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Abstract 

The present study is focused on the synthesis of micro and mesoporous carbon 

materials from neem leaves, tissue paper and jute stalks by KOH activation process and the 

synthesized carbon materials are labelled as NLMC, p-GCS and MGC respectively. The 

porous carbon/sulfur composites were prepared by a simple melt-diffusion process. The sulfur 

infused micro and mesoporous carbon materials act as polysulfide inhibitors for dissolved 

polysulfide species and inhibit their migration towards the anode surface. Thus, the resulting 

electrodes namely NLMC-4/S, p-GCS-2/S and MGC/S-2 delivered higher discharge 

capacities of 784 mAh g
-1

, 992 mAh g
-1

, 1016 mAh g
-1

 even after 50 charge/discharge cycles 

at 0.2 C rate. The effect of modified separators on the electrochemical performance of sulfur 

cathode was also explored in the present study. The electrode with modified separator exhibits 

superior electrochemical performance. It acts as a barrier film for the dissolved polysulfide 

species and reduces their migration to the anode surface. Moreover, it also acts as an upper 

current collector that increases the electrical conductivity and enhances the reutilization of 

active material during the redox process. 

The high capacity anodes such as tin/graphene and silicon/graphite composites were 

also developed in the present study. The tin/graphene and silicon/graphite composites       

have been synthesized by electrodeposition and ball milling process respectively. The 

Sn/graphene and Si/graphite electrodes delivered high discharge capacities of 587 mAh g
-1 

and 1494 mAh g
-1 

respectively even after 40 cycles at 0.2 C rate. Furthermore, the Li-S 

battery in full cell configuration has also been fabricated by using the low-cost and best 

performed cathode and anode materials developed in the present study. The lithiated Si-S cell 

with optimised weight ratio of cathode, anode and lithium delivered a high discharge capacity 

of 824 mAh g
-1

 even after 50 cycles at 0.2 C rate. The energy density calculated on the basis 

of mass of the combined carbon and sulfur on the electrode is 948 Wh kg
-1

, which is twice 

that of the conventional Li-ion battery (LiFePO4/graphite cell; calculated on the basis of mass 

of LiFePO4 cathode with its theoretical capacity; ~544 Wh kg
-1

). Moreover, the lithiated Si-S 

pouch cells fabricated in the present study have been tested for powering small electronic 

components such as 40 LEDs connected in parallel and small toy fan.   

The as-prepared NLMC and p-GCS were also explored in supercapacitor application 

due to their high surface area, large pore volume and good graphitic carbon structures. The 

NLMC and p-GCS electrodes in symmetric configuration exhibited superior electrochemical 



xiii 
 

performance of 138 F g
-1

 and 129 F g
-1

 at a current density of 1 A g
-1

. These electrodes also 

show good rate capability and long-term cycle stability of 82% and 90% capacitance retention 

even after 10000 cycles at a current density of 1 A g
-1

.           

New Electrode Materials Developed in the Present Study  

The new electrode materials developed in the present study are listed below. 

1. Neem leaves-derived micro and mesoporous carbon as an efficient polysulfide 

inhibitor for sulfur cathode (1M LITFSI as electrolyte) and an electrode for 

supercapacitor (6M KOH as electrolyte). 

2. Tissue paper-derived micro and mesoporous carbon as an efficient polysulfide 

inhibitor for sulfur cathode and an electrode for supercapacitor. 

3. Jute stalks-leaves derived micro and mesoporous carbon as an efficient polysulfide 

inhibitor for sulfur cathode. 

4. Graphene-modified electrodeposited dendritic tin structures as binder free anode for 

Li-S battery. 

5. Nanostructured Silicon/graphite composite as an anode material for Li-S battery. 

Layout of the Thesis 

This thesis is divided into six chapters. Chapter 1 consists of general introduction on 

the need for the development of the high energy Li-S battery and high power supercapacitor 

devices for advanced portable electronics and electric vehicle (EV) applications. This chapter 

also comprises literature survey on various types of conductive matrix to inhibit the 

dissolution of polysulfide species into the electrolyte and also for ion adsorption such as 

porous carbon, graphene, CNTs, conductive polymers, metal oxides and electrolytes used. 

This chapter also includes the need, objectives and scope of the present study.  

Chapter 2 deals with the materials and methods used in the present study. Techniques 

used for characterization of electrode materials are FE-SEM, TEM, N2 adsorption/desorption 

studies, energy dispersive X-ray spectroscopy, thermogravimetric analysis, X-ray diffraction 

analysis, Raman spectroscopy, X-ray photoelectron spectroscopy and the techniques used for 

electrochemical studies namely cyclic voltammetry, charge-discharge profiles, cycle 

performance and impedance studies are included in this chapter. 

Chapter 3 comprises the synthesis and electrochemical studies of the sulfur infused 

activated carbon cathode materials. This chapter is sub-divided into four sections. The 

synthesis and electrochemical studies of micro and mesoporous carbon from fallen neem 
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leaves are presented in the section 3.1. The synthesis and electrochemical studies of micro and 

mesoporous carbon synthesized from tissue paper and the synthesis and electrochemical 

studies of micro and mesoporous carbon synthesized from jute stalks and their application as 

host for sulfur cathode in a Li-S battery are included in sections 3.2 and 3.3 respectively. 

Section 3.4 presents a comparison of the micro and mesoporous carbon/sulfur composites 

developed in the present study with those reported in the literature. 

Chapter 4 deals with the synthesis and electrochemical studies of the high capacity 

anodes and fabrication of lithiated Si-S full cell. This chapter is further divided into four 

sections, which involve the experimental details, results and discussion of electrodeposited 

dendritic porous Sn/graphene composite (section 4.1), and Si/Graphite prepared by ball 

milling process (section 4.2). The electrochemical performance of the individual electrode 

systems in half cell configuration gives a scope for the development of Li-S battery in full  

cell configuration. Section 4.3 presents the fabrication of lithiated Si-S full cell and its 

practical application in powering the small electronic components. A comparison of the 

electrochemical performance of lithiated Si-S cell developed in the present study with those 

reported in the literature is included in the section 4.4. 

Chapter 5 deals with the electrochemical studies of the porous carbon materials for 

application in supercapacitors. This chapter is further divided into three sections, which 

comprise the results and discussion (electrochemical studies) of micro and mesoporous 

carbon derived from fallen neem leaves (section 5.1) and micro and mesoporous carbon 

derived from tissue paper (section 5.2) as electrodes for supercapacitor application. Section 

5.3 presents the comparison of the micro and mesoporous carbon materials developed in the 

present study with those reported in the literature. Figure 1 presents the new nanostructured 

electrode materials developed for Li-S battery and supercapacitor in the form of a schematic 

diagram.  

Chapter 6 deals with the summary and conclusions of the present research study. 

Keywords: Nanostructured electrodes, Electrochemical studies, Li-S battery, Supercapacitor, 

KOH activation, Melt-diffusion, Micro and mesoporous carbon, Polysulfide inhibitor, Micro 

and mesoporous carbon/sulfur, Tin/graphene, Silicon/graphite, Si-S full cell.  
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Figure 1 Materials developed in the present study for Li-S battery and supercapacitor 

applications. 
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 Introduction  

 Over the past few decades, energy usage at global level shifted from conventional 

fossil fuels towards the use of energy generated from the renewable energy sources, which 

need more economical, efficient and reliable electrochemical energy storage devices. In 

particular, the development of advanced portable electronic devices and smart grids calls for 

the electrochemical energy storage devices with much higher power density and energy 

density. Sony made one such breakthrough in the year 1991 
1
, by releasing its first 

commercial lithium ion battery that has revolutionised the electronics market. The important 

factor for the successful emerging of the lithium-ion battery (LIB) is its high energy density 
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and long cycle life, when compared to the other commercially available rechargeable 

batteries. Considering the widespread impact of lithium-ion battery on consumer electronic 

devices, it has drawn much attention in large-scale grid storage and electric vehicle 

applications 
2,3

. The companies like Nissan leaf, Tesla, Mahindra have explored the LIBs for 

application in electric vehicles. The energy density of the LIB being used currently is based 

on the intercalation chemistry and it has reached its maximum due to the limited charge 

storage capacity. The conventional LIBs use transition metal phosphate (LiMPO4; M= Fe, 

Mn, Ni) or oxide (LiMO2; M= Fe, Mn, Ni) as cathode and graphite as anode materials that 

can deliver maximum discharge capacities of ~170 mAh g
-1

 and ~370 mAh g
-1

 respectively. 

Moreover, the synthesis and fabrication of these electrode materials involve the use of 

expensive and toxic chemicals that make the battery highly expensive. Therefore, the use of 

LIBs for electric vehicles is not satisfactory due to the high fabrication cost and limited 

driving range distance, despite its high rate of charging. This has led to the search for 

alternative energy storage systems that have high charge storage capacity as well as high 

energy density associated with long cycle life, which eventually decrease the cost and weight 

of the battery pack and also increase the driving range of the electric vehicles (EVs) 
4
. 

 Lithium-sulfur battery based on the conversion chemistry is considered to be the next 

generation electrochemical energy storage system that offers high charge storage capacity and 

high energy density. In addition to these, the power capability of the device is also an 

important factor for application in trains, EVs, truck lifts and so on. The supercapacitors can 

charge/discharge in quick time, which enhances the power density of the device. The 

combination of high energy density Li-S battery and high power density supercapacitor with 

suitable battery management system can be one of the best models for these applications. The 

concept behind is the high power demand during the initial start-up of the EVs and energy 

recovery during breaking, which decrease the energy of the battery. Therefore, the application 

of supercapacitors can significantly smoothen the energy demands of the battery and the 

initial power is drawn from the supercapacitors. As a result, the batteries last for longer time 

with low discharge and steady energy output.      

In Li-S battery, the elemental sulfur cathode has a theoretical specific capacity of  

1672 mAh g
-1

 based on the total conversion of S
0
 to S

2-
 with lithium. During the 

charge/discharge process, the Li-S battery operates at 2.1 V with respect to lithium that 

resulted in high energy density of 2600 Wk kg
-1

, which is almost 3-5 times higher than that of 
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the conventionally used energy storage systems (lead-acid, Ni-MH, lithium-ion battery) 
5
. 

Also, the elemental sulfur is naturally abundant, inexpensive and environmentally friendly. In 

supercapacitors, the porous carbon materials with high surface area use the 

electrode/electrolyte interface for charge storage. Thus, the high energy density Li-S batteries 

and high power density supercapacitors are more attractive to advanced portable electronic 

devices, smart gird storage systems and most importantly for application in EVs, trains and 

truck lifts. Figure 1.1 shows the comparison of energy and power densities of various energy 

storage systems for EV applications.  

 

Figure 1.1 Ragone plot: comparison of gravimetric energy and power densities of various 

energy storage systems. LSCs- Li-S capacitor, HEV- Hybrid Electric Vehicles, PHEV- Plug-

in Hybrid Electric Vehicles and EV- Electric Vehicles (adapted from ref 
6
).   

1.1 Li-S Battery 

Principle of Li-S Battery 

 The typical Li-S cell contains elemental sulfur as a cathode, lithium metal as an anode 

and both the electrode materials are separated by a polymeric membrane filled with the 

electrolyte solution. During the charging/discharging process, the reversible electrochemical 

reaction between lithium and elemental sulfur delivers a high theoretical specific capacity of 

1672 mAh g
-1

. The theoretical capacity of lithium is 3860 mAh g
-1

, whereas in Li-S battery 

the capacity is calculated based on the sulfur cathode only (theoretical capacity of Li-S is 

1672 mAh g
-1

) and the lithium metal is used as reference electrode. 
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 The overall electrochemical reaction of the Li-S cell is given in the equation 1.1. 

16Li + S8 ↔ 8Li2S         (1.1) 

 However, the reduction of elemental sulfur is not a single step process. It involves a 

series of electron transfer reactions (multi-electron transfer). During the cell discharge, the 

lithium metal undergoes oxidation to produce an electron and lithium ion. The lithium ions 

internally migrate through the separator and the electrons flow through the external circuit. 

The reaction between lithium ions, sulfur atoms and electrons, occurs at the cathode to form 

soluble long-chain polysulfides (LCP). Subsequently, the long chain polysulfides get further 

reduced to precipitate shorter chain polysulfides (SCP) as end discharge product 
7
. The redox 

chemistry of sulfur in Li-S cell is given in the equations 1.2 to 1.6. 

S8 + 2Li
+
 + 2e

−
 ↔ Li2S8    (1.2) 

3Li2S8 + 2Li
+
 + 2e

−
 ↔ 4Li2S6   (1.3) 

2Li2S6 + 2Li
+
 + 2e

−
 ↔ 3Li2S4   (1.4) 

Li2S4 + 2Li
+
 + 2e

−
 ↔ 2Li2S2    (1.5) 

2Li2S2 + 4Li
+
 + 4e

−
 ↔ 4Li2S    (1.6) 

 During charging of the cell, the lithium ions are stripped back from the cathode 

through the electrolyte to the anode and get reduced to metallic lithium at the anode. Whereas, 

the shorter chain polysulfides are converted entirely to elemental sulfur via. long chain 

polysulfide intermediates at the cathode. 

 The discharge curve of Li-S cell represents two plateaus at the potentials of 2.3 V and 

2.1 V with three-step reduction process in ether-based electrolyte solution as shown in figure 

1.2. The upper plateau at ~ 2.3 V corresponds to the initial reduction reaction of octa-sulfur 

and lithium ions to form long chain polysulfides (LCP, Li2Sx, x = 6≥8). The LCP are highly 

soluble in the electrolyte solution. The lithium ion transport is decreased due to an increase in 

the viscosity of the internal electrolyte medium during the electrochemical process. As a 

result of concentration polarisation and high charge transfer resistance, the voltage of the cell 

drops from 2.3 V to 2.1 V. The sloping region represents a further reduction of high order 

lithium polysulfide to Li2S4 intermediate and the lower plateau at 2.1 V represents the region 

where the LCP are finally converted to short chain polysulfides (Li2S, SCP) as end discharge 

product. The initial two steps are considered to be solid-liquid phase reactions with fast 
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reaction kinetics, whereas the final step is considered to be the rate-determining step with 

slow reaction kinetics due to liquid-solid phase reaction 
8
.         

 

Figure 1.2 Charge/discharge profile and polysulfide shuttle mechanism of Li-S cell (adapted 

from ref 
8
). 

 The charging curve of Li-S cell also shows a two-step oxidation process of sulfur in 

the potential region of 2.4 V to 2.6 V. During this process, the precipitated SCP is reversibly 

converted to elemental sulfur via. LCP intermediate species. Figure 1.2 shows the schematic 

representation of the charge/discharge profile and polysulfide shuttle mechanism of Li-S cell.   

Challenges of Li-S Battery   

 Even though electrochemistry of the Li-S battery is well known for the past a few 

decades, commercialization of this system is significantly hampered due to several scientific 

and technological challenges (figure 1.3). Firstly, the elemental sulfur has low electrical 

conductivity of 5 x 10
-30

 S cm
-1

. Moreover, the end discharge products such as Li2S and Li2S2 

are also highly insulating in nature. The non-conducting behaviour of sulfur cathode reduces 

the utilization of active material during the electrochemical process and therefore, the 

resulting cell delivers very low specific capacity. Secondly, for a better improvement in the 

electrochemical performance of Li-S cells, the reduction of cyclo-sulfur to lithium 

polysulfides occurs via solid-liquid transition. These polysulfides are highly soluble into the 

electrolyte solution, which directly enhances the utilization of active material. However, the 

polysulfide dissolution behaviour leads to various limitations in practical use of Li-S cells. 
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During the discharge process, the formed long chain polysulfides (LCP) diffuse form the 

cathode side, penetrate through polypropylene separator and react with the lithium anode. In 

the subsequent charging process, the short chain polysulfides (SCP) diffuse back to cathode to 

form sulfur via. LCP intermediates. The repeated redox reactions of sulfur cathode involve in 

"shuttle effect", which leads to irreversible loss of the active material from the cathode. 

Hence, the cell displays poor cycle performance and low coulombic efficiency. The Li-S cell 

also suffers from self-discharge with increasing the resting period that causes dynamic 

instability in the cell. When the sulfur cathode comes into contact with the electrolyte 

solution, it reacts with lithium ions in the electrolyte to produce soluble polysulfides. Due to 

concentration gradient in the cell, these polysulfides migrate to the anode surface to form Li2S 

precipitate, which decreases the open circuit voltage (OCV) of the cell. Thirdly, the shuttling 

of polysulfides between the electrodes also leads to the formation of a passivating layer on the 

anode surface that blocks the ion and electron movement to the electrode 
5,9

. Fourthly, the 

chemical conversion reaction of the sulfur cathode experiences huge volume expansion of 

80%, which may pulverize the electrode and mechanically disintegrate it from the current 

collector. Therefore, the structural and morphological changes occur in the sulfur cathode, 

resulting in severe capacity fading within a few cycles.   

 

Figure 1.3 Schematic illustration of Li-S battery and their major challenges. 

1.1.1 Literature Survey on Li-S Battery 

 The high energy density Li-S battery with sulfur cathode is considered to be one of the 

most important energy storage systems in transportation sector. However, the sulfur cathode 
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prepared by the conventional process using the active material, conductive carbon and binder, 

involves several technological challenges. Sulfur forms agglomerate clusters on the surface of 

the electrode during the process of electrode preparation. As a result, the utilization of active 

material is reduced and the cell shows poor electrochemical performance. Moreover, the 

redox reaction of the sulfur cathode involves conversion chemistry, unlike the conventional 

lithium-ion battery, which involves the intercalation reaction. The design of novel cell 

configuration during the fabrication of sulfur cathode or cell fabrication can overcome the 

dissolution of polysulfides. Therefore, the research has been directed towards various 

approaches on developing modified cathode structures, anodes and electrolytes. Figure 1.4 

shows the increasing number of research articles every year since the past one decade because 

of the opportunities provided by modern science and technology 
10

.    

 

Figure 1.4 Research progress in terms of publications per year on sulfur cathode and lithium 

metal anode for Li-S battery (adapted from ref 
10

). 

1.1.1.1 Designing of Cathode Materials 

 Modification of the cathode structure is the preliminary step in order to improve the 

electrochemical performance of the Li-S battery. However, the practical energy density of the 

cell is mainly dependent on the amount of active material loading on the cathode. In addition, 

the designed cathode should be capable of trapping the dissolved polysulfides and also must 

have high electronic and ionic conductivities. In order to satisfy these requirements of the 

cathode, several methods have been developed to synthesize micro/mesoporous carbon 

materials 
11,12

, CNTs, graphene/graphene oxide 
13,14

, conductive polymers 
15,16

, etc., to infuse 

sulfur into the conducting medium. The high surface area and the excellent conductivity of 
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carbon materials can improve the conductivity, play an important role in inhibition of 

polysulfide dissolution and accommodate large volume expansion during the redox process. 

Porous carbon current collectors and sandwich-type structures have also shown similar 

behaviour, which enhances the electrochemical performance of the sulfur cathode. Moreover, 

the application of surface functionalised composite materials and metal oxides can further trap 

the dissolved polysulfides by facilitating chemical interaction between the functional groups 

and polysulfide species during redox process 
17

. Hence, these sulfur based composites 

exhibited good electrochemical stability for longer cycles. 

The sulfur composite materials were prepared by two different approaches (a) melt 

diffusion and (b) chemical process. The initial breakthrough was made by L. F. Nazar's group 

which gave the scope for the development of sulfur based composites for Li-S rechargeable 

battery as shown in the figure 1.5 
17

. In the melt-diffusion process, the sulfur and conducting 

medium (mesoporous carbon) were heat treated upto 155 ºC in an inert atmosphere. At this 

temperature, the low viscous liquid sulfur penetrates into these porous carbon structures due 

to capillary forces and gets distributed homogenously throughout the carbon matrix. In 

addition to the above process, the research has been developed further to infuse sulfur into 

porous carbon via. vaporization of sulfur, chemical deposition/sulfur melting and two-step 

heating process (melt-diffusion followed by vaporization of sulfur) 
18,19,20

. These processes 

resulted in molecular level interaction of sulfur with the conducting matrix, which reduces the 

polysulfide dissolution to achieve high capacity with excellent cycle stability.    
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Figure 1.5 (a) Schematic representation and (b) cycle performance of mesoporous 

carbon/sulfur composite material (adapted from ref 
17

). 

 In the chemical process, the precipitation of sulfur involves strong binding/absorption 

within porous carbon matrix. Aqueous sodium polysulfide (Na2Sx) and non-aqueous carbon 

disulfide (CS2) systems have been developed for infusion of sulfur into the porous carbon 

materials. When 2M HCl solution is added to a solution of Na2Sx in which porous carbon is 

dispersed, the sulfur particles get infused into the pores of carbon 
14

. The strong interaction 

and well dispersed small sulfur particles with conductive matrix can overcome the insulating 

nature of sulfur. In non-aqueous system, the CS2 is used as solvent for the dissolution of 

sulfur. The soaking of porous carbon materials in CS2 solution resulted in complete 

penetration of sulfur that decreased the polysulfide dissolution during redox reaction 
21

. 

Furthermore, these composites were also subjected to heat treatment process in order to 

improve the impregnation of the elemental sulfur into the conducting medium 
18,22

. The 

electrode materials prepared from the solution-based methods have drawn much attention due 

to improved electrochemical performance. These processes have an advantage that the sulfur 

can be easily infiltered into the conductive matrix that improves the active material utilization 
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and also the ionic and electronic conductivities of the electrode during the charge/discharge 

process.  

1.1.1.1.1 Sulfur-Carbon Based Materials 

 The electrode prepared from the traditional process contains conductive carbon which 

can minimize the insulating nature of sulfur. However, the polysulfide dissolution of sulfur 

cathode during the redox process leads to poor electrical contact between the active material 

and carbon cluster. As a result, the cell displays degraded capacity in the first few cycles, 

associated with low coulombic efficiency. The recent progress in the development of 

micro/mesoporous carbon based materials can effectively satisfy the critical requirements of 

the sulfur cathode. 

Sulfur-Micro/Mesoporous Carbon 

 Porous carbon materials have unique properties such as high surface area, high pore 

volume and high electrical conductivity due to interconnected network. The sulfur infused 

into micro to macro porous carbon cathodes has been widely applicable in Li-S battery due to 

its high conductivity and excellent polysulfide inhibition property. The porous carbon 

materials are categorised into three types based on the pore diameter such as microporous, 

mesoporous and macroporous carbons.  Micropores having a diameter of less than 2 nm had 

an advantage of trapping dissolved polysulfides in them and also accommodating large 

volume expansion. B. Zhang et al.
23

 prepared the microporous carbon/sulfur composite by 

infiltration of sublimed sulfur into the narrow microporous carbon spheres. During the 

electrochemical reaction, the sulfur and the formed long chain polysulfides (LCP) are 

constrained into the narrow micropores, resulting in high discharge capacity with good 

coulombic efficiency for longer cycles. Despite its considerable advantages, the microporous 

carbon has limited pore volume that decreases the amount of active material infusion into it. 

The mesoporous carbon materials have a pore diameter in the range of 2 nm to 50 nm. With 

the mesoporous carbon, a high amount of active material loading can be achieved. These also 

enhance the lithium ion and electron mobilities during the charge/discharge process 
24

.         

H. Sohn et al.
25

 reported that the mesoporous carbon spheres with high pore size of about 5 

nm render high mass transport in the cathode for LCP and the resulting electrode exhibits 

superior electrochemical performance  The macroporous carbon materials have high pore 

volume with a diameter greater than 50 nm. This type of materials were formed by 

interconnected networks, which provide good mechanical strength, and enhance the 
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electrolyte wettability 
26,27

. However, the large pore volume also has a drawback that the 

dissolved polysulfide can be easily penetrated into the electrolyte solution during the redox 

process, which results in poor electrochemical performance in the first few cycles.   

 In addition to the above individual porous carbon materials with specific textural 

properties, the research is also focused on synthesizing the bimodal structures, which contain 

both micro and mesoporous carbons in the sample. G. He. et al.
28

 has prepared bimodal (2 nm 

and 5.6 nm pore size) distributed carbon material with high surface area and interconnected 

pore structures as a host for the sulfur cathode. The smaller pore encapsulates majority of the 

sulfur mass in it, which suppresses the polysulfide dissolution into the electrolyte. Whereas, 

the larger pores facilitate fast diffusion of Li
+
 ions and the resulting cell exhibits high 

discharge capacity of 501 mAh g
-1

 even at high current rate of 2 C at 100
th

 cycle.  

 On the other hand, the porous carbon materials with heteroatom doping, protective 

coatings and metal doping have also shown the improved electrochemical performance and 

excellent cycle stability. These types of hybrid composites are anticipated to improve the 

conductivity of the electrode and also help in trapping the dissolved polysulfides in it by 

chemical adsorption during the redox process. For instance, H. Wu et al.
29

 reported the N/P 

co-doped graphene/CNT/porous carbon matrix for sulfur cathode. This heteroatom doped 

carbon has a synergistic effect of physical adsorption of dissolved polysulfide into the porous 

carbon structures and chemical interaction of the formed polysulfides with the N and P atoms 

present in the carbon. These heteroatoms in the carbon matrix act as electron withdrawing 

agents due to their higher electronegativity than that of carbon atom, which promotes 

chemical bonding with them in the carbon matrix 
30

. G. Ma et al.
31

 have prepared the 

conductive polypyrrole-coated mesoporous carbon CMK-8/sulfur composite cathode. The 

infusion of sulfur into CMK-8 improves the utilization of active material during the redox 

process. Moreover, the presence of conductive coating on the surface of CMK-8/sulfur 

composite inhibits the migration of dissolved polysulfides into the electrolyte and also 

accommodates large volume expansion. F. Sun et al.
32

 reported the N2-doped mesoporous 

carbon coated with ultrafine La2O3 nanoparticles on the surface of carbon for the sulfur 

cathode. The N2 atoms immobilise the sulfur and reduce the shuttle phenomena. Whereas, 

La2O3 nanoparticles have strong catalytic effect on sulfur reduction. The synergistic effect of 

N2 and La2O3 offers high discharge potential and fast reaction kinetics of the electrode. As a 

result of heteroatom doping, conductive coating and metal oxide doping into the carbon 
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matrix, the sulfur composites delivered high discharge capacity and showed excellent 

coluombic efficiency for longer cycles.   

 Recently, the activated carbon derived from the biomass has been studied as an 

alternative matrix for the sulfur cathode in a Li-S battery. For example, S. Wei et al.
33

 have 

prepared hierarchical porous carbon from pig bone by using KOH activation process and 

studied the effect of activation temperature on the textural parameters. The carbon activated at 

850 ºC exhibits high surface area of 2157 m
2
 g

-1 
and the resulting sulfur composite delivered 

high discharge capacity due to efficient trapping of dissolved polysulfides into the porous 

carbon. J. Guo et al.
34

 have reported the synthesis of porous carbon nanosheets from corn 

cobs by the method of chemical activation and used them as matrix for the sulfur cathode. 

The thin two-dimensional porous sheet-like structure provides high active material utilization, 

suppresses the shuttle effect and improves rapid ion and electron motilities during the redox 

process.      

Sulfur-Graphene and Sulfur-Graphene oxide 

 Graphene (2D and one-atom thick layer) made of sp
2
 carbon atoms densely arranged 

in hexagonal structure, has drawn much attention in energy storage systems due to its 

tremendous electrical conductivity, high surface area, good thermal stability and chemically 

non-reactive nature at higher electrochemical potential window 
35

. Application of graphene 

and graphene based composite materials in Li-S battery with unique electrode preparation and 

cell design delivered high electrochemical performance in comparison to pristine sulfur 

cathode. For instance, G. Zhou et al.
36

 have prepared a sandwich-type electrode in which 

sulfur cathode is initially coated onto a graphene paper (current collector) and a graphene 

layer is coated on polypropylene membrane used as separator (figure 1.6). Thus, the sulfur is 

sandwiched between the two graphene layers. The presence of graphene layers on both sides 

of sulfur provides high electrical conductivity, good flexibility and the voids in the layers can 

buffer volume expansion during lithiation. In addition, the bottom graphene layer acts as an 

efficient polysulfide reservoir for sulfur cathode and the top graphene layer reduces the 

migration of dissolved polysulfides to anode. A long cycle life and good rate capability are 

achieved by using the sandwich type structure. Later on, the research has been extended to 

develop heteroatom doped graphene materials to further improve the electrochemical 

performance of sulfur cathode. For example, G. Zhou et al.
37

 reported the synthesis of 3D N 

and S co-doped graphene sponge for the sulfur cathode and studied the effect of heteroatoms 
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in anchoring the polysulfide species by DFT calculations. They have concluded from the DFT 

results that the presence of thionic and pyrrolic groups on the graphene increases the binding 

strength of lithium polysulfide significantly to Eb= 2.06 eV, in comparison to individual 

doped N2 (Eb= 1.43 eV), S (Eb= 1.04 eV) and pristine graphene (Eb= 0.78 eV). Hence, the N, 

S-co-doped graphene sponge can accommodate high active material loading, reduces the 

electrode polarization and improves the reaction dynamics for longer cycles.    

 

Figure 1.6 Schematic of Li-S battery with novel electrode configuration and the 

corresponding electrochemical performance (adapted from ref 
36

).   

 Apart from graphene which has physical absorption of polysulfide, the graphene oxide 

is also used as matrix for the sulfur cathode. L. ji et al.
14

 reported that the sulfur and 

polysulfide have strong binding property with the reactive functional groups present on the 

surface of graphene oxide. The chemical interaction/chemisorption between them results in 

good electrochemical stability of the electrode during the redox process with repeated 

charge/discharge cycles.  

Sulfur-CNTs 

 Like graphene, the carbon nanotubes (CNTs) also play a major role in improving the 

electrochemical performance of the sulfur cathode. For instance, J. Guo et al.
38

 have 

synthesized the disordered CNTs/sulfur composite by vapour infusion process in vacuum 

system. At high temperature (500 ºC), the smaller sulfur (S6 or S2) molecules diffuse through 

narrow pore channels of the disordered CNTs to hollow core and form stable S8 molecules. 

These narrow pores in the composite reduce the penetration of liquid electrolyte into it, which 

decreases the polysulfide dissolution and the electrode shows good chemical stability with 
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cycling. J. Yan et al.
39

 assembled the electrode in the form of layer-by layer (multi-layer) 

coating strategy, wherein the negatively charged S/CNT and positively charged S/PANI are 

alternatively deposited on the aluminium substrate. The binder free and the sandwich 

structured electrode acts as chemical and physical barrier that decreases the dissolution of 

polysulfide into the electrolyte.           

Follow-up studies have been made on the development of the CNT composites (such 

as conductive polymer coatings, metal doping) in order to encapsulate the sulfur cathode. For 

example, Q. Fan et al.
40

 prepared a ternary CNT/NiFe2O4-S hybrid material. The CNTs in the 

composite are expected to improve the electronic conductivity and the NiFe2O4 nanosheets 

provide strong binding sites for polysulfide intermediate species. A homogenous distribution 

of small sulfur particles in the composite renders fast Li
+
 ion conduction and the cell exhibits 

high specific capacity with incredible cycle stability.     

Sulfur-Carbon Nanofibre 

 The recent advancements in the field of nanoscience and nanotechnology provide a 

great opportunity for the development of novel and hybrid structures as host matrix for the 

sulfur cathode. In this regard, the carbon nanofibres prepared from the electrospinning process 

have unique textural properties such as high surface area, uniform fibre diameter, high 

electrical conductivity and mechanical strength due to long interconnected non-wound 

network 
41,42

. For instance, L. Ji et al.
18

 reported the synthesis of porous carbon nanofibre 

matt from polyacrylonitrile/poly(methyl methacrylate) (PAN/PMMA) precursors and used 

them for encapsulating the sulfur cathode. Wherein, PAN acts as carbon source during the 

carbonization process and PMMA acts as micropore inducer. The presence of narrow 

micropores in the carbon nanofibre enhances the electrochemical stability of sulfur cathode by 

reducing the shuttle effect. In addition, the macropores in the composite increase the 

wetability of the electrode with electrolyte solution and the nanosized fibre diameter 

decreases the diffusion length of lithium ions and electrons that provide high rate 

performance.  
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Figure 1.7 Schematic representation of polymer modified hollow carbon nanofiber/sulfur 

cathode and their cycle performance curves (adapted from the ref 
43

). 

 G. Zheng et al.
43

 introduced anodized aluminium oxide (AAO) as a template for the 

preparation of hollow carbon nanofibres to encapsulate sulfur into it. Furthermore, the surface 

of hollow carbon nanofibres was also modified with amphiphilic polymers, which provide 

strong interaction between the polar lithium polysulfides and non-polar carbon during the 

redox process as shown in the figure 1.7. The polysulfide intermediate species were 

interfacially trapped in the modified cathode and the cell showed excellent cycle performance 

with high capacity retention of 80% for over 300 cycles.      

1.1.1.1.2 Sulfur-Metal Oxides 

 A variety of porous carbon based materials with unique properties have been explored 

for use in Li-S battery in order to trap lithium polysulfides. However, the physical   adsorption 

of these carbonaceous materials can inhibit the diffusion of polysulfides for only a few cycles. 

On the other hand, research is also focused on trapping the dissolved polysulfides by chemical 

interaction 
44

.  X. Ji et al.
17

 employed PEG grafted mesoporous carbon for constraining the 

dissolved polysulfide in the cathode during charge/discharge process. Later on, the metal 

oxide composites were also used in Li-S battery due to their strong binding property (polar-

polar interactions) with polysulfide species. Z. W. Seh et al.
45

 prepared sulfur-TiO2 yolk-shell 

(nanostructured) composite as shown in the figure 1.8. The internal void space can 
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accommodate large volume expansion during the redox process, which decreases 

disintegration of active material from the current collector and also suppresses the polysulfide 

dissolution.   

 

Figure 1.8 (a) Schematic for the synthesis of sulfur-TiO2 yolk shell, (b) SEM image, (c) TEM 

image, and (d) comparative cycle performance (adapted from the ref 
45

). 

 Q. Pang et al.
46

, prepared Ti4O7 (Magneli phase), which has high surface area and 

excellent conductivity of 2 x 10
3
 S cm

-1
. The presence of polar O-Ti-O bonds in the material 

shows a strong affinity towards polysulfides and the resulting cell displayed stable cycle 

performance for 500 cycles. Further, the metal oxide-coated separators were also used in Li-S 

battery in order to trap the dissolved long chain polysulfide (LCP) intermediates in the 

cathode. W. Li et al.
47

 used V2O5-coated polypropylene separator as a barrier film for the 

sulfur cathode. This layer inhibits the migration of dissolved polysulfides from the cathode to 

the anode surface, which improves the active material utilization for prolonged cycles. 

1.1.1.1.3 Sulfur-Conductive Polymers 

 Recently conductive polymers have been explored in energy storage systems to 

improve the ion and electron transport pathways during the redox process. In Li-S batteries, 
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conductive polymers play an important role in modifying the structure of the sulfur cathode 

that prevents the polysulfide dissolution. For example, F. Wu et al.
48

 prepared polythiophene/ 

sulfur core-shell structures by in-situ chemical polymerization process, wherein the uniformly 

coated polythiophene on the surface of sulfur powder acts as conductive additive as well as 

porous absorbing agent. Hence, the polythiophene/sulfur electrode delivered high 

electrochemical performance and stable cycle life in comparison to pure sulfur cathode.  

