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ABSTRACT 

Rechargeable lithium-ion batteries have transformed the world of portable electronics and 

consumer devices today, but their specific energy and cycle life remain insufficient for 

many emerging, modern-day applications such as electric vehicles and grid energy 

storage. Lithium–sulfur batteries represent a very promising technology for these 

applications because their theoretical specific energy is about 7 times than that of lithium-

ion batteries today.
 
However, the challenges of S and Li2S cathodes include: (1) the low 

electronic conductivity of S and Li2S and (2) the formation of intermediate lithium 

polysulfide species which dissolve into the electrolyte during cycling. Thus, there is an 

urgent need for novel encapsulation materials and morphologies for these cathodes that 

can effectively confine the polysulfide species and facilitate electronic conduction. 

In this thesis, I will present my work on developing high-energy lithium–sulfur batteries, 

from theoretical understanding to materials design. First, I will present results from 

theoretical ab initio simulations which enable the screening of possible encapsulation 

materials. Promising materials that have been identified are those that contain oxygen and 

nitrogen functional groups that bind strongly with lithium polysulfide species. In light of 

this theoretical understanding, we proceeded to select suitable highly-polar encapsulation 

materials containing oxygen-rich and nitrogen-rich groups and designed 4 different high-

performance S and Li2S cathodes based on these materials.  

The first design is that of S–TiO2 yolk-shell nanostructures, which use oxygen-rich TiO2 

as the encapsulation material. The novelty of this yolk-shell morphology lies in the 

precise engineering of internal void space to accommodate the volumetric expansion of S 
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during lithiation, keeping the protective TiO2 shell intact. Using the S–TiO2 yolk-shell 

nanostructures as cathode material, we demonstrate unprecedented long cycle life of 

1,000 cycles with a small 0.033% decay per cycle.  

The second and third designs: Li2S–graphene oxide and Li2S–polypyrrole composite 

structures, use oxygen-rich and nitrogen-rich functional groups as encapsulation materials 

for Li2S cathodes respectively. Polypyrrole, being a conducting polymer, also helps to 

facilitate electronic conduction. These Li2S-based composite cathodes achieved high 

specific capacity, stable cycling performance and good rate capability of 2C 

(charge/discharge in 30 min). 

Finally, the fourth design: Li2S–TiS2 core-shell nanostructures, uses highly-conductive 

and metallic TiS2 as an effective two-dimensional encapsulation material for Li2S 

cathodes. TiS2, with its sulfur-rich functional groups, was also found to bind strongly 

with lithium polysulfide species. This cathode not only exhibited high rate capability of 

4C (fast charge/discharge in 15 min), but also high areal capacity of 3.0 mAh/cm
2
, both 

of which represent unprecedented levels of performance. These works pave the way for 

the future development of high-performance and long-lasting rechargeable batteries. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

Energy storage devices based on rechargeable lithium-ion (Li-ion) batteries are now 

widely used in portable electronics and consumer devices today.
1-7 

However, the specific 

energy and cycle life of current Li-ion batteries remain insufficient for many emerging 

sustainability applications such as electric vehicles and grid energy storage, which have 

with higher energy requirements.
1-7 

As a result, there is an urgent need for higher-energy 

and longer-lasting batteries beyond conventional Li-ion batteries that can meet the 

demands of these applications.
  

Regarding these emerging applications, electric vehicles represent a promising and 

sustainable form of transport because they reduce our reliance on fossil fuels. However, 

the driving range of electric vehicles today is less than satisfactory for long-distance 

travel. This has prompted the search for alternative, next-generation battery technologies 

with much higher specific energy and longer cycle life, which can potentially increase the 

driving range of electric vehicles while reducing their weight and their cost. 

Grid scale storage also plays an important role in sustainability because they focus on the 

use of renewable energy and reduce our reliance on fossil fuels. However, the problem is 

that many renewable energy sources such as solar and wind power are intermittent in 

nature. This means that the energy would need to be stored effectively when the supply 

exceeds demand and then released back to the grid when demand exceeds supply. In this 

respect, batteries with high specific energy, long cycle life and fast charge/discharge rates 

are needed in order to store and release the energy effectively. 
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1.2 Definition of terms 

Each battery is made of a positive and a negative electrode, also known as the cathode 

and anode respectively. During the thermodynamically-favorable discharge process, 

electrons flow out of the negative electrode to the positive electrode. The opposite occurs 

during the charge process, which is thermodynamically uphill. The driving force for the 

reaction is due to the difference in Gibbs free energy between the products and the 

reactants: 

     
      

                 
               

From here, the equilibrium potential E
o
 of the reaction can be calculated as: 

    
      

 

  
 

where n is the number of electrons transferred in the reaction and F is the Faraday’s 

constant (96,485 C mol
-1

). The E
o 

value determines
 
the average voltage of the battery. In 

Li-based batteries, the voltage is usually referenced to the redox couple of Li
+
/Li, which 

is -3.04 V vs. the standard hydrogen electrode. 

The specific capacity C of an electrode material is the amount of charge that can be 

stored per unit mass of material, and is often expressed in terms of mAh g
-1

: 

             
  

 
   

    

    
 

where n is the number of electrons transferred in the reaction, F is the Faraday’s constant 

(96,485 C mol
-1

) and M is the molar mass of the electrode material (in g mol
-1

).  
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Given the specific capacities of the cathode and anode materials, the specific capacity of 

the battery can be calculated as: 

 

         
  

 

          
  

 

      
 

The specific energy Wbattery is the amount of energy that can be stored per unit mass of 

total electrode material (both cathode and anode), and is often expressed in terms of Wh 

kg
-1

: 

                      

A related parameter, the energy density of a battery, is the amount of energy that can be 

stored per unit volume (instead of mass) of total electrode material. It is often expressed 

in Wh L
-1

.   

Cycle life is another important parameter in evaluating battery performance. The capacity 

retention with respect to the first cycle is usually reported as x% over the specified 

number of cycles, and the decay rate per cycle can calculated as (100 - x)/number of 

cycles.  

Coulombic efficiency (CE) is an indicator of the reversibility of the lithiation/delithiation 

process and is defined as the ratio of the discharge to the charge capacity:  
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A CE value of 100% implies a completely reversible reaction in which the amount of Li 

inserted and extracted are the same. However, in most cases, the CE is less than 100% 

due to undesirable side reactions which consume Li, such as reaction with the electrolyte.  

The power of a battery is the product of the current and the voltage. It is related to the 

rate capability of the battery, which is measured by the charge/discharge rate. A battery is 

usually cycled at various charge/discharge rates, also known as C-rates. nC is defined as 

the current needed to completely discharge or charge the battery in 1/n hours based on the 

theoretical capacity of the electrode material. For example, 0.2C, 0.5C, 1C and 2C 

correspond to complete discharge or charge in 5 h, 2 h, 1 h and 0.5 h respectively. Low-

power applications typically require C-rates of 1C to 2C, while high-power applications 

often run at high C-rates of 5C to 10C.   

 

Figure 1.1 Summary of the important parameters of Li–S versus Li-ion batteries. 
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1.3 Conventional lithium-ion batteries 

Conventional Li-ion batteries, which consist of LiCoO2 cathodes and graphite anodes, 

operate based on the electrochemical reaction: 2 LiCoO2 + C6 ↔ 2 Li0.5CoO2 + C6Li. Both 

LiCoO2 and graphite possess a layered structure, which enables Li ions to intercalate 

between the layers.
1-7

 Because of the intercalation mechanism involved, the amount of 

charge that can be stored in both of these electrode materials is very limited. In particular, 

LiCoO2 cathodes and graphite anodes have theoretical specific capacities of only 140 

mAh g
-1

 and 372 mAh g
-1

 respectively (Fig. 1.1).
1-7

 Together with an average cell voltage 

of 3.8 V, this gives conventional Li-ion batteries a low theoretical specific energy of 387 

Wh kg
-1 

and a low theoretical energy density of 1,015 Wh L
-1

 (Fig. 1.1).
1-7

 This is 

insufficient for many modern-day applications with high energy needs such as electric 

vehicles and grid energy storage. 

1.4 Next-generation lithium–sulfur batteries 

Lithium–sulfur (Li–S) batteries represent a promising energy storage system with much 

higher specific energy compared to conventional Li-ion batteries today. They consist of a 

Li metal anode and a S cathode, which have high theoretical specific capacities of 3,860 

mAh g
-1

 and 1,673 mAh g
-1

 respectively (Fig. 1.1).
8-10

 Together with an average cell 

voltage of 2.2 V, this gives Li–S batteries a high theoretical specific energy of 2,567 Wh 

kg
-1

, which is about 7 times that of conventional Li-ion batteries based on LiCoO2 

cathodes and graphite anodes (Fig. 1.1).
8-10

 The theoretical energy density of Li–S 

batteries is also high at 2,200 Wh L
-1

, which is about twice that of conventional Li-ion 
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batteries.
8-10

 Moreover, S is cheap, environmentally benign and readily abundant in the 

Earth's crust, which makes Li–S batteries particularly attractive. 

Li–S batteries operate based on the electrochemical reaction: S + 2 Li ↔ Li2S (Fig. 1.2).
8-

10
 The 2 half-reactions are: Li ↔ Li

+
 + e

-
 and S + 2 Li

+
 + 2 e

-
 ↔ Li2S. During the 

discharge process, the Li metal anode is oxidized to form Li
+
 and electrons, which travel 

through the electrolyte and the external circuit respectively to reach the S cathode. At the 

S cathode, S reacts with the Li
+
 and electrons to be reduced to form Li2S. The opposite 

occurs during the charge reaction. 

 

Figure 1.2 Schematic and electrochemistry of a Li–S battery. 

Although the as-written reaction looks simple, the actual charge/discharge process is very 

complicated. This is because during the cycling process, solid S cathodes form a series of 

intermediate long-chain followed by short-chain lithium polysulfide species (S8  Li2S8 

 Li2S6  Li2S4  Li2S2  Li2S).
8-10

 The long-chain polysulfides (Li2Sn, n = 4–8) that 
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form can dissolve into the electrolyte, while the short-chain polysulfides (Li2S2 and Li2S) 

precipitate onto the electrode as solid species. This leads to a solid-liquid-solid transition 

in Li–S batteries as cycling proceeds.  

