the excellent mechanical properties that contribute to the improved electrochemical 

performance. To this end, SEM images were taken of the Sulfur-PTTG and Sulfur-PVDF 

cathodes before cycling and after 100 cycles at 0.5 C (Fig. 3.13). Fig. 3.13a and c show the 

surface of a pristine Sulfur-PTTG and Sulfur-PVDF cathode, respectively. The surface of the 

Sulfur-PTTG electrode shows good homogeneity with minimal pits and cracks in the electrode 

surface. In contrast, the surface of the Sulfur-PVDF electrode shows large surface cracks and 
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deep pits, while also displaying a reduced degree of homogeneity. These images suggest that 

the PTTG binder can help disperse the sulfur and carbon black throughout the electrode 

resulting in an even electrode surface, which supports the smaller Rct obtained during EIS 

testing. Upon observing the SEM images of the electrodes after cycling, the differences 

between the electrodes using two different binders become even more pronounced. Although 

the Sulfur-PTTG electrode does display some small pits (Fig. 3.13b), the surface remains 

relatively smooth, homogeneous, and free from large cracks. In sharp contrast, the Sulfur-

PVDF cathode’s surface (Fig. 3.13d) shows large pits with an extremely rough surface, which 

could explain the higher Rint value obtained in the analysis of the Sulfur-PVDF cell. Additional 

morphological differences can be observed in the cross-sectional SEM images of the electrodes 

shown in the inset of Fig. 3.13b and d. Even after 100 cycles, the Sulfur-PTTG electrode film 

maintains tight adherence to the current collector, in contrast to the Sulfur-PVDF electrode film 

that detached from the current collector. The void between the electrode film and the current 

collector and the cracked surface of the electrode could result in regions of the Sulfur-PVDF 

cathode becoming inaccessible to the migrating electrons during charge/discharge, thereby 

reducing the electrochemical performance of the cell [49, 54]. As the Sulfur-PTTG cathode 

maintained its integrity during cycling, the electronic pathways throughout the electrode could 

have been preserved, which may contribute to the improved electrochemical performance and 

smaller Rct mentioned earlier. 

Finally, 90 o peel-off testing was carried out to examine the mechanical adhesion of the PTTG 

and PVDF. According to the results shown in Fig. 3.14, the steep initial region of the line is 

more significant for the Sulfur-PTTG cathode, suggesting it requires more force to remove the 

Sulfur-PTTG film from the current collector compared to the Sulfur-PVDF film. Also, in the 

flatter horizontal region of the peel-off data, it can be observed that the line for the Sulfur-

PVDF cathode is far more erratic compared with the Sulfur-PTTG cathode line, suggesting that 

the Sulfur-PTTG cathode has a more consistent and even adhesion to both the current collector 

and the components within the electrode film [35, 55, 56]. The higher adhesion and greater 

degree of consistency within the Sulfur-PTTG cathode can suggest why the morphology of 

Sulfur-PTTG cathode maintains its integrity and provides better electrochemical performance 

than the Sulfur-PVDF electrode. 
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Figure 3.12: The real parts of the complex impedance (Z’) vs. ω-1/2 for the Sulfur-PTTG and 

Sulfur-PVDF electrode 

 

Figure 3.13: SEM images of the Sulfur-PTTG cathode (a) before cycling and (b) after 100 

cycles with cross-section image inset, and the Sulfur-PVDF cathode (c) before cycling and 

(d) after 100 cycles with cross-section image inset 
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Figure 3.14: Mechanical peel tests of the Sulfur-PTTG (red) and the Sulfur-PVDF (black) 

cathodes 

3.6 Conclusion 

PTTG was successfully synthesized and applied as a multifunctional binder for the sulfur 

cathode in LSBs. Electrochemical investigation revealed that the Sulfur-PTTG cathode 

delivers a reduced capacity fading of 0.123 % per cycle at 0.5 C, a higher discharge capacity 

of 587 mAh·g-1 at 2 C, and a higher areal capacity of 2.5 mAh·cm-2 at 0.25 mA·cm-2 compared 

to the Sulfur-PVDF cathode. Such excellent electrochemical performances obtained could be 

attributed to the multifunctional properties of PTTG: 

 i) strong chemical adsorption of LiPS verified by both theoretical calculations and 

experiments;  

 ii) good ionic/electronic conductivity of the Sulfur-PTTG electrode; 

 iii) tight adherence to the current collector after cycling  

 iv) superior ability to homogenise the electrode’s surface 

This work not only proves PTTG is a promising binder for LSBs but also guides the future 

synthesis of thiourea-containing binders for high-performance LSBs. 
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4.1 Abstract 

The major hurdle in Li−S battery commercialization is the severe shuttle effect and sluggish 

reaction kinetics of polysulfide conversion during charge-discharge cycling. Herein, to 

overcome these barriers, we designed and synthesized Zn defective Zn/Co oxide (ZDZCO) 

nanosheets, a cation-vacancy-rich bimetallic oxide for constructing a multifunctional 

polysulfide-blocking layer. Both theoretical and experimental studies have comprehensively 

demonstrated that the ZDZCO shows robust binding capability towards polysulfides and a high 

catalytic ability for fast polysulfide conversion. Through a facile coating process, the 

multifunctional ZDZCO polysulfide-blocking layer is incorporated on a commercial 

polypropylene separator, forming a composite separator. The resultant separator facilitates an 

ultrahigh sulfur loading of 21.06 mg·cm-2 and an areal capacity as high as 24.25 mAh·cm-2. 

This study illuminates a promising and practical strategy to construct high-performance Li−S 

batteries with high sulfur loading. 

Highlights 

 Cation-vacancy-rich bimetallic oxide constructs a novel multifunctional polysulfide-

blocking layer. 

 Cation vacancies boost the catalytic performance of the multifunctional polysulfide-

blocking layer. 

 The Li−S battery achieves an ultrahigh loading of 21.06 mg·cm-2 and a prolonged 

lifespan of 60 cycles. 
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4.2 Introduction 

Owing to the advantages of high energy density (2600 Wh·kg-1), low cost, and eco-friendliness, 

the Li−S battery is considered one of the most promising energy storage devices for electric 

vehicles, hybrid electric vehicles, and smart power grids [1-3]. However, the electrochemical 

performance of Li−S batteries is severely restricted by the poor electronic conductivity of the 

active sulfur material and its discharge products (Li2S2/Li2S), the large volume expansion 

associated with the conversion of sulfur to Li2S2/Li2S, and the notorious shuttle effect of soluble 

polysulfides (Li2Sx, 4 ≤ x ≤ 8) [4, 5]. The intractable shuttle effect is especially troublesome, 

as it leads to fast active material loss, low Columbic efficiency, and severe corrosion and 

passivation of the Li anode, resulting in rapid electrochemical performance degradation [6-8]. 

Despite this, through the rational design of polysulfide host materials, high-performance Li−S 

batteries have been achieved. Various carbonaceous materials [9-11], functional polymers [12-

15], and metal compounds [16-20] have been constructed and applied as host materials to 

improve the electrochemical performance of Li−S batteries. In addition to being applied to 

prepare S/host material composites, which are capable of immobilizing polysulfides in the 

cathode matrix, polysulfide-anchoring materials can also be applied in the construction of 

functional composite separators to effectively deliver a polysulfide shuttle barrier. Usually, 

when the anchoring materials are applied to modify the separator, rather than as cathodic 

polysulfide hosts, less inert anchoring materials are used, which improves the gravimetric 

energy density of the whole cell and aligns with the goal of a high-energy-density Li−S battery. 

Up to now, extensive efforts have been devoted to modifying commercial separators so that 

the cycling performance of Li−S batteries can be enhanced [21-32]. For example, an ion-

selective Nafion-based layer modified Celgard separator was constructed to confine the 

polysulfide anions at the cathode side via the shielding effect [21, 22]. Alternatively, with the 

advantage of high electronic conductivity, a nonpolar super P-modified separator can function 

as both an upper current collector and a polysulfide-diffusion barrier by physical blocking [23, 

26]. In contrast to physically blocking polysulfide migration, polar materials such as 

heteroatom-doped carbons, functional polymers, and metal compounds can immobilize 

polysulfides via strong chemical adsorption, which builds a more effective polysulfide-

blocking layer on the separators [25, 27, 29, 31, 32]. 

Although Li−S batteries' cycling stability and discharge capacity have been significantly 

enhanced through the application of functional separators, most of the previous separator-
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related research is based on batteries with low sulfur loading, which cannot satisfy the high 

energy density required for practical applications. Thus, it is crucial to fabricate high-loading 

Li−S batteries that can deliver a high areal capacity to obtain a sufficient energy density [33, 

34]. It has been reported that a sulfur loading of > 5 mg·cm-2 with a specific capacity of 1000 

mAh·g-1, corresponding to an areal capacity of 5 mAh·cm-2, is required to achieve a 

satisfactorily high energy density Li−S battery [35]. However, as the sulfur loading increases, 

the increased severity of polysulfide dissolution and shuttling makes it very difficult to achieve 

a high-loading Li−S battery with high performance simultaneously. Even though strong-

affinity materials applied on separators can effectively immobilize polysulfides, the sluggish 

reaction kinetics of polysulfide conversion results in the chronic occupation of the adsorption 

sites on the functional materials, leading to reduced polysulfide affinity after prolonged 

cycling. Recently, it has been demonstrated that introducing catalytic functionality into high-

affinity functional materials is an efficient and promising strategy to achieve fast polysulfide 

conversion [36-41]. Extensive efforts have been devoted to constructing catalytic cathodes, 

while the development of catalytic separators is still in the early stage. Considering the reduced 

dosage of anchoring materials in functional separators, significantly enhanced catalytic 

properties are required if a high-performance Li−S battery is to be achieved, especially in the 

case of high sulfur loading. Therefore, the great challenge of designing robust-affinity and 

highly-catalytic functional material modified separators for high-loading Li−S batteries with 

high performance remains. 

Constructing defects into functional materials has been demonstrated as a highly effective 

approach to boost the catalytic abilities and polysulfide affinity of functional materials for Li−S 

batteries [41, 42]. Amongst these, anion vacancies are usually constructed to achieve high-

performance functional materials [43-45]. While, to the best of our knowledge, cation 

vacancies are rarely studied. Herein, a new anchoring functional material design strategy has 

been proposed via cation vacancies for high-loading Li−S batteries. Co3O4, a strong-affinity 

host material for polysulfides [46], was chosen as a model to prove our new anchoring 

functional material design strategy. By partly replacing Co with Zn and in-situ etching, Zn 

defective ZnCo2O4 (ZDZCO) nanosheets were prepared to achieve the Zn vacancies. Both 

theoretical and experimental studies have demonstrated that the ZDZCO possesses robust 

binding capability towards polysulfides and a high catalytic ability for polysulfide conversion, 

resulting from the cation vacancies. As a result, when the ZDZCO was applied in the 

construction of a novel multifunctional polysulfide-blocking layer on a commercial separator, 
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Li−S battery with an ultrahigh loading of 21.06 mg·cm-2 can be achieved, which is stable over 

60 cycles and delivers a high areal capacity of 13.95 mAh·cm-2. To the best of our knowledge, 

such a cycling lifespan of a Li−S battery with ultrahigh loading prepared via traditional 

electrode preparation technique has rarely been reported. 

4.3 Experimental Section 

4.3.1 Synthesis of Zn defective ZnCo2O4 (ZDZCO) nanosheets 

All chemical reagents used in this study were analytical grade without any further purification. 

The Zn defective ZnCo2O4 (ZDZCO) nanosheets were synthesized by a facile hydrothermal 

method. Typically, 0.3 g Zn(NO3)2·6H2O, 0.575 g Co(NO3)2·6H2O, and 0.9 g urea were 

dissolved in a solvent containing 15 mL ethylene glycol (EG) and 15 mL deionized water with 

magnetic stirring for 5 min at room temperature. The obtained solution was transferred into a 

50 mL Teflon-lined stainless steel autoclave and maintained at 180 ℃ for 3 h in an oven. After 

cooling down to room temperature, ZDZCO precursor was obtained by centrifugation, washed 

several times with absolute ethyl alcohol, and dried at 80 ℃ overnight in an oven. Finally, the 

precursor was annealed in air at 400 ℃ for 2 h with a heating rate of 5 ℃·min-1. As a control, 

the Co3O4 nanosheets were synthesized through the same process without adding 

Zn(NO3)2·6H2O. 

4.3.2 Material characterization 

Scanning electron microscope (SEM) images were observed on a Hitachi S-8200 field emission 

scanning electron microscope, and elemental mapping was obtained on an EDAX Genesis 

energy dispersive X-ray fluorescence spectrometer. Transmission electron microscopy (TEM) 

images and selected area electron diffraction (SAED) patterns were obtained on a JEOL JEM-

2100F transmission electron microscope. X-ray powder diffraction (XRD) measurements were 

carried out via a Bruker D8 Advance powder X-ray diffractometer with a scan speed of 5 °·min-

1 in the range of 10 ° - 70 °. X-ray photoelectron spectroscopy (XPS) spectra were obtained on 

a Thermo Scientific 250Xi X-ray photoelectron spectrometer. The content of Zn and Co was 

determined by inductively coupled plasma-optical emission spectrometer (ICP-OES) analysis 

(Agilent 730ES). 

4.3.3 Electrochemical Measurements 

For the ZDZCO-separator, the as-synthesized ZDZCO nanosheets, super P and polyvinylidene 

fluoride (PVDF) binder with a mass ratio of 6:3:1 were mixed in N-methyl-2-pyrrolidone 
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(NMP). Then the slurry was uniformly coated onto the commercial Celgard 2400 membrane 

and dried at 60 ℃ for 12h in a vacuum oven. The loading of the coating was about 0.28 mg·cm-

2. In control experiments, the Co3O4-separator (Co3O4, super P, and PVDF with a mass ratio of 

6:3:1) and super P-separator (super P and PVDF with a mass ratio of 9:1) were synthesized 

through the same procedure. 

The sulfur powders (Aladdin) and super P with a mass ratio of 6:4 were mixed by grinding. 

The mixture was then transferred into a 50 mL Teflon-lined stainless steel autoclave and heated 

at 155 ℃ for 12 h to obtain the S/super P composite. For sulfur cathode, 80 wt% S/super P 

composite, 10 wt% Ketjen black (KB), 10 wt% PVDF binder were mixed in NMP. Then the 

slurry was uniformly coated on the carbon-coated Al foil using traditional blade coating 

technique and dried at 60 ℃ in a vacuum oven for 12 h. The mass loading of sulfur was about 

0.6 mg·cm-2. The CR2016 coin cells were assembled in a glove box full of argon gas using the 

as-prepared sulfur cathodes, lithium foil anodes, and different separators. The electrolyte was 

1 M LiTFSI in a mixed solvent of DOL and DME (1:1 v/v) with 2% LiNO3. Galvanostatic 

charge-discharge cycling tests were conducted on a LAND CT2001A battery tester at room 

temperature between 1.8 and 2.6 V. Cyclic voltammetry (CV) measurements and 

electrochemical impedance spectroscopy (EIS) tests were performed using a CHI660E 

electrochemical workstation. The scan rate of CV test is 0.1 mV·s-1 between 1.8 and 2.6 V. For 

the EIS test, the frequency range is from 10 mHz to100 kHz with an amplitude of 5 mV. 

S/super P composite with 80 wt% sulfur and 20 wt% super P were prepared and applied for 

high-loading Li−S battery. As the ordinary Al foil current collector will curl with high sulfur 

loading, the current collector was replaced with carbon paper for high-loading Li−S batteries 

(5.59 - 21.06 mg·cm-2). The current density was 1.2 mA·cm-2 for Li−S battery with loading of 

5.59 mg·cm-2 (the first cycle was 0.3 mA·cm-2); 0.4 mA·cm-2 for 11.57 mg·cm-2 and 21.06 

mg·cm-2 (the first cycle was 0.2 mA·cm-2); 2.4 mA·cm-2 for 9.31 mg·cm-2 (the first cycle was 

0.4 mA·cm-2 and the second cycle was 0.8 mA·cm-2). 

4.3.4 Polysulfide adsorption and diffusion experiments 

First, Li2S and sulfur powders with a molar ratio of 1:5 were stirred in 6 mL DME at 65 ℃ for 

48 h in the glove box to prepare a Li2S6 solution with an initial concentration of 0.1 M. Then 

the solution was diluted to 2 mM for the polysulfide adsorption. Furthermore, Li2S and sulfur 

powders with a molar ratio of 1:5 were stirred in 6 mL tetrahydrofuran (THF) at 65 ℃ for 48 
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h in the glove box to prepare a Li2S6 solution with an initial concentration of 0.1 M. Then the 

solution was diluted to 4 mM for the polysulfide diffusion experiment. 

For polysulfide adsorption tests, 80 mg ZDZCO, Co3O4 and super P were added into three glass 

bottles with 2 mM Li2S6 solutions, respectively. After standing for about 48 h, the supernatant 

liquid was injected into a quartz cuvette and sealed in the glove box. Then the Li2S6 solutions 

were tested by UV-visible absorption spectrophotometry (METASH UV8000) to 

quantitatively indicate the remnant Li2S6 in the solutions after adsorption tests. The ZDZCO 

after Li2S6 adsorption was used for the XPS test. 

For the polysulfide diffusion experiment, H-shaped glass cells were set up. Half of the glass 

cell (left) was filled with 50 mL 4 mM Li2S6 solution, and the other half (right) was filled with 

50 mL THF, separated by PP separator, super P-separator, Co3O4-separator, and ZDZCO-

separator, respectively. In order to protect the modified separator from abrasion, PP separators 

are added on both sides of the tested separator (PP separator, super P-separator, Co3O4-

separator, and ZDZCO-separator). 

