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Lithium-sulfur (Li-S) batteries have been receiving great recognition for the past 

few years. This is largely due to the fact that sulfur is an environmentally harmless, and 

cost-effective element in high abundance. Most importantly, it offers the highest capacity 

among all solid-state cathode materials. However, the poor electrochemical utilization 

resulting from the low active material conductivity, and fast capacity fade caused by the 

freely migrating polysulfides (Li2Sn, 4 ≤ n ≤ 8) limit the practical implementation of 

Li-S battery technology to replace the current lithium-ion technology. This dissertation 

focuses on improving the electrochemical performance by developing new battery 

materials and advanced cell components for the Li-S cell.  

First, a simple method is presented to design a thin coating layer on the cathode-

side of the polymeric separator, which significantly limits the polysulfide migration. The 

functional coating layer offers either physical trapping capabilities or chemical 

immobilization toward migrating polysulfide species within the cathode region during 

cycling, resulting in a great improvement on discharge capacity and cycling performance.  

Second, a sophisticated cathode design is proposed to increase the sulfur loading 

and enhance the areal capacity. A facile procedure was used to integrate polysulfide 

trapping layers and polysulfide blocking layers into the sulfur cathode of the Li-S cell. 
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The designed cathode, also called “the tandem (layer-by-layer) cathode,” not only 

efficiently utilizes the active material but also effectively suppresses the polysulfide 

migration. 

Third, a new electrolyte additive was successfully synthesized to mitigate the 

polysulfide migration. The electrolyte additive and polysulfides form bulkier polysulfide 

complexes that are then size-selectively sieved by the separator. Moreover, a protected 

layer/coating abundant with functional groups of high lithium affinity effectively stabilize 

the lithium-metal anode surface and improve the reversibility of the lithium-metal cell. 

Additionally, a new polymer/graphene composite was synthesized and used as a new 

cathode material for the Li-S chemistry, which also shows better electrochemical 

performance compared to that from the elemental sulfur cathode. 

Finally, several techniques are utilized and integrated to assemble a practically 

viable Li-S battery cell prototype (pouch-cell). The electrochemical performance and the 

morphological changes are also investigated. This work successfully achieves high-

capacity Li-S cells, which are able to compete with the conventional lithium-ion batteries. 
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Chapter 1: Introduction* 

1.1 LITHIUM-SULFUR BATTERIES 
Electrical energy probably is the most important life-necessity for human being to 

live in the modern society, in addition to oxygen and water. As the world’s population 

booms and the usage of electricity dramatically increases, the demand for fossil fuel, such 

as coal and oil, increases steadily in order to provide sufficient energy.[1–4] However, the 

exploitation of fossil fuel to generate energy has extreme adverse impact on human being 

from environmental concerns to humanitarian and political concerns, in terms of 

undesired gas emissions (e.g., CO2, CO, CH4), air and water pollution, harm to public 

health, and global warming. Especially, more and more incidents are sparking grave 

concerns, such as abnormal climate changes worldwide. due to the use of fossil fuels and 

the steady increase in global warming.[5–7] 

 Adoption of alternative energy generation technologies based on renewable 

resources (e.g., solar, wind, hydro-power, and geothermal) can effectively address the 

above-mentioned issues by both reducing the greenhouse gas emissions as well as our 

dependency on fossil fuel.[5–7] Even though the increasing feed-in of electricity from 

intermittent renewable energy sources is beginning to impact the generation of electrical 

energy, a major bottleneck preventing an efficient adoption of these alternative energy 

technologies is the lack of efficient and economical energy-storage technologies.[8–10] The 

impact of energy storage technologies is far-reaching; it not only tackles the concerns that 

                                                
* S.-H. Chung, C.-H. Chang, A. Manthiram, “Progress on the Critical Parameters for Lithium-sulfur 
Batteries to be Practically Viable,” Adv. Funct. Mater., 2018, 1801188. 
All participated in the preparation of the manuscript. 
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have limited the penetration of renewable energy, but also fundamentally alters the 

longstanding relationship between utility companies and their customers.[5,11,12] 

 Rechargeable batteries have emerged as one of the most promising options for 

electrical energy storage. Since Sony first commercialized the lithium-ion battery in the 

early 1990s, lithium-ion batteries have offered the most practical solutions to a wide 

variety of electrical energy storage applications from portable electronics to electric 

vehicles because lithium-ion batteries provide the highest energy density among the 

various rechargeable batteries. Unfortunately, the capacities of the conventional 

insertion-compound cathode (e.g., LiCoO2) and anode (e.g., graphite) materials have 

reached their ceiling values of, respectively, ~ 250 mA h g-1 and ~ 370 mA h g-1. Thus, 

new battery systems and electrochemical technologies with higher capacity are being 

pursued.[1,2,13,14]  

 Lithium-sulfur batteries are one of the most promising next-generation battery 

systems, which are able to provide an extremely high theoretical gravimetric energy 

density of 2,600 W h kg-1; and some companies have already reported ~ 400 W h kg-1 

lithium-sulfur cells.[9,15–18] The high energy density of lithium-sulfur batteries stems from the 

sulfur cathode that has a significantly high theoretical charge-storage capacity of 1,675 

mA h g-1 and the lithium-metal anode that possesses a high theoretical capacity of 3,860 

mA h g-1.[19,20] Additionally, sulfur is the 10th most abundant element in the earth’s crust, so 

sulfur is cost-effective (~ $150 per ton) as compared to the currently used transition-

metal oxide cathodes, such as LiCoO2 (~ $10,000 per ton), LiMn2O4, and LiFePO4.[21,22] The 

lithium-sulfur battery system involves the reversible redox conversion reactions between 
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active sulfur and its end discharge product, lithium sulfide (Li2S). In the discharge 

process, S-S covalent bonds of solid cyclooctasulfur (S8) are cleaved to form dissolved 

polysulfides (Li2Sx: x = 4 – 8) and then it is further reduced into solid Li2S through 

multiple-process reactions.[9,23] 

1.2 CHALLENGES OF LITHIUM-SULFUR BATTERIES 
Although lithium-sulfur batteries are appealing, there are many obstacles that the 

researchers have to overcome in order to expand their market potential. Intrinsic 

properties of both sulfur and lithium electrodes are thought to be responsible for many of 

the challenging issues, including fast capacity fade, short cycle life, and high self-

discharge rates (Figure 1.1). 

 

Figure 1.1. Conventional cell configuration of the Li-S cell with four main challenges. 

 
First, both sulfur (conductivity ~ 10-30 S cm-2) and its end-discharge product Li2S 

(conductivity ~ 10-14 S cm-2) are electronically and ionically insulating, greatly constraining 

the efficient electrochemical utilization of the active materials. The poor electrochemical 
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utilization of the active material leads to low practical discharge capacity in lithium-

sulfur cells that employ a conventional sulfur cathode configuration.[2,24] 

 

Figure 1.2. Typical charge-discharge voltage profiles of the Li-S cell. 

 

 Second, during cycling, sulfur electrochemically undergoes a multi-stage of 

complex compositional and morphological changes with the formation of polysulfide 

intermediates (Li2Sx: x = 4 – 8) that are highly soluble in the organic electrolyte 

commonly used in the lithium-sulfur system (Figure 1.2). The dissolved polysulfides 

have strong tendency to migrate out from the cathode region through the porous 

polymeric separator to the anode region due to the chemical potential and concentration 

differences between the two electrode regions. The irreversible polysulfide migration 

leads to not only the active-material loss and the insoluble sulfide deposits on the cathode 

surface but also severe lithium-metal degradation and contamination in the anode. This 

phenomenon is the so-called “shuttling effect,” which is also the origin of the low 

Coulombic efficiency of lithium-sulfur batteries.[23,25]  
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 Third, a volume change of ~ 80 % between sulfur (density = 2.07 g cm-3) and Li2S 

(density = 1.66 g cm-3) along with the multiple-phase transitions (solid(sulfur)-liquid(polysulfides)-

solid(sulfide)) occurring during continuous cycling results in a devastation of the cathode 

structure and integrity. The damaged cathode structure would cause discontinuity of 

electronic pathways, leading to a serious irreversible capacity fade.[9] 

 In addition to the issues of the sulfur cathode, the lithium-metal anode is equally 

challenging in lithium-sulfur batteries. A large portion of the failure of lithium-sulfur 

batteries can be attributed to lithium-metal pulverization (degradation), which is mainly 

induced by lithium-metal surface passivation, unstable solid-electrolyte interphase, as 

well as uncontrolled lithium dendrite growth.[19] 

 

Figure 1.3. Number of publications in the Li-S system over the years. 

 

These challenges lead to inefficient electrochemical utilization, low Coulombic 

efficiency, and limited cycling life of lithium-sulfur batteries. Because the merits of the 

lithium-sulfur battery are very attracting, an increasing number of publications and 

advances have been reported to address these unsolved issues (Figure 1.3), such as 
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innovating porous sulfur hosts,[26,27] synthesizing physically/chemically trapping 

polysulfide-trapping materials,[28] exploring alternative electrolyte systems,[14,29,30] electrolyte 

additives,[31–33] designing cathode configurations,[34–37] fabricating functional polymeric 

binders,[38,39] employing conductive bifunctional interlayers,[40–42] utilizing coated separators 

with functional thin layers,[43–48] and using protective layers[49–51] and solid-electrolytes[52,53] to 

stabilize the lithium-metal anode. 

1.3 OBJECTIVES 

The main objective of this dissertation is to improve the electrochemical 

performance of the lithium-sulfur batteries from different aspects, including sulfur 

cathodes, lithium-metal anode, porous separators, and electrolyte systems (Figure 1.4). 

Through the successes of these strategies, we are able to integrate the developed 

technologies to assemble the commercially viable lithium-sulfur battery cell prototype. 

After providing a broad introduction of the lithium-sulfur technology in Chapter 

1, Chapter 2 presents a strategy of coated (functional) separators to suppress the severe 

migration of polysulfide species and stabilize the lithium-metal anode surface indirectly, 

improving both the active-material utilization and cycling performance. This chapter will 

provide three different research work on the functional separator. 

Chapter 3 presents a sophisticated cathode configuration design to greatly 

increase the sulfur loading and, therefore, to significantly enhance the areal capacity and 

cycling performance. Polysulfide trapping layers and blocking layers are alternatively 

stacked to form a tandem (layer-by-layer) cathode. This new cathode configuration 

design readily increases the amount of active material in the cathode and also effectively 

mitigate the polysulfide migration phenomena.  
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Aniline oligomers (amine-capped aniline trimer (ACAT)) are successfully 

synthesized and employed as a new organic electrolyte additive to suppress the 

polysulfide migration in Chapter 4. With a strong interaction between ACAT and 

polysulfide species, the electrochemical performance of the cells utilizing the new 

electrolyte system are investigated.  

Chapter 5 presents the utilization of Kimwipe papers as a protective layer to 

stabilize the lithium-metal anode surface. The abundant functional groups with strong 

lithium-ion affinity on Kimwipe papers facilitate the homogeneous deposition of lithium 

on the electrode, resulting in dendrite-free surface and improved reversibility of lithium-

metal anode.  

Chapter 6 presents a new polymer/graphene nanocomposite which is employed as 

a new cathode active material for the lithium-sulfur battery system. The 

polymer/graphene nanocomposites show better electrochemical performance as 

compared to that of elemental sulfur. Characterizations and electrochemical performance 

of the synthesized polymer nanocomposites are investigated.  

Chapter 7 aims to assemble a commercially viable lithium-sulfur cell prototype. 

Several techniques are employed to manufacture the lithium-sulfur pouch cells, which are 

able to compete with the current state-of-art lithium-ion batteries, in terms of overall 

capacity.  

Finally, a summary of the research work on lithium-sulfur batteries and an 

outlook for future work based on the results presented in this dissertation are presented in 

Chapter 8. 
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Figure 1.4. Developed strategies in this dissertation: (a) coated separators, (b) cathode 
designs, (c) new electrolyte systems, (d) Li-metal surface stabilization, (e) 
new cathode active material, and (f) commercial Li-S cell prototype. 
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Chapter 2: Functional Cathode-side Coated Separators 

2.1 ULTRA-LIGHTWEIGHT PANINF/MWCNT-FUNCTIONALIZED SEPARATORS WITH 
SYNERGISTIC SUPPRESSION OF POLYSULFIDE MIGRATION FOR LI-S BATTERIES WITH 
PURE SULFUR CATHODES* 

2.1.1 Introduction 
To satisfy the mounting demand in the vehicle electrification and grid-scale 

applications, development of high-capacity batteries is critical. Sulfur, a ubiquitous 

element, is a fascinating cathode material, because of its cost savings (~$150 per ton), 

environmentally benign nature, and high theoretical capacity (1675 mA h g-1).[2,3,47] 

However, the practical use of lithium-sulfur (Li-S) batteries is plagued by several vital 

culprits, including (i) the low active-material utilization due to the insulating nature of 

sulfur and its discharge products (Li2S/Li2S2) and (ii) the diffusion of polysulfide species 

(Li2Sn, 4 < n ≤ 8) through the liquid electrolyte during operation resulting in fast capacity 

fade and short cycle life.[2,43] 

Recently, our group investigated a series of functional separators with unique 

morphologies and different physical/chemical characteristics to provide Li-S batteries 

with promising cycling performance.[2,54] These investigations motivated several groups for 

the successful development of different custom carbon- and polymer-coated separators.[54,55] 

The carbon-coated separators attract enormous attention by dual-functionally working as 

                                                
* C.-H. Chang, S.-H. Chung, and A. Manthiram, “Ultra-lightweight PANiNF/MWCNT-functionalized 
separators with synergistic suppression of polysulfide migration for Li–S batteries with pure sulfur 
cathodes,” J. Mater. Chem. A, 2015, 3, 18829–18834. 
Chi-Hao Chang carried out the experimental work. Sheng-Heng Chung provided assistance in experimental 
details. Prof. Manthiram supervised the project. All participated in the discussion and preparation of the 
manuscript. 
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an upper-current collector and as a polysulfide-diffusion obstacle, which enhance the cell 

reversibility.[43,44,46,47] However, the non-polar carbon materials may be deficient in strong 

chemical bonding with the migrating polysulfides. In contrast, polymer-coated separators 

could chemically immobilize the polysulfide migration by using various functional group 

coatings that have either strong chemical adsorption capabilities or repulsion abilities 

toward the dissolved polysulfides.[55–57] Among these functional polymers, mixed ionic-

electronic conductors (e.g., polyaniline (PANi), polypyrrole and poly(3,4-

ethylenedioxythiophene)) have been found to have stronger chemical bonding with the 

polysulfides as compared to that of carbon materials, which is a key to immobilize the 

migrating polysulfides.[55,56,58,59] However, a pure polymer coating may require a thick coating 

layer, which may increase the weight of the inactive material.[57,60] Therefore, it is 

instructive to discuss the synergy effect of a hybrid-conductive polymer/carbon 

functional coating toward polysulfide retention and improved cell performance. In 

addition to improving the cell performance, the light-weight design is imperative for the 

custom-separator configuration to exclude the concern from adding extra weight of 

inactive materials.[1,43,46] Herein, we present a custom separator that employs a hybrid 

polyaniline nanofiber/multiwall carbon nanotube (PANiNF/MWCNT) coating. The 

conductive PANiNF that has strong polysulfide-immobilizing capability is intended to 

chemically trap the migrating polysulfides. This trapping mechanism results from a 

tenacious chemical interaction between the imine group (−N=) of the quinoid ring and the 

sulfur-containing species.[55,56] In addition to trapping polysulfides, the MWCNTs that are 

interwoven with the conductive PANiNF in the hybrid coating facilitate electron 



 11 

transport for enhancing the electrochemical utilization of sulfur and for reactivating the 

trapped active materials.[46,61] 

2.1.2 Experimental  

2.1.2.1 Polyaniline Nanofibers (PANiNF) Synthesis 

The PANiNF was prepared by a non-arduous and large-scale interfacial 

reaction.[62–64] The interfacial reaction process was carried out by adding 0.08 mol of 

ammonium persulfate (98%, ACROS) to hydrochloric acid (37.2%, Fisher Scientific). 

The dopant acid solution was subsequently introduced into chloroform (99.5 %, Sigma) 

containing a 0.32 mol of distilled aniline monomers (99.5 %, Sigma). After 24 h of 

reaction, the PANiNFs were collected and washed with deionized water for five times. 

The resulting PANi exhibits fibrous morphology (Figure 2.1) which is in agreement with 

the previous reports.[62–64] 

2.1.2.2 Ultra-lightweight Functionalized Celgard polypropylene (PP) Separator 
Preparation 

The PANiNF (2.5 mg) and the MWCNT (2.5 mg) (Nanolab, Inc.) were dispersed 

in 300 mL of isopropyl alcohol. After being ultra-sonicated for 30 min, the 

PANiNF/MWCNT suspension was vacuum-filtered through a commercial Celgard 2500 

membrane, followed by drying in a vacuum oven for 24 h at 50˚C as the 

PANiNF/MWCNT-functionalized separator. The MWCNT-functionalized separator was 

prepared by the same procedure. The suspension had 5.0 mg MWCNT. The diameter and 

weight of the coatings are, respectively, 1.9 cm and c.a. 0.01 mg cm-2 (Figure 2.2).  
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2.1.2.3 Electrochemical and Microstructural Analyses  

Electrochemical tests were carried out with CR2032-type coin cells. The Li-S 

cells were assembled with pure sulfur cathode, PANiNF/MWCNT-functionalized 

separator or the MWCNT-functionalized separator, Li foils (0.38 mm × 23 mm, Sigma) 

and nickel foam spacers. The pure sulfur cathode was prepared by mixing the precipitated 

sulfur with 25 wt. % Super P carbon and 15 wt. % polyvinylidenefluoride (PVdF) binder. 

The diameter and the active-material loadings of the sulfur cathodes are, respectively, 1.2 

cm and 1.5 ~ 1.3 mg cm-2. The electrolyte contained 1.85 M lithium trifluoromethane 

sulfonate and 0.1 M lithium nitrate in a mixed 1,2-dimethoxyethane and 1,3-dioxolane 

solution (1:1 vol).  The assembled cells were rested for 30 min before collecting the 

electrochemical data. Discharge/charge processes, cycling performance, and QH/QL 

analysis were evaluated with an Arbin cycler between 1.8 and 2.8 V. Cyclic 

voltammetry(CV) measurements were executed with a potentiostat (VoltaLab PGZ 402, 

Radiometer Analytical) between 1.8 and 2.8 V at a 0.1 mV s-1 scanning rate. The 

electrochemical impedance spectroscopy (EIS) of the fresh cells was recorded with a 

computer-interfaced impedance analyzer (SI 1260 and SI 1287, Solarton) in the 

frequency range of 1 MHz to 100 mHz. Microstructure change and elemental analysis of 

the functionalized separators before cycling and after 100 cycles (at charged state of 2.8 

V) were carried out with a field emission scanning electron microscope (FE-SEM, 

Quanta 650, FEI) with energy dispersive X-ray (EDX) spectrometers. 
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2.1.3 Results and discussions 
The cell configuration of the Li-S cell employing the PANiNF/MWCNT-

functionalized separator is depicted in Figure 2.1a. The ultra-lightweight 

PANiNF/MWCNT layer was designed and coated onto one side of the commercial 

monolayer polypropylene (PP) membrane (# 2500, Celgard). The hybrid coating aims at 

confining the migrating polysulfides within the cathode region of the cell, which 

suppresses the severe capacity fade.[44,46,61] The PANiNF/MWCNT coating facing the pure 

sulfur cathode serves as a dual-functional coating. First, the PANiNF/MWCNT barrier 

blocks and traps the polysulfides by the chemical bonding with the imine groups in 

PANiNF[55,56] and the physical adsorbing on the MWCNT (specific surface area: 410 m2 g-

1).[46,60] Second, the hybrid conductive polymer and sp2 carbon coating promote the redox 

accessibility of pure sulfur cathode and the reactivation/reutilization of the trapped active 

material.[43,46] Noticeably, the weight of the functional coating is as light as c.a. 0.01mg cm-

2, which is less than 1/100 of the weight of the commercial PP membrane (Figure 2.2). As 

a reference, the weight of a Celgard 2500 PP membrane is 1.00 mg cm-2. This suggests 

that the ultra-lightweight PANiNF/MWCNT coating attains the lightest weight of the 

published custom coatings (Table 2.1).  
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Table 2.1. Comparison of the Li-S cells with different functional separators, with results 
from this work and from the literature 

 S Content 
(wt.%) 

S Loading 
(mg cm-2) 

The weight of 
the coating 
(mg cm-2) 

S 
contenta 
(wt. %) 

Initial 
discharge 
capacity 

(mA h g-1) 

Number 
of cycles 

Reversible 
capacity 

(mA h g-1) 

Ref 

Super Pb 60 1.2 0.2 55 1389 200 828 [44] 
MPC/PEGc 70 2.0 0.15 65 1307 500 596 [43] 
MWCNTd 70 2.0 0.17 65 1324 300 621 [46] 

GOe 63 1.3 0.12 60 920 100 708 [65] 
MCNT@PEGf 60 1.6 0.26 55 1022 500 490 [60] 

Nafiong 50 0.53 0.7 30 906 500 312 [57] 
Bare Celgard PP 60 1.4 - - 836 50 290 This 

work MWCNT 60 1.4 0.01 60 1133 50 400 
PANiNF/MWCNT 60 1.4 0.01 60 1020 100 709 

aS content including the weight of the coating 
bSuper P-coated separator at C/5 rate 
cmicroporous carbon/polyethylene glycol-coated separator at C/5 rate 
d MWCNT-coated separator at C/5 rate 

egraphene oxide at C/10 rate 

fmulti-walled carbon nanotube/polyethylene glycol at C/5 rate 
gNafion-coated separator at 1C rate 

 

 

Figure 2.1. (a) Schematic illustration of polysulfide interception and immobilization by 
PANiNF/MWCNT-functionalized separator. SEM inspection of the (b) 
PANiNF/MWCNT-functionalized separator before cycling and (c) scraped 
PANiNF/MWCNT-functionalized separator after 100 cycles. (d) Elemental 
mapping of (c): carbon signals (green); nitrogen signals (red); sulfur signals 
(blue). 
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The SEM image of the fresh PANiNF/MWCNT-functionalized separator shows that 

PANiNFs and MWCNTs were uniformly deposited onto the Celgard membrane and 

equally intertwined together to form a porous filter (Figure 2.1b). The long-range 

reticular architecture of the PANiNF/MWCNT coating efficiently mitigates the 

polysulfide migration.[43,44,46] In Figure 2.1c, the SEM inspection of PANiNF/MWCNT-

functionalized separator after 100 cycles (at the charged state of 2.8 V) shows the 

obstructed active materials that were chemically and physically immobilized by the 

PANiNF/MWCNT coating. Accordingly, the corresponding elemental mapping in Figure 

2.1d reveals strong sulfur signals that were homogeneously distributed on the coated 

layer. Furthermore, the elemental sulfur signals show no obvious dense spot and the 

elemental carbon and nitrogen signals are still identical, demonstrating that there is no 

severe formation of nonconductive agglomerations on the PANiNF/MWCNT coating. 

The unblocked ion and electron pathways ensure the continuous reactivation and 

reutilization of the trapped active materials.[43,44,46,61] Moreover, the SEM observation on the 

scraped region exhibits weak sulfur signals on the exposed Celgard PP sheet as compared 

to those on the bare Celgard membrane used in conventional cell configurations. This 

provides solid evidence that the migrating polysulfides are virtually confined in the 

PANiNF/MWCNT layer and are difficult to escape out from the thin-film barrier. Thus, it 

is reasonable to summarize that the ultra-lightweight PANiNF/MWCNT layer could trap 

and reutilize the active materials by (i) physically restraining the migration of 

polysulfides by its filter network[43,44,46], (ii) chemically immobilizing the mobile 

polysulfides by the strong bonding between the imine groups and the sulfur-containing 
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species[55,56], and (iii) reactivating and successively utilizing the obstructed active materials 

by the conductive polymer/sp2 carbon network coating.[43,44,46,47]  

 

Figure 2.2. The weights of the bare commercial Celgard separators and the 
PANiNF/MWCNT-functionalized separators. 