Overall, there are several challenges that impede the successful commercialization of Li–

S batteries. On the S cathode side, there are several issues to be overcome. First, both S 

and Li2S are electronically-insulating in nature, resulting in poor material utilization and 

low specific capacities.
11-39

 Second, the intermediate long-chain lithium polysulfide 

(Li2Sn, n = 4–8) species formed during cycling can dissolve into the electrolyte, leading to 

continual loss of active material and rapid capacity decay.
11-39

 These long-chain lithium 

polysulfides can also diffuse to the Li anode and become reduced chemically (instead of 

electrochemically) to form short-chain polysulfides (Li2S2 and Li2S) on the Li surface. 

These undesirable side reactions result in the shuttle effect and low Coulombic 

efficiency.
11-39

 Finally, S undergoes a large volumetric expansion of about 80% upon full 

lithiation to Li2S, which causes pulverization and structural damage at the electrode 

level.
11-39

  

On the Li anode side, Li metal is highly reactive and reacts with the electrolyte to form an 

unstable solid electrolyte interphase, leading to consumption of both Li metal and 

electrolyte.
11-39

 Furthermore, Li metal is also prone to the formation of dendrites, which 

can potentially lead to internal short circuits and associated safety hazards.
11-39

 The 

growth of dendrites also leads to continuous breaking and reforming of the solid 

electrolyte interphase, which further consumes Li metal and electrolyte. Finally, dendrites 

that break off will lost contact with the Li metal anodes and become dead Li, resulting in 

low Coulombic efficiency.  
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Figure 1.3 Schematic and electrochemistry of a Li2S–Si battery. 

In a related configuration to Li–S batteries, S cathodes can also be replaced with fully-

lithiated Li2S cathodes, which possess a high theoretical specific capacity 1,166 mAh g
-1

. 

Fully-lithiated Li2S represents a more attractive cathode material than S because it can be 

paired with high-capacity Li metal-free anodes (such as Si, Ge or Sn), hence obviating 

dendrite formation and safety concerns associated with metallic Li (Fig. 1.3).
40-53

 

Moreover, because Li2S is in its fully-expanded state, it undergoes volumetric contraction 

in the initial delithiation process (instead of expansion as in the case of S cathodes), 

leading to less structural damage to the entire electrode.
40-53 

However, like their S 

counterparts, Li2S cathodes are also plagued with problems of low electronic conductivity 

as well as dissolution of intermediate Li2Sn species into the electrolyte, leading to fast 

capacity loss and low Coulombic efficiency.
40-53

 

This thesis focuses on the design of high-performance S and Li2S cathodes using a 

combination of theoretical and experimental approaches. First, theoretical ab initio 
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simulations were used to screen and identify promising encapsulation materials for S and 

Li2S cathodes. Based on this theoretical understanding, rational materials design and 

synthesis was then carried out to develop high-performance Li–S batteries.  
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CHAPTER 2: THEORETICAL AB INITIO SIMULATIONS 

2.1 Binding with Li–S· species 

As discussed in the previous chapter, Li–S batteries suffer from the main issues of the 

insulating nature of S and Li2S, as well as uncontrolled dissolution and loss of 

intermediate Li2Sn species into the electrolyte, leading to fast capacity decay and low 

Coulombic efficiency.
8-10

 To address these challenges, the typical strategy is to 

encapsulate S cathodes with conductive coating materials in an attempt to improve their 

conductivity as well as physically confine intermediate Li2Sn species within the shell 

during cycling.
11-39

 Besides acting as a physical barrier, an ideal encapsulation material 

should also possess strong chemical interaction with polar Li2Sn species in order to 

further bind and confine these species within the shell during cycling. The most common 

encapsulation materials used are carbon-based ones, such as graphene and porous 

carbon.
8-10

 Although carbon-based materials are conductive, their non-polar nature leads 

to weak interaction with polar Li2Sn species, hence weakening the trapping effect. Hence, 

there is an urgent need for alternative highly-polar encapsulation materials for S and Li2S 

cathodes that can bind strongly with these Li2Sn species. 
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Figure 2.1 Detailed ab initio simulations for binding with Li–S· species. The most 

stable configuration and calculated binding energy of Li–S· species with various 

functional groups (R) based on the framework of vinyl polymers –(CH2–CHR)n– is shown. 

[40] Reproduced by permission of The Royal Society of Chemistry. 

 

Nitrogen-containing –R groups: 

Hydrocarbon: 

Vinyl polymers:  

1.23 eV 1.26 eV 1.20 eV 1.01 eV 

0.77 eV 

Oxygen-containing –R groups: 

Li S O N C H F Cl Br 

0.30 eV 

0.62 eV 0.46 eV 0.42 eV 

Halogen-containing –R groups: 

1.02 eV 
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Figure 2.2 Summary of binding energies with Li–S· species. (a) Table showing the 

calculated binding energy of Li–S· species with various functional groups (R). (b–d) Ab 

initio simulations showing the most stable configuration and calculated binding energy of 

Li–S· with (b) ester, (c) amide and (d) ketone R groups in vinyl polymers. (e) General 

schematic representing the Li–O interaction between Li–S· and O-rich groups. [40] 

Reproduced by permission of The Royal Society of Chemistry. 

 

In order to screen and identify promising encapsulation materials, we used ab initio 

simulations performed in the framework of density functional theory using the Vienna Ab 

Initio Simulation Package (VASP).
54-58

 The projector augmented-wave (PAW) 

pseudopotential and the generalized gradient approximation (GGA) exchange-correlation 

function described by Perdew-Burke-Ernzerhof (PBE) were adopted.
54-58 

We used a 
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general structural framework based on vinyl polymers –(CH2–CHR)n– to represent 

various functional groups (R) and studied the binding energies of these various groups 

with Li–S· species, which can be used to represent the relevant end groups in Li2Sn 

species (Li–S–Sn-2–S–Li). Common polar functional groups, including those that contain 

oxygen (O), nitrogen (N) and halogen (F, Cl, Br) atoms, were included in these 

simulations. To ensure convergence, 500 eV was chosen as the cut-off energy of the 

plane-wave basis. The vacuum between a polymer and its image exceeds 30 Å, while the 

distance between the Li–S· cluster and its image is no less than 15 Å along the periodic 

direction. These systems were large enough to avoid any artificial interaction caused by 

periodicity. The binding energy, Eb, was defined as the energy difference between the Li–

S·–polymer adsorbed system (Etot) and the summation of pure Li–S· cluster (ELiS) and 

pristine polymer (Epolymer): Eb = (ELiS + Epolymer) - Etot.  

From the simulation results, we see that in general, the electron-rich groups with lone 

pairs on O, N, F, Cl, Br atoms are capable of binding with Li in Li–S· through a 

coordination-like interaction (Fig. 2.1). From the binding energy values, we find that the 

strongest interaction with Li–S· species was observed in the case of binding with O-rich 

groups such as those found in esters, amides, ketones and ethers, with binding energies of 

1.26, 1.23, 1.20 and 1.01 eV respectively (Fig. 2.2a). In all of these cases, the most stable 

configuration corresponds to Li binding directly to the O atom, forming a strong Li–O 

interaction (Fig. 2.2b–e). This can be rationalized by considering the hard acid nature of 

Li
+
 which renders strong interaction with the hard O donor atoms.

 
Strong Li–N 

interaction was also found between Li–S· species and N-rich functional groups such as 

those in imines and nitriles, with binding energies of 1.02 and 0.77 eV respectively (Fig. 
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2.2a). In comparison, halogenated groups possess much weaker interaction with Li–

S· species, with binding energies in the range of 0.42 to 0.62 eV (Fig. 2.2a). We see that 

the binding energy of Li–S· species with halogenated groups follows the order: F > Cl > 

Br, which is in agreement with the relative hardness of the donor atoms (F
 
> Cl

 
> Br).

 

2.2 Binding with Li2S species 

Additional ab initio simulations were performed to elucidate the interaction of various 

functional groups with the discharge product Li2S, which is the specific case of Li2Sn 

where n = 1 (Fig. 2.3, 2.4). We see that Li2S exhibits the strongest binding with O-rich 

and N-rich groups as well, with typical binding energies in the range of 0.60 to 1.10 eV 

(Fig. 2.4a). This is contrasted with the much lower binding energies of Li2S with 

halogenated groups, such as 0.40, 0.26 and 0.23 eV in the case of binding with F-rich, Cl-

rich and Br-rich groups respectively (Fig. 2.4a). For the interaction of Li2S with O-rich 

and N-rich groups, we also find that the most stable configuration corresponds to Li 

binding directly to the O and N atoms, forming strong Li–O and Li–N interactions 

respectively (Fig. 2.4b–e). 
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Figure 2.3 Detailed ab initio simulations for binding with Li2S species. The most 

stable configuration and calculated binding energy of Li2S with various functional groups 

(R) based on the framework of vinyl polymers –(CH2–CHR)n– is shown. [40] 

Reproduced by permission of The Royal Society of Chemistry. 

 

Nitrogen-containing –R groups: 

Hydrocarbon: 

Vinyl polymers:  

0.95 eV 1.10 eV 0.96 eV 0.71 eV 

0.60 eV 

0.40 eV 0.26 eV 0.23 eV 

Oxygen-containing –R groups: 

Li S O N C H F Cl Br 

0.23 eV 

Halogen-containing –R groups: 

0.88 eV 



16 
 

 

Figure 2.4 Summary of binding energies with Li2S species. (a) Table showing the 

calculated binding energy of Li2S with various functional groups (R). (b–d) Ab initio 

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

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

schematic representing the Li–O interaction between Li2S and O-rich groups. [40] 

Reproduced by permission of The Royal Society of Chemistry. 

 

In light of this theoretical understanding, we proceeded to select suitable highly-polar 

encapsulation materials containing O-rich and N-rich groups and designed high-

performance S and Li2S cathodes based on these materials. Candidates of choice include 

transition metal oxides and sulfides (TiO2, TiS2, ZrS2, VS2; Chapters 3 and 6), graphene 

oxide (Chapter 4) and conducting polymers (polypyrrole; Chapter 5).  
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CHAPTER 3: S–TiO2 YOLK–SHELL NANOSTRUCTURED CATHODES 

3.1 Introduction 

As discussed in Chapter 1, S cathodes suffer from the problems of: (1) poor electronic 

conductivity, (2) dissolution of intermediate Li2Sn species into the electrolyte and (3) 

large volumetric expansion (~80%) upon full lithiation to Li2S (Fig. 3.1a).
8-10

 Over the 

years, extensive efforts have been devoted to addressing the first two problems, by 

encapsulating S particles with carbon-based conducting materials, including porous 

carbon and graphene in an attempt to improve their electronic conductivity and limit 

Li2Sn dissolution.
8-10

 However, carbon, being non-polar in nature, does not interact or 

bind strongly with the highly-polar Li2Sn species, hence weakening the trapping effect. 