 Studies have been extended to other conductive polymers for tailoring the architecture 

of the sulfur cathode. L. Xiao et al.
49

 developed a simple and environment friendly process 

for the preparation of self-assembled polyaliline nanotubes for encapsulating the elemental 

sulfur. During the heat treatment process at 285 ºC a fraction of sulfur reacts with polyaniline 

nanotubes and forms a stable three dimensional composite. Moreover, the cross linked inter- 

and/or intra-chained disulfide bonds formed by in-situ vulcanization provide a strong physical 

and chemical confinement of sulfur and polysulfide species during the redox process. In order 

to further improve the internal electrical conductivity of the composite materials, the 

researchers have explored the use of highly conductive MWCNTs, mesoporous carbons, and 

graphene materials. These materials are intended to decrease the charge transfer resistance of 

the electrode and the polymers provide strong chemical interaction with polysulfide ions. For 

example, C. Wang et al.
50

 synthesized MWCNTs/S/polypyrrole composite, in which the 

MWCNTs/S is prepared by acid-based catalysed chemical precipitation of sulfur on 

MWCNTs. Finally, polypyrrole (PPy) was coated on MWCNTs/S by in-situ chemical 

oxidative polymerization of pyrrole. Hence, the combination of high surface area MWCNTs 

and conductive polymer coating showed better improvement in the electrochemical 

performance of sulfur cathode by alleviating the polysulfide dissolution into the electrolyte. In 

addition, these types of structures are anticipated to accommodate large volume variation 

during the charge/discharge process.   

1.1.1.1.4 Polymerized Sulfur 

 Pure sulfur cathode suffers from insulating nature and polysulfide dissolution that 

resulted in low active material utilization and irreversible loss of active material during 

repeated cycling. The use of various porous carbon materials, metal oxides, 3D current 

collectors etc., can inhibit the migration of dissolved lithium polysulfides to the anode 

surface. The research has also been directed towards the use of polymerised sulfur as the 

cathode material in order to prevent the dissolution of polysulfide species into electrolyte.      
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J. Wang et al.
51

 initiated the synthesis of conductive polymer matrix-embedded sulfur 

composite material. The elemental sulfur dehydrogenates the polyacrylonitrile (PAN) 

polymer and forms conductive chain during the heat treatment process. Concurrently, the 

polar -CN- functional groups cyclise to highly stable heterocyclic compound, wherein the 

sulfur atoms intercalate. The molecular level interaction of sulfur atoms with conductive 

backbone prevents the formation of agglomerate structures and also inhibits the dissolution of 

polysulfide species.  N. L. Doan et al.
52

 studied the binding mechanism of sulfur with 

dehydrogenated PAN by varying the sulfur content. The proposed mechanism was based     

on the size and structure of the polymer backbone, which involves the embedding of                  

8-membered sulfur with 4 heterocyclic rings of the dehydrogenated polymer. The upper limit 

of sulfur content in the composite is 56% and with an increase in the sulfur content beyond 

this, the cell delivers poor electrochemical performance due to superficial deposition of sulfur.     

 Z. Lin et al.
53

 prepared sulfur-rich lithium polysulfidophospate (Li3PS4+n (0<n<9)) by 

the chemical reaction of elemental sulfur with lithium thiophospate in tetrahydrofuran solvent. 

During the reaction the sulfur atoms are added to the sulfur atoms of the charged terminal, 

PS4
3-

 anion and form stable S-S bond. This type of compound has high lithium-ion 

conductivity and the discharge process involves the formation of Li2S and Li3PS4 as by 

products. The reversible redox reaction with improved intrinsic ionic conductivity renders 

good chemical and cycle stability of the electrode. Further, W. J. Chung et al.
54

 explored the 

use of processable high sulfur content polymer (poly(sulfur-random-1,3-diisopropylbenzene)) 

prepared by using inverse vulcanization method. The electrochemical behaviour of this 

polymer is similar to that of pure elemental sulfur and the electrode showed high capacity 

retention due to mitigation of the shuttle effect.   

1.1.1.1.5 Current Collectors 

 The substrates also play a prominent role in improving the electrochemical 

performance of sulfur cathode in Li-S battery. The conventional Li-ion and Li-S batteries use 

2D aluminium current collector as a substrate for electrode preparation. Generally, In batteries 

during prolonged cycling the Al substrate may be prone to  corrosion 
55

. Moreover, the initial 

reduction of sulfur involves liquid-liquid transition that leads to loss of active material for the 

Al current collector and the cell exhibits high internal resistance associated with poor 

electrochemical performance. Hence, an intense research has been focused on 2D and 3D 

current collectors such as 3D carbon paper, carbon and metal-coated Al current collector and 
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free standing electrode (graphene, MWCNTs, carbon nanofibre) in order to improve the long 

term stability of the cells.  

 For Instance, S. H. Chung et al.
56

 employed porous carbon current collector, which 

has low density, high porous structure and light weight when compared to Al current 

collector. These unique features provide high sulfur loading and increase the electrolyte 

absorption that retained the dissolved polysulfides in the cathode part. In addition to 3D 

carbon substrates, the metal coated Al (metal= Pt, Au or Ni) with high porous structure, 

hydrophilic nature and catalyst activity provide strong adsorption towards polysulfide 

intermediates during the redox process and thereby, eliminate the use of carbon matrix, binder 

and conductive carbon. Moreover, these substrates decrease the charge transfer resistance, 

improve the active material utilization and the resulting cell exhibits superior electrochemical 

performance 
57

.          

 Apart from the modified 2D current collectors, another new approach has also been 

developed i.e., free standing electrode for constraining the polysulfide species in it. However, 

the ideal requirement of a free standing electrode is that it should be flexible, strong enough 

during the infusion of active sulfur and must retain its structure after repeated 

charge/discharge processes 
59

. Moreover, the free standing electrodes have unique properties 

such as light-weight in comparison to conventional Al current collector, high porosity and 

good electrical conductance due to their continuous network. For example, G. Zhou et al.
58

 

prepared nitrogen-doped double-shelled hollow carbon spheres infused with sulfur followed 

by graphene wrapping, which acts as flexible free standing electrode for high power Li-S 

battery (figure 1.9). The rationally designed structure provides sufficient space to 

accommodate volume expansion during the cycling process. In addition, the nitrogen atoms 

present in the carbon matrix can chemically bind with the dissolved polysulfide species and 

the graphene coating on to the surface of hollow carbon spheres can further immobilize the 

dissolved polysulfide species in the cathode.  
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Figure 1.9 (a) Schematic for the of free-standing electrode, (b) and (c) SEM images at 

different magnifications, (d) SEM-cross sectional images and (e) comparative long-term cycle 

performance (adapted from the ref 
58

). 

1.1.1.1.6 Li2S Cathode 

 The fully lithiated Li2S is the final end discharge product of the sulfur cathode, which 

is also considered to be the promising candidate for Li-S battery due to its high theoretical 

capacity (1166 mAh g
-1

) and high melting point (938 ºC) 
60

. The advantage of using Li2S as 

cathode is that it can be directly paired with high capacity lithium-free anodes (Sn and Si) to 

form Li-S battery in full-cell configuration. As a result, the energy density of the rechargeable 

cell dramatically increases. In addition, the use of lithium metal anode in conventional Li-S 

cell can be avoided, which has severe intrinsic safety issues due to dendrite formation with 

repeated cycling process  
9,60

. Further, the volume expansion of the electrode can be mitigated 

because the Li2S cathode shrinks to form sulfur as the final product. Therefore, the electrode 

remains structurally stable for long-term cycles. However, bulk Li2S material is considered to 

be electrochemically inactive due to its poor ionic and electronic conductivities. Moreover, 

the Li2S cathode is highly sensitive to moisture and also suffers from polysulfide dissolution. 

A uniform conductive coating throughout the Li2S particle surface can improve the solid state 

diffusion of ions and electrons form the bulk material. Z. Lin et al.
61

 have synthesized core-

shell structured carbon-coated nanosized Li2S cathode followed by additional coating of 

graphene oxide (GO) onto these particles. The carbon coating on the outer surface of Li2S 

particles prevents the direct contact with the electrolyte, which inhibits the dissolution           
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of the formed polysulfide intermediates. The functional groups present on the surface of GO 

are anticipated to trap the polysulfide species by chemisorption and the resulting electrode 

exhibits superior electrochemical performance during the fast reaction kinetics. Alternatively, 

the chemically modified surfaces, and metal oxide coating on Li2S also enhance the          

ionic conductivity and chemically traps the dissolved polysulfides in it. For example,            

Z. W. Seh et al.
62

 reported the synthesis of PPy-Li2S by in-situ non-aqueous polymerization 

process. The N2 atoms present on PPy possess strong interaction with the Li present on Li2S, 

which covers the complete surface of Li2S particles. As a result of chemisorption, the 

polysulfide species are trapped in the cathode part, which increases the cycle life of the 

electrode. Moreover, the conductive coating on the surface of Li2S particles helps in 

increasing the ion and electron conductivities during the redox process. Y. Chen et al.
63

 have 

synthesised free-standing porous Al2O3-Li2S-graphene electrode, in which Al2O3 was 

deposited on Li2S-graphene by atomic layer deposition technique. The porous graphene sheets 

provide high conductivity and act as physical barrier for polysulfide species. Whereas, a thin 

layer of Al2O3 on the surface of the composite exhibits strong chemical interaction with the 

polysulfide species, which suppresses the dissolution of polysulfides into the electrolyte.      

1.1.1.1.7 Effect of Binders 

 In general, the electrode for the cathode is prepared by casting active material and 

conductive additive onto Al current collector by using polymeric binder. The primary role of 

the binder is to adhere different particles of the active material along with the conductive 

additive to the substrate. Though the conventional binders such as polyvinylidenedifluoride 

(PVDF) 
64

 and polytetrafluoroethylene (PTFE) 
65

 have high electrochemical stability, they 

cannot tolerate huge volume expansion during the charge/discharge process. This results in 

collapse of the electrode structure and formation of Li2S precipitate onto the surface of the 

carbon particles. In addition, these binders are inactive to polysulfide species that cannot 

suppress the shuttle effect. 

Recently, water soluble and functional binders have been explored for sulfur cathode 

as alternatives to the conventional binders in order to create robust electrode structure and 

improve the polysulfide retention ability. For example, M. He et al.
66

 prepared elastomeric 

water soluble binder containing a mixture of styrene butadiene rubber (SBR) and sodium 

carboxymethyl cellulose (CMC) in 1:1 ratio for sulfur cathode. The SBR has strong binding 

property and good flexibility. Whereas, CMC is well known for its high dispersion capability 
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and acts as thickening agent for aqueous system due to the presence of surface functional 

groups. This aqueous binder renders a uniform distribution of sulfur and conductive carbon 

particles, which enhance the electrical conductivity and increases the utilization of active 

sulfur. J. Wang et al.
67

 used highly water soluble carbonyl-β-cyclodextrin as binder for sulfur 

cathode. This binder has unique properties such as strong bonding strength, moderate 

viscosity and has wide electrochemical stability window in the range of 0-5 V. The effective 

binding and uniform dispersion of sulfur particles resulted in maximum utilization of active 

material upto 92% with good cycle performance. Further,  G. Ai et al.
68

 studied the effect of 

conductivity and functional binders on the electrochemical performance of the sulfur cathode 

by using different polymer binders such as poly(9, 9-dioctylfluorene-co-fluorenone-co-

methylbenzoic ester) (PFM), poly(vinylpyrrolidone) (PVP), poly(3,4- ethylene-dioxy-

thiophene) and PVDF. Among them, PFM and PVP binders contain carbonyl functional 

groups, which showed strong binding energy with sulfur atoms that assist the solid-phase 

precipitation during both charge and discharge processes. This resulted in reducing the shuttle 

effect and preventing self-discharge in contrast to the other binders with no carbonyl groups 

(PEDOT and PVDF). Moreover, these binders (PFM and PVP) have improved the 

conductivity and provide large surface area for the reaction to take place, which in turn 

enhances the active material utilization for longer cycles.  

1.1.1.2 Electrolyte and its Additives 

 In batteries the electrolyte acts as ion transport medium between the cathode and the 

anode during the redox process. In a Li-S battery, different types of electrolyte systems have 

been explored such as liquid, gel-polymer and solid state electrolytes in order to suppress the 

migration of polysulfide species to the anode surface. Typically, the conventional LIBs use 

LiPF6 electrolyte (ethylene carbonate (EC)/dimethyl carbonate (DMC) in 1:1 ratio) due to its 

high ionic conductivity in comparison to other systems 
69

. However, in Li-S battery the 

carbonate based solvents are not used because the polysulfide intermediates are highly 

reactive to carbonates via. nucleophilic addition or substitution reaction to form irreversible 

products (figure 1.10) 
70

. This parasitic reaction in the cell resulted in loss of active sulfur 

from the electrode that leads to severe capacity fading with cycling. The ether based solvents 

such as DME and DOL are considered to be suitable media for Li-S battery. The linear chain 

in DME increases the solubility of polysulfides and improves the reaction kinetics. Whereas, 

the cyclic DOL helps in forming stable solid electrolyte interface on the lithium metal and has 
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limited polysulfide dissolution property, which reduces the reaction kinetics 
71,72

. Hence, a 

mixture of DME/DOL has high solubility of elemental sulfur and also increases the maximum 

utilization of active material, which enhances the electrochemical performance of Li-S cell. 

Alternatively, ionic liquids such as N-methyl-N-butylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (Py14TFSI) 
73

, equimolar LITFSI in Triglyme/tetraglyme 

74
, 1-methyl-1-propylpyrrolidinium bis(fluoro-sufonyl)imide (MPP FSI) 

75
 were also used 

alone or in combination with DME as solvents. These solvents have low donor ability due to 

their weak Lewis basicity, which results in suppressing the dissolution of polysulfide species 

into the electrolyte. Hence, the electrochemical reduction of sulfur involves the solid-state 

process and most of the intermediate species immobilised onto the electrode. As a result, the 

Li-S cells delivered an improved electrochemical performance with excellent cycle stability 

76
.  

 

Figure 1.10 Mechanisms for the decomposition of carbonate based solvents with polysulfides 

species (adapted from the ref 
70

). 

 In addition to the solvent, the chemical compatibility of the lithium salt with the 

polysulfide species is also an important criterion. A review article by S. S. Zhang.
71

 stated 

that the conventionally used salts such as LiPF6, LiBF4, LiClO4, lithium bisoxalatoborate 

(LiBOB) etc., are not suitable for the Li-S battery due to their high reactivity towards 

polysulfide species. So far, LiN(SO2CF3)2 salt dissolved in a binary mixture of DME/DOL 

with volume ratio of 1:1 is considered to be the best electrolyte for the sulfur cathode. This 

electrolyte has unique properties such as low viscosity, high ionic conductivity, good 

chemical stability and high polysulfide dissolution property and has negligible corrosion 

effect on Al current collector. Furthermore, the research has also explored in studying the 

concentrated electrolyte systems. For instance, L. Sou et al.
77

 prepared ultrahigh concentrated 
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electrolyte namely 7M LITFSI (solvent-in-salt) for the sulfur cathode. They have concluded 

that in 7M LITFSI electrolyte the dissolution of polysulfides and shuttle effect can be 

minimised because of low solubility of polysulfides. Moreover, concentrated electrolyte 

systems suppress the lithium dendrite formation due to their high salt concentration and high 

viscosity. However, it should be noted that these electrolytes at very high concentrations have 

negative impact on the cell performance at higher currents due to the decreased ionic 

transport. The resulting discharge capacity profile of the cell shows severe potential drop due 

to concentration polarization.  

Though the dissolution of polysulfides into the electrolyte is inevitable or even 

necessary step for the reduction of sulfur cathode during the electrochemical process, the 

shuttle phenomenon and parasitic side reactions cause passivation of lithium metal (anode) 

surface with repeated cycling, which decreases the lithium cycling efficiency 
78

. Therefore, 

excessive lithium ions are required for Li-S battery due to severe degradation of lithium 

metal. The efforts have also been made to enhance the stability of anode by modifying the 

surface film (SEI) using some of the electrolyte additives. Such breakthrough was done by   

Y. V. Mikhaylik 
79

 by introducing LiNO3 into the electrolyte as an additive. The LiNO3 

present in the electrolyte passivates the surface of Li anode by forming a stable SEI layer on 

the surface. Further, S. S. Zhang 
80

 studied the role of LiNO3 electrolyte additive on both the 

Li anode and sulfur cathode. On Li anode, this additive not only prevents the chemical 

reaction between polysulfides and Li metal, but also protects the anode surface by inhibiting 

the reduction of polysulfide species on the Li anode. On sulfur cathode, LiNO3 undergoes 

large irreversible reduction at a potential of 1.6 V during the first discharge cycle and gets 

disappeared in the subsequent cycles. Hence, it is essential to select the discharge cut-off 

potential of cell (~1.5 V), which can avoid the formation of irreversible reduction products on 

the cathode surface. As a result, the coulombic efficiency and cycle stability of the electrode 

are greatly increased. Furthermore, the research has also been extended to use various types of 

additives. For instance, R. Xu et al.
81

 reported the role of polysulfide additive into the 

electrolyte on sulfur cathode. This additive provides the dynamic equilibrium between the 

dissolution and precipitation of polysulfide species, which acts as self-healing agent in Li-S 

battery for longer cycles. F. Wu et al.
82

 introduced lithium iodide into the electrolyte, which 

resulted in the formation of a protective layer on both the electrode surfaces. They have also 

studied the in-situ formation of this protective film by quantum chemistry calculations. 
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Initially, the I· radical is generated at a potential of ~3 V vs. Li/Li
+
, which further reacts with 

dimethoxyethane (DME) in the electrolyte to form DME(-H) radical. Finally, the DME(-H) 

radical polymerises to form polyether layer on the surface of cathode that inhibits the 

dissolution of polysulfide species into the electrolyte.  Though the concentration of additive in 

the electrolyte is very low, it plays a major role in changing the bulk properties. It reduces the 

viscosity, improves the ionic conductivity, protects the lithium anode and thus significantly 

improves the electrochemical performance of the Li-S cell.  

 Additionally, the research has also been extended to use gel-polymer and solid-state 

electrolytes prepared by using new chemical approaches, which have shown decreased 

polysulfide shuttle phenomenon during the redox process. Moreover, these electrolytes may 

function as separator and also prevent the formation of lithium dendrite on the surface of 

anode. For example, K. Jeddi et al.
83

 prepared a composite polymer electrolyte containing 

mesoporous silica particles. S. S. Zhang.
84

 reported a free-standing poly(ethylene oxide)/SiO2 

based gel-polymer electrolyte. This type of polymer electrolyte not only acts as a medium for 

facilitating rapid ion movement, but also acts as polysulfide dissolution barrier during 

charge/discharge process. 

 M. Nagao et al.
85

 fabricated the solid-state Li-S battery by using the solid Li2S-P2S5 

electrolyte. Wherein, the ball milled sulfur composite, solid electrolyte and Li-In alloy anode 

were stacked layer-by-layer to form a solid-state Li-S battery. They have concluded that the 

cell performance mainly depends on the crystallinity of sulfur, size of the particles and 

intimate contact between the particles on the electrode. R. C. Xu et al.
86

 prepared 

Li7P2.9Mn0.1S10.7I0.3 glass-ceramic solid electrolyte by high energy ball milling process and 

has shown that it possesses high ionic conductivity of 5.6 S cm
-1

 and high operating voltage 

of 5 V vs. Li/Li
+
. The Li-S cells fabricated by using this solid electrolyte exhibited superior 

capacity and good rate capability. Despite considerable advantages of the gel-polymer and 

solid-state electrolytes, the low ionic mobility during the rapid charge/discharge processes 

have negative impact on the cell performance due to sluggish reaction kinetics at the 

electrode/electrolyte interface.  

1.1.1.3 Modified Separators and Membranes 

 It is well known that the separator in batteries physically isolates the cathode and 

anode from each other. Basically, the separators used in conventional LIBs are made of 

polymeric material like polypropylene (PP) or polyethylene (PE) or glass fibre, which permits 
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only ions through it and blocks the electrons. In addition, they possess good flexibility and 

high mechanical strength, which protect them from tearing and puncher. However, these 

separators cannot inhibit the migration of dissolved polysulfides to the anode surface during 

the charge/discharge process 
87

. As a result, the soluble polysulfides shuttle between the 

electrodes (cathode and anode) and that leads to dynamic capacity fading and poor cycle 

performance. In order to overcome these issues, the research has also focused on functional 

separators such as cation selective membrane, modified separator i.e., with additional layer 

coated on it and interlayer that can effectively trap the polysulfide species.       

 In the first case, I. Bauer et al.
88

 reported the nafion-coated conventional 

separator as a cation selective membrane, which is expected to localise the dissolved 

polysulfides in the cathode part. The reason for trapping the polysulfide species is due to the 

presence of SO3
-
 ions in the nafion film, which allows only the positively charged lithium 

ions through it. Whereas, the negatively charged polysulfide species are repelled due to 

electrostatic repulsion force. Hence, the coulombic efficiency and cycle stability of the cell 

increase. But, the main disadvantage of the cation selective membrane is that it decreases the 

ionic and electronic conductivities of the electrode material, which reduce the electrochemical 

utilization of the active material. 

In case of modified separators, an additional conductive layer was coated onto the 

polypropylene separator to trap the polysulfide species in the cathode side. For instance,        

J. Balach et al.
90

 synthesized the mesoporous carbon by resorcinol/formaldehyde process by 

using hard-template process followed by coating on the surface of commercially available 

polypropylene separator. S. H. Chung et al.
91

 coated the commercially available conductive 

super P carbon on polypropylene separator. These modified separators possess excellent 

flexibility, good mechanical strength, and act as upper current collectors that confine the 

active material in it. Therefore, the electrochemical performance of the cell is greatly 

improved due to physical confinement of the dissolved polysulfide species in it for prolonged 

cycles. Apart from the modified separator, an interlayer (membrane) is also used as an 

absorbent for the dissolved polysulfides. Particularly, the light weight carbon based 

interlayers function as good barriers and effective polysulfide reservoirs that increase the re-

utilization of the active material during cycling process 
92

. R. Singhal et al.
89

 prepared micro 

and mesoporous carbon nanofiber mat by electrospinning process and used it as an interlayer 

for sulfur cathode (figure 1.11). The application of interlayer has an advantage that it 
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decreases the resistance of the cell, inhibits the dissolved polysulfide species and thereby the 

discharge capacity increases during the cycling process. 

 

Figure 1.11 (a) Comparative cycle performance curve of with and without carbon fibre 

interlayer and (b) corresponding SEM-EDS mapping of interlayer after 200 cycles (adapted 

from the ref 
89

). 

1.1.1.4 Designing of the Anode Materials 

 In Li-S battery, the lithium metal is generally used as the reference electrode (anode) 

due to its high theoretical capacity (3860 mAh g
-1

), light weight and low operating potential. 

However, the major drawback of using the lithium metal is that it can form lithium dendrites 

with repeated charge/discharge process. These dendrites penetrate through the separator that 

causes internal short circuit and thermal runaway of the cell. Moreover, lithium metal is 
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sensitive to polysulfide species and forms a passivating layer on the surface of anode, which 

decreases the lithium ion movement during the fast reaction kinetics 
93

. The increase in 

manufacturing cost and safety concerns are currently hampering the large-scale production of 

Li-S batteries in addition to aforementioned challenges (section 1.1). 

 In order to mitigate this issue the research has been focused on in-situ/ex-situ 

protective coating on the surface of lithium metal anode that prevents the reaction between 

lithium and polysulfides and also reduces the dendrite formation. In the in-situ process, the 

addition of electrolyte additives, solvents and electrolytes of higher concentration play an 

important role in the formation of a stable SEI layer on the surface of anode 
94,95

. For 

instance, C. Zu et al.
94

 used DOL-fuorinated ether (1,1,2,2-tetrafuoroethyl-2,2,3,3-tetra- 

fuoropropylether, TTE) as the electrolyte for sulfur cathode. They have observed the 

formation of SEI layer with a composition of LiF, which inhibits the parasitic reaction on the 

surface of lithium metal anode. Whereas, in the ex-situ process, a thin layer of metal is 

laminated on the surface of lithium anode.  A. C. Kozen et al.
96

 prepared a 14 nm thick Al2O3 

coated lithium metal anode by atomic layer deposition process. These types of layers 

passivate the anode surface that suppresses the reduction of polysulfide species on the Li 

anode and increases the coulombic efficiency and the cycle stability of the cell.  

 Alternatively, the pre-lithiated anode materials such as tin and silicon with novel 

electrode structure and cell design have also been explored in Li-S battery. These anode 

materials have high theoretical capacity, which can compensate the charge storage capacity of 

the sulfur cathode and operate at lower potential. Hence, the combination of these electrodes 

to form a full cell can deliver high specific energy that is 2-3 times higher than conventional 

Li-ion battery. For instance, B. Duan et al.
97

 fabricated a novel Li-S battery by using Sn/C as 

anode, carbyne polysulfide as cathode, wherein the thin lithium foil placed on the surface of 

anode acts as lithium source. This battery possesses high energy and high safety, which can 

overcome the safety issues allied with the lithium metal. C. Shen et al.
98

 used the pre-lithiated 

nafion-coated silicon as an anode for Li-S battery. They have also studied the effect of weight 

ratios of anode to cathode on the electrochemical performance of Si-S battery. The battery    

at the optimised cathode to anode ratio of 1.00:1.43 delivered high specific energy of             

590 Wh kg
-1

, which is two times higher than the commercially available Li-ion battery. 

Furthermore, the research has also been directed towards the construction of lithium metal-

free battery. In this case, the Li2S is used as cathode and silicon/tin as anode and the cell 
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delivered appreciated electrochemical performance with extended cycle stability. For 

example, J. Hassoun et al.
9
 introduced tin-sulfur battery by using Sn/C as anode, Li2S/C as 

cathode and the two electrodes are separated by gel polymer electrolyte. The use of gel 

polymer electrolyte not only increases the safety, but also prevents the migration of the 

dissolved polysulfides to the anode surface and the resulting cell exhibited high energy 

density of 1100 Wh kg
-1

.  

1.2 Supercapacitors 

Supercapacitor also known as ultracapacitor and electrochemical capacitor, is an 

energy storage device that provides high power density, good electrochemical stability and 

long cycle life. In 1971, the Standard Oil Company and Nippon Electric Company         

(NEC) were the first to commercialize the double layer capacitor with the name of 

supercapacitor 
99,100

. Later on, this technology has been improved by developing electrode 

materials, electrolytes and manufacturing processes. Presently, the supercapacitors have been 

commercialized by the companies such as Maxwell, Panasonic, NEC and so on and find 

wide-spread applications ranging from portable electronic devices to hybrid electric vehicle 

technology and energy storage generated by solar cells.   

Principle of Supercapacitors 

The supercapacitor consists of two electrodes, electrolyte and the separator, which 

separates both the electrodes. During the charging/discharging process, the opposite charges 

accumulate on the surface of the electrode forming an electrical double layer for charge 

storage as shown in the figure 1.12. The supercapacitors use high surface area electrode 

materials. Therefore, the specific capacitance and energy density dramatically increase due to 

high surface to volume ratio and smaller distance between the two electrodes.    

The specific capacitance (Cs) is calculated by using the equation 1.7. 

Cs = ε A/D    (1.7) 

 

Where 

  ε = Dielectric constant of the electrolyte  

  A = Surface area of the electrode (m
2
 g

-1
) 

  D = Distance between the electrodes 
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Based on the energy storage mechanism, the supercapacitors are further divided into 

three types; (a) Electric double layer capacitor, which undergoes a non-faradaic reaction 

process, in which the ions are stored on the opposite electrodes at the electrode/electrolyte 

interface by physical adsorption. Since there is no charge transfer reaction between the 

electrolyte and electrodes in EDLCs, the energy storage is highly reversible and has longer 

cycle life. Highly porous carbon materials are used as electrodes for EDLCs, (b) 

Pseudocapacitor, which involves faradic reactions, wherein the charge transfer is 

accomplished through the redox reactions between the electrode and electrolyte. Conductive 

polymers and metal oxides are used as the electrodes for pseudocapacitors and (c) Hybrid 

capacitor, also known as Li-ion capacitor. The charge storage takes place via both the non-

faradaic and faradaic reactions. Hybrid capacitor uses activated carbon as cathode and pre-

lithiated carbon (graphite) as anode to attain high output voltage. Hence, the capacitance and 

energy density of the pseudocapacitor and hybrid capacitor are higher than the EDLCs. But, 

these have shorter cycle life due to faradic reactions. Moreover, the power capabilities of 

these devices are relatively lower in comparison to EDLCs due to slow diffusion of ions 

between the electrodes during the fast reaction kinetics.  

 

Figure 1.12 Schematic representation of charged supercapacitor. 

Challenges in the development of new materials for supercapacitor 

Though the supercapacitors are commercially available in the market, there is still a 

need for improvement in terms of the enhanced energy density and decrease in cost. This 

leads to the study of fundamental aspects such as designing novel electrode materials and 

electrolytes 
101

. The improvement in the energy density of supercapacitor can be done by 

increased capacitance and/or voltage. Hence, the development of porous materials with high 
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specific surface area and suitable pore size distribution, which can deliver high power and 

energy densities using cost-effective precursor is highly challenging.  

1.2.1 Literature Survey on Supercapacitor 

The high power density supercapacitor is considered to be one of the potent energy 

storage systems for use in advanced portable electronic devices and electric vehicles. 

However, there is a considerable scope to improve the energy density of a supercapacitor by 

designing novel electrode structures and electrolytes. The research has therefore been directed 

towards the development of various electrode materials and electrolyte systems in order to 

enhance the electrochemical performance of supercapacitors. 

1.2.1.1 Designing of Electrodes 

1.2.1.1.1 Porous Carbon Materials 

Since the development of supercapacitors, porous carbon materials have been in use 

due to their high surface area and good electrochemical stability. In the recent years, various 

types of carbon materials are used as electrodes for EDLCs such as activated carbons (ACs), 

graphene and CNT based materials. Among different porous carbon materials, the ACs have 

drawn attention due to their unique physico-chemical properties such as high surface area, 

large pore volume and easy to synthesize at low cost. For example, Y. Han et al.
102

 prepared 

activated carbon from fish gills by the method of KOH activation and used it as electrode for 

supercapacitor. The activated carbon showed high surface area with hierarchical porous 

structures with the presence of O and N functional groups in them. The electrode prepared 

from this porous carbon delivered high specific capacitance of 334 F g
-1 

in 6M KOH 

electrolyte at a current density of 2 A g
-1

. Zhou et al.
103

 synthesized herero atom doped 

honeycomb-like porous carbon materials from green bristle grass seeds by one-step KOH 

activation process. The obtained porous carbon materials exhibited high surface area and the 

sample treated at 800 ºC delivered high specific capacitance of 391 F g
-1

 at 0.5 A g
-1

 in KOH 

electrolyte. Moreover, the electrode also showed good capacitance retention of about 97% 

after 10000 cycles at 20 A g
-1

 current density (figure 1.13).  
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Figure 1.13 Bristle grass seeds-derived activated carbon and its long-term electrochemical 

performance at 20 A g
-1 

(adopted from ref 
103

).  

Graphene is also used as an electrode in supercapacitor due to its unique properties 

such as high electrical conductivity, high surface area and excellent mechanical strength. 

These properties make graphene and graphene based materials attractive for EDLCs. For 

instance, L. Jinlong et al.
104

 reported the synthesis of porous graphene oxide by hydrothermal 

assisted H2O2 activation process. The electrode delivered a high specific capacitance of      

240 F g
-1

 at 1 A g
-1

 and retained a capacitance of 194 F g
-1

 at 20 A g
-1

 with good cycle 

stability. E. S. Kumar.
105

 synthesized nanoporous graphene by using graphene oxide as 

carbon source and Mg/Zn strip as reducing agent (wet chemical method). The nanoporous 

graphene electrode delivered high capacitance of 264 F g
-1

 at 1 A g
-1

 in KOH electrolyte. 

Even at high current rate of 10 A g
-1

, the electrode displayed 204 F g
-1

 with 95% capacitance 

retention after 20000 cycles. The enhanced performance is due to unique properties of 

nanoporous graphene in addition to improved electrical conductivity, which has positive 

effect in enhancing the electrochemical performance of EDLCs.  

Like graphene, CNTs are also used as electrodes in EDLCs due to their unique 

properties such as excellent electrical conductivity, good chemical stability and reasonable 

surface area. Y. S Yan et al.
106

 prepared a free-standing carbon paper by microporous carbon 

plate with numerous hetero atoms and acid-treated CNTs. The resulting electrode possesses 

high surface area with good electrical conductivity and delivered a high specific capacitance 

of 275 F g
-1

 and 148 F g
-1

 in aqueous (1 M H2SO4) and organic ((1-butyl-3-methyl-

imidazolium tetrafluoroborate (BMIM BF4)/acetonitrile (AN)) electrolytes respectively. 
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Although the electrodes prepared from graphene and CNTs have shown an excellent 

improvement in the electrochemical performance with good power capabilities, the high 

processing cost is a limiting factor for their commercialization in supercapacitor applications. 

1.2.1.1.2 Conductive Polymers 

Conductive polymer is another common electrode used in the supercapacitor due to its 

high conductivity and high charge storage capacity in comparison to porous carbon electrode. 

The conductive polymers with conjugative double bonds along the polymer backbone render 

high conductivity. However, the charge storage mechanism of these polymers is different 

from that of EDLCs. These polymers store charge by redox reactions between the electrodes, 

which increase the energy and also decrease self-discharge. S. Chaudhari et al.
107

 prepared 

electrospun polyaniline (PANI) nanofiber mat as electrode for supercapacitor and evaluated 

its electrochemical performance by using three electrolyte systems such as 1M H2SO4, 1M 

Na2SO4 and 1M LiClO4 in propylene carbonate. Among them, the PANI electrode in 1M 

H2SO4 exhibited superior performance due to smaller ion hydration number and smaller ionic 

radius of H
+
 ion. In addition, these authors have also studied and compared the 

electrochemical performance of PANI nanofibers with PANI powder. They have observed 

that PANI fibers with interconnected network and more electroactive-sites provide fast 

faradic reactions and delivered higher capacitance of 267 F g
-1

 in comparison to PANI powder 

(208 F g
-1

). Despite their considerable advantages, the conductive polymers exhibit relatively 

low power capabilities due to slow diffusion of ions within the electrodes during the redox 

process. Further, the research has also been focused on developing conductive polymer 

composites in order to enhance the power and energy densities of EDLCs. For example,       

B. Liu et al. 
108

 synthesized core shell structured CoNi2S4/polypyrrole on N-doped graphene 

foam by using hydrothermal process. The CoNi2S4, polypyrrole and N-doped graphene are 

electrochemically active in this hybrid structure, which leads to superior electrochemical 

performance of 730 F g
-1

 at 10 A g
-1

.   

1.2.1.1.3 Metal Oxides 

Metal oxides such as RuO2, TiO2, MnO2 were used as electrodes in supercapacitor due 

to their high conductivity and high charge storage capacity based on redox reactions. Among 

them, RuO2 supercapacitors are widely studied because of their wide potential window, high 

specific capacitance, good chemical and thermal stabilities and long cycle life. For example, 

Hu et al.
109

 developed hydrous RuO2 (RuO2.xH2O) electrode in the form of nanotubular array 
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architecture, which showed an ultrahigh specific capacitance of 1300 F g
-1

. This behaviour is 

mainly due to unique properties of the electrode such as high porous structure which 

facilitates easy penetration of the electrolyte, metallic type conductivity and ease of proton 

diffusion/exchange during the redox process. As a result, the electrode delivered high 

capacitance in comparison to porous carbon and conductive polymer electrodes.  

Though the RuO2 based supercapacitor exhibited enhanced electrochemical 

performance, the high cost of precursors and processing have limited their commercialization. 

Alternatively, the research has been focused on the other less expensive metal oxides namely 

TiO2, MnO2, SnO2 and V2O5 
110

. Among these, manganese oxide based supercaopacitors are 

considered to be one of the best alternatives due to their non-toxicity, natural abundance and 

use of low cost precursors. Y. Chen et al.
111

 reported the synthesis of MnO2 nanosheet like 

structures on reduced graphene oxide (RGO) by redox reaction between KMnO4 and GO 

followed by freeze-drying process. The resulting electrode delivered high specific capacitance 

of 238 F g
-1

 at 0.1 A g
-1

 with good electrochemical stability. This behaviour is due to strong 

covalent linkage between carbon atom of RGO and oxygen atom of MnO2 (via. C-O-Mn), 

which reduces the charge transfer resistance and also overcome the mechanical disintegration 

of MnO2 from the RGO. 