4.3.5 Symmetric cell tests and Li2S nucleation experiments 

Li2S and sulfur powders with a molar ratio of 1:5 were stirred at 65 ℃ for 48h in a mixed 

solvent (DOL: DME = 1:1 v/v) to prepare a 0.1 M Li2S6 solution. 45 wt% ZDZCO, 45 wt% 

super P, and 10 wt% PVDF binder were mixed in NMP to obtain an uniform slurry. Then the 

slurry was cast on the carbon-coated Al foil and then dried at 60 ℃ for 12 h in a vacuum oven. 

The symmetric cells were assembled in a glove box using two same electrodes with the as-

prepared Li2S6 solution (0.1 M). CV measurements were performed using a CHI660E 

electrochemical workstation with a scan rate of 10 mV·s-1 between -1.0 and 1.0 V. For 

comparison, super P-based electrode and Co3O4-based electrode were also tested using the 

same process. 

Li2S and sulfur powders with a molar ratio of 1:7 were stirred at 65 ℃ for 48 h in tetraglyme 

to prepare a 0.2 M Li2S8 solution. 1.0 mg ZDZCO was dispersed on carbon paper and used as 

the cathode, while lithium foil was used as the counter electrode and Celgard 2400 as the 

separator to assemble a cell. 25 L Li2S8 catholyte (0.2 M) was dropped on the cathode side 

and then 20 µL electrolyte (1 M LiTFSI in DOL and DME (1:1 v/v) with 2% LiNO3) was 

dropped on the anode side. The cell was firstly galvanostatically discharged at 0.226 mA to 
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2.06 V and then kept at 2.05 V until the current was below 10-5 A for the nucleation of Li2S. 

For comparison, the Co3O4 sample was also tested using the same process. 

4.3.6 Theoretical study 

Density functional theory (DFT) calculations were carried out using the Projector-Augmented 

Wave (PAW) method as implemented in the Vienna Ab Initio Simulation Package (VASP) 

[47]. For the exchange-correlation functional, we used the Perdew-Burke-Ernzerhof (PBE) 

[48] of Generalized-Gradient Approximation with the Hubbard U parameter proposed by 

Dudarev [49]. In this scheme, the effective value of U is described as: Ueff=U – J, where U and 

J represent the on-site coulomb and exchange interaction, respectively. In our calculations, the 

value of Ueff for Zn and Co were set to be 5.0 eV and 3.3 eV, respectively, which are similar to 

the values applied by Montoya et al. [50] and Huang et al. [51]. Long-range van der Waals 

interaction (dispersion forces) was also included using the D3 correction method of Grimmeet 

al. [52]. The structure of ZnCo2O4 was modelled by replacing all the tetrahedral Co atoms by 

Zn in the Co3O4 structure [53]. A 2×2×2 supercell and k-point mesh of 2×2×2 were used for 

modeling Co3O4, ZnCo2O4, and Zn0.875Co2O4 bulk systems. Using the fully optimized bulk 

structures, nonstoichiometric (100) surfaces with nine atomic layers (Co28O40, Zn8Co20O40 and 

Zn7Co20O40) were modelled. The (100) surface was considered because of its lowest surface 

energy among the low index planes 𝛾(ଵ଴଴)  <  𝛾(ଵଵଵ) <  γଵଵ଴  [54]. Two terminations were 

considered when ZnCo2O4(100) surface was modeled: (A) Co and O atoms were presented on 

the termination layer while Zn atoms were in the sub-top layer; (B) Zn and O atoms were 

presented on the termination layer while Co atoms were in the sub-top layer. The surface free 

energy of ZnCo2O4(100) surface with two terminations was compared as 𝛾୅  <  𝛾୆. Therefore, 

ZnCo2O4(100) surface with termination A was chosen in all the following surface calculations. 

One Zn vacancy was created by removing one Zn atom from the subsurface (second) layer. A 

vacuum size of 12 Å was applied to prevent the interaction between periodic images along the 

c direction. A k-point mesh of 2×2×1 was used for surface calculations. An energy cutoff of 

500 eV as well as an energy and a force convergence criterion of 0.0001 eV and 0.001 eV·Å-

1, respectively, were applied for both bulk and surface calculations. 

Test calculations were firstly performed with two different models: (i) a symmetric nonpolar 

surface with one fixed middle layer and termination A; and (ii) firstly, exchanging the Co and 

Zn atoms in the top and sub-top layer of model i. After fully optimizing the geometries, Co and 

Zn atoms were exchanged again and re-optimized. The calculated total energy of S8 and Li2Sx 
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(2 ≤ x ≤ 8) adsorbed on ZnCo2O4(100) with the model i was lower than with model ii. However, 

the total energy of Li2S adsorbed on ZnCo2O4(100) with model ii was lower than with model 

i. Considering the large supercomputer consuming, a simplified asymmetric nonpolar surface 

with three bottom layers fixed (model iii) was finally constructed for all calculations. The 

adsorption sites of S8 and Li2Sx on the surfaces in model iii are exactly the same as the most 

favorable structures from the test calculations. The BE between Li2Sx and host materials (HM 

= Co3O4/ZnCo2O4/Zn0.875Co2O4) is defined as: 

 𝐸ୠ = 𝐸ୌ୑ା୐୧మୗೣ
 - 𝐸ୌ୑ - 𝐸୐୧మୗೣ

 (4.1) 

Where 𝐸ୌ୑ା୐୧మୗೣ
, 𝐸ୌ୑  and 𝐸୐୧మୗೣ

 are the total energy of LiଶS௫  molecule adsorbed on host 

materials, bared host materials and LiଶS௫ molecule, respectively. 

To explore the catalytic effect of Co3O4 and Zn0.875Co2O4, Gibbs free energy for S8, Li2S8, 

Li2S6, Li2S4, Li2S2, and Li2S conversion is calculated with the following intermediate steps 

[55]: 

 S଼ + * ↔  S଼
∗ (4.2) 

 S଼
∗ + 2Liା + 2eି ↔ LiଶS଼

∗ (4.3) 

 LiଶS଼
∗ + 2Liା + 2eି ↔ LiଶS଺

∗ + LiଶSଶ (4.4) 

 LiଶS଺
∗ + 2Liା + 2eି ↔ LiଶSସ

∗ + LiଶSଶ (4.5) 

 LiଶSସ
∗ + 2Liା + 2eି ↔ LiଶSଶ

∗ + LiଶSଶ (4.6) 

 LiଶSଶ
∗ + 2Liା + 2eି ↔ LiଶS∗ + LiଶS (4.7) 

 

The Gibbs free energy for the intermediate steps is defined as: 

 ∆𝐺 =  ∆𝐸୲୭୲+∆ZPE + 𝑃∆V (4.8) 

 

Where ∆𝐸୲୭୲, ∆ZPE, and ∆𝑉 are the changes in DFT total energies, zero-point energies, and 

volumes from the initial to the final states, respectively. The last term in Eqn. 4.8 is very small 

and neglected. 

4.4 Results and Discussion 

Typically, in alkaline solutions at room temperature, Zn2+ in the solid-phase can react with OH- 

to form soluble Zn(OH)4
2-, leading to Zn vacancies [56]. In contrast to the referenced work, 

this work partly replaces the Co in Co3O4 with Zn and etches the Zn in-situ in the presence of 
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urea during a facile hydrothermal method. The hydrolysis of urea offers mild alkaline 

conditions and active NH3 ligands to react with Zn2+ and achieve Zn vacancies in ZnCo2O4, 

resulting in the Zn-deficient Zn/Co oxide (ZDZCO). The as-prepared ZDZCO is large-area thin 

2D nanosheets with some aggregation, as indicated by the SEM images in Figs. 4.1a and b 

and 4.2c. The XRD pattern of the obtained ZDZCO (Fig. 4.1c) shows diffraction peaks at 2θ 

= 18.97 °, 31.26 °, 36.79 °, 38.51 °, 44.84 °, 55.54 °, 59.33 °, and 65.20 °, which are assigned 

to (111), (220), (311), (222), (400), (422), (511), and (440) crystal planes of spinel ZnCo2O4 

phase (PDF No. 23-1390). 

 

Figure 4.1: (a, b) SEM images and (c) XRD pattern of as-prepared ZDZCO; (e-g) O, Co, and 

Zn element distribution in the ZDZCO in (d); (h) TEM image of as-prepared ZDZCO and (i) 

corresponding enlarged view of Section 2; (j) EPR spectrum of as-prepared ZDZCO. The 

inset in (h) is the SAED pattern of as-prepared ZDZCO 

The ratio of Zn and Co in the ZDZCO nanosheets, as determined by ICP-OES analysis, is 

0.87:2, leading to a formula of Zn0.87Co2O4. The element mappings (Fig. 4.1e-g) of the ZDZCO 

nanosheets in Fig. 4.1d demonstrate that the Co, Zn, and O elements are distributed uniformly. 

From the HRTEM images in Fig. 4.2d (enlarged view of Section 1 in Fig. 4.1h), one can 

observe an interplanar spacing of 0.27 nm, which is assigned to the (220) plane of ZnCo2O4, 
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with the selected area diffraction (SAED) pattern (inset in Fig. 4.1h) also showing the 

diffraction rings of (311) and (440) planes of ZnCo2O4. In Fig. 4.1i (enlarged view of Section 

2 in Fig. 4.1h), numerous small pits on the surface of the as-prepared ZDZCO can be observed, 

visually indicating the presence of defects in the ZDZCO nanosheets. Moreover, the as-

prepared ZDZCO shows a strong EPR signal at g = 1.95 (Fig. 4.1j), indicating many Zn 

vacancies [57]. As a control, Co3O4 nanosheets were synthesized through the same process 

without adding Zn(NO3)2·6H2O (Fig. 4.2b). 

 

Figure 4.2: (a) XRD pattern and (b) SEM image of as-prepared Co3O4. (c) Large-area SEM 

image of the as-prepared ZDZCO. (d) Enlarged HRTEM image of section 1 in Fig. 1h. 

The ZDZCO-based composite is coated on a commercial PP separator using a blade coating 

method with ZDZCO nanosheets, super P, and PVDF binder in a mass ratio of 6:3:1 to prepare 

the ZDZCO polysulfide-blocking layer modified separator (ZDZCO-separator). The loading 

of the coating was controlled to be about 0.28 mg·cm-2. Super P was included in the ZDZCO-

separator as a conductive additive to allow the modified separator to function as an upper 

current collector. The integrity of the as-prepared ZDZCO separator after folding, displayed in 

Fig. 4.3a, indicates good adhesion between the ZDZCO polysulfide-blocking layer and PP 
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separator. The thickness of the ZDZCO polysulfide-blocking layer is measured to be 2.4 µm, 

as shown in the cross-section SEM image of the ZDZCO-separator (Fig. 4.3b). For 

comparison, a super P-separator was also prepared with super P and PVDF binder in a mass 

ratio of 9:1. Fig. 4.3c shows that with the same mass loading level, the super P coating layer 

shows a much larger thickness (11.0 µm), almost 5 times thicker than the ZDZCO polysulfide-

blocking layer. As a consequence, higher volumetric energy density can be achieved using 

ZDZCO-separator. 

 

Figure 4.3: (a) Digital photos of as-prepared ZDZCO-separator; cross-section SEM images 

of (b) ZDZCO-separator and (c) super P-separator; (d) top-view SEM image and (e-g) 

element mappings of the ZDZCO-separator 

By comparing the top-view SEM image of the ZDZCO-separator and super P-separator 

displayed in Figs. 4.3d and 4.4, one can observe that the ZDZCO nanosheets are uniformly 

embedded in the super P conductive carbon matrix. The element mappings (Fig. 4.3e-g) show 

that the Zn, Co, and C elements are dispersed over the separator. Consequently, it is expected 

that the ZDZCO-separator can not only effectively immobilize polysulfides but also act as an 

upper current collector for the continual conversion of polysulfides. 



130 
 

 

Figure 4.4: Top-view SEM image of the as-obtained super P-separator 

Electrochemical tests were carried out at room temperature to evaluate the effect of the 

ZDZCO-separator on the cycling performance of Li−S batteries. Firstly, the electrochemical 

activity of ZDZCO between 1.8 and 2.6 V was studied through CV and charge-discharge 

cycling tests. As shown in Fig. 4.5, the ZDZCO is inactive and contributes negligible capacity 

between 1.8 and 2.6 V. 

 

Figure 4.5: (a) The cycling performance and (b) the CV curves of ZDZCO electrode between 

1.8 and 2.6 V. 

The sulfur cathode was prepared with 80 wt% S/super P composite, 10 wt% Ketjen black (KB), 

and 10 wt% PVDF binder. It should be noted that in the sulfur cathode, there are no additional 

polysulfide hosts. Fig. 4.6a shows the typical charge-discharge behaviour of a Li−S battery, 

i.e., the formation of long-chain polysulfides (Li2Sx, 4 ≤ x ≤ 8) at 2.31 V and the conversion of 

Li2Sx to Li2S2/Li2S at 2.03 V [58]. The charge-discharge curves (Fig. 4.6b) also display the 

typical two-platform discharge behaviour characteristic of the Li−S battery. The cycling 
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stability of the Li−S batteries with different separators at 0.5 C after an initial cycle at 0.2 C is 

compared in Fig. 4.6c. It indicates that the Li−S battery with ZDZCO-separator shows superior 

cycling stability with a high capacity of 857 mAh·g-1 after 125 cycles, which is higher than that 

of Li−S battery with PP separator (547 mAh·g-1), super P-separator (703 mAh·g-1), and Co3O4-

separator (771 mAh·g-1). 

 

Figure 4.6: (a) CV curves and (b) charge-discharge curves of Li−S batteries with ZDZCO-

separators; (c) comparison of cycling stability of Li−S batteries with different separators; (d) 

rate property and (e) long-term cycling performance at a high current density of 2 C of Li−S 

batteries with ZDZCO-separators; cycling performance of Li−S batteries with ZDZCO-

separators (f) without LiNO3 additive and (g) under a low ZDZCO-coating loading of 

0.16 mg·cm-2 with LiNO3 additive 

Moreover, the Li−S battery with the ZDZCO-separator also shows superior rate properties, 

delivering a high capacity of 731 mAh·g-1 at 6.0 C, as shown in Figs. 4.6d and 4.7. The long-

term cycling performance of the Li−S battery with the ZDZCO-separator at a high current 

density of 2.0 C is displayed in Fig. 4.6e. It shows that the Li−S battery can still deliver a 

capacity of 557 mAh·g-1 after 450 cycles, indicating high long-term cycling stability. 
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Furthermore, the Li−S battery displays a high CE of 99.8 % after 450 cycles, suggesting 

suppressed shuttle effect. To further show the effectiveness of the ZDZCO-separator at 

suppressing the polysulfide shuttle, an electrolyte without the LiNO3 additive is applied. A 

LiNO3 additive promotes the formation of a stable passivation film on the Li anode, which can 

significantly suppress the polysulfide shuttle [59]; thus, by cycling a cell without the LiNO3 

additive, the role of the ZDZCO-separator is highlighted. As shown in Fig. 4.6f, the Li−S 

battery with the ZDZCO-separator can still give a stable and high capacity of 691 mAh·g-1 with 

a high CE of 95.8 % after 100 cycles even without the LiNO3 additive. Even when the ZDZCO-

coating loading is decreased to 0.16 mg·cm-2, the Li−S battery with the ZDZCO-separator 

shows high cycling stability with a capacity of 754 mAh·g-1 and CE of 99.9 % after 150 cycles 

(Fig. 4.6g). These excellent electrochemical performances have comprehensively 

demonstrated that the ZDZCO-separator possesses excellent application potential for high-

performance Li−S batteries. 

 

Figure 4.7: The rate properties of the Li−S battery with super-P separator. 

A series of theoretical and experimental studies were carried out to deeply understand the 

reasoning behind the enhanced electrochemical performance of Li−S batteries with ZDZCO-

separator. DFT calculations have proven themselves a powerful and widely applied way to 

study the binding energy (BE) of host materials with polysulfides, often to explain an enhanced 

electrochemical performance obtained experimentally. Herein, to analyse the anchoring 

capability of the functional material towards polysulfide molecules, we calculated the BE 

between polysulfide molecules and the (100) surface of Co3O4, ZnCo2O4, and Zn0.875Co2O4. 

The most favourable atomic configurations of sulfur species (i.e., S8, Li2S8, Li2S6, Li2S4, Li2S2, 
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and Li2S) anchored on (100) surface of Co3O4, ZnCo2O4, and Zn0.875Co2O4 and the calculated 

BEs are shown in Fig. 4.8. 

 

Figure 4.8: Atomic configurations for the sulfur species (i.e., S8, Li2S8, Li2S6, Li2S4, Li2S2, 

and Li2S) adsorbed on the (100) surface of (a) Co3O4, (b) ZnCo2O4, and (c) Zn0.875Co2O4; (d) 

the corresponding binding energies between the sulfur species and Co3O4(100), 

ZnCo2O4(100), and Zn0.875Co2O4(100) 

It is found that Zn0.875Co2O4 offers the strongest BEs with Li2Sx (- 5.72, - 6.42, - 5.34, - 6.72, 

and - 9.45 eV for Li2S8, Li2S6, Li2S4, Li2S2, and Li2S, respectively). Moreover, the BEs between 

ZnCo2O4 and Li2Sx (- 4.92, - 4.79, - 3.87, - 5.65, and - 6.41 eV for Li2S8, Li2S6, Li2S4, Li2S2, 

and Li2S, respectively) are slightly more robust than those between Co3O4 and Li2Sx (- 4.75, -



134 
 

 4.73, - 3.62, - 5.12, and - 5.76 eV for Li2S8, Li2S6, Li2S4, Li2S2, and Li2S, respectively). In our 

calculations, Van der Waals interactions were also considered to calculate the adsorption 

energy correctly. When the Li2S8 molecule is reduced to Li2S6, the distance between the 

Zn0.875Co2O4 surface and the respective polysulfide decreases, explaining the increased 

adsorption energy displayed between Li2S6 and Zn0.875Co2O4, as shown in Fig. 4.9. In our 

calculations, Van der Waals interaction was also considered to correctly calculate the 

adsorption energy of Li2Sx molecules on the surfaces of Co3O4, ZnCo2O4, and Zn0.875Co2O4. 