Moreover, insufficient emphasis has been placed on dealing with the third challenge: the 

large volumetric expansion of S during lithiation.
8-10

 This poses a critical problem 

because volume expansion of the S core will cause the protective coating layer to crack 

and fracture, rendering the conventional core–shell morphology
 
ineffective in trapping 

Li2Sn species (Fig. 3.1b).  

In this Chapter, we demonstrate the design of a S–TiO2 yolk–shell nanoarchitecture for 

stable and prolonged cycling over 1,000 charge/discharge cycles in Li–S batteries. TiO2 

was chosen as an encapsulation material for S cathodes due to its polar O-rich functional 

groups that can bind strongly with Li2Sn species through Li–O interaction as described in 

Chapter 2. Moreover, the unique yolk–shell morphology provides internal void space to 

accommodate the large volumetric expansion of S during lithiation, thus preserving the 

structural integrity of the shell to minimize Li2Sn dissolution (Fig. 3.1c). In comparison 
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with bare S and S–TiO2 core–shell nanoparticles, the yolk–shell nanostructures were 

found to exhibit the highest capacity retention due to the effectiveness of the intact TiO2 

shell in limiting Li2Sn dissolution. Using the yolk–shell nanoarchitecture, an initial 

specific capacity of 1,030 mAh g
-1

S
 
at 0.5C and Coulombic efficiency of 98.4% over 

1,000 cycles was achieved. Most importantly, the capacity decay at the end of 1,000 

cycles was found to be as small as 0.033% per cycle (3.3% per 100 cycles), which 

represents an unprecedented level of performance.  

 

Figure 3.1 Schematic of the lithiation process in various S-based morphologies. 

Schematic showing the lithiation process in (a) bare S particles, (b) the core–shell 

morphology and (c) the yolk–shell morphology. [12] Reproduced by permission of 

Nature Publishing Group. 
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3.2 Materials synthesis and characterization 

The S–TiO2 yolk–shell morphology was experimentally realized as shown schematically 

(Fig. 3.2a). First, monodisperse S nanoparticles were prepared using the reaction: 

Na2S2O3 + 2 HCl  S↓ + SO2 + 2 NaCl + H2O. This was done by adding concentrated 

HCl (0.8 mL, 10 M) to an aqueous solution of Na2S2O3 (100 mL, 0.04 M) containing a 

low concentration of polyvinylpyrrolidone (PVP; 0.02 wt%). After reaction for 2 h, the S 

nanoparticles (100 mL) were washed by centrifugation and redispersed into an aqueous 

solution of PVP (20 mL, 0.05 wt%). For TiO2 coating, the solution of S nanoparticles (20 

mL) was mixed with isopropanol (80 mL) and concentrated ammonia (2 mL, 28 wt%). A 

TiO2 sol-gel precursor, titanium diisopropoxide bis(acetylacetonate) (50 mL, 0.01 M in 

isopropanol) was then added in five portions (5 x 10 mL) at half hour intervals. After 

reaction for 4 h, the solution of S–TiO2 core–shell nanoparticles was washed by 

centrifugation to remove freely hydrolysed TiO2, followed by redispersion into deionized 

water (20 mL). To prepare the S–TiO2 yolk–shell nanostructures, the solution of core–

shell particles (20 mL) was stirred with isopropanol (20 mL) and toluene (0.4 mL) for 4 h 

to achieve partial dissolution of S. The as-synthesized S–TiO2 yolk–shell nanostructures 

were then recovered using centrifugation and dried under vacuum overnight.  

The SEM image shows uniform spherical nanoparticles of ~800 nm in size (Fig. 3.2b). 

The TEM image, taken immediately after the electron beam was turned on, shows S 

nanoparticles encapsulated within TiO2 shells (~15 nm thick) with internal void space 

(Fig. 3.2c). Due to the two-dimensional projection nature of TEM images, the void space 

will appear as either an empty area or an area of lower intensity depending on the 

orientation of the particles (Fig. 3.2c). The ability of toluene to diffuse through the TiO2 
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shell to partially dissolve S indicates its porous nature, which is typical of amorphous 

TiO2 prepared using sol-gel methods.
 
The average pore diameter was determined to be ~3 

nm using the Barrett-Joyner-Halenda (BJH) method, which corresponds to a mesoporous 

structure. 

 

Figure 3.2 Synthesis and characterization of S–TiO2 yolk–shell nanostructures. (a) 

Schematic of the synthetic process which involves coating of S nanoparticles with TiO2 

to form S–TiO2 core–shell nanostructures, followed by partial dissolution of S in toluene 

to achieve the yolk–shell morphology. (b) SEM image and (c) TEM image of as-

synthesized S–TiO2 yolk–shell nanostructures. [12] Reproduced by permission of Nature 

Publishing Group. 

 

Next, we investigated the effectiveness of the yolk–shell morphology in accommodating 

the volume expansion of S and limiting Li2Sn dissolution. The S–TiO2 yolk–shell 

nanostructures were drop-cast onto conducting carbon fiber substrates to form working 

electrodes, and pouch cells were assembled using Li foil as the counter electrode. After 
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discharge to 1.7 V vs. Li
+
/Li for lithiation, the cells were then disassembled and the 

working electrodes were examined using SEM.  

 There was little change in the morphology and size distribution of the S–TiO2 

yolk–shell nanostructures before and after lithiation (Fig. 3.3a–c), indicating the 

effectiveness of polar TiO2 in trapping Li2Sn species within the shell. TEM image of a 

lithiated yolk–shell nanostructure shows a structurally-intact TiO2 coating (Fig. 3.3d), 

indicating the ability of the yolk–shell design in accommodating the volume expansion of 

S. The presence of Li2S and TiO2 in the yolk–shell nanostructure was confirmed using 

energy-dispersive X-ray spectroscopy and electron energy loss spectroscopy (Fig. 3.3e).  

 

 

Figure 3.3 Morphology of S–TiO2 yolk–shell nanostructures after lithiation. (a–c) 

SEM images of S–TiO2 yolk–shell nanostructures (a) before and (b) after lithiation and 

(c) their respective particle size distributions. (d) TEM image of a S–TiO2 yolk–shell 

nanostructure after lithiation, showing the presence of an intact TiO2 shell (highlighted by 

arrow). (e) Energy-dispersive X-ray spectrum and electron energy loss spectrum (inset) 

of the nanostructure in (d), showing the presence of Li2S and TiO2. [12] Reproduced by 

permission of Nature Publishing Group. 
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3.3 Electrochemical performance 

 To further evaluate the electrochemical cycling performance of the S–TiO2 yolk–

shell nanoarchitecture, 2032-type coin cells were fabricated. The working electrodes were 

prepared by mixing the yolk–shell nanostructures with conductive carbon black and 

polyvinylidene fluoride binder (75: 15: 10 by weight) in N-methyl-2-pyrrolidinone to 

form a slurry, which was then coated onto aluminum foil and dried under vacuum. Using 

Li foil as the counter electrode, the cells were cycled from 1.7 – 2.6 V vs. Li
+
/Li. The 

electrolyte used was lithium bis(trifluoromethanesulfonyl)imide (1 M) in 1:1 v/v 1,2-

dimethoxyethane and 1,3-dioxolane, with LiNO3 (1 wt%) as an additive to help passivate 

the surface of the Li anode and reduce the shuttle effect.
 
Specific capacity values were 

calculated based on the mass of S, which was determined using thermogravimetric 

analysis. The S content was found to be ~71 wt% in the yolk–shell nanostructures, 

accounting for ~53 wt% of the electrode mix, with a typical mass loading of 0.4 – 0.6 

mgS cm
-2

.  The contribution of TiO2 to the total capacity is very small in the voltage 

range used in our work.
59,60

 

 The S–TiO2 yolk–shell nanoarchitecture exhibited stable cycling performance 

over 1,000 charge/discharge cycles at 0.5C (1C = 1,673 mA g
-1

S). After an initial 

discharge capacity of 1,030 mAh g
-1

S, the yolk–shell nanostructures achieved capacity 

retentions of 88%, 87% and 81% at the end of 100, 200 and 500 cycles, respectively (Fig. 

3.4a,b). Most importantly, after prolonged cycling over 1,000 cycles, the capacity 

retention was found to be 67%, which corresponds to a very small capacity decay of 

0.033% per cycle (3.3% per 100 cycles). The average Coulombic efficiency over 1,000 

cycles was calculated to be 98.4%, which shows little shuttle effect due to Li2Sn 



23 
 

dissolution (Fig. 3.4a). In comparison, cells based on bare S and S–TiO2 core–shell 

nanoparticles suffered from rapid capacity decay, showing capacity retentions of 48% 

and 66% respectively after only 200 cycles (Fig. 3.4b), indicating a greater degree of 

Li2Sn dissolution into the electrolyte.  

Next, the S–TiO2 yolk–shell nanostructures were subject to cycling at various C-rates to 

evaluate their robustness (Fig. 3.4c,d). After an initial discharge capacity of 1,215 mAh g
-

1
S

 
at 0.2C, the capacity was found to stabilize at 1,010 mAh g

-1
S. Further cycling at 0.5C, 

1C and 2C showed high reversible capacities of 810, 725 and 630 mAh g
-1

S, respectively 

(Fig. 3.4c,d). When the C-rate was switched abruptly from 2C to 0.2C again, the original 

capacity was largely recovered (Fig. 3.4c), indicating robustness and stability of the 

cathode material.  