1.2.1.2 Electrolytes 

In general, electrolyte also plays an important role in supercapacitor in enhancing the 

electrochemical performance. The electrode materials having high surface area with small 

porous structure can deliver high capacitance and energy 
101

. However, if the pores are too 

small in the electrode, the ions in the electrolyte are unable to reach the inner surface of the 

electrode for charge storage. This leads to poor specific capacitance and low energy density. 

Hence, the high surface area electrode materials with pore size similar to that of ions in the 

electrolyte are necessary to maximise the accessibility of ions for adsorption on the surface of 

the electrode. The electrolytes used in supercapacitors are classified into three types namely 

(1) aqueous electrolytes (2) organic electrolytes and (3) ionic liquid electrolytes.      

Aqueous electrolytes such as KOH, Na2SO4, H2SO4 are extensively used in EDLCs 

due to their low cost and ease of fabrication of device without the need of sophisticated 

equipments. Moreover, these electrolytes possess high conductivity due to high ionic 

concentration 
107

. However, the low potential window (1.2 V – decomposition voltage of 

water) of these aqueous electrolytes leads to decrease in energy density of the EDLCs.  
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Organic electrolytes consist of lithium salts or quaternary ammonium salt dissolved in 

carbonate based or acetonitrile solvent and have high operating voltage of 2.7 V 
100

. 

Currently, most of the commercial supercapacitors in the market use organic electrolytes due 

to their higher potential, which increases the energy density of the device. The main 

disadvantages of the organic electrolytes are low capacitance, higher resistance that decreases 

the power density. In addition to high cost, the applicability of these electrolytes is associated 

with safety issues such as toxicity, volatility and flammability of solvents. Moreover, the 

organic electrolytes are not suitable for high temperature applications because the 

electrochemical potential window of these electrolytes decreases with an increase in the 

temperature. 

Ionic liquids (ILs), also named as room temperature molten salts, consist of bulky 

cation with different anions. The ILs are solvent-free electrolytes, which can overcome the 

safety issues associated with the other electrolyte based on solvents. In addition, they have 

high thermal and chemical stabilities and high operating potential (3.7 V) 
112

. As a result of 

large potential window, the energy density of EDLCs is significantly increased in comparison 

to organic and aqueous electrolyte based supercapcitors. But, the high cost, high viscosity and 

low ionic conductivity have decreased their viability in EDLCs.   

1.3 Need, Objectives and Scope of the Present Research Study 

1.3.1 Need of the Present Study 

 High energy denisty Li-S battery and high power density supercapacitor are 

considered to be promising candidates among the emerging energy storage systems. The Li-S 

cell, which works on the basis of conversion chemistry, has high energy density, which is 3-5 

times higher than that of the currently used LIBs. The sulfur cathode operates at a potential of 

2.1 V vs. Li/Li
+
 with a theoretical specific capacity of 1672 mAh g

-1
 and the energy density of 

2600 Wh kg
-1

. However, commercialization of the Li-S battery is greatly hampered due to 

polysulfide dissolution, insulating nature of sulfur and large volume expansion as discussed in 

the section 1.1. Moreover, the use of lithium metal as the anode has serious concern due to 

dendrite formation with repeated cycling processes that leads to cell short-circuit and thermal 

runaway.  

 In the recent years, much focus has been on overcoming the challenges of sulfur 

cathode by forming composite with conductive matrix. Among the different kinds of matrix 

used, the micro and mesoporous carbon is considered to be suitable host for sulfur cathode 
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and for ion adsorption. The micro/mesoporous carbon has unique properties such as high 

surface area, large pore volume, excellent electrical and mechanical properties 
22,113

. 

Therefore, in Li-S battery the sulfur-infiltered porous carbon material can overcome the 

insulating behaviour and also help in trapping the dissolved polysulfides in it. In the present 

research study, focus is made on the synthesis of bio-inspired activated carbon materials by 

using different naturally available precursors such as neem leaves, tissue paper and jute stalks. 

Moreover, these precursors are naturally available and the preparation of porous carbon 

materials involves simple, easy and chemical activation process. The activated carbon/sulfur 

composite was prepared by the melt-diffusion process. The effect of porous carbon materials 

and modified separator on sulfur cathode in improving the electrochemical performance and 

trapping the dissolved polysulfides has been studied. However, the use of lithium metal as an 

anode in Li-S battery remains a major drawback due to dendrite formation with repeated 

cycling, which leads to short circuit and thermal runaway of cell. The high capacity lithiated 

anodes such as lithiated tin and lithiated silicon can compensate the charge storage capacity of 

the sulfur cathode. In the present study, the investigator focused on synthesizing Sn/Graphene 

and Si/Graphite anodes and studied their electrochemical performance with sulfur cathode in 

full cell configuration. Moreover, these anodes have advantages of operating at relatively 

lower potential, low cost and higher specific capacity in comparison to conventional anodes 

of LIBs.    

In supercapacitor the development of porous carbon materials with good textural 

parameters from low cost carbon precursors is highly challenging. Therefore, the 

development of novel electrodes for supercapacitors is the need of the hour. For 

supercapacitor, the micro and mesoporous carbons provide numerous active sites for ion 

adsorption, which increase the charge storage capacity of the device. The porous carbon 

materials developed in the present study are also explored as electrodes for application in 

supercapacitors. 

1.3.2 Objectives of the Present Research Study 

The objectives of the present research study are as follows: 

1. To synthesize hierarchical (micro and meso) porous carbons from naturally available 

precursors for application in Li-S battery and supercapacitor. 

2. To synthesize high capacity anodes as alternative electrodes to lithium metal anode for 

Li-S battery. 



37 
 

3. To investigate into the electrochemical performance of the individual electrodes 

(cathodes and anodes) in half cell configuration by using lithium foil as the reference 

electrode. 

4. To fabricate and study the performance of the Li-S battery in full cell configuration by 

using the cathode and anode materials of superior electrochemical performance, 

developed in the present study. 

5. To investigate into the electrochemical performance of the porous carbon materials 

developed in the present study for application in supercapacitors. 

1.3.3 Scope of the Present Research Study 

The electrochemical studies of cathode, anode and full-cell in Li-S battery have been 

carried out in two electrode configuration by using 1M lithium bis-(trifluoromethyl-

sulfonylimide) (LITFSI) in a mixture of 1,3 dioxalane (DOL) and dimethoxyethane (DME) 

(DOL:DME as 1:1 by volume) with 5 wt% LiNO3 additive as the electrolyte. In 

supercapacitor, the electrochemical performance of the porous carbons developed in the 

present study has been carried out in both the three electrode and two electrode configurations 

by using 6M KOH (aqueous) as the electrolyte. The studies have been confined to the 

laboratory experiments and the electrochemical evaluation of the fabricated cells has been 

done at the room temperature of 25±1 ºC.  
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2.1 Synthesis of New Electrode Materials  

2.1.1 Li-S Battery 

Cathode Material: Preparation of Porous Carbon/Sulfur Composite 

Elemental sulfur powder of commercial grade obtained from Fischers Scientific was 

used for the preparation of the cathode materials. The complete cathode development in Li-S 

battery was focused on the preparation of novel carbon/sulfur composite material and cell 

design. During the preparation of porous carbon/sulfur, the mass of porous carbon material 

and elemental sulfur were weighed according to the required mass ratio. Then, a small amount 

of carbon disulphide (CS2) solvent was added to facilitate homogeneous distribution and 
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penetration of elemental sulfur into the pores of carbon. The resulting samples were dried at 

room temperature of 25 ºC and later thoroughly mixed in a mortar. Finally, the samples were 

heat treated in alumina crucibles at a preferred temperature of 155 ºC in a tubular furnace 

under argon atmosphere. The synthetic procedure of porous carbon/sulfur materials and the 

heat treatment procedure for the preparation of composites were discussed in detail later in the 

respective chapters of this thesis. 

Anode Material: Preparation of Sn/Graphene and Si/Graphite Anodes 

Sn/Graphene and Si/Graphite composites were prepared by electrodeposition and ball 

milling process respectively. The method of preparation is described in detail later in the 

corresponding chapter of this thesis. 

2.1.2 Supercapacitor 

For supercapacitor, the as-prepared porous carbon materials synthesized in the present 

study were also used for the fabrication of electrodes. 

2.2 Techniques for Characterization of Electrode Materials 

The morphology, structure, chemical composition and surface area of the synthesized 

porous carbon materials, sulfur infused porous carbon composites and anode materials were 

determined by different characterization techniques, which are described hereunder. The 

detailed explanation and interpretation of the results obtained by different characterization 

techniques are discussed in the respective chapters. 

2.2.1 Field Emission-Scanning Electron Microscopy (FE-SEM) 

The morphology of the as-prepared porous carbons, sulfur infused porous carbon 

materials and anode materials was investigated by using field emission scanning electron 

microscope (FE-SEM, Hitachi S-4300 SE/N).  

2.2.2 Transmission Electron Microscopy (TEM) 

The morphology of the as-prepared carbons, sulfur infused porous carbon composites 

and the presence of graphene and graphite in the anode (electrodeposited Sn/Graphene and 

ball milled Si/Graphite) were analysed by the transmission electron microscopy, FEI Tecnai 

T20 equipped with a Gatan Imaging Filter Tridiem using Energy filtered TEM. 

2.2.3 BET Surface Area Studies 

Nitrogen adsorption-desorption isotherm studies of the porous carbon materials were 

carried out by using Micromeritics ASAP 2020 analyser and the specific surface areas of the 

samples were determined by using the BET analysis. Prior to the analysis, the porous carbon 
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materials were subjected to degasification process at 120 ºC for 6h. Whereas, the 

degasification of porous carbon/sulfur composites was carried out at 70 ºC for 6h. This 

technique involves the adsorption and desorption of N2 gas onto the surface of the porous 

carbon materials at its boiling point. The amount of gas molecules required to form a 

monolayer on the surface can be calculated by using the equation (2.1).  

P/V(Po-P) = 1/Vm C + C-1/Vm C * P/Po                (2.1) 

Where P and Po are the equilibrium pressure and the saturation pressure of N2 gas, V is 

the volume of the gas adsorbed, Vm is the amount of monolayer of N2 adsorbed, and C 

is BET constant.  

A monolayer of N2 molecules adsorbed and the BET constant are calculated from the 

intercept and slope plot between P/V (Po–P) against P/Po. The specific surface area of these 

porous samples can be calculated by using the following equation 2.2. 

Specific surface area (m
2
 g

-1
) = Vm Am N/22414 * W  (2.2) 

Where Am is the cross sectional area of N2 (16.2 x 10
-20

 m
2
 for N2), N is the Avogadro 

number and W is the weight of the sample (g). 

2.2.4 Energy Dispersive X-ray Spectroscopy (EDS) 

Elemental mapping of sulfur and carbon in the synthesized composite samples was 

done by using an energy dispersive X-ray spectrometer (EDS). In order to record the 

elemental mapping of the electrochemically cycled samples, the cells were decrimped inside a 

glove box. Later, the electrodes were soaked in 1:1 DME-DOL solvent (by volume) for five 

minutes. After evaporating the solvent, the electrodes were used for recording the elemental 

mapping of sulfur and carbon. 

2.2.5 Thermogravimetric Analysis 

Thermogravimetric analysis was used to study the change in the weight of the sample 

as a function of temperature under controlled atmosphere. The TGA instrument consists of 

high sensitive weighing balance, which gives the information about weight loss or gain in the 

sample. In the present study, the amount of sulfur present in the composites was measured 

under argon flow by thermogravimetry instrument Netzch (Luxx, sTA, 449 Jupiter Germany) 

analyser. The weight loss in the TGA curve gives the information about the amount of sulfur 

present in the composites. 
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2.2.6 X-ray Diffraction Analysis 

X-ray diffraction (XRD) technique is used to determine the crystal structure of the 

materials. The XRD spectrum is obtained by the interaction of high energy X-ray beam with 

the crystalline materials, which satisfies the Braggs law.  

Braggs Law is expressed by an equation as follows. 

nλ = 2d sin θ      (2.3) 

Where n is the order of diffraction, λ is the wavelength, d is the distance between the planes 

and θ is the incident angle. 

 The universal database also known as Joint Committee on Powder Diffraction 

Standards (JCPDS) is used to identify the crystal structures of the materials. The JCPDS is a 

collection of standard XRD patterns, which corresponds to the interplanar distances of 

specific crystallographic properties of the materials. In the present study, the X-ray diffraction 

patterns of both the sulfur infused porous carbon composites and anodes were recorded by the 

XRD instrument, Bruker D8 Advance, Germany using Cu-kα (λ=1.54 Aº) radiation and the 

data are collected in the 2θ range of 10-80º. 

2.2.7 Raman Spectroscopy 

Raman spectroscopy is a powerful technique used to identify the chemical and 

structural properties of the materials. The Raman scattering is obtained when a 

monochromatic laser light interacts with the electron cloud of the sample. If the energies of 

the incident and scattered photons are equal, it is named as Rayleigh scattering (elastic 

scattering). Whereas, if the energy of the scattered photons is less than that of the incident 

photons, it is known as stokes line and if the energy of the scattered photons is higher than 

that of the incident photon, it is known as anti-stokes line. These two types of scattering are 

Raman active (inelastic scattering) and the peaks in the spectrum are characteristic of the 

specific material.  

The Raman shift is calculated by using the following equation: 

Raman shift (∆ω) = (1/λ0 - 1/λ1)    (2.4) 

Where λ0 is the excitation wavelength and λ1 Raman spectral wavelength. 

In the present study, the structural features of the as-prepared carbons, sulfur infused 

composite materials and the presence of graphene in anode materials were analysed by 
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Raman spectrometer (Model: Horiba JobinYvon Lab Ram HR-800), with an argon ion laser 

as a source at an excitation wavelength of 514 nm. 

2.2.8 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy is a surface analytical technique used to determine 

the oxidation states and chemical composition of the elements in the samples. When a beam 

of X-ray is irradiated on the sample, the electrons are ejected from the surface and the kinetic 

energy of the ejected electrons is calculated by using the equation 2.5. 

Kinetic energy = hυ – BE – φs    (2.5) 

Where hυ is the energy of photon, BE is the binding energy of electron and φs is the 

work function. 

 The survey scan spectrum was obtained by passing the energy of 187.9 eV and 

the deconvolution spectra were recorded for the elements of interest namely C 1s and S 2p 

with a step of 0.1 eV. The XPS instrument was calibrated using Au foil for which the 

characteristic binding energy value of 4f electron is 84.1 eV. In the present study, the 

oxidation state and the chemical composition of sulfur incorporated porous carbon samples 

were analysed by the Omicron X-ray photoelectron spectrometer model ESCA 2SR Germany 

using Mg-Kα radiation as the excitation source. The high resolution spectra were obtained by 

passing the energy of 20 eV with an energy step of 0.1 eV. 

2.3. Electrochemical Studies 

2.3.1 Electrode Preparation and Cell Fabrication 

2.3.1.1 Electrode Preparation  

Li-S Battery 

The working electrodes (cathode) were prepared by using active material, conductive 

additive (super P carbon) and binder in the weight ratio of 80:10:10. Super P carbon is 

procured from TIMCAL Ltd., Switzerland. The super P carbon is a very fine powder and has 

some of the specific characteristics such as high electrical conductivity, high BET surface 

area, density of 160 kg m
-3

 and has low moisture content (0.1%). The co-electrodeposited 

Sn/graphene composite is directly used as anode, while the Si/graphite electrodes were 

prepared by using active material, conductive additive and binder in the weight ratios as 

60:20:20. Firstly, the binder is dissolved in the suitable solvent followed by the addition of 

conductive carbon and active material. Then, all these were thoroughly ground in a mortar. 
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The homogeneous mixed slurry was coated on a current collector and then dried in vacuum 

oven at 60 °C for 12 h. Finally, the electrodes were punched into 12 mm discs with the help of 

a disc cutter and used for cell fabrication. 

Supercapacitor 

For the three-electrode system, the working electrode was prepared by mixing active 

material, acetylene black and polytetrafluoroethylene (PTFE) binder in the weight ratio of 

80:10:10 respectively and the homogenous mixture was subsequently coated onto the Ni foam 

(current collector) and dried at 100 ºC for 12 h. For the two electrode system, the working 

electrode was prepared by mixing active material, acetylene black and PVDF binder in N-

methyl-2-pyrrolidone (NMP) solvent in the weight ratio of 80:10:10 respectively. The slurry 

was uniformly coated onto stainless steel current collector and was dried in an oven at 100 ºC 

for overnight. 

2.3.1.2 Electrolyte Preparation 

Li-S Battery 

The laboratory reagent grade (L.R) materials namely bis(triflouromethane)-

sulfonamide lithium salt (LITFSI), 1,3-dioxalane (DOL) and dimethoxyethane (DME), 

procured from M/S Sigma Aldrich were used for the preparation of electrolyte. The 

electrolyte preparation has been done in an argon filled glove box. A 1M electrolyte solution 

was prepared by dissolving LITFSI in a mixture of DOL and DME in 1:1 ratio by volume. 

After dissolution of the salt in the solvent, LiNO3 (5 wt %) was added as an additive and the 

solution was stirred until the additive was dissolved completely in the solvent.  

Supercapacitor 

Potassium hydroxide (KOH) (L.R grade) was obtained from M/S Fischer Scientific. A 

6M KOH solution was prepared and used as an electrolyte for both the three and two 

electrode configuration systems. 

2.3.1.3 Cell Fabrication Procedure 

Li-S Battery  

Two electrode system either in the form of 2032 coin cell or swagelok cell was 

employed for the fabrication of Li-S cells and all the cells were assembled in argon-filled 

glove box. The 2032 coin cells were procured from MTI corporation, USA and the 

SWAGELOK cells (SS 316L grade) from SWAGELOK Bangalore, India. The current 

collector coated with the active material was used as the working electrode and a lithium 
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metal foil was used as the reference electrode. The two electrodes were separated by 

polypropylene membrane (celgard-2400). 1M LITFSI containing 5 wt % of LiNO3 as additive 

was used as an electrolyte and the schematic representation of cell fabrication process is 

shown in the figure 2.1. It may be noted that for the fabrication of half cells (individual 

cathode or anode), the lithium metal was used as a reference electrode. Whereas, for the full-

cell fabrication, a thin lithium foil placed on the surface of Si/graphite was used as the anode 

and the sulfur infused porous carbon was used as the cathode. The modification in the 

electrode fabrication with modified separators and the amount of lithium used for full cell 

measurements were described in the respective chapters of this thesis. Before evaluating the 

electrochemical performance, the fabricated cells were kept for stabilization at room 

temperature (25 ºC) for 4-6 h. 

 

Figure 2.1 (a) Schematic representation for the fabrication Li-S cell. 

 

Figure 2.2 Schematic representation of (a) Three-electrode set-up and (b) Two-electrode set-

up for supercapacitor. 
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Supercapacitor 

For the three-electrode system, the Pt foil and Ag/AgCl (1M KCl) were used as the 

counter and reference electrode respectively. The Ni foil coated with porous carbon acted as 

the working electrode and 6M KOH was used as the electrolyte. Whereas, the two electrode 

systems were prepared using swagelok cells with symmetrical carbon electrodes separated by 

glass microfibre filter paper (Grade GF/D) separator with 6M KOH as the electrolyte. The 

fabricated cells were kept for stabilization at room temperature (25 ºC) for 4-6 h prior to the 

electrochemical studies. The schematic representation for the three and two electrode set-ups 

is given in figure 2.2a and b. 

2.3.2 Cyclic Voltammetry Studies 

Cyclic voltammetric studies of the electrodes were carried out by the Solatron 1260 

impedance/gain phase analyzer. In Li-S battery, the cathode and anode materials were     

tested in the potential range of 1.5 to 2.8 V and 0.01 to 1.5 V, respectively at a scan rate of            

0.1     mV s
-1

. Whereas, full-cells were tested in the potential range of 1.0 to 2.6 V at a scan 

rate of 0.1 mV s
-1

. For supercapacitor, the CV studies for the three and two electrode 

configurations were performed in the potential range of -1.0 to 0.0 V and 0.0 to 1.0 V, 

respectively, at different scan rates.  

2.3.3 Galvanostatic Charge/Discharge Studies 

For Li-S battery, the galvanostatic charge/discharge measurements were carried out by 

using battery testing station (Arbin instruments, Model: BT2000) in the voltage range of    

1.5-2.8 V vs. Li/Li
+
 for sulfur half cells, 0.01-1.5 V vs. Li/Li

+
 for anode (Sn and Si) half cells 

and 1.0-2.6 V for lithiated Si-S full cells, respectively at different current rates. Whereas, the 

charge/discharge studies of the symmetric supercapacitor were done in the potential range of 

0.0 to 1.0 V at different current densities. 

2.3.4 Electrochemical Impedance Spectroscopy (EIS) 

The AC impedance studies of the electrodes (Li-S battery and supercapacitor) were 

carried out by impedance/gain phase analyzer, Solartron-1260 in the frequency range of 100 

kHz to 0.01 Hz with an ac signal amplitude of 10 mV. 

2.3.5 Calculations 

Li-S Battery: 

Capacity: The total number of ampere-hours or watt-hours that can be withdrawn from 

a fully charged cell or battery under specified condition of discharge. 
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The specific capacity of the cells (CCD) was calculated by using a formula given in the 

equation (2.6).  

Specific capacity CCD = I * t / m * 3600 mAh g
-1 

          (2.6) 

Where, I is the charge/discharge current in amperes, t is the discharge time in 

seconds and m is the active material mass in grams. 

Gravimetric energy density: Energy density is the measure of the energy storage 

efficiency of a battery, usually expressed in watt-hours per kilogram (Wh kg
-1

). 

The energy density (ED) of the cells was calculated by using a formula given in the equation 

(2.7). 

Gravimetric energy density = Battery voltage * Specific capacity Wh kg
-1 

  (2.7) 

Gravimetric power density: Power density is the measure of power delivered by a 

battery (per unit mass), usually expressed in watt per kilogram (W kg
-1

) 

The power density (PD) of the cells was calculated by using a formula given in the 

equation (2.8). 

Gravimetric power density = Energy density / time (h) W kg
-1

     (2.8) 

Supercapacitor: 

For a three electrode system, the specific capacitance was calculated from the 

discharge profile using the equation (2.9). 

Specific capacity Cs,CD = I * t / m * V       (2.9) 

Where I is the charge/discharge current (A), t is the discharge time (s), m is the 

active material mass (g), and V is the voltage change (V) excluding the IR drop during the 

discharge process. 

The specific capacitance (Cs) for the two electrode configuration based on the mass of 

single electrode was calculated from the discharge profile using the equation (2.10). 

Specific capacity Cs,CD = 2 (I * t / m * V)      (2.10) 

Where I is the discharge current (A), t is the discharge time (s), V is the voltage change (V) 

excluding the IR drop and m is the mass of carbon (g) at each electrode. A factor of two is 

used as multiplication factor due to the series capacitance formed in the two-electrode system. 
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Chapter 3 

Synthesis and Electrochemical Studies of High Capacity  

Cathodes for Li-S Battery 
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3.2.3 Results and Discussion: 

Electrochemical Studies (CV, C/D, 

CY and EIS) 

3.3.4 Conclusions 

 3.4 Comparison of the Micro and 

Mesoporous Carbon-Sulfur 

Composites Developed in the 

Present Study with those reported 

in the Literature 

Introduction  

 A variety of strategies have been implemented in recent years to overcome the 

insulating behaviour of sulfur cathode and polysulfide dissolution in a Li-S cell. These 

include the designing of novel cathode structures such as mesoporous carbon/sulfur, 

graphene/sulfur and metal oxide/sulfur nanocomposites as discussed in the chapter 1 (Section 

1.1.1) 
1,2,3

. These types of composites help in improving the electrochemical performance of 

the sulfur cathode by constraining the dissolved polysulfide species in them. Among these, 

the micro and mesoporous carbon materials with unique physicochemical properties such as 

high specific surface area, excellent electrical conductivity, good chemical and thermal 

stabilities played a significant role in enhancing the electrical conductivity, trapping of 

dissolved polysulfide into the pores and accommodating large volume expansion during the 

redox process. Though these carbon materials exhibited promising electrochemical 

performance with improvement in the specific capacity and cycle stability, the preparation of 
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these porous carbon materials involves tedious experimental conditions and complex 

procedures which also make the process expensive 
4,5,6,7

.
 

 Recently activated carbons (ACs) derived from biomass is attracting attention owing 

to its unique advantages such as environmental friendliness, facile synthetic process and low 

cost 
8,9

. Further, high surface area, good electrical conductivity and well developed porous 

structure of AC led to promising electrochemical stability during charge/discharge 

process
10,11

. For example, S. Wei et al.
12

 have prepared AC derived from pig bone and     

used  it as a matrix for sulfur cathode, which delivered initial discharge capacity close to  

1265 mAh g
-1

. The heteroatom doped AC material prepared from soyabean residue exhibited 

excellent electrical conductivity and high specific surface area and showed promising 

electrochemical performance in terms of capacity and cyclability 
11

.
 
Subsequently, the 

activated carbons derived from various biomass precursors such as olive stone 
13

, corncob 
9
, 

fish scale 
14

 and pomelo peel 
15

 have been explored in Li-S battery and these have shown 

significant improvement in the active material utilization during the redox process.
 

 In this background, the investigator focused on the synthesis of activated carbon 

materials from biomass namely neem leaves, tissue paper and jute stalks in order to further 

enhance the electrochemical performance of the sulfur cathode in Li-S battery. A simple and 

cost effective KOH chemical activation process has been adopted in the present study and the 

reaction mechanism for the formation of porous structures by KOH activation is presented 

hereunder. 

Reaction Mechanism of KOH Activation: 

 The reaction of KOH with carbon proceeds via solid-solid reaction and also solid-

liquid reaction. The mechanism proposed for the formation of porous structures depends on a 

large number of variables such as operating temperature, precursors used and the amount of 

the activating agent 
16

. The mechanism involves reduction of potassium compounds (KOH, 

K2CO3, K2O) to elemental potassium and oxidation of carbon to carbonates, accompanied by 

the evolution of a large number of gasses like CO, CO2 and H2O (g). D. L. Castello et al.
17

 

have studied the reaction between KOH and carbon by combining the experimental and 

theoretical data and proposed a series of reactions as given in the equations (3.1) to (3.6). 

Initially, at about 400 ºC, KOH reacts with carbon to form K2CO3 (eqn 3.1), which further 

decomposes to K2O and CO2 as the temperature increases to 800 ºC (approximately) 
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(equations 3.2 and 3.3). Concurrently, the as-formed K2CO3 (eqn 3.1), CO2 and K2O (eqns 3.2 

and 3.3), further react with carbon to produce CO and metallic potassium at this higher 

temperature (~800 ºC) (eqns 3.4 to 3.6).    

6KOH + 2C → 2K + 3H2 + 2K2CO3 (3.1) 

2KOH  → K2O + H2O (3.2) 

K2CO3 → K2O + CO2 (3.3) 

CO2 + C → 2CO (3.4) 

K2CO3 + 2C → 2K + 3CO (3.5) 

C + K2O → 2K + CO (3.6) 

 Based on the above reactions, three types of activation mechanisms have been 

proposed. Firstly, the redox reaction between various potassium compounds and carbon 

framework (eqns 3.1, 3.5 and 3.6) is called the chemical activation process. This leads to the 

formation of a large number of porous structures during the heat treatment process. Secondly, 

The H2O and CO2 formed during the activation process also act as additional pore generating 

agents by gasification of C (physical activation) as given in the equations 3.2 and 3.4. Thirdly, 

the metallic K formed (eqns 3.1, 3.5 and 3.6) during the activation process, intercalates into 

the carbon matrix, which results in the expansion of carbon lattice. During acid washing, the 

intercalated K based compounds diffuse out from the carbon matrix and thus additional 

microporosity will be generated in this process. The comprehensive effects of chemical 

activation, physical activation and lattice expansion of carbon result in the formation of micro 

and mesoporous structures with high specific surface area and large pore volume in the 

carbon matrix.    

 The present chapter is divided into four sections, which comprise the experimental 

details, results and discussion of micro and mesoporous carbon synthesized from fallen neem 

leaves (section 3.1), micro and mesoporous carbon synthesized from tissue paper (section 

3.2), micro and mesoporous carbon synthesized from jute stalks (section 3.3) and their 

application as hosts for sulfur cathode in a Li-S battery. The Section 3.4 presents a 

comparison of the developed porous carbons in the present study and with those reported in 

the literature. 
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Section 3.1 Neem Leaves-Derived Micro and Mesoporous Carbon as an Efficient 

Polysulfide Inhibitor for Sulfur Cathode  

 The preparation of most of the activated carbon (AC) materials involves a two-step 

process. The biomass materials were initially pre-carbonized at a lower temperature to 

remove the volatile organic compounds followed by soaking the pre-carbonized powders into 

an activating agent and final carbonization at high temperatures. Considering commercial 

point of view, it is essential to adopt the methods that are quick, easy and simple to synthesize 

micro and mesoporous carbon materials. In-situ KOH activation is one such way to simplify 

the process to prepare AC materials and very few literature reports on this method are 

available 
18,19

.
 
The aim of the present study is to synthesize micro and mesoporous carbon 

from neem leaves (Azadirachta Indica) by the method of in-situ KOH activation and study its 

performance as polysulfide inhibitor for sulfur cathode in Li-S battery.  

3.1.1 Synthesis of NLMC and NLMC/S Cathode 

Synthesis of NLMC 

 The fallen neem leaves were collected from the local neem trees and thoroughly 

cleaned with deionised (DI) water followed by drying in an oven at 80 °C. These dried neem 

leaves were ground in a mortar to form a powder and this powder was soaked in 25 ml of 

KOH solution with different weight ratios of NLMC to KOH in grams as 1:0, 1:0.2, 1:0.3 and 

1:0.4. The KOH soaked powders were dried in an oven at 100 °C. The dried samples were 

heat treated in a tubular furnace at 1000 °C for 4 hours in an argon atmosphere at a heating 

rate of 10 °C per minute. The black powders thus obtainded were washed with 1M HCl and 

1M HF followed by DI water and finally dried in an oven at 100 °C. The resulting samples 

prepared with the powder of neem leaves to KOH ratios of 1:0, 1:0.2, 1:0.3 and 1:0.4 were 

labeled as NLMC-1, NLMC-2, NLMC-3 and NLMC-4, respectively. The investigator also 

made an attempt to prepare the NLMC with wt ratio of neem leaves powder to KOH in grams 

as 1:0.5. In this experiment, it was found that the yield of activated carbon is much lower than 

NLMC-4. The reason may be that at this concentration of KOH, more carbon is oxidized to 

CO2 and CO. Therefore, the studies are limited up to NLMC-4. 
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Figure 3.1.1 Schematic representation for the synthesis of NLMC/S cathode and cell 

fabrication process. 

Synthesis of NLMC/S Cathode 

 Initially, the elemental sulfur powder was dissolved in minimum amount of carbon 

disulfide (CS2) solvent and the resulting solution was mixed with as-prepared carbon 

materials (NLMC-1, NLMC-2, NLMC-3 and NLMC-4) to form a final weight ratio of 3:1. 

The preliminary studies were made in order to prepare the NLMC/S composites with much 

higher sulfur loading into porous carbon matrix. According to the literature reports,               

L. Y. Li et al.
20

 has synthesized porous carbon/sulfur composite with the initial weight ratios 

of sulfur to porous carbon as 3:1 to obtain a composite with 58 wt % of sulfur and studied its 

electrochemical performance. C. P. Yang et al.
21

 prepared the porous carbon/sulfur composite 

with 53 wt% of sulfur in the carbon matrix by using the weight ratios of sulfur to carbon as 

2.4:1. Therefore, in the present study, the investigator has chosen the mass ratio of 3:1 during 

the synthesis of NLMC/S composites. The sulfur diffuses into the micro and mesopores of the 

NLMC. As the CS2 gets evaporated, the sulfur gets precipitated in the micro and mesopores 

of the NLMC. The powders were heated initially at 155 °C for 12 hours and then finally at 

300 °C for 2 hours in closed alumina crucibles at a heating rate of 5 °C per min. At 155 °C, 

most of the molten sulfur gets penetrated into the porous carbon and in final heating stage at 
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300 °C, maximum content of exposed sulfur on the outer surface is evaporated. Thus, as-

obtained sulfur infused carbon materials were named as NLMC-1/S, NLMC-2/S, NLMC-3/S 

and NLMC-4/S, respectively. Further, the sulfur loading into NLMC-4 was also done by 

increasing the amount of elemental sulfur into NLMC-4 by keeping the different ratios of 

sulfur to carbon (NLMC), i.e., 3:1 and 5:1. X. Tao et al.
22

 have prepared kapok fiber-derived 

carbon nanotile/sulfur composites with difference in the initial mass ratios of sulfur to porous 

carbon as 3:1 and and 15:1, respectively, to study the effect of higher sulfur loading on the 

electrochemical performance of sulfur cathode. In the present study, the sulfur to NLMC-4 

with difference in weight ratios of 3:1 and 5:1 were labelled as NLMC-4/S50 and NLMC-

4/S67, respectively, as in the former 50 wt% has been infused into carbon and in the later 

case, 67 wt% has been infused into carbon. 

 Two electrode systems were constructed using standard 2032 coin cells by using 

NLMC/S as the cathode, lithium foil as the reference electrode and 1M LITFSI with 5 wt% 

LiNO3 as electrolyte. The assembled cells were kept for stabilization for 4 h at room 

temperature. The Schematic illustration for the preparation of NLMC/S cathode and the cell 

fabrication process are given in the figure 3.1.1.  

3.1.2 Results and Discussion: Characterization of NLMC and NLMC/S Cathode 

3.1.2.1 Morphological Analysis: 

 The morphological studies of the as-prepared NLMC samples were analyzed by FE-

SEM and TEM. Figure 3.1.2 shows the SEM, TEM and the corresponding HR-TEM images 

of the as-prepared NLMC-1, NLMC-2, NLMC-3 and NLMC-4. All the samples show similar 

type of morphological characteristics with macropores, which are expected to improve the 

wettability of the electrode, and increase the ionic mobility during the charge/discharge 

process. It is interesting to note that the in-situ KOH activated NLMC has more mesopores 

and macropores in comparison to NLMC sample as shown in the figure 3.1.2. As the neem 

leaves contain trace amounts of elements such as Ca, K, Mg, Si, O 
23

, the excessive addition 

of KOH to the sample induces additional mesopore sturctures as well as an increase in the 

graphitic nature of the sample during the heat treatment process. 
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Figure 3.1.2 FE-SEM (a-d) and TEM images (e-h) of NLMC-1, NLMC-2, NLMC-3 and 

NLMC-4 respectively and the corresponding HR-TEM images (i-l). 

3.1.2.2 N2 Adsorption/Desorption Analysis: 

 N2 adsorption/desorption studies were conducted to analyse the textural properties of 

the as-prepared NLMC-1, NLMC-2, NLMC-3 and NLMC-4 samples (figure 3.1.3). All the 

samples represent the type IV isotherm, which is characteristic of the mesopore structures in 

the samples 
9
. Further, the linear feature of the isotherm at low relative pressure indicates the 

presence of micropores (figure 3.1.3a). It can be seen from the table 3.1 that the as-prepared 

NLMC-1 displays the lowest specific surface area, which increases with an increase in the 

amount of KOH used in the activation process. The pore size distribution of all the NLMC 

samples (figure 3.1.3b) was analysed by using 2D non-local density functional theory 

(NLDFT), which showed the presence of micropores in the range of 0.8 to 1.0 nm, in addition 

to the presence of mesopores in the range of 3-4 nm. NLDFT is a non-local density functional 

theory, which is used to determine the pore size distribution ranging from micro to mesopores 

in the sample. More precisely, the presence of microporous structures (< 2nm) in the as-

prepared activated carbon materials 
24,25

. From the data, the pore volumes are calculated and 

presented in the table 3.1. It is interesting to note that the increase of mass ratio of KOH-

carbon evidently makes the micropores broaden and the formation of large mesopores is 

observed as shown in the figure 3.1.2b for NLMC prepared with KOH-carbon ratio of 0.4:1. 