As we know, the Van der Waals interaction is stronger when the distance between the molecule 

and the surface becomes reduces. The distances between the molecule and the surface of Co3O4 

and ZnCo2O4 are increased when Li2S8 is reduced to Li2S6, thus the corresponding Van der 

Waals interactions are decreased. However, the distance between Li2S6 molecule and 

Zn0.875Co2O4 surface is smaller than the distance between Li2S8 molecule and Zn0.875Co2O4 

surface, so the Van der Waals interaction increases when Li2S8 is reduced to Li2S6. Based on 

this, the adsorption energy of Li2S6 on the Zn0.875Co2O4 surface may be increased compared to 

Li2S8. 

 

Figure 4.9: The side view of Li2S8 and Li2S6 molecules adsorbed on the (100) surfaces of 

Co3O4, ZnCo2O4, and Zn0.875Co2O4 and the corresponding distances between the molecules 

and the surfaces (the atoms in plane perpendicular to the surface are excluded). 

It is noteworthy that Li ions from Li2Sx (2 ≤ x ≤ 8) prefer to bind to oxygen anions in the top 

layer of the surface. Simultaneously, polysulfide ions are bonded to two adjacent octahedral 

Co cations in the top layer of all three systems. Interestingly, a surface rearrangement arises 

when a Li2S molecule adsorbs on all three systems’ (100) surface. The Li2S molecule inserts 

in the top layer of the surface structure and causes one Co atom to displace from the octahedral 

site. In this case, S2- binds to two oxygen anions and one Co cation in the top layer, resulting 
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in a much stronger BE between Li2S and the surfaces than other sulfur species. The 

significantly enhanced BEs between Li2Sx and Zn0.875Co2O4 is due to Li ions' insertion into the 

subsurface layers of the Zn0.875Co2O4 surface. The Zn vacancy in the subsurface layer provides 

enough space for a Li-ion to penetrate the surface and bind more strongly to oxygen anions in 

the top layer. These DFT results suggest that constructing cation vacancies is an efficient and 

promising way to design strong-affinity anchoring functional materials for Li−S batteries. 

Polysulfide adsorption tests were performed to indicate the strong affinity of ZDZCO towards 

polysulfides experimentally. Initially, the Li2S6 solution is deep yellow (inset in Fig. 4.10a); 

however, after adding ZDZCO nanosheets and standing for about 48 h, the solution becomes 

almost colourless, suggesting that most of the polysulfides are adsorbed on the ZDZCO 

surfaces. Conversely, the solutions with Co3O4 and super P still retain their yellow colour, 

suggesting that a large amount of free Li2S6 still exists. The UV-Vis absorption spectra in 

Fig. 4.10a quantitatively compare the Li2S6 remnant in the solutions after the adsorption tests. 

It shows that the ZDZCO has the strongest affinity towards polysulfides, as the remnant Li2S6 

in the solution with ZDZCO is the lowest. 

 

Figure 4.10: (a) UV-Vis spectra of the Li2S6 solution after polysulfide adsorption tests (inset 

is the photo of the Li2S6 solutions after polysulfide adsorption tests); (b) the photos of the 

polysulfide diffusion experiment using ZDZCO-separator; high-resolution XPS spectra of (c) 

Co 2p, (e) Zn 2p, and (g) O 1s for ZDZCO, and (d) Co 2p, (f) Zn 2p, and (h) O 1s for 

ZDZCO adsorbing Li2S6, respectively 

H-shaped glass cells are set up to show the polysulfide blocking capability of the ZDZCO-

separator (Figs. 4.10b and 4.11). Half of the glass cell (left) was filled with 50 mL of 4 mM 

Li2S6 solution and the other half (right) was filled with 50 mL of tetrahydrofuran (THF), and 
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separated by a PP separator, super P-separator, Co3O4-separator, and ZDZCO-separator, 

respectively. In Fig. 4.11, one can observe that the right chambers change to yellow after 

several hours, suggesting Li2S6 can diffuse across the PP separator, super P-separator, and 

Co3O4-separator. Conversely, in the ZDZCO-separator cell, the polysulfides are contained in 

the left chamber, while the right chamber remains colourless (Figs. 4.10b and 4.11) owing to 

the strong polysulfide restriction ability of the ZDZCO. Consequently, the Li anode can 

retain a smooth morphology with almost no Li2S deposition when the ZDZCO-separator is 

applied (Fig. 4.12) [39, 60]. 

 

Figure 4.11: Polysulfide diffusion experiments using ZDZCO-separator, Co3O4-separator, 

super P-separator, and PP separator 
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Figure 4.12: SEM images of Li anodes after 20 cycles (a, b) with PP separator and (c, d) with 

ZDZCO-separator 

In order to further understand the chemical adsorption interaction between the ZDZCO and 

polysulfides, XPS spectra of the ZDZCO before and after adsorbing polysulfides (Li2S6) are 

compared. For the pristine ZDZCO, the high-resolution Co 2p spectrum in Fig. 4.10c displays 

peaks at the binding energies of 780.87 and 796.31 eV, which are associated with Co 2p3/2 and 

Co 2p1/2 of Co2+, and peaks at 779.55 and 794.65 eV, which are associated to the Co 2p3/2 and 

Co 2p1/2 from Co3+, suggesting the coexistence of Co(II) and Co(III) [61-63]. In the high-

resolution Zn 2p spectrum (Fig. 4.10e), two peaks are located at binding energies of 1020.67 

and 1043.77 eV, attributed to Zn 2p3/2 and Zn 2p1/2, indicating the Zn(II) oxidation state. The 

O 1s XPS spectrum in Fig. 4.10g shows a peak at 529.43 eV that can be assigned to metal-

oxygen bonding in ZDZCO, with the peak at 530.85 eV attributed to the oxygen of surface 

adsorbed hydroxyl groups [63]. After adsorbing Li2S6, Fig. 4.10d and f display that, overall, 

the significant peaks corresponding to Co 2p and Zn 2p shift to lower binding energies, ascribed 

to the electron transfer from polysulfides to the metal atoms, indicating that a robust chemical 

interaction occurs [64, 65]. Similarly, the peak for metal-oxygen bonding in the O 1s spectrum 

(Fig. 4.10h) shifts to lower binding energy after interacting with Li2S6, due to the strong 

chemisorption between the ZDZCO and Li2S6. The above results comprehensively justify that 

the first mechanism by which the ZDZCO-separator improves the cycling performance of Li−S 

batteries is through its robust polysulfide affinity. 
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Figure 4.13: EIS tests of the Li−S batteries during cycling (a) with ZDZCO-separator and (b) 

with PP separator. (c) Charge-discharge curves of the Li−S battery with the ZDZCO-

separator at different current densities 

The second mechanism by which the ZDZCO-separator improves the performance is suspected 

to be through a catalytic effect for the continual conversion of polysulfides. The first evidence 

is the high discharge capacity at 6 C, as shown in Fig. 4.6d. To further expand on this, the 

charge-discharge profiles under various C-rates are displayed in Fig. 4.13c. Even at a high 

current density of 6 C, the Li−S battery with the ZDZCO-separator still shows two well-defined 

discharge plateaus, suggesting fast reaction kinetics. Fig. 4.13a and b show that a much smaller 

charge-transfer resistance for the Li−S battery with the ZDZCO-separator is obtained after 

cycling, indicating fast redox kinetics. To understand the reason for the improved reaction 

kinetics, the free energies involved in each sulfur reduction pathway on the surface of Co3O4 

and Zn0.875Co2O4, respectively, were calculated. As shown in Fig. 4.14a, the Gibbs free 
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energies for reducing S8 to Li2S8, Li2S8 to Li2S6, and Li2S4 to Li2S2 on the surface of both Co3O4 

and Zn0.875Co2O4 are negative, signifying the fast kinetics. On both substrates, the step to form 

Li2S4 is endothermic, suggestive of the sluggish reaction kinetics. Fortunately, the Gibbs free 

energy is reduced from 0.4947 eV on the Co3O4 substrate to only 0.3593 eV on Zn0.875Co2O4, 

indicating the superior catalytic ability of the Zn0.875Co2O4. Notably, on the Co3O4 substrate, 

the reduction of Li2S2 to Li2S is nearly thermoneutral, while on the Zn0.875Co2O4 this step is 

exothermic with a significantly negative Gibbs free energy. CV measurements using symmetric 

cells with a Li2S6 electrolyte were conducted to study the polysulfide redox reactions’ kinetics 

experimentally. Firstly, the negligible current density for the CV curve using ZDZCO-based 

electrode without Li2S6 in the electrolyte suggests that the ZDZCO is inactive between - 1.0 

and 1.0 V. As shown in Fig. 4.14b, the cell using ZDZCO-based electrode exhibits the highest 

current density, highlighting the significantly enhanced redox kinetics and facile polysulfide 

conversion on the ZDZCO surface [66, 67]. Theoretically, three-quarters of the capacity of a 

Li−S battery stems from the conversion of the Li2S4 intermediate to Li2S. Therefore, it is 

essential to evaluate the catalytic capability of host materials in facilitating Li2S 

electrodeposition [68]. Fig. 4.14c and d show the potentiostatic discharge curves at 2.05 V for 

the Li2S precipitation experiments on the ZDZCO and Co3O4 samples, respectively, which 

follow the galvanostatic discharge at 0.226 mA to 2.06 V. As shown, the contributions of 

polysulfide (Li2S8/Li2S6) reduction and Li2S precipitation are mathematically modelled and 

distinguished. The ZDZCO sample possesses a higher activity towards Li2S precipitation with 

a higher peak current density (0.641 vs 0.469 mA). Also, the peak current for the Li2S 

precipitation occurs much earlier for the ZDZCO sample (2600 s vs 3600 s), suggesting a 

higher Li2S electrodeposition effective rate constant combining nucleation and growth rate 

constant [68, 69]. Calculated from the integral of the current, the capacity of Li2S precipitation 

on the ZDZCO sample (496.5 mAh·g-1) is also higher than that on the Co3O4 sample 

(431.8 mAh·g-1), based on the weight of the sulfur in the catholyte. 
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Figure 4.14: Catalytic effects of ZDZCO on polysulfide conversion: (a) The free energy 

diagrams for discharge process on the Co3O4 and Zn0.875Co2O4 substrates, respectively; (b) 

CV curves of symmetric cells with ZDZCO, Co3O4, and super P electrodes; potentiostatic 

discharge curves of Li2S precipitation experiments of (c) ZDZCO and (d) Co3O4 samples; (e) 

charge-discharge curves at the 125th cycle of the Li−S batteries with ZDZCO-separator and 

Co3O4-separator 

Owing to the strong affinity and high catalytic effect, ZDZCO can induce a large amount of 

Li2S to electrodeposit uniformly on the surface, as shown in Fig. 4.15a. Fig. 4.15 also clearly 

shows that Li−O bonds and S−O bonds form, indicating a strong chemisorption effect between 

Li2S and ZDZCO, which agrees with the theoretical calculation. As shown in the XPS survey 

(Fig. 4.15b), one can observe the presence of Li and S elements on the electrode. From the 
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high-resolution XPS spectra of Li 1s, the peak with the binding energy of 55.85 eV can be 

assigned to the Li−S bonds, and for the high-resolution XPS spectra of S 2p, the peaks at 162.42 

and 163.64 eV can be attributed to the S 2p3/2 and S 2p1/2 contributions of the S−Li interactions 

in Li2S. Moreover, owing to the strong chemisorption between Li2S and ZDZCO, the peak at 

56.55 eV can be assigned to Li−O interactions and the peak at 166.25 and 167.50 eV can be 

attributed to the S 2p3/2 and S 2p1/2 contributions of S−O bonds [70, 71]. These results have 

powerfully demonstrated that ZDZCO can significantly accelerate the polysulfide 

conversation. Consequently, the adsorbed polysulfides on ZDZCO can be rapidly converted 

and consumed, making the ZDZCO anchoring functional material work enduringly during 

prolonged cycling. The lower overpotential can indicate this during the phase change between 

the soluble polysulfides and insoluble Li2S2/Li2S in the charge and discharge processes at the 

125th cycle for Li−S battery with the ZDZCO-separator (Fig. 4.14e). 

 

Figure 4.15: (a) SEM image of the ZDZCO nanosheet after Li2S nucleation experiment, (b) 

XPS survey spectrum, high-resolution XPS spectra of (c) Li 1s, and (d) S 2p for the electrode 

after electrodeposition of Li2S. Before the XPS test, the electrode was washed using DME to 

remove the soluble polysulfides 
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High-loading sulfur electrodes are of great importance to deliver high areal capacity [72, 73]. 

Herein, by simply using the as-prepared ZDZCO-separator, high-loading Li−S batteries were 

successfully achieved using the traditional blade coating technique. It should be mentioned that 

when the sulfur loading increases, the weight and thickness of the ZDZCO polysulfide-

blocking layer are unaltered. As shown in Fig. 4.16a, when the sulfur loading increases to 

5.59 mg·cm-2, the as-obtained high-loading Li−S battery still shows the typical electrochemical 

behaviour of Li−S systems. Fig. 4.16b displays that the high-loading Li−S battery can deliver 

an initial areal capacity of 6.47 mAh·cm-2 at 0.3 mA·cm-2, which remains at 3.52 mAh·cm-2 

after 120 cycles at 1.2 mA·cm-2. It also should be noted that the high-loading battery possesses 

high CE (97.1 % on average) during cycling, suggesting the suppressed shuttle effect. 

 

Figure 4.16: High loading Li−S batteries with ZDZCO-separator: (a) charge-discharge 

curves and (b) cycling performance with sulfur loading of 5.59 mg·cm-2; (c) cycling 

performance with sulfur loading of 11.57 mg·cm-2; (d) rate property with sulfur loading of 

10.67 mg·cm-2; (e) long-term cycling performance at 2.4 mA·cm-2 with sulfur loading of 

9.31 mg·cm-2; (f) cycling performance with sulfur loading of 21.06 mg·cm-2; (g) comparison 

of the sulfur loading with recently excellent separator-related literature [43, 74-83] 
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The sulfur loading is increased further to exceed the state-of-the-art Li-ion batteries. Fig. 4.16c 

shows that the Li−S battery with the loading of 11.57 mg·cm-2 can give a capacity of 

749 mAh·g-1, corresponding to an areal capacity of 8.66 mAh·cm-2 after 70 cycles. Figs. 4.16d 

and 4.17 indicate that the high-loading Li−S battery also shows excellent rate performance 

with a high capacity of 522 mAh·g-1, corresponding to 5.56 mAh·cm-2 at 2.4 mA·cm-2. 

 

Figure 4.17: (a) Charge-discharge curves of high-loading Li−S battery at different current 

densities. (b) The charge-discharge curves of the Li−S battery with Co3O4-separator under a 

sulfur loading of 9.47 mg cm-2 for the 92nd cycle 

The long-term cycling test is also performed at a high current density of 2.4 mA·cm-2. It shows 

that the high-loading Li−S battery can stably cycle over 150 cycles with an areal capacity of 

4.45 mAh·cm-2 (Fig. 4.16e). However, the Li−S battery with the Co3O4-separator shows fast 

capacity fading with a low areal capacity of 1.7 mAh·cm-2 after only 91 cycles. Furthermore, 

as displayed in Fig. 4.17b, the Li−S battery with the Co3O4-separator suffers severely from the 

shuttle effect due to the insufficient binding and catalytic ability of Co3O4. In this study, Li−S 

batteries with a sulfur loading as high as 21.06 mg·cm-2 can be successfully achieved under a 

low E/S ratio of ~12 μL·mg-1, which delivers an initial capacity of 1152 mAh·g-1, 

corresponding to 24.25 mAh·cm-2, and maintains a capacity of 663 mAh·g-1, corresponding to 

13.95 mAh·cm-2 after 60 cycles (Fig. 4.16f).  
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Table 4.1: Comparison of the sulfur loading in the recently published best-performing 

separator-related literature. 

Ref.a Separator 
Sulfur 

Loading 

This 

work 
ZDZCO-separator 

21.06 

mg·cm-2 

[74] Ce-MOF-2/CNT-separator 6.0 mg·cm-2 

[75] 
Cobalt-embedded N-doped porous carbon nanosheets and 

graphene-separator 
10.5 mg·cm-2 

[76] Ni3(HITP)2-separaor 8.0 mg·cm-2 

[77] NiCo2O4@rGO-separator 6.0 mg·cm-2 

[78] Co9S8-separator 5.6 mg·cm-2 

[79] Co/mSiO2−NCNTs spider-web-like nanocomposite-separator 5.76 mg·cm-2 

[80] Polymeric zwitterion -separator 8.2 mg·cm-2 

[81] 
Graphene-supported Ni nanoparticles with a carbon coating-

glass fiber membrane 
8.0 mg·cm-2 

[43] TiO2 nanosheets with oxygen vacancies-separator 7.1 mg·cm-2 

[82] Atomic cobalt within mesoporous carbon-separator 3.6 mg·cm-2 

[83] Single Ni atoms on N-doped graphene-separator 6.0 mg·cm-2 

 

Fig. 4.16g and Table 4.1 display that we successfully obtained an ultra-high sulfur loading 

compared with previous literature relating to Li−S separators. Table 4.2 indicates that our Li−S 

batteries can be operated under a comparable current density with a significantly extended 

cycling lifespan compared with recently published literature using traditional electrode 

preparation techniques. To the best of our knowledge, such a cycling lifespan (over 210 days) 

of a Li−S battery with ultrahigh loading has rarely been reported. 
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Table 4.2: Comparison of the sulfur loading, operation current density, and cycling lifespan of 

this work with some recently published excellent literature using traditional electrode 

preparation technique. 