In conclusion, we have demonstrated the design of a S–TiO2 yolk–shell nanoarchitecture 

for long cycling capability over 1,000 charge/discharge cycles, with a capacity decay as 

small as 0.033% per cycle. Compared to its bare S and S–TiO2 core–shell counterparts, 

the yolk–shell nanostructures exhibited the highest capacity retention due to the presence 

of internal void space to accommodate the volume expansion of S during lithiation, 

resulting in an intact shell to minimize Li2Sn dissolution. Insight gained from this work 

can be applied to other high-capacity anode and cathode material systems, especially 

those that undergo large volumetric expansion, providing new avenues for the future 

development of high-performance rechargeable batteries.  
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Figure 3.4 Electrochemical performance of S–TiO2 yolk–shell cathodes. (a) 

Charge/discharge capacity and Coulombic efficiency over 1,000 cycles at 0.5C. (b) 

Capacity retention of S–TiO2 yolk–shell nanostructures cycled at 0.5C, in comparison 

with bare S and S–TiO2 core–shell nanoparticles. (c) Charge/discharge capacity and (d) 

voltage profiles of S–TiO2 yolk–shell nanostructures cycled at various C-rates. [12] 

Reproduced by permission of Nature Publishing Group. 
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CHAPTER 4: Li2S–GRAPHENE OXIDE COMPOSITE CATHODES 

4.1 Introduction 

 As discussed in Chapter 1, Li2S cathode, with its high theoretical specific capacity 1,166 

mAh g
-1

, represents a more attractive cathode material compared to S because it is in its 

fully-lithiated and fully-expanded state.
40-53

 Similar to their S counterparts, Li2S cathodes 

are plagued with problems of low electronic conductivity as well as dissolution of 

intermediate Li2Sn species into the electrolyte.
 
Wrapping of Li2S with mesoporous carbon 

or carbon black has been the most common strategy used to constrain Li2Sn species and 

reduce their dissolution into the electrolyte,
 
though the resulting cycling performance still 

leaves much room for improvement.
40-53

 This is probably because carbon, being largely 

non-polar in nature, does not interact favorably with polar Li2S and intermediate Li2Sn 

species involved in the cycling process. 

Results of ab initio simulations in Chapter 2 have shown that oxygenated functional 

groups possess strong binding with Li2S and Li2Sn species through Li–O interaction.
 
In 

this Chapter, we demonstrate the use of mildly-oxidized graphene oxide (GO) as an 

encapsulation material for Li2S cathodes (Fig. 4.1a). The wrapping of GO onto the 

surface of Li2S through favorable Li–O interaction helps to minimize the dissolution of 

intermediate Li2Sn species into the electrolyte during cycling, which is a major reason for 

fast capacity decay. Using the Li2S–GO composites as a cathode material, we 

demonstrate a high discharge capacity of 782 mAh g
-1

Li2S (~1,122 mAh g
-1

S) and stable 

cycling performance over 150 charge/discharge cycles. 
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4.2 Materials synthesis and characterization 

First, mildly-oxidized GO was synthesized using the modified Hummer’s method and 

then re-dispersed into anhydrous ethyl acetate.
61,62

 In an argon-filled glove box, micron-

sized commercial Li2S particles were then added (Li2S: GO = 75: 25 by weight) followed 

by ultrasonication and stirring to allow wrapping of GO onto the surface of Li2S. The as-

synthesized Li2S–GO composites were collected by centrifugation and allowed to dry in 

the glove box.  

Scanning electron microscopy (SEM) was used to examine the Li2S particles before and 

after GO coating (Fig. 4.1b, c). We can see that the surface of the Li2S particles changes 

to a more sheet-like appearance after GO coating (Fig. 4.1c). Energy-dispersive X-ray 

spectroscopy (EDX) analysis shows the presence of S, C and O in the Li2S–GO 

composites (Fig. 4.1d). We note that Li cannot be detected using EDX and the Si peak 

arises due to the use of a Si substrate. From the relative atomic fractions of the various 

elements, the Li2S content in the composite was determined to be ~76 wt%, which is 

consistent with the relative amounts of Li2S and GO added during the synthesis (75: 25 

by weight).  
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Figure 4.1 Synthesis and characterization of Li2S–GO composites. (a) Schematic 

showing the wrapping of Li2S with GO and the favorable interaction between oxygenated 

groups in GO and polar Li2S and Li2Sn species involved in the cycling process. (b,c) SEM 

images of (b) commercial Li2S particles and (c) as-synthesized Li2S–GO composites. (d) 

EDX spectrum of the Li2S–GO composites, showing the presence and relative atomic 

fractions of C, O and S (Li cannot be detected using EDX; the Si peak arises due to the 

use of a Si substrate). (e) Raman spectra of pristine Li2S, pristine GO and Li2S–GO 

composites. [41] Reproduced by permission of The Royal Society of Chemistry. 
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The surface coating of GO on the Li2S particles was further confirmed using Raman 

spectroscopy. We see that the Raman spectrum of pristine Li2S shows the characteristic 

T2g phonon mode of Li2S at 372 cm
-1 

corresponding to Li–S bond vibrations,
 
while that of 

GO shows the characteristic D and G bands at 1350 and 1590 cm
-1

 respectively (Fig. 

4.1e).
63,64

 The Raman spectrum of the Li2S–GO composites shows both the peaks of Li2S 

and GO, though the intensity of the Li2S T2g peak is much weaker compared to GO (Fig. 

4.1e). Since Raman spectroscopy is a surface-sensitive technique, this observation 

indicates that the surface of the Li2S particles has been largely covered with GO, 

consistent with the SEM image. 

 

Figure 4.2 Further characterization of Li2S–GO composites. (a) Schematic showing 

an example of Li–O interaction between Li2S and epoxide groups commonly found in 

GO. (b) XPS spectra of the Li 1s peak and (c) Raman spectra of the T2g phonon mode of 

Li2S in pristine Li2S and Li2S–GO composites, together with their respective fitted peaks. 

[41] Reproduced by permission of The Royal Society of Chemistry. 
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Results of ab initio simulations in Chapter 2 have shown that oxygenated functional 

groups possess strong binding with Li2S through coordination-like interaction between 

the lone pairs on electronegative O and the Li in Li2S.
 
We show a schematic depicting an 

example of such Li–O interaction between Li2S and epoxide groups commonly found in 

GO (Fig. 4.2a). To verify the presence of such Li–O interaction in the Li2S–GO 

composites, we performed X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy measurements, which are known to be very sensitive to chemical 

environment. We see that the Li 1s XPS spectrum of pristine Li2S can be fitted with a 

single peak with a binding energy of 54.6 eV (Fig. 4.2b), which corresponds to Li in the 

Li–S bond.
67

 In contrast, the Li 1s spectrum of the Li2S–GO composites shows 

asymmetric broadening towards higher binding energy (Fig. 4.2b), which indicates a 

change in chemical environment experienced by Li. This spectrum can be fitted using 2 

peaks: the peak at 54.6 eV corresponds to Li in the Li–S bond, while the additional peak 

at 55.4 eV can be attributed to Li–O interaction in the Li2S–GO composites in accordance 

with tabulated values.
67 

This is further supported by close analysis of the T2g Raman peak of Li2S in the pristine 

Li2S and Li2S–GO composite samples. The T2g Raman peak of pristine Li2S occurs at 372 

cm
-1

 (Fig. 4.2c) and we see a red-shift in the Raman peak position from 372 cm
-1

 in 

pristine Li2S to 369 cm
-1

 in the Li2S–GO composites (Fig. 4.2c) which indicates a change 

in chemical environment. Since the T2g phonon mode in Li2S arises due to Li–S bond 

vibrations,
 
a red-shift (decrease in frequency) indicates a decrease in the force constant 

and slight weakening of the Li–S bond in the Li2S–GO composites.
 
This can be explained 
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by the strongly-electronegative O atoms in GO interacting with Li in Li2S, causing the 

electron density along the Li–S bond in Li2S to be diminished and the bond to be 

weakened, as evidenced by Raman spectroscopy. 

4.3 Electrochemical performance 

Working electrodes were prepared by mixing the Li2S–GO composites with conductive 

carbon black and polyvinylidene fluoride binder (70: 25: 5 by weight) in N-methyl-2-

pyrrolidinone to form a slurry, which was then coated onto aluminum foil and dried in a 

glove box. The typical mass loading of Li2S was ~1 mgLi2S cm
-2

. 2032-type coin cells 

were then assembled with Li foil as the counter electrode. Pristine Li2S cathodes were 

also prepared in the same way for comparison. The cathodes were first activated at C/20 

(1C = 1,166 mA g
-1

Li2S) by charging to a high cutoff voltage of 3.8 V vs. Li
+
/Li to 

overcome the initial potential barrier associated with micron-sized Li2S particles. The 

cathodes were then subject to a discharge/charge cycle, during which the electrolyte was 

tested for S content at various intermediate stages. To do this, a sulfur-free lithium salt of 

LiClO4 (1 M) in 1:1 v/v 1,2-dimethoxyethane and 1,3-dioxolane with LiNO3 (1 wt%) 

additive. The cells were disassembled at various points during a discharge/charge cycle, 

after which the contents (cathode, anode and electrolyte-soaked separator) were washed 

with 1,3-dioxolane solution. This polysulfide-containing solution was then oxidized with 

concentrated HNO3 and diluted with deionized water for analysis of S content using 

inductively coupled plasma-optical emission spectroscopy (ICP-OES). 
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Figure 4.3 Testing of electrolyte for polysulfide content during cycling. (a) Typical 

discharge and charge voltage profile showing various depths of discharge and states of 

charge (points 1 to 10) and (b) the corresponding percentage of S measured in the 

electrolyte relative to the total S mass on the electrode at these various points for Li2S–

GO and pristine Li2S cathodes. [41] Reproduced by permission of The Royal Society of 

Chemistry. 

 

Points 1 to 10 correspond to various depths of discharge (DOD) and states of charge 

(SOC) during cycling, where 100% DOD (point 6) and 100% SOC (point 10) refer to the 

maximum discharge and charge capacities attained, respectively (Fig. 4.3a). The ICP-

OES results showed significantly lower percentage dissolution of S into the electrolyte 

during cycling for the Li2S–GO composites compared to pristine Li2S cathodes (Fig. 