The surface area and pore volume of KOH treated NLMC (2-4) samples are significantly 
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higher than those of NLMC-1, indicating that the in-situ activation of KOH plays an 

important role in inducing significant fraction of micro and mesoporous structures in the 

carbon. The high surface area and large pore volume are advantageous for the carbon as it can 

uptake high amount of sulfur, which improves the overall lithium ion kinetics during redox 

reactions via easy access of electrolyte into the pores 
26

. Further, the presence of mesoporous 

structure not only acts as polysulfide dissolution barrier, but also accommodates volume 

expansion during the discharging process.  

 

Figure 3.1.3 (a) N2 adsorption/desorption isotherms and (b) Corresponding pore size 

distribution curves of NLMC-1-4. 

Table 3.1.1 Comparison of surface area and pore size distribution of NLMC-1-4 

Activated carbon 

sample 

Surface area 

(m
2
 g

-1
) 

Pore volume 

(cc g
-1

) 

NLMC-1 93 0.17 

NLMC-2 1175 0.67 

NLMC-3 1411 1.09 

NLMC-4 1872 1.59 

3.1.2.3 EDS Elemental Mapping and TG Analysis: 

 The distribution of sulfur in NLMC samples was analyzed by EDS elemental mapping 

and the results show the homogenous distribution of sulfur throughout the carbon matrix 

(figure 3.1.4). Further, the thermogravemetric (TG) curves of sulfur infused NLMC 1-4 

samples (figure 3.1.5) show a weight loss in the temperature range of 200 to 350 °C. The 

NLMC-1/S showed the weight loss at lower temperature range, following the trend 
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corresponding to the weight loss of elemental sulfur. However, the sulfur infused NLMC-2-4 

samples displayed a weight loss in the TG curves at a higher temperature range indicating that 

the sulfur present in the micro and mesoporous structure diffused slowly in contrast to the 

NLMC-1/S 
9
. From the TG curves the sulfur contents in the NLMC-1/S, NLMC-2/S, NLMC-

3/S, NLMC-4/S50 and NLMC-4/S67 are calculated to be 38.6, 46.6, 48.8 and 50.1 % 

respectively. 

 

Figure 3.1.4 SEM images of sulfur infused NLMC-1, NLMC-2, NLMC-3 and NLMC-4 (a-d) 

with the corresponding elemental map of sulfur (yellow) and carbon (red). 
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Figure 3.1.5 (a) TG curves of sulfur infused NLMC1-4-S composites and (b) TG curves of 

NLMC-4/S50 and NLMC-4/S67. 

3.1.2.4 Raman Spectral Analysis: 

 Figures 3.1.6a and b show the Raman spectra of the as-prepared NLMC1-4 and the 

corresponding sulfur infused composites. The Raman spectra of these samples display peaks 

at 1350 cm
-1

, which correspond to the characteristic D band and are assigned to the A1g mode 

of defective carbon atoms. These spectra also show peaks at 1590 cm
-1

 corresponding to       

G band, which are assigned to the E2g vibration mode of graphitic carbon atoms 
27

. The 

elemental sulfur shows the Raman scattering in the low wave number region (<500 cm
-1

), 

which corresponds to the characteristic vibration mode of sulfur atoms 
22

. This elemental 

sulfur peak is missing in sulfur infused NLMC-1-4 composites. D. Wang et al. 
28

, also 

observed similar Raman spectra for the samples after sulfur infusion into micro and 

mesoporous structures and concluded that the sulfur is completely confined into the porous 

carbon matrix. Thus, from the Raman spectra of the samples in the present study, it may be 

inferred that the sulfur is diffused into the micro and mesoporous carbon matrix during the 

heat treatment process. 
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Figure 3.1.6 Raman spectra of (a) as-prepared and (b) sulfur infused NLMC-1-4 composites. 

3.1.3 Results and Discussion: Electrochemical Studies (CV, C/D, CY and EIS) of NLMC/S 

Cathode 

 The electrochemical performance of NLMC/S cathode materials was evaluated with 

respect to Li anode in the potential range of 1.5 to 2.8 V. In order to select the composite 

material with superior electrochemical performance, a comparison of the discharge profiles of 

all the prepared materials is made at 0.1 C rate as shown in the figure 3.1.7. The NLMC-1/S, 

NLMC-2/S, NLMC-3/S and NLMC-4/S cathodes delivered initial discharge capacities of   

424 mAh g
-1

, 868 mAh g
-1

, 1185 mAh g
-1

 and 1396 mAh g
-1

 respectively. Thus, the in-situ 

activated NLMC/S cathodes delivered high specific discharge capacities due to high surface 

to volume ratio of carbon that improves the ionic and electrical conductivities, which in turn 

increase the utilization of active material during the redox process.  

The NLMC-1/S cathode shows poor cycle performance with low discharge capacity of 

167 mAh g
-1

 at 50
th

 cycle due to low surface area with negligible pore volume. Even after 50 

charge/discharge cycles the NLMC-2/S, NLMC-3/S and NLMC-4/S cathodes exhibit the 

discharge capacities of 540 mAh g
-1

, 774 mAh g
-1

 and 901 mAh g
-1

, respectively. Among all 

the electrodes, NLMC-4/S exhibits the highest discharge capacity even after 50 charge/ 

discharge cycles. This is attributed to large pore volume, trapping the soluble polysulfides 

into the porous carbon matrix and also accommodating large volume expansion. It is reported 

in the literature that the presence of micro/mesoporous structures in the carbon matrix       

helps in entrapping the dissolved polysulfide species in the cathode part and improves         

the electrochemical performance of sulfur cathode for longer cycles 
29

. For example,            

G. Lu et al.
30

, prepared porous graphitic carbon material with high surface area, large pore 
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volume and the resulting sulfur composite exhibited high discharge capacity for longer cycles. 

This behaviour is due to efficient trapping of dissolved polysulfide species in the porous 

structures and improved ionic and electronic conductivities. 

 

Figure 3.1.7 Comparative cycle performance of NLMC-1/S, NLMC-2/S, NLMC-3/S and 

NLMC-4/S cathodes measured in the voltage range of 1.5-2.8 w.r.t Li anode at 0.1 C rate. 

 As the NLMC-4/S showed the highest discharge capacity, it was selected for higher 

loading of sulfur and for further electrochemical studies. The cyclic voltammetric (CV) 

studies were conducted in order to study the electrochemical behaviour of NLMC-4/S50 

cathode, which contains 50% by weight of sulfur (figure 3.1.5) in the composite material. 

Figure 3.1.8 shows the CV profile of NLMC-4/S50 for the initial 10 cycles carried out at a 

scan rate of 0.1 mV s
-1 

in the potential range of 1.5 to 2.8 V vs. Li/Li
+
 electrode. It is well 

known that the oxidation/reduction reaction of the sulfur cathode with lithium involves 

stepwise and complex reactions 
12,31

. During the cathodic scan, the composite shows a pair of 

peaks at about 2.3 V and 2.1 V, which can be assigned to formation of long chain polysulfide 

(Li2Sn, n= 4 to 8) and its reduction to short chain polysulfides (Li2S2 and Li2S) as the final 

discharge product. In the anodic scan, a sharp oxidation peak is observed at a potential of    

2.4 V, which is attributed to reversible conversion of lithium sulfide to elemental sulfur 
32,33

. 

In the subsequent scan upto 10 cycles, no changes are observed in redox peaks, suggesting 

high electrochemical stability of NLMC-4/S50 composite cathode. 
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Figure 3.1.8 (a) CV profile of NLMC-4/S50 carried out at 0.1 mV S
-1

 scan rate.  

 Figure 3.1.9a shows the schematic representation for the fabrication of NLMC-4/S 

cell, wherein, NLMC/S is used as cathode and lithium metal as the reference electrode. 

Further, the electrochemical performance of sulfur infused NLMC-4 cathode with higher 

loading of sulfur (NLMC-4/S50 and NLMC-4/S67) has also been studied at 0.1 C rate and the 

initial charge/discharge curves are shown in the Figure 3.1.9b. A two-stepped plateau is 

observed in the discharge profiles for both the cells, which corresponds to multi-electron 

transfer reaction between elemental sulfur and lithium. The flat charge curves indicate the 

reversible conversion of polysulfide intermediates to sulfur. These results are in good 

agreement with those of CV studies. Initially, the NLMC-4/S50 and NLMC-4/S67 electrodes 

delivered high discharge capacities of 1391 mAh g
-1

 and 1096 mAh g
-1

, respectively. After, 

50 charge/discharge cycles (Figure 3.1.9c), the NLMC-4/S50 cell displays much higher 

capacity of 896 mAh g
-1

 than that of NLMC-4/S67 (544 mAh g
-1

), indicating that the higher 

loading of active material into the porous carbon matrix decreases the electrochemical 

performance of sulfur cathode during redox process 
34

. This behavior is mainly due to the 

deposition of excess sulfur on the surface of porous carbon, which increases dissolution of 

soluble polysulfide species into the electrolyte. Moreover, the presence of excess active 

material may also reduce the ion and electron motilities due to a decrease in the pore volume 

or blockage of pores. Hence, it is inferred that the NLMC-4/S50 with 50 wt % of sulfur 

loading exhibits superior electrochemical performance in comparison to NLMC-4/S67 with 

67 wt%.  
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Figure 3.1.9 (a) Schematic representation for the fabrication of NLMC/S cell, (b) and (c) are 

the charge/discharge, cycle performance curves of NLMC-4/S50 and NLMC-4/S67, 

respectively and (d) cycle performance curve of NLMC-4/S50 cathode measured at different 

current rates (0.2 C, 1 C, 2 C and 3 C) for over 50 cycles. 

B. Zhang et al.
26

 also prepared hierarchically porous carbon microfibers/sulfur 

composites with different sulfur loading of 48 wt% and 66 wt% into porous carbon matrix. 

They have observed an improved electrochemical performance of the sulfur cathode with     

48 wt% of sulfur infusion into porous carbon matrix in comparison to 66 wt%. The reduced 

performance is due to higher sulfur loading, which increases the dissolution of dissolved 

polysulfide species into the electrolyte. Further, the NLMC-4/S50 cathode delivered discharge 

capacities of 784 mAh g
-1

, 608 mAh g
-1

, 464 mAh g
-1

 and 344 mAh g
-1

 at different current 

rates of 0.2 C, 1 C, 2 C and 3 C, respectively even after 50 cycles (figure 3.1.9d) 

demonstrating the rate capability and electrochemical stability of NLMC-4/S50. 

The difference in electrochemical performances of NLMC-4/S50 and NLMC-4/S67 

was also validated by EIS and the Nyquist plots are shown in the Figure 3.1.10. The plots of 

both the electrodes showed depressed semicircles in the high frequency region, which 
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corresponds to charge transfer region at the electrode/electrolyte interface. These are also 

characterized by the Warburg impedance in the low frequency region, which is associated 

with the diffusion of  lithium ions from the electrode surface into the electrolyte 
20

. The 

experimental results fitted well with the equivalent circuit shown in the in-set of figure 3.1.10. 

Rs represent the resistance of the electrolyte, Rct is the charge transfer resistance, CPE is the 

constant phase element and Wo is the Warburg resistance caused by the diffusion of lithium 

ions in the porou electrode. The NLMC-4/S50 electrode displayed lower Rct of 29.8 Ω in 

comparison to NLMC-4/S67 with an Rct of 56.6 Ω. X. Gu et al.
29

 also observed an increase in 

Rct value with an increase in sulfur loading into carbon matrix, which is mainly due to the 

presence of higher content of sulfur on the electrode resulting in higher cell resistance. This 

result confirms that an improved charge transfer process takes place with optimum sulfur 

loading into the carbon matrix and thus the resulting cell achieves an enhanced 

electrochemical performance. 

 

Figure 3.1.10 Nyquist plots of NLMC-4/S50 and NLMC-4/S67 electrodes. 

 The longer cycle performance tests for the sulfur infused NLMC samples with and 

without in-situ KOH activation were also conducted at 1 C rate (figure 3.1.11). Initially, the 

NLMC-4/S50 cell showed a higher discharge capacity of 939 mAh g
-1

, in comparison to 

NLMC-1/S (279 mAh g
-1

), inferring that the porous carbon with high surface area provides 

enough space for sulfur infiltration during the heat treatment process, which can overcome the 

insulating behavior of sulfur cathode and improve the active material utilization during fast 

reaction kinetics. Even after 200 cycles the NLMC-4/S50 cell exhibits appreciated discharge 

capacity of 506 mAh g
-1

 with good columbic efficiency. Whereas, the NLMC-1/S electrode 

displayed poor cycle performance and exhibited a specific capacity of 30 mAh g
-1

 after 200
th
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cycle. These results confirm that the presence of micro and mesoporous carbon matrix 

effectively traps the dissolved polysulfide species into the pores and improves the 

electrochemical performance of the cell with repeated charge/discharge processes. 

 

Figure 3.1.11 Comparative cycle performance curve of NLMC-4/S50 and NLMC-1/S 

measured at 1 C for 200 cycles. 

Further, attempt has been made to analyse the dissolved polysulfides in electrolyte 

solution after cycling process by adopting the procedure as follows: Initially, the Li-S cells 

(NLMC-4/S50 and NLMC-4/S67) were assembled using Swagelok cell and tested at a current 

rate of 1 C for 10 charge/discharge cycles. Then, the Li-S cells were de-crimped inside the 

glove box for visual identification of colour change on the separator. The polypropylene 

separator used in Li-S cell with NLMC-4/S50 electrode showed pale yellow colour, whereas 

the colour contrast slightly increased for the separator used in Li-S cell with NLMC-4/S67 

cathode as shown in images of figure 3.1.12. The above observation clearly indicates that the 

polysulfide dissolution into the electrolyte increases with an increase in the amount of sulfur 

loading into the NLMC-4 and hence, NLMC-4 with optimum sulfur loading (NLMC-4/S50) 

showed better electrochemical performance than NLMC-4/S67.  

 

 

Figure 3.1.12 Photo image of separators of the cells prepared by using NLMC-4/S50 and 

NLMC-4/S67 electrodes. 
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Figure 3.1.13 EDS spectra of separators (a) of the de-crimped NLMC-4/S50 and (b) of the 

de-crimped NLMC-4/S67 cells after 10 cycles.  

Furthermore, the separators used in the NLMC-4/S50 and NLMC-4/S67 cells were 

subjected to EDS analysis and elemental mapping and the results are shown in the Figures 

3.1.13 and 3.1.14 respectively. Though carbon and sulfur are present in separators of NLMC-

4/S50 and NLMC-4/S67 electrodes, the intensity of sulfur peak in the former is less than the 

later (Figure 3.1.13), demonstrating that dissolution of polysulfide into the electrolyte is 

reduced in NLMC-4/S50 in comparison to NLMC-4/S67 electrode. These EDS results are 

consistent with the elemental mapping of the separators used in NLMC-4/S50 and NLMC-

4/S67 electrodes, as the sulfur concentration is found to be less in NLMC-4/S50 than in 

NLMC-4/S67. The results of these experiments confirm that the dissolution of polysulfide 
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into the electrolyte is reduced NLMC-4 with optimum sulfur loading (NLMC-4/S50), 

inferring that NLMC-4 carbon effectively traps polysulfides in its micro and mesoporous 

structure and thus increases the cycle life of the Li-S cell. 

 

Figure 3.1.14 Elemental mapping of separators (a) NLMC-4/S50 and (b) NLMC-4/S67 cells 

de-crimped after 10 charge/discharge cycles. 

3.1.4 Conclusions 

 The as-prepared NLMC-4 exhibited higher surface area of 1872 m
2
 g

-1
 and large pore 

volume of 1.59 cc g
-1

 in comparison to other NLMC samples. The sulfur infused NLMC-4 

with 50 wt% of sulfur loading delivered highest discharge capacity of 1396 mAh g
-1

 and 

retained 896 mAh g
-1

 after 50 cycles at 0.1 C rate. When the cells were tested at 1 C rate, the 

NLMC-4/S50 exhibited superior electrochemical performance and delivered a discharge 

capacity of 506 mAh g
-1

 in comparison to NLMC-1/S cathode (33 mAh g
-1

) at 200
th

 cycle. 

Hence, it is concluded that the micro and mesoporous carbon derived from neem leaves acts 

as an efficient matrix for sulfur cathode in a Li-S battery due to efficient trapping of 

polysulfide species into the pores of carbon. 
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Section 3.2 Tissue Paper-Derived Porous Graphitic Carbon Sheets as Polysulfide 

Inhibitor for Sulfur Cathode 

 In the present study, the investigator has prepared porous graphitic carbon sheet       

(p-GCS) from a tissue paper by a facile one-step In-situ chemical activation process and used 

as a host as well as barrier film for the sulfur cathode in a Li-S battery. The detailed synthetic 

process, material characterization and the electrochemical studies are discussed hereunder. 

3.2.1 Synthesis of p-GCS and p-GCS/S Cathode 

Synthesis of p-GCS 

 The chemicals used in the synthesis of p-GCS were received from Fischer Scientific 

and tissue papers were purchased from the local market. The synthesis of p-GCS was carried 

out by a facile one-step process as illustrated in the figure 3.2.1. The tissue paper and aqueous 

potassium hydroxide (KOH) solution were mixed in a beaker at different mass ratios of 1:0, 

1:1 and 1:2. The KOH-soaked tissue paper pulp in each of the beakers was dried in an oven at 

100 °C for overnight. The resulting solid mass was later heat-treated in a tubular furnace at 

900 °C for one hour under argon atmosphere at a heating rate of 10 ºC per minute. After 

cooling to the room temperature, the black coloured powders were repeatedly washed with 

1M HCl solution and 1M HF followed by DI water. The resulting samples were finally dried 

in an oven at 80 °C for overnight in order to obtain porous carbon material. The as-

synthesized powder without KOH activation was labeled as p-TPC (pristine tissue paper 

carbon), and the in-situ activated carbon samples synthesized by using tissue paper and KOH 

in the mass ratios of 1:1 and 1:2 were named as p-GCS-1 and p-GCS-2,  respectively. 

Synthesis of Sulfur Infused p-GCS Cathode 

 Initially, the porous carbon (p-TPC/p-GCS-1/p-GCS-2) materials and elemental sulfur 

were mixed at the mass ratio of 1:3, and then a small amount (1 ml) of carbon disulfide (CS2) 

solvent was added to the mixture for the homogeneous distribution of elemental sulfur. As the 

CS2 solvent gets evaporated, the sulfur present in the micro and mesopores of carbon gets 

precipitated in the pores. The resulting samples were dried and later thoroughly mixed in a 

mortar. Then, the samples were heat-treated in closed alumina boats in a tubular furnace at 

155 °C under argon atmosphere for 15 h. Henceforth, these three sulfur incorporated carbon 

materials are denoted as p-TPC/S, p-GCS-1/S and p-GCS-2/S, respectively. 

 The electrochemical studies of the synthesized composite samples were carried out 

using a two electrode system with lithium metal as the reference electrode and 1M LITFSI 

containing 5 wt% of LiNO3 as an electrolyte. The working electrodes were prepared by using 
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the active material, conductive additive (super P carbon) and binder (polyvinylidene-

difluoridine) in the weight ratios of 80:10:10 with N-Methyl-2 pyrrolidone (NMP) as a 

solvent for the slurry preparation.   

  

Figure 3.2.1 Schematic representation for the preparation of p-GCS/S electrode for Li-S 

battery application. 

3.2.2 Results and Discussion: Characterization of p-GCS and p-GCS/S Cathode 

3.2.2.1 Morphological Analysis: 

 The microstructures of the in-situ activated carbon samples were analyzed by using 

FE-SEM and HR-TEM and the images are shown in figure 3.2.2. The SEM and TEM images 

(figures 3.2.2a and 2.2d) of p-TPC reveal the presence of fibre like structured carbon. 

Whereas, the SEM images of the in-situ KOH activated carbons (figures 3.2.2b and 2.2c) 

display sheet-like structures illustrating that the KOH plays a significant role in breaking the 

cellulose bond of tissue paper during soaking and in the formation of carbon sheets during 

heat treatment process. The bright-field TEM images (figures 3.2.2e and 2.2f) show the 

presence of wrinkles and scrolls in the as-prepared samples indicating the typical graphitic 

sheet-like morphology.  
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Figure 3.2.2 SEM and TEM images of p-TPC (a and d), p-GCS-1 (b and e) and p-GCS-2 (c 

and f), and their corresponding HR-TEM images with in-set of FFT patterns (g-i). 

Furthermore, the HR-TEM images (figures 3.2.2h, 2.2i and their insets) and the 

corresponding fast Fourier transformations (FFT’s) confirm the presence of graphene sheets 

with ordered carbon structures in the samples. In contrast, the HR-TEM micrograph from the 

p-TPC (figure 3.2.2g and the inset) and the corresponding FFT clearly indicate amorphous 

nature of carbon. The metrics from the FFT’s inset of figures 3.2.2h and 2.2i are 0.34 nm 

typically corresponding to the d-values from graphitic carbon (002). This is also confirmed by 

the EEL spectra (figure 3.2.3). Figure 3.2.3 shows the EELS C-K edge of the p-TPC,            

p-GCS-1 and p-GCS-2. The C K-edge in EEL spectrum typically shows two features for the 

near edge fine structure. A narrow peak at around 285 eV (transition from 1s to π* states) and 

a sequence of peaks, ranging from 292 eV to 310 eV (transitions from the 1s to the 

unoccupied σ*) are observed in the p-GCS-1 and p-GCS-2 samples, which are characteristic 

of sp
2
-hybridized carbon atoms. R. Raccichini et al. 

35
 also reported the similar type of peaks 

at 285 eV and 292 eV to 311 eV for multi-layered graphene grafted Fe2O3 particles and 
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assigned them to the presence of ordered graphitic structures in the sample. The shape and the 

intensity of the peaks fit well with those of amorphous (p-TPC) and ordered graphitic 

structure (p-GCS-1 and p-GCS-2), thus supporting the HRTEM and the FFT analysis. The 

existence of graphene-like structured carbon in in-situ KOH activated carbon is expected to 

improve the electronic and ionic conductivities during the electrochemical processes 
36

.
 

 

Figure 3.2.3 EELS spectra of p-TPC, p-GCS-1 and p-GCS-2. 

3.2.2.2 N2 Adsorption/Desorption Analysis: 

 The N2 adsorption/desorption isotherms were recorded for as-prepared p-TPC, p-GCS-

1 and p-GCS-2 in order to characterize their textural parameters and the results are shown in 

the figure 3.2.4. The p-GCS-1 and p-GCS-2 materials show the presence of both type I and 

type IV isotherms (figure 3.2.4a), which are characteristic of micro and mesoporous    

material 
26

. Precisely, the adsorption isotherm at low relative pressure (p/po) indicates the 

presence of micropores, whereas, a hysteresis loop observed at medium relative pressure 

(p/po) reveals the formation of mesopores during the chemical activation process. The specific 

surface area and pore volume of p-GCS-1 and p-GCS-2 are given in the table 3.2.1. Further, 

the pore size distribution of these materials indicates the presence of both micro and 

mesoporous carbon in the in-situ activated carbon materials (figure 3.2.4b). In contrast, the   

p-TPC shows the isotherm distinct from that of the in-situ activated carbons, which is 

characteristic of the non-porous materials (type II isotherm) 
37

.The p-TPC exhibits very low 

surface area with negligible pore volume as given in the table 3.2.1. This result indicates that 

the in-situ activation of KOH increases the surface area and the total pore volume with 

graphene-like structured carbon. In Li-S battery, the porous morphology with graphene-like 
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structured carbon is expected to trap the dissolved polysulfides, in addition to improved 

electrical conductivity. Moreover, the porous carbon has an advantage that the electrolyte can 

get easily accessed into the porous structure and enhances the ionic conductivity during high 

current rates 
29

.
 

 

Figure 3.2.4 (a) N2 adsorption-desorption isotherms of p-TPC, p-GCS-1 and p-GCS-2 and (b) 

the corresponding DFT pore size distribution curves. 

Table 3.2.1 Comparison of surface area and pore size distribution of p-TPC, p-GCS-1 and 

p-GCS-2. 

Activated 

carbon sample 

Surface area 

(m
2
 g

-1
) 

Pore volume 

(cc g
-1

) 

p-TPC 4 0.01 

p-GCS-1 1423 0.76 

p-GCS-2 1673 0.92 

3.2.2.3 EDS Elemental Mapping and TG Analysis: 

 The sulfur incorporated p-TPC, p-GCS-1 and p-GCS-2 materials were subjected to 

EDS elemental mapping in order to know the distribution of sulfur in the carbon matrix. 

Figure 3.2.5 shows the EDS elemental map of the composite materials and the corresponding 

SEM images. The elemental mapping of all the composites shows the presence of sulfur and 

also reveals that sulfur is homogeneously distributed throughout the carbon matrix. Further, 

TG analysis was also carried out for these composites in order to know the amount of sulfur 

present in them (figure 3.2.6). The TG curves of p-TPC/S, p-GCS-1/S and p-GCS-2/S 

composites show a consistent weight loss from 200 ºC to 350 ºC, indicating that the rapid 
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weight loss is due to the decomposition of these composites. The p-GCS-1/S and p-GCS-2/S 

displayed a weight loss in the TG curves at higher temperature range, which corresponds to 

sluggish diffusion of elemental sulfur present in the micro and mesoporous structure of 

carbon matrix 
38

. In contrast, the p-TPC/S showed the weight loss at lower temperature range 

indicating rapid removal of sulfur due to the non-porous nature of p-TPC. The sulfur content 

calculated from the TG curves for p-TPC/S, p-GCS-1/S and p-GCS-2/S are 54%, 56%, and 

64%, respectively. The highest sulfur content present in p-GCS-2/S may be due to high 

surface to volume ratio of p-GCS-2, which helps in trapping the molten sulfur into the micro 

and mesopores of the carbon matrix. 

 

Figure 3.2.5 The SEM images of sulfur infused (a) p-TPC, (b) p-GCS-1 and (c) p-GCS-2 

composite materials with the corresponding EDS elemental map of elemental sulfur (yellow) 

and carbon (red). 
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Figure 3.2.6 TG curves of sulfur infused p-TPC, p-GCS-1 and p-GCS-2 composites. 

3.2.2.4 X-ray Diffraction Analysis: 

 The crystal structures of the as-prepared p-TPC, p-GCS-1 and p-GCS-2 were obtained 

by x-ray diffraction analysis and the pattern are shown in the figure 3.2.7. The XRD patterns 

of p-TPC shows a broad peak, which infers the disordered structure of carbon. Whereas, the 

XRD patterns of p-GCS-1 and p-GCS-2 samples display a narrow peak around 2θ value of 

26º, which indicates the graphitic nature of carbon. The peaks at ~26º and ~44º correspond to 

the reflections of (002) and (100) planes of carbon 
39

. However, the patterns of p-GCS-1 and 

p-GCS-2 samples show a small peak shift towards higher angle at (002) plane in comparison 

to p-TPC. This type of behavior has also been observed for KOH activated carbon and the 

peak shift has been interpreted due to the decrease in the interlayer distance 
40

. As a result, the 

graphene layers stack to form nano-crystalline clusters of carbon. Sharp and well-defined 

peaks are observed for elemental sulfur, which indicate that sulfur exists in crystalline 

orthorhombic form. Moreover, the composite materials also display diffraction peaks 

corresponding to crystalline nature of sulfur. B. Zhang et al.
26

 also reported similar type of 

XRD patterns for sulfur infiltered carbon material even after heat-treatment process.
 
This is 

mainly due to overloading of elemental sulfur into the carbon material. Hence, most of the 

sulfur is distributed into the pores of carbon matrix as well as on the outer surface of carbon. 

However, the expected carbon peaks at ~26º and ~44º are not observed clearly in p-TPC/S,  p-

GCS-1/S and p-GCS-2/S due to the high intense peaks of crystalline sulfur 
40

. Q. Zeng et al.
 

41
 in their studies on carbon nanocapsules/sulfur composite also have not observed the carbon 

peaks in the XRD pattern. Thus, the XRD analysis has given clear evidence for the presence 
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of sulfur in p-GCS-1 and p-GCS-2 and also for the crystalline nature of the composite 

materials before and after the infusion of sulfur. 

 

Figure 3.2.7 X-ray diffraction patterns of p-TPC, p-GCS-1, p-GCS-2, elemental sulfur and 

the corresponding sulfur infused composite materials. 

3.2.2.5 Raman Spectral Analysis: 

 Raman spectroscopy has been used to analyze the type of carbon and degree of 

graphitization in these samples. Figure 3.2.8 shows the Raman spectra of the p-TPC, p-GCS-1 

and p-GCS-2 and the sulfur infused p-GCS composite materials. The spectra of p-TPC and   

p-TPC/S show the D and G bands at ~1350 cm
-1 

and ~1590 cm
-1

 respectively, indicating both 

the crystalline and amorphous nature of carbon. Whereas, the Raman spectra for p-GCS and 

p-GCS/S samples display sharper D and G peaks at ~1350 cm
-1 

and ~1590 cm
-1

 respectively. 

Nevertheless, the intensity of the D peak is much less and the intensity of G peak is much 

higher in the in-situ activated carbon materials. This indicates more graphitic carbon in         

p-GCS-1 and p-GCS-2. The D peak represents the A1g breathing modes of sp
2
 disordered 

carbon, while the sharper G peak represents the E2g C-C bond stretching mode of sp
2
 carbon. 

In addition to D and G peaks, a more important peak appears at ~2700 cm
-1

, which can be 

assigned to the presence of multi-layered graphene-like structures in the sample 
42

. Thus, 

Raman spectra infer that the in-situ KOH activation of tissue paper plays a significant role in 

the formation of graphene-like structures in the carbon. These results are well consistent with 

the HR-TEM and EELS spectrum. The Raman spectrum of elemental sulfur exhibits a 

sequence of characteristic Raman peaks in the low wavenumber region, which represents the 

vibration mode of S-S bonds 
43

. On the contrary, the p-GCS-1/S and p-GCS-2/S do not show 
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any peak corresponding to elemental sulfur indicating that the sulfur penetrates into pores of 

carbon material during the heat treatment process. Recently, F. Sun et al.
42

 have reported the 

effect of activation temperature on the degree of graphitization in the biomass-derived 

chemically activated carbon material and concluded that the carbon treated at 900 ⁰C showed 

higher graphitic nature in comparison to low activation temperature processes (700 ⁰C and 

800 ⁰C). This result infers that the precursors, activating agent and activation temperature 

play a significant role in the crystallization of carbon. The intensity ratios of D and G peaks 

(ID/IG ratio) for p-TPC, p-GCS-1 and p-GCS-2 are 1.05, 0.23 and 0.31, respectively. The 

reduced ID/IG values suggest that the in-situ KOH activation increases the graphitic nature in 

the samples. Moreover, the intensity and profile of the 2D peak reflect the presence of multi-

layer graphene-like structured carbon, which is expected to improve the electrical 

conductivity of the sulfur infused p-GCS composites as well as the overall electrochemical 

performance of the cell during charge/discharge process. It is also noted that there is a small 

increase in the ID/IG ratio for p-GCS-2 when compared to p-GCS-1 revealing that the graphitic 

structures are slightly destroyed with higher amount of KOH. K. G. Raj et al.
39

 also observed 

similar trend in the activated carbon samples and reported that the higher amount of KOH 

suppresses the stacking order of graphitic carbon. They have also concluded that the presence 

of K metal catalyzes the localized graphitization of carbon at higher temperature.    

 

Figure 3.2.8 Raman spectra of p-TPC, p-GCS-1, p-GCS-2, elemental sulfur and sulfur 

infused composite materials. 
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3.2.2.6 X-ray Photoelectron Spectroscopic (XPS) Analysis: 

 XPS was carried out in order to investigate the chemical composition of the p-GCS-

1/S composite. The overall survey spectrum and the computer deconvolution spectra of C1s, 

S2p of p-GCS-1/S are shown in the figure 3.2.9.  

 

Figure 3.2.9 (a) XPS survey spectrum, and computer deconvolution spectra of (b) C1s and (c) 

S2p of p-GCS-1/S composite. 

The survey spectrum shows the presence of C, O, S elements in the sample (figure 

3.2.9a). The computer deconvolution spectrum of C1s shows three peaks at 284.6 eV,     

285.9 eV, and 288.7 eV corresponding to sp
2
, sp

3
 and carbon in C=0, respectively (figure 

3.2.9b). It is interesting to note that the C1s spectrum shows a prominent peak at 284.5 eV, 

which corresponds to highly graphitic nature (sp
2
) of carbon. This result further supports the 

inference made by Raman spectra. The S 2p spectrum displays a peak at 164 eV, which is 

deconvoluted into two peaks at 163.9 eV and 165.0 eV, respectively as shown in the figure 

3.2.9c. The binding energies of these two peaks can be assigned to spin orbital coupling of     
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S 2p3/2 and S 2p1/2,
44

 confirming the presence of elemental sulfur in the composite. It may be 

noted that the characteristic elemental binding energy of sulfur is 164 eV 
45

. As p-GCS-2/S is 

also a similar composite material with graphitic nature of carbon, in which sulfur is infused, 

same analysis of XPS holds good for the p-GCS-2/S composite also.  

In the present study, the investigator also made an attempt to prepare the p-GCS with 

mass ratio of tissue paper to KOH in grams as 1:3. In this experiment, it was found that the 

yield of activated carbon is much lower than p-GCS-2. The reason may be that at this 

concentration of KOH, more carbon is oxidized to CO2 and CO. Therefore, the studies are 

limited up to p-GCS-2. It may be noted that with an increase in KOH concentration, the 

degree of graphitization decreases due to generation of more pores in the carbon matrix. 

3.2.3 Results and Discussion: Electrochemical Studies (CV, C/D, CY and EIS) of            

p-GCS/S Cathode 

 The electrochemical performance of p-GCS/S composite materials has been evaluated 

by cyclic voltammetry and charge/discharge profiles using lithium foil as the reference 

electrode. Figure 3.2.10 shows the cyclic voltammogram of p-GCS-2/S cathode for the first 

five cycles obtained by applying a voltage in the range of 1.5-2.8 V at a scan rate of             

0.1 mV s
-1

. In general, the redox reactions of elemental sulfur with lithium involve multi-

electron transfer reactions 
31

. During the cathodic scan, the composite materials show two 

redox peaks at 2.3 V and 2.1 V, which are characteristic of formation of the soluble long 

chain polysulfides (Li2Sx, x = 4≤x≤8) and short chain precipitated polysulfides (Li2S2, Li2S) 

due to ring opening of elemental sulfur and reduction of long chain polysulfides, respectively. 

These results are consistent with the those reported in the literature 
46

. In the anodic scan, a 

single peak appears at 2.5 V, which corresponds to the oxidation of short chain polysulfides to 

crystalline sulfur through long chain polysulfide intermediate products. Further, it is 

interesting to note that there is not much change in the CV profile of p-GCS-2/S electrode in 

the successive cycles, indicating good electrochemical stability.  It may be noted that the CV 

profiles of p-TPC/S and p-GCS-1/S are similar to those of p-GCS-2/S. 
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Figure 3.2.10 CV profile of p-GCS-2/S cathode obtained at a scan rate of 0.1 mV s
-1

. 

 Figure 3.2.11a shows the galvanostatic charge/discharge profiles of sulfur infused     

p-TPC/S, p-GCS-1/S and p-GCS-2/S composite materials measured at 0.1C rate. The 

discharge curve of all the samples represents a typical two-step curve indicating the reduction 

of sulfur involved in a series of electron transfer reactions 
9
. Whereas, the flat curve in the 

charging process corresponds to a reversible conversion of lithium polysulfides to elemental 

sulfur, which is in agreement with the results of CV studies. The charge and discharge 

capacities calculated from the charge/discharge profiles of  p-TPC/S, p-GCS-1/S and p-GCS-

2/S composite materials are  586 mAh g
-1 

& 639 mAh g
-1

, 1263 mAh g
-1

& 1446 mAh g
-1

 and 

1312 mAh g
-1

& 1497 mAh g
-1

, respectively. The cyclic stability curves of these composite 

materials measured at 0.1 C rate are shown in figure 3.2.11b. Though a decrease in discharge 

capacity is observed in the initial cycles owing to polysulfide dissolution, the discharge 

capacity gets stabilized in the later cycles as most of the polysulfide species are trapped in the 

mesoporous carbon matrix. The p-GCS-1/S and p-GCS-2/S composite materials delivered 

high discharge capacities of 759 mAh g
-1

 and 821 mAhg
-1

, respectively, even after 40 cycles. 

