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ABSTRACT 

Over the past two decades, there has been an intense focus on the 

electrochemical energy storage devices viz. batteries and supercapacitors (SCs). 

Lithium-sulphur batteries (LSBs) received more attention in the energy storage sector 

owing to their high theoretical capacity of 1675 mA h g-1 and high theoretical energy 

density. In this doctoral work carbon with different morphology is successfully 

prepared and was used for the fabrication of electrodes in the SCs and LSB cathodes. 

The activated carbon is prepared by ZnCl2 activation followed by carbonization. Its 

electrochemical evaluation was carried out by using CV, GCD and EIS studies. 

Detailed investigations on the prepared electrode materials for LSB and SC 

applications were carried out and the descriptions of the results were presented in seven 

chapters. 

In the first chapter, a general introduction on LSBs and SCs including its 

principle, limitations and state of art of the present scenario are mentioned. More 

emphasis is given to aspects which are currently focused on the thesis. 

In the second chapter, Multiwalled carbon nanotube/sulphur/polyindole 

(MWCNT/S/PIN) nanocomposite was developed as cathode material for LSBs to 

alleviate capacity decay. It was synthesized by chemical precipitation of sulphur onto 

functionalized MWCNT followed by in-situ polymerization of indole. MWCNT/S/PIN 

nanocomposite exhibited 1490 mA h g-1 as initial specific capacity and enhanced 

cycling stability compared to the binary nanocomposite (MWCNT/S). The 

MWCNT/S/PIN composite cathode displayed 1043 mA h g-1 after 100 cycles at a 0.1C 

rate with 70% capacity retention. The better electrochemical performance of ternary 

nanocomposite cathode material was attributed to the synergistic effect of 

functionalized MWCNT and polyindole which provides improved conductivity and 

effective fencing of intermediate polysulphides (PSs). 

In the third chapter, heteroatom doped microporous carbon (HMC) materials 

were prepared from 4, 4’-diamino-diphenyl sulphone (DDS) by pyrolyzing at 950 ºC 

in a single step without activation. The structural changes with the variation of 

carbonisation time were investigated. The heteroatom doped porous carbon-sulphur 

(HMCS) composite is used as LSB positive electrode material.  A comparatives study 

was performed using materials prepared at the carbonisation time 1 & 2 h. The porous 

carbon matrix was used as a conductive host along with N, O functionalities to restrain 

the polysulphide diffusion into the electrolytes during the discharge process. HMC-2S 

exhibits better performance than the HMC-1S due to its higher surface area and pore 

volume, it can accommodate the volume changes of sulphur inside the carbon matrix 

than the HMC-1S during the cycling process. In addition, solid-state symmetric 

supercapacitor was fabricated using HMC with KOH and Na2SO4 gel electrolytes. The 

symmetric supercapacitor using Na2SO4 gel electrolyte gives a maximum energy 
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density of 35 W h kg−1 at a power of 529 W kg-1 and 91.07% capacity retention is 

obtained at 5000 cycles at a current density of 0.6 A g-1.  

 

  To improve the performance of the LSBs further, inherently doped iron oxide 

nanoparticles and N, O heteroatom doped high surface area hierarchically porous 

carbon tubes (HPC) were prepared from vetiver roots in the fourth chapter.   To analyse 

the impact of structural, morphological and energy storage capacities of HPC materials 

were prepared at the pyrolysis temperature varying from 600 ºC to 900 ºC was carried 

out. HPC with the high surface area (1879 m2 g-1) and pore volume (0.91 cm3 g-1) were 

obtained at 800 ºC. This material was investigated in detail for SC and LSB electrodes. 

The symmetric supercapacitor delivered 67.8 W h kg−1 at a power of 749 W kg-1 and 

exhibits 88% capacity retention after 10,000 cycles at a current density of 0.5A g-1.  In 

addition, the HPC-800 °C was used to incorporate sulphur (HPCS) and supported as 

cathode material for lithium-sulphur batteries. The HPCS exhibited an initial discharge 

capacity of 1584 mA h g-1 and reversible capacity of 1069 mA h g-1 after 200 cycles at 

a 0.1C rate with 67% capacity retention. The better electrochemical performance was 

attributed to the tubular morphology, high surface area, pore volume, N, O and iron 

functionalities of the porous architecture of HPC.  