 
The electrochemical analyses of the cell employing the PANiNF/MWCNT-

functionalized separator are summarized in Figure 2.3. The electrochemical impedance 

spectra (EIS) of the fresh cell (Figure 2.3a) shows the conductive coatings extensively 

decrease the resistance of pure sulfur cathodes.[44] In Figure 2.3b, the CV curves during the 

initial five cycles show the typical two-step reduction reaction in the cathodic sweep and 

the continuous oxidation reaction in the anodic sweep. The cathodic peak I at ~ 2.3 V 

corresponds to the reduction of the cyclo-octasulfur (S8) to long-chain lithium 

polysulfides (Li2Sn, 4 < n ≤ 8). The cathodic peak II at ~ 2.1 V indicates the further 

reduction of polysulfides to the Li2S2/Li2S mixtures.4 During the anodic sweeping, the 

broad oxidation peak at 2.35 – 2.45 V (peak III) indicates the reverse transformation from 

Li2S2/Li2S to Li2S8/S8.[66–68] The reduction and oxidation peaks remain nearly the same and 

show no discernible potential shifts, demonstrating the improved cycle stability and 
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electrochemical reversibility.[44] As a reference, control cells employing the bare Celgard 

separators suffer from high overpotential and poor stability in subsequent cycles. 

 

Figure 2.3. (a) EIS data of the fresh cell and (b) CVs of Li-S cells with the 
PANiNF/MWCNT-functionalized separator. 

 
Figure 2.4a-c show the discharge/charge voltage profiles of the Li-S cells with 

PANiNF/MWCNT-functionalized separators at various cycling rates. The overlapping 

discharge/charge curves with no noticeable diminishment in capacity in the repeated 

cycles at various cycling rates, demonstrating high stability and superior rate 

performance. Furthermore, the discharge plateaus remain almost constant, indicating the 

suppression of the active-material loss and the corresponding capacity fade.[67] The 

discharge/charge curves are consistent with the CV curves (Figure 2.3b) and similar to 

those of Li-S cells with a commercial Celgard separator and the MWCNT-functionalized 

separator (Figure 2.5a-b). Thus, the PANiNF/MWCNT functional coatings are 

electrochemically stable and provide no negative impact on the redox reaction of the Li-S 

battery chemistry. 
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Figure 2.4. Discharge/charge curves and reversible QH/QL of Li-S cells employing 
PANiNF/MWCNT-functionalized separator at (a,d) C/5, (b,e) C/2, and (c,f) 
1C rates. 

 
To understand the electrochemical characteristics of the PANiNF/MWCNT-

functionalized coating, the analyses on the upper-plateau (QH) and lower-plateau 

discharge capacities (QL) were used as a quantitative evaluation for the polysulfide 

retention level and redox ability.[69–72] The upper-discharge plateau mainly reflects the loss 

of capacity and electrochemical stability of cells because this stage corresponds to the 

rapid reaction kinetics (solid-to-liquid phase transition) of the production and diffusion of 

dissolved polysulfides.[69,70] On the other hand, the lower-discharge plateau involves the 

slow reduction reaction of polysulfides to insoluble species.[71] The theoretical values of QH 

and QL are, respectively, 419 and 1256 mA h g-1.[69,70]  

In Figure 2.4d-f, the Li-S cells with the hybrid PANiNF/MWCNT-coated separators 

achieve a high initial QH utilization of 82 %, 74 %, and 74 % and with high QH retention 

rates (RQH) of 73%, 78%, and 78% after 100 cycles at, respectively, C/5, C/2, and 1C rates. 

The high values of QH and RQH demonstrate the excellent polysulfide utilization and 
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retention capabilities of the PANiNF/MWCNT-coated separators.[43,44] Also, the 

PANiNF/MWCNT-coated separators attain high initial QL utilization rates of 54 %, 45 %, 

and 41 % as well as high QL retention rates (RQL) of 70 %, 72 %, and 72 % at, respectively, 

C/5, C/2, and 1C rates. Such high RQL values indicate that the functional separators 

effectively reutilize the trapped active material and thereby enhance the cyclability.[70,72] 

The excellent redox-species utilization capability could be further reaffirmed by the high 

value of QL to QH (QL/QH = 1.98), as described in the literature.[69,70,72] In contrast, cells 

employing the bare Celgard separator have poor RQH and RQL (QH: 78 %, RQH: 31 %; QL 40 %; 

RQL 37 %) after only 50 cycles (Figure 2.5d).  

 

Figure 2.5. Discharge/charge curves and reversible QH/QL of Li-S cells employing (a,c) 
MWCNT-functionalized separators and (b,d) Celgard PP separators at C/5 
rate. 

 

The comparative analysis between the two functionalized separators shows that the 

MWCNT-functionalized separator has the higher discharge capacity during the initial 

several cycles since the use of sp2 carbon network alone can assist fast electron transport 

(Figure 2.5a).[46] Nevertheless, the capacities fade relatively fast due to the easy 
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detachment of polysulfides from the ultra-lightweight MWCNT layer during the 

discharge process.[55,56] In contrast, the PANiNF/MWCNT-functionalized separator displays 

excellent capacity utilization and retention at various cycling rates during long cycles in 

spite of the extremely lightweight functional layer. This is because the 

PANiNF/MWCNT coating possesses (i) the hybrid conductive PANiNF/MWCNT 

network to guarantee the high redox accessibility and (ii) the functional groups to 

strengthen the chemical polysulfide-immobilizing capability.[55,56] The strong interaction 

between the PANi and sulfur-containing species for the improved cycle stability is much 

debated in the literature.[54–56,58,59] Subsequently, the hybrid polymer/carbon coating may 

allow reducing the weight of the coating layer immensely, yet retain the stable 

cyclability. This finding is supported by the enhanced cycle stability of the cells 

employing the ultra-lightweight PANiNF/MWCNT-functionalized separators, which 

exhibit a high reversible discharge capacity of 709 mA h g-1after 100 cycles. The 

corresponding capacity retention rate and capacity fade rate approach, respectively, 70 % 

and 0.3 % per cycle. As a reference, the capacity fade rates of the reference cells using 

the MWCNT-functionalized separator and the Celgard separator are, respectively, 1.29 % 

per cycle and 1.31 % per cycle after 50 cycles. 
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Figure 2.6. (a) Cell performance of the Li-S cells at various cycling rates, employing the 
PANiNF/MWCNT-functionalized separator, MWCNT-functionalized 
separator, and Celgard separator at C/5 rate. (b) Long-term cycling 
performance of the Li-S cells employing the PANiNF/MWCNT-
functionalized separator at C/5 rate after various storage days. 

 

The rate performance of the PANiNF/MWCNT-functionalized separator is shown in 

Figure 2.6a. The initial discharge capacities approach 1020, 867, and 791 mA h g-1 at, 

respectively, C/5, C/2, and 1C rates. The reversible capacities after 100 cycles are 709, 

641, and 612 mA h g-1 at, respectively, C/5, C/2, and 1C rates. The corresponding average 

capacity retention is approximately 73 %, which indicates the good dynamical 

electrochemical stability. The corresponding statically electrochemical stability is 

exhibited in Figure 2.6b. It was found that the cycled cell employing the 

PANiNF/MWCNT-functional separator retained its high electrochemical reversibility 

well after resting for 15 days and 30 days. The decent performance results from the use of 

the hybrid PANiNF/MWCNT coating. The conductive PANiNF provides a strong 

chemical polysulfide-immobilizing capability and improves the cathode conductivity.[55,56] 

The MWCNT provides sp2 conductive skeleton to serve as the upper-current collector and 
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guarantee the high mechanical strength of the functional coating. It can also trap 

polysulfides in its defects and nanopores physically.[46] 

2.1.4 Summary 
The ultra-lightweight PANiNF/MWCNT-functionalized separator was prepared by a 

simple vacuum-filtered procedure. The hybrid PANiNF/MWCNT-functionalized 

separator provides the pure sulfur cathodes with a high initial discharge capacity of 1020 

mA h g-1 and a high capacity retention rate of 70 % after 100 cycles. The enhanced 

electrochemical utilization is attributed to the conductive coating functioning as an 

additional electron pathway to ensure the high redox accessibility of the active material. 

The stable cyclability is based on (i) the PANiNF/MWCNT filter intercepting migrating 

polysulfides, (ii) the strong chemical bonding between the imine groups with the mobile 

redox products, and (iii) the conductive filter reactivating trapped active materials. More 

importantly, the synergistic protection from the hybrid PANiNF and MWCNT filter 

network integrates the stronger polysulfide trapping material (PANiNF) and the 

conductive framework (MWCNT). As a result, the PANiNF/MWCNT coating attains 

desirable cell performance and further reduces the weight of the functional coating to ca. 

0.01 mg cm-2, which is the lightest coating layer reported so far. Therefore, functional 

separators employing a hybrid coating has the potential to pave the way for Li-S batteries 

with favorable performance.  
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2.2 EFFECTIVE STABILIZATION OF HIGH-LOADING SULFUR CATHODE AND LITHIUM-
METAL ANODE IN LI-S BATTERIES UTILIZING SWCNT-MODULATED SEPARATORS* 

2.2.1 Introduction 
Lithium-sulfur (Li-S) batteries are one of the most fascinating candidates for next-

generation energy storage devices because the low cost and environmentally friendly 

sulfur offers a high theoretical capacity of 1675 mA h g-1.[1,2,73,74] However, the insulating 

nature of sulfur, the irreversible loss of active material, and the degradation of Li-metal 

anode currently delay the commercialization of Li-S technology. The insulating pure 

sulfur cathode suffers from poor electrochemical utilization and high redox 

inaccessibility.[1,2,73,74] The free migration of polysulfides (Li2Sx, x = 4 – 8)	through the 

polymeric separator from the cathode side to the anode side gives rise to the loss of active 

material and triggers the polysulfide shuttle.[1,2,73,74] Although a passivation layer generated 

by LiNO3 co-salt has been widely to suppress the shuttle effect since 2012,[33] the 

continuous polysulfide contamination still causes the polysulfide reduction and 

deposition onto the Li-metal anode,[3] which deteriorate the Li anode during long-term 

cycling.[75–78] 

To tackle these issues, various sulfur-based nanocomposites have been innovated to 

minimize the cathode resistance and the polysulfide diffusion.[27,79–82] Nevertheless, most of 

the nanocomposite synthesis approaches are herculean and involve expensive processes. 

                                                
* C.-H. Chang, S.-H. Chung, and A. Manthiram, “Effective Stabilization of High-loading Sulfur Cathode 
and Lithium-metal Anode in Li-S Batteries Utilizing SWCNT-modulated Separators,” small 2016, 12, 174–
179. Chi-Hao Chang carried out the experimental work. Sheng-Heng Chung provided assistance in 
experimental details. Prof. Manthiram supervised the project. All participated in the discussion and 
preparation of the manuscript.  



 24 

Alternatively, a dual-functional interlayer inserted between the cathode and the separator 

has offered a facile way for suppressing the polysulfide migration by trapping the 

dissolved polysulfides.[40,42,67] Even though the interlayer is an attractive cell architecture, 

there is a concern that the additional weight from the interlayer may decrease the overall 

cell energy density.  

By way of arranging the functional coating adjacent to the sulfur cathode, the carbon 

coating functions as an absorbent layer for confining the dissolved polysulfides within the 

cathode region.[43–48,83] The carbon coating that has good electrical conductivity also works as 

an upper-current collector to continuously utilize the trapped active materials during 

long-term cycling.[43–48,83] In addition to enhancing the cell performance, the lightweight 

coating eliminates the weight concern of the interlayer so that it guarantees high sulfur 

content in the cell. In this work, we demonstrate the feasibility of a single-wall carbon 

nanotube (SWCNT)-modulated separator that can be fabricated in various sizes by a 

vacuum-filtration method. Its lightweight design allows the Li-S cells employing pure 

sulfur cathodes to attain the high active-material content (78 wt. % sulfur, including 

everything in the cathode region of the cell) and increasing sulfur loadings (up to 6.3 mg 

cm-2). By applying this design, the Li-S cells are able to exhibit good performance with 

wide calculated sulfur/carbon (S/C) ratio range from 3.5 to 7.0, approximately two times 

increase. The scientific understanding based on the reasonable sulfur content and loading 

may provide new insights for Li-S cell development. Engineering achievement based on 

high-sulfur contents/loadings will pave a facile way for high energy density batteries. 
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2.2.2 Experimental 

2.2.2.1 Fabrication of the SWCNT-modulated Separator 

The SWCNT-modulated separator was prepared via a vacuum-filtration method. 

An isopropyl alcohol (IPA) solution containing homogeneously suspended SWCNTs 

(TUBALL) was vacuum-filtered through a Celgard polypropylene (PP) membrane 

(Celgard 2500 separator). The concentration of SWCNT in the suspension was 0.04 mg 

mL-1
.
 The used IPA was recycled for next batch of SWCNT-modulated separator 

fabrication. After drying at 50 °C for 24 h, the as-prepared SWCNT-modulated separator 

had a conductive SWCNT layer firmly attached onto one side of the Celgard separator. 

The other side still remained clean and insulating, which avoids short-circuiting of cells. 

The weight of SWCNT coating is ca. 0.13 mg cm-2 which is lighter than that of the 

Celgard separator (1 mg cm-2).[44,47] The scalable production of SWCNT-modulated 

separator was viable by readily altering the size of the Celgard separator. The custom 

half-side SWCNT-coated separator was intended to prepare for demonstrating the 

protection mechanism of the SWCNT coating. The half-side SWCNT-coated separator 

was prepared by covering the half area of the separator by another separator during the 

vacuum-filtering process, which forms the clean and uncoated Celgard membrane region.  

2.2.2.2 Preparation of the Pure Sulfur Cathode 

The conventional pure sulfur cathode was fabricated by tape casting the mixed 

active-material paste onto an Al foil current collector and then drying the N-methyl-2-

pyrolidone in an air oven for 48 h at 50 °C. In this work, the pure sulfur cathodes 
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consisted of 75 wt. % sulfur, 15 wt. % Super P (TIMCAL), and 10 wt. % polyvinylidene 

fluoride (PVdF, Kureha). The high sulfur content cathodes contained 80 wt. % sulfur 

with 10 wt. % Super P and 10 wt. % PVdF. The pure sulfur cathodes using pure sulfur 

powders instead of the sulfur-based nanocomposites as the active material aim at 

simplifying the cathode fabrication process and decreasing the cost. The different sulfur 

loading cathodes were prepared by controlling the thickness of the active-material 

coating (1.5 mg cm-2: 18.1 µm; 3.0 mg cm-2: 23.0 µm; 6.3 mg cm-2: 49.1 µm). The highest 

sulfur loading and content of a pure sulfur cathode used in this work was 6.3 mg cm-2 and 

80 wt. % (S/C ratio ~ 7). As a reference, a high sulfur content of 78 wt. % is still 

achieved after including the weight of the SWCNT layer.  

2.2.2.3 Cell Configuration of the Cell Employing the SWCNT-modulated Separator 

The pure sulfur cathode and the SWCNT-modulated separator were dried in a 

vacuum oven for one hour at 50 °C prior to cell assembly. The pure sulfur cathode, 

SWCNT-modulated separator, and Li anode (Aldrich) were assembled with the CR2032-

type coin cell in an argon-filled glovebox. The SWCNT-modulated separator was 

assembled with the SWCNT coating side facing the pure sulfur cathode and the bare (un-

coated) Celgard side facing to the Li-metal anode. The half-side SWCNT-modulated 

separator cell was assembled with the same method with the 6.3 mg cm-2-sulfur cathode. 

The control cell was assembled with a similar process and used the bare Celgard 

separators as a reference. A 1,2-dimethoxyethane (DME, Acros Organics) and 1,3-

dioxolane (DOL, Acros Organics) (1:1 volume ratio) co-solvent with 1.85 M lithium 
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trifluoromethanesulfonate salt (LiCF3SO3, Acros Organics) and 0.1 M lithium nitrate 

(LiNO3) additives was used as the electrolyte. The LiNO3 co-salt was used for passivating 

the Li-metal anode in order to avoid the severe Li corrosion by the polysulfides, which 

may influence the fair SEM analytical comparison of the Li anode with different 

separators. 

2.2.2.4 Porosity Analysis and Morphologic Observation 

The porosity analytical data were measured at 77 K and calculated by an 

automated gas sorption analyzer (AutoSorb iQ2, Quantachrome Instruments). The 

nitrogen adsorption-desorption isotherms were analyzed based on the special reference of 

IUPAC for determining the surface area and porosity.[43] The surface area was calculated 

by the 7-point Brunauer-Emmett-Teller (BET) method. The total pore volume and the 

average pore size are calculated based on the pores with a diameter smaller than 200 nm. 

The pore-size distributions were determined by the Barrett-Joyner-Halenda (BJH), the 

density functional theory (DFT), and the Horvath-Kawazoe (HK) methods. 

Microporosity was analyzed by t-plot, Dubinin-Astakhov (DA), and Dubinin–

Radushkevich (DR) methods.[46,84] A field emission scanning electron microscope (FE-

SEM) (FEI Quanta 650 SEM) with an energy dispersive X-ray spectrometer (EDX) for 

recording elemental mapping/signals was used to scrutinize the morphologies of 

SWCNT-modulated separator and Li anode before and after 100 cycles. The cycled 

SWCNT-modulated separator and Li anode were retrieved from the cycled cells that were 

dissembled in an argon-filled glove box approximately 30 min prior to SEM inspection. 



 28 

The retrieved samples were rinsed with the DOL/DME co-solvent (1:1 volume ratio) and 

the residual solution was removed with a Kimwipe paper. SEM samples were transferred 

by a sealed glass vessel filled with argon.  

2.2.2.5 Trapping Capability Examination 

The cycled (10 cycles) SWCNT-modulated separator and Celgard separator were 

immersed into the DOL/DME co-solvent (1:1 volume ratio) for 6 h in the argon-filled 

glove box, allowing the sulfur-containing species to be gradually dissolved into the co-

solvent.  

2.2.2.6 Electrochemical Behavior Analysis 

Before all the electrochemical measurements, all cells were rested for 30 min at 

room temperature. The electrochemical impedance spectroscopy (EIS) data of the cells 

before and after cycling was collected from an impedance analyzer with a potentiostat (SI 

1287, Solartron) as the electrochemical interface and an analyzer (SI 1260, Solartron) in 

the frequency range of 1 MHz to 100 mHz. The cyclic voltammetry (CV) tests was 

conducted with a universal potentiostat (VoltaLab PGZ 402, Radiometer Analytical) 

between 1.8 and 2.8 V at 0.1 mV s-1 (~ C/5 rate), 0.3 mV s-1 (~ C/2 rate), and 0.5 mV s-1 (~	

1C rate). The discharge/charge voltage profiles, QH/QL analysis, and cycling results were 

recorded with an Arbin battery cycler. The rate capabilities of the cells were measured at 

C/5, C/2, and 1C rates. 
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2.2.3 Results and discussions 
Figure 2.7a depicts the SWCNT-modulated separator that has the SWCNT coating 

facing toward the pure sulfur cathode. The scanning electron microscope (SEM) images 

show that the SWCNT coating on one side of a Celgard separator possesses a 

crisscrossing spider net-like morphology. The long-range, electrically conductive 

SWCNT with a diameter of ~2 nm network could reduce the polysulfide migration and 

improve the electrochemical utilization of the active material.[46] In addition, the limited 

polysulfide migration indirectly mitigates the polysulfide reduction and deposition issues 

of the Li anode.[43,46,47,83] Therefore, cells employing the SWCNT-modulated separators 

achieve high discharge capacities and outstanding cyclability via stabilizing both the 

cathode and anode active materials.[45–47,67] 

 

Figure 2.7. (a) Schematic and SEM images of the spider net-like SWCNT-modulated 
separator configuration. SEM observation and elemental analysis of the (b) 
cycled SWCNT-modulated separator, (c) SWCNT-coated region of (b), and 
(d) exposed Celgard region of (b). 

 

The porosity analysis demonstrates that the SWCNTs possess a high surface area 

of 527 m2 g-1 with a total pore volume of up to 1.30 cm3 g-1 and an average pore size of 9.84 
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nm (Figure 2.8). The micropore analyses indicate that SWCNTs have the micropore 

surface area of 189 m2 g-1, the micropore volume of 0.10 cm3 g-1, and small micropore sizes 

mainly in the range of 0.52 – 1.24 nm. The high microporosity of SWCNTs and their 

small micropores facilitate excellent polysulfide-trapping capability of the SWCNT 

coating.[83] This is because the key factors for blocking the freely migrating polysulfides 

and for subsequently trapping the dissolved polysulfides are, respectively, the high 

amount of micropores and high total pore volume that create good tortuosity for the 

polysulfide flux and the small micropores (0.52 – 1.24 nm) that effectively filter out the 

dissolved polysulfide species (1.0 – 1.8 nm).[83,85] On the other hand, the high surface area 

provides more accessible reaction area for reactivating the trapped active materials.[83] 

 

Figure 2.8. Porosity analyses of SWCNT: (a) isotherms and (b) pore-size distributions 
using the Barrett-Joyner-Halenda (BJH: black line), the density functional 
theory (DFT: red line), and the Horvath-Kawazoe (HK: blue line) methods. 

 

The SEM inspection and the corresponding energy dispersive X-ray spectroscopic 

(EDX) analysis of the cycled SWCNT-modulated separator evidence the mitigated 

polysulfide diffusion. The microstructure analysis of the scraped SWCNT-modulated 
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separator (Figure 2.7b) indicates that the sulfur-containing species (marked as blue) were 

trapped by the remaining SWCNT coating (marked as red) and were difficult to reach the 

exposed Celgard separator that was originally covered by the SWCNT coating. The 

detailed comparative analysis of the elemental mapping results between the cycled 

SWCNT coating (Figure 2.7e) and the exposed Celgard membrane (Figure 2.7f) 

demonstrates that elemental sulfur signals trapped by the SWCNT coating were far 

stronger than that escaping to the Celgard separator.[34] The supporting cross-sectional 

SEM inspection (Figure 2.9a) of the SWCNT-modulated separator validates the excellent 

polysulfide-trapping capability of the SWCNT coating (Figure 2.9b). Moreover, the 

elemental fluorine (marked as light blue) and oxygen signals (marked as green) are 

uniformly distributed within the carbon matrix, suggesting good redox accessibility of the 

electrolytophilic SWCNT coating.[46] Therefore, the SWCNT coating could effectively 

block the polysulfide flux and reutilize the trapped active material. 

 

Figure 2.9. (a) The cross-sectional SEM and elemental mapping of cycled SWCNT-
modulated separator. (b) The fresh Celgard separator and the as-obtained 
cycled SWCNT-modulated and Celgard separators. (c) A comparison of the 
trapping capability of the cycled SWCNT-modulated separator and the 
cycled Celgard separator. 
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Additionally, the Li degradation that is caused by the severe polysulfide 

contamination and the nonconductive Li2S deposition could be indirectly reduced by the 

SWCNT coating.[46,47] The microstructure analysis of Li anode is summarized in Figure 

2.10. Figure 2.10a shows the smooth surface of a fresh Li foil before using it as an anode 

in Li-S cells. After 100 cycles, the cycled Li foil in the cell employing the SWCNT-

modulated separator (Figure 2.10b) remains intact with no visible Li dendrite or Li2S 

precipitates on its surface. Its elemental mapping results reflect weak sulfur signals on the 

cycled Li anode. In contrast, the surface of the cycled Li foil in the cell with a bare 

Celgard separator (Figure 2.10c) is covered by strong elemental sulfur signals, which 

may be the redeposited nonconductive agglomerates.[76] The nonconductive and insoluble 

deposit forms inactive area on the Li-metal anode, accelerating the cell failure.[76] The 

oxygen content is mainly from the exposure to air during the process of transferring the 

samples from the argon-filled glass vessels to the SEM chamber.  

 

Figure 2.10. SEM observation and elemental analysis of the (a) fresh Li foil, (b) cycled 
Li foil in the cell utilizing the SWCNT-modulated separator, and (c) cycled 
Li foil in the control cell using the bare Celgard separator.  
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The microstructure analyses of the cycled SWCNT layer and the Li anode 

evidence that the SWCNT coating could function as a spider net, trapping the migrating 

polysulfides that try to pass through it. The trapped active material would be continuously 

utilized but does not become nonconductive agglomerates during long-term cycling. In 

addition, the reduced polysulfide migration indirectly stabilizes the Li-metal anode.[86,87] To 

support this statement, the cell utilizing a half-side SWCNT-coated separator based on 

the pure sulfur cathode of 6.3 mg cm-2 active materials shows that the region of the Li foil 

protected by the SWCNT coating remains shiny and intact due to the indirect 

stabilization (Figure 2.11). In contrast, even in the same cell, the Li foil at the bare 

Celgard separator region suffers from severe contamination.[76] This reconfirms the merits 

of our direct cathode and indirect anode stabilization strategies in the high-sulfur loading 

cell.  