However, p-TPC/S delivered a low discharge capacity of 33 mAh g
-1 

only at 40
th

 cycle. The 

superior electrochemical performance of the sulfur infused p-GCS/S materials may be due to 

improved ionic and electrical conductivities, which are further discussed in detail in the 

successive EIS section. The poor electrochemical performance of p-TPC/S is mainly due to 

the low graphitic nature of carbon that decreases the electronic conductivity and limited 

porous structures that lead to polysulfide shuttle phenomenon. X. Liang et al.
47

  compared the 

electrochemical performance of the sulfur infused ordered mesoporous carbon (OMC) and 
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pristine sulfur cathodes. They have observed that the OMC/S cathode exhibited superior 

performance, whereas, the pristine sulfur cathode delivered poor cycle performance. The 

enhanced electrochemical performance of OMC/S is mainly due to large surface area of 

OMC, which inhibits the dissolution of polysulfide species into the electrolyte. Moreover, the 

uniform distribution of sulfur into the nanopores can successfully elevate the volume 

expansion created during the lithiation process. Results of the present study inferred that       

p-GCS/S material showed superior electrochemical performance in terms of high specific 

capacity and cyclic stability in comparison with p-TPC/S.  

 

Figure 3.2.11 (a) Charge/discharge and (b) cycle performance curves of p-TPC/S, p-GCS-1/S 

and p-GCS-2/S composite materials measured at 0.1 C rate.  

Figure 3.2.12 shows the comparative Nyquist plots for the p-TPC/S, p-GCS-1/S and p-

GCS-2/S composite materials measured before electrochemical cycling. The plots in case of 

all these samples show depressed semicircle in the mid frequency region, which corresponds 

to charge transfer region at the electrode-electrolyte interface. An inclined line is also 

observed in all the plots in the low frequency region, which corresponds to the Warburg 

impedance. This is associated with the diffusion of lithium ions within the sulfur cathode. The 

experimental results are fitted well with the equivalent circuit shown in the in-set of figure 

3.2.12. The p-GCS-1/S and p-GCS-2/S cathodes exhibits lower Rct values of 39.5 Ω and 35.3 

Ω respectively in comparison with pristine p-TPC/S, which has an Rct value of 105.2 Ω. 

These results demonstrate that the p-GCS materials with hierarchical porous structured carbon 

can effectively reduce the charge transfer resistance of the cell. F. Wu et al.
48

 observed an 

improved charge transfer process for polythiophene-coated sulfur cathode in comparison to 

pristine sulfur due to enhanced conductivity of the electrode. X. Liang et al.
47

 studied the 

electrochemical performance of sulfur infused ordered mesoporous carbon (OMC) and 



89 
 

pristine sulfur cathodes. They have reported that the pristine sulfur electrode exhibited higher 

Rct, whereas, the OMC/S electrode displayed much lower Rct due to improved interfacial 

compatibility with the electrolyte. The results of the present study infer that the sulfur 

infusion into p-GCS with homogenous distribution can effectively enhance the charge transfer 

process and thus the resulting cell displayed an enhanced electrochemical performance. 

 

Figure 3.2.12 Nyquist plot of sulfur infused p-TPC, p-GCS-1, p-GCS-2 composites. 

 The sulfur infused p-GCS-2 cathode exhibited high initial discharge capacity, which is 

attributed to high surface area and excellent graphitic nature that enhances the electrical 

conductivity of sulfur cathode. However, the polysulfide dissolution into the electrolyte 

cannot be prevented during repeated charge/discharge cycles. It has been reported in the 

literature that an increased amount of sulfur loading in the composites resulted in decreased 

discharge capacities during prolonged cycling 
34

. The reason for the decay in the discharge 

capacity is attributed to the deposition of excess sulfur on the surface of porous carbon 

material, which may block the pores or reduce the pore volume that resulted in decrease of the 

lithium ion uptake and electron transport pathways. Therefore, the cell experiences reduced 

electrochemical performance due to disintegration of active material from the cathode and 

migration of the dissolved polysulfide species to the anode. Furthermore, the electrochemical 

performance of the p-GCS-2/S cathode was studied with modified separator in order to 

enhance the electrochemical performance of the cell. The modified separator is prepared by 

coating the as-prepared p-GCS-2 on to the polypropylene separator. Figure 3.2.13 shows the 

charge/discharge and cycle performance curves of the p-GCS-2/S electrode measured at 0.1 C 

rate. Initially, the p-GCS-2/S cathode delivered high discharge and charge capacities of    
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1633 mAh g
-1 

and
 
1458 mAh g

-1
, respectively, which are higher in comparison to the charge 

and discharge capacities obtained for the p-GCS-2/S with pristine polypropylene separator. 

The improved electrochemical performance of p-GCS-2/S with modified separator is mainly 

due to the formation of sandwich-type structure, in which highly conductive carbon increases 

the utilization of sulfur to a maximum. Further, the electrode also exhibited an improved 

performance at a current rate of 0.2 C and retained a high discharge capacity of 992 mAh g
-1

 

even after 50 cycles. These results indicate that the p-GCS coated separators play an 

important role in enhancing the electrochemical performance of the sulfur infused p-GCS 

composites. Moreover, the p-GCS on the separator inhibits the dissolution of dissolved 

polysulfides into the electrolyte and increases the reutilization of active material during 

cycling. J. Wang et al. 
49

 used electrospun activated carbon nanofiber interlayer (ACNF) for 

sulfur cathode. The high porous structure of ACNF helped in inhibiting the migration of the 

dissolved polysulfide from the cathode to the anode surface and the continuous 3D network 

rendered fast electron conduction during redox process. X. Wang et al. 
50

 also prepared 

carbon particles-anchored reduced graphene oxide film as a barrier for sulfur cathode and 

achieved an improved electrochemical performance. The presence of functional groups on the 

RGO anchors the soluble polysulfides in it and the carbon particles provide channels for the 

electrolyte penetration and also improve the electrical conductivity.  

The long-term cycle performance test was also conducted for the p-GCS-2/S electrode 

with pristine and modified separators at a high current rate of 1 C for 200 cycles (figure 

3.2.13c). Interestingly, the p-GCS-2/S electrode with modified separator displayed higher 

discharge capacity of 652 mAh g
-1

,
 
even after 200 cycles with good coulombic efficiency. The 

superior electrochemical performance of this electrode is attributed to high surface area, large 

pore volume and good electrical conductivity of the as-prepared p-GCS-2 sample that acts as 

an efficient matrix as well as an interlayer for sulfur cathode. 
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Figure 3.2.13 (a) and (b) are the charge/discharge and cycle performance curves of p-GCS-

2/S electrode with modified separator measured at 0.2 C rate, and (c) comparative long-term 

cycle performance tests at 1 C rate. 

 Li-S cells fabricated using p-GCS-2/S cathode with modified separator and lithium 

metal anode, have been used in order to demonstrate their functioning for the lightening        

of LED (figure 3.2.14). Two such cells are connected in series to give an output voltage of 

~4.2 V in order to lighten 40 LEDs connected in parallel. The in-situ activated carbon 

prepared from tissue paper with tunable pore structure and unique graphitic nature exhibited 

promising electrochemical performance for Li-S battery application and was successfully 

used for powering the small electronic component. Hence, p-GCS is considered to be the 

potential carbon matrix for high energy density Li-S battery. Moreover, a straight forward and 

facile methodology to synthesize p-GCS makes it feasible for large scale production. 
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Figure 3.2.14 Photo image of LED lights with two Li-S batteries connected in series. 

3.2.4 Conclusions 

 The investigator successfully adopted a facile one-step process to synthesize porous  

p-GCS from tissue paper. Characterization of p-GCS materials confirms the presence of 

graphene-like structured carbon with excellent textural parameters. The p-GCS-2/S electrode 

with modified separator delivered a high initial discharge capacity of 1633 mAh g
-1

 at 0.2 C 

rate. Even at a high charge/discharge rate of 1 C, the electrode delivered excellent discharge 

capacity of 652 mAh g
-1 

after 200 cycles with good coulombic efficiency. These results 

confirm that the p-GCS functions as an efficient host as well as an interlayer for sulfur 

cathode by constraining the dissolved polysulfides in it and also improves the ionic and 

electronic conductivities during the redox process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 
 

Section 3.3 Jute Stalks-Derived Micro and Mesoporous Carbon as an Efficient 

Polysulfide Inhibitor for Sulfur Cathode 

 It is well understood from the above sections (3.1 and 3.2) and from the literature 

(section 1.1.2) that activated carbons with high surface area and large pore volume facilitate 

higher amount of sulfur loading into carbon matrix, which enhances the electrochemical 

performance of the sulfur cathode. Therefore, the investigator has also explored a two-step 

chemical activation process for the synthesis of micro and mesoporous graphitic carbon sheets 

(MGC) from jute stalks (Corchorus Olitroius). The as-prepared activated carbon is used as 

matrix as well as barrier film (modified separator) to evaluate the electrochemical 

performance of the sulfur cathode in a Li-S battery. The synthetic process, characterization 

and the electrochemical studies of the sulfur infused MGC cathode are discussed hereunder. 

3.3.1 Synthesis of MGC and Sulfur Infused MGC Cathode 

Synthesis of MGC 

The Jute stalks were received from the local farm land and thoroughly washed with 

deionised water and then dried in an oven at 80 ºC. The dried stalks were crushed into fine 

powder and pre-carbonized at 350 ºC in argon atmosphere for 2 h at a heating rate of 5 ºC per 

minute. The pre-carbonized powder of 5g was mixed with 25 ml of aqueous KOH in a beaker 

thoroughly with mass ratio of pre-carbonised jute stalk powder to KOH as 1:4 and kept in an 

oven at 100 ºC for overnight. The obtained solid was heat-treated at 1000 ºC in a tubular 

furnace at a heating rate of 5 ºC per minute under argon atmosphere for 1 h. After cooling 

down to room temperature, the resulting black powder was repeatedly washed with 1M HCl 

followed by DI water and finally dried in an oven at 100 ºC for overnight. Henceforth, the as-

synthesized KOH activated jute stalks powder is named as micro and mesoporous graphitic 

carbon sheets (MGC).  

Synthesis of Sulfur Infused MGC Cathode 

The sulfur infused MGC composite material was synthesized by using the as-prepared 

MGC and sulfur powder of laboratory reagent grade as shown in the figure 3.3.1. The surface 

area and pore volume of MGC are found to be much higher than those of the NLMC and p-

GCS. Therefore, it was thought of studying the electrochemical performance of MGC/S 

cathode with relatively higher loading. In the present study, the amount of sulfur loading into 

the MGC was varied in the mass ratio of sulfur to MGC as 1.5:1, 3.0:1 and 5.5:1. In each of 

the three samples, 0.5 g of MGC, required amount of sulfur as per the mass ratio and 1ml of 

carbon disulfide (CS2) were mixed thoroughly for homogenous distribution of sulfur into the 
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carbon matrix. The resulting powders were then dried at room temperature. As the solvent 

evaporates, the sulfur gets precipitated into the micro and mesopores of carbon matrix. Later, 

these samples were thoroughly mixed in a mortar and heat treated in alumina crucible at     

155 ºC for 10 h under argon atmosphere. After cooling down to room temperature, the sulfur 

infused MGC composites were obtained. The composites with different amounts of sulfur 

loading in the mass ratio of sulfur to MGC as 1.5:1, 3.0:1 and 5.5:1 are denoted as MGC/S-1, 

MGC/S-2 and MGC/S-3 respectively.     

 

Figure 3.3.1 Schematic illustration for the synthesis of MGC, modified separator and Li-S 

cell fabrication. 

 The electrochemical performance of sulfur infused MGC samples was evaluated by 

using lithium foil as the reference electrode and 1M LITFSI with 5 wt% LiNO3 as the 

electrolyte in 2032 coin cells. The working electrode (cathode) was prepared by mixing sulfur 

infused MGC samples, conductive additive (super P carbon) and binder (polyvinylidene-

difluoridine) in the weight ratios of 80:10:10 with N-Methyl-2 pyrrolidone (NMP) as the 

solvent. Further, the modified separator is prepared by coating a thin layer of as-prepared 

MGC dispersed in PVDF/NMP solvent on polypropylene separator.  

3.3.2 Results and Discussion: Characterization of MGC and MGC/S 

3.3.2.1 Morphological Analysis: 

 The surface morphology of the as-prepared MGC and sulfur infused MGC has been 

studied using FE-SEM and TEM, which are shown in the figures 3.3.2 and 3.3.3. The         

FE-SEM of the as-prepared MGC and sulfur infused MGC/S display a thin sheet-like 

structured carbon (figures 3.3.2a-3.2d). This type of structures has an advantage of improving 

the electrode wetability and causing fast ion movement. Further, the bright field TEM images 

(figures 3.3.3a-3.3d) show the presence of wrinkles and scroll in the samples, which indicate 

the typical graphene sheet-like morphology. In addition, the HR-TEM images shown in the 
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figures 3.3.3e-h infer the presence of graphene-like structures with highly ordered carbon in 

the samples. The existence of graphene sheet-like structures in the samples may improve the 

electrode reaction kinetics during fast charge/discharge process 
51

.   

 

Figure 3.3.2 FE-SEM images (a) as-prepared MGC, (b) MGC/S-1, (c) MGC/S-2, and (d) 

MGC/S-3. 

 

Figure 3.3.3 TEM images (a) as-prepared MGC, (b) MGC/S-1, (c) MGC/S-2 and (d) 

MGC/S-3 and the corresponding HR-TEM images (e-h), respectively. 

3.3.2.2 N2 Adsorption/Desorption Analysis: 

 N2 adsorption/desorption isotherms have been recorded in order to characterize the 

textural parameters of the as-prepared MGC, MGC/S-1, MGC/S-2 and MGC/S-3 (figure 



96 
 

3.3.4a). The as-prepared MGC displays typical adsorption isotherm, containing the features of 

both type I and type IV isotherms. This result reveals the presence of both micropores and 

mesopores in the sample 
52

. In particular, the adsorption at low relative pressure (P/Po~0) 

suggests the presence of micropores, whereas, a hysteresis loop in the moderate relative 

pressures (P/Po~0.4) indicates the existence and formation of mesoporous structures during 

the chemical activation process. It can be seen from the table 3.3.1 that the as-prepared MGC 

exhibits high surface area with a large pore volume. This result infers that the addition of 

KOH induces significant fraction of micro and mesopores in the activated carbon. After the 

sulfur infusion into the as-prepared MGC, the surface area decreases due to filling of 

elemental sulfur throughout the micro and mesopores of carbon. It can also be observed from 

the figure 3.3.4a that MGC-S/1 displays an isotherm similar to type IV with the existence     

of mesopores in the sample even after sulfur infiltration. However, with a further increase     

in the sulfur loading into MGC, the surface area decreases and the resulting samples         

show characteristic type II isotherms as observed in the case of MGC/S-2 and MGC/S-3.      

G. Xu et al.
53

 also observed the similar trend after the sulfur infusion into hierarchically 

porous carbon nanoplates (HPCN). They have concluded that the decrease in specific surface 

area is due to penetration of molten sulfur into the voids of HPCN by capillary forces and gets 

solidified in it during the cooling process. As a result, the sample exhibited type II isotherm 

with non-porous nature. Consequently, the pore volume also decreases with an increase in 

sulfur loading as observed in the present study (figure 3.3.4b). Thus, the MGC/S-1, MGC/S-2 

and MGC/S-3 exhibited low pore volume as shown in the Table 3.3.1. This is indirect 

evidence that the pores are completely filled with elemental sulfur during the melt-diffusion 

process.  It is expected that the thin graphene sheet-like structured morphology with high 

surface area helps in trapping the dissolved polysulfide species in the carbon matrix during 

the electrochemical process. 
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Figure 3.3.4 (a) N2 adsorption/desorption isotherms and (b) corresponding pore size 

distribution curves of MGC/S-1, MGC/S-2 and MGC/S-3. 

Table 3.3.1 Comparison of surface area and pore size distribution of the as-prepared 

MGC and sulfur infused MGC composites. 

Activated carbon 

sample 

Surface area 

(m
2
 g

-1
) 

Pore volume 

(cc g
-1

) 

As-prepared MGC 2047.4 1.69 

MGC/S-1 317.8 0.37 

MGC/S-2 8.9 0.03 

MGC/S-3 0.1 0.01 

3.3.2.3 EDS Elemental Mapping and TG Analysis: 

 In order to study the distribution of elemental sulfur in MGC/S-1, MGC/S-2 and 

MGC/S-3, all the samples have been subjected to EDS elemental mapping and the elemental 

maps of carbon and sulfur are shown in the figure 3.3.5. It can be observed that sulfur is 

homogenously distributed throughout the MGC matrix. Further, the sulfur infused MGC 

samples have also been subjected to thermogravimetric analysis in order to study the amount 

of sulfur present in them. Figure 3.3.6 shows the TG curves of MGC/S-1, MGC/S-2 and 

MGC/S-3 recorded under the argon atmosphere. All the samples show a continuous weight 

loss in the temperature range of 200 ºC to 450 ºC, which corresponds to the evaporation of 

elemental sulfur. J. Guo et al. 
9
 also observed the weight loss in the temperature range of 

about 200 ºC to 520 ºC for the sulfur infiltered porous carbon nanosheets. This phenomenon is 
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due to slow weight loss of the elemental sulfur confined in the micropores, which requires 

more driving force to overcome the capillary forces and hence the weight loss occurs at 

higher temperature. The amounts of sulfur present in the samples that are calculated from the 

TG analysis are 48%, 64% and 76% for MGC/S-1, MGC/S-2 and MGC/S-3, respectively. 

 

Figure 3.3.5 EDS elemental map of MGC/S-1 (a), MGC/S-2 (b) and MGC/S-3 (c) with sulfur 

(yellow) and carbon (red). 

 

Figure 3.3.6 Thermogravimetric curves of MGC/S-1, MGC/S-2 and MGC/S-3 composites. 

3.3.2.4 Raman Spectral Analysis: 

 The MGC and the sulfur infused MGC samples have been subjected to analysis by 

Raman spectroscopy in order to study the type of carbon present in the samples (Figure 3.3.7). 

The Raman spectrum of the as-prepared MGC shows a sharp peaks at 1342 cm
-1

, which is 
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attributed to the D band that arises from the A1g mode of disordered carbon and also a peak at 

1587 cm
-1

, which is assigned to the G band, that represents the E2g mode of ordered carbon 
54

. 

The intensity ratio of ID/IG is 0.63, which indicates the presence of more graphitic structures 

in the sample. Moreover, an additional peak at 2700 cm
-1

 is observed in the as-prepared 

MGC, which is attributed to the presence of multi-layered graphene in the sample. This 

inference supports the HR-TEM images showing multi-layered graphene-like structure.        

F. Sun et al.
42

 reported that the degree of graphitization increases with an increase in 

temperature. At 900 ºC, the KOH activated sample displays a prominent peak at 2700 cm
-1

 in 

addition to the peaks at 1350 cm
-1

 and 1600 cm
-1

, which corresponds to the presence of multi-

layered graphene-like structures in the sample. The Raman spectrum of pure sulfur shows a 

sequence of characteristic peaks at low wavenumber region of <520 cm
-1

, that can be assigned 

to vibration modes of sulfur atoms 
22

. The MGC/S-1, MGC/S-2 and MGC/S-3 samples also 

show a similar type of Raman scattering that corresponds to the carbon atoms of the as-

prepared MGC. However, the characteristic peak of sulfur is not detected in these samples. 

That means, the elemental sulfur is completely penetrated into the pores during the heat 

treatment process 
9
.  This phenomenon is in accordance with the BET isotherms and inference 

from the pore volume data. The presence of graphene-like structures with high surface area in 

the sample can help in overcoming the insulating behaviour of sulfur cathode as well as 

trapping the dissolved polysulfide species in it.           

 

Figure 3.3.7 Raman spectra of the as-prepared MGC, elemental sulfur, MGC/S-1, MGC/S-2 

and MGC/S-3. 
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3.3.3 Results and Discussion: Electrochemical Studies (CV, C/D, CY and EIS) of MGC/S 

Cathode 

 The electrochemical performance of sulfur infused MGC has been evaluated with 

pristine polypropylene separator using a lithium foil as the reference electrode. Figure 3.3.8a 

shows the initial charge/discharge curves of MGC/S-1, MGC/S-2 and MGC/S-3 electrodes 

obtained between 1.5-2.8 V at a current rate of 0.2 C. The thickness of the samples                

of MGC/S-1, MGC/S-2 and MGC/S-3 was so adjusted that the sulfur loading in each of these 

samples is approximately equal to 2 mg cm
-2

. All the samples display a two-stepped discharge 

plateau, which indicates the multi-electron transfer reaction of the elemental sulfur with 

lithium 
55

. Whereas, the flat profile in the charging process represents the reversible 

conversion of lithium polysulfide species to sulfur. The specific discharge capacities 

calculated from the charge/discharge curves of MGC/S-1, MGC/S-2 and MGC/S-3 are     

1476 mAh g
-1

, 1227 mAh g
-1

 and 962 mAh g
-1

, respectively. The initial high discharge 

capacity exhibited by MGC/S-1 is mainly due to homogenous distribution of sulfur 

throughout the carbon matrix. Moreover, the minimum sulfur loading into the conductive host 

improves the active material utilization more efficiently. However, with an increase in the 

amount of sulfur loading into MGC there is a decrease in the specific capacity during the 

redox process 
34

. This behaviour is mainly due to excessive deposition of elemental sulfur 

onto the surface of carbon, which completely blocks or decreases the pore volume that 

ultimately reduces the reaction kinetics of the electrode. In addition, the active material 

deposited on the surface is prone to severe polysulfide dissolution into the electrolyte. As a 

result, the cell displayed low specific capacity and poor cycle performance. Even after 40 

cycles, (figure 3.3.8b) the MGC/S-1, MGC/S-2 and MGC/S-3 electrodes delivered high 

discharge capacities of 939 mAh g
-1

, 868 mAh g
-1

 and 651 mAh g
-1

, respectively. Among 

them, the higher sulfur loading into MGC/S-2 with 64% of sulfur is found to be optimal due 

to its stable and improved electrochemical performance. Moreover, the higher sulfur loading 

into the cell has an advantage that it increases the specific energy of the cell. It has been 

reported in the literature that the optimum sulfur loading into porous conductive carbon host 

enhances the active material utilization, traps the dissolved polysulfide and also increases the 

ionic and electronic transport pathways during charge/discharge process 
34,56

. 
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Figure 3.3.8 (a) Galvanostatic charge/discharge profiles and (b) cycle performance curves of 

MGC/S-1, MGC/S-2 and MGC/S-3 obtained between 1.5-2.8 V at 0.2 C rate with pristine 

polypropylene separator. 

 Furthermore, the studies have also been made in order to improve the electrochemical 

performance of the MGC/S-2 electrode by using modified separator. As mentioned in the 

introduction under the section 1.1.1.3, that the cycle life of Li-S battery can be further 

improved by introducing a thin layer of membrane between the cathode and separator or by 

modifying the separator. The interlayer or modified separator acts as a polysulfide reservoir 

that inhibits the migration of dissolved polysulfide intermediates to the anode surface. 

Moreover, it also enhances the reutilization of trapped active material during the repeated 

charge-discharge process by means of physical or chemical absorption. As a result, the 

electrochemical performance and cycle life of the cell increases, in comparison to the cell 

fabricated by using pristine sulfur cathode. For example, H. Yao et al. 
57

, prepared a modified 

separator by coating a thin layer of highly conductive carbon (super P carbon) on to the 

conventional polypropylene separator and studied its influence on the electrochemical 

performance of sulfur cathode. They reported that the large surface area of conductive carbon 

helps in trapping the dissolved polysulfides in this layer and improves the active material 

utilization during the electrochemical process. Thus, the cell fabricated by using sulfur 

cathode and modified separator exhibited high discharge capacity upto 500 cycles. In the 

present study, the investigator focus on preparing modified separator by using the as-prepared 

MGC as a carbon source and study its electrochemical performance on the MGC/S-2 cathode. 

It is expected that the dual confinement (MGC as host matrix as well as interlayer) of sulfur 

and its dissolved polysulfide species in MGC may improve the discharge capacity and the 
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cycle life of Li-S battery. Initially, the cyclic voltammetry test was conducted for the MGC/S-

2 electrode in order to study the electrochemical behaviour with modified separator for 10 

cycles in the potential range of   1.5-2.8 V at 0.1 mV s
-1

 scan rate (figure 3.3.9). During the 

discharge process, a pair of peaks are observed at the potentials of 2.3 V and 2.0 V, which 

correspond to the formation of long chain lithium polysulfides (Li2Sn; 4≤ n ≤ 8) accompanied 

by the transformation of sulfur from solid to liquid phase. Further, the long chain polysulfides 

finally get reduced to short chain lithium sulfides (Li2S2/Li2S) 
15

. Whereas, during the 

charging process, the peak at 2.5 V is attributed to the oxidation of Li2S2/Li2S to elemental 

sulfur via long chain polysulfide intermediates. In the subsequent 10 cycles, no considerable 

change is observed in the redox reaction of the MGC/S-2 electrode. This result indicates good 

electrochemical stability of the cathode with modified separator. 

 

Figure 3.3.9 CV profile of MGC/S-2 electrode with modified separator measured at a scan 

rate of 0.1 mV s
-1

. 

 Figure 3.3.10a shows the schematic representation for the fabrication of Li-S cell with 

modified separator. It is expected that the modified separator acts as a barrier film, which 

inhibits the dissolution of polysulfide species and its diffusion to the anode surface. 

Moreover, it also acts as upper current collector that increases the reutilization of the active 

material during the redox process. The galvanostatic charge/discharge profile of MGC/S-2 

electrode measured in the potential range of 1.5-2.8 V at 0.2 C rate is shown in the in-set of 

figure 3.3.10b. The charge/discharge curve of MGC/S-2 electrode shows one flat charge 

curve and two stepped discharge curves, which are indicative of the typical redox reaction of 

sulfur. Initially, the cell delivered a high discharge capacity of 1542 mAh g
-1

. Even after 50 
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cycles, the cell retained a discharge capacity of 1016 mAh g
-1 

with good coulombic efficiency 

(figure 3.3.10b). The enhanced electrochemical performance is because MGC does more than 

one function. It acts as matrix as well as barrier film that helps in trapping the dissolved 

polysulfide species and also improves the active material utilization during the redox    

process 
58

. Moreover, it can also accommodate the large volume variation during lithiation 

and has enhanced ionic and electronic conductivities.   

 

Figure 3.3.10 (a) Schematic representation of Li-S cell with modified separator and (b) cycle 

performance of MGC/S-2 electrode with modified separator measured in the voltage range of 

1.5-2.8 V at 0.2 C rate (with in-set of charge/discharge profile). 

The long term cycle performance test has also been conducted in order to show the 

electrochemical stability of the electrode at higher current rate of 1 C and the results are 

shown in the figure 3.3.11. The photo image of the modified separator is shown in the in-set 

of figure 3.3.11. The flexible nature of this separator makes it feasible for the preparation of 

Li-S cells for large-scale applications. The MGC/S-2 electrode with modified separator 

delivered high discharge capacity of 663 mAh g
-1 

at 200
th

 cycle in comparison to 481 mAh g
-1 
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with the pristine separator. These results infer that the modified separator acts as a barrier film 

that confines the dissolved lithium polysulfide in it and also increases the reutilization of the 

trapped active material during the prolonged cycles. 

 

Figure 3.3.11 Comparative long term cycle performance of MGC/S-2 electrode with pristine 

and modified separator measured at 1 C rate. 

 However, the high areal sulfur loading on the electrode in Li-S batteries is an 

important parameter for practical applications in order to provide the volumetric energy 

density comparable with that of the conventional lithium-ion batteries. Therefore, the 

investigator has studied the electrochemical performance of the MGC/S-2 electrode with high 

active material loading. Figure 3.3.12a shows the charge/discharge profiles of the MGC/S-2 

electrode with sulfur loading of 5.4 mg cm
-2

 and 9.3 mg cm
-2

, measured at 0.2 C rate. It can 

be seen from the figure 3.3.12a that the discharge profiles show a similar trend even at high 

sulfur loading as the discharge profile of electrode with 2 mg cm
-2

. Initially, the cells with 

active material loading of 5.4 mg cm
-2

 and 9.3 mg cm
-2

 delivered high discharge capacities of 

1177mAh g
-1

 and 984 mAh g
-1

, respectively. Even after 50 cycles, the cells displayed 

appreciated discharge capacities of 871 mAh g
-1

 and 632 mAh g
-1

 with good coulombic 

efficiency (figure 3.3.12b). It is observed from the figure 3.3.12 that with increase in active 

material loading on the electrode, the polarization of the electrode also increases due to 

sluggish reaction kinetics at the electrode, which reduces the electrochemical performance of 

the cell 
59

. MGC/S-2 electrode with modified separator can be used even with higher sulfur 

loading in order to increase the overall capacity of the Li-S cell. 
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Figure 3.3.12 (a) Charge/discharge profiles and (b) cycle performance curves of MGC/S-2 

electrode with high active material loading of 5.4 mg cm
-2

 and 9.3 mg cm
-2

 fabricated by 

using modified separator and measured in the potential range of 1.5-2.8 V at 0.2 C rate. 

  

Figure 3.3.13 (a) EDS elemental map of modified separator of de-crimped MGC/S-2 

electrode (9.3 mg cm
-2

), after 50 charge/discharge cycles with sulfur (yellow) and carbon 

(red), and (b) schematic representation of Li-S cell fabricated with pristine and modified 

separator.  
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Furthermore, the de-crimping studies have also been carried out on the MGC/S-2 

electrode (S=9.3 mg cm
-2

), in order to show the effect of the modified separator in improving 

the electrochemical performance. Figure 3.3.13a shows the EDS-elemental map of the 

modified separator analysed after 50 charge/discharge cycles. It can be seen from the 

elemental map that the elemental sulfur is distributed uniformly throughout the carbon matrix, 

which infers that the soluble polysulfides formed during the redox process are trapped in it. 

This resulted in the efficient reutilization of the active material. Figure 3.3.13b shows the 

schematic representation of Li-S cell fabricated with pristine and modified separators. The 

modified separator acts as a barrier film that suppresses the migration of the dissolved 

polysulfide intermediates to the anode and also operates like upper current collector in 

enhancing the overall electrochemical performance of the MGC/S-2 electrode. 

3.3.4 Conclusions 

 The as-prepared MGC exhibits high surface area of 2047 m
2
 g

-1
 with a large pore 

volume of 1.69 cc
3
 g

-1
 and also has highly graphitised carbon structure with graphene-like 

morphological appearance. The MGC/S-2 electrode with optimum sulfur loading and using a 

modified separator delivered a high initial discharge capacity of 1542 mAh g
-1

 at 0.2 C rate 

and retained a discharge capacity of 1016 mAh g
-1

 after 50 cycles with good coulombic 

efficiency. Further, the MGC/S-2 electrode with high active material loading of 5.4 mg cm
-1

 

and 9.3 mg cm
-1 

delivered discharge capacities of 871 mAh g
-1

 and 632 mAh g
-1

 at 0.2 C rate 

at 50
th

 cycle. The Li-S battery fabricated by using low cost activated carbon material such as 

MGC and high sulfur loading shows a path for large scale commercialization of this battery. 
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Section 3.4 Comparison of the Micro and Mesoporous Carbon Materials Developed in 

the Present Study and with those reported in the Literature 

This section compares the electrochemical performance of the sulfur infused micro 

and mesoporous carbons derived from neem leaves, tissue paper and jute stalks and with the 

carbons reported in the literature in the form of table 3.4.1 and 3.4.2.  

Table 3.4.1 Comparison of the electrochemical performance between the sulfur infused micro 

and mesoporous carbons developed in the present study. 

KOH activated carbon Materials as a host for sufur cathode 

Carbon source/ 

carbon material 

Sulfur 

content (%) 

Sulfur loading 

(mg cm
-2

) 

Initial capacity 

(mAh g
-1

) 

Final capacity 

(mAh g
-1

) 

C-rate 

Neem leaves  50 1.3-1.5 1143 

 

939 

784  

(50
th

 cycle) 

506  

(200
th

 cycle) 

0.2 

 

1 

Tissue paper 

(with modified 

separator) 

64 ~1.5 1497 

 

844 

(5
th

 cycle) 

992 

 (50
th

 cycle) 

652  

(200
th

 cycle) 

0.2 

 

1 

Jute stalk  

(with modified 

separator) 

64 ~2.0  

 

5.4 

 

9.3 

 

~2.0 

1527 

 

1177 

 

984 

 

859 

(5
th

 cycle) 

1016 

 (50
th

 cycle) 

871  

(50
th

 cycle) 

632  

(50
th

 cycle) 

663  

(200
th

 cycle) 

0.2 

 

0.2 

 

0.2 

 

1 

It can be seen from the table 3.4.1 that the micro and mesoporous carbon derived from 

jute stalks exhibited superior electrochemical performance in comparison to the activated 

carbons obtained from neem leaves and tissue paper. The improved electrochemical 

performance is due to the unique properties of the as-prepared MGC such as high surface 

area, large pore volume and good graphitic carbon content. The high surface area with large 

pore volume helps in trapping the dissolved polysulfide species and the presence of highly 

graphitised carbon structures improves the electrical conductivity during the redox process. 

Further, the electrochemical performance of the MGC/S-2 electrode is enhanced by using 
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modified separator. The modified separator acts as a barrier film that inhibits the migration of 

dissolved polysulfide species to the anode surface and increases the reutilization of the active 

material during repeated charge/discharge process. Moreover, the high surface area of the as-

prepared MGC also offers high sulfur loading and thus the resulting cell delivered a higher 

discharge capacity even after 50 cycles (table 3.4.1).  

This section also presents a comparison of the results reported in the literature 

prepared from conventional carbon materials and the activated carbons synthesized from 

biomass in the form of a table 3.4.2. For example, X. Chen et al. 
55

 prepared sulfur infused 

nitrogen-doped carbon nanofibers (CNF) impregnated with Mn3O4 nanoparticles. The 

electrode contains 50 wt% of sulfur with 11 mg of sulfur loading onto the electrode and the 

resulting cell delivered a discharge capacity of 744 mAh g
-1

 at 0.2 C rate after 100 cycles. The 

presence of porous structures in the CNF acts as media for physical entrapping of dissolved 

polysulfide species. Whereas, the Mn3O4 nanoparticles chemically trap the dissolved 

polysulfides and supress the migration of polysulfide species towards the anode surface.        

J. Zhang et al. 
15

 prepared a binder-free porous activated carbon foam (ACF)/sulfur composite 

electrode with 60 wt% of sulfur infusion in it. The electrode with sulfur loading of               

5.1 mg cm
-2 

delivered a high discharge capacity of 750 mAh g
-1

 at 0.2 C rate even after 100 

cycles. This behaviour is due to the presence of large internal porosity and continuous three-

dimensional network of ACF renders efficient utilization of active material and improves the 

electrical conductivity during the charge/discharge process. G. Ren et al. 
60

 prepared O and N 

doped hierarchical porous carbon from soyabean residue by using KOH activation process. 