The fifth chapter discusses on N, O heteroatom doped hierarchical porous 

activated carbon, prepared from pinecone by ZnCl2 activation and followed by  

carbonization. The carbon material has a  high surface area of 2065 m2 g-1 and a pore 

volume of 1.5 cm3 g-1. Three different combinations of sulphur loading 54, 68 & 73% 

were studied as cathode material for LSBs. In this chapter, the sulphur loading and 

distribution in this matrix is correlated with the electrochemical performance of the 

cell. Carbon with 54% sulphur displayed better electrochemical performance than 

carbon with 68 and 73% of sulphur. The initial discharge capacity was 1606 mA h g-1 

and obtained a reversible capacity of 1269 mA h g-1 after 100 cycles with 79% capacity 

retention at the 0.1C rate. The better electrochemical performance of the 54% sulphur 

loaded carbon was due to the better dispersion of sulphur in the porous carbon network. 

The sixth chapter elaborates on another strategy to alleviate PS shuttling. 

Heteroatom doped microporous carbon (HMC-1) with a surface area of 969 m2 g-1 and 

a pore volume of 0.43 cm3 g-1 was used to modify the separator. Orange peel derived 

carbon-sulphur composite (OPCSC) was prepared to host sulphur. Capacity 

degradation in the OPCSC cathode films was improved by separator modification. The 

modified separator was acted as a polysulphide inhibitor and accountable for the 

excellent electrochemical performance when compared with the MWCNT coated 

separator. The cell with HMC-1 coated separator exhibited 85% capacity retention 

while MWCNT coated displayed 74.8% capacity retention (100 cycles). The thin layer 

coating of HMC on separator effectively block the migration of polysulphides towards 

the anode, thereby decreasing the capacity loss and improving the rate performance.  

The seventh chapter concerns on a better host material for sulphur, N and O 

co-doped honeycomb derived hierarchically porous carbon (HC) along with SiO2. HCS 
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(80%) displayed a high stable capacity of 1101 mA h g-1 after 200 cycles at a 0.1C rate 

and 82% capacity retention. The HCS (80%) cathode was coated with a thin layer of 

HC, exhibited 92% capacity retention at 0.1C rate after 200 cycles. The role of the 

interlayer (HC coating) to improve the electrochemical performance of the cell was 

investigated in detail. The HCS (80%)-HC exhibited 1009 mA h g-1 at the 2C rate. It is 

a potential positive electrode material for LSBs. 

Finally, in the conclusion, a comparison of the developed materials, summary 

of the complete work and the future perspectives are brought out. 
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CHAPTER 1 

INTRODUCTION 

Development of new electronic devices and hybrid electric vehicles need an 

improved energy storage system, in terms of energy density, durability, flexibility, 

safety and costs. Thus, it is necessary to explore and develop new materials that 

can fulfill and satisfy current and future energy needs. Lithium-sulphur batteries 

(LSBs) and supercapacitors (SCs) have received more attention due to their high 

energy and power densities compared to conventional energy storage devices such 

as lithium-ion battery (LIB). In this chapter, a brief summary of the state of art is 

presented with more consideration on the aspects related to strategies to enhance 

cycling stability of LSB and carbon based electrodes for electrical double layer 

capacitor (EDLC). Further, the objectives and outline of thesis focussed on existing 

challenges and the future research directions are also described. 

1.1 Introduction 

The technology development in the 21 st century leads to energy and 

environmental issues. The energy economy depends upon the fossil fuel, 

consequently, it’s reserves are depleted much faster than the new formations. 

Increase in consumption of fossil fuel directly linked to environmetal degradation 

due to the emission of pollutants (Lopes et al., 2012). Based on the available 

literature, it is evident that the electrochemical energy storage is the most important 

technology when uninterrupted energy or power supply is required. Rapid 

development in the portable devices, electronics, computers and electric vehicles 

would not be possible without efficient energy storage devices. Electrochemical 

energy storage is the dominant technology in the electrified fields. Batteries and 

supercapacitors (SC) are considered as two types of the most prospective 

electrochemical energy storage devices with a number of unique advantages and 

wide potential applications (Zuo et al., 2017; Dunn et al., 2011; Bruce et al., 2012). 

Electrode materials are the core of any electrochemical device, which quantify the 

energy and power in the system.   

An electrochemical cell is a device that converts chemical energy into 

electrical energy and vice versa (Brett 2009). It consists of the assembly of the 

cathode and anode electrodes, which is separated by a porous layer having both 



2 

 

ionic conducting and an electrical insulating properties. The operation of a cell is 

based on the difference between the chemical potential of an active material 

between the two electrodes. There are several parameters need to be discuss for 

monitoring the electrochemical performance and operating conditions of an 

electrochemical cell (Winterand Brodd, 2004).  

The specific capacity (mA h g-1) of a cell is defined as the total amount of 

current available when the battery is fully discharged or total ampere-hours 

available when the battery is discharged at a certain discharge current normalized 

by the mass of active material. 

Specific capacity =
𝑛𝐹

𝑀
                                                                                        (1.1) 

 Where ‘n’ is the number of electrons involved in the redox reaction, ‘F’ 

is the Faraday constant (96500 C mol-1) and ‘M’ is the molecular mass of the active 

material (g mol-1).  