 

Figure 2.11. The improvement mechanism of SWCNT-modulated separator. The 
demonstration of the protection mechanism with a half-side SWCNT-
modulated separator. 
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The stabilized cell chemistry was investigated by various electrochemical 

analyses. The electrochemical impedance spectroscopy (EIS) of the fresh cells shows that 

the SWCNT coating diminishes the internal resistance from 200 Ω to 20 Ω. The 90 % 

decrease in the resistance implies enhanced electrochemical utilization of the pure sulfur 

cathode.[88] As a result, the cell employing a pure sulfur cathode exhibits a high sulfur 

utilization of 68 % at C/5 rate, as shown in the discharge/charge voltage profiles (Figure 

2.12). This corresponds to a 79 % improvement on the electrochemical utilization based 

on the same batch for pure sulfur cathode. At various cycling rates, the higher plateau at 

2.4 – 2.3 V and the lower plateau at 2.1 – 2.0 V indicate, respectively, the cathodic 

reaction from sulfur to polysulfides (Li2Sx, x = 4 – 8) and the reduction from polysulfides 

to Li2S2/Li2S mixtures.[89] The flat lower plateaus reflect the thorough reduction reaction of 

the intercepted polysulfides. This may result from the conductive SWCNT network that 

benefits the redox capability by serving as the electron pathways and as the electrolyte 

channels.[72] In the charge process, the two plateaus at 2.2 – 2.4 V correspond to the 

oxidation reactions from Li2S2/Li2S to Li2S8/S.[89] At C/2 and 1C rates, the typical redox 

reactions remain unchanged except for the shrinkage of the lower discharge plateaus, 

which results from the insufficient time for a complete deposition of low-order lithium–

sulfur compounds involving low reaction kinetics.[80,81]  
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Figure 2.12. Electrochemical analyses of the Li-S cell employing the SWCNT-
modulated separator: (a) discharge/charge voltage profiles at different 
cycling rates, (b) CV curves, (c) cycling performance, (d) Li-S cells with 
high sulfur content/loading cathodes (black: 75 wt.%, 1.5 mg cm-2; red: 80 
wt. %, 3 mg cm-2; blue: 80 wt.%; 6.3 mg cm-2), and (e) long-term cyclability. 

 

The cells using SWCNT-modulated separators exhibit overlapping 

discharge/charge curves at different cycling rates in successive cycles, demonstrating the 

superior cyclability and excellent rate performances (Figure 2.13).[88] The cyclic 

voltammograms (CVs) at various scanning rates (Figure 2.12b) show two sharp cathodic 

peaks and two continuous anodic peaks, in agreement with the discharge/charge voltage 

profiles.[43,44,46,47]  
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Figure 2.13. Discharge/charge voltage profiles of Li-S cells employing SWCNT-
modulated separators at (a) C/5 rate, (b) C/2 rate, and (c) 1C rate.  

 

The highly relevant linear fitting of the peak current at various scanning rates 

(Figure 2.14) suggests a diffusion-controlled process with the diffusion coefficients (DLi
+) 

at different CV voltage regions of DLi
+ (C1) = 1.1754 x 10-8 cm2 s-1, DLi

+ (C2) = 1.0720 x 10-8 

cm2 s-1, and DLi
+ (A1) = 1.7926 x 10-8 cm2 s-1. The experimental values of the cell employing 

the SWCNT-modulated separator are similar to the value reported in the cell using a bare 

separator (DLi
+ = 2 x 10-8 – 9 x 10-9 cm2 s-1).[90] This indicates that the SWCNT coating blocks 

only the polysulfide flux rather than the Li-ion flux.[90] 

 

Figure 2.14. Linear fitting of CV curves. 

 
The excellent polysulfide retention and electrochemical reversibility result in the 

overlapped CV curves in different cycles (Figure 2.15).[43,91] The abovementioned 
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polysulfide-trapping capability is further evaluated by the analysis of the higher discharge 

plateau (Figure 2.16) that involves the conversion reaction from solid sulfur to soluble 

polysulfides and the subsequent polysulfide dissolution and diffusion.[65,88] The 

corresponding higher-plateau discharge capacity (QH) is 419 mA h g-1. The high QH 

utilization of 92% at C/5 rate and high QH retention (RQH) of ~ 60% after 150 cycles 

demonstrate that the SWCNT-modulated separator exhibits promising polysulfide 

retention and electrochemical stability.  

 

Figure 2.15. CV plots of the Li-S cell employing the SWCNT-modulated separator at 0.1 
mV s-1 (initial five cycles). 

 

By way of immobilizing the active material within the cathode region, the 

SWCNT-modulated separator offers great improvements on the cell performance. The 

discharge capacity approaches a high value of 1132 mA h g-1 at C/5 rate. The cells attain 

718 and 659 mA h g-1 at, respectively, C/2 and 1C rates. After 150 cycles, the cells 

employing SWCNT-modulated separators retain high reversible capacities (with the 

capacity retention rates in parentheses) of 720 mA h g-1 (64 %), 600 mA h g-1 (84 %), and 

596 mA h g-1 (90 %) at, respectively, C/5, C/2, and 1C rates.  
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Figure 2.16. The QH/QL analysis: (a) reversible QH (RQH) and (b) reversible QL (RQL) at 
various cycling rates. 

 

The feasibility of the SWCNT-modulated separator could be extended by 

augmenting the sulfur content and loading, as shown in Figure 2.12d. The cells 

employing SWCNT-modulated separators and high-loading sulfur cathodes deliver high 

discharge capacities of 953 (80 wt. %; 3.0 mg cm-2; S/C~6) and 750 (80 wt. %; 6.3 mg cm-

2; S/C~7) mA h g-1 at C/5 rate. It is found that the rearrangement of the active material 

occurs in pure sulfur cathode during the initial several cycles.[40,88] After 100 cycles, the 

reversible discharge capacities are 713 (80 wt. %; 3.0 mg cm-2) and 500 mA h g-1 (80 wt. 

%; 6.3 mg cm-2). As compared to the control cell (75 wt. %; 1.5 mg cm-2; S/C~5) with the 

bare separator, it shows three times enhancement in the reversible discharge capacity and 

the cyclability for the cell using the SWCNT-modulated separator (80 wt. %; 6.3 mg cm-2; 

S/C~7). This demonstrates that even when the S/C ratio is raised greatly from 5 to 7, 

electrochemical performance of the Li-S battery employing the SWCNT-modulated 

separator is readily improved. As a reference, the reversible discharge capacity was 

collected based on the 50th cycle due to the limited cyclability of the control cell (207 mA 

h g-1). Another key factor for determining the improved cell configuration design is the 
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long-term cyclability. Figure 2.12e indicates that the cell employing the SWCNT-

modulated separator retains a high reversible capacity of above 501 mA h g-1 after 300 

cycles at C/5 rate. The corresponding capacity fading rate based on the peak discharge 

capacity is 0.18 % per cycle, confirming the improved cycle stability. As compared to the 

control cell with the pristine Celgard separator (1.3 % per cycle), the Li-S cells with the 

SWCNT-modulated separator show an extraordinary improvement in performance.  

2.2.4 Summary 
In summary, the cell employing the SWCNT-modulated separator exhibits a high 

discharge capacity of 1132 mA h g-1 with a low capacity fade rate of 0.18 % per cycle 

after 300 cycles. The prominent cycle stability may be attributed to the SWCNT coating 

that directly reduces the fast polysulfide migration and hence indirectly ameliorates the 

Li-metal anode degradation. The analytical results demonstrate the excellent polysulfide 

immobilization and favorable Li-ion diffusion of the SWCNT coating, which enhances 

the electrochemical reversibility and the redox accessibility of pure sulfur cathodes. Thus, 

the SWCNT-modulated separator paves a facile way for developing cells employing high 

loading sulfur cathodes with high sulfur content at an affordable cost. 
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2.3 A RATIONALLY DESIGNED POLYSULFIDE-TRAPPING INTERFACE ON THE 
POLYMERIC SEPARATOR FOR HIGH-ENERGY LI-S BATTERIES* 

2.3.1 Introduction 
Lithium-sulfur (Li-S) batteries have attracted tremendous attention in recent years 

because sulfur offers a high theoretical capacity of 1675 mA h g-1.[2,92] However, the 

practical utilization of Li-S batteries is hampered by the unfavorable properties of sulfur 

cathodes.[93–95] The electrically insulating nature of sulfur and its end-discharge product Li2S 

leads to inferior electrochemical utilization.[2,96] The huge volume change induced by the S 

to Li2S transformation devastates the integrity of the sulfur cathode, accelerating capacity 

fade because of the non-continuous electronic pathways.[93] Upon cycling, the highly 

soluble polysulfides (Li2Sn; 4 ≤ n ≤ 8) are prone to migrate through the separator to the Li 

anode driven by the concentration gradient between the two electrode regions.[2,93] This 

migration phenomenon is chiefly responsible for the severe active-material loss, and the 

rapid and irreversible capacity degradation in Li-S batteries, especially when all the 

undesirable issues become pronounced with the advent of high-loading sulfur cathodes (> 

2 mg cm-2).[34,36,97]  

The separator plays the most pivotal role in enabling the ionic flow, but isolating 

the electronic flow between the two electrodes in a Li-S battery.[98,99] Although the 

commercial separators offer ionic channels, their large slit pores (several micrometers) 

fail to suppress the migration of polysulfides (1 – 1.8 nm) from the sulfur cathode to the 

                                                
* C.-H. Chang, S.-H. Chung, S. Nanda, and A. Manthiram, “A Rationally Designed Polysulfide-trapping 
Interface on the Polymeric Separator for High-energy Li-S Batteries,” Mater. Today Ener., 2017, 6, 72–78. 
Chi-Hao Chang carried out the experimental work. Sheng-Heng Chung and Sanjay Nanda provided 
assistance in experimental details. Prof. Manthiram supervised the project. All participated in the 
discussion and preparation of the manuscript. 
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Li anode.[44,45] The diffusing polysulfides eventually form inactive sulfur-containing species 

and easily accumulate onto the surfaces of the separators and thereby block the ionic 

channels.[100] Therefore, to improve the electrochemical performance of Li-S batteries, 

coated separators have been extensively investigated to tackle the above-mentioned 

challenges.[15,45–47,83,101] 

Coating One-dimensional (1-D) multi-walled carbon nanotubes (MWCNT) onto 

the cathode side of the separators is a mainstream approach to reduce polysulfide 

migration.[45–47,102] The highly conductive MWCNT framework with numerous interspaces 

physically traps the polysulfides and also effectively reutilizes/reactivates them during 

cycling.[46] Their weak interaction with polysulfides, however, limit the long-term 

stabilization of polysulfides, leading to relatively rapid capacity fade, especially on using 

high-loading sulfur cathodes.[47] Two-dimensional (2-D) graphene oxide (GO) sheets are 

another fascinating coating material.[65] The developed GO-coated separators possessing 

abundant negatively charged carboxyl (-COO-) functional groups act as an ion-selective 

filter, which is permeable to Li ions (Li+) but impenetrable for the negatively charged 

polysulfide ions (Sn
2-) owing to the strong electrostatic repulsive force.[57,65] Moreover, the 

GO sheets exhibiting a high aspect ratio of ~ 500 can provide polysulfides with more 

complicated migration routes.[103] Unfortunately, the low conductivity of the GO coating 

could compromise the electrochemical (re)utilization of sulfur and the trapped active 

material. In other words, a mono-coating (MWCNT coating or GO coating) layer no 

longer satisfies the demands of the high-performance Li-S battery with high sulfur 
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loadings. Therefore, there is an urgent need to develop a more rational design of the 

trapping interface to effectively localize the migrating polysulfides. 

In this study, we integrated an ultra-thin layer of 2-D GOs into two highly 

conductive 1-D MWCNT coating layers to form a 3-D hetero-layer-by-layer (h-LBL) 

coating structure onto the polymeric separator (the sandwiched separator). With this 

rationally designed coating interface, the sandwiched separator not only offers good 

electron transport and physical polysulfide-trapping capability but also retains an 

electrostatic repulsive force toward the Sn
2- species without sacrificing the ability to 

reutilize/reactivate the trapped active material. Thus, the Li-S cells equipped with the 

sandwiched separators show a high areal capacity (10.6 mA h cm-2) and maintain a stable 

cycling ability for 200 cycles despite using the high-loading pure sulfur cathode (7 mg 

cm-2). With the well-designed cathode configuration with a higher sulfur loading of up to 

10 mg cm-2, the Li-S cells employing the sandwiched separators demonstrate a high areal 

capacity of 10.9 mA h cm-2 and a high retention rate of ~ 83%. 

2.3.2 Experimental 

2.3.2.1 Fabrication of the sandwiched separators 

The sandwiched separator was fabricated by a simple vacuum-filtration method 

without using any polymeric binders. An isopropyl alcohol (IPA, Fisher Scientific) 

solution with well-dispersed 0.025 mg mL-1 MWCNTs (Sigma-Aldrich) was first vacuum-

filtrated through a Celgard separator (Celgard 2500, Celgard). A 0.005 mg mL-1 GO 

dispersion synthesized by the modified Hummer method[65] was subsequently vacuum-
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filtrated through the as-prepared MWCNT-coated separator. An MWCNT dispersion 

with the same concentration of 0.025 mg mL-1 was then vacuum-filtrated through the as-

obtained MWCNT/GO-coated separator. The used IPA was recycled to prepare new 

sandwiched separators. The resulting sandwiched separator was dried in an oven for 24 h 

at 50 ºC. The coating layer was ~ 0.23 mg cm-2 (~ 0.11 mg cm-2 for one MWCNT layer 

and ~ 0.01 mg cm-2 for the GO layer) in areal weight. 

2.3.2.2 Preparation of high-loading cathodes 

The conventional sulfur cathodes without a specially designed electrode structure 

had a high sulfur loading of 7 mg cm-2 and a high sulfur content of 70 wt.%. The size of 

the cathode was controlled at 1.13 cm-2. The same batch of cathodes were employed in all 

cells including the Li-S cells using the bare Celgard separators and the sandwiched 

separators, and the polysulfide-trap cells analyzing the polysulfide-trapping capability. 

The high-loading sulfur cathodes were prepared with commercial materials including 

Super P (15 wt.% TIMCAL), polyvinylidene fluoride (15 wt.% PVdF, Kureha), and 

sulfur (70 wt.%, S, Fisher Scientific; purity = 99.5 %). In addition to the high-loading 

pure sulfur cathode, the designed sulfur cathode containing ~10 mg cm-2 sulfur was 

employed to further improve the electrochemical performance. 60 µL of 1.0 M 

polysulfides (Li2S6) prepared with S and Li2S in the electrolyte was dropped onto a carbon 

paper (2 mg per piece). The carbon paper containing Li2S6 was consequently inserted into 

two carbon papers forming a polysulfide reservoir (~ 10 mg cm-2 sulfur and 66 wt.% 

sulfur).  
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2.3.2.3 Cell configurations 

Before assembling cells (CR2032-type coin cell), the cathodes and the separators 

were dried in an oven at 50 ºC for 1 h in order to remove the moisture. The cells were 

assembled in the order of high-loading S cathodes, separators (the bare Celgard separator 

or the sandwiched separator), and Li anode (Sigma-Aldrich) inside an argon-filled glove 

box. The standard electrolyte was synthesized with 1.85 M lithium 

trifluoromethanesulfonate (LiCF3SO3, Acros Organics), 0.1 M lithium nitrate (LiNO3, 

Acros Organics) in 1,2-dimethoxyethane (DME, Acros Organics) and 1,3-dioxolane 

(DOL, Acros Organics) (1:1 volume ratio) co-solvents. The electrolyte to sulfur ratio was 

fixed at 10.  

2.3.2.4 Characterizations  

Microstructures, morphology, and elemental investigations were examined with a 

field emission scanning electron microscope (FE-SEM) (Quanta 650 FE-SEM, FEI). The 

microscope was equipped with an energy dispersive X-ray spectrometer (EDX) for 

detecting elemental signals and collecting mapping signals. Fourier transformed infrared 

(FT-IR) spectra were recorded on a FT-IR spectrometer (Nicolet iS5). The pellets were 

prepared by mixing MWCNTs and GO sheets with potassium bromide (KBr, IR grade, 

Sigma-Aldrich) in the weight ratio of 1 : 100. The prepared KBr pellets were scanned in 

the wavenumber range of 500 to 4000 cm-1. The spectra of the samples were recorded in 

16 scans. The cycled separators and cathodes were retrieved from the Li-S cells after 

cycling for 100 cycles (at the fully charged state). The obtained samples were quickly 
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rinsed with the DOL/DME co-solvent and then dried with Kimwipe papers. The cycled 

carbon papers (at the fully charged state) were collected from the cycled polysulfide-trap 

cells. To prevent exposure to air, the air-sensitive samples were transferred into Ar-filled 

vials. The extent of the polysulfide migration was examined by directly soaking the 

retrieved carbon papers into the DOL/DME co-solvent for 24 h. The as-assembled cells 

were cycled on an Arbin battery cycler at the voltage range of 2.8 – 1.7 V after an hour 

resting at room temperature. The static electrochemical performance was investigated 

with the Li-S cells after resting for 1, 2, 3, and 4 weeks. The electrochemical impedance 

spectra (EIS) were collected with an impedance analyzer (SI 1260, Solartron) in the 

frequency range of 1 MHz to 100 mHz.  

2.3.3 Results and discussions 
The sandwiched separator was fabricated by simply vacuum-filtrating the coating 

materials in the order of MWCNTs, GO, and MWCNTs (Figure 2.17a). The scanning 

electron microscopy (SEM) images of the sandwiched separator in Figure 2.17b – d 

clearly show that the ultra-thin GO coating (~0.01 mg cm-2) is imbedded between two 

highly conductive MWCNT coatings. The top MWCNT coating with an intertwined 

structure afford numerous interspaces to physically absorb polysulfides due to the strong 

capillary effect (Figure 2.17e).[45–47] Therefore, the top MWCNT-coating layer with high 

conductivity is arranged facing the sulfur cathode for boosting the electrochemical sulfur 

utilization, and immediate reactivation/reutilization of the trapped active material. 

However, during long-term cell cycling, the trapped sulfur-containing species still 

gradually penetrate through the MWCNT coating layer due to the negligible interaction 
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with the non-polar MWCNTs, as evident in the literature.[47] Fortunately, the intentionally 

inserted GO layer functionalizes as a strong protective interface to retard the polysulfide 

migration due to the formed narrow and tortuous pathways within the stacked GO sheets 

(Figure 2.17f). More importantly, the GO interface possessing abundant carboxyl (-COO-

) groups (Figure 2.18a) functionalizes as an ionic shield to electrostatically repel the 

migrating Sn
2- back to the top MWCNT interface.[57,65] As a result, most of the active 

material can be effectively muzzled within the top MWCNT layer. The bottom MWCNT 

coating that is attached onto the Celgard separator not only functions as a third 

polysulfide-trapping interface (Figure 2.17g) but also helps channel the electrolyte into 

the polysulfide-trapping triple-interface, ensuring sufficient supply of Li ions and fast 

redox kinetics. Furthermore, the 3-D h-LBL coating of the sandwiched separator creates 

some “buffer zones” within the polysulfide-trapping triple-interface. They act as 

reservoirs to accommodate polysulfides and thereby procrastinate polysulfide 

migration.[102] Thus, the multifunctional polysulfide-trapping triple-interface synergistically 

contributes to physical adsorption and electrostatically repulsive force toward polysulfide 

species, while the layered buffer zones between the coatings offer unique polysulfide-

delaying space (Figure 2.17h). In terms of engineering design, this new coating design 

and technique allow the use of low mass loading (~ 0.23 mg cm-2) and thickness of the 

coating material (~ 17 µm), while offering efficient polysulfide retention (Figure 2.18b).  
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Figure 2.17. (a) Configuration of the cells employing the sandwiched separators. SEM 
images of the (b – d) sandwiched separators, (e) top MWCNT layer, (f) 
embedded GO layer, and (g) bottom MWCNT layer. (h) The polysulfide-
suppression mechanisms of the sandwiched separators. 

 

 

Figure 2.18. (a) FTIR spectrum of MWCNT and GO. (b) Cross-section SEM image of 
the sandwiched separators. 

 

To show the advantages of the newly designed sandwiched separator, we 

investigated the electrochemical performance of the Li-S batteries equipped with various 

separators including the bare Celgard separator, the MWCNT-coated separator, 

GO/MWCNT-coated separator, and the sandwiched separator. Figure 2.19a–b shows 
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photos and SEM images of the bare Celgard separator (white), MWCNT-coated separator 

(black), GO/MWCNT-coated separator (blown and shiny), and the sandwiched separator 

(black). The EIS and electrochemical performance of the cells employing various 

separators are depicted in Figure 2.19c – d. The Li-S cells using the bare Celgard 

separator show a high resistance and low electrochemical utilization of sulfur. The huge 

slit pores (several micrometers) of the bare Celgard separator allow the polysulfides 

freely migrate from the cathode to the anode, leading to a high capacity-fade rate of 

0.81% per cycle. Although the conducting intertwined MWCNTs reduce the pore size 

from several micrometers to < 1 µm and diminish the impedance to ~9 ohms, the poor 

interaction between MWCNTs and polysulfides lead to a limited reduction in the 

capacity-fade rate to 0.44% per cycle. After coating the ultra-thin GO layer directly onto 

the MWCNT-coated layer, the GO layer conceals the conspicuous pores and provides 

abundant carboxyl functional groups. Although the GO coating layer reduces the 

capacity-fade rate to 0.39% per cycle, its poor conductivity leads to the increased 

impedance (~17 ohms) and the possible inferior electrochemical utilization of sulfur. The 

sandwiched separator was fabricated by coating an additional MWCNT layer onto the 

MWCNT/GO-coated separator to reduce the impedance (~10 ohms) and to offer an 

additional polysulfide-trapping interface. As a result, inserting the ultra-thin GO coating 

layer in-between two MWCNT coating layers significantly reduces the fading rate to 

0.29% per cycle without compromising the electrochemical utilization (91% utilization). 

The reduced capacity-fade rate is because the sandwiched separators offer a polysulfide-

trapping triple-interface to well-secure the migrating polysulfides within the cathode 
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regions. Moreover, the internal resistance still remains at low values (< 70 ohms) after 

100 cycles, indicating that the sandwiched separator not only effectively retards the 

polysulfide migration but also reutilizes/reactivates the trapped active material during 

cycling. 

 

Figure 2.19. (a) Digital images and (b) surface SEM images of various separators. (c) 
EIS results and (d) electrochemical performances of the Li-S cells 
employing various separators. 

 

 The structural and elemental changes of the sandwiched separators before and 

after cycling demonstrate the reduced polysulfide migration (Figure 2.20 and Figure 

2.21). Figure 2.20 presents that the polysulfide-trapping triple-interface of the 

sandwiched separator maintains the same intertwined structure after 100 cycles. The 

intact morphology indicates the outstanding mechanical strength of the 

MWCNT/GO/MWCNT coating, implying its capability to cushion the stress originating 

from the S to Li2S transformation of the trapped active material.[45,47] More importantly, the 

anode-side of the polypropylene-membrane substrate exhibits neither obvious sulfur 

traces from the morphological observation nor distinguishable elemental sulfur signals in 
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the EDX mapping results (yellow dots) (Figure 2.21a – b). This observation reveals the 

effectiveness of the MWCNT/GO/MWCNT coating in localizing polysulfides within the 

cathode region rather than allowing them to freely migrate through the separator to the Li 

anode. On the other hand, the strong carbon signals (red dots) and the homogeneous 

sulfur signals on the cathode side of the sandwiched separators indicate that the active 

material uniformly redistributes within the optimal electrochemical sites of the 

MWCNT/GO/MWCNT coating (Figure 2.20). The conducting scaffolds efficiently 

transport electrons to reutilize/reactivate the trapped active material and improve the 

reaction kinetics. As a result, the sandwiched separator prevents the trapped active 

material from forming large inactive aggregates and enhances their electrochemical 

utilization during extended cell cycling. On the contrary, dark yellow sulfur-containing 

materials and remarkably strong sulfur signals are observed on the anode-side of the 

cycled bare Celgard separator (Figure 2.21c). The slip pores of the Celgard separators 

that originally allowed the ionic transport are buried under thick inactive materials, 

deteriorating the electrochemical performance during extended cycling. These 

microstructural analyses illustrate that the reckless migration of polysulfides in Li-S 

batteries is greatly ameliorated with the use of the sandwiched separators. 
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Figure 2.20. SEM images and elemental mapping results of the cathode side of the 
sandwiched separators (a) before cycling and (b) after 100 cycles. 

 

Figure 2.21. (a) The anode-side surface inspections of the (a) fresh separator, (b) cycled 
sandwiched separator, and (c) cycled Celgard separator. 