Ref. Approach 

Sulfur 

Loading 

(mg·cm-

2) 

Current 

Density 

Cycle 

Number 

This 

work 
ZDZCO-separator 9.31 

2.4  

mA·cm-2 

(~0.15 C) 

150 

[84] Co9S8@MoS2/CNF-interlayer 10.0 0.1 C 50 

[85] NiCo2S4 host 8.9  0.1 C 70 

[86] Multifunctional zipper-like sulfur electrode 7.6  

100 

mA·g-1 

(~0.06 C) 

60 

[80] Polymeric zwitterion@PP separator  8.2  0.1 C 50 

[87] N doped CoSe2 host 10.2  0.2 C 70 

[88] 
All-fibrous cathode/separator based Li−S 

battery 
9.28 0.2 C 100 

[89] CNF-gum arabic interlayer 12.0 0.1 C 30 

[90] VS4@RGO host  10.0 0.2 C 100 

[91] Bi2Te2.7Se0.3/PP separator 7.0 0.1 C 45 

This 

work 
ZDZCO-separator 21.06 

0.4 

mA·cm-2 
60 

[92] VO2-VN host 13.2  

0.05 C 

(1.1 

mA·cm-2) 

20 
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Ref. Approach 

Sulfur 

Loading 

(mg·cm-

2) 

Current 

Density 

Cycle 

Number 

[93] 

A comprehensive approach coupling 

hierarchically structured sulfur composite 

with cross-linked binder 

14.9  
1.0 

mA·cm-2 
10 

[33] N-GG-XG binder 19.8  
0.8 

mA·cm-2 
6 

 

However, as shown in Fig. 4.18a and b, large cracks occur in the thick sulfur electrode due to 

the poor mechanical properties of the PVDF binde. We believe that in future studies, through 

combining binders, unique electrode configurations, high-performance anodes and electrolytes 

[33, 73-76], our high-loading Li−S battery using ZDZCO-separator possesses significant 

practical application potential. To visually demonstrate the high energy density of the as-

prepared high-loading Li−S cells, we used a Li−S cell to power 12 LED lights. As displayed 

in Fig. 4.18c, after 2 h the LED lights are still sparkling, suggesting high energy density. 

Therefore, owing to the cation vacancies, the ZDZCO-separator can effectively anchor 

polysulfides and accelerate the redox kinetics, which significantly suppresses the shuttle effect 

and improves the electrochemical performance of high-loading Li−S battery for practical 

applications. 
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Figure 4.18: (a) Photo and (b) cross-section SEM image of ultrahigh-loading sulfur 

electrodes. (c) Photos of a Li−S cell with high loading of 6.21 mg·cm-2, showing high energy 

density to power 12 LED lights for 2 h 

4.5 Conclusion 

A bimetallic oxide with abundant cation vacancies has been prepared and applied to construct 

a multifunctional polysulfide-blocking layer on a separator for high-performance Li−S 

batteries. The cation vacancies can effectively boost the anchoring and catalytic effects of the 

multifunctional polysulfide-blocking layer, which have been powerfully proven via theoretical 

and experimental studies. As a result, the multifunctional polysulfide-blocking layer on the 

separator can function as an upper current collector, polysulfide anchor, and catalytic reactor 

to significantly suppress the shuttle effect. Therefore, high-loading Li−S batteries can be 

successfully achieved by using the multifunctional polysulfide-blocking layer modified 

separator. Most notably, a Li−S battery with an ultrahigh loading of 21.06 mg·cm-2 can be 

achieved, which can stably cycle over 60 cycles with a high areal capacity of 13.95 mAh·cm-

2. This study offers an effective and promising strategy to construct high-energy-density Li−S 

batteries with high loading.  
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5.1 Abstract 

Lithium-sulfur (Li−S) batteries are a promising next-generation energy storage technology due 

to the low-cost, high-energy-density, and environmentally benign sulfur cathode material. 

However, Li−S batteries have inherent problems, including rapid capacity fading and short 

circuits, which researchers aim to address. One method to alleviate these concerns is through 

the application of multifunctional binders. Multifunctional binders derived from natural 

sources are particularly appealing as they align with the goals of low-cost and environmentally 

friendly batteries. This work uses a low-cost and environmentally friendly binder extracted 

from sticky rice to fabricate cathodes for Li−S batteries. The cells fabricated using the highly-

branched amylopectin (HBA) binder deliver better discharge capacity, lower capacity fading 

per cycle, and better reaction kinetics than cells based on the traditional PVDF binder. The 

HBA-based cells also outperform batteries based on a lowly-branched polysaccharide (LBP) 

obtained from potatoes. The improved electrochemical performance in the BAP-based cell is 

explained via two mechanisms. Firstly, the HBA shows enhanced polysulfide retention due to 

the polymer’s abundant lone-pair rich hydroxyl groups. Secondly, the branched structure of the 

HBA provides enhanced mechanical and adhesive properties, which allow for a robust 

electronic and ionic conductive framework to be maintained throughout the cathode after 

extended cycling. The improved mechanical properties and polysulfide anchoring allow the 

HBA-based Li−S battery to deliver a long-cycle life of 500 cycles at 2 C while only displaying 

a capacity fading of 0.104 % per cycle. 
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Highlights 

 Environmentally benign extraction method produces highly-branched amylopectin 

(HBA) as a binder for sulfur cathodes  

 The lone-pair rich hydroxyl groups and the formation of C−S bonds between the HBA 

and polysulfides prohibits the shuttle effect of polysulfides 

 The HBA binder delivers enhanced mechanical and adhesive properties to maintain a 

robust network in the sulfur cathode  

 HBA binder delivers enhanced electrochemical performance over the traditional 

PVDF binder and a lowly-branched polysaccharide (LBP) obtained from potatoes 
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5.2 Introduction 

As continual global population and economic growth increase society’s demand for energy, the 

environmental consequences of energy production become more apparent [1]. Since energy 

production is one of the major driving forces of carbon emissions and climate change [2] and 

the majority of energy from non-renewable resources [3], the requirement for clean and 

renewable energy is urgent than ever [4]. Wind and solar-based renewable energy have made 

significant inroads into energy grids across the world [5], but their implementation is hindered 

by their variable power supply [6], reaping up to 20% variability for wind energy [7]. 

Therefore, energy storage systems such as rechargeable batteries are being implemented to 

supplement renewable energy generators [8, 9]. 

Rechargeable batteries are also gaining traction in electric vehicles, which benefit from 

reducing CO2 emissions produced by internal combustion engines [10]. However, rechargeable 

batteries are limited by their cost, energy density, and toxic components [11]. As a result, novel 

battery chemistries are being investigated so that these shortfalls can be avoided. Lithium-

Sulfur (Li−S) batteries are promising next-generation battery chemistry that possesses a greater 

energy density than state-of-the-art Lithium-ion batteries (LIBs), without the use of toxic 

transition metals in the cathode [12]. However, they are limited in their commercial application 

due to some intractable technical issues. 

The single greatest challenge hindering the practical application of the Li−S battery is the 

polysulfide shuttle phenomenon (or effect), which arises from the fact that the lithium 

polysulfide reaction intermediates formed during cycling are readily soluble in the ether-based 

electrolytes used in Li−S cells [13-16]. This dissolution of the active materials at the cathode 

forms a concentration gradient, which causes the soluble species to migrate towards the anode, 

where they can be further reduced and damage the anode [17]. These reactions cause a severe 

loss in Coulombic efficiency and rapid capacity fading [18]. Additionally, the insulating nature 

of elemental sulfur (S8) as well as the solid discharge product in the Li−S cell (Li2S2/Li2S) 

causes poor active material utilisation and sluggish reaction kinetics, resulting in insufficient 

discharge capacity and poor performance at high C-rates, respectively [19, 20]. The conversion 

from sulfur to Li2S is also accompanied by an ≈ 80 % increase in volume, which causes damage 

to the electronic conducting network and electrode delamination from the current collector, 

again reducing the electrochemical performance in Li−S cells [21, 22]. Finally, the use of the 
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metallic lithium anode can cause dendrite formation, which may pierce the separator and causes 

operation safety concerns [23].  

Researchers in the field have directed their attention to the cathode [24], anode [25], electrolyte 

[26], and separator [27] of the Li−S cell in order to improve the electrochemical performance. 

Of these, the cathode of the Li−S cell has received particular attention through the development 

and successful application of multifunctional sulfur hosts [11]. When appropriately designed, 

sulfur hosts in Li−S batteries can simultaneously mitigate multiple challenges within the Li−S 

cell. For example, sulfur hosts with ample void structures, such as hierarchical porous carbons 

[28], can provide the necessary volume to accommodate a sufficiently large sulfur loading in 

the cathode while also providing abundant channels for electrolyte penetration during cycling 

[29]. Sulfur hosts with inherent electronic conductivity can improve active material utilisation 

and facilitate rapid charging/discharging [30]. Heteroatom [31], transition metal oxide [32], or 

transition metal sulfide-doped [33] sulfur hosts can provide soluble polysulfide anchoring 

points to reduce the shuttle effect and catalyse the electrochemical reaction, improving the 

discharge capacity, reducing the capacity fading, and improving the kinetics at high C-rates. 

Well-designed sulfur hosts can incorporate many of these features at once.  

Although remarkably effective at alleviating the aforementioned challenges, sulfur hosts can 

do little in the way of maintaining the intimate contact between the components of the 

composite sulfur cathode [34]. Thus, researchers have turned their attention to the binders in 

the Li−S cathode so that the structural damage and electrode delamination can be addressed 

[35]. By utilising binders with superior adhesive properties, a robust cathode composite can be 

maintained throughout extended cycles [36]. However, adhesion between electrode 

components is not the only role that a binder can play in a Li−S cathode, as demonstrated 

through the use of multifunctional binders. These binders go beyond simply proving improved 

adhesive properties by filling some of the roles traditionally left to the sulfur host, including 

providing chemical polysulfide anchoring via their functional groups or improving the 

electronic conductivity of the composite cathode [37]. Amongst these multifunctional binders, 

bio-derived binders have been widely applied in Li−S cells due to their inherent mechanical 

properties, cost, chemical functionality, and environmental benignity [38-40]. 
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Figure 5.1: Representation of the (a) lowly-branched polysaccharide (LBP) and (b) highly-

branched amylopectin (HBA) binders. (c) Chemical structure of the glucan monomer, 

α(1→4) glycosidic linkage (red), and α(1→6) glycosidic linkages (green) 

Starch, mainly composed of the two polysaccharides, amylopectin and amylose (Fig. 5.1) [41], 

is primarily used as food but has also found uses in textile, chemical production, paper binders, 

and adhesive applications [42]. Both amylopectin and amylose consist of repeating glucose 

units but differ in their structural configurations [43]. Amylose is an essentially linear chain 

polymer, with α(1→4) glycosidic bonds and a typical molecular weight around 106 g·mol-1, 

whereas amylopectin displays both α(1→4) and α(1→6) linkages resulting in a highly 

branched structure and an increased molecular weight of approx. 108 g·mol-1 [42, 44]. The 

different conformations of the two polysaccharides affect the resulting physical and chemical 

properties. Initially, starch is insoluble in water, but upon heating, amylose forms a non-viscous 

solution, whereas amylopectin remains insoluble and forms a viscous gel [45]. The physical 

structure of the starch is also related to its digestibility, with starches ranging from rapidly 

digestible to resistant [46].  

Sticky (or glutinous) rice is a valuable starch source and has favourable adhesive properties 

due to its high amylopectin content. Sticky rice has been used as a mortar ingredient in ancient 

China for over 3000 years [47] and has been applied in constructing tombs, roads, cities, and 

even in the Great Wall of China [48]. Starch has already been applied in LIBs with varying 

success [49-52] and is beginning to emerge in Li−S applications [53]. However, little attention 
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has been paid to the highly branched amylopectin polysaccharide found in starch. With its 

highly branched structure, the starch extracted from sticky rice is expected to deliver an 

improved electrochemical performance in Li−S cells compared to previous works that haven’t 

considered the degree of branching in the starch.  

As shown by the PTTG polymer developed in Chapter 3 of this thesis, lone-pair-rich polymers 

display an outstanding ability to mitigate the polysulfide shuttle effect in Li-S batteries and can 

reduce the capacity fading that plagues LSBs. Chapter 3 also demonstrated the criticial 

importance of robust mechanical and adhesive properties that multifunctional Li-S binders 

require. Thus, a multifunctional polymer that displays chemical polysulfide retention and 

superb adhesive properties is required for high performance LSBs. 

To expand upon the work shown in Chapter 3, this Chapter applies highly-branched 

amylopectin (HBA) binder as a low-cost and environmentally benign Li−S cathode binder, 

which is expected to have similar functionality to the PTTG polymer developed previously due 

to its lone-pair-rich chemical moieties and excellent mechanical properties. However, in 

contrast to the PTTG polymer from Chapter 3, the HBA binder is produced from sustainable 

source materials and processes, without relying on complicated chemical synthesis and 

reagents. 

The HBA binder displays improved mechanical properties and adhesion compared with the 

traditional Li−S binder (PVDF) and a mixed lowly-branched polysaccharide (LBP) binder. 

Experiments demonstrate that the HBA binder also displays the ability to chemically retard 

soluble lithium polysulfides due to its lone-pair rich hydroxyl groups and C−S bond formation. 

These features allow the HBA-based binder to deliver enhanced electrochemical performance 

in Li−S cells compared to cells based on PVDF and LBP binders. The HBA-based cell delivers 

a capacity fading as low as 0.104 % over 500 cycles at a 2 C rate, superior rate kinetics, and 

better Li+ diffusion throughout the cathode. This improvement is particularly appealing as the 

HBA is derived from both an environmentally friendly source and extraction method, which 

could reduce the environmental impact of the Li−S cell. 

5.3 Experimental Section 

5.3.1 Highly-Branched Amylopectin (HBA) Extraction 

Sticky (glutinous) rice was obtained from the local Asian supermarket. The sticky rice was 

soaked in deionised (DI) water at room temperature for 24 h before refluxing at 80 oC for 4 h 
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under magnetic stirring. The mixture was then cooled to RT and centrifuged. After 

centrifuging, the mixture contained a solid lower layer, a highly viscous gelatinous middle 

layer, and a low viscosity upper layer. The middle layer was separated, centrifuged again, and 

collected before being freeze-dried. The collected extract is referred to as the highly-branched 

amylopectin (HBA) binder hereafter. 

5.3.2 Materials Characterisation 

Elemental Sulfur, Carbon Black (CB), lowly-branched polysaccharide (LBP), Poly(vinylidene 

fluoride) (PVDF), 1,3-dioxolane (DOL), 1,2-dimethoxyethane (DME), 

bis(trifluoromethane)sulfonimide (LiTFSI), lithium nitrate (LiNO3), lithium sulfide (Li2S), and 

1-methyl-2-pyrrolidinone (NMP) were obtained from Sigma-Aldrich and used directly without 

any further purification. Thermogravimetric analysis (TGA) was carried out on a Netzsch STA 

449 F3 Jupiter (Netzsch, Germany) at a temperature ranging from RT to 650 oC at a heating 

rate of 15 oC·min-1 under an argon atmosphere. X-ray diffraction (XRD) patterns were 

conducted in a Model LabX-6000 diffractometer (Shimadzu, Japan) using Cu Kα radiation (λ 

= 1.54 Å) at 40 kV and 40 mA between the 2θ range of 10 - 80 °. For the polysulfide adsorption 

experiment, a 0.01 M Li2S6 solution was prepared by adding Li2S and elemental sulfur in a 1:5 

molar ratio to a solvent of DOL:DME (1:1 v/v) in an argon-filled glovebox, before being 

magnetically stirred at 70 oC for 24 h. 100 mg of PVDF, LBP, and HBA were exposed to 20 

mL of 0.01 M Li2S6 solution for 4 h. Then, an aliquot of the supernatant solution was taken and 

UV-Vis spectroscopy was carried out on a Cary Series UV-Vis-NIR Spectrophotometer 

(Agilent Technologies, USA). Fourier transform infrared (FTIR) spectroscopy was carried out 

on a Bruker Alpha (Bruker, USA) in absorbance mode to compare the spectra of the PVDF, 

LBP, and HBA samples before and after Li2S6 exposure. Scanning electron microscope (SEM) 

images and Energy-dispersive X-ray spectroscopy (EDS) data were obtained on a JSM-7001F 

SEM (JEOL, Japan) and was used to investigate the morphologies and elemental distributions 

of the S/PVDF, S/LBP, and S/HBA electrodes before and after cycling. 

5.3.3 Mechanical Characterisation  

The peeling tests were carried out on the three electrodes at a constant speed of 1 mm·s-1 on an 

MTS Tytron microforce tester (MTS, USA). The peeling test samples were fixed on aluminium 

substrates, and the electrode materials were peeled off from current collectors using Scotch 

Sticky Tape (12 mm in width). The nano-indentation, nano-scratching, and morphology 

mapping were performed using Hysitron TI 950 nano-indentation system (Hysitron, USA). The 
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reduced modulus and hardness were obtained by the nano-indentation with a Berkovich 

indenter. The force for nano-indentation was kept at 2000 µN, and the holding time was set to 

10 s. The conical indenter with a tip 1 µm in diameter was used to perform scratching on the 

surface of the electrodes and the morphology mapping after scratching. 