4.3b). At point 3 during the discharge process (25% DOD), we measured a maximum of 

29% of the total S mass on the electrode dissolved into the electrolyte for the Li2S–GO 
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composites, compared to 88% in the case of pristine Li2S cathodes (Fig. 4.3b). Similarly, 

at point 9 during the charge process (75% SOC), 30% dissolution of the total S mass into 

the electrolyte was measured for the Li2S–GO composites, compared to 82% in the case 

of pristine Li2S cathodes (Fig. 4.3b). This indicates the effectiveness of the GO wrapping 

in constraining Li2Sn species, hence reducing their loss into the electrolyte during cycling. 

To further evaluate their electrochemical performance, the Li2S–GO composite and 

pristine Li2S cathodes were cycled galvanostatically from 1.8 - 2.6 V vs. Li
+
/Li. The 

electrolyte used was lithium bis(trifluoromethanesulfonyl)imide (1 M) in 1:1 v/v 1,2-

dimethoxyethane and 1,3-dioxolane, with LiNO3 (1 wt%) as an additive. Specific 

capacity values were calculated based on the mass of Li2S. We see that the Li2S–GO 

composite cathodes showed stable cycling at 0.2C with a high initial capacity of 782 

mAh g
-1

Li2S (Fig. 4.4a). The capacity retentions achieved at the end of 50, 100 and 150 

cycles were 92%, 90% and 88% respectively, relative to the initial cycle (Fig. 4.4b). The 

average Coulombic efficiency over the 150 cycles was calculated to be 97% (Fig. 4.4a). 

In comparison, pristine Li2S cathodes exhibited greater capacity decay under identical 

testing conditions (Fig. 4.4b). The capacity retention of the pristine Li2S cathodes was 

only 62% after 100 cycles (compared to 90% for Li2S–GO composites), indicating a 

greater degree of polysulfide dissolution into the electrolyte in the former case. The stable 

cycling performance of the Li2S–GO composite provides further evidence for the role of 

GO wrapping in constraining Li2Sn species during the cycling process. 
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Figure 4.4 Electrochemical performance of Li2S–GO composite cathodes. (a) 

Specific capacity and Coulombic efficiency of Li2S–GO composite cathodes over 150 

cycles at 0.2C. (b) Capacity retention of Li2S–GO composite cathodes cycled at 0.2C in 

comparison with pristine Li2S cathodes. (c) Specific capacity and (d) voltage profiles of 

Li2S–GO composite cathodes cycled at various C-rates. [41] Reproduced by permission 

of The Royal Society of Chemistry. 

 

Next, the Li2S–GO composite cathodes were cycled at different C-rates to evaluate their 

rate capability and electrode kinetics (Fig. 4.4c,d). When the C-rate was increased 

successively from 0.2 to 0.5 to 1C, the cells delivered high stabilized capacities of 695, 

680 and 640 mAh g
-1

Li2S respectively (Fig. 4.4c). The capacities achieved at 0.5C and 1C 

correspond to 98% and 92% of the capacity that was attained at 0.2C, indicating good 

reaction kinetics in the cathodes. Even at a C-rate of 2C, a reversible capacity of 510 

mAh g
-1

Li2S could be attained. When the C-rate was switched abruptly from 2C back to 
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0.2C again, the original capacity was mostly recovered (Fig. 4.4c), indicating robustness 

and stability of the cathode material.  

In conclusion, we have demonstrated the facile synthesis of high-performance Li2S–GO 

composite cathodes in which the wrapping of GO onto the surface of Li2S through 

favorable Li–O interaction helps to constrain intermediate Li2Sn species during cycling, 

hence resulting in stable cycling performance. This work provides insight on the use of 

suitable encapsulation materials that bind strongly with Li2S cathodes, for the future 

development of high-capacity and long-lasting rechargeable batteries. 
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CHAPTER 5: Li2S–POLYPYRROLE COMPOSITE CATHODES 

5.1 Introduction 

Li2S is a promising prelithiated cathode material with a high theoretical capacity of 1,166 

mAh g
-1

. In this Chapter, we demonstrate the encapsulation of Li2S with a conducting 

polymer for use as a high-performance cathode material. In particular, we synthesized a 

Li2S–polypyrrole (PPy) composite structure via facile, in-situ polymerization of pyrrole 

onto Li2S particles. The N atoms in PPy were found to possess favorable Li–N interaction 

with Li2S, which enables PPy to bind strongly onto and cover the surface of Li2S to 

constrain intermediate Li2Sn species during cycling. PPy, being a conducting polymer, 

also helps to facilitate electronic conduction. Using the Li2S–PPy composites as a 

cathode material, a high discharge capacity of 785 mAh g
-1

Li2S (~1,126 mAh g
-1

S) was 

achieved with stable cycling over prolonged 400 charge/discharge cycles. 

5.2 Materials synthesis and characterization 

Experimentally, the Li2S–PPy composites were synthesized via in-situ, non-aqueous 

polymerization of pyrrole onto Li2S particles in an argon-filled glove box.
65

 First, 

micron-sized commercial Li2S particles (100 mg) were dispersed in anhydrous methyl 

acetate (20 mL) containing anhydrous FeCl3 (100 mg) as an oxidant and poly(vinyl 

acetate) (20 mg) as a stabilizing agent. This was followed by the addition of pyrrole (20 

μL; 0.97 mg/μL) for overnight polymerization at room temperature. The solution of as-

synthesized Li2S–PPy composites was washed by centrifugation three times with methyl 

acetate and allowed to dry in the glove box.  



36 
 

 

Figure 5.1 Synthesis and characterization of Li2S–PPy composites. SEM images of (a) 

pristine Li2S particles and (b) as-synthesized Li2S–PPy composite structures. (c) 

Schematic of a raspberry and (d) SEM image of a representative Li2S–PPy raspberry-like 

composite together with the corresponding elemental maps for (e) sulfur and (f) carbon. 

[42] Reproduced by permission of The Royal Society of Chemistry. 

 

Scanning electron microscopy (SEM) was used to examine the Li2S particles before and 

after PPy coating (Fig. 5.1a, b). We can see the formation of multiple PPy nanocolloids 

(~700 nm) covering the surface of the Li2S particles, forming a raspberry-like Li2S–PPy 

composite structure (Fig. 5.1b–d). Using energy-dispersive X-ray spectroscopy (EDX), 
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we performed elemental mapping on a representative Li2S–PPy structure, which confirms 

the presence of both sulfur and carbon (Fig. 5.1e, f). We note that Li cannot be detected 

using EDX. Elemental composition of the Li2S–PPy composites was also studied using 

EDX analysis, from which the Li2S content in the composites was determined to be ~86 

wt%. 

The Li2S–PPy composites were further characterized using X-ray diffraction (XRD) and 

Raman spectroscopy. The XRD pattern of pristine Li2S shows the characteristic 

diffraction peaks belonging to Li2S (Fig. 5.2a; JCPDS 26-1188). We see that the XRD 

spectrum of the Li2S–PPy composites shows only the diffraction peaks of Li2S but not 

those of PPy (Fig. 5.2a), indicating the amorphous nature of PPy. Upon Raman analysis, 

we see that the Raman spectrum of pristine Li2S shows the characteristic T2g phonon 

mode of Li2S at 372 cm
-1

 corresponding to Li–S bond vibrations, and that of PPy 

nanocolloids shows the characteristic peaks corresponding to deformation and stretching 

of the C–H, C=C and N–H bonds in PPy (Fig. 5.2b).
64,66

 The Raman spectrum of the 

Li2S–PPy composites shows both the peaks of Li2S and PPy, though the intensity of the 

Li2S T2g peak is very weak compared to PPy (Fig. 5.2b). Since Raman spectroscopy is a 

surface-sensitive technique, this observation indicates that the surface of the Li2S 

particles has been largely covered with PPy, which is consistent with the SEM images of 

the composites.  
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Figure 5.2 Further characterization of Li2S–PPy composites. (a) XRD patterns and (b) 

Raman spectra of pristine Li2S, PPy nanocolloids and Li2S–PPy composites. The XRD 

peak at 22
o
 arises due to the Kapton tape used to protect the Li2S-containing samples 

from moisture in the air. [42] Reproduced by permission of The Royal Society of 

Chemistry. 

 

To elucidate the interaction between Li2S and PPy, ab initio simulations were performed 

in the framework of density functional theory as described in Chapter 2. The simulation 

results indicate that the lone pairs on the electronegative N atoms in PPy are capable of 

binding with Li in Li2S, forming a coordination-like Li–N interaction (Fig. 5.3a,b). The 

binding energy between Li2S and PPy was calculated to be 0.50 eV. The results also 

show similar Li–N interaction between PPy and Li–S·, the relevant end groups in Li2Sn 

species, which would enable PPy to constrain these polysulfide species during cycling. 

To investigate the Li–N interaction between Li2S and PPy in the composite structure, we 

performed high-resolution X-ray photoelectron spectroscopy (XPS). The as-obtained Li 
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1s XPS spectrum of pristine Li2S can be fitted with a single peak with a binding energy 

of 54.6 eV (Fig. 5.3c) corresponding to Li in the Li–S bond.
67

 In comparison, the Li 1s 

spectrum of the Li2S–PPy composites shows asymmetric broadening towards higher 

binding energy (Fig. 5.3c), indicating a change in chemical environment experienced by 

Li. A good fit of this spectrum was obtained using 2 peaks at 54.6 eV and 55.6 eV, which 

can be attributed to Li–S and Li–N interactions respectively (Fig. 5.3c), in accordance 

with tabulated values.
67

 The appearance of this additional Li–N peak, which is absent in 

the pristine Li2S sample, is indicative of Li–N interaction between Li2S and PPy in the 

composite structure, consistent with the ab initio simulation results described above.  
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Figure 5.3 Ab initio simulations for Li2S–PPy composites. (a) Ab initio simulations and 

(b) schematic showing the most stable binding configuration of Li2S with PPy 

corresponding to Li–N interaction. (c) High-resolution XPS spectra of the Li 1s peak and 

(d) Raman spectra of the T2g Raman peak of Li2S in the pristine Li2S and Li2S–PPy 

composites together with their respective fitted peaks. [42] Reproduced by permission of 

The Royal Society of Chemistry. 

 

To provide further evidence in support of the interaction between Li2S and PPy, we 

performed Raman spectroscopy and analyzed the T2g Raman peak of Li2S in the pristine 

Li2S and Li2S–PPy composite samples. The T2g Raman peak of pristine Li2S was 

measured at 372 cm
-1

 (Fig. 5.3d) and interestingly, we see a red-shift in the Raman peak 

position from 372 cm
-1

 in pristine Li2S to 369 cm
-1

 in the Li2S–PPy composites (Fig. 