 

 Apart from the analysis of the cycled separators, a polysulfide-trap cell (Figure 

2.22a) was utilized as a qualitative analysis platform for examining polysulfide retention 

and migration in Li-S cells fabricated with, respectively, the sandwiched separators (PS-

trap_SD cells) and the Celgard separators (PS-trap_Celgard cells). The carbon papers 

retrieved from the cycled PS-trap_SD cells (Figure 2.22b) exhibit well-preserved porous 

structures. The corresponding EDX mapping results display weak sulfur signals (yellow 

dots) and strong carbon signals (red dots). In contrast, the cycled carbon papers obtained 

from the PS-trap_Celgard cells hold a huge amount of the active material and their 
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elemental mapping results show strong sulfur signals and reduced carbon signals (Figure 

2.22c). In addition, the retrieved carbon papers from the two polysulfide-trap cells after 

cycling were immediately soaked into the DOL/DME solution for 24 h. The inset photo 

shown in Figure 2.22b displays that the DOL/DME solution soaking with the polysulfide 

trap obtained from the cycled PS-trap_SD cells is almost colorless. However, the 

DOL/DME solution with the polysulfide trap retrieved from the cycled PS-trap_Celgard 

cells shows dark yellow (the inset photo in Figure 2.22c). The completely opposite results 

in the two different types of polysulfide-trap cells suggest the uncontrollable polysulfide 

migration occurring in the Li-S battery can be significantly ameliorated by the 3-D h-

LBL coating structure of the sandwiched separators.  

 

Figure 2.22. (a) The configurations of the polysulfide-trap cells. Surface examinations of 
the cycled polysulfide traps and the corresponding color analysis of the 
DOL/DME solution after soaking with the cycled polysulfide traps retrieved 
from the (b) PS-trap_SD cells and (c) PS-trap_Celgard cells. 

 

The beneficial effects of the sandwiched separator are reflected on the high 

electrochemical utilization and stability in the dynamic electrochemical characteristics, as 

shown in Figure 2.23. The Li-S cells fabricated with the sandwiched separators deliver 
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remarkably high initial capacities (electrochemical utilization in parentheses) of 1520 mA 

h g-1 (91%) at C/10 rate and 1290 mA h g-1 (77%) at C/5 rate even with high-loading sulfur 

cathodes (70 wt.%; 7 mg cm-2). After 200 cycles, the cells retain a reversible capacity of 

661 and 620 mA h g-1 at, respectively, C/10 and C/5 rates. The high reversible capacities 

after cycling correspond to a low capacity fading rate of ~ 0.27% per cycle, indicating the 

three-time reduction in the capacity-fade rate as compared to that with the bare Celgard 

separator (0.81% per cycles). Moreover, the cells also have high areal capacities of 10.6, 

and 9.0 mA h cm-2 at, respectively, C/10 and C/5rates (Figures 2.23b), which are almost 

two times higher than that of the traditional Li-ion batteries (4 mA h cm-2). The cells also 

have promising rate performances at various cycling rates from C/20 to 1C rates, 

indicating that the rationally designed coating on the sandwiched separators allows fast 

Li-ion diffusion in the cells (Figure 2.23c).  

The Li-S cells with the well-designed cathode structures coupled with the 

sandwiched separators show excellent electrochemical performance in spite of the much 

higher sulfur loading (~10 mg cm-2). The cells demonstrate a high initial capacity of 1093 

mA h g-1 (areal capacity: 10.9 mA h cm-2; areal energy density: 23 mA h cm-2) and 

maintain stable reversible capacity at 904 mA h g-1 (areal capacity: 9.0 mA h cm-2; areal 

energy density: 19 mA h cm-2) at C/5 cycling rate after 100 cycles (Figure 2.23d). The 

stable performance corresponds to a high capacity-retention rate (83%). 
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Figure 2.23. Electrochemical performance of the Li-S batteries utilizing the sandwiched 
separators: (a) specific capacity, (b) areal capacity, and (c) rate 
performances. (d) Electrochemical performance of the Li-S cells employing 
both the well-designed high-loading sulfur cathodes and the sandwiched 
separators at C/5 rate. 

 

2.3.4 Summary 
In conclusion, we have developed a 3-D h-LBL coating layer onto the polymeric 

separator to suppress the polysulfide migration and improve the redox ability in Li-S 

batteries. The rationally designed coating layer offers a polysulfide-trapping triple-

interface. (i) The top MWCNT interface facing toward the cathode immediately traps 

polysulfides and reutilizes/reactivates the trapped active material. (ii) The inserted ultra-

thin GO interface has carboxyl groups and tortuous migration routes for, respectively, 

electrostatically repelling the Sn
2- and extensively prolonging the migration routes of 

polysulfides. (iii) The bottom MWCNT interface that is attached onto a polypropylene 

membrane is the third obstacle to intercept the escaped polysulfides from the top and 

embedded interfaces. Besides, the “buffer zones” between each layer effectively 

accommodate the migrating polysulfides. As a result, the Li-S cells employing the 
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sandwiched separators exhibit a high electrochemical utilization, outstanding 

dynamic/static electrochemical performances, and good rate performance even with high-

loading sulfur cathodes that have a no specially designed electrode structure. Coupled 

with the well-designed sulfur cathode, the Li-S cells employing the sandwiched 

separators show excellent electrochemical performance. This coating arrangement of the 

sandwiched separator represents a rational design of coated separators for either practical 

Li-S batteries or other energy storage devices.  
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Chapter 3: Advanced High-loading Cathode Designs 

3.1 HIGHLY FLEXIBLE, FREESTANDING TANDEM SULFUR CATHODES FOR FOLDABLE 
LI-S BATTERIES WITH HIGH AREAL CAPACITY* 

3.1.1 Introduction 
Lithium-sulfur (Li-S) batteries are considered as the most potential alternative for 

replacing the current lithium-ion batteries (LIB) for powering electric vehicles and 

portable devices because of the high abundance, environmental benignity, and superior 

theoretical capacity (1675 mA h g-1) of sulfur.[2,29,104] Albeit the above-mentioned features, the 

Li-S batteries suffer from several critical issues.[105–107] First, the low electrical conductivities 

of sulfur and its end-discharge product Li2S cause poor electrochemical utilization and 

severe difficulties for high-loading cathode construction. Second, the electrochemical 

intermediate polysulfides (Li2Sn, 4 < n £ 8) easily dissolve into the liquid electrolyte, 

diffuse out from the cathode, and migrate to the Li anode during cell operation, leading to 

a severe active-material loss. Third, an approximately 80% volume expansion during the 

sulfur-to-Li2S conversion incurs a large mechanical stress on the electrode structure, 

giving rise to the cathode devastation and further accelerating the severe capacity 

degradation. 

Tremendous effort has been devoted to addressing these issues. The encapsulation 

of sulfur into various porous carbons (e.g., mesoporous carbons, multiwall carbon 

                                                
* C.-H. Chang, S.-H. Chung, and A. Manthiram, “Highly Flexible, Freestanding Tandem Sulfur Cathodes 
for Foldable Li-S Batteries with High Areal Capacity,” Mater. Horiz., 2017, 4, 249-258.  
Chi-Hao Chang carried out the experimental work. Sheng-Heng Chung provided assistance in experimental 
details. Prof. Manthiram supervised the project. All participated in the discussion and preparation of the 
manuscript. 
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nanotubes, porous carbon nanofibers, and graphene) is one strategy to effectively utilize 

the sealed active material and confine the polysulfides.[26,108] Other materials possessing 

strong chemical-absorption capabilities toward polysulfides (e.g., TiO2, Al2O3, conducting 

polymers, heteroatom-doped carbon materials) have been adopted to reduce the 

polysulfide dissolution into the electrolyte.[54,80,109–112] Interlayers composed of carbon 

materials or conducting polymers have been inserted between a cathode and a polymeric 

separator to intercept the polysulfide diffusion.[41,42,67] Recently, coated separators have 

provided a functional interface for not only reducing the polysulfide transport but also 

increasing the electrochemical reversibility.[45,113] In spite of the successes in achieving 

stable cyclability through the above strategies, Li-S batteries employing relatively low 

sulfur loading cathodes (< 2 mg cm-2) and delivering limited areal discharge capacities are 

insufficient for some applications.[34,114] Therefore, high-sulfur-loading cathodes have 

recently become one of the most critical aspect in the Li-S battery area.[34,36,115,116] For 

example, our group proposed a layer-by layer cathode with high sulfur loadings (11.4 mg 

cm-2) to realize high-areal-capacity Li-S batteries.[34,117] Moreover, Fang et al. designed a 3D 

interconnected electrode material to achieve high-sulfur-loading cathodes (21.2 mg cm-

2).[116] Peng et al. demonstrated that Li-S cells with high sulfur loadings (5.3 mg cm-2) and 

equipped with Janus separators are able to attain a high areal capacities of over 4 mA h 

cm-2.[100] The increasing number of reports on high-loading sulfur cathodes explain the 

importance of sulfur loading in the Li-S system.  

The conventional slurry-coating process is commonly used to fabricate the sulfur 

cathode where an aluminum (Al) foil functions as the current collector. However, the 
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heavy Al-foil current collector (4.87 mg cm-2) accounts for about 15 – 20% by weight and 

10 – 15% by cost of a battery[118] In addition, the use of toxic solvents (e.g., N-Methyl-2-

pyrrolidone, NMP) and non-conductive binders (e.g., polyvinylidene fluoride, PVdF) in 

the conventional slurry-coating may neutralize the merits of the Li-S system.[119] 

Furthermore, as the sulfur loading increases for realizing an attractive energy density, the 

thick active-material coating easily generates cracks and peels off from the current 

collector.[68,117,120] These features hinder the smooth electron and Li+ ion transport in the high-

loading electrodes, limiting their electrochemical reversibility and cell cyclability.  

The demand for foldable batteries is rapidly growing because foldable batteries 

allow the electronics to fold in different angles, offering robustness to the users. Li-S 

batteries with high sulfur loading have particularly been proved in the literature to be 

difficult to fold[68,121,122] As the sulfur loading increases, all the unfavorable issues of Li-S 

batteries become magnified. For instance, the internal resistance increases and the 

irreversible polysulfide relocation becomes severe with an increasing sulfur loading. In 

terms of cathode engineering, with a conventional cathode configuration, the active 

material is hard to be stabilized on the current collector during cathode fabrication and 

even more during folding. Moreover, the sulfur cathodes using highly porous materials as 

the polysulfide trap are normally too brittle to withstand the stress originating from the 

folding of the Li-S batteries. The electrode instability leads to degradation in the 

electrochemical performance. As a result, foldable Li-S batteries with high sulfur loading 

are a huge challenge.  
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In this work, we innovate a highly flexible freestanding tandem sulfur cathode to 

eliminate the drawbacks of the conventional cathode (e.g., the use of toxic NMP, non-

conductive binders, and the heavy Al foil) and significantly improve the areal capacity of 

Li-S batteries. The tandem cathode configuration can readily augment high sulfur loading 

from 4 to 16 mg cm-2 and minimize polysulfide migration. This configuration renders the 

Li-S batteries offer a high areal capacity of 12.3 mA h cm-2 along with a good cycling 

stability (100 cycles). The upper-plateau (QH) and lower plateau (QL) discharge capacities 

are also used to further analyze the polysulfide-retention capability and the redox reaction 

accessibility of the tandem sulfur cathodes with high sulfur loadings (4 - 16 mg cm-2). 

More importantly, the tandem cathodes exhibiting excellent mechanical properties 

achieve the foldable Li-S batteries with not only the highest sulfur loading (16 mg cm-2) 

but also the highest areal capacity (12.7 mA h cm-2) reported so far in the literature. Even 

after different-angles of folding and recovering to the original state, the cells still deliver 

a high areal capacity of 11.9 mA h cm-2, amounting to < 7% capacity loss.  

3.1.2 Experimental 

3.1.2.1 Fabrication of tandem cathodes 

The tandem cathode was fabricated via a one-step vacuum-filtration method. For 

the purpose of simplifying the fabrication processes, the tandem sulfur cathode could be 

fabricated directly by commercial single-wall nanotubes (SWCNT, Tuball), carbon 

nanofibers (CNF, Pyrograf Products, Inc.), and micro-sized commercial sulfur (S, Fisher 

Scientific; purity = 99.5 %) without binder addition and additional modification. In other 
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words, the tandem cathode appears superior in cost and simplicity to the conventional 

cathodes involving the nanocomposite approach and the slurry-coating method. In detail, 

the SWCNT/CNF mixtures (the mass ratio is 1 : 10) and CNF/S mixtures (the mass ratio 

is 1 : 4) were dispersed in sulfur-saturated isopropyl alcohol (IPA) solutions. After 

ultrasonication, the well-suspended SWCNT/CNF mixtures were vacuum filtrated 

through a filter paper (Filter paper P5 grade, Fisher Scientific) with a diameter of 9 cm as 

the SWCNT/CNF conductive layer. Subsequently, the CNF/S solution was directly 

vacuum filtrated onto the SWCNT/CNF thin film as the CNF/S active-material layer. The 

resulting tandem cathode with 4 mg cm-2 sulfur was peeled off from the filter paper and 

dried in an oven for 24 h at 50 ºC. To further increase the sulfur loading, the integration 

of the LBL technique was utilized to fabricate tandem cathodes with various sulfur 

loadings (8, 12, and 16 mg cm-2) by the same vacuum-filtration process. The prepared 

cathodes were roll-pressed and then cut into discs with an area of 1.13 cm2. The 

thicknesses are approximately 100, 200, 300, and 400 µm for tandem cathodes with, 

respectively, 4, 8, 12, and 16 mg cm-2 sulfur. The corresponding bulk density is 0.59 g cm-3. 

3.1.2.2 Cell configuration of Li-S cells using tandem cathodes 

The cathodes with different loadings were dried in an oven at 50 ºC for 1 hour to 

remove moisture before assembling the cells. The prepared cathode, separator (Celgard 

2500, Celgard), and Li foil (Aldrich) were placed in CR2032-type coin cell inside an 

argon-filled glove box. The cathodes with different sulfur loadings were assembled with 

the SWCNT/CNF conductive layer facing the Li anode. 1.85 M lithium 
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trifluoromethanesulfonate (LiCF3SO3, Acros Organics) and 0.1 M additive lithium nitrate 

(LiNO3, Acros Organics) were dissolved in 1,2-dimethoxyethane (DME, Acros 

Organics)/1,3-dioxolane (DOL, Acros Organics) co-solvent (1:1 volume ratio) as the 

standard electrolyte. The electrolyte to sulfur (E/S) ratio for all Li-S coin cells is fixed to 

15 :1 which is the common value in the recently published reports.   

3.1.2.3 Preparation of conventional cathodes  

The conventional cathodes were fabricated by casting the active-material slurry 

onto an Al foil current collector. The casted cathodes were dried in an oven at 50 oC for 

48 h. The active-material slurry used in this work composed of 60 wt.% S, 20 wt.% 

PVdF, and 20 wt.% Super P (TIMCAL). Only the conventional cathodes with 3 mg cm-2 

sulfur were tested in this work because the conventional cathode with higher sulfur 

loadings would form numerous cracks. Moreover, the active-material coating would 

easily peel off from the Al foil if the loading increased to 4 mg cm-2 . 

3.1.2.4 Assemble of control Li-S cells 

The procedure for assembling the conventional Li-S cells is almost the same as 

the experimental Li-S cells employing the tandem cathodes except for using the 

conventional cathodes. The same standard electrolyte was used in the control cells as 

well. The E/S ratio is fixed to 15 : 1 which is the same as that of Li-S cells employing 

tandem cathodes. 
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3.1.2.5 Assembly of Foldable Li-S batteries 

The foldable Li-S cells were assembled with the same electrolyte. Unlike patented 

cathodes used in the previous foldable cells,1 the tandem cathode was cut into 2 x 6 cm-2 

and directly used as the cathode in the foldable Li-S battery without requiring other 

processes. This is because the tandem cathode has excellent mechanical stability to 

sustain the folding deformation. Celgard 2500 was used as the separator to avoid cell 

shorts. The cells were sealed with an aluminum soft packaging film. The foldable Li-S 

battery possesses the highest sulfur loading of 16 mg cm-2 sulfur (sulfur mass in entire 

cathode: 192 mg) so far. The E/S ratio was decreased to ~10 in order to prevent the 

electrolyte being squeezed out during the folding processes. The cells were rested for 6 h 

before the electrochemical examinations. The whole test conditions are the same as that 

for the coin cells.  

3.1.2.6 Polysulfide-trapping test 

The carbon-based tandem cathodes without sulfur particles were fabricated to 

examine the polysulfide-trapping capabilities. The fabrication process is the same except 

for no sulfur addition. To test the polysulfide-trapping ability, the tandem cathode was 

placed onto the separator. Then 250 µL of 0.38 M polysulfides (Li2S6) (corresponding to 

18.24 mg sulfur) synthesized by reacting S and Li2S was poured onto the tandem cathode. 

Subsequently, the tandem cathode was stored for 8 h. The entire experiment was 

conducted inside an Ar-filled glove box.  
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3.1.2.7 Materials characterizations  

The microstructure of the cathodes before and after cycling were investigated 

with a field emission scanning electron microscope (FE-SEM) (Quanta 650 FESEM, FEI) 

with an energy dispersive X-ray spectrometer (EDX) for recording elemental signals and 

mapping and line-scanning the results. The cycled cathodes including the tandem cathode 

and the conventional cathode were collected from the Li-S cells (at the charged state, 2.8 

V) after 100 cycles that were dissembled inside an argon-filled glove box. The retrieved 

cathodes were cleaned with the DOL/DME co-solvent (1:1 volume ratio) twice and the 

residual co-solvent was carefully removed by Kimwipes. The SEM samples were 

transferred by a well-sealed glass sample vial filled with argon to avoid exposure to air. 

To scrutinize the inner-areas of the cycled integrated cathode, the SWCNT/CNF layer 

was carefully removed. The cross-sectional samples were prepared by cutting fresh and 

cycled tandem cathodes with a Gillette blade. The tandem cathodes remained with 

extremely good mechanical strength before or after cycling. Therefore, the cross-

sectional samples need to be torn apart to show the cross-section surface. The cutting and 

tearing processes, as a result, might slightly damage the cross-sections of the tandem 

cathodes.  

3.1.2.8 Electrochemical measurements 

The as-assembled Li-S cells were rested for 30 min at ambient temperature before 

the electrochemical measurements. An impedance analyzer (SI 1260, Solartron) was used 

to collect the electrochemical impedance spectra (EIS) in the frequency range of 1 MHz 
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to 100 mHz. The cyclic voltammetry (CV) measurement was conducted with a universal 

potentiostat (VoltaLab PGZ 402, Radiometer Analytical) between 1.7 and 2.8 V at 0.1 

mV s-1. In the CV test, we used the integrated cathode with 4 mg cm-2 sulfur as a 

demonstration. Discharge/charge profiles and cycling performances were recorded with 

an Arbin test station. All discharge capacities were calculated based on the mass and the 

theoretical capacity of sulfur. Foldable Li-S batteries were tested in the same 

discharge/charge conditions. The foldable cells were carefully folded to different angles 

(original, 90o, 180o, and recovered) and examined under the respective states for 2 

discharge/charge cycles. 

3.1.3 Results and discussions  
The tandem sulfur cathode aims at maximizing the sulfur loading and then serving 

as a platform for the investigation of polysulfide diffusion in the case of high sulfur 

loading. The tandem cathode consists of single-wall carbon nanotube (SWCNT)/carbon 

nanofiber (CNF) thin films and CNF/S thin films, respectively, serving as robust 

conductive layers and active-material layers. Both layers were integrated as a 

freestanding cathode by a simple one-step vacuum-filtration technique.[123] The sulfur 

loading in the tandem sulfur cathodes is capable of approaching 16 mg cm-2 (S content 60 

wt.%) via the facile one-step vacuum-filtration process (Figure 3.1a). In addition, the 

tandem sulfur cathode can be fabricated not only in a regular size but also with a larger 

size (177 cm-2) (Figure 3.1b). As a result, the tandem sulfur cathode is able to be scalable.  
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Figure 3.1. (a) Schematic of the tandem cathode preparation process. (b) The large-scale 
tandem sulfur cathode with 16 mg cm-2 sulfur. 

 

Considering that high-loading cathodes may cause severe polysulfide diffusion, 

the tandem cathode configuration has multiple functions for impeding the polysulfide 

diffusion. The CNF/S active-material layer with numerous pores formed by 

interconnected CNFs possesses good polysulfide-trapping capability. The dense 

SWCNT/CNF layer, on the other hand, is initially free of polysulfides so that it would 

delay the polysulfide diffusion.[26,67,113] After blocking the polysulfide diffusion, the trapped 

active material sitting in the conductive network is able to be reutilized/reactivated during 

subsequent cycles.[34,42,113] Additionally, the freestanding tandem cathode has the self-

weaving SWCNTs and CNFs as the framework so that it can be rolled around a spatula to 

form a cylinder, multi-folded, and recovered to the original shape without damage, and 

vice versa (Figure 3.2). Such excellent mechanical stability and high flexibility also allow 

the tandem cathodes to accommodate the dramatic volume changes between the S-Li2S 

conversion and, therefore, guarantee the cathode integrality during cell operation. It is 

worth to note that by using the highly flexible tandem cathode with a high sulfur loading, 
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we successfully demonstrated the feasibility of designing a foldable Li-S battery with a 

high areal capacity.  

 

Figure 3.2. (a) The conventional cathode with high sulfur loadings. (b - e) Cathodes with 
the SWCNT framework and (f) the tandem cathodes without SWCNT as the 
supporting framework. 

 
Figure 3.3 and Figure 3.4 present the surface scanning electron microscopy 

(SEM) images and the corresponding elemental mapping results of the CNF/S layer and 

the SWCNT/CNF layer in the tandem cathode. In the CNF/S active-material layer, the 

sulfur particles (green arrows in Figure 3.3) are homogeneously embedded into the 

arterial CNF web. The CNF matrix provides myriad physical spaces for immobilizing the 

polysulfides and the conductive pathways for reducing the build-up of cathode resistance 

with high-loading cathodes.[113] The SWCNT/CNF conductive layer, on the other hand, is 

mainly composed of randomly intertwined CNFs, which are interknitted by long 

SWCNTs (red arrows in the inset of Figure 3.4). The intertwined SWCNT/CNF forms 

unique 3D interconnected pores, which complicate the polysulfide diffusion routes.[45,67,113]  
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Figure 3.3. Surface SEM inspection: (a - c) uncycled CNF/S active-material layer and (d 
- f) EDX mapping results of (a).   

 

 

Figure 3.4. Surface SEM inspection: (a - c) uncycled SWCNT/CNF conductive layer and 
(d - f) EDX mapping results of (a).   

 

Cross-sectional SEM inspections of tandem cathodes with various sulfur loadings 

before cycling are shown in Figure 3.5. Fresh cathodes show the intimate contact 

between the SWCNT/CNF conductive layer and the CNF/S active-material layer (Figure 

3.5). The magnified CNF/S layers (green cubes in Figure 3.5) show that large sulfur 

particles are well-dispersed within the CNF matrix. The SWCNT/CNF layers, on the 
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other hand, possess relatively dense structures due to the mechanical pressing process, 

but still remain as interconnected porous architectures (red cubes in Figure 3.5). As 

evidenced, the corresponding elemental mapping and line-scanning results show strong 

sulfur signals only in the CNF/S layers and almost no elemental sulfur signals in the 

SWCNT/CNF layers. Similar tandem cathodes comprising sulfur-free SWCNT/CNF 

layers and CNF/S layers could be found in tandem cathodes with increasing sulfur 

loadings (Figure 3.5). 

 

Figure 3.5. Cross-sectional SEM images and line-scan results of the tandem cathodes 
with different sulfur loadings: (a) 4 mg cm-2, (b) 8 mg cm-2, (c) 12 mg cm-2, 
and (d) 16 mg cm-2. (green box: CNF/S layer; red box: SWCNT/CNF layer) 

 

Figure 3.6 show the redistribution of the active material in the cycled tandem 

cathodes after 100 cycles.[45,113] The cycled cathode has no conspicuous sulfur particles 

embedded in the CNF matrix due to the rearrangement of the active material during 

sulfur-polysulfides-sulfides conversion. The elemental mapping results illustrate two 

possible rearrangement of the cycled active material. First, the CNF/S active-material 

layer exhibits the immobilized active material that is confined within the CNF matrix in 
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the CNF/S active-material layer. Second, the SWCNT/CNF conductive layer shows 

evidence of the trapped active material, as a result of the suppressed polysulfide 

diffusion. The absence of dense sulfur signals unveils that the rearranged active material 

is homogeneously stored in the conductive CNF and SWCNT/CNF skeleton. Sitting in 

these optimized electrochemical sites, therefore, could improve the redox of the trapped 

active material and reduce the cell impedance. The elemental analysis also indicates the 

strong polysulfide-trapping capability of the SWCNT/CNF conductive layer. The same 

active-material rearrangement phenomena are observed in the tandem cathodes with 

increasing sulfur loadings of 8, 12, and 16 mg cm-2. The conventional sulfur cathodes, 

however, exhibit many voids and insulating precipitates after cycling. The undesirable 

features of the cycled conventional sulfur cathode could lead to an increase in cell 

resistance.[2] Moreover, the dramatic decrease in the sulfur signals after cycling indicates 

the severe migration of polysulfides. Thus, the tandem cathode design paves a facile way 

for the high-loading cathodes to have enhanced reaction ability and active-material 

retention during cell cycling.[113]  
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Figure 3.6. (a) Cross-sectional SEM images and EDX mapping results of the cathode 
with 4 mg cm-2 sulfur after 100 cycles.  Surface SEM images and EDX 
mapping results of (b) the outer surface of the CNF/S layer, (c) the interface 
between the CNF/S layer and SWCNT/CNF layer, and (d) the outer surface 
of SWCNT/CNF. 