They have prepared an electrode, which contain 80 wt% of sulfur in the composite and the 

sulfur loading was 5.5 mg cm
-2

 on the electrode. The resulting composite electrode delivered 

a high initial discharge capacity of 950 mAh g
-1

 and retained a discharge capacity of         

~770 mAh g
-1

 at 0.2 C rate even after 100 cycles. The improved electrochemical performance 

is due to the synergetic effect as explained below. The presence of a large number of 

micropores in the activated carbon helps in trapping the dissolved polysulfide species and the 

heteroatoms (O and N) in the carbon can chemically bind the dissolved polysulfides.      
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Table 3.4.2 comparative electrochemical performance of the micro and mesoporous carbons 

developed in the present study with those of the carbons reported in the literature.  

Conventional carbon materials 

Carbon source/ 

Carbon material 

Sulfur % 

in carbon 

Sulfur loading 

(mg cm
-2

) 

Initial capacity 

(mAh g
-1

) 

Final capacity 

(mAh g
-1

) 

C-rate/ current 

density (A g
-1

) 

Ref 

Porous carbon 59 0.5-0.6 1181 ~820 0.1 C 61 

Al-S-VGCF 

(Interlayer) 

95 ~5 1100 650 

(100
th

 cycle) 

0.05 A g
-1

 62 

ACAF 

 

70 ~7 ~1180 788 

(90
th

 cycle) 

0.1 C 63 

Ti2S/C  

Composite 

65 12 ~950 659 

(200
th

 cycle) 

0.2 C 64 

Mn3O4@CNF 

(Interlayer) 

50 11 ~1200 744 

(100
th

 cycle) 

0.2 C 55 

RGO-HCS 90 ~5 860 at 5
th

 cycle 662 

(78
th

 cycle) 

0.1 C 36 

KOH activated biomass-derived porous carbon materials 

Olive stone 70 2-2.5 930 670 

(50
th

 cycle) 

0.1 A g
-1

 13
 

Corncob 44 - 1600 554 

(50
th

 cycle) 

0.1 C 9
 

Crude soyabean 80 5.5 950 ~770 

(100
th

 cycle) 

0.2 C 60
 

Fish scale 58 0.8-1.0 1039 1023 

(70
th

 cycle) 

1.0 C 14
 

Pomelo peel 60 5.1 1258 750 

(100
th

 cycle) 

0.2 C 15
 

Neem leaves  50 1.3-1.5 1143 

 

784  

(50
th

 cycle) 

0.2 C 

 

This 

work 

Tissue paper 64 ~1.5 1497 992 

(50
th

 cycle) 

0.2 C This 

work 

Jute stalk  64 5.4 

 

9.3 

1177 

 

984 

871 

(50
th

 cycle) 

632 

(50
th

 cycle) 

0.2 C 

 

0.2 C 

This 

work 
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The discharge capacities delivered by the cathodes developed in the present study are 

comparable with the porous carbon-based materials prepared by the conventional methods 

and activated carbons derived from the biomass reported in the literature. Moreover, the 

present study also gives a scope for the development of low-cost electrode materials, which 

has shown a path for large-scale commercial use of these materials for Li-S battery.         
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Chapter 4 

Synthesis and Electrochemical Studies of High Capacity Tin/Graphene 

and Silicon/Graphite Composite Anodes and Fabrication of 

Lithiated Si-S Full Cell 
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Cathode and Lithiated Si/Graphite 

Anode 

 

4.3.1 Fabrication of Lithiated Si-S Full 

Cell 

4.3.2 Results and Discussion: 

Electrochemical Studies of the 

Lithiated Si-S cell 

4.3.3 Conclusions 

 4.4 Comparison of the Electro-

chemical Performance of Lithiated 

Si-S Cell Developed in the Present 

Study with those reported in the 

Literature 

Introduction 

 The Li-S battery with sulfur cathode has a high theoretical specific capacity of      

1672 mAh g
-1

, which is 3-5 times higher than the conventional cathodes used in the lithium 

ion batteries. However, the commercialization of this system is greatly hindered due to 

several issues such as poor electrical conductivity of the elemental sulfur and its end 

discharge products, polysulfide dissolution into the electrolyte and huge volume expansion. 

These factors result in loss of active material from the cathode, which leads to low discharge 

capacity and poor cycle life 
1
. Recently, tremendous work has been done on sulfur cathode to 

address these issues as discussed in the chapter 1 (Section 1.1.1.4). Novel high capacity sulfur 

cathodes based on activated carbon derived from neem leaves, tissue paper and jute stalks 

developed in the present study have been discussed in the chapter 3.  

 

Figure 4.1 Schematic representation of Sn or Si anode during charge/discharge process. 
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 Nevertheless, the use of lithium metal as the anode during the fabrication of Li-S cells 

remains a major drawback due to the formation of lithium dendrites upon repeated charge-

discharge processes. This results in internal short-circuit of the cell which may undergo 

thermal runway 
2
. In addition to this drawback, elemental lithium is toxic and highly 

expensive. The graphite with theoretical specific capacity of 372 mAh g
-1

, is the most 

commonly used anode material in lithium-ion batteries. The graphite anode with low 

charge/discharge capacity cannot compensate the high charge storage capacity of the sulfur 

cathode. Hence, the research has been directed towards high capacity anode materials. Among 

them, high capacity tin (Sn) and silicon (Si) are considered to be good anode materials, which 

can replace the use of lithium metal anode in Li-S battery 
3
. According to the phase diagram, 

five silicon or tin atoms can accommodate twenty two lithium atoms in order to achieve high 

theoretical capacities of 4200 mAh g
-1

 for Si and 994 mAh g
-1

 for Sn, respectively 
4
. 

Moreover, these anode materials operate at low potential window, which make them 

applicable for the fabrication of Li-S full cell. Nevertheless, these anodes have not been 

explored in commercial rechargeable batteries because the bulk material displays poor cycle 

performance during lithiation/delithiation process. This is mainly due to the generation of 

huge mechanical stress during large volume expansion (300%) that eventually results in 

pulverization, disintegration of active material from the current collector, and loss of electrical 

contact between the adjacent particles as shown in the figure 4.1 
5,6

. 

 In the present study, the investigator focused on the synthesis of Sn/graphene and 

Silicon/graphite composites for use as anodes in place of lithium in the Li-S battery. This 

chapter has been divided into four sections, which include a brief introduction, experimental 

details, results and discussion of electrodeposition of dendritic porous Sn/Graphene structures 

(Section 4.1), Si/Graphite prepared by ball milling process (Section 4.2) and fabrication of 

lithiated Si-S full cell (Section 4.3). Section 4.4 shows the comparison of the electrochemical 

performance of lithiated Si-S cell developed in the present study with those reported in the 

literature. 
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Section 4.1 Graphene Modified Electrodeposited Dendritic Porous Tin Structures as 

Binder Free Anode Material 

 Several attempts have been made to mitigate huge volume variation of Sn during 

lithiation/delithiation process in order to achieve an improved electrochemical performance 

for longer cycles 
7,8

. In the recent years, the Sn-based intermetallic alloys 
9,10

 and Sn-carbon 

composites 
11,12

 have gained much interest owing to their excellent electrochemical stability. 

On the other hand, Sn-based three dimensional (3D) porous structure fabricated by 

electrodeposition method as anode material has shown an excellent electrochemical 

performance 
13,14

. The main advantage with electrodeposition method is that, no binder or 

conductive additive is required during the cell fabrication process 
15

. Moreover, the 

microstructural and chemical properties can easily be manipulated by optimising the 

deposition parameters. Recently, J. Jeun et al.
16

 reported the use of 3D dendritic Sn/C 

composite prepared by a two-step electrodeposition, which delivered an improved discharge 

capacity. J. Park et al.
17

 have shown that Sn, co-electrodeposited with carbon particles, 

displayed a maximum discharge capacity of 620 mAh g
-1

 at 100 mA g
-1

 current density.       

G. Wang et al.
18

 reported 3D nano-architecture of Sn/graphene (Sn/G) composite prepared by 

the chemical reduction method which delivered a stable and highly reversible lithium storage 

capacity of about 508 mAh g
-1

, up to 100 cycles. The development of graphene based hybrid 

nanostructures such as Sn/G, 
19,20

 Fe3O4/G, 
21,22

 SnO2/G 
23,24

 and Co3O4/G 
25,26

 have shown 

promising electrochemical performance. During the charge/discharge process, presence of 

highly conductive graphene, due to its sheet-like structure in the composite can maintain an 

intimate electrical contact between the fractured particles for good electron transport. In 

addition, it can also accommodate large volume expansion during cycling. However, the 

fabrication procedures either include time consuming and complex techniques or use of toxic 

chemicals. The need for a simple technique to develop the electrode materials which can 

provide high capacity retention and good cyclic performance motivated the investigator to 

carry out the present study. In the present study, the investigator has developed a sandwich 

type of highly porous electrodeposited binder free Sn/G/RGO composite anode and evaluated 

its electrochemical performance. 
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4.1.1 Synthesis of Sn/Graphene Composite 

 Graphene oxide (GO) was synthesized by electrochemical exfoliation method as 

reported in the literature 
27

 and then reduced thermally by heating at 600 ºC for 1 h in argon 

atmosphere in order to obtain reduced graphene oxide (RGO). Electrodeposition was 

performed by using a two electrode system in aqueous electrolyte solution. Carbon paper 

rinsed with deionised water followed by ethanol, was used as the substrate (cathode) for 

electrodeposition of pristine Sn and Sn/G composite. Whereas, a platinum foil was used as the 

anode and the electrodes were separated by a distance of 6 mm. Sn/G composite was co-

electrodeposited at a constant current of 2 A cm
-2

 by using power supply (Dynatronix, DuPR 

10-3-6) for 10 seconds at room temperature of 25 ºC. In a typical synthesis, 0.2 g of GO 

nanosheets was dispersed in a 250 ml electrolytic solution containing 5.36 g of SnSO4 and 

13.5 ml of conc. H2SO4 (68-70%). During the co-electrodeposition process, the electrolyte 

solution was continuously stirred for better dispersion of GO. For the purpose of comparison, 

pristine Sn was also electrodeposited using the same procedure but without the addition of 

graphene oxide. Both the materials, (viz. electrodeposited Sn and co-electrodeposited Sn/G) 

were coated with reduced graphene oxide by drop casting method to form sandwich 

structures. The schematic illustration of the process is shown in the figure 4.1.1. After the 

electrodeposition, the samples were rinsed with deionised water followed by heating at 170 ºC 

in a tubular furnace under inert atmosphere for 2 hours. The amounts of pristine Sn and Sn/G 

composite loaded on the carbon paper substrate are in the range of 3.0-3.5 mg cm
-2

. The RGO 

content in the sandwich structures is in the range of 2.2-2.6 mg cm
-2

 and the thickness of the 

electrode (current collector + anode material) is 400 µm. 

The electrochemical studies have been carried out using 2032 coin cells, which were 

assembled in an Ar filled glove box. The electrodeposited anode materials on carbon paper 

were used as binder free working electrodes and the lithium foil was used as the reference 

electrode. Two types of electrolyte solutions were employed in the present study. Firstly, A 

solution of 1 M LiPF6 in a mixture of ethylene carbonate and dimethyl carbonate (EC:DMC) 

in 50:50 v/v (which is the most commonly used electrolyte for Li-ion batteries) was used. 

Secondly, 1 M bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) in a mixture of 1,3-

dioxalane (DOL) and dimethoxyethane (DME) (DOL:DME, 1:1 by volume) with 5 wt% 

lithium nitrate as additive was exclusively used in Li-S batteries due to its high 

electrochemical stability towards dissolved polysulfide species. As mentioned in the     

chapter 1, the conventionally used carbonate based electrolyte solution cannot be employed in 
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Li-S cell due to nucleophilic addition or substitution reaction with lithium polysulfides, which 

leads to severe capacity decay within a few charge-discharge cycles 
28

. 

 

Figure 4.1.1 Schematic representation of the preparation of sandwich type porous 3D 

structures of (a) Sn/RGO and (b) Sn-G/RGO composite. 

4.1.2 Results and Discussion: Characterization of the Tin/Graphene Anode Material 

 Initially, pristine Sn and Sn-graphene (Sn-G) composite were fabricated on carbon 

paper substrate (used as current collector) by electrodeposition and co-electrodeposition 

processes, respectively as shown in the figure 4.1.1. During electrodeposition, a highly porous 

metallic pristine Sn was directly deposited on the cathode surface (carbon paper) to form 

dendrite-like structure. During electrodeposition, hydrogen bubbles act as dynamic template 

for the formation of 3D dendritic Sn on the substrate by selecting suitable parameters such as 

applied current density and the concentration of precursor materials 
29

. In-situ incorporation 

of graphene during the electrodeposition has an advantage of improved electrical conductivity 

of the electrode material. It is apparent that due to the presence of more oxygen functional 

groups on bare GO, the electrodeposition may not take place on the negative electrode 

(cathode). However, in the co-electrodeposition process of both GO and Sn, a small quantity 

of GO also undergoes deposition along with Sn. During the process, stannous ions were 

adsorbed on the surface of the GO by electrostatic forces of attraction, followed by migration 

to the cathode surface. Whereas, the reduction of Sn
2+

 to Sn occurs on the substrate along 

with the partial reduction of GO to graphene to form Sn-G composite.  
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4.1.2.1 Morphological Analysis: 

 The morphologies of the electrodeposited Sn and Sn-G composite were studied using 

SEM (figure 4.1.2). Figure 4.1.2a and b show the photo image and SEM image of the carbon 

paper substrate, respectively. The carbon paper substrate appears as a three dimensional 

network with good interconnectivity, which facilitates high electron transport 
30

. In addition, 

the 3D carbon substrate can facilitate high material loading and also tightly holds the active 

material during the electrodeposition process.  

 

Figure 4.1.2 (a) Photo image of carbon paper and SEM image of (b) carbon paper, (c–d) Sn, 

(e–f) Sn-G composite  at different magnifications, (g and h) cross sectional images of 

Sn/RGO  and Sn-G/RGO. 
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Figures 4.1.2 (c,d) and (e,f) display the SEM images of highly porous 3D Sn and Sn-G 

samples at two different magnifications respectively. Both Sn and Sn-G composite show 

similar type of morphological characteristics with each dendrite being in the range of a few 

hundred nanometers. Figure 4.1.2 (g and h) shows the cross sectional images of the RGO 

coated on Sn (Sn/RGO) as well as on Sn-G composite (Sn-G/RGO) electrodes. The cross 

sectional images of both the samples show zig-zag type morphological appearance with high 

porosity. These sandwich type structures are expected to offer advantage in terms of 

compensating large volume change during the charge/discharge processes. Moreover, RGO 

coating on the surface of pristine Sn or Sn-G composite may protect the active material from 

the direct contact with the electrolyte to form progressive SEI during cycling. 

4.1.2.2 X-ray Diffraction Analysis: 

 Representative X-ray diffraction patterns of Sn, Sn/RGO, Sn-G and Sn-G/RGO 

composites are shown in the figure 4.1.3. All the diffraction peaks of the electrochemically 

deposited tin samples can be assigned to pure phase of metallic tin (JCPDF: 00-04-673, 

tetragonal) with no other impurity 
31

. The graphene peak at around 2θ of 26 degrees is not 

observed in the Sn-G composite (figure 4.1.3a), which clearly indicates that the high intensity 

peaks of Sn completely dominate the peak of graphene sheets. Recently, S. Ding et al.
24

 have 

also reported that no diffraction pattern was observed for graphene based hybrid electrode 

material and the results suggested that very small amount of graphene was present in the 

sample with homogenous distribution. Whereas, the Sn/RGO and Sn-G/RGO samples exhibit 

broad peak at around 26º indicating the presences of RGO.  

In order to observe the presence of graphene in the co-electrodeposited Sn-G 

composite, a small proportion of Sn was leached with dilute sulphuric acid (H2SO4). The FE-

SEM images of the resulting Sn-G composite clearly displayed graphene-like nanostructures. 

Figure 4.1.3 (b and c) show the FE-SEM images of Sn and Sn-G, respectively. It can be seen 

from figure 4.1.3c that the growth of Sn dendrites is initiated on the surface of the graphene 

sheets. FE-SEM image of same sample in another area shows that the Sn dendrites are 

wrapped with graphene (in-set of figures 4.1.3c). This result was further supported by the 

TEM images as shown in figure 4.1.4. The TEM images indicate that the graphene is co-

deposited along with Sn on the substrate. The presence of graphene in the sample is expected 

to improve the electrical conductivity of the electrode during the electrochemical process. 
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Figure 4.1.3 (a) X-ray diffraction patterns of Sn, RGO, GO, Sn-G, Sn/RGO and Sn-G/RGO 

composites, FE-SEM images (b) Sn and (c) Sn-G composite material after leaching in the 

presence of dilute H2SO4. 

 

Figure 4.1.4 TEM images of Sn-G composite at two different locations showing the presence 

of graphene sheets. 

4.1.2.3 Raman Spectral Analysis 

 The presence of graphene in the co-electrodeposited sample was confirmed by Raman 

spectra. Figure 4.1.5 shows the Raman spectra of RGO, GO, Sn, Sn/RGO, Sn-G and Sn-

G/RGO composite electrodes. Raman spectrum of the reduced graphene oxide shows intense 

peaks at 1573 cm
-1

 and 1344 cm
-1

, which correspond to the G and D bands of carbon, 

respectively 
32

. The low intensity ratio ID/IG (0.42) for RGO indicates more graphitic nature of 

the sample. When Sn and GO are co-electrodeposited (figure 4.1.5), the intensity peak ratio of 

D and G bands slightly decreased (ID/IG = 0.89) when compared to GO (ID/IG = 1.27). This 

decrease in the intensity ratio indicates partial reduction of GO to graphene during cathodic 
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deposition. The presence of disordered structure of graphene in Sn-G composite has 

synergistic effect, i.e., it increases storage capacity and access of lithium ion diffusion during 

the charge/discharge process 
33

. The Raman spectral analysis of Sn/RGO and Sn-G/RGO has 

also shown the features similar to that of the RGO spectrum, which infers the presence of 

highly graphitic carbon on the surfaces. 

 

Figure 4.1.5 Raman spectra of GO, RGO, Sn, Sn/RGO, Sn-G and Sn-G/RGO samples. 

4.1.3 Results and Discussion: Electrochemical Studies of the Tin/Graphene Anode 

Materials 

 The electrochemical performance of all the samples was evaluated by using lithium 

foil as the reference electrode and LiPF6 as the electrolyte. Figure 4.1.6 represents the 

electrochemical performance of the anodes measured in the voltage range of 0.02-1.5 V vs. 

Li/Li
+
 at 0.1 C rate. All the electrodes are binder free and carbon paper is used as the current 

collector. Figure 4.1.6 shows the charge-discharge cycle comparison of RGO, Sn, Sn/RGO, 

Sn-G and Sn-G/RGO composites. Initial discharge capacities of 1114 mAh g
-1

, 878 mAh g
-1

, 

2249 mAh g
-1

, 1113 mAh g
-1

 and 2035 mAh g
-1

 are obtained for RGO, Sn, Sn/RGO, Sn-G 

and Sn-G/RGO, respectively. Sn has shown rapid specific capacity decay and after 20 cycles 

it retained a capacity of only 97 mAh g
-1

. The poor cycle performance of Sn is due to large 

volume expansion that resulted in degraded microstructure, which led to loss of electrical 

contact between the adjacent particles 
34

. Although, porous dendritic structure of Sn facilitates 

the compensation for volume change due to Li alloying, the mechanical fracture that occurs 

during delithiation could not be controlled due to submicron structures. Freshly generated 

fractured Sn surface is prone to SEI formation on each cycle leading to progressive capacity 
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fading. It was reported that the smaller Sn nanoparticles perform better capacity retention due 

to minimum mechanical fracture and controlled SEI formation 
35

. However, simple, scalable, 

and low cost methods like electrodeposition cannot yield very fine particles in nanometer 

scale. Only morphological features can be controlled in this process. The rapid capacity decay 

can be minimized by incorporating graphene into 3D Sn porous nanostructure by 

coelectrodeposition. The co-electrodeposited 3D Sn-G composite has shown better 

electrochemical performance and it retained a specific capacity of 270 mAh g
-1

 even after 20 

cycles. Improved performance of the Sn-G electrode is mainly due to the presence of highly 

conductive graphene in the composite. The graphene oxide (GO) dispersed in the electrolyte 

gets partially reduced to graphene during the electrochemical deposition of Sn at the cathode 

in addition to hydrogen evolution. Electrochemical reduction of GO was also observed during 

the electrochemical deposition of Cu-RGO composites 
27

. Interestingly, when RGO was 

coated on the surface of both pristine Sn (pristine Sn/RGO) and Sn-G (Sn-G/RGO), the cells 

retained high discharge capacities of 413 mAh g
-1 

and 769 mAh g
-1

, respectively, after 20 

cycles. The reasonable capacity retention of RGO coated samples may be due to the presence 

of a protective RGO layer on the surface that prevents the electrolyte from direct contact with 

Sn and major amount of SEI layer is expected to form on RGO. Among these two electrodes, 

Sn-G/RGO composite exhibited higher reversible capacity and cycle performance due to the 

presence of graphene in the co-electrodeposited Sn-G nanostructure that can further improve 

the electronic conductivity. 

 

Figure 4.1.6 Comparative cycle performance curves of RGO, Sn, Sn/RGO, Sn-G and Sn-

G/RGO measured at 0.1 C rate.  
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The improved electrochemical performance of these electrodes was further supported 

by the electrochemical impedance measurements. Figure 4.1.7 shows the Nyquist plots of Sn, 

Sn/RGO, Sn-G and Sn-G/RGO measured after two charge/discharge cycles. In the high 

frequency region, Sn/RGO, Sn-G and Sn-G/RGO samples show a depressed semicircle, 

which corresponds to charge transfer resistance (Rct) in the cell at the electrode-electrolyte 

interface. Whereas, the Nyquist plot of Sn electrode showed two depressed semicircles in the 

high and medium frequency regions. The former semicircle corresponds to Rct and the latter 

one is due to the formation of a thick SEI layer on the surface of anode. This result is in 

agreement with the electrochemical performance of Sn anode, which showed poor cycle 

stability after the first cycle. Y. Liu et al.
36

, also observed that the use of reduced graphene 

oxide enhances the charge transfer process, which reduces the internal resistance of the cell. 

An inclined line is observed in Nyquist plots of all the samples at low frequency region, 

which corresponds to the Warburg impedance. The Warburg impedance is associated with the 

diffusion of lithium ions between the electrodes. The experimental results are fitted well with 

the equivalent circuits as shown in the figure 4.1.7. Rs represent the electrolyte resistance, Rct 

is the charge transfer resistance, CPE is the constant phase element and Wo is the Warburg 

resistance associated with diffusion of ions.  

 

Figure 4.1.7 (a) Nyquist plots of Sn, Sn/RGO, Sn-G and Sn-G/RGO electrodes measured 

after two charge/discharge cycles, (b) Equivalent circuit for Sn/RGO, Sn-G and Sn-G/RGO 

and (c) Equivalent circuit for Sn. 

The charge transfer resistance values of Sn, Sn/RGO, Sn-G and Sn-G/RGO 

composites are calculated to be 53.47Ω, 10.12Ω, 5.92Ω and 7.34Ω, respectively. The lower 
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charge transfer resistance (Rct) of graphene containing Sn electrodes in comparison to pure Sn 

electrode indicates the fast Li-ion diffusion kinetics during the redox process and thus the cell 

exhibits superior electrochemical performance. A slight increase in Rct value of Sn-G/RGO 

electrode in comparison to Sn/G electrode is due to increase in thickness of the electrode after 

coating with RGO 
37

. 

Figure 4.1.8 (a) Charge-discharge profiles of Sn-G/RGO anode with 1M LiPF6 (EC:DMC) 

and (b) 1M LITFSI electrolyte with 5 wt% of LiNO3 additive measured at 0.1 C rate in the 

potential range 0.02 to 1.5 V, (c) comparative cyclic performance of Sn-G/RGO electrode in 

both the electrolyte solutions and (d) Cycle performance of Sn-G/RGO electrode measured at 

0.2 C rate.  

As the Sn-G/RGO electrode exhibited the highest discharge capacity, it was further 

selected for comparing the electrochemical performance with 1M LITFSI electrolyte. Figure 

4.1.8a shows the typical charge-discharge profiles of the sandwich type Sn-G/RGO composite 

measured at 0.1 C rate in the voltage range of 0.02-1.5 V using 1M LiPF6 as the electrolyte. 

During the first cycle, the Sn-G/RGO composite delivered very high discharge and charge 

capacities of 2035 mAh g
-1

 and 1298 mAh g
-1

 respectively. The initial cycle shows an 
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irreversible capacity loss of about 37%. The large irreversible capacity loss is attributed to 

SEI layer formation and the excess lithium ions stored in the active sites of 3D porous Sn and 

disordered structure of graphene sheets due to the high surface to volume ratio 
35,38

. In the 

second cycle, the irreversible capacity loss was reduced to 11% and after 40 cycles, the anode 

material still retained a specific capacity of 696 mAh g
-1

, with a coulombic efficiency of more 

than 98%. The electrochemical performance of Sn/G/RGO electrode was also measured with 

1M LITFSI electrolyte with 5 wt% of LiNO3 additive for the purpose of comparison (Figure 

4.1.8b), as this electrolyte is used in Li-S battery due to its high electrochemical stability 

towards polysulfide species. Initially, the cell delivered high discharge and charge capacities 

of 1833 mAh g
-1

 and 1086 mAh g
-1

, respectively and are comparable with that of the cell 

measured in 1 M LiPF6 electrolyte solution. Even after 20 cycles, the anode displayed high 

specific capacity of 819 mAh g
-1

 and the coulombic efficiency is close to 100% (Figure 

4.1.8c). Further, the Sn-G/RGO electrode was also tested at 0.2 C rate in 1M LITFSI 

electrolyte containing 5 wt% of LiNO3. The resulting cell delivered a high discharge capacity 

of 587 mAh g
-1

, even after 40 cycles as shown in figure 4.1.8d. 

The rate capability of Sn-G/RGO electrode was studied at different current rates by 

using both the electrolyte solutions, as shown in the figure 4.1.9. It can be observed that the 

electrodes delivered comparable electrochemical responses at different current rates. The 

electrode with 1M LiPF6 (EC:DMC) delivered the discharge capacities of 1243 mAh g
-1

,    

758 mAh g
-1

, 233 mAh g
-1

 at current rates of 0.1 C, 0.2 C and 0.5 C, respectively, while the 

corresponding values observed for 1M LITFSI electrolyte with 5 wt% of LiNO3 additive are 

1091 mAh g
-1

, 621 mAh g
-1

, 164 mAh g
-1

. Furthermore, when the current rate is changed 

from 0.5 C to 0.1 C, the cells retained discharge capacities of 902 mAh g
-1

 with 1M LiPF6 and 

926 mAh g
-1

 with 1M LITFSI containing 5 wt% of LiNO3. Excellent capacity retention of  

Sn-G/RGO may be because of the synergistic effect of the presence of graphene in the Sn-G 

composite and RGO coating on the surface. This synergistic effect is explained hereunder. 

The presence of graphene in the co-electrodeposited Sn-G composite acts as a matrix for the 

mechanically disintegrated Sn particles and increases the electrical conductivity of the 

electrode. Whereas, the RGO coating on the surface of Sn-G electrode also acts as a 

conductive matrix, accommodates large volume expansion and protects the surface from the 

formation of thick SEI layer. In addition, the large open porous structure facilitates easy 

access of the electrolyte throughout the electrode and allows rapid transport of lithium ions 

during the redox process. The discharge capacity delivered by the electrodeposited Sn-
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G/RGO composite is higher than the values reported in the literature on electrodeposited Sn 

based composites 
13,14,16

 and comparable with the other chemically synthesized Sn/graphene 

composites 
10,18

. Thus, the simple, cost-effective and easy synthetic process developed in the 

present study may find a path for large scale commercialization of the Sn-G/RGO composite 

material for energy storage application. 

 

Figure 4.1.9 Rate capability of Sn-G/RGO electrode measured in 1M LiPF6 (EC:DMC) and 

1M LITFSI electrolyte with 5 wt% of LiNO3 additive at different current rates. 

4.1.4 Conclusions 

A simple and cost effective electrodeposition method was employed for the synthesis 

of the high capacity anode materials. The fabricated anodes are binder-free with 3D highly 

porous dendritic structures. A protective RGO layer is coated onto the surface of Sn-G 

composite in order to minimize the progressive SEI layer formation. As a result, an excellent 

electrochemical performance was obtained for the Sn-G/RGO anode in both the LiPF6 and 

LITFSI plus 5 wt % of LiNO3 electrolyte systems. The optimal performance exhibited by the 

Sn-G/RGO anode is mainly due to the synergistic effect of the presence of highly conductive 

graphene in Sn-G matrix and RGO coating on the surface.  
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Section 4.2 Synthesis of Silicon/Graphite Composite as an Anode Material 

 Development of nanostructured silicon based composites reduces the disintegration of 

active material from the current collector due to smaller size of Si particles and also decreases 

the volume expansion created during lithiation. The novel electrode structures such as 

Si/graphene 
39,40

, Si/CNT 
41,42

, Si nanosheets 
43

, Si/conductive polymers 
44

, Si nanowires 
45

, 

mesoporous Si and hollow structures 
46,47

 have shown an improved electrochemical 

performance over long cycles. However, the preparation of these materials involves tedious 

experimental conditions, use of toxic chemicals and high cost precursors, which limit the 

commercialization of this system. Among the different approaches employed for the 

fabrication of nanostructured Si, the ball-milling method is considered to be a cost-effective 

and simple process 
48

. The ball-milled Si-graphite (Si/G) composite has been explored for   

Li-ion batteries by using LiPF6 as electrolyte and has shown an excellent electrochemical 

stability for longer cycles. For example, J. Nzabahimana et al. 
49

 synthesized silicon/carbon 

composite, wherein the porous nanostructured silicon is prepared by ball-milling and 

chemical etching process followed by carbon coating on it. They have studied the effect of 

milling time (1h, 2h, 3h, 4h and 5h) on the morphology, crystallinity and electrochemical 

performance of these composites. The 2 h milled sample delivered the highest discharge 

capacity of 834 m Ah g
-1

 at 2 A g
-1

 at 200
th

 cycle. S. Huang et al. 
50

 synthesized phosphorous 

doped Si/graphite composite by two-stepped ball milling process. The P-doped Si and 

graphite with 1:1 weight ratio on the electrode exhibited the highest discharge capacity of  

883 mAh g
-1 

at 0.2 A g
-1

 current density even after 200 cycles. To the best of the 

investigator’s knowledge, the electrochemical performance of Si/graphite composite has not 

been studied with LITFSI electrolyte, which motivated the investigator to study this system 

for Li-S battery application.  

3.2.1 Synthesis of Si/Graphite Composite 

The laboratory reagent grade silicon and graphite powders were used for the 

preparation of Si/G composites. The silicon and graphite powders were weighed in the mass 

ratios of silicon:graphite as 0:1, 0.3:0.7, 0.5:0.5, 0.7:0.3 and 1:0, the total mass being equal to 

2 g. Then 2 ml of ethanol was added to the weighed powders and the resulting mixtures were 

ball milled by using planetary ball mill at 250 rpm for 10 h. Figure 4.2.1 Show the schematic 

representation for the synthesis of Si/G composites and the cell fabrication process. The 

resulting samples were washed with 0.1 M HF and then washed several times with DI water 
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in order to remove surface oxides of silicon followed by drying in an oven at 80 ºC. The ball 

milled Si/G composites with weight ratios of 0:1, 0.3:0.7, 0.5:0.5, 0.7:0.3 and 1:0 are labelled 

as G, Si3/G7, Si5/G5, Si7/G3 and Si, respectively.   

 The electrochemical performance of these composites has been evaluated by using 

lithium foil as the reference electrode and 1M LITFSI containing 5wt% LiNO3 as electrolyte. 

The working electrode for anodes was prepared by mixing the active material, super P carbon 

and sodium alginate (binder) in the weight ratios of 60:20:20 in DI water. The homogenously 

mixed slurry was coated on the carbon paper (current collector) followed by drying in an oven 

at 60 °C for 12 h. After drying, the electrodes were punched into 12 mm discs and used for 

the fabrication of the cells. The amount of active material loading onto the electrode is about 

1.2-1.5 mg cm
-2

.   The detailed methodology for characterization and electrochemical studies 

has been presented in the chapter 2. 

 

Figure 4.2.1 Schematic representation for the synthesis of Si/G composite and the cell 

fabrication process. 

4.2.2 Results and discussion: Characterization of the Silicon Based Anodes 

4.2.2.1 Morphological Analysis:  

The morphology and the particle size of the samples have been investigated by using 

FE-SEM and TEM. Figure 4.2.2 shows the SEM and TEM images of G, Si3/G7, Si5/G5, 

Si7/G3 and Si composites. It can be seen from the figure 4.2.2 that the particle size of silicon 

decreases during ball-milling process, indicating proper blending of both the materials. This 

has been further confirmed by the TEM analysis, in which small silicon particles are well 

distributed on the graphite sheets. The uniform distribution of silicon with graphite is 
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expected to improve the electrical conductivity of the electrode during the charge/discharge 

process. 

 

Figure 4.2.2 SEM and TEM images of G (a and f), Si3/G7 (b and g), Si5/G5 (c and h), 

Si7/G3 (d and i) and Si (e and j). 
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4.2.2.2 EDS Elemental Mapping: 

The EDS elemental mapping was conducted on the composite materials in order to 

study the distribution of silicon and graphite in the samples. It is clearly observed from the 

figure 4.2.3 that the silicon is homogenously distributed throughout the graphite matrix.  

 

Figure 4.2.3 EDS elemental map of Si3/G7 (a), Si5/G5 (b) and Si7/G3 (c) composites with 

silicon (green) and graphite (red). 

4.2.3.3 X-ray Diffraction Analysis: 

The X-ray diffraction patterns of the synthesized G, Si3/G7, Si5/G5, Si7/G3 and Si 

materials are shown in the figure 4.2.4. The graphite showed one sharp peak at two theta 

value of 26º, which corresponds to (002) plane of the crystalline form of graphite (JCPDF 75-

1621) 
51

. In the case of silicon, three distinct peaks appeared at 28º, 47º and 56º, which are 

attributed to (111), (220) and (311) planes of the crystalline silicon (JCPDF 27-1402).           

T. Schott et al. 
52

 also observed similar type of XRD patterns for silicon in the composite. 

Whereas, the X-ray diffraction patterns of composite materials (Si3/G7, Si5/G5, Si7/G3) 

displayed the peaks corresponding to polycrystalline silicon and graphite. Moreover, it is also 

observed that the peak intensity of silicon increases with an increase in silicon content in the 

composite. This result confirms the existence of both silicon and graphite in crystalline form 

even after the ball milling process. 
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Figure 4.2.4 XRD patterns of G, Si3/G7, Si5/G5, Si7/G3 and Si. 

4.2.2.4 Raman Spectral Analysis 

In order to further confirm the existence of silicon and graphite in the composite 

materials and also study the graphitic nature of carbon, the synthesized samples have been 

subjected to Raman spectral analysis. Figure 4.2.5 shows the Raman spectra of G, Si3/G7, 

Si5/G5, Si7/G3 and Si materials. The Raman spectrum of graphite displayed two 

characteristic peaks at 1350 cm
-1

 and 1600 cm
-1

, which correspond to the D and G peaks, 

respectively. The former peak can be assigned to A1g vibration mode of defective carbon 

atoms. Whereas, the later peak in the spectrum resulted from the E2g vibration mode of 

nanocrystalline graphite 
53

. Moreover, a 2D peak appeared at a Raman shift of 2700 cm
-1       

 

in the sample, which infers the presence of multi-layered graphene-like structure in the     

sample 
54

. The ID/IG ratios of graphite such as 0.20, 0.19 and 0.28 for Si3/G7, Si5/G5 and 

Si7/G3 composites, indicate the presence of more graphitic structure in the sample even after 

the ball-milling process. Pure silicon exhibits a sharp peak of high intensity at a wavenumber 

of 515 cm
-1

 and two peaks of less intensity at 295 cm
-1

 and 950 cm
-1

, which are characteristic 

of nanostructured silicon 
55

. The composite materials also display the peaks corresponding to 

nanostructured silicon in addition to the D and G bands of the carbon atoms. These results 

infer the existence of both silicon and graphite in the composites and the presence of graphite 

is expected to improve the electrical conductivity during the redox process.  
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Figure 4.2.5 Raman spectral of G, Si3/G7, Si5/G5, Si7/G3 and Si composites. 