C-rate, the discharge current is expressed in C rate. It is a measure of the 

rate at which a battery is discharged relative to its maximum capacity. 

The gravimetric and volumetric energy density (W h kg -1 or W h L-1) are 

the values of the amount of energy stored in the material per mass/volume or the 

total Watt-hours available when the battery is discharged at a certain discharge 

current, normalized by the mass of active material and by the volume, respectively.  

The columbic efficiency refers to the ratio of discharged capacity over the 

preceding charged capacity. It indicates the reversibility of the redox process. 

1.2 Lithium ion Battery 

According to the recent literatures, lithium-ion batteries (LIB), are 

currently becoming the dominant technology for powering portable devices, mostly 

due to their capability of delivering electrical energy with high power and energy 

densities (Figure 1.1) (Xin et al., 2012). 
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Figure 1.1. Comparison diagram of rechargeable battery technologies  

A conventional LIB consists of four parts: anode material, cathode 

material, electrolyte and separator. Here the anode for LIB is graphite, cathode as 

lithium transition metal oxide (E.g.: LiCoO2, LiMnO2, LiFePO4 and LiNiO2), 

separator is a fine porous polymer film and the electrolyte is Li containing salt in 

carbonate based organic solvents (Goodenoughand Park, 2013). The LIB works on 

the basis of the intercalation mechanism. During the charging process, the Li ions 

move from the metal oxide and intercalate into the graphitic anode. The discharging 

step involves the deintercalation from the anode and intercalation into the cathode 

(Figure 1.2). For example, the representative reaction takes place during the 

charging and discharging process is as follows when using as lithium cobalt oxide 

as cathode and graphite as the anode (Gopalakrishnan et al., 2017). 

LiCoO2 +  C6  ↔  Li1−x CoO2 +  C6Lix                                                                (1.2) 
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Figure 1.2. Schematic diagram of LIB (Gopalakrishnan et al., 2017) 

The traditional LIB uses  the intercalation based cathode materials such as 

metal oxides, phosphates and vanadate gives the maximum energy density of ~ 200 

-400 W h kg-1 ( 274 mA h g-1), while the anode materials gives the specific capacity 

of ~372 mA h g-1 (Scrosati, 1992). Due to their lightweight, high open circuit 

voltage, high capacity, and non-memory effect, LIBs have been commercialized 

since 1990s by Sony corporation and dominated in the market for portable 

electronic devices (Aricò et al., 2005). However, the energy and specific capacity 

values are not sufficient for satisfying the ever increasing energy demand. The 

commonly used cathode materials are quite expensive and low rate capability is 

observed at higher current rates. So, new cathode alternatives are required for the 

better performance of the future LIBs. 

1.3 Lithium-Sulphur Battery 

Other possibilities for energy storage in Li-ion cell chemistries are alloying 

and conversion reactions besides the intercalation mechanism. This reaction occurs 
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in a manner that two materials react to form compounds with new properties. For 

example, in the lithium-sulphur battery (LSB), lithium and sulphur react to form 

Li2S. Sulphur is an abundant, nontoxic, and environmentally benign, possessing 

advantages compared to the limited and pollution-yielding fuel oil (Bruce et al., 

2011). More importantly, its ultra-high theoretical capacity (1675 mA h g−1) and 

theoretical energy density (2600 W h kg−1) distinguish it from other cathode 

materials (Manthiram et al., 2014; Song et al., 2013). The concept of elemental 

sulphur as a positive electrode material was first introduced by Helbert and Ulam 

in 1962 and the first demonstration of LSB was presented in the late 1960s. In a Li–

S cell, the overall reaction during discharge process can be described as 

S8 + 16 Li+ + 16 e− → 8 Li2S (cathode)                                           (1.3) 

16 Li → 16 Li+ + 16 e− (anode)                                                       (1.4) 

1.4 Working Mechanism of Li-S Battery 

In LSB, Li metal acts as an anode, sulphur act as cathode, lithium 

bis(trifluoromethane)sulphonimide (LiTFSI) in ether based solvents used as 

electrolyte and a polypropylene (PP) membrane used as separator (Figure 1.3). The 

reaction between metallic lithium and elemental sulphur is a multistep process 

(Arias et al., 2018). During the discharge process the octaatomic cyclic sulphur, S8 

ring broken and it will form long chain polysulphide (PS) chain. The reduction 

continued till the formation of lower order PSs and finally the lowest end discharge 

product Li2S2 or Li2S. During the recharging step, the whole reaction will occur in 

a reversible manner. During discharging process, the Li ions are stripped from the 

anode, moves towards the cathode and form lithium PSs. As a result of the complete 

discharge, the Li2S is formed. During the recharge, the Li ions are stripped back to 

the anode. During the continuous charge-discharge cycle, PS species shuttle 

between cathode and anode (Figure 1.4) (Wild et al., 2015). The multistep process 

are given below. 