 

The detailed surface microstructure investigations of the cycled cathode after 100 

cycles (Figure 3.6b-d) were inspected from three different perspectives: (i) the outer 

surface of the CNF/S layer, (ii) the interface between the CNF/S layer and the 

SWCNT/CNF layer, and (iii) the outer surface of the SWCNT/CNF layer facing the Li 

anode. The most interesting finding is the obvious sulfur-signal-intensity gradients in the 

energy-dispersive X-ray spectroscopy (EDX) among the three areas (Figure 3.7). The 

intensities of sulfur signals gradually decrease from the outer surface of the CNF/S 

active-material layer (Figure 3.6b) to the interface between the CNF/S and SWCNT/CNF 

layers (Figure 3.6c) and to the surface of the SWCNT/CNF layer facing the Li anode, 

which exhibits the lowest peak intensity (Figure 3.6d). More specifically, the strong 

sulfur signals showing in the CNF/S layer concludes that most of the polysulfides are 

immobilized in the original active-material host, the CNF matrix in the CNF/S layers, 

after repeated cell operations. The comparison between the surfaces of the SWCNT/CNF 



 71 

layers facing the CNF/S layer and facing the Li anode depicts the suppressed polysulfide 

diffusion induced by the dense SWCNT/CNF layer and the puzzle-like polysulfide 

migration routes. According to the above microstructural analysis, we could draw a 

conclusion that most polysulfides are stabilized in the active-material layer. The 

SWCNT/CNF conducting layer forms the solid barrier to extend the escaping routes of 

polysulfides.  

 

Figure 3.7. Sulfur-signal-intensity gradients in the cycled tandem cathode. 

 

The schematic polysulfide-retention mechanism of the tandem cathode is depicted 

in Figure 3.8. In Li-S systems, the main culprit leading to fast capacity degradation is that 

the dissolved polysulfides tend to directly diffuse from the S cathode to the Li anode 

(Figure 3.8a).[34,45,113] Such inevitable polysulfide migration is driven by the differences in the 

chemical potentials and polysulfide concentrations between the two electrodes.[25,124] On the 

contrary, in the tandem cathode design (Figure 3.8b), the CNF matrix in each CNF/S 

layer functions as a reservoir which holds a great number of polysulfides.[114] On the other 

hand, each SWCNT/CNF layer prolongs the migration time of the escaping polysulfides 
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and also confine them within the tandem cathode which are, respectively, induced by the 

highly tortuous migration routes and the porous structures.[41,45,113] By means of holding the 

active material in the CNF/S layer and retarding the polysulfide migration by the 

SWCNT/CNF conductive layer, the active material is preserved within the CNF and 

SWCNT/CNF matrices in the tandem cathodes. Meanwhile, the CNF and SWCNT/CNF 

matrices provide fast ion/electron pathways for the stabilized active material, improving 

the redox capability of the cells after extensive cycling.[45,67,113]  

 

Figure 3.8. Schematic of the Li-S cells (a) with the conventional sulfur cathode and (b) 
with the tandem cathode. 

 
Electrochemical behaviors of Li-S cells using the conventional cathodes and the 

tandem cathodes with different sulfur loadings were examined in CR2032 coin cells. The 

electrochemical impedance spectra (EIS) of the Li-S cell using the conventional cathode 

(S content: 60 %; S loading: 3 mg cm-2) exhibits a very high resistance of 460 ohms 

(Figure 3.9a). However, by employing the tandem cathodes, the Li-S cells with higher 

sulfur loadings have relatively low internal resistances in the range of 30 - 60 ohms 

before and after cycling (Figure 3.9a – c).[113] The EIS results point out that the unique 
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tandem cathode architecture exhibits highly electronically/ionically accessible structures, 

thereby facilitating the redox accessibility and sulfur utilization.[41,42,113]  

 

Figure 3.9. EIS spectra of Li-S cells using the tandem cathodes with various sulfur 
loadings after different cycle numbers: (a) 0 cycle, the uncycled cells (the 
control cell included), (b) after 20 cycles, and (c) after 100 cycles. (d) The 
CV curves of Li-S cells using the tandem cathode with a sulfur loading of 4 
mg cm-2 in 10 cycles. 

 

The typical two-step redox reactions of sulfur are detected by a cyclic 

voltammetry (CV) test at a scan rate of 0.1 mV s-1 (Figure 3.9d).[2,105] Two discernible 

cathodic peaks at 2.29 and 1.96 V represent, respectively, the reduction reaction from 

elemental sulfur (S8) to the intermediate lithium polysulfides (Li2Sn, 4 < n £ 8) and the 

further conversion from dissolved lithium polysulfides to the solid end-discharge 

products (Li2S2/Li2S mixtures). During the anodic potential sweeps, two oxidation peaks at 

2.37 and 2.46 V correspond to the oxidation reactions from Li2S to soluble polysulfides 

and to elemental sulfur. It is worth to emphasize that well-overlapped CV scan curves 

have sharp peaks, which suggest the high electrochemical reversibility and fast redox-

reaction ability.[113] The discharge/charge voltage profiles of the tandem cathode with 4 mg 
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cm-2 sulfur at various cycling rates of 0.1C, 0.2C, and 0.5C rates, and with 8, 12, and 16 

mg cm-2 sulfur at 0.1C rate are, respectively, shown in Figure 3.10. The discharge/charge 

curves exhibit the two-step reduction reaction of sulfur and the reversible discharge and 

charge behaviors, which agree with the electrochemical mechanism analyzed in the CV 

measurements. 

 

Figure 3.10. Discharge/charge profiles of the Li-S cells employing the tandem cathodes 
with a sulfur loading of 4 mg cm-2 at various cycling rates: (a) 0.1C, (b) 
0.2C, and (c) 0.5C rates. Discharge/charge profiles of the Li-S cells 
employing the tandem cathodes with various sulfur loadings at 0.1C rate: (d) 
8 mg cm-2, (e) 12 mg cm-2, and (f) 16 mg cm-2. 

 

QH/QL analyses are powerful indicators to further investigate the electrochemical 

stability and reversibility of Li-S batteries.[45,47,125] The upper-discharge plateau in which the 

fast solid-to-liquid reactions occur are mainly related to the capacity degradation and the 

electrochemical stability of the cells because of polysulfide diffusion and migration.[47] As 

a result, the analysis of QH is used to evaluate the polysulfide-retention capability. The 

theoretical value of QH is 419 mA h g-1. The Li-S cells employing the tandem cathodes 

with 4, 8, 12 and 16 mg cm-2 sulfur are able to deliver a QH of, respectively, 289, 210, 
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214, and 209 mA h g-1 (Figure 3.11). After 100 cycles, these cells exhibit high reversible 

QH values, retaining a high average QH retention rate (RQH) of 74%. Such a high RQH value 

indicates that the Li-S cells utilizing the tandem sulfur cathodes have promising 

polysulfide retention and electrochemical stability even with a high sulfur loading. The 

prolonged lower-discharge plateau contributing 75% of the theoretical discharge capacity 

can be attributed to the sluggish reduction reaction of polysulfides to solid products. The 

theoretical value of QL is 1256 mA h g-1. In Figure 3.11, the cells can, respectively, attain 

QL values of 561, 425, 413, ad 429 mA h g-1. A high average QL retention rate (RQL) of 

78% can achieved after 100 cycles, implying the trapped active material can be 

effectively reutilized within the tandem cathodes, thereby improving the cycling ability.[125] 

Therefore, Li-S cells exploiting the tandem sulfur cathodes exhibit favorable polysulfide-

retention capability and redoxibility even with high sulfur loadings.  

 

Figure 3.11. QH/QL analyses of Li-S cells exploiting the tandem cathodes: (a) 4 mg cm-2, 
(b) 8 mg cm-2, (c) 12 mg cm-2, and (d) 16 mg cm-2. 

 

The cycling profiles of the Li-S cell employing the tandem cathode with 4 mg cm-2 

sulfur loadings show a high initial discharge capacity of 990 mA h g-1 at 0.1C rate (Figure 
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3.12). The peak capacities of the cell approach 680 and 560 mA h g-1, respectively, at 

0.2C and 0.5C rates. After 100 cycles, Li-S cells utilizing the tandem cathodes show 

stable cycling performances with high reversible capacities of 621, 614, and 550 mA h g-1 

at, respectively, 0.1C, 0.2C, and 0.5C rates.  

 

Figure 3.12. (a) The electrochemical performance of the Li-S cells using the tandem 
cathode with 4 mg cm-2 sulfur loading at various cycling rates. Cycling 
performances of the Li-S cell employing the conventional cathode with 3 
mg cm-2 sulfur and the tandem cathodes with different sulfur loadings at 
0.1C rate: (b) specific capacity (mA h g-1), (c) areal capacity (mA h cm-2), and 
(d) volumetric capacity (mA h cm-2). 

 

The tandem cathode design was utilized to augment sulfur loadings from 4 mg 

cm-2 to 16 mg cm-2, which are much higher than that published with high-performance Li-

S batteries (< 2 mg cm-2). The electrochemical performances of Li-S cells using the 

tandem cathodes with 8, 12, and 16 mg cm-2 sulfur loadings at 0.1C rate between 1.7 and 

2.8 V are summarized in Figure 3.12b-c. The Li-S cells using the tandem cathodes with 

ultra-high sulfur loadings of 8, 12, 16 mg cm-2, respectively, deliver high initial discharge 

capacities of 935, 840, and 771 mA h g-1. The specific discharge capacities correspond to 

high areal capacities of 7.5, 10.1, and 12.3 mA h cm-2, which are much higher than the 
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areal capacity of the control cell, which is only 2.5 mA g cm-2, while it is equipped with a 

conventional sulfur cathode with a much lower sulfur loading of 3 mg cm-2. After 100 

cycles, the cells employing the tandem cathodes have a low capacity fade rate of 0.4% 

cycle-1. The reversible discharge capacities achieve 532, 506, and 480 mA h g-1, 

corresponding to high areal capacities of 4.3, 6.1, and 7.1 mA h cm-2. The volumetric 

capacities are also shown in Figure 3.12d as a reference. However, the control Li-S cell 

employing the conventional cathode shows a dramatic capacity fade from 823 mA h g-1 

(2.5 mA h cm-2) to 166 mA h g-1 (0.5 mA h cm-2) in the initial 10 cycles that is due to the 

severe polysulfide migration phenomena occurring in a high-loading cathode case during 

cycling. In other words, the tandem cathode design significantly upgrades the reversible 

electrochemical performance of Li-S batteries by ~ 17 times (16 mg cm-2, 7.1 mA h cm-2) 

as compared with that employing the conventional cathode (3 mg cm-2, 0.42 mA h cm-2). 

This feature shows the success of the tandem cathode in greatly improving the 

electrochemical performance of Li-S cells.  

The unique tandem cathode design contributes several merits for the Li-S system 

to achieve exceptional electrochemical performances. First, the highly flexible and robust 

structures in the freestanding cathodes cushion the large stress originating from the redox 

transformation between S and Li2S.[45,113] This ensures intimate contacts between (i) the 

active material and the CNF matrix in the CNF/S active-material layer and (ii) the CNF/S 

active-material layer and the SWCNT/CNF conductive layer, which effectively reduce 

the built-up of resistances in the high-loading sulfur cathode.[113] During dynamic cycling, 

the porous spaces in CNF/S layers and the dense SWCNT/CNF layer are able to, 
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respectively, accommodate a huge number of polysulfides[113,114] and retard the polysulfide 

diffusion out from the tandem cathode.[67,113] After stabilizing the polysulfides within the 

designed cathode region, the trapped active material that is trapped by the conductive 

CNF and SWCNT/CNF matrices is further reutilized/reactivated in following cycles.[42,113] 

These advantages of the tandem cathode configuration render Li-S batteries achieve 

superior electrochemical and cycling performances. 

Flexible (foldable or bendable) batteries currently have earned much attraction 

due to their promising applications.[122,126] However, the flexible high-areal-capacity Li-S 

battery is rarely reported. Here, foldable Li-S batteries with high areal capacities can be 

achieved by using high-loading tandem sulfur cathodes because of their outstanding 

mechanical properties. Accordingly, pouch cells were assembled to demonstrate foldable 

Li-S batteries with the highly flexible tandem electrodes as the cathode. The tandem 

sulfur cathode with a high areal sulfur loading of 16 mg cm-2 (total sulfur mass = 192 mg) 

and Li foil were cut into 2 x 6 cm-2. The Celgard 2500 without any modifications was 

used as the separator to prevent the cell-short. The assembled pouch cell was cycled 

under original, 90o-folded, 180o-folded, and recovered states (Figure 3.13). The originally 

assembled Li-S pouch cell employing the tandem cathodes is able to deliver a high 

discharge capacity of 790 mA h g-1 (12.7 mA h cm-2), which is consistent with the coin-

cell result. After carefully folding by 90o and 180o, the cells are still able to attain high 

areal capacities of, respectively, 12.6 and 12.3 mA h cm-2 under the folded states without 

severe capacity decay or cell-short. The areal discharge capacity (the capacity loss rate in 

parenthesis) slightly decrease to 11.9 mA h cm-2 (6.3% loss) as the cell is under the 
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unfolded state. The result indicates that the foldable Li-S cell employing the tandem 

cathodes outperforms previous foldable and flexible LIBs which could barely offer low 

areal capacities (0.1 – 1.5 mA h cm-2).[122] Thus, the development of high-loading tandem 

sulfur cathodes in this work illustrates the progress in realizing high-areal capacity 

flexible energy storage devices. 

 

Figure 3.13. Electrochemical tests of foldable Li-S batteries employing the tandem 
cathodes with a high sulfur loading of 16 mg cm-2 under (a) original, (b) 90o-
folded, (c) 180o-folded, and (d) recovered states. (black line: first cycle; red 
line: second cycle). 

 

3.1.4 Summary  
In summary, we have developed a flexible freestanding tandem cathode 

consisting of CNF/S layers and SWCNT/CNF layers by a facile one-step vacuum-

filtration process to achieve Li-S batteries with high-areal-capacities. In the tandem 

cathode, its CNF/S layer has the interconnected CNF network for benefiting the 

polysulfide-trapping capability. In addition to stabilizing the active material within the 

active-material layer, the dense SWCNT/CNF layer forms puzzle-like polysulfide-

diffusion pathways and, therefore, limits the polysulfide from penetrating through the 
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SWCNT/CNF layer. These advantages render the Li-S cells employing the tandem 

cathodes exhibit promising electrochemical performances and stable cycling stabilities 

even with a high sulfur loading of up to 16 mg cm-2 and a reasonable sulfur content of 60 

wt.%. The tandem cathodes provide Li-S cells with a high initial areal capacity (12.3 mA 

h cm-2) and high reversible areal capacity (7.1 mA g cm-2). The values are much higher 

than those reported in many studies that fabricate high-performance Li-S cells with low-

loading sulfur cathodes (< 2 mg cm-2). The tandem cathodes possessing excellent 

mechanical properties allow the design of foldable Li-S cells. The foldable cell utilizing 

the tandem cathode with a remarkably high sulfur loading of 16 mg cm-2 achieves high 

areal capacities (> 12.0 mA h cm-2) under folded states and enable the development of 

foldable, high-areal-capacity Li-S batteries. 
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Chapter 4: New Electrolyte Additives - Oligoanilines 

4.1 OLIGOANILINES AS A SUPPRESSOR OF POLYSULFIDE SHUTTLING IN LITHIUM-
SULFUR BATTERIES* 

4.1.1 Introduction 
The limited charge-storage capacities of insertion-compound cathodes employed 

in lithium-ion batteries have triggered great interest in alternative systems, such as the 

lithium-sulfur (Li-S) cells, as sulfur is earth-abundant and biocompatible with a huge 

capacity of 1675 mA h g-1.[2,127,128] Despite the advantages, the dissolution of the intermediate 

discharge products, polysulfides (LiPS; Li2Sn, 4 ≤ n ≤ 8), in the organic electrolytes used 

in Li-S cells and their shutting between the cathode and anode through the porous 

polymeric separator (e.g., Celgard separators) during cell cycling severely degrades the 

electrochemical performance and greatly impedes the practical viability of Li-S 

batteries.[129,130]  

Employing electrolytic additives is a commonly used approach in the literature to 

mitigate the impact of the LiPS shuttle effect. Currently, the most commonly used 

electrolyte additive in Li-S cells is LiNO3, which induces a stable, solid electrolyte 

interphase (SEI) on electrodes, thereby improving the cycling stability.[131,132] Unfortunately, 

LiNO3 alone is ineffective in completely suppressing LiPS migration. This is because the 

small LiPS chains with length of ~ 1.1 - 1.7 nm, driven by the concentration gradients, 

                                                
* C.-H. Chang, S.-H. Chung, P. Han, and A. Manthiram, “Oligoanilines as a suppressor of polysulfide 
shuttling in lithium–sulfur batteries,” Mater. Horiz., 2017, 4, 908-914.  
Chi-Hao Chang carried out the experimental work. Sheng-Heng Chung and Pauline Han provided 
assistance in experimental details. Prof. Manthiram supervised the project. All participated in the 
discussion and preparation of the manuscript. 
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can rapidly diffuse through the polymeric separator.[133–135] The fast permeation of the 

intermediate LiPS chains through the separator causes a severe loss of the active material 

and the fast capacity fade in Li-S cells.  

Mechanistically different from the common approaches utilized for 

trapping/confining small LiPS chains chemically/physically, we present here a novel 

concept to reduce LiPS migration by enlarging the migrating species and then sieving 

them size-selectively by the separator. The organic oligoaniline (amine-capped aniline 

trimer (ACAT), Figure 4.1) are shown to have a favorable interaction with LiPS that 

allows the LiPS chains to strongly bind to the ACAT molecules, thereby forming large 

ACAT-LiPS complexes (organoLiPS complexes). The ACAT-LiPS complexes with bulky 

molecular structures encounter greater difficulty to migrate through the pores of the 

polymeric separators and are thus immobilized within the sulfur cathode region. This idea 

is analogous to the size-selective sieving effect of gel electrophoresis where smaller 

molecules (e.g., DNA, RNA, and protein complexes) migrate easily through the pores of 

the gel while the larger molecules encounter huge hindrance.[134]  

4.1.2 Experimental  

4.1.2.1 Synthesis of amine-capped aniline trimer (ACAT) 

As analogues of the well-known polyaniline (PANi), aniline oligomers, especially 

ACAT, have been extensively studied because of their well-defined structure and good 

solubility. A simple one-step method was well-established recently by Yeh et al. to 

prepare ACAT in a large scale and at low cost.[136–139] Briefly, ACAT was synthesized by the 
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oxidative coupling reaction of 4,4’-diaminodiphenylamine sulfate (TCI) and distilled 

aniline (Sigma-Aldrich) with ammonium persulfate (APS, JT Baker) as an oxidant at -5 

oC (Fig. S1a). The resulting products were obtained by the vacuum-filtration method and 

then washed with 1.0 M hydrogen chloride (HCl, Sigma-Aldrich) solution. The HCl-

doped ACAT was subsequently dedoped by ammonium hydroxide solution (NH4OH, 

Sigma-Aldrich) and continually washed by a huge amount of purified H2O. The purple-

blue ACAT powders were obtained after vacuum-drying at 50 oC for 24 h. The 

characterizations of ACAT are presented in Figure 4.1a.[140] 1H NMR (300 MHz, d6-DMSO, 

ppm): δ = 5.43 (1, 4H, -NH2), δ = 6.61 (2, 4H, Ar-H), δ = 6.75 (3, 4H, Ar-H), δ = 6.94 

(4, 4H, Ar-H). Mass: [ACAT+H]+ = 289.1. FTIR (KBr pellets, cm-1): 3306 and 3202 

(terminal -NH2), 1602 (quinoid rings), 1506 (benzenoid rings), 1283 (C-N), 838 (para-

substitution of benzene ring). 

4.1.2.2 Synthesis of polyaniline (PANi) 

In a typical synthesis procedure,[103] 0.1 mole of distilled aniline monomers were 

added into 400 mL of 1.0 M HCl solution and the mixture was precooled in an ice bath. 

A 20 mL of 1.0 M HCl solution containing 0.025 mol APS was added into the above 

aniline/HCl solution dropwise. The mixture was kept under -5 °C with vigorous magnetic 

stirring for 6 h. The HCl-doped PANi was obtained by vacuum-filtering the resulting 

solutions. To convert the HCl-doped PANi to the emeraldine PANi (or dedoped PANi), 

the HCl-doped PANi precipitates were magnetically stirred in 400 mL NH4OH (1.0 M) 
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solution at room temperature for 24 h. The emeraldine PANi powders were obtained by 

the vacuum-filtration method and vacuum-drying at 50 oC.  

4.1.2.3 The solubility examinations 

5 mg ACAT or PANi powders were dissolved in various electrolyte solvents (8 

mL) such as 1, 3-dioxolane (DOL, Acros Organics), 1,2- dimethoxyethane (DME, Acros 

Organics), and the DOL/DME co-solvent. The solutions were stirred at room temperature 

for 1 day.  

4.1.2.4 Preparation of LiNO3- and ACAT/LiNO3-electrolytes 

The LiNO3-electrolyte was prepared by completely dissolving the lithium salt 

(1.85 M, LiCF3SO3, Acros Organics) and the electrolyte additive (0.1 M, LiNO3, Acros 

Organics) in the DOL/DME co-solvent. The ACAT/LiNO3-electrolyte was obtained by 

introducing 0.05 M of the as-synthesized ACAT into the LiNO3-electrolyte. The 

ACAT/LiNO3-electrolyte is purple-blue in color; the LiNO3-electrolyte, however, is 

transparent.  

4.1.2.5 Fabrication of sulfur cathodes 

The pure sulfur cathodes with two different sulfur contents (60 wt.% sulfur 

denoted as 60S-cathodes and 70 wt.% sulfur denoted as 70S-cathodes) were prepared by 

coating the active-material slurry onto an aluminum foil (the current collector). The 

slurry containing 60 wt.% pure sulfur powders (S, Sigma-Aldrich), 20 wt.% 

polyvinylidene fluoride (PVdF, Kureha), and 20 wt.% Super P (TIMCAL) in N-methyl-
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2-pyrrolidone (NMP, Sigma-Aldrich) were employed to prepare the 60S-cathodes. On the 

other hand, the slurry composed of 70 wt.% sulfur, 15 wt.% PVdF, and 15 wt.% Super P 

was used in the preparation of the 70S-cahtodes. The wet cathodes were vacuum-dried in 

an oven at 50 oC for 24 h to vaporize the NMP solvent and any residual moisture. The 

sulfur loading of the prepared 60S-cathodes is approximately 2.0 – 2.2 mg cm-2. The 

sulfur loadings of the prepared 70S-cathodes were tuned from 2.2 to 5.1 mg cm-2 by 

controlling the thickness of the active-material coating. 

4.1.2.6 Preparation of the modified cathodes 

1.0 M Li2S6 prepared by a chemical reaction of pure sulfur powders and Li2S 

powders at 75 oC was used as the active material in the modified cathode. 30 µL Li2S6 

solution was dropped onto a highly conductive carbon paper, which functionalizes as a 

porous current collector. The resulting cathode contains ca. 5.1 mg cm-2/72 wt.% sulfur.  

4.1.2.7 Preparation of the carbon-coated separators 

The carbon-coated separators have been well-established in our group.[45,47,48] In this 

work, porous carbon spheres (PCS) and single-walled carbon nanotubes (SWCNT, 

Tuball) were used as the coating materials in the carbon-coated separators. The carbon-

coated separators were fabricated by vacuum-filtering the isopropyl alcohol (IPA, Fisher 

Scientific) solution containing 0.25 mg mL-1 PCSs and 0.05 mg mL-1 SWCNTs through the 

polymeric separator (Celgard®2500, Celgard). The resulting carbon-coated separators 

were vacuum-dried at 50 °C for 24 h. The coated side faced the sulfur cathode when 

assembling the Li-S cells with the carbon-coated separators. The other side facing the Li 
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anode remained insulating, preventing the cells from short-circuiting. The weight of 

carbon coating is about 0.12 mg cm-2. As a reference, the Celgard separator is ca. 1.0 mg 

cm-2. 