5.3.4 Electrochemical Characterisation 

For electrochemical testing, sulfur cathodes using PVDF, LBP, or HBA as a binder were 

fabricated with elemental sulfur, carbon black, and binder in a mass ratio of 60:30:10 and were 

denoted S/PVDF, S/LBP, and S/HBA, respectively. The electrode components were ground in 

a mortar and pestle before being made into an electrode slurry using NMP as the solvent. The 

slurry was cast using a gapped blade on carbon-coated aluminium foil before being dried in a 

vacuum oven at 60 oC for 24 h and cut into disks with a diameter of 13 mm. The active material 

loading in the electrodes was approx. 0.5 mg·cm-2. Electrodes with a sulfur loading of ≈ 2 

mg·cm-2 were also fabricated for high sulfur load testing. Electrodes fabricated from 80% 

carbon black and 20% HBA were also fabricated for electrolyte stability testing. Half-cells 

were fabricated in an argon-filled glovebox using either an S/PVDF, S/LBP, or S/HBA 

cathode, a lithium foil counter electrode, polypropylene (Celgard 2300) separator, and 1 M 

LiTFSI in DOL/DME (1:1, v/v) with 0.2 M LiNO3 as the electrolyte. The electrolyte/sulfur 

(E/S) ratio was kept constant at 1 mg:20 µL for all half-cells. The half-cells underwent 

galvanostatic charge/discharge testing on a Neware Battery Testing System (Neware, China) 

with a 1.7 - 2.7 V voltage window in an oven set to 30 oC. For the 0.5 C (1 C = 1672 mAh·g-1) 

and high-loading 0.2 C testing, an electrochemical sulfur infiltration pre-cycle of 0.05 C was 

performed before cycling at the specified rate. For the 2 C testing, a 0.2 C pre-cycle was 

utilised. Electrochemical impedance spectroscopy (EIS) was carried out on a Biologic SP-200 

(Biologic, France) with the AC set to 5 mV and a frequency range of 10 mHz to 100 kHz. 

Cyclic voltammetry (CV) testing was also carried out on the Biologic SP-200. 

5.4 Results and Discussion 

The extraction of sticky rice binder is outlined in Scheme 1. After processing and centrifuging, 

the upper-most low viscosity layer and the lower insoluble pellet were separated from the 

highly viscous central supernatant layer to obtain the highly-branched amylopectin (HBA) 

binder. The HBA was expected to have a high amylopectin content due to the relative 

viscosities of amylopectin and amylose solutions, which were exploited during processing [54]. 
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As a result, a simple separation is achieved by simply extracting the HBA in water, and a 

highly-branched and environmentally benign binder is obtained. 

Following the extraction and freeze-drying of the HBA, thermogravimetric analysis (TGA) 

was carried out to observe the amylopectin content in the HBA qualitatively. The TGA results 

for the LBP and HBA samples are displayed in Fig. 5.2a and show that both samples experience 

a mass loss up to a temperature of about 150 oC, which can be attributed to water incorporated 

into the starch matrix. By observing the temperature at 50 % mass loss, the amount of branching 

in the starch can be estimated, with a higher degree of branching giving a higher temperature 

at 50 % mass loss [55]. Thus, upon observing the temperature at 50 % mass loss for both 

samples, it can be inferred that the HBA sample has a higher degree of branching when 

compared to the LBP sample. 

 

Scheme 1: Extraction and purification of the highly-branched amylopectin (HBA) binder 

from sticky rice 

X-ray diffraction (XRD) analysis was also carried out to observe the crystal structure of the 

three samples, with the diffraction patterns presented in Fig. 5.2b. The PVDF sample displays 

diffraction peaks at 18.33, 19.89, and 26.23 o, confirming the presence of α-phase PVDF [56], 

which is non-polar and semi-crystalline [57]. The diffraction pattern of the LBP displays both 

crystalline and amorphous regions, with the amylose fraction of the LBP responsible for the 

crystalline phase, while the amorphous phase can be attributed to the amylopectin within the 
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LBP [58]. In contrast, the HBA diffraction pattern is entirely amorphous, confirming the high 

amylopectin content suggested by the TGA. 

To investigate the mechanical and adhesive properties of the samples, 90o peel-off, nano-

scratch, and nano-indentation testing were carried out on the S/PVDF, S/LB, and S/HBA 

electrodes. The mechanical peel test results in Fig. 5.2c show that the S/PVDF and S/LBP 

samples initially display a roughly equivalent resistance to peeling, with the S/LBP sample 

providing slightly better adhesion as the peel distance increases. In sharp contrast, the S/HBA 

sample displays a much larger initial resistance to the pulling force, shown at low displacement 

values, and a dramatically increased adhesion force towards the end of the peel test. These 

results clearly show that the S/HBA displays much better adhesion than both S/PVDF and the 

S/LBP samples [59]. The hardness of the three electrodes was also evaluated by nano-

indentation testing. A shallower indentation at the same load suggests a more rigid material. 

The results in Fig. 5.2d show that the indentation depth at a load of 2000 µN for the S/HBA, 

S/LBP and S/PVDF samples was 1.53, 2.91 and 5.32 µm, respectively, which displays the rigid 

and robust nature of the S/HBA electrode [60].  
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Figure 5.2: (a) TGA spectra of the LBP and HBA samples. (b) XRD patterns of PVDF, LBP, 

and HBA. Results from the (c) 90 o mechanical peel and (d) nano-indentation tests 

Nano-scratch testing was also carried out to evaluate the adhesive properties and homogeneity 

of the S/PVDF, S/LBP, and S/HBA electrodes. As the results in Fig. 5.3a show, both the 

S/HBA and S/LBP samples display smoother profiles than the S/PVDF sample, suggesting a 

better homogeneity of these electrodes. What’s more, the average friction coefficients for the 

S/HBA, S/LBP, and S/PVDF samples are 1.04, 0.99, and 0.84, respectively. The higher friction 

coefficient in the nano-scratch test suggests a higher adhesion in the electrodes [38]. Overall, 

the results in Fig. 5.2 and 5.3 show that the HBA has a highly branched structure and low 

crystallinity, while the S/HBA possesses better adhesion, more homogeneity, and increased 

hardness than the S/LBP and S/PVDF samples. 

 

Figure 5.3: (a) Nano-scratch test results for the S/PVDF, S/LBP, and S/HBA samples. (b-d) 

Scanning probe microscopy (SPM) images of the S/PVDF, S/LBP, and S/HBA samples, 

respectively 
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A simple adsorption experiment was conducted to demonstrate whether the HBA could retain 

soluble polysulfides. 100 mg of either the PVDF, LBP, or HBA samples were exposed to a 

0.01 M solution of Li2S6 in DOL:DME for 4 h, after which the supernatant solution was studied 

using UV-Vis spectroscopy (Fig. 5.4a.). The spectra from the solution of Li2S6 contain a broad 

absorbance peak around 250 - 280 nm, which is characteristic of the S6
2- anion [61]. The spectra 

from the supernatant solutions clearly show that the PVDF has no interaction with the 

polysulfides as the peak height remains unchanged. Conversely, both the LBP and HBA display 

some ability to adsorb soluble polysulfides as the S6
2- peak height has reduced in both cases. 

As the HBA displays the smallest peak ascribed to S6
2-, it is inferred it possesses the best 

polysulfide anchoring ability. These results could visually be confirmed by the digital 

photographs attached in the inset of Fig. 5.4a, which shows the Li2S6 solution that was exposed 

to the PVDF experienced no colour fading, the solution exposed to the LBP showed minimal 

colour fading to light yellow, and the solution exposed to the HBA sample experienced a 

significant colour fading from dark brown to almost colourless. 

Fig. 5.4b-d present the FTIR spectra of the PVDF, LBP, and HBA before and after Li2S6 

exposure. The magnified regions of the peaks associated with the O−H and C−S stretching in 

the HBA samples are provided in Fig. 5.4e and f. The peak located at around 3300 cm-1 in the 

HBA sample is assigned to the O−H stretching vibration (Fig. 5.4e) [62, 63]. After Li2S6 

exposure, it can be observed that the O−H stretching vibration peak experiences a downshift 

from 3296 to 3233 cm-1 while also becoming broader. The downshift could signify a 

coordination interaction between the lone-pair rich hydroxyl groups and the Li+ from Li2S6 

[64]. 

Furthermore, the appearance of the new peak at 670 cm-1 (Fig. 5.4f) can be assigned to the 

formation of the C−S bond after the HBA was exposed to Li2S6 [38, 65]. These two interactions 

suggest the possible mechanism of the polysulfide adsorption delivered by the HBA. When 

compared to the LBP sample, it can be observed that the O−H stretching peak only experiences 

a downshift of about 13 cm-1 and does not display a new peak associated with the C−S bond, 

which provides evidence as to why the LBP only displays mild interactions with the Li2S6 

solution. 

Before electrochemical testing, electrodes consisting of 80 % carbon black and 20 % HBA 

were fabricated and assembled into half-cells. These cells were then subjected to cyclic 

voltammetry at 0.05 mV·s-1 to investigate the stability of the HBA in the electrolyte, with the 
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voltammogram shown in Fig. 5.5a. As there is no electrochemical peak during the anodic or 

cathodic scans, it can be inferred that the HBA is stable in the electrolyte during 

charge/discharge and does not contribute electrochemically to the reaction. 

Next, electrochemical evaluation was carried out to determine if the polysulfide anchoring 

ability and superior mechanical properties of the HBA actualised an enhanced electrochemical 

performance. Sulfur cathodes using the HBA, LBP, and PVDF binders were used to fabricate 

sulfur composite electrodes and are denoted as S/HBA, S/LBP, and S/PVDF, respectively. 

First, galvanostatic charge-discharge testing at various current densities was carried out on the 

S/PVDF, S/LBP, and S/HBA batteries. Fig. 5.5b shows the cells’ discharge capacity and 

Coulombic efficiency at 0.5 C (1 C = 1,672 mAh·g-1). The discharge capacity in the initial 

cycle for the S/PVDF, S/LBP, and S/HBA-based cells are 751, 817, and 866 mAh·g-1, 

respectively. After 500 cycles, the S/PVDF, S/LBP, and S/HBA cells deliver a capacity of 285, 

354, and 392 mAh·g-1, corresponding to a 0.124, 0.113, and 0.109 % capacity fade per cycle, 

respectively. In Fig. 5.5c, the current density increases to 2 C, with the cells again being 

subjected to 500 charge/discharge cycles, after which the superior capacity retention of the 

S/HBA-based cell is highlighted. The S/PVDF and S/LBP cells again deliver similar initial 

performances, with the S/HBA cell suffering from a higher capacity fade per cycle in the initial 

3 cycles. Despite this, the S/HBA cell suffers the smallest capacity fade from the 4th cycle 

onwards and delivers the highest discharge capacity of 328 mAh∙g-1 at the 500th cycle. The 

capacity fade per cycle during testing is 0.124, 0.137, and 0.104 % for the S/PVDF, S/LBP, 

and S/HBA cells, with the fade per cycle for the S/HBA cell dropping to 0.0845 % when 

calculated from the 4th cycle onwards. 

The amount of active materials at the cathode is also crucial for Li−S battery commercialisation 

[34]. Therefore, S/PVDF, S/LBP, and S/HBA electrodes were fabricated with a sulfur loading 

of roughly 2 mg∙cm-2 and subjected to charge/discharge testing at 0.2 C, with the results shown 

in Fig. 5.5d. Even at a higher material loading, the S/HBA electrode delivers a higher initial 

capacity of 978 mAh∙g-1, a reversible capacity of 842 mAh∙g-1 at the 50th cycle, and a capacity 

fading of 0.278% per cycle over the tested range, again outperforming both the S/LBP and 

S/PVDF batteries. Thus, galvanostatic charge/discharge testing reveals that the S/HBA cell 

delivers a higher reversible capacity and lower capacity fading per cycle at various current 

densities and sulfur loadings compared with cells fabricated using either PVDF or LBP binders. 
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Rate performance is another critical parameter for electrochemical cells because 

charging/discharging in real situations is rarely galvanostatic. Thus, to evaluate the 

performance under differing current densities, rate performance testing was carried out with 

the results shown in Fig. 5.6. The cells were charged and discharged at progressively larger 

current densities (Fig. 5.6a-i, b-i, c-i) before being subjected to a final cycle at 0.2 C to observe 

the electrochemical performance after high rate testing, with the charge/discharge profile of the 

two 0.2 C cycles shown in Fig. 5.6a-ii, b-ii, c-ii. The S/HBA cell delivers a higher discharge 

capacity and lower overpotential at all current densities than both the S/LBP and S/PVDF cells, 

reflecting the galvanostatic charge/discharge results shown in Fig. 5.5. Additionally, when 

observing the charge curve at 2 C, the S/HBA cell is smooth with no irregularities (Fig. 5.6c-

i), whereas the same curve in the S/PVDF cell shows inhomogeneity (Fig. 5.6a-i). 
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Figure 5.4:  (a) UV-Vis spectra of the Li2S6, Li2S6 + PVDF, Li2S6 + LBP, and Li2S6 + HBA 

solutions with digital photographs of the respective solutions (inset). (b) FTIR spectra of 

PVDF, Li2S6, and PVDF + Li2S6 samples. (c) FTIR spectra of LBP, Li2S6, and LBP + Li2S6 

samples. (d) FTIR spectra of HBA, Li2S6, and HBA + Li2S6 samples. Magnified regions of 

the HBA, Li2S6, and HBA + Li2S6 FTIR spectra showing the (e) O−H stretching and (f) C−S 

stretching regions 
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Figure 5.5: (a) Cyclic voltammogram of the CB:HBA (80:20) electrode for electrolyte 

stability testing. Cycle performance of the S/PVDF, S/LBP, and S/HBA electrodes at (b) 0.5 

C, (c) 2 C, and (d) 0.2 C 

Furthermore, it can be observed that even at 2 C, the S/HBA cell exhibits the two clear 

characteristic discharge plateaus associated with the Li−S battery, whereas the plateaus in both 

the S/PVDF and S/LBP curves become less pronounced, which may explain the enhanced 

performance of the S/HBA cell at higher current densities. Upon observing the 

charge/discharge profile of the 0.2 C cycle before and after rate testing, it is clear that the 

S/HBA cell delivers a higher initial discharge capacity and a higher discharge capacity after 

cycling at high rates. The discharge capacity retention after rate performance testing was found 

to be 86.3, 81.7, and 94.6 % retention for the S/PVDF, S/LBP, and S/HBA-based cells, 

respectively. The rate performance results demonstrate that the S/HBA cell delivers higher 

discharge capacities at high current densities and retains more capacity when reverting to lower 

current density cycling than both the S/LBP and S/PVDF cells. 
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Figure 5.6: Capacity/Voltage profile of the (a) S/PVDF, (b) S/LBP, and (c) S/HBA cells (i) 

during rate capability testing and (ii) for the two 0.2 C cycles 

To investigate the reaction kinetics in the S/PVDF, S/LBP and S/HBA cells, cyclic 

voltammetry at varying scan rates was carried out so that the lithium-ion diffusion (DLi) 

properties could be evaluated (Fig. 5.7) [66]. The cells display similar electrochemical reaction 

voltages; however, the S/HBA cell displays much higher peak currents at all reaction steps than 

the S/PVDF cell. Compared with the S/LBP cell, the S/HBA cell displays a similar peak current 
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in the anodic scan but a much higher peak current in the cathodic scan, suggesting much faster 

reaction kinetics. 

 

Figure 5.7: Cyclic Voltammograms (CV) of the (a) S/PVDF, (b) S/LBP, and (c) S/HBA 

electrodes. (d) Peak current (IP) vs. the square root of the scan rate. (e) EIS spectra of the 

S/PVDF, S/LBP, and S/HBA electrodes after 20 cycles at 0.2C with the equivalent circuit 

using for EIS fitting (inset). (f) Z’ vs. ω-1/2 showing the Warburg factor (𝜎ௐ) 



176 
 

After plotting the peak current (IP) against the square of the scan rate (v0.5) (Fig. 5.7d), a linear 

relationship is observed, indicating a diffusion-controlled process [67]. Thus, according to the 

Randles-Sevcik equation (Eqn. 5.1), a steeper gradient in Fig. 5.7d can be related to a higher 

DLi [68]. As a result, the S/HBA cell displays better Li+ diffusion when compared to the 

S/PVDF and S/LBP cells. This phenomenon may explain the enhanced performance, especially 

at the higher current rate of 2 C. 

 𝐼௉ = 2.686 ∙ 10ହ 𝑛
ଷ
ଶ 𝐴 𝐷

ଵ
ଶ 𝐶 𝑣

ଵ
ଶ (5.1) 

 |𝑍ᇱ| =  𝑅௖௧ + 𝑅௜௡௧ + 𝜎ௐ𝜔ି଴.ହ (5.2) 

 𝐷௅௜ =
𝑅ଶ𝑇ଶ

2𝐴ଶ𝑛ସ𝐹ସ𝐶ଶ𝜎ௐ
ଶ
 (5.3) 

To further investigate the electrochemical performance, the S/PVDF, S/LBP, and S/HBA cells 

were also subjected to electrochemical impedance spectroscopy (EIS) analysis after 20 cycles 

at 0.2 C with the experimental and fitting results shown in Fig. 5.7e. The equivalent circuits 

used for fitting are shown in the inset of Fig. 5.7e. Depressed semi-circles in the high to medium 

frequency region of the spectra can be observed, which can be attributed to the electrolyte 

resistance (Re), charge transfer resistance (Rct), and interface/solid electrolyte interface 

resistance (Rint), respectively [69]. As the S/HBA cell displays lower resistances in all cases 

(Table 5.1), it can be inferred that the HBA better maintains the conductive carbon network 

after cycling compared to when PVDF or LBP is used as a binder. The linear portion of the 

curve in the low-frequency region of Fig. 5.7e can be attributed to the Warburg (WO) 

impedance in the cells [70]. By graphing the real portion of the impedance (Z’) in the linear 

region of the EIS spectra and ω-1/2 (Fig. 5.7f), the Warburg factor (𝜎ௐ) can be calculated 

through the equation shown in Eqn. 5.2 [71]. The Warburg factor is inversely proportional to 

DLi, as shown in Eqn. 5.3 [72]. As the S/HBA cell displays the smallest 𝜎ௐ, it is inferred that 

the S/HBA cell displays the best lithium ion diffusion throughout the electrode matrix, again 

supporting the enhanced electrochemical performance at the high discharge rate of 2 C. 