          S8 + 2Li →  Li2S8                                                                (1.5) 
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3Li2S8  + 2 Li →  4Li2S6                                                              (1.6) 

2Li2S6  + 2 Li →  3Li2S4                                                              (1.7) 

   Li2S4  + 2 Li →  2Li2S2                                                              (1.8) 

   Li2S2  + 2 Li →  2Li2S                                                                (1.9) 

 

Figure 1.3. Schematic diagram of LSB (Mikhaylik et al., 2010) 

In the first three step, the reaction occurs in a voltage range of 2.2-2.4 V, 

and the lithium polysulphides (LPSs) (Li2Sx, 4 <x ≤ 8) are soluble in the electrolyte. 

The last two-step process occurs below the 2.1V (Li2Sx, 1 < x ≤ 3) and it will 

precipitates on the cathode and generally it is insoluble in the electrolyte. The first 

4 step reactions are kinetically faster, while the last step is a slow process, which 

will impede the battery performance (Ogoke et al., 2017). The discharge curve of 

LSBs  shows two plateau, the first plateau lies in the voltage range of 2.2-2.4 V and 

corresponds to the conversion of elemental sulphur to high valence state PS ions, 

Sn-2 where n=8, 7 and 6. The second plateau lies below 2.1V, which corresponds to 

the conversion of low valance state of PS ions, n=4 and 3 (Figure 1.4). 
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Figure 1.4. Electrochemical voltage profile for LSB and sulphur bonding chemistry 

during charge-discharge process (Su et al., 2013) 

1.5 Challenges and Drawbacks of Li-S Battery 

The following are the few challenges associated with LSB, which are 

really obstruct its commercial values (Aurbach et al., 2009; Mikhaylik et al., 2010; 

D.-W. Wang et al., 2013).  

(1) The inherent insulating nature of sulphur (electrical conductivity is 5x10-30 S 

cm-1) (D.-W. Wang et al., 2013) and lowest end discharge product, Li2S, which 

restrict the movement of ions and electrons. Sulphur is soluble in most of the 
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organic solvents used in the electrolyte, which leads to self-discharge and OCV 

potential decrease and lowered discharge capacity after storage. 

(2) The insoluble lower order discharge products like Li2S2 and Li2S deposit on the 

surfaces of the conductive framework leads to progressive capacity fading, and 

reduce the effective active surface area to perform the electrochemical reactions. 

 

(3) Intermediate PSs formed during discharging are soluble in the most of the 

organic electrolyte, which can easily pass through the separator to the anode and it 

will react (get reduced) to form low-order PSs on the surface of the Li anode, 

attributed to the passivation of anode surface. These short chain PSs can then diffuse 

back to the cathode during the reverse process where they can be oxidized back to 

high-order species. The process can be further repeated, resulting in prolonged 

charge-discharge process.  This mechanism of LSB is called “shuttle 

phenomenon”. As a result, the charging process cannot complete, further lowers 

the coulombic efficiency considerably. Presence of ‘shuttle mechanism’ results in 

the deposition of solid species (Li2S) on the metallic lithium surface, leading to a 

capacity fade because of the irreversible active material losses. 

  

 (4) Volume changes of sulphur during the cycling process bring the collapse of the 

electrode structures.  

 (5) The dendrites growth can result in micro short-circuits during battery charging, 

which incites cell death and safety problems. Even though few studies reported that 

the reactivity of PSs with lithium restrain the dendrites growth, it is an unsolved 

issue in LSBs.  

The above mentioned processes create a lot of serious problems in LSBs, 

including the Li deterioration, unstable solid–electrolyte interface, irreversible loss 

of active material and increases in the interfacial resistance between the anode and 

electrolyte. This shuttle phenomenon leads to low coulombic efficiency, rapid 

capacity waning, low rate performance and short cycle life (Yibo He, Chang, et al., 

2018). Thus various approaches and methods are reported in the literature to tackle 

the PS issues and degradation of battery performances.  
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1.6 Effective Strategies Adopted to improve the Cycle 

Life of Li-S Battery 

There are various strategies adopted in the literature to improve the 

electrochemical performance of LSB. They are  

(1) Design and development of new sulphur host/ modification of cathode film for 

trapping PS by physical adsorption and chemical binding. 

(2) Modification of separator to immobilize the PS on cathodic region. 

(3) Protection of Li metal anode from the passivation and lithium dendrite growth. 

(4) Investigation of new electrolytes/electrolyte composition to restrict the 

dissolution of PSs in the electrolyte. 