4.1.2.8 Ex-situ and in-situ LiPS permeation 

0.2 mL of the 1 M Li2S6 solution prepared through a chemical reaction of pure sulfur 

powders and Li2S powders at 75 oC mixed with 1 mL of the electrolytes (LiNO3-

electrolyte or ACAT/LiNO3-electrolyte) was transferred to into a small sample vial. The 

outlet of the small sample vials with the solutions was sealed by the separators 

(polymeric separators or carbon-coated separators). The well-sealed vials with the 

solutions were then transferred upside down into the large sample vials containing 2.0 

mL LiNO3-electrolyte. The solutions in the small vials would gradually diffuse into the 

electrolyte in the large vials due to the concentration differences. The permeability was 

quantitatively determined by UV-Vis spectroscopy after different diffusing times of 30 

min, 1 h, and 3 h.  

In the LiPS-trap cells used to perform the in-situ permeation test, a sheet of sulfur-

free carbon paper (Nanotech) was placed between two polymeric separators. We also 

replaced the top polymeric separator with the carbon-coated separator in the LiPS-trap 

cells in order to investigate the further reduced migration of LiPS. The inserted porous 

carbon papers exhibit intertwined porous structures and thereby function as LiPS traps to 

confine the migrating LiPS escaping from the sulfur cathode. After cycling, the cycled 

carbon papers (at the fully charged stage, 2.8 V) were retrieved from the cells and rinsed 
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with DOL/DME to remove the remaining Li salts. The SEM images and the elemental 

mapping results of the surface facing the sulfur cathode of the cycled carbon papers were 

used to quantitatively examine the amount of the escaped LiPS from the sulfur cathodes.  

4.1.2.9 Characterizations  

The microstructural/morphological analyses and the elemental mapping 

investigations were observed with a field emission scanning electron microscope (FE-

SEM) (Quanta 650 FE-SEM, FEI) equipped with an energy dispersive X-ray 

spectrometer (EDX). The samples retrieved from the cycled cells were slightly rinsed 

with the DOL/DME solution. In order to prevent contact with air, the cycled samples 

were transferred in vials containing ultra-high pure argon. The bonding states and the 

chemical characterizations of ACAT powders, ACAT-LiPS complexes, and cycled 

cathodes were examined with X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD, 

Kratos Analytical) equipped with a monochromated Al Kα X-ray source. A specially-

designed air-tight chamber developed by the Texas Materials Institute was used to 

transfer the air-sensitive samples. To eliminate the interferences of Li salts (e.g., 

LiCF3SO3 and LiNO3) in the XPS analyses, the LiPS mixtures used to prepare the ACAT-

LiPS complexes were prepared by mixing sulfur powders and Li2S powders in the 

DOL/DME co-solvent without involving any Li salts at 75oC. The LiPS mixtures were 

obtained by filtering out the unreacted S/Li2S powders. UV-Vis absorption spectra were 

obtained with a UV-Vis spectrometer (Ocean Optics, Halogen light source, UV-NIR). 

Fourier transformed infrared (FT-IR) spectra were recorded on a FT-IR spectrometer 
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(Nicolet iS5) in the wavenumber range of 500 to 4000 cm-1. The porosity analysis was 

carried out by examining the nitrogen adsorption and desorption behaviors of the samples 

with an automated gas sorption apparatus (AutoSorb iQ2, Quantachrome Instruments) at 

-196 °C.  

4.1.2.10 Electrochemical Measurements  

The assembled Li-S cells were rested for 30 min prior to the electrochemical 

examinations performed at room temperature. A universal potentiostat (VoltaLab PGZ 

402, Radiometer Analytical) was used for the cyclic voltammetry (CV) measurement 

between the voltages of 1.7 and 2.8 V. The electrochemical performances and the 

discharge/charge voltage profiles were collected with an Arbin electrochemical test 

station in the voltage range of 1.7 – 2.8 V. The upper-discharge plateau capacity (QH) and 

the lower-discharge plateau capacity (QL) were based on the discharge curves.  

4.1.3 Results and discussions 
Organic functional conducting polymers (oFCPs) have commonly been applied to 

inhibit the migration of LiPS due to their strong chemical binding capability toward 

LiPS.[141] Polyaniline (PANi) stands out among the various oFCPs because of its easy 

synthesis, high stability in the voltage window of interest, environmental benignity, and 

strong interactions with LiPS.[47,54,59] However, PANi is insoluble in the electrolytes used in 

Li-S batteries. As an analog to PANi, ACAT shares the same unique characteristics as 

PANi (Figure 4.1) including the strong interactions with LiPS.[142,143] More importantly, 
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ACAT, unlike PANi, is extremely soluble in the electrolyte solvents used in Li-S batteries 

(Figure 4.2 and Figure 4.3).  

 

Figure 4.1. (a) Scheme for the synthesis of ACAT. Characterizations of ACAT: (b) 1H 
NMR, (c) mass spectrum, and (d) FTIR spectrum. (e) Chemical structures 
and the various redox states of ACAT and PANi.  

 

 

Figure 4.2. Solubility tests of ACAT and PANi. 
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Figure 4.3. Photos of (a) LiNO3-electrolyte and ACAT/LiNO3-electrolyte; (b) LiPS and 
LiPS/ACAT mixtures. 

 

As the LiPS chains form and dissolve in the ACAT/LiNO3-electrolyte, an ACAT 

molecule containing four nitrogen sites is able to firmly bind at the most four small LiPS 

chains, each of which possesses two binding sites (the end Li sites) (Figure 4.4). The 

ACAT molecules and a myriad of LiPS chains are effectively “three-dimensionally (3D) 

cross-linked” and form bulky ACAT-LiPS complexes. Compared to the small LiPS 

chains, the ACAT-LiPS complexes have sterically much bulkier chemical structures. As a 

result, the ACAT-LiPS complexes diffuse much slowly and are obstructed from passing 

through the separator. Furthermore, the ACAT-LiPS complexes can crowd together at the 

cathode-separator interface, forming a pseudo-interface that further impedes the 

migration of small LiPS species. Therefore, compared to the severe migration of the 

small LiPS chains in the LiNO3-electrolyte (Figure 4.4b), the large ACAT-LiPS 

complexes formed in the ACAT/LNO3-electrolyte effectively reduce the LiPS migration 

phenomena (Figure 4.4c). In addition to the ACAT additive, a carbon-coating is applied 
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to the polymeric separator to intercept the bulky ACAT-LiPS complexes more effectively 

due to the narrower migration routes (Figure 4.4d). More importantly, the highly 

conductive carbon-coating acts as an upper current collector to reutilize/reactivate the 

stabilized active material during the charge-discharge process.  

 

Figure 4.4. (a) The formation of bulky ACAT-LiPS complexes, and (b – d) illustrations 
detailing the suppressed migration of LiPS. 

 

The strong interactions of the small LiPS chains with the ACAT molecules are 

detected with the high-resolution X-ray photoelectron spectroscopy (XPS). Figure 4.5 

presents the Li 1s region of the ACAT-LiPS complexes, displaying one asymmetric broad 

peak that can be deconvoluted into 2 peaks. The peaks have a binding energy of 55.0 and 

56.1 eV, which correspond, respectively, to the Li-S and Li-N bond interactions.[144,145] This 

asymmetry caused by the Li-N peak confirms the formation of the ACAT-LiPS 

complexes. The color changes (purple-blue à dark green) (Figure 4.3b) similar to that 

witnessed in the Li-doped PANi make us speculate that the ACAT-LiPS complexes may 

also facilitate the other form of interaction where the Li+ ions interact with the imine (-
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N=) groups with the Sn
2- ions serving as the counter ions.[146,147] There are three peaks that can 

be deconvoluted into secondary amine-type nitrogen (N-H, 399.1 eV), imine-type 

nitrogen (-N=, 398.3 eV), and a trace of protonated imine-type nitrogen (N+, 401.0 eV) 

due to the residual doped states in the preparation of ACAT.[147] After the interaction with 

the LiPS species, there is evidence in the N 1s region of the ACAT-LiPS complex that 

reconfirms the strong chemical Li-N binding (399.7 eV) between ACAT and LiPS 

(Figure 4.5b).[146] More noticeably, the significant increase in the N+ peak area ratio from 8 

to 21% and the subsequent decrease in the imine peak area ratio from 20 to 10% imply 

that a form of LiPS-doped ACAT exists in the ACAT-LiPS complexes.[147] The appearance 

of the LiPS-doped ACAT and Li-N interactions is further verified by UV-Vis 

spectroscopy (Figure 4.5c). The absorption peaks of ACAT at 318 and 541 nm are 

associated with, respectively, the π-π* benzenoid ring transition and the excitonic 

transition from benzenoid to quinoid ring (BàQ). This is similar to the absorbance peaks 

assigned in PANi.[142,148,149] The diminishing quinoid abosorption peak at 541 nm and a slight 

augmentation in the low-energy peak after introducing LiPS indicate the successful 

doping onto ACAT.[146] The new peaks observed between 350 and 450 nm are attributed to 

LiPS.[150] The absorbance results suggest that the formation of the ACAT-LiPS complexes 

is induced by not only the strong Li-N interactions but also the LiPS-doping reactions 

(Figure 4.5d). 
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Figure 4.5. High-resolution XPS (a) Li 1s and (b) N 1s of the ACAT-LiPS complexes. 
(c) UV-Vis spectra. (d) Two possible ACAT and LiPS interactions. 

 

UV-Vis absorption spectroscopy was performed to verify the benefits of size-

exclusion of the bulky ACAT-LiPS complexes with a series of ex-situ permeability tests 

(Figure 4.6). The colorless electrolyte turns yellow within 3 h when employing only 

LiNO3 as the electrolyte additive, indicating the severe LiPS migration. The UV-Vis 

spectra also show the large increase in the LiPS peak (419 nm), confirming that LiPS 

rapidly migrates through the polymeric separator (Figure 4.7a). In contrast, the electrolyte 

shows only a very slight yellow and a reduced LiPS peak intensity when introducing 

ACAT into the LiNO3-electrolyte (Figure 4.7b). These compelling observations support 

that the ACAT molecules and LiPS chains form into bulky ACAT-LiPS complexes that 

are selectively sieved by the polymeric separator. The carbon-coated separator with 

narrower and more tortuous pathways further amplifies the effects seen with the size-

selective sieving. Over the same extended time period, the electrolyte remains transparent 

and colorless as a result of the effective sequestration of the bulky ACAT-LiPS complexes 
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(Figure 4.7c). The unchanged color and the weak LiPS peaks in the UV-Vis spectrum 

(Figure 4.7d) suggest that the coated separator is virtually impermeable to the sterically 

bulk ACAT-LiPS complexes.  

 

Figure 4.6. (a) LiPS/electrolyte mixtures and (b) the permeability tests set-up. 

 

 

Figure 4.7. Ex-situ LiPS permeability examinations with UV-Vis spectroscopy (the 
insets are the photos of the solutions after immersing for 3 h). (a) LiNO3-
electrolyte and the polymeric separator, (b) ACAT/LiNO3-electrolyte and the 
polymeric separator, (c) ACAT/LiNO3-electrolyte and the carbon-coated 
separator, and (d) comparisons of UV absorption. 
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The in-situ permeability examinations with the LiPS-trap cells confirm the 

reduced LiPS migration phenomena (Figure 4.8). In the LiPS-trap cells, a carbon paper is 

inserted between two polymeric separators as the LiPS trap. By analyzing the surface of 

the carbon paper facing the sulfur cathode after cycling, we can qualitatively investigate 

the extents of the LiPS migration in the real Li-S cells. In Figure 4.9a, the SEM images 

show that the cycled carbon paper retrieved from the LiPS-trap cells employing the 

LiNO3-electrolyte has abundant sulfur-containing species and strong sulfur signals (red 

dots). The abundance of sulfur species is attributed to that LiPS chains readily diffuse 

through the separator into the carbon paper. The cycled LiPS-trap carbon paper obtained 

from the cells utilizing the ACAT/LiNO3-electrolyte, however, demonstrate well-

maintained porous structures with a negligible amount of sulfur-containing species 

(Figure 4.9b). Moreover, the corresponding elemental mapping results show the sulfur 

signals with much reduced peak intensity, indicating the mitigated crossover of LiPS. The 

absence of the sulfur-containing species and the weaker sulfur signals on the cycled LiPS 

trap as shown in Figure 4.9c, illustrating that the size-selective sieving effect is 

pronounced by using the carbon-coated separator. Figure 4.9d clearly shows that the 

surface facing the cathode of the cycled carbon paper in the ACAT/LiNO3-electrolyte 

(1183 counts) exhibits a ca. 50%-reduction in the sulfur signal intensity as compared to 

that in the LiNO3-electrolyte (2299 counts). The sulfur signals on the surface of the cycled 

carbon paper are further reduced to 810 counts with the incorporation of the carbon-

coated separator. 
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Figure 4.8. Configurations of the LiPS-trap cells employing (a) the Celgard separator and 
(b) the carbon-coated separator. 

 

 

Figure 4.9. In-situ permeability examinations: (a) LiNO3-electrolyte and the polymeric 
separator, (b) ACAT/LiNO3-electrolyte and the polymeric separator, and (c) 
ACAT/LiNO3-electrolyte and the carbon-coated separator. (d) Comparisons 
of the sulfur signal intensity on the LiPS traps. 

 

Cyclic voltammetry (CV) displayed in Figure 4.10a implies the similar 

electrochemical behaviors in both the cells. The slightly increased polarization in the cells 

employing the ACAT/LiNO3-electrolyte confirms the formation of 3D cross-linked and 

bulkier migrating species, which is similar to the previous report.[151] The two reduction 
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peaks at ~ 2.27 and ~ 2.01 V are attributed to the bimodal S reduction reactions, which 

are in agreement with the voltage profiles (Figure 4.10b). Moreover, the addition of 

ACAT does not alter the redox reactions of the Li-S system, and the ACAT molecules are 

stable in the voltage window between 1.7 and 2.8 V. Although the voltage profiles of the 

Li-S cells using the LiNO3-electrolyte exhibit perfect upper- and lower-discharge plateaus 

in the initial few cycles, the continuous increase in the polarization and the rapid 

shrinkage of both plateaus in the initial few cycles indicate the severe migration of LiPS 

and irreversible deposition of inactive sulfides on the electrodes (Figure 4.10b). The rapid 

capacity degradation and unstable cycling performance are commonly seen in the 

unmodified cells utilizing pure sulfur cathodes because they do not have any protection to 

impede the serious delocalization of the LiPS chains and the irreversible sulfide 

accumulation. By contrast, the well-maintained voltage profiles of the cells employing 

the ACAT/LiNO3-electrolyte indicate the reduced migration of LiPS and alleviated sulfide 

accumulation.  
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Figure 4.10. (a) CV curves and (b) electrochemical performance of the Li-S cells with 
and without ACAT in the electrolyte. (c) CV plots of the Li-S cells 
employing the ACAT/LiNO3-electrolyte at different scan rates. (d) Linear 
fitting of the CV curves. 

 

Figure 4.10c presents the CV curves of the cells employing the ACAT/LiNO3-

electrolyte at various scan rates of 0.1, 0.2, and 0.4 mV s-1. Based on the CV plots at 

various scanning rates, the Li-ion diffusion coefficient (DLi
+) could be calculated via the 

Randles-Sevick equation:[65] 

I$%&' = 268600 × e..0 	× Area	 ×	D6789.0 × Concn.67× rate9.0      (1) 

In Eq. (1), I$%&' is the current (A) of the peak, e is the number of electrons involved in 

the reaction, Area is the electrode area (cm2), Concn.67 is the Li-ion concentration in the 

electrolyte (mol mL-1), and rate is the scanning rate in V s-1. In order to calculate the DLi
+, 

the Ipeak and the rate0.5 in the CV plots at various scanning rates were linearly fitted. The 

highly relevant linear relationship as shown in Figure 4.10d determines the diffusion 

coefficients (DLi
+) at different CV voltage ranges: DLi

+(C1) = 2.45 × 10-8, DLi
+(C2) = 9.02 × 

10-9, and DLi
+(A1) = 5.36 × 10-8 cm2 s-1. The values of the cells using the ACAT/LiNO3-
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electrolyte are similar to the reported value of the cell using the LiNO3-electrolyte (DLi
+ = 

2 × 10-8 to 9 × 10-9 cm2 s-1).[65] This also indicates that the introduction of the ACAT 

molecules into the electrolyte does not adversely affect the Li-ion flux.   

The carbon-coated separators are able to further suppress the LiPS migration due 

to the narrower and tortuous migration routes. More importantly, the thin carbon coating 

functionalizes as the upper current collector to more effectively reutilize/reactivate the 

intercepted ACAT-LiPS complexes.[45,47] Figure 4.11a-b shows the cells exhibit high 

discharge capacities of 1268, 962, and 629 mA h g-1 at rates of, respectively, C/10, C/5, 

and C/2. After 150 cycles, the reversible capacities still remain at, respectively, 726 

(C/10), 589 (C/5), 575 (C/2) mA h g-1, demonstrating the promising rate performance. The 

cells also exhibit superior electrochemical utilization and high reversible capacity for 200 

cycles at increasing sulfur loadings (70 wt.%; 2.2, 3.8, and 5.1 mg cm-2 sulfur; Figure 

4.11c-d). Furthermore, the cell employing both the ACAT/LiNO3-electrolyte and the 

carbon-coated separator attains excellent cycling capability for over 500 cycles (Figure 

4.11e), despite the high sulfur loading of 4.5 mg cm-2.  
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Figure 4.11. Electrochemical performance of the Li-S cells with the carbon-coated 
separators utilizing the ACAT/LiNO3-electrolyte: (a – b) at various cycling 
rates, (c – d) with various sulfur loadings and (e) long-term cyclability (4.5 
mg cm-2 sulfur at C/10). 

 

4.1.4 Summary 
In summary, we demonstrate here a novel concept in reduction of the migration of 

LiPS. The strong interactions between the oligoanilines (ACAT) and the LiPS species 

facilitate the formation of sterically bulky ACAT-LiPS complexes with either Li-N 

interaction or LiPS-doping. The resulting 3D cross-linked, large ACAT-LiPS complexes 

are effectively screened by the polymeric separators from diffusing into the lithium-metal 

anode. Such LiPS retention mechanism is different from the conventional restriction 

methods with either additional inactive host matrices or extra cell components. The 

carbon-coated separators, in addition to the suppression on the LiPS migration, function 

as an upper current collector to enable the reutilization/reactivation of the stabilized 
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active material during repeated cycling. By coupling with other techniques, it is 

anticipated to show further improvement in the electrochemical performance. 
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Chapter 5: Lithium-metal Surface Stabilization – Dendrite-free Surface 

5.1 DENDRITE-FREE LITHIUM ANODE VIA A HOMOGENOUS LI-ION DISTRIBUTION 
ENABLED BY A KIMWIPE PAPER* 

5.1.1 Introduction 
The metallic lithium (Li) anode has long been considered as the “Holy Grail” for 

establishing high-energy-density Li-metal based batteries (LMBs), such as Li-sulfur and 

Li-air batteries.[2,49,152–155] The Li anode exhibits a high theoretical specific capacity of 3860 

mA h g-1, the highest electrochemical reduction potential of -3.040 V (versus standard 

hydrogen electrode), and a low density of 0.59 g cm-3.[153,154] Nevertheless, the practical use 

of Li-metal anode suffers from an inherent challenge: the outgrowth of Li dendrites.[49,156] 

The Li dendrites are branched (or tree-like) Li deposits mainly arising from the highly 

non-uniform Li-ion re-deposition on the electrode surface (Figure 5.1a).[152–154,157] The non-

perfect electrode surfaces with evident protrusions intensify the inhomogeneous Li-ion 

distribution due to the higher electric potential around these tips, which is named the “tip 

effect.”[50,152,154] The aggravated inhomogeneous Li-ion accumulation renders Li ions non-

uniformly electrodeposit onto the electrode surface, producing an uneven Li deposit 

along with the germination of tree-like Li dendrites. The Li-dendrite sprouts and the non-

uniform Li deposit cause the “self-amplification effect” that magnifies the inhomogeneity 

of Li-ion distribution and then promotes the outgrowth of Li deposits.[152–154] Li dendrites 

protruding outward from the electrode surface could pierce through the polymeric 

                                                
* C.-H. Chang, S.-H. Chung, and A. Manthiram, “Dendrite-free Lithium Anode via a Homogenous Li-ion 
Distribution Enabled by a Kimwipe Paper,” Adv. Sustainable Syst. 2017, 1600034.  
Chi-Hao Chang carried out the experimental work. Sheng-Heng Chung provided assistance in experimental 
details. Prof. Manthiram supervised the project. All participated in the discussion and preparation of the 
manuscript. 
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separator, causing an internal short-circuit and even safety concerns.[49,153,154] Additionally, 

the rough Li deposits with Li dendrites enlarge the surface area. The increased reactive 

surface accelerates the consumption of both Li and liquid electrolyte due to the formation 

of a solid-electrolyte interphase (SEI) layer.[153,158,159] The accelerated reactions eventually 

deplete the electrolyte, thereby leading to battery failures. 

 

Figure 5.1. Illustrations of (a) the Li-dendrite growth in the control cell and (b) the 
dendrite-suppressing behavior in the KW-protected cell. 

 

To address the issue of Li-anode instability, many strategies have been developed 

to inhibit the dendritic growth. Numerous electrolyte additives have been explored to 

inhibit the growth of Li dendrites by reinforcing the SEI layer on the Li surface. For 

example, hydrogen fluoride (HF),[160] lithium fluoride (LiF),[161] lithium nitrate (LiNO3),[162] 

and 2-methylfuran (2Me-F)[163] have been explored as additives. Although the electrolyte 

additives strengthen the SEI layer, the rapid consumption of additives upon cycling 
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undermines their effectiveness in inhibiting the dendritic growth.[164] On the other hand, the 

SEI layer with a lower modulus cannot sustain the huge volume change originating from 

the Li dendrite growth.[152] In addition to these electrolyte additives, the ex-situ artificial 

protections (e.g., tetraethoxysilane (TEOS),[165] lithium nitride (Li3N) film,[166] and composite 

coatings[88]) can also stabilize the Li anode. However, these remedies fail to solve the 

intrinsic problem leading to Li dendrites, i.e., the inhomogeneous Li-ion distribution. In 

this regard, allowing Li ions to form a homogeneous distribution is the prerequisite for a 

dendrite-free electrode surface.[153,154]  

Recently, a smooth distribution of Li ions has been achieved by applying a 

membrane that has abundant polar functional groups on top of the Li anode, which inhibit 

the movement of Li ions toward protrusions induced by the tip effect.[153,154] A three-

dimensional (3D) oxidized polyacrylontrile (PAN) nanofiber layer has been reported to 

immobilize Li ions onto polar functional groups (e.g., -OH, C-N, C=O, and C=N) and 

thereby prevent Li ions from gathering around protrusions, resulting in a smooth Li 

deposit.[153] In another study, Zhang et al. used 3D glass fiber cloths with polar functional 

groups (e.g., Si-O, O-H, and O-B) to facilitate an even distribution of Li ions and then 

achieve a dendrite-free surface.[154] Inspired by this concept, we apply the Kimwipe (KW) 

paper on the surface of Li electrode to realize a dendrite-free surface and also to improve 

the reversibility of the Li anode. KWs, which are common laboratory supplies, are 

composed of a 3D fibrous framework of virgin wood fibers referred to as fresh cellulose 

fibers directly derived from plants. The cellulose fibers provide KWs with abundant polar 

functional groups to adhere to Li ions (Figure 5.2) and, therefore, provide excellent 
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wettability and impede the aggregation of Li ions around protrusions (Figure 5.1b).[153,154] As 

a result, Li ions homogeneously redistribute and then uniformly deposit on the electrode 

surface. These favorable features create a smooth Li deposit layer. Moreover, the 

electrically insulating cellulose fibers of KWs also pilot Li growth along fibers, allowing 

the epitaxial growth of Li onto the former Li layer due to the strong interaction between 

polar functional groups and Li ions.[153,154] Due to the homogeneous Li-ion distribution, the 

KWs effectively suppress the outgrowth of Li dendrites and ameliorate the cycling ability 

of Li anode.  