4.2.3 Results and Discussion: Electrochemical Studies of Silicon Based Anodes 

The electrochemical performance of G, Si3/G7, Si5/G5, Si7/G3 and Si anodes has 

been evaluated by using lithium metal as the reference electrode and LITFSI as the 

electrolyte. Figure 4.2.6 shows the comparative cycle performance curves of these anodes 

measured in the voltage range of 0.01-1.5 V at 0.2 C rate. The carbon paper is used as the 

current collector for these materials. The three dimensional continuous networks of carbon 

provide high electrical conductivity, while the internal voids in the carbon paper 

accommodate large volume variation during the lithiation process 
30

. As a result, the electrode 

showed good electrochemical stability and the cell exhibited improved electrochemical 

performance upon repeated charge/discharge processes. Initial discharge capacities of        

674 mAh g
-1

, 2248 mAh g
-1

, 3581 mAh g
-1

, 3881 mAh g
-1

, and 4373 mAh g
-1

 are obtained for 

G, Si3/G7, Si5/G5, Si7/G3 and Si, respectively. Though the pure silicon delivered the highest 

discharge capacity, the volume expansion during charge/discharge process leads to poor cycle 

performance and the cell retained a discharge capacity of only 673 mAh g
-1

 after 40 cycles. 

Whereas, the discharge capacity of graphite is reduced from 674 mAh g
-1 

to 316 mAh g
-1 

after 

40 cycles. The poor electrochemical performance of the silicon anode after 40 cycles is due to 

mechanical disintegration of the active material from the current collector. Therefore, the 

fractured particles with fresh surfaces are prone to formation of SEI layer on each cycle, 

which leads to an increase in the thickness of the SEI layer and thus the cell showed severe 

capacity fading with repeated charge/discharge processes 
52

. Whereas, the composites 

delivered an enhance performance with the specific capacities of  884 mAh g
-1

, 1496 mAh g
-1

 

and 1264 mAh g
-1 

for Si3/G7, Si5/G5, Si7/G3 electrodes, respectively after 40 cycles. The 
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presence of graphite in the composite, acts as a matrix for the mechanically fractured silicon 

particles during lithiation. Moreover, it can also accommodate huge volume expansion. 

Among the composites, the Si5/G5 electrode exhibited the highest discharge capacity due to 

optimised weight ratio of silicon and graphite in the composite.  

 

Figure 4.2.6 Comparative cycle performance curves of G, Si3/G7, Si5/G5, Si7/G3 and Si 

electrodes measured at 0.2 C rate in the potential range, 0.02 to 1.5 V. 

 The Si5/G5 electrode has been further evaluated by CV studies as shown in the figure 

4.2.7. During the initial cathodic scan, a broad band from 0.4 V to 0.7 V is observed, which 

corresponds to the decomposition of the organic electrolyte and the formation of SEI layer   

on the surface of the electrode 
56

. This band is not observed in the subsequent cycles 

indicating the good chemical stability of the electrode. In the anodic scan, the peaks at 0.32 V 

and 0.51 V correspond to the de-alloying of the lithiated silicon 
57

. In the subsequent cycles 

the cathodic peak observed at 0.19 V indicates the alloying of silicon with lithium during the 

lithiation process. In these cycles, same delithiation peaks are obtained during the anodic scan 

ant lithiation peak is obtained during the cathodic scan. Thus, the CV studies establish the 

reversible nature of the Si5/G5 electrode. 
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Figure 4.2.7 Cyclic voltammetric profile of Si5/G5 electrode measured in the potential range 

of 0.01-1.5 V at 0.1 mV s
-1

 scan rate. 
  

Figure 4.2.8a shows the galvanostatic charge/discharge profile for the first three cycles 

of Si5/G5 anode. The cell delivered high initial discharge capacity of 3574 mAh g
-1

 at 0.2 C 

rate. Large irreversible capacity loss is observed in the first cycle, which is due to the 

formation of SEI layer on the surface of the electrode. A long flat discharge curve is observed 

at a plateau less than 0.15 V, which corresponds to delithiation from the lithiated silicon 

particles. The electrode showed a capacity fading in the initial cycles and gets stabilized after 

a few cycles. Even after 50 charge/discharge cycles, the Si5/G5 electrode displayed a high 

discharge capacity of 1443 mAh g
-1

 (figure 4.2.8b). Furthermore, when the current rate is 

increased to 1 C, the electrode exhibited a discharge capacity of 816 mAh g
-1

 even at 200
th

 

cycle (figure 4.2.8c). The remarkable electrochemical performance delivered by this electrode 

is mainly due to smaller particle size of silicon and its homogeneous distribution throughout 

the conductive graphite. Moreover, the use of carbon paper substrate has synergistic effect in 

improving the electrochemical performance of the cell i.e., it can accommodate large volume 

expansion during alloying/de-alloying processes and also act as fast electron transport 

medium. The discharge capacity delivered by the Si/graphite composite with LITFSI 

electrolyte is comparable with discharge capacity of the ball milled Si based composites with 

LiPF6 electrolyte 
48,49,53,55

. Thus, the simple, cost-effective and easy synthetic process 

developed in the present study may find a path for large scale commercialization of this 

system as anode material in a Li-S battery. 
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Figure 4.2.8 (a) Charge/discharge profile, (b) cycle performance curve of Si5/G5 electrode 

measured at 0.2 C rate, and (c) cycle performance curve of Si5/G5 electrode measured at 1 C 

rate for 200 cycles. 

4.2.4 Conclusions 

The electrochemical performance of the ball milled Si/graphite composite with 

different weight ratios has been evaluated by using 1M LITFSI with 5 wt % LiNO3 as 

electrolyte. The Si5/G5 composite anode prepared by using 1 g of silicon and 1 g of graphite, 

delivered highest initial discharge capacity of 3574 mAh g
-1

 and retained the capacity of  

1443 mAh g
-1

 even after 50 cycles at 0.2 C rate. Further, when the current rate is increased to 

1 C, the electrode exhibited high discharge capacity of 816 mAh g
-1

 even at 200
th

 cycle. 
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Section 4.3 Fabrication of Lithiated Si-S Full Cell using Porous Carbon/Sulfur Cathode 

and Lithiated Silicon/Graphite Anode 

 The fabrication of Li-S battery in full cell configuration without the use of lithium 

metal anode is highly challenging. One such breakthrough was made by J. Hassoun et al.
58

 

wherein the lithium metal-free Sn-S battery was fabricated by using Li2S/C cathode and Sn/C 

anode with gel polymer electrolyte. The resulting cell operating at 2.5 V delivered high 

discharge capacity of about 1200 mAh g
-1

 (calculated using the mass of Li2S only) at 0.01 C 

rate. Y. Yang et al.
3
 assembled a Li2S-Si battery with Li2S/mesoporous carbon cathode and 

silicon nanowire anode with bis(triflouromethane)sulfonamide lithium salt (LITFSI) dissolved 

in 1:1 v/v 1,3-dioxalane (DOL) and dimethoxyethane (DME) electrolyte. This cell delivered a 

high initial discharge capacity of 423 mAh g
-1

 at 0.3 C rate with an average voltage of 1.7 V. 

The research has also been directed towards the use of pre-lithiated anodes, which have 

shown excellent improvement in the electrochemical performance 
59,60

. The capacity 

delivered by the Li-S cell is 3-5 times higher than the currently used Li-ion batteries as shown 

in the figure 4.3.1.    

 

Figure 4.3.1 Specific capacity vs. voltage profiles of half cells and full cells used in Li-S and 

Li-ion batteries respectively. 

 Though the Li-S full cell with novel cell configuration exhibits improved electro-

chemical performance over the repeated the charge/discharge processes, the synthetic process 

for the preparation of the electrode materials involved the use of expensive chemicals, 

complex procedures and tedious experimental conditions 
59,61,62

. Therefore, the investigator 

aimed to develop a simple and cost effective approach to fabricate high performance Li-S 

battery in full cell configuration by using the best performed MGC/S-2 cathode and Si5/G5 
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anode developed in the present study. Moreover, the low operating voltage of Si based 

composite has an advantage that it increases the cell voltage when coupled with the sulfur 

cathode. The resulting cell also exhibited high energy density.  

4.3.1 Fabrication of Lithiated Si-S Full Cell: 

Preparation of the Electrodes 

 The detailed synthesis of the electrode materials, characterization and processing of 

the electrode have been discussed in their respective chapters. The MGC/S-2 electrode is 

discussed in the chapter 3 under the section 3.3 and the Si5/G5 electrode is discussed in the 

chapter 4 under the section 4.2. 

Fabrication of Lithiated Si-S Full Cells 

 The electrochemical studies of the full cells were carried by using MGC/S-2 as the 

cathode, Si5/G5 as the anode and 1M LITFSI dissolved in a mixture of 1:1 v/v DOL and 

DME solvents with 5 wt % of LiNO3 additive as the electrolyte. The two electrodes were 

separated by polypropylene membrane (celgard-2400) and all the cells were assembled in 

argon filled glove box. A similar procedure has been employed for the fabrication of lithiated 

Si-S full cell as used in case of sulfur cathode half cell described in the chapter 2, except that 

a known amount of very thin lithium foil is placed on the surface of the Si5/G5 anode. The 

electrodes were punched into 12 mm discs. The amount of active material loading on the 

cathode (sulfur) is in the range of 2.0-2.4 mg. The amount of Si5/G5 composite material is in 

the range of 1.2-1.5 mg on the anode. The amount of active material loading on the anode is 

varied according to the amount of active material loading on the cathode for systematic 

studies of the full cell. The mass ratios of S, Li and Si are given under section 4.3.2: 

electrochemical studies. All the fabricated cells were kept for stabilization for 24 h before the 

commencement of the testing of the cells. The capacities were calculated, based on the mass 

of active sulfur present on the electrode. 

4.3.2 Results and Discussion: Electrochemical Studies (CV, CD and CY) of the Lithiated 

Si-S Cell  

 The electrochemical performance of the lithiated Si-S battery has been evaluated by 

using the MGC-2/S cathode and lithiated Si5/G5 as anode. The thin lithium foil placed on the 

anode is the source of lithium ions. This type of novel cell configuration was reported in the 

literature and the resulting full cell delivered an improved electrochemical performance with 

cycling 
63

. This simple approach helps in systematic study of lithium introduction into the 
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cell, rather than pre-lithiated anodes. Figure 4.3.2a and b show the schematic representation of 

lithiated Si-S full cell assembled before and after the cycle performance. During the 

discharging, the lithium foil placed on the surface of the anode (figure 4.3.2a) undergoes 

oxidation and disappears from the anode as shown in the figure 4.3.2b. As a result, the lithium 

dendrite formation can be eliminated. Moreover, the use of the modified separator has an 

advantage that it helps in trapping the dissolved polysulfides species in the cathode part, 

which may improve the active material utilization during the repeated charge/discharge 

processes. 

 

Figure 4.3.2 Schematic representation of lithiated Si-S full cell (a) before and (b) after a few 

charge/discharge cycles. 

 In order to achieve a stable and improved electrochemical performance, the optimized 

weight ratios of the anode, lithium and cathode are necessary. Herein, the investigator has 

systematically studied the effect of the weight ratios of the anode to cathode on the 

electrochemical performance of the lithiated Si-S full cell by maintaining the lithium weight 

ratio constant as discussed hereunder. The galvanostatic charge/discharge studies have been 

performed in the potential range of 1.0 to 2.6 V at 0.2 C rate. Figure 4.3.3a shows the cycle 

performance curve of lithiated Si-S full cells with different mass ratios of S:Li:Si as 1:0.5:0.5, 

1:0.5:0.7  and 1:0.5:1. Among these, the lithiated Si-S full cell with 1:0.5:0.7 delivered higher 

discharge capacity of 768 mAh g
-1

, in comparison to the other two cells with 1:0.5:0.5 and 

1:0.5:1 mass ratios delivering 513 mAh g
-1 

and 698 mAh g
-1

 respectively over 50 cycles. It is 

observed from the figure 4.3.3a that with decreasing weight ratio of anode to cathode active 

material, the cell discharge capacity decreases, over 50 cycles. Whereas, the cell with equal 

mass ratios of the anode to cathode also exhibits a similar trend as the cell with lower anode 

loading. This behaviour is mainly due to irreversible reaction by a few lithium ions during the 

redox process. C. Shen et al.
59

 studied the effect of the weight ratios of lithiated silicon anode 

to the sulfur cathode on the electrochemical performance of the full cell. The cell at optimised 



144 
 

weight ratio of S:Si as 1.00:1.43 delivered the highest discharge capacity. Moreover, the 

nafion coating on the surface of the anode acts as a barrier film that inhibits the migration of 

dissolved polysulfides to the anode surface. Therefore, an optimum amount of active material 

loading on both the electrodes is an important parameter to achieve superior electrochemical 

performance. Figure 4.3.3b shows the charge/discharge profile of lithiated Si-S full cell 

(1:0.5:0.7) measured at 0.2 C rate. It can be seen from the figure 4.3.3b, that the cell showed a 

two-stepped discharge curve and one flat charge curve indicating the multi-electron transfer 

reaction of sulfur with lithium 
64

.
 
Moreover, the cell operates at a potential of about 1.8 V, 

which corresponds to the electrochemical reactions occurring at the lithiated Si5/G5 anode 

and sulfur cathode.   

 

Figure 4.3.3 (a) Comparative cycle performance curves of lithiated Si-S full cell with 

different mass ratios of cathode, lithium and anode and (b) galvanostatic charge/discharge 

profile of lithiated Si-S full cell (with mass ratio of S:Li:Si of 1:0.5:0.7) measured in the 

potential range of 1.0 to 2.6 V at 0.2 C rate.  

 Further, the electrochemical performance of the lithiated Si-S full cell (with cathode to 

anode weight ratio of 1.0 to 0.7) can be improved by introducing an excess amount of lithium 

ions into the system. Therefore, the electrochemical performance of lithiated the Si-S full cell 

has been evaluated by using the weight ratios of cathode, lithium and anode as 1.0:0.7:0.7. 

The CV studies were conducted in order to study the electrochemical behaviour of the full 

cell (figure 4.3.4). During the cathodic scan, a pair of peaks are observed at 2.0 V and 1.6 V. 

The former peak at 2.0 V corresponds to the reduction of sulfur via ring opening elemental 

sulfur to long chain polysulfide species. The later peak at 1.6 V indicates the conversion of 

the long chain polysulfide intermediates to short chain polysulfides as the final discharge 
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products. In the anodic scan, one oxidation peak is observed at a potential of 2.2 V, which 

corresponds to the reversible conversion of the formed lithium sulfide back to elemental 

sulfur 
65

. The output voltage of the cell is about 1.8 V, which is in agreement with the cell 

potential obtained using the half cell potentials of MGC-2/S cathode and Si5/G5 anode. This 

result confirms that the thin lithium foil placed on the surface of the anode is completely 

reacted at the anode, which acts as lithium source during the redox process. In the subsequent 

scan upto 10 cycles, no change is observed in the redox peaks, suggesting the high 

electrochemical stability of the electrodes. 

 

Figure 4.3.4 Cyclic voltammetric profile of lithiated Si-S full cell (1:0.7:0.7) measured at a 

scan rate of 0.1 mV s
-1

. 

Figure 4.3.5a shows the charge/discharge profile of the lithiated Si-S full cell 

(1:0.7:0.7) measured at 0.2 C rate. The charge/discharge profile of this cell showed a two-step 

reduction and one flat oxidation revealing multi-electron transfer reaction. Initially, the cell 

delivered a high discharge capacity of 1527 mAh g
-1

 at 0.2 C rate. During the first few cycles 

the cell showed capacity fading, which gets stabilised later and retained a high discharge 

capacity of 824 mAh g
-1 

after 50 cycles (figure 4.3.5b). The specific energy density 

calculated, based on the weight of active sulfur alone without carbon and with carbon (carbon 

+ S) are 1483 Wh kg
-1

 and 948 Wh kg
-1

 respectively. The energy density delivered by the 

present Si-S cell is compared with the theoretical energy density of Li-ion battery 

(LiFePO4/graphite) and the results are given in table 4.3.1. The energy density delivered by 

Si-S cell is almost twice that of the conventional LIBs, which shows the practical importance 

of this system.
 
It is interesting to note that the charge/discharge capacities and specific energy 

exhibited by lithiated Si-S full cell are comparable with the values reported in the literature 

for Li-S batteries 
60,59,63

. Furthermore, there is considerable scope in improving the 
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electrochemical performance of Li-S battery by designing novel electrode structure, modified 

electrolytes and separators.  

 

Figure 4.3.5 (a) Charge/discharge profile, (b) cycle performance curve of lithiated Si-S full 

cell (1:0.7:0.7) measured in the potential range of 1.0 to 2.6 V at 0.2 C rate. 

Table 4.3.1 Comparison of energy densities of present Si-S cell with conventional Li-ion 

battery. 

System Operating 

Potential (V) 

Specific Capacity 

(mAh g
-1

) 

Energy Density 

(Wh kg
-1

) 

LiFePO4/Graphite  3.2 170 544 

Lithiated Si-S cell 

(present study) 

1.8 824 948 

  The test for cycle performance was also conducted at a high current rate of 1 C (figure 

4.3.6). The performance for the first two cycles was measured at 0.5 C rate, and the 

performance for the subsequent cycles upto 300, was measured at 1 C rate. In the first cycle, 

the lithiated Si-S cell delivered high discharge capacity of 976 mAh g
-1

. Even after 300 cycles 

the cell displayed high discharge capacity of 411 mAh g
-1

 with about 99% coulombic 

efficiency.  This result reveals that the presence of micro and mesoporous structures in the 

cathode helps in trapping the dissolved polysulfide species in it. Moreover, the modified 

separator acts as a barrier that increases the reutilization of the active material of the cathode 

and the carbon paper with coated Si5/G5 accommodates huge volume expansion. Thus, the 

disintegration of the active material from the current collector is suppressed and the 
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conductivity of the system is enhanced. As a result, the cell displayed improved 

electrochemical performance over repeated charge/discharge processes. 

 

Figure 4.3.6 Long-term cycle performance curve of Si-S cell (1:0.7:0.7) measured at 1 C rate. 

 The lithiated Si-S cell was decrimped in order to confirm the absence of the lithium 

foil on the surface of the anode. Figure 4.3.7a shows the photo image of the de-crimped Si-S 

in swagelok cell after 10 cycles. The decrimped cell shows the absence of lithium foil on the 

surface of the anode, suggesting complete utilization of lithium during the charge-discharge 

processes.  

 

Figure 4.3.7 (a) Photo image of the cathode and anode of the decrimped lithiated Si-S cell 

(1:0.7:0.7) (b) FE-SEM of the modified separator and (c) corresponding elemental mapping of 

sulfur (yellow), after 10 charge/discharge cycles. 

Further, the investigator has also analysed the modified separator by EDS elemental 

mapping. Figures 4.3.7b and c show the FE-SEM image and the corresponding elemental map 

of the modified separator analysed after 10 cycles. The EDS elemental mapping confirms the 

presence of sulfur element all over the surface of the modified separator with homogenous 
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distribution. This result suggests that the polysulfide formed during the charge/discharge 

process gets trapped into MGC modified separator that increases the reutilization of active 

material and the resulting cell exhibited high capacity retention for longer cycles. 

 As the lithiated Si-S cell showed an improved electrochemical performance for longer 

cycles in the coin cell, it motivated the researcher to fabricate the lithiated Si-S pouch cell. 

The assembled Si-S pouch cells were used for demonstrating the small electronic components 

such as LEDs and fan as shown in the figure 4.3.8. Two such cells are connected in series to 

get an output voltage of ~3.6 V to lighten 40 LEDs connected in parallel (figure 4.3.8a). 

Similarly, the same cells are connected in parallel, which increases the output current to run a 

fan (figure 4.3.8b). This type of novel cell configuration avoids the use of lithium metal as 

anode, which has negative impact on the cell due to safety issues such as internal short-circuit 

and thermal runaway. Moreover, the simple and easy fabrication process of lithiated Si-S full 

cell shows a path for the large scale commercialization of this system for practical 

applications. 

 

Figure 4.3.8 Photo images of (a) two lithiated Si-S pouch cells connected in series to lighten 

40 LEDs connected in parallel and (b) two lithiated Si-S pouch cells connected in parallel to 

run a fan.  

4.3.3 Conclusions 

Lithiated Si-S full cells are fabricated by using MGC-2/S cathode and Si5/G5 

electrode with a very thin lithium foil on its surface as anode. Experimental studies have been 

made to optimise the mass ratios of the anode, lithium and cathode in order to achieve good 

electrochemical performance. The lithiated Si-S cell at the mass ratios of cathode, lithium and 

anode as 1:0.7:0.7, delivered high initial discharge capacity of 1527 mAh g
-1

 and retained a 

discharge capacity of 824 mAh g
-1 

after 50 cycles at 0.2 C rate. The energy density exhibited 

by the lithiated Si-S cell developed in the present study is 948 Wh kg
-1

, which is nearly twice 

that of the conventional Li-ion battery (544 Wh kg
-1

). Moreover, the lithiated Si-S pouch cells 

fabricated in the present study are used for powering small electronic components.    
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Section 4.4 Comparison of the Electrochemical Performance of Lithiated Si-S Cell 

Developed in the Present Study with those reported in the Literature 

This section compares the electrochemical performance of lithiated Si-S cell 

fabricated in the present study by using low-cost and high performing MGC/S-2 cathode and 

lithiated Si5/G5 anode with those reported in the literature. The specific capacity delivered by 

the present Si-S cell is comparable with those reported in the literature and the values are 

tabulated in the form of a table 4.4.1. For instance, X. Pu et al.
61

 fabricated LixSi-S (LSS) 

battery by using S/CMK-8 cathode, lithiated mesoporous silicon/carbon composite as the 

anode and 1M LITFSI containing 1 wt% of LiNO3 additive as the electrolyte. The LSS cell 

with CNT interlayer placed between the cathode and separator delivered a high initial 

discharge capacity of 970 mAh g
-1

 and retained a discharge capacity of 780 mAh g
-1

 at 0.5 C 

rate even after 100 cycles. The improved performance of the cell is due to the presence of 

CNT interlayer, which acts as polysulfide reservoir that traps the dissolved polysulfides and it 

also acts as upper current collector that increases the electrical conductivity of the electrode 

during the redox process.   

B. Duan et al.
63

 prepared the sulfur/lithium-ion battery by using carbyne polysulfide 

as the cathode, lithium/Sn-C composite as anode and 1M LiPF6 as electrolyte. The resulting 

ccell delivered a high discharge capacity of 500 mAh g
-1

 at 0.2 A g
-1

 even after 50 cycles. The 

presence of smaller sulfur molecules (Sx, 1 ≤ x ≤ 4) in the polymer backbone renders a solid 

phase reaction mechanism with lithium ions during the charge/discharge process. As a result, 

polysulfide dissolution into the electrolyte can be eliminated and thus, the electrode delivered 

an improved electrochemical performance. Shen et al.
59 reported the fabrication of Si-S full 

cell using prelithiated Nafion-coated silicon composite as the anode and S/CNF/G composite 

as the cathode.  A 1M LITFSI containing 5 wt % of LiNO3 additive is used as electrolyte. The 

sulfur cathode with 50 wt% of sulfur content in it, delivered a high discharge capacity of    

610 mAh g
-1

 at 0.1 C rate even after 100 cycles.  

The lithiated Si-S cell developed in the present study exhibited superior 

electrochemical performance due to the application of good electrochemically stable 

electrodes and novel cell configuration.  The discharge capacity delivered by the present Si-S 

cell is comparable with the Li-S based full cells reported in the literature. In addition to this, 

the Si-S pouch cells fabricated in the present study give a scope for the development of this 

system for practical applications. 
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Table 4.4.1 Comparison of the electrochemical performance of the lithiated Si-S cell 

fabricated in the present study with those of reported literature. 

 

Li-S battery in full cell configuration 
 

Cathode Anode Electrolyte Sulfur 

content 

(%) 

Sulfur 

loading 

(mg) 

Initial 

discharge 

capacity 

(mAh g
-1

) 

Final 

discharge 

capacity 

(mAh g
-1

) 

C rate/ 

current 

density 

(A g
-1

) 

Ref 

S/CMK-8 

(CNT 

interlayer) 

Prelithiated 

mesoporou

s Si 

1M LITFSI 

(1 wt% 

LiNO3) 

48 ~1 970 780 

(100
th

 cycle) 

0.5 C 61
 

Li2S-

MCMB 

Si-O-C 

composite 

LITFSI and 

TEGDME 

in 1:4 ratio 

50 - ~400 280 0.23 

A g
-1

 

65
 

S/CNF/G Prelithiated 

porous Si 

1M LITFSI 

(5 wt% 

LiNO3) 

~50 - ~1000 610 

(100
th

 cycle) 

0.1 C 59
 

HCS/S Prelithiated 

Si-C 

1M LITFSI 

(0.25M 

LiNO3) 

53 1.3-1.5 1470 

 

~370 

(1400
th

 

cycle) 

0.83 

A g
-1

 

60
 

Carbyne 

polysulfide 

 

Lithiated 

Sn/C 

1M LiPF6 54 - ~770 500 

(50
th

 cycle) 

0.2 

A g
-1

 

63
 

MGC/S-2 

(MGC 

modified 

separator) 

Lithiated 

Si5/G5 

1M LITFSI 

(5 wt% 

LiNO3) 

64 2.0-2.4 1527 

 

976 (0.5 C) 

(5
th

 cycle) 

824 

(50
th

 cycle) 

411 

(300
th

 cycle) 

0.2 C 

 

1 C 

This 

work 
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Chapter 5 

Synthesis and Electrochemical Studies of Porous Carbon Materials  

for Application in Supercapacitors 
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Introduction  

Micro and mesoporous carbon materials find widespread application in 

supercapacitors due to their unique physicochemical properties such as high specific surface 

area, excellent electrical conductivity, good chemical and thermal stabilities 
1
. Though these 

porous carbon materials exhibited promising electrochemical performance in terms of 

improved specific capacitance and good cycle stability, the synthetic process of these porous 

carbon materials involves complex procedure, toxic chemicals and tedious experimental 
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conditions, which make the process expensive 
2,3

. As an alternative to the conventionally 

prepared carbon materials, the biomass-derived activated carbons (ACs) have drawn attention 

of researchers owing to their advantages such as environmental friendliness, low cost and 

easy to synthesize. Further, the high surface area, large pore volume, good electrical 

conductivity and well developed porous structures of AC have provided promising 

electrochemical stability during the charge/discharge process. For example, T. Ramesh et al. 
4
 

prepared high surface area carbon with hierarchical porous structure from the tamarind seeds, 

for application in supercapacitor. The electrode prepared from this porous carbon delivered    

a high specific capacitance of 157 F g
-1

 in 6M KOH and 76 F g
-1 

in 1-butyl 3-methyl 

imidazoliumbistrifluorosulfonylimide (ionic liquid) electrolytes at a current density of         

0.5 A g
-1

. Y Han et al. 
5
 synthesized the AC from fish gills by the method of KOH activation 

and used it as an electrode for supercapacitor. The prepared carbon sample exhibited a high 

surface area and large pore volume with the presence of O and N functional groups in them. 

As a result, the electrode prepared from this activated carbon delivered high specific 

capacitance of 334 F g
-1 

in 6M KOH electrolyte at a current density of 2 A g
-1

. The activated 

carbons derived from various biomass precursors such as rice husk 
6
, willow catkin 

7
, corn 

straw 
8
 and banana fibers 

9
 have also been explored for use in supercapacitors and the 

electrode prepared from these carbons showed an improved electrochemical performance 

even under fast charge/discharge processes.   

In this background, the investigator has extended the studies on the micro and 

mesoporous carbons developed in the present study for application in supercapacitor. This 

chapter is divided into three sections. The section 5.1 comprises the results and discussion of 

the electrochemical studies of micro and mesoporous carbon synthesized from fallen neem 

leaves and the section 5.2 presents the electrochemical studies of the micro and mesoporous 

carbon synthesized from tissue paper. The Section 5.3 comprises a comparison of the results 

of the developed porous carbons with the results of the activated carbons reported in the 

literature. The mechanism of KOH activation, synthetic process and physico-chemical 

properties of these porous carbon materials have already been discussed in detail in their 

respective sections in the chapter 3.  
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Section 5.1 Neem Leaves-Derived Micro and Mesoporous Carbon as an Electrode for 

Supercapacitor 

The electrochemical performances of the as-prepared NLMC are evaluated in both the 

three-electrode (3E) and two-electrode (2E) configurations using aqueous 6M KOH solution 

as the electrolyte. The electrode preparation for 3E and 2E systems and characterization has 

been given in the chapter 2 and the electrochemical performances of these electrodes are 

discussed hereunder. 

5.1.1 Results and Discussion: Electrochemical Studies (CV, C/D, CY and EIS) of NLMC-

1-4 Electrodes 

5.1.1.1 Three-Electrode System 

The cyclic voltammetric (CV) studies have been carried out in order to evaluate the 

electrochemical performance of the as-prepared NLMC samples. Figure 5.1.1 shows the CV 

profiles of the as-prepared NLMC-1-4 in three-electrode system measured at different scan 

rates ranging from 5 mV s
-1 

to 100 mV s
-1

. The three electrode assembly consists of the as-

prepared NLMC-4 as the working electrode, pt foil as the counter electrode and Ag/AgCl/1M 

KCl as the reference electrode.  

The CV curves of NLMC-2-4 show the quasi-rectangular shape behaviour even at 

higher scan rates, which is characteristic of the electrical double layer capacitor (EDLC) 
8
. 

This is due to the ease of penetration of ions from the electrolyte into the porous structures of 

the activated carbons. Whereas, NLMC-1 shows the typical CV curve in the form of a 

triangular shape at higher scan rate that corresponds to poor capacitive behaviour of EDLC 
10

. 

The poor capacitive behavior of NLMC-1 electrode is due to the non-porous nature of the 

material. The NLMC-1 is prepared from direct carbonization of neem leaves (without KOH 

activation). During the low scan rates, the NLMC-1 electrode showed a rectangular shaped 

behavior due to uniform absorption of ions onto the electrode surface. Thus, the charging and 

discharging process is in synchronous regime. However, with increase in the scan rate, the 

shape of the voltammograms deviate from rectangular to triangular shape due to inability of 

ions to form electric double layer with the applied voltage. Therefore, the charging and 

discharging of the system is in asynchronous regime 
11

. This behavior is mainly attributed to 

low surface area and negligible pore size in the sample. Among all the electrodes, the CV 

loop of the NLMC-4 has larger area in comparison to the other NLMC samples, indicating 

that this electrode has the highest specific capacitance. M. V. Lebedeva et al. 
12

 also obtained 
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similar type of CV profile for the activated carbon derived from rice husk. They have 

observed that the magnitude of the current increases with an increase in the surface area of the 

electrode material. As a result, the specific capacitance of the device increases. This result 

infers that the NLMC-4 electrode with high surface area and large pore volume provides more 

number of active sites for the adsorption of ions onto the surface of electrode and thus the cell 

exhibits superior electrochemical performance.  

 

Figure 5.1.1 CV curves of (a) NLMC-1, (b) NLMC-2, (c) NLMC-3 and (d) NLMC-4 

obtained at different scan rates in the three-electrode system. 

Figure 5.1.2 shows the charge/discharge curves of NLMC-1-4 electrodes measured at 

different current rates (1 A g
-1

 to 20 A g
-1

). All the curves are of symmetric triangular shape 

with negligible iR drop, which indicates less resistance in the electrodes 
13

. The specific 

capacitance values calculated from the CD profiles of NLMC-1, NLMC-2, NLMC-3 and 

NLMC-4 are 67 F g
-1

, 161 F g
-1

, 187 F g
-1

 and 233 F g
-1

 respectively at 1 A g
-1 

current 

density. The longest discharge time exhibited by NLMC-4 electrode in comparison to the 

other NLMC1-3 electrodes is because of its higher specific capacitance. The order of the 
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specific capacitance delivered by the electrodes follows the similar trend observed for the 

specific surface areas of these carbon materials (figure 3.1.3, chapter 3). These results infer 

that the NLMC-4 with high surface area and large pore volume has a larger number of active 

sites for ion adsorption and thus, the resulting electrode exhibited the highest capacitance.   

 

 

Figure 5.1.2 Charge/discharge profiles of (a) NLMC-1, (b) NLMC-2, (c) NLMC-3 and (d) 

NLMC-4 measured at different current densities in the three-electrode system. 

The rate capability is another important parameter for the application of porous carbon 

materials in high performing supercapacitors. Therefore, the investigator has studied the 

electrochemical performance of these electrodes at higher current densities ranging from        

1 A g
-1 

to 20 A g
-1

. Figure 5.1.3 shows the rate capability of the NLMC-1-4 electrodes 

measured in 6M KOH electrolyte. The NLMC-1, NLMC-2, NLMC-3 and NLMC-4 

electrodes showed the capacitance retention of 44%, 67%, 72% and 73%, respectively, even 

at a current density of 20 A g
-1

. In general, it is known that the specific capacitance of the 

electrode material decreases with an increase in the current density, which is ascribed to 
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diffusion limitation of ions from the electrolyte to the bulk of the electrode 
14

. The present 

result infers that the NLMC-4 electrode with high surface area exhibited good rate capability 

even at higher current rates in comparison to the other electrodes. Moreover, the presence of 

more mesoporous structures in the NLMC-4 provides channels for easy penetration of the 

electrolyte and renders fast ion movement during the fast reaction kinetics.   

 

Figure 5.1.3 Rate capability of (a) NLMC-1, (b) NLMC-2, (c) NLMC-3 and (d) NLMC-4 

obtained at different current rates in the three-electrode system. 

The improved electrochemical performance of the in-situ activated samples has been 

further supported by the electrochemical impedance spectroscopy (EIS). Figure 5.1.4 shows 

the Nyquist plots of NLMC-1, NLMC-2, NLMC-3 and NLMC-4 electrodes. All the 

electrodes displayed a depressed semicircle in the high frequency region of the Nyquist plots, 

which corresponds to the charge transfer region at the interface of the electrode/electrolyte 
6
. 

The Nyquist plots are also characterized by the Warburg impedance in the low frequency 

region, which is associated with the diffusion of ions from the porous electrode. The 

experimental results fitted well with the equivalent circuit shown in the in-set of the figure 

5.1.4, where Rs is the resistance of the electrolyte, Rct is the charge transfer resistance, CPE is 

the constant phase element and Wo is the Warburg impedance. The NLMC-2, NLMC-3 and 

NLMC-4 electrodes showed low Rct values of 1.7 Ω, 0.73 Ω and 0.54 Ω respectively, in 

comparison to NLMC-1 (2.1 Ω). This result supports the results of rate capability of the 

electrodes, wherein the NLMC-4 exhibits the highest specific capacitance. M. Zhi et al.
13

 also 

observed the lower Rct value for the activated carbon with high surface area in comparison to 
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the low surface area carbon associated with higher Rct value. These results suggest that the in-

situ activated carbon electrodes with high surface area improve the charge transfer process 

and thus, the resulting electrodes exhibited superior specific capacitance.   

 

 

Figure 5.1.4 Nyquist plots of (a) NLMC-1, (b) NLMC-2, (c) NLMC-3 and (d) NLMC-4 

electrodes (The equivalent circuit model in the in-set). 

5.1.1.2 Two-Electrode System 

Since the NLMC-4 electrode has shown superior specific capacitance in the 3E 

configuration, it is further tested in a 2E symmetric system by using 6M KOH electrolyte in 

the potential range of 0 to 1 V. Figure 5.1.5 shows the schematic representation of a 

symmetric supercapacitor, wherein, a the presence of micro and mesoporous structures in 

NLMC-4 provides more active sites for ion adsorption and also improves the reaction kinetics 

during the fast charge/discharge process.  
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Figure 5.1.5 Schematic representation of NLMC symmetric supercapacitor. 