1.6.1 Design of cathode architecture 

One of the most important aspect for improving the performance of LSB 

is the fabrication of novel cathode materials with new sulphur composite for 

trapping the PSs. Among the massive host materials for sulphur, carbon materials 

like porous carbon, heteroatom doped porous carbon, graphene, carbon nanofiber, 

carbon nanotubes, conducting polymers, metal oxides and the combination of above 

materials are commonly used (R. Chen et al., 2015; G. Xu, B. Ding, J. Pan, et al., 

2014). This thesis discuss on carbon-sulphur composites as cathodes for LSBs. 

Hence the literature review mainly focussed on carbon-sulphur composite cathode 

materials and strategies to restrict the PSs in the cathodic region. 

1.6.1.1 Carbon materials 

 The interesting structural advantageous like high inertness, conductivity, 

high pore volume, large exposed surface area, different dimensions (0-3 

dimensions), natural abundance, low cost which make the carbon materials as one 

of the important hosts for sulphur and widely used as cathode material for LSB 

applications (Manthiram et al., 2014). 
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Carbon nanomaterials 

Carbon nanomaterials are the materials which have at least one dimension 

in the nanoscale. Carbon nanotube, graphene, carbon nanofiber and carbon 

nanoparticles/quantum dots belongs to this category (J. Liang et al., 2016). Since 

from the discovery of carbon nanotube in 1991, it is used for a wide variety of 

applications in the field of electronics. The multiwalled carbon nanotube 

(MWCNT) is used as cathode material for LSB application without binder and 

current collector which reduces the cost of the electrode manufacturing. Here, 60% 

sulphur was deposited on the walls of the carbon and obtained an initial discharge 

capacity of 1352 mA h g-1 at 1C. The high conductivity of MWCNT helped to 

improve the active material utilization and the electrochemical performance (Su et 

al., 2012). Binder free high density carbon nanotube forest was able to enhance the 

interfacial adsorption, confine the PS species and accommodate volume changes of 

sulphur and obtained a stable discharge capacity of 812 mA h g-1 after 200 cycles 

with 0.054% capacity retention (Xi et al., 2015). High sulphur content (85%) of 

carbon nanotube/sulphur composite was prepared by ball milling followed via 

heating in an argon atmosphere. Due to high electrical conductivity and stable 

structure of the composite, active material utilization increased to 76% (J.-z. Chen 

et al., 2014). A disordered carbon nanotube with sulphur impregnated via vapour 

infusion method, was used as cathode material and obtained 96% coulombic 

efficiency (Juchen Guo et al., 2011). Vertical aligned carbon nanotube/sulphur 

composite was prepared without binder with 95% sulphur content. The sulphur 

loading on the cathode was 20 mg cm−2. It delivered the capacity of 900 mA h g−1 

at the current density of 0.64 mA cm−2 (Hagen et al., 2012; Hagen et al., 2013; 

McDonough and Gogotsi, 2013). Carbon onion with several concentric graphitic 

spheres was prepared and sulphur was deposited on the wall of the carbon onion by 

melt diffusion. It delivered a reversible capacity of 700 mA h g-1 at 0.1C rate 

(Choudhury et al., 2017). 

Carbon nanofibers (CNFs) are one-dimensional material, similar to carbon 

nanotube with larger diameter. Hollow carbon nanofiber encapsulated with sulphur 

was used for PS trapping and exhibited 730 mA h g-1 at 0.2C rate after 150 cycles 
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(Zheng et al., 2011). Hierarchical porous carbon embedded with 80% sulphur was 

used as cathode, the porosity of the carbon fiber helped efficient trapping of PS and 

to inhibit shuttle effect. This composite delivered 601.5 mA h g-1 at 2C rate after 

350 cycles (W. Kang et al., 2018). Binder-free sulphur distributed carbon nanofiber 

with 65% sulphur obtained a stable capacity ≥ 700 mA h g-1 in LSB cathode 

application (K. Fu et al., 2014). Mesoporous carbon nanofibers were successfully 

prepared by electrospinning method as host for sulphur, with 74.35% sulphur 

exhibited a stable capacity of 721 mA h g-1 after 500 cycles at 1C rate (Zhenheng 

Cao et al., 2018). Hollow carbon nanofiber sulphur composite prepared via mixed 

solvent process, 60.8% sulphur loading was achieved. Due to these hollow 

structures which alleviate the PS migration and obtained a stable capacity of 600 

mA h g-1 after 100 cycles at the 1C rate (Q. Li et al., 2014)  