5.1.2 Experimental  

5.1.2.1 Materials  

The commercial metallic Li foil was purchased from Sigma-Aldrich. Kimwipe 

(KW) paper (KIMTECH) was used as received without any modifications. Celgard 2500 

(Celgard) was used as the separator. The standard electrolyte consisted of 1.85 M lithium 

trifluoromethanesulfonate salt (LiCF3SO3, Acros Organics) in the 1, 2-dimethoxyethane 

(DME, Acros Organics)/1, 3-dioxolane (DOL, Acros Organics) co-solvent (volume ratio 

= 1 : 1). The electrolyte with 0.1 M lithium nitrate (LiNO3, Acros Organics) was used 

only in the LiNO3-Li||Li cells to investigate the effect of electrolyte additives and 

evidence the failure of LiNO3-Li||Li cells during long-term cell operation. The electrolyte 

amount in all cells was 80 µL. 
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5.1.2.2 Characterization 

The microstructures of Li deposits were examined with a field emission scanning 

electron microscope (FE-SEM) (Quanta 650 FESEM, FEI). The Li-deposited Cu 

substrates with/without the KW protection were collected from the cells cycled at the 

current density of 3 mA cm-2 for 3 h to observe the surface morphology of the Li deposits. 

The cross-sectional SEM images were obtained with the cycled Li electrode in the 

symmetric cells operated at 2 mA cm-2 for 400 h. The retrieved samples were rinsed with 

DOL/DME co-solvent. The SEM samples were transferred by well-sealed vials filled 

with argon to avoid exposure to air. The SEM images were taken with KWs on top of the 

Li anode. Fourier transformed infrared (FT-IR) spectra were recorded on a Nicolet iS5 

FT-IR spectrometer. KWs and Celgard separator were scanned in a wavenumber range of 

500 to 4000 cm-1. The spectra of the mixtures were recorded in 16 scans. The porosity 

analysis was carried out by measuring the nitrogen adsorption and desorption behaviors 

with an automated gas sorption apparatus (AutoSorb iQ2, Quantachrome Instruments) at 

-196 °C. The specific surface area was calculated by the 7-point Brunner-Emmett-Teller 

(BET) method. To test mechanical stability, KWs were cut into 2.5 x 10 cm2. The KWs 

were held by two file clips and a 100-mg weight was applied on the KWs under both dry 

and wet conditions. A flat needle was used to simulate the dendrite penetration in the 

puncture test. The electrochemical performances were recorded with an Arbin test 

station. 
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5.1.2.3 Electrochemical Examination  

The symmetric cells with a cell configuration of Li||Li and Li|KW||KW|Li were 

assembled with CR2032-type coin cells inside an argon-filled glove box. Before 

assembling, the KWs were dried under a vacuum environment at 50 ºC for 30 min to 

remove the moisture. The surface of Li foil was scratched inside the glove box by plastic 

tweezers to remove any oxide residues. The as-assembled cells were rested for 30 min at 

ambient temperature before the tests. The control cell was cycled at a current density of 2 

mA cm-2 for 400 h (charge/discharge time = 3h/3h). The KW-protected cells were 

operated at various current densities of 2, 5, and 10 mA cm-2 (charge/discharge time = 

3h/3h). In order to observe internal short-circuits, we intentionally deposited Li onto a Cu 

current collector at an extremely high current density of 100 mA cm-2. The cell 

configuration of the LiNO3-Li||Li cell was the same as the control cell except for the 

electrolyte. The electrolyte used in the LiNO3-Li||Li cells is the standard electrolyte with 

0.1 M LiNO3 electrolyte additive. The LiNO3-Li||Li cells were cycled at a current density 

of 2 mA cm-2 for 1200 h.  

5.1.3 Results and discussions 
The dendrite-suppression behavior of KWs is mainly contributed from the 

abundant polar functional groups on their cellulose fibers. Fourier transform infrared 

(FTIR) spectrum was employed to characterize the polar functional groups on the 

cellulose fiber of KWs. The building block of KWs is cellulose, linear polymers (poly-D-

glucose) (Figure 5.2a). The strong peaks at 3336 and 1635 cm-2, and 1056 cm-2 are 

attributed to, respectively, the stretching vibrations of polar -OH groups and the C-O-C 



 108 

stretching in poly-D-glucose chains.[167] Unlike the Celgard separators composed of only 

nonpolar polymers, polypropylene (Figure 5.2b), the polar KWs serve as an inhibitor to 

prevent Li ions from traveling toward the protrusions, where the enhanced electric field 

occurs. Moreover, the Brunauer–Emmett–Teller (BET) measurements demonstrate that 

KWs exhibit a surface area of 3.3 m2 g-1 which originates from the dense, layered porous 

structure consisting of entangled cellulose fibers (Figure 5.3). Collectively, the KWs have 

both abundant polar functional groups and porous structures to improve the uptake of 

electrolyte, upgrade the electrolyte wettability, and offer a better electrode-electrolyte 

contact.[153] Therefore, a sheet of polar KWs inserted between the Li anode and the Celgard 

separator facilitates a homogeneous Li-ion distribution, thus forming a smooth Li deposit.  

 

Figure 5.2. The photo, FTIR spectrum, and structure of (a) KWs and (b) Celgard 
separators. (c) Illustration of preventing the inhomogeneous Li-ion 
aggregation by KWs. 
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0 

Figure 5.3. SEM images of (a) fresh KWs and (b) cycled KWs. (c) Demonstration of the 
mechanical stability of KWs. 

 

 The dendrite-inhibiting capability of KWs was assessed by Li-plating tests. For 

the propose of making a clear and fair comparison, no electrolyte additives were used. 

The scanning electron microscopy (SEM) images (Figure 5.4) demonstrate the 

morphology of the deposited Li on the Cu foil. Li is plated on the Cu substrate at a 

current density of 3 mA cm-2 for 3 h. The control cell without the protection of KWs 

shows the non-uniform Li deposit with huge cracks that are possibly induced by the 

growth of Li dendrites (Figure 5.4a).[156,168] Figure 5.4b-c reveal that clear Li filaments with 

a diameter of ~ 3 µm and a length of ~ 20 µm randomly grown inside the cracks. This 

observation further confirms that the Li dendrites demolish the integrity of Li deposits. In 

sharp contrast to the unfavorable Li deposition with numerous dendrites, which results 

from the inhomogeneous Li-ion distribution, the KW-protected surface exhibits a smooth 

Li deposit without Li dendrites and shows the well-preserved integrity of the Li deposit 

(Figure 5.4d-f) at the same Li-plating condition. Moreover, Figure 5.4e shows that Li 
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uniformly deposits within the cellulose-fiber framework of KWs and occupies the 

interspaces between the cellulose fibers of KWs. Continuously plating Li at an extremely 

high current density (100 mA cm-2) also clearly shows delayed internal short-circuits in 

the protected cell (Figure 5.5), indicating the suppressed Li dendritic growth. The 

dendrite-free morphology and smooth surface in the KW-protected cell provide solid 

evidence of the homogeneous Li-ion distribution and stabilized Li electrodes.  

 

Figure 5.4. The SEM images of Li deposits: (a – c) the control cell and (d – f) the KW-
protected cell. 

 

 

Figure 5.5. Continuous Li deposition tests of (a) the control cells and (b) the KW-
protected cells at a current density of 100 mA cm-2. The inset in (a) shows 
the 3-hour operation. 
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In addition to suppressing the growth of Li dendrites, KWs flatten the pre-existing 

Li dendrites. To demonstrate this, Li filaments were intentionally pre-electrodeposited on 

the Cu electrode at a current density of 3 mA cm-2 for 3 h (Figure 5.6). Subsequently, half 

of the electrode surface with pre-deposited Li dendrites remain unprotected as the control 

surface while the other half is protected by KWs as the experimental surface. The 

electrodeposition then underwent at the same current density for another 8 h. Figure 5.7a 

illustrates a clear contrast between the unprotected area and the protected area, 

evidencing the termination of the outgrowth of Li dendrites. The KW-protected area has 

relatively smooth surface (Figure 5.7b), implying success in restoring the uneven pre-

deposited Li.[152] The homogeneous Li-ion redistribution due to the better Li-ion affinity to 

the polar KWs effectively transforms the rough surface into smooth surface. In contrast, 

the unprotected surface exhibits the pronounced roughness with Li filaments protruding 

outward (Figure 5.7c). The inexorable dendrite formation is a result of the self-amplified 

non-uniform Li-ion distribution.[152] Therefore, the distinctive surface morphologies in 

Figure 5.7 indicate that the KWs function as a matrix to interrupt the inhomogeneous 

accretion of Li ions on the electrode surface.  
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Figure 5.6. Illustration of the experiment for eliminating the pre-existing Li dendrites. 

 

 

Figure 5.7. (a) SEM image of the KW-protected (left) and unprotected (right) electrode 
surfaces with pre-electrodeposited Li dendrites. The magnified SEM images 
of the protected area (a) and the unprotected area (c). 

 

The cross-sectional SEM images of the Li anode offer additional evidence for the 

suppressed dendrite growth. The Li anode was retrieved from the symmetric cells cycling 

at a current density of 2 mA cm-2 for 400 h. Figure 5.8a shows the porous structures and 
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Li filaments on the Li anode of the control cell (Li||Li) without the protection with KW. 

The porous structure with Li dendrites increases the surface roughness and surface area, 

thereby accelerating the depletion of electrolytes due to the more vigorous reaction 

between the porous Li deposit and electrolytes during the repeated formation the SEI 

layer.[49,153,154] Eventually, the complete depletion of electrolytes in the control cell leads to 

the cell failure. However, the KW-protected Li anode retrieved from the KW-protected 

cell (Li|KW||KW|Li) reveals the relatively compact Li deposit without any Li dendrites 

protruding outward (Figure 5.8b). The compact deposition of Li restrains the rapid 

degradation of Li and electrolytes and, therefore, improves the cycling ability of the Li 

anode. The compact Li deposit reconfirms that the KWs with the abundant polar 

functional groups, including –OH and C-O-C groups, serve as the Li-ion redistribution 

layer to inhibit the inhomogeneous accretion of Li ions. Therefore, KWs facilitate the 

formation of the compact and dendrite-free Li deposit.  

 

Figure 5.8. Cross-sectional SEM images of cycled Li foil after 400 cycles: (a – c) the 
control cell and (e – f) the KW-protected cell. 

 



 114 

The symmetric cell examination is a useful tool to investigate the reversibility of 

Li anode.[161] Figure 5.9a illustrates the cell arrangements: the control cell (Li||Li) uses the 

bare Li foil as the electrode, while the KW-protected cell employs the Li foil covered 

with a sheet of KWs on its top as the electrode (Li|KW||KW|Li). The standard electrolyte 

contained 1.85 M lithium trifluoromethanesulfonate salt (LiCF3SO3) in 1, 2-

dimethoxyethane (DME)/1, 3-dioxolane (DOL) co-solvent (volume ratio = 1 : 1). The 

symmetric cells with the standard electrolyte assembled with the 2032-type coin cell were 

cycled at various current densities of 2, 5, and 10 mA cm-2. As cycling proceeds, 

electrochemical deposition (Li plating) and Li dissolution (Li stripping) continuously 

undergo in the symmetric cells. The profiles of voltage versus cycling time are presented 

in Figure 5.9b – e. The negative potential results from the dissolution of Li, while the 

positive potential refers to the overpotential during the deposition of Li.[156]  

 

Figure 5.9. (a) The configurations of symmetric cells for the control cell and the KW-
protected cell. Voltage versus time profiles of (b) the control cell at 2 mA 
cm-2 and the KW-protected cell at (c) 2 mA cm-2, (d) 5 mA cm-2, and (e) 10 
mA cm-2. The inset in (b) shows the initial 400-hour operation. 
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The protected cells completely outperformed the control cells in reversibility and 

stability. The control cell at a low current density of 2 mA cm-2 shows an increasing 

voltage polarization with unstable voltage fluctuations in the voltage versus cycling time 

profile during cycling (Figure 5.9b). The high volatility in the control cell is attributed to 

the non-uniform Li deposition with severe dendrite growth resulting from 

inhomogeneous Li-ion distribution.[153] The polarization continuously escalates to the 

maximum value (~ 700 mV) and then the cell fails in its normal operation after 400 h. 

The cell failure is mainly due to the complete consumption of electrolytes induced by the 

rapid reactions between porous Li deposits and electrolytes. In comparison, the KW-

protected cell shows a stable cycling ability for 1000 h and a low polarization (~ 200 mV) 

at the same current density of 2 mA cm-2 (Figure 5.9c). In addition, the KW-protected 

cells show promising reversibility at high current densities of 5 and 10 mA cm-2, 

respectively, for 1000 and 400 h (Figure 5.9d – e). At the high current density, the 

unfavorable dendrite growth is pronounced due to the increase in highly inhomogeneous 

Li-ion distribution.[77] Thus, the superior cyclability of the KW-protected cell implies a 

homogeneous Li deposit and less consumption of both Li and electrolyte occurring in the 

cell. The extremely long-cycling span of 1800 h (75 days) at the current density of 5 mA 

cm-2 is also accomplished by means of the KW-protected cell (Figure 5.10).  
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Figure 5.10. The long-term cycling (1800 h) of KW-protected cells: voltage versus time 
profiles of KW-protected cell at a current density of 5 mA cm-2. 

 

Moreover, the KW-protected cells (Li|KW||KW|Li) outperform the control cell 

using the standard electrolyte containing the LiNO3 additive (LiNO3-Li||Li) (Figure 5.11). 

The cycling stability of the control cells is significantly improved by using LiNO3 as an 

electrolyte additive at a current density of 2 mA cm-2 in the initial 1000 h. This is because 

LiNO3 facilitates the formation of reinforced SEI layer composed of ROCO2Li (R = alkyl 

groups), LiNxOy, CF3, and LiF, delaying the outgrowth of Li dendrites.[153,154,162] Unfortunately, 

although LiNO3 has been reported to improve the cycling performance due to the 

formation of a high-quality SEI layer, our experimental results evidence that the LiNO3-

Li||Li cell fails to survive in extending cycling life to > 1000 h. The unfavorable 

drawback results from two main reasons. First, in view of the SEI layer, the LiNO3 only 

reinforces the relatively stable SEI layer with insufficient mechanical stability and it 

cannot stop the growth of Li dendrites. During long-term cell operation, the insufficient 

mechanical stability of the SEI layer and the unsolved inhomogeneous Li-ion distribution 

allow the outgrowth of dendritic Li, which devastates the formed SEI layer and the 
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integrity of the Li deposit.[164] Second, the protruding Li dendrites continuously react with 

the electrolyte and consume LiNO3, thereby reducing the effectiveness in suppressing Li 

dendrites.[153] On the contrary, the KW-protected cell exhibits superior cycling performance 

with stable polarization after operating for 1200 h. The improved reversibility is 

attributed to the capability of KWs to distribute Li ions homogeneously on the surface 

rather than sacrificing themselves to produce a stable SEI layer. Therefore, the non-

consumable KWs not only effectively suppress the growth of Li dendrites, but also 

significantly enhance the reversibility of the Li anode for the extended cycling life. 

 

Figure 5.11. Voltage versus time profiles of Li|KW||KW|Li cells and LiNO3-Li||Li cells at 
a current density of 2 mA cm-2. 
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5.1.4 Summary 
In summary, we utilized a facile method to improve the reversibility of Li anode 

by applying a sheet of KWs on the top of a Li anode. KWs possessing abundant polar 

functional groups serve as a media to facilitate a uniform Li-ion distribution on the 

electrode, avoiding the aggregation of Li ions around the protrusions. As a result, the 

homogeneous Li-ion distribution allows Li to deposit compactly and smoothly on the 

electrode surface, suppressing the formation Li dendrites. KWs also render any 

preexisting Li dendrites to be transformed into a dense and smooth Li layer. In symmetric 

cell examination, a stable cycling performance at various current densities of 2, 5, and 10 

mA cm-2 is well-maintained for a long cycle life in a standard electrolyte (LiCF3SO3/DME-

DOL) without any electrolyte additives. The stable cyclability demonstrates the 

effectiveness of KWs in inhibiting Li dendrites and enhancing the reversibility.  
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Chapter 6: New Cathode Active Materials – Polysulfur/Graphene 
Nanocomposites 

6.1 COVALENTLY-GRAFTED POLYSULFUR-GRAPHENE NANOCOMPOSITES FOR 
ULTRAHIGH SULFUR-LOADING LITHIUM-POLYSULFUR BATTERIES* 

6.1.1 Introduction 
Elemental sulfur is one of the most abundant elements on the earth’s crust and a 

major by-product (> 60 million tons per year) of the petroleum refinery process (the 

hydrodesulfurization process) in the petroleum industry.[151,169] Recognizing the wide 

availability of sulfur resources, sulfur has been established as a key player in the polymer 

science/engineering industry.[170,171] Furthermore, due to the ability of sulfur to offer an 

extremely high theoretical capacity of 1,672 mA h g-1 at low cost, it is a target as a 

cathode active-material for the next-generation energy storage devices—the lithium-

sulfur (Li-S) batteries.[2,172] However, a few fundamental challenges limit the practicality of 

Li-S batteries.[2] First, the poor ionic and electrical conductivities of sulfur and the end-

discharge product Li2S lead to low electrochemical utilization. Moreover, the intermediate 

lithium polysulfide chains (LiPS, Li2Sx, 4 ≤ x ≤ 8) with small molecular sizes (1.0 – 1.8 

nm in length) formed in the electrolyte during cycling readily migrate through the slit 

pores of the polymeric separator, leading to massive active-material loss and rapid 

capacity degradation.[133,173]  

Electroactive sulfur-abundant polymers (polyS, up to 90 wt.% sulfur) are an 

emerging cathode active-material, which are synthesized through a diradical 
                                                
* C.-H. Chang and A. Manthiram, “Covalently-grafted Polysulfur-graphene Nanocomposites for Ultrahigh 
Sulfur-loading Lithium-polysulfur Batteries,” ACS Energy Lett., 2018, 3, 72−77.  
Chi-Hao Chang carried out the experimental work. Prof. Manthiram supervised the project. All participated 
in the discussion and preparation of the manuscript. 
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polymerization at high temperatures (> 185 oC).[151,174] The sulfur-rich polymers with a high 

amount of sulfur are found to be effective in suppressing the irreversible sulfide 

deposition on the electrodes.[174] As a result, lithium batteries utilizing polyS as the active 

material (Li-polyS battery) display better electrochemical performance as compared to 

Li-S batteries.[151,174] However, the low electrical conductivity of polyS often limits the 

sulfur loading (< 2 mg cm-2) in the cathode of Li-polyS batteries. Even though much 

efforts have been dedicated to altering the polymeric backbones in polyS, not much 

attention has been paid in boosting the sulfur loading in Li-polyS batteries, leading to 

relatively lower areal capacity (< 3 mA h cm-2).[151,174–184] Therefore, Li-polyS batteries still 

have limited practical applications as compared to the current Li-ion batteries. 

Graphene sheets, because of very high electrical conductivity (7200 S m-1), are 

commonly incorporated into polymer matrices as conductive nanofillers to boost the 

electrical conductivity.[185–187] With this perspective, we present here a new electroactive 

polymer/graphene nanocomposite (a covalently-grafted polysulfur-graphene 

nanocomposite (polySGN)) in which highly conductive graphene sheets are introduced 

into the polyS matrix to enhance the electrical conductivity of polyS. PolySGNs with the 

increased conductivity are utilized, for the first time, as a cathode active-material to 

realize ultrahigh sulfur-loading Li-polyS batteries. The cells employing polySGNs as the 

active material with an ultrahigh-sulfur-loading (up to 10.5 mg cm-2) show a high areal 

capacity of ca. 12 mA h cm-2 and a stable cycling capability for 100 cycles.  
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6.1.2 Experimental  

6.1.2.1 Synthesis of vinyl-group-functionalized reduced graphene oxide (V-rGO) 

V-rGO was synthesized through a two-step organo-functionalization process.[188] 

0.5 g of graphene oxide (GO) and 10.0 g of p-phenylenediamine (PPD, Acros Organics) 

were stirred in N-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich) in a Ar-filled single-neck 

round-bottom flask at 160 oC for 20 h. The resulting NH2-GO was vacuum-filtrated and 

dried in the vacuum-oven at 50 oC overnight. The dry NH2-GO powder (0.5 g) was 

suspended in NMP. 0.5 g of 4-vinylbenzoic acid (Alfa Aesar) was then added into the 

NH2-GO/NMP solution and reacted at 160 oC under Ar environment for 20 h. The V-GO 

was then collected through vacuum-filtration and drying process. V-GO was reduced 

through a simple chemical reduction reaction with hydrazine (Sigma-Aldrich) at 80 oC for 

6 h to obtain V-rGO.[189] 

6.1.2.2 Synthesis of the polysulfur (polyS) 

The polyS was synthesized with a typical procedure proposed by Pyun and 

coworkers.[151,174] A glass vial containing 4.0 g sulfur powder (99.5+%, Acros Organics) was 

heated to ~ 185 oC in an oil bath. The melt sulfur became a clean orange solution. Then, 

1.0 g of 1,3-diisopropenylbenzene (DIB, TCI) was dropped into the clean orange molten 

sulfur liquid via a syringe. The resulting mixture was maintained at 185 oC for ~ 10 min 

in order to complete the polymerization. The polyS cathodes were fabricated by loading 

the as-synthesized polyS onto the current collector at 185 oC. 
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6.1.2.3 Preparation of covalently-grafted polysulfur-graphene sheet nanocomposites  

A similar procedure as above was utilized to synthesize polySGNs. 0.5 wt.% vinyl 

group-functionalized reduced graphene oxide sheets (V-rGO, 25 mg) were sonicated in 

0.975 g of DIB solution until the V-rGO was well-distributed within the DIB solution. 

The V-rGO/DIB mixture was subsequently introduced into the melt sulfur solution via a 

syringe at ~ 185 oC. The as-synthesized polySGNs was then loaded onto the current 

collector at 185 oC.  

6.1.2.4 Material characterization 

Morphology examination was conducted with a field emission scanning electron 

microscope (Quanta 650 FESEM, FEI) with an energy-dispersive X-ray spectrometer 

(EDS) for elemental mapping. The cycled samples were rinsed with dimethoxyethane 

(DME) (99+%, Acros Organics) and sealed in argon-filled sample vials before the test. To 

observe the LiPS-c-GS on the cycled separator, acetone (Fisher Chemical) and ethanol 

(PHARMCO-AAPER) were used to wash the cycled separator for several times to 

dissolve the sulfide species until the washed solution became colorless. Fourier transform 

infrared (FT-IR) spectra were recorded on a Nicolet iS5 FT-IR spectrometer 

(wavenumber range: 500 to 4000 cm-1). Transmission electron microscopy (2010F TEM, 

JEOL) was used to examine the microstructure of LiPS-c-GS on the cycled separator.  

6.1.2.5 Electrochemical measurements 

The Li-polyS batteries (CR2032-type coin cells) were assembled in an argon-

filled glovebox with the polySGN cathode or the polyS cathode, a polished Li-metal 
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anode, and Celgard 2500. The electrolyte was prepared with 1.85 M lithium 

trifluoromethanesulfonate (LiCF3SO3, Acros Organics) and 0.1 M lithium nitrate (LiNO3, 

Acros Organics) dissolved in DME/1,3-dioxolane (DOL, Acros Organics) co-solvent. The 

electrolyte to the active material ratio wass about 10 µL mg-1. The electrochemical 

impedance spectroscopy (EIS) data of the cells were performed with a computer-

interfaced impedance analyzer (SI 1260 & SI 1287, Solartron) in the frequency range of 1 

MHz to 100 mHz. The discharge-charge voltage profiles and electrochemical 

performances were recorded with an Arbin battery test station.  

6.1.3 Results and discussions 
Despite the potential of graphene sheets to improve the electrical conductivity, 

pristine graphene itself possesses incompatible surface characteristics with polymer 

chains, leading to a severe aggregation and inhomogeneuous distribution within the 

polymer matrix.[185,188] This poor miscibility weakens the merits of graphene sheets in 

polymer/graphene nanocomposites.[185,188] Therefore, vinyl group-functionalized reduced 

graphene oxide (V-rGO) sheets were synthesized here to increase the dispersibility within 

the polyS matrix. The FT-IR spectrum of V-rGO shows the disappearance of the peaks at 

3334 and 3222 cm-1 (–NH2 stretching) and an enhanced peak intensity at 1632 cm-1 (-C=O 

stretching), indicating that the vinyl groups are covalently bonded onto the graphene 

sheets (Figure 6.1).  
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Figure 6.1. (a) Synthetic route of the vinyl group-functionalized reduced graphene oxide 
(V-rGO). (b) FTIR spectrum and (c) XRD analyses. The inset in (c) shows 
the XRD pattern of polySGNs. 