5.3d). Since the T2g phonon mode in Li2S is ascribed to Li–S bond vibrations,
 
a red-shift 

indicates a decrease in the force constant and slight weakening of the Li–S bond in the 

Li2S–PPy composites.
 
This can be attributed to the electronegative N atoms in PPy 

interacting with Li in Li2S, causing the electron density along the Li–S bond in Li2S to be 

diminished and the bond to be weakened, as indicated by Raman spectroscopy. 

5.3 Electrochemical performance 

To evaluate the electrochemical performance of the Li2S–PPy composites, 2032-type 

coin cells were assembled. The working electrodes were prepared by mixing the Li2S–

PPy composites with conductive carbon black and polyvinylidene fluoride binder (60: 35: 

5 by weight) in N-methyl-2-pyrrolidinone to form a slurry, which was then coated onto 

aluminum foil and dried in a glove box. 2032-type coin cells were then assembled with Li 

foil as the counter electrode. The electrolyte used was lithium 
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bis(trifluoromethanesulfonyl)imide (1 M) in 1:1 v/v 1,2-dimethoxyethane and 1,3-

dioxolane with LiNO3 additive. The Li2S–PPy composite cathodes were first activated at 

C/20 (1C = 1,166 mA g
-1

Li2S) by charging to a high cutoff voltage of 3.8 V vs. Li
+
/Li to 

overcome the initial potential barrier associated with micron-sized Li2S particles, 

followed by discharge to 1.8 V. Galvanostatic cycling was then carried out from 1.8 to 

2.6 V vs. Li
+
/Li. The typical mass loading of Li2S was ~1 mgLi2S cm

-2
 and specific 

capacity values were calculated based on the mass of Li2S.  

 

Figure 5.4 Electrochemical performance of Li2S–PPy composite cathodes. (a) 

Specific capacity and Coulombic efficiency of Li2S–PPy composite cathodes upon 

prolonged cycling over 400 cycles at 0.2C. (b) Capacity retention of Li2S–PPy composite 
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cathodes cycled at 0.2C in comparison with pristine Li2S cathodes. (c) Typical discharge 

and charge voltage profile showing various depths of discharge and states of charge 

(points 1 to 10) and (d,e) the corresponding percentage of S measured in the electrolyte 

relative to the total S mass on the electrode at these various points for Li2S–PPy 

composite and pristine Li2S cathodes. [42] Reproduced by permission of The Royal 

Society of Chemistry. 

 

The Li2S–PPy composite cathodes exhibited stable cycling performance at 0.2C with a 

high initial capacity of 785 mAh g
-1

Li2S (Fig. 5.4a). Relative to the initial cycle, the 

capacity retention achieved at the end of 50, 100 and 200 cycles were 91%, 91% and 84% 

respectively. Even after prolonged cycling over 400 charge/discharge cycles, the cells 

retained 73% of their initial capacity, which corresponds to a small average capacity 

decay of 0.068% per cycle (Fig. 5.4a). The average Coulombic efficiency over 400 cycles 

was calculated to be 95% (Fig. 5.4a). For comparison, cells were also assembled using 

pristine Li2S cathodes, which exhibited faster capacity decay under identical testing 

conditions (Fig. 5.4b). The capacity retention of the pristine Li2S cathodes was only 63% 

after 100 cycles (compared to 91% for Li2S–PPy composites), indicating a greater degree 

of polysulfide dissolution into the electrolyte in the former case. This is supported by 

testing of the electrolyte for S content using inductively coupled plasma-optical emission 

spectroscopy (ICP-OES) at various intermediate stages during a discharge/charge cycle 

as described in Chapter 4. Points 1 to 10 correspond to various depths of discharge (DOD) 

and states of charge (SOC) during cycling (Fig. 5.4c). The ICP-OES results show a 

consistently lower percentage loss of S into the electrolyte at various stages of cycling for 

the Li2S–PPy composites compared to pristine Li2S cathodes (Fig. 5.4d,e). For instance, 
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at point 3 corresponding to 25% DOD, a maximum of 34% of the total S mass on the 

electrode was found to be dissolved in the electrolyte for the Li2S–PPy composites, 

compared to 86% in the case of pristine Li2S cathodes (Fig. 5.4d). Similarly, at point 9 

corresponding to 75% SOC, 35% dissolution of the total S mass into the electrolyte was 

measured for the Li2S–PPy composites, compared to 83% in the case of pristine Li2S 

cathodes (Fig. 5.4e). This indicates that the presence of PPy covering the surface of Li2S 

(through strong Li–N interaction) helps to constrain intermediate Li2Sn species to reduce 

their loss into the electrolyte, resulting in more stable cycling performance.  

 

Figure 5.5 Rate capability of Li2S–PPy composite cathodes. (a) Specific capacity and 

(b) voltage profiles of Li2S–PPy composite cathodes cycled at various C-rates. [42] 

Reproduced by permission of The Royal Society of Chemistry. 
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Next, the Li2S–PPy composite cathodes were subject to cycling at various C-rates to 

evaluate their electrode kinetics and stability (Fig. 5.5a,b). When the C-rate was increased 

successively from 0.2 to 0.5 to 1 to 2C, the cells delivered high stabilized capacities of 

695, 670, 635 and 560 mAh g
-1

Li2S respectively (Fig. 5.5a). The capacities achieved at 0.5, 

1 and 2C correspond to 96%, 91% and 81% of the capacity that was attained at 0.2C, 

indicating good reaction kinetics in the cathodes. When the C-rate was switched abruptly 

from 2C back to 0.2C again, 98% of original capacity was recovered (Fig. 5.5a), 

indicating robustness and stability of the cathode material.  

In summary, we have demonstrated the facile synthesis of Li2S–PPy composite cathodes, 

in which favorable Li–N interaction enables strong binding of PPy onto the surface of 

Li2S to help constrain intermediate Li2Sn species during cycling. This work provides new 

avenues for the future development of strongly-bound conducting polymer coatings for 

Li2S cathodes to achieve good cycling stability and long cycle life. 
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CHAPTER 6: Li2S–TiS2 CORE–SHELL NANOSTRUCTURED CATHODES 

6.1 Introduction 

Encapsulation of Li2S cathodes is usually done with conductive coating materials in an 

attempt to improve their conductivity as well as physically trap intermediate Li2Sn species 

within the shell during cycling.
40-53

 The vast majority of research in the field use 

electronically-conductive carbon-based materials such as graphene and porous carbon for 

encapsulation.
8-10 

However, the non-polar nature of carbon leads to weak chemical 

interaction with polar Li2S and Li2Sn species as described earlier,
 
which greatly weakens 

the trapping effect. While it is possible to introduce polar oxygen-containing functional 

groups into carbon to improve its interaction with Li2S/Li2Sn species (e.g. by using 

graphene oxide in Chapter 4), such oxidation treatment decreases the conductivity of 

carbon drastically. In using carbon-based materials as encapsulation materials for Li2S 

cathodes, there is a major constraint involved: it is difficult to achieve both high 

conductivity and strong binding with Li2S/Li2Sn species simultaneously. This greatly 

limits the cycling performance of Li2S cathodes so far, especially under high C-rate and 

high mass loading conditions. Thus, there is an urgent need for a new class of 

encapsulation materials for Li2S cathodes that can overcome this major constraint 

associated with conventional carbon-based materials. 

In this Chapter, we demonstrate the use of titanium disulfide (TiS2), a two-dimensional 

(2D) layered transition metal disulfide, as an effective encapsulation material for Li2S 

cathodes to overcome this significant constraint. TiS2 possesses a combination of high 

electronic conductivity and polar Ti–S groups which can potentially interact strongly 
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with Li2S/Li2Sn species. In this work, we synthesized Li2S–TiS2 core–shell nanostructures 

which exhibited 10 orders of magnitude higher electronic conductivity compared to pure 

Li2S. The results of ab initio simulations also show strong binding between Li2S and TiS2, 

with a calculated binding energy 10 times higher than that between Li2S and carbon-

based graphene. Using the Li2S–TiS2 nanostructures as a cathode material, we achieve a 

specific capacity of 503 mAh g
-1

Li2S under high C-rate conditions (4C), as well as areal 

capacity of 3.0 mAh cm
-2

 under high mass loading conditions (5.3 mgLi2S cm
-2

). Finally, 

using zirconium disulfide (ZrS2) and vanadium disulfide (VS2) as further examples, we 

open up the new concept of using 2D layered transition metal disulfides as a general class 

of effective encapsulation materials for achieving high performance in Li2S cathodes. 

6.2 Materials synthesis and characterization 

The Li2S–TiS2 core–shell nanostructures were synthesized in an argon-filled glove box as 

shown schematically (Fig. 6.1a). First, ball-milled commercial Li2S particles (10 mmol) 

were dispersed in anhydrous ethyl acetate, followed by the addition of a controlled 

amount of TiCl4 precursor (1 mmol) to react directly with 20% of the Li2S on the surface 

to form a TiS2 coating (TiCl4 + 2Li2S  TiS2 + 4LiCl).
68

 The in-situ and direct reaction 

of TiCl4 with Li2S ensures a uniform coating of TiS2 on the surface of the Li2S particles. 

The as-synthesized Li2S–TiS2 nanostructures were then washed by centrifugation three 

times using anhydrous tetrahydrofuran to remove the LiCl side product. This was 

followed by heating at 400
o
C in an argon atmosphere to remove the ethyl acetate solvent 

and allow crystallization of the TiS2 shell.  
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Scanning electron microscopy (SEM) was used to examine the Li2S–TiS2 nanostructures 

(Fig. 6.1b). The transmission electron microscopy (TEM) image shows the Li2S particles 

mostly < 1 μm in size encapsulated within TiS2 shells ~20 nm thick (Fig. 6.1c). From the 

high-resolution TEM image, we see that the TiS2 shell is layered and crystalline in nature 

with interlayer spacing of 0.57 nm (Fig. 6.1d), which is consistent with that of TiS2.
69

 The 

crystalline nature and identity of the TiS2 shell was also ascertained using X-ray 

diffraction (Fig. 6.1e). The uniform surface coating of TiS2 on the Li2S particles was 

further confirmed using Raman spectroscopy. We see that the Raman spectrum of bare 

Li2S shows the characteristic T2g peak of Li2S at 372 cm
-1 

(Fig. 6.1f).
64

 On the other hand, 

for the Li2S–TiS2 structures, the A1g peak of TiS2 at 335 cm
-1

 can be clearly seen while 

the peak of Li2S becomes less prominent (Fig. 6.1f).
70

 Since Raman spectroscopy is a 

surface-sensitive technique, this observation indicates that the Li2S particles have been 

uniformly encapsulated with TiS2 shell. Using energy-dispersive X-ray spectroscopy 

(EDX), the ratio of Li2S: TiS2 in the composite was determined to be 78: 22 by weight, 

which is consistent with the amount of TiCl4 precursor added to react with Li2S based on 

the reaction stoichiometry. 