A single layer of graphite is termed as graphene and 2D carbon 

nanomaterial. Its excellent properties made them as superior candidate for 

electrochemical applications. Sulphur/graphene sheet was prepared by the thermal 

reduction between the sulphur and graphene oxide (GO). Graphene acts as a 

conducting and adsorbing agent, obtained a reversible capacity of  ≥ 670 mA h g-1 

after 80 cycles (Feifei et al., 2012). Graphene/sulphur composite was synthesized 

by heating the mixture of elemental sulphur and graphene sheet, with 17.6% sulphur 

loading obtained 96.35% sulphur utilization (J.-Z. Wang et al., 2011). Unstacked 

double layer templated graphene was prepared via chemical vapour deposition 

method. Sulphur composite was prepared by the melt diffusion method and 

displayed a stable capacity of 380 mA h g-1 after 1000 cycles (M.-Q. Zhao et al., 

2014). Dielectric barrier discharge plasma and high energy ball milling were used 

to fabricate ultrafine sulphur nanoparticle, which was anchored on in-situ exfoliated 

graphene with 69.2% sulphur content. Graphene offered sufficient sites for 

capturing the PSs. It delivered a stable capacity of 618.6 mA h g-1 after 500 cycles 

at the 0.1C rate (Z. Ma et al., 2017). Graphene nanoplatelets edge functionalized 

with sulphur were prepared by ball milling process, obtained a high reversible 

capacity of 966.1 mA h g-1 at 2 C with a low capacity decay rate of 0.099% after 

500 cycles (J. Xu et al., 2014). Binder and current collector free, flexible graphene 

sulphur paper was used with 67% sulphur loading obtained a reversible capacity of 
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600 mA h g-1 after 100 cycles with 83% capacity retention (J. Jin et al., 2013). A 

freestanding sulphur-graphene composite delivered an initial capacity of 1393 mA 

h g−1 at 0.1 C (X. Huang et al., 2013). A free standing binder sulphur reduced graphene 

oxide (rGO) was prepared by the freeze-drying method with 67% sulphur, with high 

areal capacity and good sulphur utilization (Nitze et al., 2016). Graphene-Sulphur 

nanocrystal composite with 63% sulphur loading exhibited a stable capacity of ~700 

mA h g−1 after 50 cycles at a current density of 300 mA  g−1 (G. Zhou et al., 2013). 

Porous Carbon materials 

Porous carbon is another class of carbon material different from the carbon 

nanomaterials, generally, they are amorphous in nature with low degree of 

graphitization with tunable properties. It is well known that porous carbon materials 

are capable for adsorbing PS, and enhancing the sulphur utilization due to its 

enhanced surface area, pore volume and conductivity. According to their pore size 

they can be divided into microporous carbon (< 2 nm), mesoporous carbon (2-50 

nm) and macroporous carbon (> 50 nm). The pores can be generated spontaneously 

during the carbonization, physical or chemical activation and by the soft/hard 

templating method (Zan Gao et al., 2017). The carbon precursor from various 

sources like biomass residue, the animal residue can be converted into high surface 

area nanostructured carbon by facile methods (Gao et al., 2017; C. Zhang et al., 

2016). Pyrolysis and hydrothermal carbonization are the methods used for the 

preparation of porous carbon.  The carbon materials obtained using these methods 

have low surface area and porosity. But high surface area and porosity are the 

required parameters for better electrochemical performance of LSB. Pyrolysis of 

template embedded carbon source followed by template removal yield, carbon with 

high surface area compared to the above methods and obtained a well-developed 

uniform pore size distribution (Ogoke et al., 2017). To tune, the morphology and 

structure of carbon material physical/chemical activation methods were used. 

(Contreras et al., 2010; Kwiatkowski and Broniek, 2017). Commonly used physical 

activators are O2, CO2 or steam and chemical activators are KOH, H3PO4 or ZnCl2 

(Demiral et al., 2011; J. I. Hayashi et al., 2000). ZnCl2 is the widely used activator 

owing to its non-corrosive nature, better carbon yield, the high specific surface area 
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carbon with excellent adsorption property and the hierarchical porosity (J. I. 

Hayashi et al., 2000). The selection of precursor, activation method and temperature 

for carbonization are significantly affect the surface area, pore size, heteroatom 

doping  which in turn amend the electrochemical performance of the prepared 

porous carbon material. 

Porous carbon materials are really helpful to accommodate high sulphur 

loading and house the volume changes of sulphur during the charge-discharge 

process. This porous carbon can act as a physical barrier for sulphur and PS species, 

at the same time it can provide the access to liquid electrolytes and porous carbon 

can adsorb the PS  from the electrolyte (D.-W. Wang et al., 2013). 