 

The synthesized V-rGO sheets thus possess abundant terminal vinyl functional 

groups that can then undergo in-situ diradical copolymerization with sulfur and 1,3-

diisopropenylbenzene (DIB) through a facile inverse vulcanization at > 185 oC, as shown 

in Figure 6.2a. The resulting products are chemically stable polySGNs with a black color 

(inset in Figure 6.2a). The 1H NMR spectra of the polySGNs are similar to that of 

reported polyS.[151,182] In Figure 6.2b, 1H NMR spectra of the polySGNs confirm the 

presence of aromatic protons (𝛿 = 6.8 – 7.8 ppm) and methyl protons (𝛿 = 1.0 – 2.2 

ppm). The resonance peaks (𝛿 = 2.9 – 3.4 ppm), on the other hand, correspond to 

methylene moieties in DIB and V-rGO, which are covalently grafted onto polymeric 

sulfur comonomer units.[151,182] The as-synthesized polySGNs were directly dip-coated onto 
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a sheet of carbon paper. The carbon paper exhibiting intertwined morphology 

functionalize as a current collector to host a large amount of polySGNs. The scanning 

electron microscopy (SEM) image of the prepared cathodes show that the polySGNs are 

able to homogeneously fill the open spaces and possess a close contact with the carbon 

current collector (Figure 6.2c).  

 

Figure 6.2. (a) Synthesis scheme of polySGNs (the photo of synthesized polySGNs is 
shown in the inset), (b)1H-NMR spectrum and chemical structure of 
polySGNs, and (c) SEM images and elemental mapping results of an 
uncycled polySGN cathode. 

 

The electrochemical behaviors of the cells employing polyS and polySGNs as 

cathode-active material (polyS cathodes and polySGN cathodes) were investigated by 

various electrochemical analyses. The electrochemical impedance spectroscopy (EIS) of 

the freshly assembled cells shows that the cells utilizing the polySGN cathode exhibit 

lower internal resistance of ~ 24 Ω as compared to that of the cells using the polyS 

cathode (~ 46 Ω). The lower resistance is consistent with the discharge/charge voltage 

profiles (Figure 6.3a), showing reduced polarization (∆E) from 180 to 138 mV. The 
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decrease in the internal resistance is attributed to the well-dispersed highly conductive V-

rGO sheets which form infinite and percolated electrical network throughout the 

insulating polyS matrix.[185–187] This facilitates the transport of electrons within the polyS 

matrix and benefits the redox ability during cycling due to the enhanced electrical 

conductivity. Additionally, the similar discharge/charge profiles indicate that the cells 

employing the polyS cathode and the polySGN cathode exhibit similar redox reactions. 

Based on the previous reports on polyS, we propose a possible redox reaction of 

polySGNs as shown in Figure 6.4.[174] The upper discharge plateau at ~ 2.38 V corresponds 

to the formation of organosulfide units, small LiPS chains, as well as covalently bonded 

LiPS-graphene sheets (LiPS-c-GS). Continuous discharge to the lower plateau at ~ 2.07 

V results in the generation of organosulfide species with shortened oligosulfur moieties, 

insoluble sulfide mixtures (e.g., Li2S2/Li2S), and LiPS-c-GS with oligosulfur moieties.[151,174]  
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Figure 6.3. (a) Voltage profiles and (b) electrochemical performances of the cells 
employing the polySGN cathodes and the polyS cathodes (sulfur loading: 
3.7 mg cm-2). Cells utilizing the polySGN cathodes with ultrahigh sulfur 
loading: (c) specific capacity and (d) areal capacity. Comparative 
examination of the cell parameters of the polySGN cathodes with the 
reported Li-polyS batteries: (e) specific capacity and (f) areal capacity (all 
published work of Li-polyS batteries are shown in the inset).  
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Figure 6.4. Proposed electrochemical reaction of polySGNs in a Li-polyS battery. 

 

The homogeneous incorporation of conductive V-rGO sheets into polyS matrix 

effectively increases the discharge capacity from 632 to 978 mA h g-1 at C/5 rate (Figure 

6.4a – b). With similar sulfur loading and the same cell configuration, the improved 

electrochemical utilization from ~ 38% to ~60% is attributed to the infinite conductive 

pathways throughout the polyS matrix, which are composed of well-dispersed highly 

conductive V-rGO sheets. Moreover, the cells employing the polySGN cathodes exhibit a 

more promising capacity-retention rate of 67% after 100 cycles as compared to a 

capacity-retention rate of 46% for the cells employing the polyS cathodes.  

Benefiting from the more advantageous dynamic electrochemical properties of 

polySGNs, the polySGN cathodes first demonstrate Li-polyS batteries with an ultrahigh 

sulfur loading up to 10.5 mg cm-2 (sulfur content in the whole cathode: ~ 70 wt.%). 



 129 

Despite such a high sulfur loading/content, the cells employing the polySGN cathodes 

offer high initial discharge capacities (electrochemical utilization) of 1135 (68%), 992 

(59%), 827 (49%) mA h g-1, respectively, at C/20, C/10, and C/5 rates (Figure 6.3c). 

Furthermore, the cells maintain excellent cycling performance for 100 cycles at various 

cycling rates. The reversible discharge capacities after 100 cycles are 760, 717, and 642 

mA h g-1, respectively, at C/20, C/10, and C/5 rates. Considering of such ultrahigh sulfur 

loading, the cells show an excellent capacity-retention rate of ~72% after 100 cycles. The 

high discharge capacities and ultrahigh sulfur loadings correspond to high initial areal 

capacities of 11.9, 10.4, and 8.7 mA h cm-2 and high reversible areal capacities of 8.0, 7.5, 

and 6.7 mA h cm-2 after 100 cycles, respectively, at C/20, C/10, and C/5 rates (Figure 

6.3d). These values are much higher than that of the current Li-ion batteries (~ 4 mA h 

cm-2). The cells also exhibit high areal energy density (~ 25 mW h cm-2) when using a 

discharge voltage of 2.1 V (Figure 6.5). The electrochemical performance is able to be 

further improved by means of advanced cell configurations with the coated separators, as 

shown in Figure 6.6. The superior electrochemical performance of the cells employing 

the polySGN cathodes with an ultrahigh sulfur loading is compared with those relevant 

reports in the literature in Figure 6.3e-f. The comparisons illustrate that the polySGN-

cathodes offer the best electrochemical performance thus far in terms of the highest 

active-material loading (more than ten times higher than the average sulfur loading) and 

the highest areal capacity (approximately 12 times higher than the average value). The 

high sulfur loading and high areal discharge capacity in the polySGN cathode 

significantly promote the practical utilization required of the Li-polyS battery system. 
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Figure 6.5. Areal energy density of the cells employing polySGNs at various cycling 
rates. 

 

 

Figure 6.6. (a) Scheme of an advanced cathode configuration with a coated separator. (b) 
Electrochemical performance of the advanced Li-polyS cell, employing the 
polySGN cathodes (10.5 mg cm-2 sulfur loading) as the active material at 
C/10 and C/5 rates. 

 

The superior electrochemical performance of polySGNs, other than the greatly 

enhanced electrical conductivity, is attributed to the inhibited formation of inactive 

sulfide deposition on the electrodes. The polySGN cathodes after cycling remain 

intertwined and as porous structures without thick solid sulfide aggregates on the surface 

as shown in Figure 6.7. According to the previous reports, this is the so-called 
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“plasticization” effect.[151,174] During cycling, the presence of more soluble organosulfide 

moieties within insoluble sulfide phases prevents the irreversible deposition of these end-

discharge solid Li2S2/Li2S mixtures on the electrode surface, moderating the fast capacity 

fade.  

 

Figure 6.7. SEM images of the cycled polySGN cathodes in different magnifications: (a) 
10 µm, (b) 5 µm, and (c) 2 µm. 

 

Figure 6.8a presents the SEM images of the cathode-side surface of the cycled 

polymeric separators from the cells containing the polySGN cathodes. The surface facing 

toward the polySGN cathode reveals a uniform coating layer attached onto the polymeric 

separator. The cycled separator was washed with acetone and ethanol for several times to 

dissolve most of sulfide species. There is evidence of LiPS-c-GS flakes (diameter of ~ 5 

– 10 µm) on the cathode-side surface of the polymeric separator as shown in the inset in 

Figure 6.8a. Transmission electron microscopy (TEM) images and selected area electron 

diffraction (SAED) pattern of the coating layer on the cycled separator ensure the 

existence of LiPS-c-GS with a high degree of crystallinity (Figure 6.8b). The surface 

facing the Li-metal anode, on the other hand, remains as a porous structure (Figure 6.9). 

Based on the observations, we are able to conclude that the LiPS-c-GS is coated in-situ 
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onto the separator. During cycling, some LiPS-c-GS with covalently attached LiPS 

species is dissolved in the electrolyte and detached from the cathode. Although the 

intermediate LiPS-c-GS tends to migrate from the cathode region to the anode region 

because of the concentration difference between the two electrode regions, the much 

larger LiPS-c-GS (5 – 10 µm) is effectively screened by the polymeric separator (slit 

pores: < 1 µm).[31] The screened LiPS-c-GS then aggregates on the cathode-side surface of 

the polymeric separator and form an in-situ coated conductive layer.  

 

Figure 6.8. (a) SEM images of the cycled separator (the washed sample is shown in the 
inset). (b) TEM images of LiPS-c-GS retrieved from the cycled separator in 
the cells employing the polySGN cathodes (the inset shows the SAED 
pattern). Surface examinations of the cycled polysulfide traps: (c) polySGN 
cathode and (d) polyS cathode. (e) Proposed mechanisms of in-situ 
formation of the conductive coating layer and the suppressed LiPS 
migration. 
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Figure 6.9. SEM images of (a) the fresh polymeric separator and (b) the anode-side 
surface of the cycled polymeric separator retrieved from the cells employing 
the polySGN cathodes (larger-magnification SEM images are shown in the 
insets). 

 

 The conductive coating layer comprised of LiPS-c-GS is able to suppress 

the migration of LiPS. The LiPS-trap cells reveal reduced LiPS migration in the cells 

employing the polySGN cathodes. The retrieved LiPS trap shows strong carbon signal 

but limited sulfur signal on the surface facing the cathode region (Figure 6.8c). The 

cycled LiPS trap obtained from cells employing the polyS cathodes, however, exhibits 

stronger sulfur signal (Figure 6.8d). The reduced sulfur signal on the LiPS trap 

employing the polySGN cathode indicates that the LiPS migration is retarded due to the 

in-situ formed conductive layer. This also results in excellent dynamic LiPS-retention 

capability in the cells employing the polySGN cathodes (Figure 6.8e). Moreover, the in-

situ formed conductive coating layer is able to effectively reutilize/reactivate the trapped 

active material during cycling.[44] This explains the superior electrochemical performance 
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of the cells employing the polySGN cathodes as compared to the cells utilizing the polyS 

cathodes. 

6.1.4 Summary 
In summary, we presented the synthesis of a new electroactive polymer-graphene 

nanocomposite, polySGNs, through a facile inverse vulcanization process at 185 oC. The 

graphene sheets homogeneously dispersed in the polyS matrix offer infinite electrical 

pathways, thereby improving the redox reactions and increasing the electrochemical 

utilization. The more soluble intermediates, organosulfide units, functionalize as 

“plasticizers” to mitigate the irreversible sulfide deposition on the electrodes. 

Furthermore, the generated LiPS-c-GS is size-selectively netted by the polymeric 

separator due to their large structure. The sieved LiPS-c-GS is then deposited onto the 

cathode-side surface of the polymeric separator to form a conductive coating layer, 

further reducing the loss of active material, benefitting the electrochemical performance 

and cyclability. Thus, polySGNs enable the Li-polyS cells to achieve ultrahigh sulfur 

loading, high areal capacity, and superior cycling stability. The polySGN cathodes with 

high sulfur loading/content successfully enable a high areal capacity Li-polyS battery. 

This work offers a viable approach to effectively utilize the abundant sulfur resources 

from the petroleum industry for high energy-density Li-polyS batteries.   



 135 

Chapter 7: Commercially Viable Lithium-sulfur Cell Prototype 

7.1 LITHIUM-SULFUR BATTERY POUCH-CELL  

7.1.1 Introduction 
 Lithium-sulfur (Li-S) batteries have been considered as a potential candidate to 

replace the current state-of-art lithium-ion batteries (LIBs) because of their highest 

specific capacity of 1,675 mA h g-1 among all solid-state cathode materials.[2] However, the 

commercialization of this new technology is still very challenging owing to several issues: 

(i) low electronic conductivity, (ii) severe polysulfide migration, (iii) huge volume 

change, and (iv) Li-metal degradation and mossy Li formation.[1,2,31,36] Although an 

increasing number of new techniques has been reported to address the above-mentioned 

challenges, there is not much research focusing on building commercially viable Li-S cell 

prototype (pouch cell), which can compete with the current LIB.[36,115,159] 

 In this work, several strategies, such as interlayers, coated separators, and Li-

metal protections are integrated to assemble the first Li-S pouch cell (47.8 mm × 81.5 

mm), which is cyclable and has comparable parameters to the current LIBs.[45,47,50,190] More 

importantly, the battery parameters include sulfur loadings, sulfur contents, and E/S ratios 

are in the acceptable range of sulfur loading > 6 mg cm-2, sulfur contents > 60 wt.%, and 

E/S ratio < 10. We have designed a new cathode archetype in order to construct high-

loading cathodes with a large areal size viable in pouch cells. The developed Li-S cell 

prototype exhibits a high discharge capacity of ~ 900 mA h g-1 at the formation step. After 

the formation step (0.02 A for 2 cycles), the cell is still able to provide a high reversible 
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discharge capacity of ~ 600 mA h g-1 at 0.04 A. The capacity (0.14 Ah) of the single Li-S 

pouch cell prototype is able to compete with the conventional LIB cell (0.074 Ah).  

7.1.2 Experimental  

7.1.2.1 Design of sulfur cathodes 

An active-material slurry containing 80 wt.% sulfur, 10 wt.% conductive carbon 

(Super P), 10 wt.% polymeric binder (PVdF), and NMP organic solvent was coated on to 

a sheet of aluminum foil (the current collector). Subsequently, a thin carbon layer (Bucky 

paper) was directly covered onto the cathode. The prepared cathode was then dried in an 

oven under vacuum at 50 oC for 24 h. The resulting cathode has 60 – 70 wt.% sulfur 

content and 4.5 – 13 mg cm-2 sulfur loading. The dried sulfur cathode was then 

mechanically pressed in order to achieve intimate contacts.  

7.1.2.2 Preparation of electrolyte  

The electrolyte was prepared by dissolving the lithium salt (1.0 M, LITFSI, Acros 

Organics) and the electrolyte additive (0.2 M, LiNO3, Acros Organics) in the DOL/DME 

co-solvent. 

7.1.2.3 Preparation of coated separators 

 80 wt.% carbon and 20 wt.% polymeric binders were homogeneously mixed in an 

NMP solution or in IPA solution. The prepared solution was then blade-casted onto the 

cathode side of Celgard separators.  
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7.1.2.4 Li-S pouch cell assembly 

 A prepared sulfur cathode was cut into a rectangular size of 47.8 mm x 81.5 mm 

(length x width). A scratched and clean lithium foil was cut into a size of 48.3 mm x 81.5 

mm (length x width). A sheet of Celgard separator or coated separator was then placed 

between the two electrodes to prevent short-circuit. The assembled cell was then sealed 

inside a plastic film pouch. The E/S ratio was controlled at 5 to 1.  

7.1.2.5 Electrochemical tests 

Before cycling, assembled cells were rested (without loads) for 3 hr. Cells were 

discharged and charged in the range of 1.7 V – 3.0 V. At the formation step, cells are 

cycled at either a C/20 or C/10 rate. In the regular step, cells are cycled at a C/5 rate.  

7.1.3 Results and discussions 
 This newly designed cathode structure and the developed preparation procedure 

are able to offer a simple way to fabricate high-loading sulfur cathodes with a large areal 

size (Figure 7.1). An 80 wt.% sulfur slurry was coated onto an Al current collector, and 

subsequently a thin, light-weight carbon paper was directly covered on the top of the 

coated slurry. With this design, sulfur has intimate contacts with the conductive 

materials. As a result, electrons can easily transfer from the current collector and carbon 

materials to sulfur particles. Furthermore, the carbon layer acts as a protective layer to 

prevent active materials from delamination. More importantly, the carbon paper is able to 

limit the migration of polysulfides during cycling. With this process, we are able to 
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customize various sulfur loadings from 4.5 mg cm-2 to 13 mg cm-2 in the cathode (Figure 

7.2).  

 

Figure 7.1. A new design of high-loading sulfur cathodes.  

 

 

Figure 7.2. Customized sulfur loadings from 4.5 mg cm-2 to 13 mg cm-2. 

 

 The Li-S cell prototype with the design shows good electrochemical performance 

(Figure 7.3). At the formation step, the discharge capacity reaches 900 mA h g-1 even with 

such a large size and high sulfur loading. Switching from the formation step to the regular 

cycling step, the cell still displays a high reversible discharge capacity of ~ 600 mA h g-1. 
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The overall capacity is 0.148 Ah with an energy achieving 0.31 Wh, considering the 

nominal voltage of 2.1 V. This value is actually comparable to that of a Li-ion single cell, 

which exhibits a capacity of 0.074 Ah and an energy of 0.27 Wh (Table 7.1). However, 

the cycling capability of the Li-S cell prototype is still very challenging. This may be 

mainly due to the severe lithium-metal degradation and electrolyte decomposition. 

 

Figure 7.3. Electrochemical performance of the Li-S cell prototype. 

 

 After cycling, the cell was disassembled in order to investigate the failure 

mechanisms of the cell. It is very clear that the sulfur cathode with the designed structure 

still maintain the original structure without any damages and delamination (Figure 7.4). 

This suggests the designed cathode has excellent mechanical stability. However, we can 

observe that the cell is completely dried-out, indicating that the severe decomposition of 

electrolyte occurred during cycling. Moreover, the lithium metal has extremely rough 

surface and uneven deposition, suggesting severe contamination and degradation. These 

two main issues including electrolyte decomposition and Li degradation lead to the 
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failure of the cell. Therefore, a double-side coated separator is currently under 

development in order to protect the lithium-metal surface from degradation.  

 

Figure 7.4. The cycled cathode and cycled Li-metal anode.  

Table 7.1 Performance comparison of Li-S cell prototype and Li-ion cell. 

 Loading 
(mg cm-2) 

Content 
(wt.%) 

Size 
(cm2) 

Amount 
(mg) 

E/S 
ratio 

C-rate Cycle Specific capacity 
(mA h g-1) 

Capacity 
(Ah) 

Energy 
(Wh) 

Li-S 6.5 70 -65 38.9 246 5 - 10 C/5 15 600 0.148 0.31 
Li-ion 10 90 38.9 389 < 3 C/3 200 190 0.074 0.27 

 

7.1.4 Summary 
In summary, a commercially viable Li-S battery cell prototype was successfully 

developed, and it shows good electrochemical performance. We designed a new cathode 

structure and a simple preparation procedure to fabricate high-loading sulfur cathodes 

with a large area. The designed cathodes are able to well-maintain its structure after deep 

cycling. The Li-S pouch cell (47.8 mm x 81.5 mm) with the designed cathode shows a 

high discharge capacity at the formation step and a good reversible capacity at the regular 

step. The electrochemical performance (ca. 0.15 Ah/0.31Wh) of the developed Li-S cell 

prototype is comparable with that of Li-ion batteries. However, many issues are still 
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existing with regards to high-loading sulfur cathodes and large area of lithium metal. This 

work integrated several strategies to successfully manufacture a practically viable Li-S 

cell prototype.
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Chapter 8: Summary 

 In this dissertation, different techniques were developed to improve the 

electrochemical performance of the Li-S cell. Considerable progress including coated 

separators, new cell designs, Li-metal stabilization, and new active material development, 

has been made to address the challenges of the Li-S cells and greatly improve the 

electrochemical performance. Additionally, manufacturing a commercially viable Li-S 

cell prototype by integrating the developed techniques has been successfully achieved in 

this dissertation.  

 First, the functional coated separator was designed to suppress the severe 

migration of polysulfide species and improve the electrochemical performance. A 

customized thin functional layer was coated on the cathode-side of the polymeric 

separator, which works as a polysulfide trapper and an immobilizer to reduce the 

crossover of polysulfide species. The coated layer also functions as an additional (upper) 

current collector, providing extra pathways for transporting electrons. Moreover, the 

cathode-side coated separator is able to indirectly prevent lithium-metal anode from 

contamination by the polysulfides crossover. The results demonstrate that the facile 

strategy is a superior approach to effectively mitigate one of the intrinsic issues with 

redox species and greatly improves the electrochemical performance of the Li-S cell. 

 Next, a tandem (layer-by-layer) cathode configuration was developed in order to 

readily increase sulfur loadings in the cathode. A layer of sulfur reservoir and a blocking 

layer were integrated into a sulfur cathode containing 4 mg cm-2 sulfur. By continuously 
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stacking the sulfur cathodes, the sulfur loading was increased from 4 mg cm-2 to 16 mg 

cm-2. With this sophisticated design, a suppressed polysulfide migration was observed 

through detailed surface analyses and elemental investigation after cycling. The cells 

using the designed tandem cathodes with ultra-high sulfur loading of 16 mg cm-2 exhibit a 

high areal capacity and demonstrate a stable performance with a high reversible areal 

capacity. The excellent performance indicates that a well-designed cathode structure not 

only effectively increases the sulfur loading and areal capacity but also improves cell 

stability.  

 Mechanistically different from the common approaches utilized for 

trapping/confining small polysulfide chains chemically/physically, oligoanilines (amine-

capped aniline trimers (ACAT)) have favorable interactions with polysulfides that enlarge 

the dissolved polysulfide species and enables size-selective retention by the separator in 

the cathode side. Furthermore, ACAT was found to have strong Li-N interaction and 

doping interaction with the migrating polysulfide species. During cycling, the formed 

sterically larger polysulfide-ACAT complexes are then screened by a separator due to the 

size difference and are confined within the cathode region. As a result, the introduction of 

ACAT into the electrolyte system is able to ameliorate the polysulfide crossover issue, 

thereby improving electrochemical performance.  

 In order to protect the lithium-metal anode from dangerous dendritic growth and 

degradation, a sheet of Kimwipe paper with abundant Li-ion affinity functional groups 

effectively facilitates a homogeneous Li-ion deposition on the anode surface. 
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Furthermore, a Kimwipe paper provides a physical protection, which prevents the 

penetration of possible lithium dendrites. The KW-protected Li-metal anode exhibits a 

dense and smooth surface morphology without lithium dendrites. Moreover, the 

reversibility of the Li-metal cell shows a significant improvement. As compared to the 

unprotected Li-metal (< 400 hr), the KW-protected Li-metal anode shows stable 

performance and ultra-long cycling hours (>1800 h).  

 Other than using sulfur powders, polysulfide solution, and Li2S as cathode active 

materials, a new sulfur-containing polymer/graphene nanocomposite was synthesized as a 

novel cathode active material. This research offers a simple procedure to convert the 

main by-product, sulfur, from petroleum refinery processes into a high-value polymer 

nanocomposite. More importantly, the synthesized polysulfur/graphene nanocomposites 

demonstrate improved electrochemical performance over that of elemental sulfur. The 

embedded polysulfide-graphene sheets not only increase the electronic conductivity but 

also assist to immobilize the polysulfide species. Moreover, the polysulfur/graphene 

nanocomposite enables the utilization of ultra-high active material loading cathodes. The 

electrochemical performance shows a significant improvement in areal capacity as 

compared to the most reported work.  

 Finally, a commercially viable Li-S cell prototype was developed in this 

dissertation. A couple of strategies developed previously were integrated to fabricate a Li-

S pouch cell with high sulfur loading/content and promising discharge capacity even with 

a low E/S ratio of 5 to 1. A carbon paper was placed onto the active-material coated Al 
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foil to prevent delamination and damages from any mechanical impacts. Moreover, the 

carbon paper not only provides addition electronic pathways but also blocks the 

migrating polysulfide species. A coated separator was employed to further prevent 

polysulfide species from migrating towards the Li-metal anode and acted as a well-

secured polysulfide reservoir within the sulfur cathode region. The developed Li-S pouch 

cell shows a high capacity of ca. 0.15 Ah. This promising result greatly narrows down the 

gap between academic research and the commercialization of the Li-S technology even 

though there are still many issues to address, such as the electrolyte decomposition and 

Li-metal degradation.  

 Overall, the research demonstrated in this dissertation provides the Li-S 

community with an integrated study into the viability of Li-S batteries as a next-

generation energy-storage technology. Meanwhile, we also developed a feasible process 

to manufacture practical Li-S cells although many aspects are still under development to 

improve the electrochemical performance. This integrated research offers an integrated 

path forward towards the real commercialization of Li-S batteries. 
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