48 
 

 

Figure 6.1 Synthesis and characterization of Li2S–TiS2 core–shell nanostructures. (a) 

Schematic of the synthesis process, (b) SEM image and (c) TEM image of Li2S–TiS2 

structures. (d) High-resolution TEM image of the TiS2 shell, showing the interlayer 

spacing of 0.57 nm. (e) XRD spectrum of Li2S–TiS2 structures (JCPDS files 00-026-1188 

and 04-004-6690 were used as references for Li2S and TiS2 respectively). (f) Raman 

spectra of bare Li2S and Li2S–TiS2 structures. (g) Ab initio simulations showing the most 

stable binding configuration of Li2S with a single layer of TiS2, with a calculated binding 

energy of 2.99 eV. [43] Reproduced by permission of Nature Publishing Group. 
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D.C. conductivity measurements of the Li2S–TiS2 structures were performed at 25
o
C 

after the samples were dry-pressed into a pellet and sandwiched between 2 stainless steel 

blocking electrodes. The electronic conductivity of the Li2S–TiS2 structures was 

measured to be 5.1 × 10
-3

 S cm
-1

, which is about 10 orders of magnitude higher than that 

of bare Li2S (10
-13

 S cm
-1

).
 
In terms of confining Li2S and Li2Sn species, the unique 2D 

layered structure of TiS2 would enable it to act as a good physical barrier to confine these 

species within the shell during cycling. To probe the further possibility of chemical 

interaction between Li2S and TiS2, ab initio simulations were carried out in the 

framework of density functional theory as described in Chapter 2. The results of the 

simulations indicate strong Li–S interaction between the Li atoms in Li2S and S atoms in 

TiS2, as well as strong S–S interaction between the S atoms in Li2S and S atoms in TiS2 

(Fig. 6.1g). The binding energy between Li2S and a single layer of TiS2 was calculated to 

be 2.99 eV. This value is 10 times higher than that between Li2S and a single layer of 

carbon-based graphene, which was calculated to be 0.29 eV. The much stronger 

interaction between Li2S and TiS2 can be explained by their similar ionic bonding and 

polar nature, unlike graphene which is covalently-bonded and non-polar in nature. 

Entities that bind strongly to Li2S exhibit strong binding with Li2Sn species as well due to 

their similar chemical bonding nature.
 
Overall, the dual effect of physical trapping and 

chemical binding would enable TiS2 to be effective in confining Li2S and Li2Sn species 

within the shell during cycling. 

To verify the above-mentioned point, the Li2S–TiS2 structures and bare Li2S particles 

were dispersed directly onto conductive carbon fiber substrates to prepare working 

electrodes and pouch cells were assembled using Li foil as the counter electrodes. Some 
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cells were charged to a high cutoff voltage of 3.8 V vs. Li
+
/Li to delithiate the Li2S and 

then disassembled in the charged state. Others were charged in the same way and then 

discharged to 1.8 V vs. Li
+
/Li for lithiation to re-form Li2S, before being disassembled in 

the discharged state. After disassembly of the cells, the working electrodes were 

examined using SEM. The SEM image shows the bare Li2S particles on carbon fiber 

substrate before cycling (Fig. 6.2a). At the end of charge, only the underlying carbon 

fiber substrate could be observed, but not the particles that were originally on the surface 

(Fig. 6.2b). This is attributed to the delithiation of Li2S upon charging to form Li2Sn 

species (n = 4–8), which dissolve readily into the electrolyte due to the complete lack of 

encapsulation (it is known that solid S8 is not re-formed at the end of initial charge). At 

the end of discharge, the original Li2S particle morphology was not recovered as well; 

irregularly-shaped and -sized Li2S particles were formed on the electrode surface instead 

(Fig. 6.2c). This is due to uncontrolled dissolution of intermediate Li2Sn species leading 

to random precipitation of Li2S all over the electrode upon discharge. On the other hand, 

in the case of the Li2S–TiS2 structures, little change in particle morphology was observed 

before cycling vs. at the end of charge as seen under SEM (Fig. 6.2d,e). TEM imaging 

also shows that core–shell structure was preserved and the protective TiS2 shell remained 

intact (Fig. 6.2g,h). At the end of discharge (lithiation to re-form Li2S), the Li2S–TiS2 

particles were seen to maintain their original morphology as well, as evidenced by both 

SEM and TEM (Fig. 6.2f,i). This indicates that TiS2 is effective in confining the charge 

and discharge species (Li2Sn and Li2S respectively) within the shell during the charge–

discharge cycle, hence resulting in the observed preservation of morphology.  
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Figure 6.2 Morphology of Li2S–TiS2 core–shell nanostructures during cycling. (a–c) 

SEM images of bare Li2S particles (a) before cycling, (b) at the end of charge and (c) at 

the end of discharge. (d–i) SEM images of Li2S–TiS2 structures (d) before cycling, (e) at 

the end of charge and (f) at the end of discharge as well as (g–i) their corresponding TEM 

images. [43] Reproduced by permission of Nature Publishing Group. 

 

6.3 Electrochemical performance 

To evaluate their electrochemical performance, working electrodes were prepared by 

mixing the Li2S–TiS2 nanostructures with conductive carbon black and polyvinylidene 

fluoride binder (65: 30: 5 by weight) in N-methyl-2-pyrrolidinone to form a slurry, which 

was then coated onto aluminum foil and dried in a glove box. Bare Li2S cathodes were 

also prepared in the same way for comparison. 2032-type coin cells were then assembled 

using Li foil as the counter electrode. The electrolyte used was lithium 
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bis(trifluoromethanesulfonyl)imide (1 M) in 1:1 v/v 1,2-dimethoxyethane and 1,3-

dioxolane, with LiNO3 additive (1 wt%).
 
The typical mass loading was ~1 mgLi2S cm

-2 

and specific capacity values were calculated based on the mass of Li2S. 

 

Figure 6.3 Electrochemical performance of Li2S–TiS2 core–shell cathodes. (a) 

Impedance spectra at open-circuit voltage, (b) first cycle charge voltage profiles and (c) 

specific capacities at 0.2C for Li2S–TiS2 and bare Li2S cathodes. (d) Typical discharge–

charge voltage profile showing various depths of discharge and states of charge and the 

corresponding percentage of S measured in the electrolyte relative to the total S mass on 

the electrode at these various points for Li2S–TiS2 and bare Li2S cathodes. (e,f) Low- and 

high-magnification (inset) SEM images of the surface of (e) bare Li2S and (f) Li2S–TiS2 

cathodes after 100 cycles in the discharged state. [43] Reproduced by permission of 

Nature Publishing Group. 
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The impedance spectrum of the as-assembled Li2S–TiS2 cells at open-circuit voltage 

showed a smaller semicircle in the high-frequency region compared to bare Li2S cells, 

which indicates lower charge transfer resistance in the former case (Fig. 6.3a).
 
This is 

consistent with the much higher conductivity of the Li2S particles upon TiS2 coating. The 

as-assembled cells were first charged to a high cutoff voltage of 3.8 V vs. Li
+
/Li to 

delithiate the Li2S. In the case of bare Li2S cathodes, a high potential barrier at ~3.5 V 

was observed during initial charging (Fig. 6.3b), due to the high charge transfer resistance 

involved in delithiating Li2S which is insulating in nature (Li2S  Li2-xS + xLi
+
 + xe

-
). 

On the other hand, the height of the potential barrier was found to be reduced to 3.0 V in 

the case of the Li2S–TiS2 cathodes (Fig. 6.3b), indicating improved conductivity and 

lowered charge transfer resistance upon TiS2 coating, which is consistent with results of 

the impedance measurements. After initial charging, galvanostatic cycling of the Li2S–

TiS2 cells was then carried out from 1.8 to 2.6 V vs. Li
+
/Li at 0.2C, where 1C = 1,166 

mA g
-1

Li2S. The capacity contribution of TiS2 is negligible in this voltage range. The 

Li2S–TiS2 cathodes exhibited high initial specific capacity of 806 mAh g
-1

Li2S (~1,156 

mAh g
-1

S) and stable cycling performance at 0.2C (Fig. 6.3c). Relative to the initial cycle, 

the capacity retentions achieved at the end of 50, 100 and 150 cycles were 90%, 89% and 

86% respectively. In comparison, the bare Li2S cathodes showed lower initial capacity 

and greater capacity decay under identical testing conditions (Fig. 6.3c). Relative to the 

initial specific capacity of 708 mAh g
-1

Li2S, the capacity retention of the bare Li2S 

cathodes was only 66% after 100 cycles (compared to 89% for Li2S–TiS2 structures). 

This indicates a greater degree of dissolution of Li2Sn species into the electrolyte in the 

case of bare Li2S cathodes.  
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The above conclusion is supported by disassembly of the cells at various intermediate 

stages of cycling and testing the electrolyte for S content using inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) as described in Chapter 4.
 
Points 1 to 

10 correspond to various depths of discharge (DoD) and states of charge (SoC) during 

cycling, where 100% DoD (point 6) and 100% SoC (point 10) refer to the maximum 

discharge and charge capacities attained respectively (Fig. 6.3d). The ICP-OES results for 

the bare Li2S cathodes showed a huge variation in S content detected in the electrolyte at 

various stages of cycling (Fig. 6.3d) due to lack of control over the Li2Sn dissolution 

process. On the other hand, in the case of Li2S–TiS2 cathodes, we see significantly less 

variation and lower percentage loss of S into the electrolyte during cycling (Fig. 6.3d). 