Table 5.1: Fitting results from EIS analysis 

 S/PVDF S/LBP S/HBA 

Re 3.12 Ω 1.93 Ω 2.62 Ω 

Rct 73.12 Ω 58.85 Ω 17.71 Ω 

Rint 63.72 Ω 37.71 Ω 27.51 Ω 
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To further explain the enhanced performance of the S/HBA battery, post-mortem SEM and 

EDS analysis was carried out before and after the high-loading S/HBA, S/LBP, and S/PVDF 

cells were subjected to 20 cycles at 0.2 C. Fig. 5.8 shows the morphology of the S/PVDF (Fig. 

5.8a), S/LBP (Fig. 5.8b), and S/HBA (Fig. 5.8c) electrode’s (i) surface before cycling, (ii) 

surface after cycling, and (iii) cross-section after cycling. Before cycling, the S/PVDF, S/LBP, 

and S/HBA electrodes display relatively comparable morphologies. However, after cycling, 

the difference between the electrodes becomes pronounced. Fig. 5.8c-ii shows that the S/HBA 

electrode maintains a relatively homogeneous surface with minimal large pits, with no 

observable Li2S/Li2S2 formation remaining on the electrode surface. The S/LBP electrode 

displays a similar morphology to the S/HBA electrode, albeit with slightly more surface 

irregularities (Fig. 5.8b-ii). In contrast, Fig. 5.8a-ii shows that after cycling, the S/PVDF 

electrode displays large pits and evident precipitation of the active materials, which is 

highlighted in yellow. 

Cross-sectional images of the high-loading electrodes were also taken to observe the lateral 

homogeneity of the three electrodes. As shown in Fig. 5.8a-iii, the S/PVDF electrode is roughly 

50 µm thick and highlights that the extremely rough surface morphology persists throughout 

the whole depth of the electrode. The evident electroactive material precipitation is also 

highlighted in the cross-sectional view. Conversely, the two starch-based electrodes display a 

more compact cross-section with depths of roughly 30 µm, as shown in Fig. 5.8b-iii and c-iii. 

The HBA-based cross-section displays the electrodes’ dense and homogeneous morphology, 

reflecting the surface morphology SEM images discussed previously and is attributed to the 

HBA-binder’s outstanding mechanical and adhesive properties. 

To examine the elemental distributions and homogeneity of the three electrodes, energy-

dispersive X-ray spectroscopic (EDS) analysis was carried out on the cycled electrodes, with 

the results shown in Fig. 5.9. The EDS results demonstrate that the S/HBA electrode was the 

most homogeneous after cycling, with the S/PVDF being the least. Overall, the smooth and 

homogenous electrode morphology, achieved through the enhanced mechanical and adhesive 

properties of the HBA, suggests the maintenance of a robust electronically conductive network. 

This feature, combined with the polysulfide anchoring ability of the HBA, can explain the 

enhanced capacity retention during charge/discharge testing and the enhanced reaction kinetics 

observed in the CV and EIS testing. 
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Figure 5.8: SEM images of the (a) S/PVDF, (b) S/LBP, and (c) S/HBA electrode’s (i) 

surface before cycling (ii) surface after cycling, and (iii) cross-section after cycling 
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Figure 5.9: Energy-dispersive X-ray spectroscopy (EDS) results showing the (i) SEM image, 

(ii) elemental mapping overlay, (iii) carbon distribution, and (iv) sulfur distribution for the (a) 

S/PVDF, (b) S/LBP, and (c) S/HBA electrode after cycling 

5.5 Conclusion 

Natural polysaccharides binders, including highly-branched amylopectin (HBA) and lowly-

branched polysaccharide (LBP) binders, were successfully extracted, characterised, and 

applied during the fabrication of sulfur cathodes (i.e., the S/HBA and S/LBP electrodes) for 

Li−S batteries. The S/HBA cathode significantly outperforms the conventional S/ PVDF and 

S/LBP cathodes due to the highly-branched structure and abundant hydroxyl functional groups 
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of the HBA. After 500 cycles, the S/HBA cathode could still deliver a reversible capacity of 

396 mAh∙g-1 (0.101 % fading per cycle) at 0.5 C and 328 (0.104 % fading per cycle) at 2 C, 

which is remarkable in comparison to both the S/LBP and S/PVDF cathodes. Such an enhanced 

performance of the S/HBA cells can be explained through two mechanisms. Firstly, the HBA 

possesses the ability to chemically retain soluble polysulfide molecules at the cathode as it 

possesses abundant lone-pair rich hydroxyl groups along with the ability to form the C−S bonds 

with soluble polysulfides. Secondly, HBA displays outstanding mechanical properties that can 

help maintain a robust conductive network after extended cycling, facilitating the rapid 

electrochemical reaction kinetics of the charge and discharge processes and evidenced by the 

EIS and CV characterisations. Furthermore, HBA could be readily obtained from the 

environment, representing a low-cost, non-toxic, and sustainable natural product. Therefore, 

this work inspires the modern battery industry to develop towards high performance and low 

cost and towards environmentally-friendly trends and sustainability. 
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6.1 Abstract 

Lithium-sulfur (Li−S) batteries could usurp the dominant current generation LIBs due to their 

superior theoretical capacity and energy density. However, the Li−S cell suffers from rapid 

capacity fading due to polysulfide dissolution and shuttling, low active material loading in the 

cathode, and sluggish reaction kinetics. These shortfalls can be combatted by applying sulfur 

hosts, which can provide ample void structure, maintain electronic and ionic pathways, and 

retain soluble polysulfides at the cathode. This work aims to produce a hierarchical porous 

carbon via an environmentally friendly method and directly applies it into the sulfur composite 

cathode, forgoing a traditional sulfur impregnation at elevated temperature. The hierarchical 

porous carbon host (HPCH) is shown to have an outstanding specific surface area of 1540 m2·g-

1 with a favourable pore size distribution due to the unique solvent/porogen system employed 

during synthesis. The porous matrix can adsorb the polysulfides at the cathode through two 

mechanisms. Firstly, the polysulfides can be physically adsorbed in the porous structure of the 

HPCH. Secondly, the polysulfides can be chemically retained by the hydroxyl and carbonyl 

groups located at the material’s surface. The dual-action adsorption is shown to have a positive 

effect on the capacity retention of the as-fabricated cells. 

Further electrochemical investigation reveals that the HPC enhances both the ionic and 

electronic conductivity of the S/HPC batteries. This two-fold mechanism allows a reversible 

capacity of nearly 500 mAh·g-1 to be obtained after 500 cycles at 0.5 C and enhanced 

performance at high C-rates. Overall, this work shows that a high-performance Li−S battery 

can be fabricated using the HPCH synthesised through an environmentally friendly synthesis 

method. 

Keywords 

Hierarchical porous carbon, sulfur host, shuttle effect, polysulfide anchoring 
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Highlights 

 Hierarchical porous carbon host (HPCH) is produced via an environmentally friendly 

method and applied as a sulfur host for Li−S battery cathodes 

 A large surface area of 1540 m2·g-1 is achieved due to the homogeneous distribution of 

the KOH porogen through the novel synthesis method 

 The HPCH adsorbs soluble polysulfides through two mechanisms, physically trapping 

in the nanopores and chemical adsorption at surface carbonyl and hydroxyl groups 

 The HPCH increases both electronic conductivity and ion transfer in the sulfur 

composite cathode improving reaction kinetics 

 The resulting S/HPCH Li−S cells deliver superior cycle life and rate performance while 

reducing the environmental impact of Li−S batteries 
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6.2 Introduction 

The global climate crisis, primarily driven by CO2 emissions arising from energy generation 

and transportation, threatens human society at large [1]. Fossil fuel-based energy generation 

and transportation must be phased out, favouring less environmentally damaging methods so 

that a lower emissions future can be realised and a climate catastrophe can be avoided [2]. 

Wind and solar have the substantial appeal of CO2 emission-free energy production; however, 

they are limited in their uptake due to sporadic energy generation. Therefore, grid-scale energy 

storage systems are being considered [3]. Electric vehicles are also increasing their market 

share, displacing traditional internal combustion engine-based vehicles [4]. Secondary (or 

rechargeable) batteries, particularly lithium-ion batteries, have been crucial for the success of 

grid-scale energy storage systems and electric vehicles thus far [5, 6]. Despite this, the 

shortfalls of current generation lithium-ion batteries are becoming apparent, especially in fast 

charge/discharge settings [7] and in long-range electronic vehicles [8]. As such, researchers are 

currently investigating alternative battery chemistry options to ease the transition into a more 

sustainable energy future, with one such example being the lithium-sulfur (Li−S) battery [9].  

Li−S batteries are a promising next-generation energy storage candidate due to their extremely 

high theoretical capacity (1672 mAh∙g-1) and energy density (ca. 2600 Wh∙kg-1) and may be 

particularly suitable for long-distance electric vehicle applications [10]. However, as with most 

emerging technologies, Li−S batteries suffer from inherent shortfalls. The most problematic 

being the low electronic conductivity of sulfur and its discharge products, the significant 

volumetric expansion of the active materials upon cycling, and the notorious shuttle effect [11]. 

Researchers have investigated many aspects of the Li−S cell to improve overall 

electrochemical performance, with one popular approach being the implementation of 

nanostructured and conductive sulfur hosts [12]. Cathodic sulfur hosts work to improve the 

electrochemical performance of Li−S batteries by improving conductivity, providing sufficient 

space to withstand active material volume expansion, and trapping the soluble polysulfides at 

the cathode through two mechanisms, physical trapping in nanopores and chemical adsorption 

through surface functionality [13]. Carbon hosts based upon hierarchical porous carbon, that is 

carbon-containing micro (ø ≤ 2 nm), meso (2 nm ≤ ø ≤ 50 nm), and macro (ø ≥ 50 nm) pores, 

are an appealing choice as their morphology allows for sufficient sulfur loadings, physical 

retention of polysulfides, electrolyte infiltration, and the ability to withstand volume expansion 

of the active materials [14-16].  
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Bottom-up synthesis methods for hierarchical porous carbons allow for a high degree of 

customisation. However, they are usually carried out on small scales and require templating 

with SiO2 followed by HF etching [17], carbonisation of MOF frameworks [18], or complex 

multi-step organic synthesis [19]. Such complicated and expensive synthesis methods tend to 

produce the tailored materials on the scale of milligrams, which is far away from the kilogram 

scale required for the commercial application of host-based sulfur cathodes [20-22]. 

Furthermore, although remarkably effective, traditional sulfur hosts usually require a heat 

treatment process so that the sulfur can infiltrate the host matrix, which adds a step during 

electrode manufacturing. However, the heat-treatment step can be avoided by using an 

electrochemical infiltration cycle, and the manufacturing process can be simplified. 

To this end, this work produces a hierarchical porous carbon host (HPCH) with a high surface 

area and chemical functionality due to the unique solvent/porogen system in the 

environmentally-friendly method without relying on hard-templating methods. The HPCH is 

then directly applied in the cathode without the sulfur infiltration step for Li−S batteries. The 

HPCH’s porous carbon skeleton is expected to provide a large pore volume to trap soluble 

polysulfides physically, chemically trap polysulfides via abundant lone-pair rich carbonyl and 

hydroxyl groups, and improve both the electronic and ionic conductivity throughout the 

composite carbon cathode to bi-functionally enhance the electrochemical performance in Li−S 

cells. The resulting S/HPCH cells deliver a low capacity fading of 0.102 % per cycle after 500 

cycles and superior electrochemical performance at a high C-rate of 2 C. 

6.3 Experimental Section 

6.3.1 Hierarchical Porous Carbon Host (HPCH) Synthesis 

All reagents were obtained from Sigma-Aldrich and used without further purification. 1 g of 

D-(+)-glucose and 5 g NaCl were added to 25 mL of deionised (DI) water under magnetic 

stirring and freeze-dried for 24 h. The freeze-dried solution was annealed in a tubular furnace 

at 600 oC for 1 h with a heating rate of 5 oC·min-1 under flowing argon. Subsequently, the NaCl 

pore template was removed by thorough washing with DI and ethanol before being dried in an 

air oven for 4h. The product was then added to an ethanol solution containing KOH so that the 

mass ratio between the KOH and carbon was 3:1, before being dried in an air oven again and 

annealed in the tube furnace at 900 oC (2 h, 5 oC·min-1). The product was then washed with DI 

water and ethanol via vacuum filtration and dried in an air oven to obtain the hierarchical 

porous carbon host (HPCH). 
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6.3.2 Electrochemical Characterisation 

Composite sulfur cathodes with the HPCH (S/HPCH) were fabricated using elemental sulfur, 

HPCH, carbon black (CB), and poly(vinylidene fluoride) (PVDF) in a mass ratio of 6:2:1:1. 

For electrochemical comparison, sulfur cathodes using only CB (S/CB) were fabricated in a 

mass ratio of 6:3:1. The solid electrode components were thoroughly ground with a mortar and 

pestle before an electrode slurry was formed using 1-methyl-2-pyrrolidinone (NMP) as the 

solvent. The slurry was cast on C-coated aluminium foil with a gapped blade and dried in a 

vacuum oven at 60 oC overnight before being cut into electrode disks 13 mm in diameter. The 

active material loading in the electrodes was approx. 0.5 mg·cm-2. Electrodes with a sulfur 

loading of ≈ 2 mg·cm-2 were also fabricated for testing at higher sulfur loading. Half-cells were 

fabricated in an argon-filled glovebox using the prepared cathodes, a lithium foil counter 

electrode, polypropylene (Celgard 2300) separator, and 1 M lithium 

bis(trifluoromethane)sulfonimide (LiTFSI) in 1,3-dioxolane/1,2-dimethoxyethane (1:1, v/v) 

with 0.2 M LiNO3 as the electrolyte. The electrolyte:sulfur ratio was kept constant at 1 mg:20 

µL for all half-cells. The half-cells underwent galvanostatic charge/discharge testing on a 

Neware Battery Testing System (Neware, China) with a 1.7 - 2.7 V voltage window in an oven 

set to 30 oC. For the 0.5 C (1 C = 1672 mAh/g) and high-loading 0.2 C testing, an 

electrochemical sulfur infiltration pre-cycle of 0.05 C was performed before cycling at the 

specified rate. For the 2 C testing, a 0.2 C pre-cycle was utilised. Electrochemical impedance 

spectroscopy (EIS) was carried out on a Biologic SP-200 (Biologic, France) with the AC set to 

5 mV and a frequency range of 10 mHz to 100 kHz. Cyclic voltammetry (CV) testing was also 

carried out on the Biologic SP-200. 

6.3.3 Materials Characterisation 

Scanning electron microscope (SEM) images and Energy Dispersive X-ray Spectroscopy 

(EDS) elemental mappings were obtained on a JSM-7001F SEM (JEOL, Japan) and were used 

to investigate the morphologies of the HPCH material as well as the S/HPCH and S/CB 

electrodes before and after cycling. X-ray diffraction (XRD) patterns were obtained on a Model 

LabX-6000 diffractometer (Shimadzu, Japan) using Cu Kα radiation (λ = 1.54 Å) at 40 kV and 

40 mA between the 2θ range of 5 - 80 °. Raman spectroscopy was carried out on a Renishaw 

100 (Renishaw, United Kingdom) using a 632.8 nm He-Ne laser. The specific surface area of 

the HPCH and CB was measured by N2 adsorption/desorption at 77 K on an Autosorb iQ 

(Anton Paar, Austria). The pore size distribution plot was obtained through the NLDFT 

equilibrium model. For the polysulfide adsorption experiment, a 0.01 M solution of Li2S6 was 
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prepared by mixing Li2S and elemental sulfur in a 1:5 molar ratio in an argon-filled glovebox 

before the mixture was added DOL:DME (1:1 v/v) solvent. The solution was heated to 70 oC 

and magnetically stirred for 24 h. To conduct the adsorption experiment, 50 mg of HPCH and 

CB were exposed to 20 mL of the Li2S6 solution and allowed to rest for 4 h before the Li2S6, 

Li2S6 + CB, and Li2S6 + HCPH solutions were subjected to UV-Vis analysis on a Cary Series 

UV-Vis-NIR Spectrophotometer (Agilent Technologies, USA). XPS analysis of the HPCH 

before and after Li2S6 exposure was carried out on a Kratos Axis ULTRA X-ray Photoelectron 

Spectrometer incorporating a 165 mm hemispherical electron energy analyser. The incident 

radiation was Monochromatic Al Kα X-rays (1486.6 eV) at 225 W (15 kV, 15 mA). Survey 

(wide) scans were taken at an analyser pass energy of 160 eV and multiplex (narrow) high-

resolution scans at 40 eV. Survey scans were carried out over 1200 - 0 eV binding energy range 

with 1.0 eV steps and a dwell time of 100 ms. Narrow high-resolution scans were run with 0.05 

eV steps and 250 ms dwell time. The base pressure in the analysis chamber was 1.0 x 10-9 torr 

and 1.0 x 10-8 torr during sample analysis. Peak fitting of the high-resolution data was carried 

out using the CasaXPS software. 