A breakthrough progress have been first made by S/CMK-3 (highly 

ordered mesoporous carbon) (sucrose and SBA-15) composite with 70% sulphur 

loading exhibited an initial capacity of 1000 mA h g−1 with a coulombic efficiency of 

99.94% (Ji et al., 2009). Inspired by this report, a bimodal mesoporous carbon/S 

composite (phenol and triblock copolymer) with 50% sulphur was investigated and 

obtained a reversible capacity of 550 mA h g-1 after 100 cycles at the 1C rate. Here, 

small mesopores formed during the preparation process, which act as PS reservoir 

and improved its performances (G. He et al., 2011). A high surface area of 2102 m2 

g−1 ordered mesoporous carbon was used for sulphur host, 60% sulphur loading 

displayed 70% sulphur utilization, high rate capability at 6C and long 

electrochemical stability for 400 cycles (S.-R. Chen et al., 2011). Unique hollow 

carbon nanosphere/sulphur composite exhibited stable capacity of 626 mA h g-1 at 

0.2C after 200 cycles (Shao-Zhong et al., 2018). Sucrose derived microporous 

carbon was used as a host for sulphur 600 mA h g-1 after 4020 cycles with 0.0014% 

capacity degradation (Yunhua et al., 2015). Hierarchically porous carbon derived 

from soluble starch using Mg(OH)2 as template was prepared. Carbon with 84% 

sulphur exhibited an initial discharge capacity of 1249 mA h g-1 and a reversible 

capacity of 562 mA h g-1 after 100 cycles at high current density of 1675 mA g-1 

(G. Xu, B. Ding, P. Nie, et al., 2014). A high surface area bimodal carbon was 

prepared by soft template method followed by KOH activation to host sulphur, 

obtained a high initial discharge capacity of 1584 mA h g-1 at a current density of 
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2.5 A g-1. This bimodal structured carbon provided a synergetic effect of meso and 

microporosity to accommodate PSs in the cathode region (C. Liang et al., 2009). 

Sulphur-carbon sphere composite with 42% sulphur loading exhibited a reversible 

capacity of 650 mA h g-1 after 500 cycles at a current density of 400 mA g-1 (B. 

Zhang et al., 2010).  Double-shelled hollow carbon sphere used for confining the 

sulphur and exhibited a stable capacity of 410 mA h g-1 at 0.3C after 100 cycles 

(Chaofeng et al., 2012). Microporous carbon sulphur composite resulted in 616 mA 

h g-1 at 1C after 600 cycles (Lei et al., 2017). Acetylene black is a well-known 

conductive agent, used for the preparation of sulphur composite and showed 500 

mA h g-1 after 50 cycles (B. Zhang et al., 2009; Yongzheng Zhang et al., 2018). 

Here sulphur was deposited on the surface of the nanopores of conductive black. 

52% sulphur loaded composite showed a reversible capacity of 1012 mA h g-1 after 

100 cycles with a capacity retention of 75.1% at a 0.1C rate (W. G. Wang et al., 

2014). An ultra-lightweight 3-D sulphur-few layered graphene foam composite was 

developed without binder and conducting additive with 52% sulphur loading. It 

exhibited a stable capacity of 300 mA h g-1after 400 cycles even at a current density 

of 3200 mA g-1 (Xi et al., 2014). A high surface area of 2600 m2 g-1 was developed 

from zinc citrate source and used as sulphur host, 950 mA h g-1 after 100 cycles 

even with a low amount of electrolyte (6.8 µl mg-1) (Strubel et al., 2016). Sulphur 

infiltrated porous carbon microspheres from sucrose exhibited 904 mA h g-1 after 

100 cycles at the the 1C rate (C. Zhao et al., 2014). 

Metal-organic framework (MOF) provided carbon materials when it was 

heated in an inert atmosphere due to the presence of organic moieties in the MOF, 

owing to its unique morphology, large surface area and high pore volume. MOF 

derived carbon was prepared as an ideal host for the sulphur due to the hierarchical 

porosity of the carbon material gives an easy pathway for the Li+ ion transportation 

The-high pore volume can refuse PS dissolution into the electrolyte and 

accommodate volume changes of sulphur during the charge-discharge process (X. 

Qian et al., 2016; G. Xu et al., 2013). Carbon derived from zinc fumarate with 55% 

sulphur showed a capacity of 592 mA h g−1 after 40 cycles. Both meso and micropores 

helps to hold sulphur and to improve the active material utilization (Xi et al., 2013). 
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Carbon nanorod shaped Zn-MOF with 68% sulphur exhibited 700 mA h g−1 after 200 

cycles at a current rate of 0.5C. This conductive carbon nanorod improved the electron 

transport and the pores generated during the carbonization is highly helpful for 

electrolyte infiltration and to encapsulate the sulphur (X. Qian et al., 2016). MOF-5 

derived hierarchical porous nanoplates (54% sulphur) showed 730 mA h g-1 of 

reversible capacity after 50 cycles at 0.5C rate (G. Xu et al., 2013). French fries like 

hierarchical porous carbon was derived from Al-MOF and used as sulphur host. It 

displayed a capacity retention of 68% at 0.5 C after 200 cycles (Xiaofei Yang et al., 

2015). Amylose derived carbon-sulphur hybrid exhibited 798 mA h g-1 after 200 

cycles at the 0.1C rate (X. Li et al., 2017). A low-cost ultra microporous carbon 

from macadamia nutshell was used as sulphur host and provided a reversible 

capacity of 1254 mA h g-1 after 100 cycles at 0.1C rate with 80% capacity retention 

(J. Han et al., 2018). 