For example, at points 3, 6 and 9 during the cycling process (25% DoD, 100% DoD and 

75% SoC), we measured 17%, 9% and 18% of the total S mass on the electrode dissolved 

into the electrolyte respectively for the Li2S–TiS2 cathodes (Fig. 6.3d). In comparison, the 

percentage loss of total S mass into the electrolyte was found to be much higher in the 

case of bare Li2S cathodes: 91%, 35% and 93% at points 3, 6 and 9 respectively (Fig. 

6.3d). The cells were also disassembled in the discharged state at the end of 100 cycles to 

examine the morphology of the cathode surface after cycling. In the case of bare Li2S 

cathodes, an insoluble dense film of Li2S was formed on the surface due to uncontrolled 

dissolution of intermediate Li2Sn species into the electrolyte (Fig. 6.3e; see inset for a 

high-magnification image). The presence of this insulating Li2S film passivates the 

electrode surface, leading to low active material utilization and rapid capacity decay upon 

cycling. On the other hand, there was no such passivating Li2S film formed on the surface 



55 
 

of the Li2S–TiS2 cathodes after 100 cycles (Fig. 6.3f), thus ensuring continued good 

access of electrolyte and Li
+
 to the active materials throughout the cycling process. 

 

Figure 6.4 Further electrochemical performance of Li2S–TiS2 core–shell cathodes. (a) 

Specific capacity and Coulombic efficiency of Li2S–TiS2 cathodes upon prolonged 400 

charge–discharge cycles at 0.5C (b) Specific capacity and (c) charge–discharge voltage 

profiles of Li2S–TiS2 cathodes cycled from 0.2C to 4C. (d) First cycle discharge voltage 

profile and (e) areal capacity of Li2S–TiS2 cathodes with high mass loading cycled from 

0.1 to 0.6 mA cm
-2

. [43] Reproduced by permission of Nature Publishing Group. 
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To further evaluate their electrochemical cycling performance, the Li2S–TiS2 cathodes 

were subject to prolonged cycling. We see that the Li2S–TiS2 cathodes showed stable 

cycling performance at 0.5C over 400 charge–discharge cycles (Fig. 6.4a). Relative to the 

initial specific capacity of 666 mAh g
-1

Li2S (~956 mAh g
-1

S) at 0.5C, the cells retained 77% 

of their capacity at the end of 400 cycles, which corresponds to a small average capacity 

decay of 0.058% per cycle. The average Coulombic efficiency was calculated to be 98% 

(Fig. 6.4a). Next, the Li2S–TiS2 cathodes were cycled at different C-rates to evaluate their 

rate capability and electrode kinetics (Fig. 6.4b,c). When the C-rate was increased 

successively from 0.2C to 0.5C, 1C, 2C and 3C, the cells delivered high stabilized 

specific capacities of 700, 650, 608, 595 and 560 mAh g
-1

Li2S respectively (Fig. 6.4b,c). 

The capacities achieved at 0.5C, 1C, 2C and 3C correspond to 93%, 87%, 85% and 80% 

of the capacity that was reached at 0.2C. Even at a high C-rate of 4C (4,664 mA g
-1

Li2S), a 

reversible specific capacity of 503 mAh g
-1

Li2S
 
(~722 mAh g

-1
S) could be attained (Fig. 

6.4b,c), which indicates good conductivity and charge transfer kinetics in our Li2S–TiS2 

cathodes. When the C-rate was switched abruptly from 4C back to 0.2C again, the 

original capacity was mostly recovered (Fig. 6.4b), indicating robustness and stability of 

the cathode material.  

We note that publications on Li2S cathodes in the literature typically only report specific 

capacity values which are normalized by the mass of Li2S.
40-53

 The mass loading of Li2S 

on metal foil used in the literature is usually less than 1 mgLi2S cm
-2

, which limits the 

typical areal capacity values to less than 1 mAh cm
-2

. However, high mass loadings and 

high areal capacities are essential for practical applications in commercial batteries. 

Therefore, we tested thick Li2S–TiS2 cathodes on aluminum foil with much higher mass 
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loading of 5.3 mgLi2S cm
-2

. Upon cycling at 0.1 mA cm
-2

, an initial specific capacity of 

566 mAh g
-1

Li2S was achieved, which corresponds to an unprecedented
 
areal capacity of 

3.0 mAh cm
-2

 (Fig. 6.4d). Upon cycling at higher current densities of 0.3 and 0.6 mA cm
-

2
, areal capacities of 2.2 and 1.6 mAh cm

-2
 were achieved respectively (Fig. 6.4e). 

Cycling of a high mass loading Li2S cathode places high demands on the conductivity of 

the active materials as well as the ability to confine Li2S and Li2Sn species within the 

shell. The performance demonstrated in this work shows the importance of selecting an 

effective encapsulation material such as TiS2 in order to achieve stable cycling and high 

areal capacity in Li2S cathodes.  

6.4 Generalization to other transition metal disulfides 

Finally, to show the generality of using 2D transition metal disulfides as encapsulation 

materials for Li2S cathodes, we also synthesized Li2S–ZrS2 and Li2S–VS2 core–shell 

structures (Fig. 6.5a,b) using the same reaction mechanism: MCl4 + 2Li2S  MS2 + 

4LiCl (M = Ti, Zr and V). The conductivities of the Li2S–ZrS2 and Li2S–VS2 structures 

were measured to be 4.0 × 10
-9 

and 3.8 × 10
-9 

S cm
-1

 respectively, which are about 4 

orders of magnitude higher than that of bare Li2S (10
-13 

S cm
-1

).
 
The results of ab initio 

simulations also show strong binding of Li2S to ZrS2 and VS2, with calculated binding 

energies of 2.70 and 2.94 eV respectively (Fig. 6.5c,d), which are about 9 to 10 times 

higher than that between Li2S and carbon-based graphene (0.29 eV).
  

Working electrodes on aluminum foil were prepared for the Li2S–ZrS2 and Li2S–VS2 

structures and the cells were subject to galvanostatic cycling as well. Using ~1 mgLi2S cm
-

2
, the Li2S–ZrS2 and Li2S–VS2 cathodes exhibited high initial specific capacities of 777 
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and 747 mAh g
-1

Li2S respectively at 0.2C, with capacity retentions of 85% and 86% 

respectively after 100 cycles (Fig. 6.5e), both of which are much higher than in the case 

of bare Li2S cathodes (66% after 100 cycles). Both the Li2S–ZrS2 and Li2S–VS2 cathodes 

were also subject to cycling under high mass loading conditions. Using 4.8 mgLi2S cm
-2

 

for the Li2S–ZrS2 cathodes and current densities of 0.1, 0.3 and 0.6 mA cm
-2

,
 
we achieve 

areal capacities of 2.7, 2.0 and 1.7 mAh cm
-2

 respectively (Fig. 6.5f). The areal capacities 

attained are similarly high in the case of Li2S–VS2 cathodes containing 5.0 mgLi2S cm
-2

: 

2.7, 1.9 and 1.6 mAh cm
-2 

respectively at the above-mentioned current densities (Fig. 

6.5f). 

In conclusion, we have demonstrated the use of 2D layered transition metal disulfides for 

effective encapsulation of Li2S cathodes due to their combination of high conductivity 

and strong binding with Li2S/Li2Sn species. This work overcomes the major constraint 

associated with conventional carbon-based materials and opens up the new prospect of 

using transition metal disulfides for effective encapsulation of other high-capacity 

electrode materials.  
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Figure 6.5 Generalization to other transition metal disulfides. (a,b) SEM images of (a) 

Li2S–ZrS2 and (b) Li2S–VS2 structures. (c,d) Ab initio simulations showing the most 

stable binding configuration of Li2S with a single layer of (c) ZrS2 and (d) VS2 with 

calculated binding energies of 2.70 and 2.94 eV respectively. (e) Specific capacity of 

Li2S–ZrS2 and Li2S–VS2 cathodes cycled at 0.2C (f) Areal capacity of Li2S–ZrS2 and 

Li2S–VS2 cathodes with high mass loading cycled from 0.1 to 0.6 mA cm
-2

. [43] 

Reproduced by permission of Nature Publishing Group. 
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CHAPTER 7: CONCLUSION 

This thesis describes work done using a combination of theoretical and experimental 

approaches to develop high-performance Li–S batteries, which are important for many 

next-generation sustainability applications such as electric vehicles and grid energy 

storage. In particular, developing novel encapsulation materials and morphologies for S 

and Li2S cathodes was demonstrated to be an effective means of confining Li2Sn species 

and facilitating electronic conduction. 

The first design is that of S–TiO2 yolk-shell nanostructures, which use oxygen-rich TiO2 

as the encapsulation material and yolk-shell as the encapsulation morphology. This 

enables unprecedented long cycle life of 1,000 cycles with a small 0.033% decay per 

cycle to be achieved. The second and third designs: Li2S–graphene oxide and Li2S–

polypyrrole composite structures, use oxygen-rich and nitrogen-rich functional groups as 

encapsulation materials for Li2S cathodes respectively, enabling stable cycling 

performance to be attained. Finally, the fourth design: Li2S–TiS2 core-shell 

nanostructures, uses highly-conductive and sulfur-rich TiS2 as an effective two-

dimensional encapsulation material for Li2S cathodes. Using this cathode, we 

demonstrated high rate capability of 4C and high areal capacity of 3.0 mAh/cm
2
.  

Future work will need to focus on further increasing the percentage as well as the mass 

loading of active material (S or Li2S) in the cathode. This will enable areal capacities that 

are even higher than 3.0 mAh/cm
2
 to be achieved, which is an important parameter for 

commercial applications. The overall conductivity of the cathode should also be further 

increased by exploring even more conductive encapsulation materials, so as to achieve C-



61 
 

rates that are higher than 4C for high-power applications. For Li–S batteries to be 

commercialized, the challenges of the Li metal anode will also need to be addressed, 

including unstable solid electrolyte interphase and dendrite growth, which causes low 

Coulombic efficiency and raises safety concerns. Pairing of a Li2S cathode with a Si 

anode to form a full-cell configuration will also prove to be challenging and needs to be 

overcome. Overall, this thesis helps to pave the way for the future development of high-

performance and long-lasting rechargeable batteries for a sustainable future.  
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