6.4 Results and Discussion 

This work aimed to develop a ground-up synthesis method which utilised environmentally 

benign reagents and processes to increase the likelihood of lab based functional materials 

making their way into practical and industrial applications. Thus, the “sweet and salty” 

synthesis method, outlined in Scheme 1, was specifically designed to produce a conductive, 

hierarchically porous, and surface-functionalised sulfur host for applications for Li−S batteries. 

 

Scheme 1: Schematic representation of the Hierarchical Porous Carbon Host (HPCH) 

synthesis 
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The starting reagents include glucose as a carbon source, sodium chloride as a 

mesopore/macropore template, and potassium hydroxide as a porogen. The use of NaCl as a 

pore template for functional carbons has been demonstrated by our group previously [23], 

wherein we found that the ratio between NaCl and the carbon source successfully tailored the 

meso/macroporous structure of the product. This work uses the NaCl pore template approach 

as shown previously and expands upon the synthesis through a subsequent KOH activation step 

to enhance the material's pore structure and produce oxygen-rich functional groups at the 

material’s surface. 

KOH was chosen as the porogen in the synthesis for two reasons. Firstly, KOH produces 

abundant micropores throughout the carbon through the multi-step mechanisms shown in Eqn. 

6.1-6.6 [24-26]. Secondly, the activation of the carbon with KOH will produce abundant lone-

pair rich moieties, including carbonyl, hydroxyl, and carboxylic groups at the carbon’s surface 

[27]. The presence of a microporous structure and lone-pair rich functional groups have been 

previously demonstrated as desirable traits in sulfur hosts [28]. 

 2𝐾𝑂𝐻 → 𝐾ଶ𝑂 +  𝐻ଶ𝑂 (6.1) 

 𝐶 +  𝐻ଶ𝑂 →  𝐻ଶ + 𝐶𝑂 (6.2) 

 𝐶𝑂 + 𝐻ଶ𝑂 →  𝐻ଶ +  𝐶𝑂ଶ (6.3) 

 𝐾ଶ𝑂 +  𝐶𝑂ଶ  →  𝐾ଶ𝐶𝑂ଷ (6.4) 

 𝐾ଶ𝑂 +  𝐻ଶ  → 2𝐾 + 𝐻ଶ𝑂 (6.5) 

 𝐾ଶ𝑂 + 𝐶 → 2𝐾 + 𝐶𝑂 (6.6) 

Using KOH as a porogen to increase the surface area of carbon materials is not a new 

phenomenon [15, 29, 30], but in most cases, the KOH is usually mixed with the carbon either 

as a solid or in an aqueous solution. However, due to the low wettability of carbonised materials 

in aqueous KOH solutions, a homogeneous distribution of the KOH porogen through the 

carbon matrix is difficult to achieve (Fig. 6.1a). This work uses an ethanoic KOH solution to 

achieve a homogeneous distribution of the KOH porogen due to the enhanced wettability of 

carbon products in ethanol (Fig. 6.1b). The even distribution of the KOH porogen is expected 

to produce a hierarchical porous carbon host (HPCH) material with abundant pore volume and 

homogeneous morphology. 
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Figure 6.1: Dispersion of carbon materials in aqueous (a) and ethanoic (b) KOH solutions 

Materials characterisation was carried out after synthesis to evaluate the efficacy of the “sweet 

and salty” synthesis method and observe in detail the parameters of the HPCH. Firstly, 

scanning electron microscopy (SEM) was carried out to observe the morphology of the product. 

Fig. 6.2a shows the product at a magnification of 1000x and reveals a homogeneous 

morphology. Upon further magnification at 10000x (Fig. 6.2b), the macroporous morphology 

of the product is shown. 

 

Figure 6.2: Scanning electron microscope (SEM) images of the HPCH material at (a) 1000x 

and (b) 10000x magnification 

Next, so that the pore structure of the HPCH could be characterised, an N2 

adsorption/desorption analysis was carried out and compared to the results from a CB sample. 

The adsorption/desorption isotherm is displayed in Fig. 6.3a-i and b-i for the CB and HPCH 

samples, respectively. Upon observing the N2 adsorption/desorption isotherm obtained for the 

CB sample (Fig. 6.3a-i), it can be clearly observed that an insignificant amount of surface area 
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is present. The total specific surface area for the CB sample was found to be only 69.043 m2·g-

1 via the Brunauer, Emmett, and Teller (BET) equation [31]. The pore size distribution (PSD) 

was calculated through the NLDFT equilibrium model to quantify the nature of the porous 

morphology within the carbon black [32], which shows no appreciable pore volume associated 

with the micropores or mesopores range (Fig. 6.3a-ii) 

For the N2 adsorption/desorption isotherm obtained for the HPC sample (Fig. 6.3b-i), a type I 

isotherm is observed in the low-pressure region (P/P0 < 0.1) which verifies the existence of 

micropores in the material [33]. On the other hand, a type II isotherm is observed at high 

pressure [34]. The gentle slope of P/P0 between 0.1 and 0.9 suggests the pore volume associated 

with mesopores, while present, is limited and may also suggest why only a small amount of 

hysteresis is observed [35]. For the HPCH sample, the total specific surface area was found to 

be about 1540 m2∙g-1.  

The PSD was also calculated for the HPCH sample, with the results shown in Fig 6.3b-ii, and 

show a considerable amount of pore volume is obtained across the entire 0.5 to 2 nm range, 

which is considered the microporous region. Additional pore volume is obtained from the pores 

falling in the 2 to 4 nm range (the mesoporous region), albeit at a lower total volume arising 

from the microporous contribution [36]. Thus, the pore size distribution results show that the 

HPCH contains abundant micropores and a considerable amount of mesopores. Therefore, it is 

confirmed that the HPCH displays micro and mesoporosity. While also considering the 

macroporous structure revealed by SEM investigation, a hierarchical porous structure is 

revealed, and the material can reasonably be referred to as a hierarchical porous carbon host 

(HPCH). 

Carbonaceous materials are expected to display amorphous characteristics after KOH 

activation at high temperatures [29] due to the pore formation resulting in the graphitic layers 

being ‘opened’ to produce a disordered carbon material [37]., X-ray diffraction (XRD) analysis 

was carried out on the CB and HPCH samples to verify that this phenomenon occurred, with 

the diffraction pattern shown in Fig. 6.4a-i and b-i, respectively. The XRD diffraction pattern 

for the CB material reveals its crystalline nature via the characteristic peaks at 25.28, 43.16, 

and 51.56 degrees, corresponding to the (002), (101), (004) planes of graphite [38]. Conversely, 

the amorphous nature of the HPCH sample was revealed by the absence of a sharp peak at 

around 25 degrees and the presence of a broad peak between 40 and 50 degrees (Fig. 6.4b-i) 

[39]. 
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Figure 6.3: (a) N2 adsorption/desorption isotherm and (b) pore size distribution from the (i) 

CB and (ii) HPCH samples 

RAMAN spectroscopy was carried out to further investigate graphitisation in the CB and 

HPCH samples, with the spectra provided in Fig. 6.4a-ii and b-ii, respectively. The spectra of 

both the CB and HPCH materials have characteristic D (≈ 1320 cm-1) and G (≈ 1595 cm-1) 

bands corresponding to disordered and sp2 hybridised carbon, respectively [40]. The ID/IG ratio 

can be calculated by observing the intensity between the D and G band and was found to be 

1.44 and 1.38 for the CB and HPCH, respectively [41]. The results reinforce that the HPCH is 

a disordered carbon material. 
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Figure 6.4: (a) X-ray diffraction (XRD) pattern and (b) RAMAN spectra from the (i) CB and 

(ii) HPCH samples 

After the morphological characterisations were complete, a simple polysulfide adsorption 

experiment was conducted to verify whether the HPCH could adsorb soluble polysulfides. 50 

mg of CB or HPCH were exposed to 20 mL of a 0.01 M Li2S6 solution and allowed to stand 

for 4 h. The digital photograph in the inset of Fig. 6.5 shows that the vial containing the HPCH 

becomes almost colourless after exposure, in contrast to the vial containing CB, which displays 

no colour change., UV-Vis spectroscopy was carried out on aliquots of the supernatant 

solutions after exposure to the respective carbon sample to investigate further. The spectra 

displayed in Fig. 6.5 display the characteristic peaks between 250 - 280 nm, which can be 

ascribed to the S6
2- anion [42]. As expected, the solution exposed to CB shows almost no 

change compared with the spectra of the pure Li2S6 solution, confirming that the CB shows no 

activity towards the soluble polysulfides. Conversely, the S6
2- peak for the solution exposed to 

the HPC significantly diminished, reflecting the colour change observed in the digital 

photographs. The test confirms that the HPCH can adsorb the soluble polysulfides. 
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Figure 6.5: UV-Vis spectra of the Li2S6, Li2S6 + CB, and Li2S6 + HPCH solutions; (inset) 

Digital photograph of the (i) Li2S6, (ii) CB, and (iii) HPCH samples after 4 h. 

XPS analysis was carried out to observe whether the KOH activation successfully achieved 

chemical functionality on the surface of the HPCH and investigate the nature of the interaction 

between the soluble polysulfides and the HPCH. KOH activation of carbon materials is 

expected to produce abundant lone-pair rich carbonyl and hydroxyl groups at the carbon’s 

surface. Thus, the high-resolution C 1s and O 1s regions of the XPS spectra of the HPCH 

material are provided in Fig. 6.6a-i and b-i, respectively. The convoluted C1s HR spectrum 

can be attributed to contributions from the C−C, C−O, and C=O at the binding energies of 

284.335, 285.214, and 289.088 eV, respectively [43]. The presence of the C=O and C−O bonds 

are reflected in the O 1s HR spectrum, with contributions arising from the C=O and C−O bonds 

at 530.668 and 531.965 eV, respectively [44]. These results suggest that the KOH activation 

successfully endowed the HPCH’s surface with abundant lone-pair rich carbonyl and hydroxyl 

groups. After Li2S6 exposure, it can be observed that the C−O and C=O intensities increase 

relative to the C−C bond peak before the HPCH was exposed to Li2S6. Furthermore, in the HR 
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O1s region, the newly formed Li−O bond can be observed, which may explain the activity of 

the HPCH towards the soluble polysulfides. 

Due to the fact that the shuttling of polysulfides in the LSBs is such a critical shortfall of the 

battery, the mechanism the polysulfide adsorption is well-researched. Broadly speaking, the 

soluble polysulfides can be retained at the sulfur cathode via two mechanisms, namely physical 

polysulfide confinement and chemical anchoring [45]. 

Typically, physical polysulfide retention is achieved through non-polar and porous carbon 

materials [46]. Micropore retention is thought to be achieved by restricting the size of the 

polysulfides to favour shorter chain polysulfides [47, 48], which can help trap the reaction 

intermediates at the cathode. Chemical retention, on the other hand, relies on polar functional 

groups at the material’s surface to interact with the polar and soluble polysulfides [49]. DFT 

calculations have shown that the partially positive lithium atom in the soluble polysulfides 

favourably binds to the lone-pair-rich functional groups on a materials [50]. The lithium-bond 

in Li-S batteries is now a well-researched phenomenon, and is crucial for restricting soluble 

polysulfides to reduce the shuttle effect [28].Therefore, the high surface area with abundant 

micropores as well as polar surface functionality of the HPCH can explain the strong activity 

towards the soluble polysulfides in the adsorption experiment, UV-Vis analysis, and XPS 

investigation. 

 

Figure 6.6: High-resolution spectra from the (a) C 1s and (b) O 1s region of the HPCH 

material before (i) and after (ii) exposure to Li2S6 

Subsequently, electrochemical characterisation was carried out to evaluate the electrochemical 

performance of the HPCH in Li−S batteries. Li−S batteries were fabricated using HPCH as a 

bi-functional sulfur host in the cathode of the cells, with reference cells fabricated using CB. 
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The cells are referred to as S/HPCH and S/CB, respectively. Fig. 6.7 shows the electrochemical 

performance of the S/CB and S/HPCH cells under galvanostatic charge/discharge testing at 

various current densities and sulfur loadings. Fig. 6.7a and b show the long-term 

electrochemical performance of the cells when cycled at 0.5 and 2 C (1 C = 1,672 mAh/g), 

respectively. In the first cycle at 0.5 C, the S/HPCH cell delivers a discharge capacity of 999 

mAh/g, compared to only 751 mAh/g delivered by the S/CB electrode. After 500 cycles, the 

difference between the two cells is much more pronounced, with the S/HPCH cell delivering a 

reversible capacity of 490 mAh·g-1, corresponding to a capacity fading of 0.102 % per cycle. 

Conversely, the S/CB cell delivers only 285 mAh/g after cycling, which results in a higher 

capacity fading per cycle of 0.124 %. This trend continues when the cells are cycled at a higher 

C-rate of 2 C, as shown in Fig. 6.7b. The initial discharge capacities are 786 and 639 mAh/g, 

the reversible discharge capacities are 363 and 242 mAh/g after 500 cycles, and the capacity 

fading is 0.107 and 0.124 % per cycle for the S/HPCH and S/CB cells, respectively. The 

galvanostatic charge/discharge testing reveals that the cells fabricated using the HPCH host 

material display a higher initial capacity, a higher reversible capacity after 500 cycles, and a 

lower capacity fading per cycle compared with cells using only carbon black. Following this, 

S/HPCH and S/CB electrodes with sulfur loading of ≈ 2 mg∙cm-2 were tested at 0.2 C, with the 

results shown in Fig. 6.7c. As shown previously, the S/HPCH cells deliver a higher initial 

capacity of 1072 mAh·g-1, a higher reversible discharge capacity of 875 mAh·g-1, and a smaller 

capacity fading per cycle of 0.368 % when compared with the S/CB cells, which delivered 901 

mAh/g, 546 mAh/g, and 0.788 %, respectively. The improved capacity retention and lower 

capacity fading per cycle in the S/HPCH cell may be attributed to the adsorption of the soluble 

polysulfides in the porous structure and at the surface functional groups of the HPCH as 

demonstrated in the polysulfide adsorption experiment and XPS analysis. 
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Figure 6.7: Cycle performance of the S/CB and S/HPCH electrodes at (a) 0.5 C, (b) 2 C, 

and (c) 0.2 C.  

In addition to long-term cycling at a single C-rate, Li−S batteries should be able to withstand 

cycling at varying current densities [51]. Therefore the voltage/capacity profiles of the S/CB 

(Fig. 6.8a-i) and S/HPCH (Fig. 6.8b-i) cells at increasing current densities are provided. The 

discharge capacity obtained for the S/HPCH cell is 1376, 1229, 1117, 1030, and 890 mAh∙g-1 

at 0.1, 0.2, 0.5, 1, and 2 C, compared to only 1017, 868, 759, 684, and 514 mAh∙g-1 for the 

S/CB cell at the same C-rates, respectively. A significant difference between the discharge 

curves at 2 C can be observed between the cells, in that the second discharge plateau is almost 

non-existent for the S/CB cell, which may explain why the S/HPCH cell delivers better 

performance at higher C-rates. Overall, the profiles from the S/HPCH cell display a higher 

discharge capacity and lower over-potential at all current densities when compared to the 

profiles of the S/CB cell. After the cycle at the high rate of 2 C, the cells were subject to an 

additional cycle at 0.2 C, with the charge/discharge profile before and after rate capability 

testing shown in Fig. 6.8a-ii and b-ii for the S/CB and S/HPCH cells, respectively. After 

testing at high C-rates, the S/HPCH cell delivers a capacity of 1220 mAh/g at 0.2 C, which 
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results in a 99.3 % capacity retention compared to the initial 0.2 C cycle. In comparison, the 

S/CB cell delivers 821 mAh/g after rate capability testing, resulting in a 94.5% capacity 

retention. The results clearly show that the S/HPCH-based cell delivers a higher discharge 

capacity at high C-rates and enhanced capacity retention when returning to lower C-rates after 

the rate capability testing. 

 

Figure 6.8: Capacity/Voltage profile of the (a) S/CB and (c) S/HPCH cells (i) during rate 

capability testing and (ii) for the two 0.2 C cycles 

Cyclic voltammetry (CV) was carried out at increasing scan rates to investigate the 

electrochemical kinetics in the S/CB and S/HPCH cells, with the results shown in Fig. 6.9a 

and b. The S/HPCH cell shows much higher peak currents in the anodic and cathodic peaks 

than the S/CB voltammogram, suggesting much faster kinetics in the S/HPCH cell. 

Additionally, in the S/HPCH cell, the peaks occur at higher potentials upon discharge and a 

lower potential on charging, reflecting a lower over-potential and agreeing with the 

voltage/capacity profile obtained in the rate capability testing. 
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Information about both electrodes’ lithium-ion diffusion coefficient (DLi) can be obtained via 

the relationship shown in Eqn. 6.7 [52]. When the peak current (IP) is plotted against the square 

root of the scan rate, as shown in Fig. 6.9c and d, information about DLi can be obtained [53]. 

A linear relationship in the anodic and cathodic scans for both the S/CB and S/HPCH cells 

indicate diffusion-controlled processes in all cases [54]. As the slope gradient in Fig. 6.9c and 

d is proportional to DLi, it can be inferred that the S/HPCH cell displays faster Li+ ion migration 

in both the anodic and cathodic processes compared to the S/CB cell [55]. The enhanced 

diffusion properties in the S/HPCH cell may explain the enhanced electrochemical 

performance at high C-rates. 