The two-electrode system consists of identical porous carbon electrodes in symmetric 

configuration. Figure 5.1.6 shows the CV profile of NLMC-4 obtained at different scan rates 

(5 mV s
-1

 to 100 mV s
-1

). The NLMC-4 electrode displays a symmetric rectangular 

voltammogram even at different scan rates, indicating the typical characteristic behaviour of 

EDLC 
14

. Figure 5.1.7 shows the CD curves of the NLMC-4 electrode measured at different 

current densities (1 A g
-1

 to 20 A g
-1

). The CD profile shows a perfect linear and symmetric 

triangular shape even at higher current densities with negligible potential drop. This is due to 

the low resistance of the electrode. The Cs calculated from the CD profile is 138 F g
-1

 at         

1 A g
-1

, which is comparable with the reported capacitance for porous carbon electrodes in the 

literature 
7,15,16

. The gravimetric capacitance is directly proportional to the specific surface 

area of the electrode material. Hence, higher BET surface area of the electrode material 

results in higher capacitance. However, the capacitance also depends on other textural 

parameters such as appropriate pore size and pore volume. For instance, the material with 

very high surface area and the total BET surface area of this material result only from ultra 

micropores, and then it may give less capacitance due to the poor access of the electrolyte 

ions to the pores for forming effective double layer. Therefore, the effective specific surface 

area, which is accessible by electrolyte ions (surface area contributed from pores larger than 

the size of solvated electrolyte ion), will contribute in forming effective electric double layer 

17,18
.
   
It has also been demonstrated that the micropores provide active sites for adsorption-

desorption of electrolyte ions that are responsible for the enhanced energy storage capability 
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of carbon materials, while the mesopores provide effective wider transport path for the 

electrolyte ions to micropores. Thus, the high specific surface area, large pore volume and 

narrow pore size distribution results in high gravimetric capacitance. For exapmle, L. Yiju et 

al. 
7
 prepared the activated porous carbon nanosheets from willow catkin by using one-step 

KOH activation process. The electrode prepared from this carbon delivered a high specific 

capacitance of 40 F g
-1

 at 1 A g
-1

. E. Y. L. P. Hao et al. 
19

 reported the N-doped graphene 

aerogel delivered high specific capacitance of 197 F g
-1

 at 0.2 A g
-1

. Teo et al. 
6
 reported the 

higher specific capacitance of 147 F g
-1

 for the activated carbon derived from rice husk.  

 

Figure 5.1.6 CV profile of the NLMC-4 electrode obtained at different scan rates in two 

electrode system. 

 

Figure 5.1.7 Charge/discharge profile of the NLMC-4 electrode obtained at different current 

densities in the two-electrode system. 
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Figure 5.1.8 (a) Rate capability measured at different current densities and (b) long term 

cycle performance curve of NLMC-4 electrode measured at 1 A g
-1

 in the two-electrode 

system. 

Figure 5.1.8a shows the rate capability of the electrode measured at different current 

densities in the range of 1 A g
-1

 to 50 A g
-1

. It can be observed from the figure 5.1.8a that the 

electrode shows excellent Cs retention of 75% even at high current density of 50 A g
-1

. This 

result indicates good charge storage capability of the electrode during the fast reaction 

kinetics. Further, the NLMC-4 electrode is also tested for the long-term stability at 1 A g
-1

 and 

the cycle performance curve is shown in the figure 5.1.8b. The electrode retained a 

capacitance of 83% even after 10,000 cycles, indicating the high electrochemical stability of 

the electrode. Thus, the NLMC-4 with high surface area, large pore volume and good 

graphitic carbon structure is considered to be a suitable candidate for high performing 

supercapacitors. 

Figure 5.1.9 shows the Nyquist plot of the NLMC-4 electrode in symmetric 

configuration measured before the cycling process. The electrode showed a depressed semi-

circle in the high frequency region, which corresponds to charge transfer region and an 

inclined line in the low frequency region, which is associated with the diffusion of ions in the 

porous electrodes. The experimental results are fitted well with the equivalent circuit shown 

in the inset of the figure 5.1.9. The electrode showed a low Rct value of 0.51 Ω, which 

indicates the effective formation of the EDLC at the interface.  
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Figure 5.1.9 Nyquist plot of NLMC-4 electrode in the two-electrode system. 

5.1.2 Conclusions 

A one-step KOH activation process has been employed in the present study to 

synthesize porous carbon materials from the fallen neem leaves. These activated carbons are 

characterized with high surface area and large pore volume. Among all the electrodes, the 

NLMC-4 delivered a high specific capacitance of 233 F g
-1

 at the current density of 1 A g
-1 

in 

the three-electrode configuration. Further, the NLMC-4 electrode in two-electrode 

configuration exhibited excellent electrochemical properties in terms of high rate capability 

with 75% of Cs retention at a current density of 50 A g
-1

. Moreover, the electrode showed 

good cycle stability and delivered 85% of Cs retention even after 10,000 cycles. This 

behaviour is mainly due to the presence of micro and mesoporous structures in the activated 

carbon with large pore volume.  
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Section 5.2 Tissue Paper-Derived Micro and Mesoporous Carbon as an Electrode for 

Supercapacitor  

The textural properties and high graphitic nature of the tissue paper-derived micro and 

mesoporous carbon (p-GCS) are responsible for the p-GCS to be a good matrix for sulfur 

cathode in a Li-S battery. The results of the electrochemical studies of the p-GCS for sulfur 

cathode in Li-S battery have already been discussed in the chapter 3. The investigator has also 

investigated the performance of p-GCS electrode for application in supercapacitors. The 

electrochemical performance of the as-prepared p-GCS has been measured in both the three-

electrode (3E) and the two-electrode (2E) systems by using 6M KOH as the electrolyte. The 

details of the electrode preparation for both the systems have been given in the chapter 2 and 

the electrochemical performance of these electrodes is discussed hereunder. 

5.2.1 Results and Discussion: Electrochemical Studies (CV, C/D, CY and EIS) 

5.2.1.1 Three-Electrode System 

The CV studies have been carried out to evaluate the electrochemical performance of 

the p-GCS electrodes. Figure 5.2.1 shows the CV curves of p-TPC, p-GCS-1 and p-GCS-2 

electrodes tested in 3E system at different scan rates ranging from 1 mV s
-1 

to 100 mV s
-1

. 

Figure 5.2.1a shows the CV profiles of p-TPC, p-GCS-1 and p-GCS-2 electrodes measured at 

100 mV s
-1

 scan rate. Both the in-situ activated carbon samples display a quasi-rectangular 

shape curve, which indicates good rate capability of the electrodes. Whereas, the p-TPC 

shows a deviation from the rectangular shape, which infers a poor supercapacitive behaviour 

of the electrode 
19

. Further, the CV profiles of the electrodes prepared from p-TPC, p-GCS-1 

and p-GCS-2 have also been studied at different scan rates and are as shown in the figure 

5.2.1b, c and d. The CV profiles of p-GCS-1 and p-GCS-2 exhibit a symmetric quasi-

rectangle shape at different scan rates and the CV profile of the p-TPC displays a triangular 

shape curve at different scan rates. The former profiles represent the characteristic EDLC 

behaviour of SC and the later corresponds to a poor EDLC behavior. These results infer that 

the p-GCS with unique textural properties renders numerous active sites for ion adsorption on 

its surface and the resulting cell displays good electrochemical performance for 

supercapacitor application. 
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Figure 5.2.1 (a) Comparative cyclic voltammetric profiles measured at 100 mV s
-1

 and (b-d) 

corresponding CV curves of p-TPC, p-GCS-1 and p-GCS-2 measured at different scan rates 

in the three-electrode system. 

Figure 5.2.2 shows the charge/discharge profiles of p-TPC, p-GCS-1 and p-GCS-2 

electrodes measured at different current rates (1 A g
-1

 to 20 A g
-1

). Initially, all the electrodes 

were tested at a current density of 1 A g
-1

 and the CD curves are shown in the figure 5.2.2a. 

The CD profiles of these electrode materials show a symmetric triangle shape with negligible 

iR drop indicating less resistance in the material. This result indicates the capacitive nature of 

the electrodes and good electrochemical stability. It has been reported in the literature that the 

specific capacitance value is higher in carbon with porous structures as well as in carbon with 

graphitic nature 
20,21

. The specific capacitance values calculated from the CD curves of p-

TPC, p-GCS-1 and p-GCS-2 at 1 A g
-1

 current density are 63 F g
-1

, 170 F g
-1

 and 212 F g
-1

, 

respectively. Among them, the p-GCS-2 electrode exhibits the best electrochemical 

performance as supercapacitor in comparison to p-TPC and p-GCS-1 due to its high specific 

surface area and large pore volume.  
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Figure 5.2.2 (a) Comparative charge/discharge curves measured at 1 A g
-1

 and (b-d) 

Corresponding CD curves of p-TPC, p-GCS-1and p-GCS-2 measured at different current 

densities in the three-electrode system. 

Further, the rate capability of these electrodes has also been measured and compared 

in the figure 5.2.3. Among all the electrodes, the p-GCS-2 showed the highest specific 

capacitance retention of 72% at a current density of 50 A g
-1

. Whereas, the p-GCS-1 and       

p-TPC exhibit low Cs retention of 50% and 16%, respectively. W. Liu et al. 
22

 also observed 

the higher Cs retention values for the activated carbon derived from the wheat straw having 

high surface area with large pore volume. They reported that superior Cs retention is due to 

the presence of more number of mesoporous structures in the sample that provide the 

channels for easy transfer and diffusion of ions from the electrolyte to the bulk of the 

electrode surface. Moreover, the specific capacitance of the electrode material decreases with 

an increase in current density, which is ascribed to diffusion limitation 
21

. These results infer 

that the p-GCS-2 with high surface area and large pore volume is considered to be a potent 

candidate for high performing supercapacitor. 
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Figure 5.2.3 Rate capability of p-TPC, p-GCS-1 and p-GCS-2 electrode measured in the 

three-electrode system. 

The superior electrochemical performance of the p-GCS electrodes is further 

supported by EIS. Figure 5.2.4 shows the Nyquist plots of p-TPC, p-GCS-1 and p-GCS-2 

electrodes. All the Nyquist plots show depressed semicircles in the charge transfer region, 

which corresponds to charge transfer resistance (Rct) at the interface between electrode and 

electrolyte. The polts are also characterized by Warburg impedance in the low frequency 

region indicating the diffusion of ions 
14

. The experimental results are fitted well with those 

of the equivalent circuit model, shown in the inset of the figure 5.2.4.  

 

Figure 5.2.4 Nyquist plot curves of p-TPC, p-GCS-1 and p-GCS-2 electrodes measured in the 

three-electrode system. 
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The Rct values calculated for p-TPC, p-GCS-1 and p-GCS-2 electrodes are 1.6Ω, 

1.1Ω, and 0.9Ω respectively. The less charge transfer resistance exhibited by the in-situ 

activated samples demonstrates good conductivity of the electrodes. A nearly vertical line is 

observed in the low frequency region indicating a good capacitive behavior of the electrode 

material 
6
.  

5.2.1.2 Two-Electrode System 

Since the p-GCS-2 electrode has shown better electrochemical performance in the 3E 

configuration, it is further tested in a 2E symmetric system with a cell voltage of 1V. Figure 

5.2.5 shows the schematic representation of a symmetric supercapacitor, wherein, a thin 

sheet-like p-GCS-2 provides more active sites for ion adsorption and also improves the 

reaction kinetics during the fast charge/discharge process.  

 

Figure 5.2.5 Schematic representation of symmetric supercapacitor. 

Figure 5.2.6 shows the CV profile of the p-GCS-2 electrode obtained at different scan 

rates. The electrode exhibits a symmetric rectangular shape even at high scan rates, indicating 

the characteristic EDLC behavior of the GCS-2 electrode. Further, the CD profiles measured 

at different current densities (figure 5.2.7) are of symmetric triangular-type with negligible 

voltage drop even at high current rates. This result infers the less resistance in the electrode 

material. The Cs calculated from the corresponding CD profile is 129 F g
-1

 at 1A g
-1

, which is 

comparable with the reported capacitance values for porous carbons in the literature. For 

example, Yiju Li et al. 
7
 reported a specific capacitance of 40 F g

-1
 at 1 A g

-1
 for porous 

carbon nanosheets derived from willow catkin. W. H. Qu et al. 
16

 synthesized porous carbon 

from corn cob residue and obtained a specific capacitance of 120 F g
-1

 at 1 A g
-1

.  



173 
 

 

Figure 5.2.6 CV curves of p-GCS-2 electrode measured at different scan rates. 

 

Figure 5.2.7 CD profiles of p-GCS-2 electrode measured at different current densities. 

The rate capability of the p-GCS-2 electrode measured in symmetric configuration is 

shown in the figure 5.2.8a. It is found that the electrode material has shown excellent 

capacitance retention of 85% at a higher current density of 50 A g
-1

, which indicates the fast 

reaction kinetics during the charge/discharge process. The supercapacitor cells (p-GCS-2-

symmetric system) fabricated by aqueous 6M KOH were used for demonstrating the lighting 

of LEDs as shown in the in-set of figure 5.2.8a. The three of such cells are combined in series 

to attain a maximum output potential of 3 V to light 40 LEDs connected in parallel. Thus, the 

micro and mesoporous structured p-GCS-2 synthesized in the present study can be considered 

as suitable electrode for high performing supercapacitors. The p-GCS-2 is also tested for 

longer cycles at 1 A g
-1

 and the result is shown in figure 5.2.8b. It is observed that the material 

retains a capacitance of 90% even after 10,000 cycles, indicating the long-term cyclic stability 

and excellent electrochemical reproducibility. 
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Figure 5.2.8 (a) Rate capability (with in-set of photo image of LED lights with three 

aqueous KOH based cells connected in series) and (b) cyclic stability profile of p-GCS-2 

measured at 1 A g
-1

 current density in two-electrode configuration. 

The improved performance of the p-GCS-2 electrode is further supported by 

impedance studies. The p-GCS-2 electrode showed a depressed semicircle in the high 

frequency region, which corresponds to the charge transfer region 
23

. The inclined line in the 

relatively low frequency region is due to Warburg impedance, which is associated with the 

diffusion of ions in the porous structures of electrode. The experimental results are fitted well 

with the equivalent circuit shown in the inset of the figure 5.2.9. The electrode displayed 

lower Rct value of 0.4 Ω indicating the improved charge transfer process and effective 

formation of the electrical double layer at the interface.  

 

Figure 5.2.9 Nyquist plot of p-GCS-2 electrode measured in two-electrode system. 

Furthermore, the investigator has also evaluated the electrochemical performance of 

the p-GCS-2 electrode at different current densities in the range, 1 A g
-1

 to 20 g
-1 

 (figure 
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5.2.10). Initially, the cell displayed an average specific capacitance of 129 F g
-1 

for 1000 

cycles at the current density of 1 A g
-1

. When the current density is increased to 2 A g
-1

,         

5 A g
-1

, 10 A g
-1

 and 20 A g
-1

, the cell still retained good capacitance values of 124 F g
-1

,  118 

F g
-1

, 113 F g
-1

 and 108 F g
-1

 respectively. After testing the cell at higher current densities, the 

cell has been again tested at low current density of 1 A g
-1

 and the resulting cell displayed 

capacitance retention of 119 F g
-1

 even after 6000 cycles. This improved electrochemical 

performance of the p-GCS-2 at high current densities is attributed to the unique properties of 

the p-GCS-2 electrode such as high surface area and high electrical conductivity.  

 

Figure 5.2.10 (a) CD and (b) rate capability of p-GCS-2 electrode measured at different 

current densities (1 A g
-1

, 2 A g
-1

, 5 A g
-1

, 10 A g
-1

 and 20 A g
-1

) each for 1000 cycles in 

symmetric configuration. 

5.2.2 Conclusions 

The in-situ KOH activation process has been adopted to synthesize activated carbon 

with high surface area (1684 m
2
 g

-1
), large pore volume and highly graphitised carbon 

structures from commercially available tissue paper. In the three-electrode configuration, the 

p-GCS electrode delivered a high specific capacitance of 212 F g
-1

 at the current density of    

1 A g
-1

. Further, the p-GCS electrode also showed excellent electrochemical properties in 

terms of high rate capability of 85% of Cs retention at the current density of 50 A g
-1 

and high 

cyclic stability of 90% of Cs retention even after 10,000 cycles in the two-electrode system. 

Good electrochemical properties of the p-GCS-2 electrode can be attributed to the well-

developed micro and mesoporous structure, highly ordered graphitic carbon content, high 

specific surface area and large pore volume. The novel approach reported in the present study 

is proved to be one of the best methods for the synthesis of the graphitic carbon sheets, which 

are highly promising for the large scale production of graphitic carbon. 
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Section 5.3 Comparison of the Micro and Mesoporous Carbon Materials Developed in 

the Present Study with those reported in the Literature 

This section compares the electrochemical performance of the developed micro and 

mesoporous carbon materials derived from neem leaves and tissue paper with the activated 

carbons reported in the literature in the form of a table, 5.3.1. Both the electrodes prepared 

from NLMC-4 and p-GCS-2 has high specific capacitance, high rate capability and excellent 

electrochemical stability during the charge/discharge process. These results of the present 

study are compared with those of the bio-derived activated carbons reported in the literature at 

low and high current densities in two-electrode configuration by using aqueous KOH as      

the electrolyte (table 5.3.1). For example, N. Guo et al. 
24

 reported a higher specific 

capacitance value of  209 F g
-1

 at a current density of 0.2 A g
-1

 for the N-doped hierarchical 

porous carbon derived from hemp stems. When the electrode was tested at 20 A g
-1

, the 

electrode retained a specific capacitance of 130 F g
-1

. X. Han et al. 
23

 prepared N-doped 

porous carbon from pueraria by a two-step activation process. The electrode prepared from 

this activated carbon delivered higher specific capacitance of 250 F g
-1 

at 0.5 A g
-1

 current 

density and retained a capacitance retention of 92% even at 10 A g
-1

. The higher capacitance 

exhibited by these activated carbons is due to their unique properties such as high surface 

area, large pore volume and presence of graphitic carbon. Moreover, the presence of 

heteroatoms on the surface of carbon matrix involved in the redox reaction during 

charge/discharge process, which provide additional pseudocapacitance value. As a result, the 

internal resistance of the electrode decreases and the cell exhibits an improved 

electrochemical performance. E. Y. L. Teo et al. 
6
 synthesized the activated carbon derived 

from rice husk by using KOH as activating agent. The electrode delivered a high specific 

capacitance of 122 F g
-1 

at 1 A g
-1

 current density due to higher surface area and large pore 

volume.    

Thus, the electrodes prepared from NLMC and p-GCS delivered higher specific 

capacitance with good rate capability, which are comparable with the activated carbons 

derived from the biomass for application in supercapacitor.  
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Table 5.3.1 Comparison of specific capacitance values with those of reported in the literature 

in two-electrode symmetric configuration measured in aqueous electrolyte system.   

 

Carbon 

source 

 

Activating 

Agent 

Specific capacitance at 

lower current density 

Specific capacitance at 

higher current density 

 

Capacity 

retention 

(%) 

 

Ref 

current 

density     

(A g
-1

) 

Specific 

capacitance 

(Cs) 

Current 

density     

(A g
-1

) 

Specific 

capacitance 

(Cs) 

Rice 

husk 

KOH 0.1 147 1 122 83 6
 

Hemp 

stems 

KOH 0.2 209 20 130 63 24
 

Willow 

catkin 

KOH 0.1 50 10 30 60 7
 

Chitosan 
KOH 0.2 197 10 108 55 19

 

Glucose KOH 0.05 85 2 45 53 15
 

Pueraria K2CO3 0.5 250 10 231 92 23
 

Wheat 

straw 
CaCl2 0.1 152 8 80 52 22

 

Wood 

sawdust 

KOH 0.05 255 8 50 20 25
 

Neem 

leaves 

KOH 1 138 50 104 75 This 

work 

Tissue 

paper 

KOH 1 129 50 110 85 This 

work 
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Chapter 6 

Summary and Conclusions 

The next generation energy storage systems such as Li-S batteries and supercapacitors 

need new electrode materials and design of novel cell configurations that can overcome the 

scientific and technological issues for commercialization of these systems. In this context, the 

investigator has developed new porous electrode materials with unique textural properties for 

application in Li-S batteries and supercapacitors. The nanostructured porous electrodes 

prepared by using cost effective processes have shown an improved electrochemical 

performance and excellent cycle stability.  

During the course of this research study, the investigator has synthesized the micro 

and mesoporous structured carbons from neem leaves, tissue paper and jute stalks by the 

KOH activation process. In Li-S battery, these micro and mesoporous carbon materials act as 

conducting media, trap the dissolved polysulfide species and also accommodate large volume 

expansion during the lithiation process. The investigator has also focussed on synthesizing 

high capacity anodes such as Sn/graphene and Si/graphite composites as alternatives to 

lithium anode. The results of the electrochemical studies of the electrode materials in half cell 

configuration have provided enough scope for the fabrication of the lithiated Si-S battery in 

full cell configuration. For supercapacitor, the micro and mesoporous carbons developed in 

the present study functioned as high charge storage electrodes due to their high surface to 

volume ratio and high electrical conductivity. 

KOH activation method has been employed in the present study to synthesize the 

activated carbons (ACs) from neem leaves, tissue paper and jute stalks. The sulfur infused 

micro and mesoporus carbon/sulfur composites have been prepared by the melt-diffusion 

method. Electrodeposition and ball milling processes have been employed for the synthesis of 

Sn/graphene and Si/graphite composites respectively. The morphological studies of the 

composite materials have been carried out by using field emission scanning electron 

microscopy (FE-SEM) and transmission electron microscopy (TEM). The distribution of 

elemental sulfur in the micro and mesoporous carbon/sulfur composites has been obtained 

using energy dispersive X-ray spectroscopy (EDS) elemental mapping and the amount of 

elemental sulfur in them has been analysed by thermogravimetry (TG). The surface area and 

pore size of the ACs have been determined by the BET analysis. The crystal structure and the 
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type of carbon present in the synthesized composites have been analysed by X-ray diffraction            

(XRD) technique and Raman spectroscopy.   

In Li-S battery, the electrochemical performance of the porous carbon/sulfur, 

Sn/graphene and Si/graphite electrodes have been evaluated by using lithium metal as anode 

and 1M LITFSI containing 5 wt% of LINO3 as the electrolyte. The Li-S battery in full cell 

configuration has also been fabricated by using porous carbon/sulfur cathode and a thin layer 

of lithium foil placed on the surface of Si/graphite as anode. The cyclic voltammetric studies, 

charge/discharge and cycle performance studies of the cathodes, anodes and full cells have 

been carried out in the potential range of 1.5-2.8 V, 0.01-1.5 V and 1.0-2.6 V, respectively. 

For superapacitor application, both the three-electrode and two-electrode configurations have 

been adopted for evaluating the electrochemical performance of the porous carbon electrodes 

by using 6M KOH (aqueous) as the electrolyte. The cyclic voltammetric studies, charge/ 

discharge and cycle performance curves for the electrodes in both the three-electrode and 

two-electrode systems have been performed in the potential range of -1.0 to 0.0 V and         

0.0 to 1.0 V respectively.  

The activated carbon derived from the fallen neem leaves (NLMC-4) exhibited a high 

surface area of 1872 m
2
 g

-1
 and large pore volume of 1.59 cc g

-1
 in comparison to the other 

NLMC samples. Wherein, NLMC-4 is prepared by mixing the powder of neem leaves to 

KOH in the weight ratio of 1:0.4 followed by heat treating the dried sample at 1000 ºC under 

Ar atmosphere. EDS elemental mapping of the porous carbon/sufur composites shows the 

homogenous distribution of sulfur throughout the carbon matrix. Among all the composites, 

the sulfur infused NLMC-4/S50 electrode with 50 wt% of sulfur loading delivered the highest 

discharge capacity of 1396 mAh g
-1

 at 0.1 C rate. Even after 50 cycles, this electrode 

displayed a high discharge capacity of 896 mAh g
-1

. This result infers that the presence of 

abundant micro and mesopores structures in the carbon matrix inhibits the dissolution of 

polysulfides into the electrolyte. Moreover, when the current is increased from 0.1 to 1 C rate, 

NLMC-4/S50 electrode exhibited superior electrochemical performance and delivered higher 

discharge capacity of 506 mAh g
-1

 in comparison to the NLMC-1/S cathode (38 wt% of sulfur 

loading) with a discharge capacity of 33 mAh g
-1

 at 200
th

 cycle.  

Another activated carbon developed in the present study is the porous graphitic carbon 

sheets (p-GCS) from tissue paper by a facile one-step process, i.e., in-situ KOH chemical 

activation process. The FE-SEM and TEM images of p-GCS materials revealed the presence 

of graphene-like carbon structures with excellent textural parameters. XRD and Raman 
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analysis inferred the presence of highly graphitised carbon structures in the sample in 

comparison to the pristine tissue paper carbon (p-TPC). These results also suggested that the 

carbon precursor, activating agent and the activation temperature play an important role in the 

formation of graphitic structures in the carbon. The p-GCS-2/S electrode with p-GCS-2 

modified separator delivered a high initial discharge capacity of 1497 mAh g
-1

 and retained a 

discharge capacity of 992 mAh g
-1

 at 0.2 C rate after 50 cycles. The improved electrochemical 

performance of the electrode is due to the synergistic effect explained below. The p-GCS-2 

acts as a matrix for dissolved polysulfide species, whereas the p-GCS modified separator acts 

as a barrier film that inhibits the migration of dissolved polysulfides to the anode surface and 

also increases the reutilization of the active material during the redox process. The modified 

separator also improves the ionic and electronic conductivities during the redox process. 

When the p-GCS-2/S electrode is tested at high current rate of 1 C with modified separator, 

the resulting cell delivered a high discharge capacity of 652 mAh g
-1 

after 200 cycles in 

comparison to the p-GCS-2/S electrode with pristine polypropylene separator.  

The third activated carbon developed by the investigator is the micro and mesoporous 

carbon (MGC) derived from the jute stalks by two-step KOH chemical activation process. 

The as-prepared MGC exhibits a high surface area of 2047 m
2
 g

-1
 with a large pore volume of 

1.69 cc
3
 g

-1
. The TEM and Raman analysis reveal the presence of highly graphitised carbon 

structures with graphene-like morphological appearance. Studies have been made to optimise 

the amount of sulfur loading into the carbon matrix. Among the composites, the MGC/S-2 

electrode with 64 wt % sulfur loading delivered a stable discharge capacity of 868 mAh g
-1

 at 

0.2 C rate for over 40 cycles. In addition, the MGC coated separator has been used in order to 

further enhance the electrochemical performance of the MGC/S-2 electrode and the resulting 

half cell delivered a high initial discharge capacity of 1542 mAh g
-1

 at 0.2 C rate. Even after 

50 charge/discharge cycles, the electrode retained a discharge capacity of 1016 mAh g
-1

 with 

good coulombic efficiency. Furthermore, the electrochemical performance of the MGC/S-2 

electrode with high active material loading of 5.4 mg cm
-2

 and 9.3 mg cm
-2

 has also been 

evaluated at 0.2 C rate.
 
The MGC/S-2 electrode with sulfur loading on the electrode of 5.4 mg 

cm
-2

 and 9.3 mg cm
-2 

delivered discharge capacities of 871 mAh g
-1

 and 632 mAh g
-1

, 

respectively even after 50 cycles. The EDS elemental mapping has been done on the modified 

separator measured after 50 charge/discharge cycles with 9.3 mg cm
-2 

sulfur loading on the 

electrode. The homogenous distribution of sulfur throughout the carbon infers that the MGC 
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coated separator acts as a barrier film as well as the upper current collector that improves the 

reutilization of the active material during the redox process. 

Electrodeposition method has been employed in the present study for the synthesis of 

binder-free Sn/graphene composite material for use as anode in the lithium-sulfur battery. The 

FE-SEM images reveal that the electrodeposited Sn/graphene shows highly porous 3D 

dendritic structures. The presence of graphene in the composite has been confirmed by 

analysing the partially leached Sn/graphene composite by FE-SEM analysis, which was 

further confirmed by the Raman spectral analysis. In order to further improve the 

electrochemical performance of Sn/graphene, a protective RGO layer is coated onto the 

surface of the Sn/graphene composite, which minimizes the progressive SEI layer formation 

during the redox process. Among all the composites, the Sn-G/RGO electrode delivered a 

very high discharge capacity of 819 mAh g
-1 

in 1M LITFSI electrolyte at 0.1 C rate at 20
th

 

cycle. The presence of graphene in the Sn matrix and RGO coating on the surface plays 

significant roles in enhancing the electrochemical performance of the composite during the 

charge/discharge process.  

The second anode material developed in the present study is the Si/graphite composite 

prepared by the ball milling process. The XRD analysis and the Raman spectral analysis of 

these composites show the crystalline nature of silicon and graphite in them. The investigator 

has studied the effect of the weight ratio of Si to graphite on the electrochemical performance 

of the composite by using 1M LITFSI containing 5 wt % LiNO3 as the electrolyte. In this 

study, the carbon paper has been used as the current collector, which has shown a positive 

effect in enhancing the electrochemical performance. The 3D porous structure of the carbon 

paper increases the adhesion of the active material, accommodates huge volume expansion 

during lithiation and also improves the electrical conductivity. Si5/G5 anode, at the optimised 

mass ratio (composite containing 1 g of silicon and 1 g of graphite), delivered a high initial 

discharge capacity of 3574 mAh g
-1

 and retained a discharge capacity of 1443 mAh g
-1

 even 

after 50 cycles at 0.2 C rate. Furthermore, the electrode exhibited good cycle stability and 

delivered a high discharge capacity of 816 mAh g
-1

 even at 200
th

 cycle at 1 C rate. 

The improved electrochemical performance of the cathode and anode materials in half 

cell configuration has provided scope for the fabrication of Li-S battery in full cell 

configuration. In the present study the investigator has selected the best performing and low-

cost cathode and anode materials for the fabrication of the full cell. The lithiated Si-S full 

cells are fabricated by using MGC-2/S cathode and lithiated Si5/G5 as anode. The studies 
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have been made in order to optimise the weight ratio of the cathode, lithium and anode in the 

cell in order to achieve high capacity with good cycle stability. Lithiated Si-S cell with a 

weight ratio of cathode, lithium and anode as 1.0:0.7:0.7 has delivered high initial discharge 

capacity of 1527 mAh g
-1

 and retained the discharge capacity of 824 mAh g
-1 

after 50 cycles 

at 0.2 C rate. Moreover, when the current rate is increased to 1 C, the cell exhibited a high 

discharge capacity of 411 mAh g
-1

 even after 300 cycles. The energy density delivered by the 

lithiated Si-S cell calculated on the basis of the mass of combined carbon and sulfur on the 

electrode is about 948 Wh kg
-1

, which is twice that of the conventional Li-ion battery 

(LiFePO4/graphite cell: ~544 Wh kg
-1

). Furthermore, the lithiated Si-S pouch cells fabricated 

in the present study have been tested for powering small electronic components.    

In the present research study, the investigator has also explored the application of the 

micro and mesoporous NLMC and p-GCS materials for supercapacitors. Among the as-

prepared NLMC samples, the NLMC-4 electrode delivered the highest capacitance of        

233 F g
-1 

in three electrode system at 1 A g
-1 

current density. This performance is due to the 

unique textural properties of NLMC-4 such as high surface area, large pore volume and good 

graphitic nature, which increase the specific capacitance of the electrode. In the two-electrode 

symmetric configuration, the NLMC-4 electrode exhibited a capacitance of 138 F g
-1

 at          

1 A g
-1

 current density with good rate capability. Furthermore, the electrode showed good 

electrochemical stability with 82% of capacitance retention after 10000 cycles.  

The as-prepared p-GCS-2 electrode in the three-electrode configuration, delivered 

higher specific capacitance of 212 F g
-1

 at 1 A g
-1

 current density in comparison to p-GCS-1 

and p-TPC. In the two-electrode system, the p-GCS-2 electrode exhibited a specific 

capacitance of 129 F g
-1

 at 1 A g
-1

 current density and showed good electrochemical 

performance in terms of high rate capability with 85% of capacitance (Cs) retention at          

50 A g
-1 

current density and good cyclic stability of 90 % of Cs retention after 10,000 cycles. 

The outstanding electrochemical properties of p-GCS can be attributed to the well-developed 

micro and mesoporous structures with thin sheet-like morphology, large pore volume and the 

presence of highly graphitised carbon structures in them. 
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Table 6.1 New cathode and anode electrode materials developed for Li-S battery and 

electrodes developed for supercapacitor in the present study.  

Li-S battery 

Cathode materials 

S.No Carbon 

precursors 

Method used 

for 

perparation 

Electrode 

material 

Electrolyte Electrochemical performance 

Initial discharge 

capacity 

(mAh g
-1

) 

Final discharge 

capacity 

(mAh g
-1

) 

C rate 

1 Neem 

leaves 

KOH 

activation 

and melt-

diffusion 

NLMC-

4/S50 

1M LITFSI 

with 5wt% 

LiNO3 

1143 784  

(50
th

 cycle) 

0.2 

2 Tissue 

paper 

KOH 

activation 

and melt-

diffusion 

p-GCS-2/S 1M LITFSI 

with 5wt% 

LiNO3 

1497 992  

(50
th

 cycle) 

0.2 

3 Jute stalks KOH 

activation 

and melt-

diffusion 

MGC/S-2 1M LITFSI 

with 5wt% 

LiNO3 

1542 1016  

(50
th

 cycle) 

0.2 

Anode materials 

4 Tin/ 

Graphene 

Electro-

deposition 

Sn-G/RGO 1M LITFSI 

with 5wt% 

LiNO3 

1208 587 

 (40
th

 cycle) 

0.2 

5 Silicon/ 

Graphite 

Ball milling Si5/G5 1M LITFSI 

with 5wt% 

LiNO3 

3577 1494  

(40
th

 cycle) 

0.2 

Lithiated Si-S full-cell 

1 MGC/S-2 cathode and lithiated Si5/G5 

anode 

1M LITFSI 

with 5wt% 

LiNO3 

1547 824 

(50
th

 cycle) 

0.2 

 
Supercapacitor 

S.No Carbon 

precursors 

Method used 

for 

perparation 

Electrode 

material 

Electrolyte Electrochemical performance Current 

Density 

(A g
-1

) 
Initial specific 

capacitance 

(F g
-1

) 

Final specific 

capacitance 

(F g
-1

) 

1 Neem 

leaves 

KOH 

activation 

NLMC-4 6M KOH 138 114 

(10000
th

 cycle) 

1  

2 Tissue 

paper 

KOH 

activation 

p-GCS-2 6M KOH 122 110 

(10000
th

 cycle) 

1  

 

From all the studies the following conclusions are drawn. 

1. All the porous carbon/sulfur cathodes developed in the present study are proven to be 

efficient polysulfide inhibitors for the sulfur cathode in a Li-S battery due to efficient 

trapping of the dissolved polysulfide species in them. 
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2. The modified separators act as barrier films for polysulfide species as well as upper 

current collectors that increase the reutilization of the active material during the redox 

process for longer cycles. 

3. The new anode materials developed in the present study exhibit high electrochemical 

performance and are proven to be the suitable anodes to compensate the charge 

storage capacity of the sulfur cathode in a Li-S battery. 

4. The lithiated Si-S full cell developed in the present study exhibits superior 

electrochemical performance and delivers higher energy density (calculated on the 

basis of mass of carbon+sulfur on the positive electrode), which is twice that of the 

conventional lithium-ion battery (LiFePO4/graphite cell) calculated based on the 

LiFePO4 cathode. The fabricated, lithiated Si-S pouch cells can be used for 

functioning of small electronics components. 

5. The symmetric supercapacitors fabricated by using the as-prepared NLMC and p-GCS 

with aqueous 6M KOH electrolyte have also been found to give good electrochemical 

performance for longer cycles.    
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