 

 𝐼௉ = 2.686 ∙ 10ହ 𝑛ଵ.ହ 𝐴 𝐷଴.ହ 𝐶 𝑣଴.ହ (6.7) 

 |𝑍ᇱ| =  𝑅௖௧ + 𝑅௜௡௧ + 𝜎ௐ𝜔ି଴.ହ (6.8) 

 𝐷௅௜ =
𝑅ଶ𝑇ଶ

2𝐴ଶ𝑛ସ𝐹ସ𝐶ଶ𝜎ௐ
ଶ
 (6.9) 

Further electrochemical characterisation of the S/HPCH and S/CB cells was carried out through 

electrochemical impedance spectroscopy (EIS). The cells were subjected to 20 

charge/discharge cycles at 0.2 C before EIS spectra were obtained, as shown in Fig. 6.9e. In 

the EIS spectra, inverted semi-circles in the high/medium frequency region and a sloped line 

in the low-frequency region can be observed, relating to internal cell resistances and Warburg 

diffusion, respectively [56]. It is clear that the semi-circles in the spectra for the S/HPCH cell 

are smaller and more obviously defined than those in the S/CB cell, relating to reduced Ohmic 

resistance of the electrolyte and cell components in the S/HPCH electrode [57]. The results 

were fit with an equivalent circuit (Fig. 6.9e inset) to quantify the different resistances in the 

cells, which clearly show the lower resistances of all components in the S/HPCH cell, as 

tabulated in Table 6.1. 
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Figure 6.9: Cyclic Voltammograms (CV) of the (a) S/CB electrode and (b) S/HPCH 

electrode. Peak current (IP) vs. the square root of the scan rate of the (c) S/CB electrode 

and (d) S/HPCH electrode. (e) EIS spectra of the S/CB and S/HPCH electrodes after 20 

cycles at 0.2C. (f) Z’ vs. ω-0.5 showing (𝜎ௐ) 
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Table 6.1: Fitting results from EIS analysis 

 S/CB S/HPCH 

Re 3.12 Ω 6.76 Ω 

Rct 73.12 Ω 26.54 Ω 

Rint 63.72 Ω 31.19Ω 

 

Further information relating to the diffusion properties of both electrodes can be extracted from 

the linear section of the low-frequency region in the EIS spectra via Eqn. 6.8 and 6.9 [58].The 

gradient of the line that is obtained when Z’ is plot against ω-0.5 relates to the Warburg factor 

(𝜎ௐ), which in turn is inversely proportional to DLi. Thus, as the gradient obtained from the 

S/HPCH data is smaller than that from S/CB (Fig. 6.9f), it can be inferred that the diffusion 

properties in the S/HPCH electrode are enhanced, which mirrors the diffusion properties found 

during the CV investigation above. After all, the EIS investigation reveals that the S/HPCH 

electrode displays lower internal resistances and better Li+ diffusion properties when compared 

with the S/CB cell, further justifying the enhanced electrochemical performance at high C-rates 

when using the HPCH material. 

 

Figure 6.10: SEM of the (a) S/CB and (b) S/HPCH electrode surface (i) before cycling, (ii) 

after cycling, and (iii) cross section after cycling (scale bar: 30 µm) 

Following the electrochemical investigation of the S/HPCH cells, post-mortem SEM analysis 

was carried out to investigate the source of the obtained enhanced performance. The SEM 
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images of the S/HPCH and S/CB electrodes before and after 20 cycles at 0.2 C are shown in 

Fig. 6.10. Before cycling, both the S/HPCH and S/CB electrodes display relatively similar 

morphologies; however, the differences become apparent after cycling. The S/HPCH electrode 

has a relatively dense and homogeneous surface in contrast to the S/CB electrode surface, 

which is inhomogeneous and has evident precipitation of active materials (yellow highlights, 

Fig. 6.10a-ii). The precipitation of the active materials can cause “dead” areas of the electrode 

in which the active material cannot undergo electrochemical reactions. Alternatively, as the 

HPCH material has a large pore structure, the expanding active material can easily be contained 

within the carbon matrix, severely limiting any large “dead” areas of the electrode and 

maximising the active material’s participation in the electrochemical reaction [59]. The 

precipitation of the active materials on the S/CB electrode can also be observed in the cross-

sectional images of the high-loading sulfur cathodes after cycling (Fig. 6.10a-iii). Conversely, 

the high-loading S/HPCH electrode displays an extremely dense and homogeneous 

morphology due to the porous void structure provided by the HPCH (Fig. 6.10b-iii). 

 

Figure 6.11: SEM images and Energy Dispersive X-ray Spectroscopic (EDS) mapping of the 

high-loading (a) S/CB and (b) S/HPCH electrodes 
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Post-mortem SEM and EDS analysis were carried out on the high-loading electrodes after 

cycling, with the results shown in Fig. 6.11. The dense and homogeneous morphology of the 

S/HPCH electrode is again revealed by the SEM image (Fig. 6.11b). In comparison, the 

inhomogeneous S/CB electrode (Fig. 6.11a) shows evident precipitation of the active 

materials. The elemental mappings revealed through EDS analysis confirms that the S/CB 

electrode inhomogeneity is the active sulfur materials precipitated on the electrode surface. On 

the other hand, the EDS mapping reveals that the S/HPCH-based electrode displays superior 

homogeneity and distribution of the electrode composite materials.  

6.5 Conclusion 

The “sweet and salty” synthesis of a hierarchical porous carbon host (HPCH) was successfully 

applied to produce a high-performance sulfur host for Li−S batteries. The HPCH displayed a 

hierarchical porous structure with a high specific surface area of 1540 m2·g-1 and a favourable 

pore size distribution which were shown to trap polysulfides via physical and chemical means. 

After being assembled into Li−S cells, the S/HPCH electrode delivered a low capacity fading 

of 0.102 % per cycle over 500 cycles, a discharge capacity of 890 mAh·g-1 at 2 C, and an initial 

capacity of 1072 mAh·g-1 at a sulfur loading of 2 mg·cm2. The S/HPCH also displayed 

enhanced kinetic and diffusion properties compared with the S/CB cell, as evidenced by EIS 

and CV analysis. Post-mortem SEM analysis reveals that the S/HPCH displays no precipitation 

of the sulfur or its discharge products after cycling, owing to the large pore surface area of the 

HPCH material. Overall, the “sweet and salty” synthesis method efficiently produced a 

hierarchical porous carbon in an environmentally benign method, and helps to provide 

excellent electrochemical performance when applied as a sulfur host in Li−S battery cathodes. 
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7.1 General Conclusions 

This thesis aims to address the challenges hindering broader Li−S development and application 

in the real world. Rapid capacity fading due to the polysulfide shuttle phenomenon and binder 

failure remains the most troublesome challenges in Li−S development. Other tangential 

problems relate to the sluggish reaction kinetics, which prevents fast charging/discharging of 

the Li−S cell, insufficient sulfur loading in the cathode, and costly and pollution-inducing 

chemical synthesis methods and materials associated with Li−S cell fabrication. Each 

experimental chapter alleviates at least one of these concerns in some capacity. As a result, the 

research objectives of this thesis are successfully met. A summary of significant findings and 

achievements of the experimental chapters are emphasised as follows; 

Chapter 3 focuses on synthesising and applying the multifunctional polymer poly(thiourea 

triethylene glycol) (PTTG) as a binder in Li−S composite cathodes. The abundant electron-rich 

functional groups in the PTTG polymer backbone enabled the electrochemical performance of 

the Li−S cell to be enhanced in two primary ways. Firstly, the superior mechanical properties 

of the PTTG polymer enabled the Sulfur-PTTG composite cathode to withstand the volume 

expansion and contraction associated with repeated charge/discharge cycles in the cell. Even 

after cycling, the enhanced mechanical properties of the Sulfur-PTTG composite allowed for a 

robust and well-connected electron-conducting network to persist. In comparison, the Sulfur-

PVDF cathode displayed severe morphological damage and delamination, showing one 

method by which the electrochemical performance in the Sulfur-PTTG cell was improved. 

Secondly, the electron-rich functional groups in the PTTG polymer allowed for co-ordination 

between the cathode composite and the soluble polysulfides, thereby reducing the effects of 

the polysulfide shuttle phenomenon and allowing a longer cycle life to be achieved. This work 

helps to highlight to researchers in the field the viability of the lone-pair rich thiourea functional 

group, an unexplored chemical moiety, towards chemically trapping soluble polysulfides at the 

sulfur cathode’s surface. 

Chapter 4 applied a conductive Zn Defective Zinc Cobalt Oxide (ZDZCO) composite at the 

Li−S surface through a multifunctional interlayer. The ZDZCO composite provided a multi-

faceted boost to the electrochemical performance in Li−S cells. Firstly, the ZDZCO was shown 

both through calculation and experiment to have a superior polysulfide anchoring ability than 

both the non-defective ZnCo2O4 and Co3O4, which after electrochemical testing revealed a 

reduced polysulfide shuttle and enhanced cycle life in the fabricated cells. The ZDZCO also 
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displayed superior catalytic properties, which enabled the ZDZCO-based cell to deliver a much 

higher capacity at the high current density of 6 C when compared to the CB-based composite. 

To highlight the real-world ramifications of this work, sulfur cathodes with ultra-high sulfur 

loading of 21.06 mg·cm-2 were constructed using the ZDZCO-based composite separator, 

which delivered an areal capacity of 13.95 mA·cm-2. Overall, the multifunctional ZDZCO 

composite reduced the polysulfide shuttle, enhanced the electrochemical reaction kinetics, and 

allowed for increased sulfur loading far surpassing the requirements for commercialisation (> 

5 mg·cm-2). This chapter helped to highlight the role that cation defective bi-metallic oxides 

can play in the chemical retention of soluble polysulfides to help mitigate the polysulfide 

shuttle in Li−S batteries. 

Chapter 5 utilised ancient insight into the adhesive properties of sticky rice to extract and purify 

an environmentally friendly highly-branched amylopectin (HBA) binder to construct S/HBA 

electrodes for Li−S batteries. The green synthesis method used only water and mild conditions 

to produce a highly-branched starch extract from the widely available sticky rice starting 

material. The HBA enhanced the electrochemical performance of Li−S batteries through two 

mechanisms. Firstly, soluble polysulfides were retained at the surface of the cathode via 

coordination and C−S bonds. As a result, the capacity fading from the polysulfide shuttle effect 

was reduced, as evidenced by the polysulfide adsorption experiment and FTIR investigation. 

Secondly, the HBA possessed better mechanical and adhesive properties than PVDF and lowly-

branched polysaccharide (LBP). Experiments revealed that the enhanced properties of the HBA 

arise from its branched structure, which allowed for better adhesion throughout the S/HBA 

composite. The strong adhesion maintained the electronic and ionic conductive network 

throughout the composite cathode, which improved electrochemical performance in the S/HBA 

cell. The environmentally friendly extraction method of the binder could reduce the reliance 

on chemical synthesis methods and materials currently used in Li−S cell fabrication. The work 

displayed in Chapter 5 can be thought of as an extension to the work of Chapter 3. Chapter 3 

shows that by applying mechanically robust adhesive polymers with lone-pair-rich 

functionality as the Li-S cathode binder, excellent electrochemical performance can be 

obtained. The HBA binder used in Chapter 5 also displays robust adhesion and lone-pair-rich 

moieties, and shows that the binder can indeed improve the electrochemical performance of 

the cell. However, in contrast to the traditional chemical synthesis employed in Chapter 3’s 

experiment, this work highlights the importance of naturally occurring and environmentally 
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benign multifunctional polymers and shows their potential to help combat the technical 

limitations hindering Li−S battery commercialisation. 

Similar to Chapter 5’s experiment, Chapter 6 investigated green synthesis methods for Li−S 

composite cathode components. The work in Chapter 6 can be considered as an extension of 

Chapter 4, where the initial experiment investigates materials synthesised from more traditional 

chemical processes to observe the improved electrochemical performance of the material and 

is expanded upon by applying those principles to more environmentally friendly and 

sustainable battery components. The “sweet and salty” synthesis method produced a 

hierarchical porous carbon host (HPCH) and applied it as a bi-functional sulfur host in 

composite sulfur cathodes. The HPCH can be easily incorporated into traditional slurry-casting 

electrode fabrication techniques without requiring any sulfur-infiltration step while still 

significantly improving the electrochemical performance of the Li−S cell. The conductive pore 

structure of the HPCH allowed provided physical polysulfide retention, and the lone-pair rich 

surface hydroxyl and carbonyl groups on the material’s surface provided chemical polysulfide 

retention, which both reduced the shuttle phenomenon and improved the cycle life of the 

S/HPCH cells. The HPCH also enabled an enhanced electronic and ionic conductivity 

compared with composite cathodes using only CB additives. As the synthesis only uses water 

and ethanol solvents, the environmental impacts of the fabrication of Li−S cells can be reduced 

while still delivering enhanced performance, which can help guide researchers towards more 

and environmentally benign synthesis methods in the future. 

In summary, this thesis successfully showed that the chemical retention of soluble polysulfides 

at the cathode’s surface is viable to deliver improved electrochemical performance in Li−S 

cells. Each work in this thesis also investigated additional methods to improve the performance 

and fabrication of the Li−S battery, either through enhanced catalytic conversion as shown in 

Chapter 4, or through the environmentally friendly methods shown in Chapters 5 and 6. By 

applying enhanced Li−S batteries commercially, EVs that can travel as far as combustion-based 

vehicles in a single charge could be realised. Robust electrochemical energy storage systems 

could also bolster the applicability of renewable energy technologies. If these goals are realised, 

a reduction in CO2 emissions is feasible and would help achieve a carbon-neutral future. 
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7.2 Future Work 

Although great strides have been achieved towards improving the commercial viability of the 

Li−S cell, there remains a significant amount of work. A few research directions are provided 

below; 

 

 The experiments in chapters 3 and 4 utilized DFT to explain some mechanisms of 

polysulfide adsorption and conversion. However, applying DFT thusly only scratches 

the surface of the potential applications of the technique. DFT calculations can also be 

utilised to calculate Li+ diffusion pathways, further explaining the Li+ diffusion results 

obtained through experimental electrochemical means. Furthermore, the typical 

reaction pathways for lithium polysulfide conversion, which is typically provided in 

Li−S battery research, are only general, as shown in chapters 2 and 4. DFT 

calculations could be used to elucidate the complicated reaction pathways of sulfur 

dissolution and conversion. Future research could incorporate more DFT calculations 

to provide a better fundamental understanding of the Li−S system's chemistry. 

 Li−S battery research relies on intensive characterisation techniques to explain the 

electrochemical results. However, in most cases, these techniques are limited to 

investigating materials and electrodes before cycling or through post-mortem 

disassembly of the cells after cycling and may not give the best insight into the 

reaction mechanisms and processes. For instance, post-mortem SEM analysis of the 

electrodes utilised in each experimental chapter of this thesis relies on cell 

disassembly after cycling. Even if this procedure is done in the glovebox, 

contamination with oxygen can occur when transferring the sample to the SEM, 

which can cause oxidation of the air-sensitive components of the electrode, changing 

the surface chemistry. In-situ/operando analysis techniques could be employed to 

obtain a deeper insight into the electrochemical processes during cycling without 
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sample contamination. For example, in-situ XRD can be used to observe the changes 

in the crystal structure of the electrode materials during cycling, in-situ XAS can be 

applied to observe changes in the oxidation states of electrode components, and in-

situ X-ray imagine can be used to observe changes in the material’s morphology 

during discharge. These in-situ techniques can also give more profound insight into 

the complicated cell mechanics during cycling. 

 The scaling-up of the material synthesis is another avenue open to researchers going 

forward. Typically, due to the limitations of cost and available plant put on university 

researchers, much of the materials synthesis and electrochemical testing conducted at 

universities is limited to lab-scale experiments on coin cells. Small-scale experiments 

are undoubtedly helpful to elucidate electrochemical mechanisms or ideas, but 

researchers must also think of the potential of their material in the future. Care can be 

taken to focus on methods that may be scaled-up in the future, even if the researcher 

cannot achieve so at present. For instance, complicated synthesis methods such as 

hydrothermal methods/hard-templating approaches can produce exciting materials but 

are not feasible for larger-scale applications. Hydrothermal methods can produce 

wildly different morphologies of the final product even if small experimental 

parameters are changed, such as the reaction vessel volume. Hard-templating 

approaches produce a large amount of chemical waste compared to the small amount 

of product. Researchers can focus on scalable and environmentally friendly synthesis 

methods to help address the scaling-up of the Li−S cell in the future. 

 Finally, researchers can look towards larger-scale electrochemical testing in the hopes 

of commercialising the Li−S battery. As mentioned, much of the electrochemical 

research is done on coin cells, which is helpful for small-scale and exploratory battery 

research but is far from the analysis needed for commercialisation. Even if the 
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researcher only has coin-cell assembly facilities, care can still be taken to make their 

electrochemical data as commercially valuable as possible. For instance, statistical 

analysis on the electrochemical performance of coin cells is rarely conducted, with 

almost all of the literature reporting data on single electrochemical cells. Obviously, 

for commercial viability, the performance of electrochemical cells over many devices 

can be measured to obtain more robust and significant data. Researchers must also 

carefully control the electrochemical experimental parameters, as the majority of the 

literature has at least some of the experimental parameters, such as electrode diameter, 

electrolyte content, material loading, sulfur loading, etc., missing. In addition, there 

are no standards of measurements during electrochemical testing, with most papers 

reporting a different number of cycles and charge/discharge currents. Both of these 

procedures make it challenging to compare electrochemical data across different 

manuscripts. In doing so, even if larger-scale experiments such as pouch cell testing is 

not available to the researcher, their data is still as accurate and statistically significant 

as possible, which may help to bridge the gap between the electrochemical 

performances obtained experimentally in labs and the electrochemical performance of 

pouch cells in commercial applications. 