Biomass is used as an energy source for long years ago as wood and 

charcoal. Scientific progress creates new methods to excavation energy and 

chemicals from biomass. The bio-derived porous carbons are more interested due 

to its low cost, ease of availability and good product yield. The produced carbon 

are green, cheap and energy efficient (Imtiaz et al., 2016). Nanostructured porous 

carbon derived from biomass used as sulphur host for various LSB (Imtiaz et al., 

2016; J. Li et al., 2014). 

Bamboo, a natural biomass, was converted into the hierarchical porous 

structure using KOH activation followed by carbonization. The carbon-sulphur 

composite (50% sulphur) displayed an initial discharge capacity of 1262 mA h g-1 

at a current density of 160 mA g-1 (Gu et al., 2015). Sulphur-bamboo charcoal 

composite with 57.7% sulphur showed a stable capacity of 414 mA h g-1 after 500 

cycles with 0.079% capacity degradation for the 0.5C rate (J. J. Cheng et al., 2015). 

Ultrahigh specific surface area (3164 m2 g-1) porous carbon was derived from litchi 

shell by KOH activation method. 60% sulphur-carbon composite displayed 51% 

capacity retention after 800 cycles at current density of 800 mA g-1 with a fading 

rate of 0.06% per cycle (S. Zhang et al., 2014). 40.7 wt% product yield was obtained 

from Apricot shell derived porous carbon with 57.7% sulphur provided a discharge 
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capacity of 613 mA h g-1 at a high current density of 1C may be achieved after 200 

charges/discharge cycles (K. Yang et al., 2015). Microporous carbon nanosheet 

derived from corn cob displayed a reversible capacity of 554 mA h g–1 after 50 

cycles. This two dimensional porous, high surface area carbon facilitated to 

improve the utilization of sulphur (Jinxin Guo et al., 2015). Coconut shell derived 

carbon with high surface area of 2258 m2 g-1   was obtained by KOH activation and 

exhibited a reversible capacity of 929 mA h g-1 after 100 cycles with 62% sulphur 

(M. Liu et al., 2014). Porous coconut shell derived carbon displayed a stable 

capacity of 517 mA h g–1 after 400 cycles at the 2C rate (Z.-H. Chen et al., 2017). 

A unique hierarchical porous carbon was obtained from the pig bone derived carbon 

using KOH activation and exhibited 1267 mA h g-1 as initial discharge capacity and 

51% capacity retention after 50 cycles (S. Wei et al., 2011). Starch derived porous 

carbon with 81.29% sulphur showed a stable capacity of 683 mA h g-1 after 100 

cycles at the 0.5C rate (J. Li et al., 2014).  A three-dimensionally (3D) connected 

mico/mesoporous carbon was prepared from pomelo peel and used as cathode 

material without using any binder or conducting additives with 60% sulphur 

content. It delivered 700 mA h g-1 at the 2C rate (J. Zhang et al., 2014). A bio-

inspired fabrication of fish scale like carbon nanotile was developed from the green 

source of kapok fiber and a high amount of 93.2% sulphur is loaded. It showed a 

stable capacity of 524 mA h g-1 after 90 cycles at a current density of 0.4 A g-1 (Tao 

et al., 2014). Poplar catkin considered as a kind of air pollutant and zero cost. A 

mesoporous carbon microtubes were prepared from poplar catkin and these tubes 

are highly efficient for trapping the PSs during cycling and exhibited 810 mA h g-1 

reversible specific discharge capacity after 100 cycles at 0.1 C (Y. Zhang et al., 

2015). Wall nut shell derived porous carbon sulphur composite delivered 910 mA 

h g-1 after 100 cycles at the 0.1C rate (J. Liu et al., 2017). Fish scale derived porous 

carbon sulphur composite showed 1039 mA h g-1 as discharge capacity and 

maintained a capacity of 1023 mA h g-1 70 cycles at a current density of 1675 mA 

g-1 (S. Zhao et al., 2013).  Sisal fiber derived carbon sulphur composite displayed 

950 mA h g-1 as initial discharge capacity at 0.1C rate (Raja et al., 2016). Banana 

peel derived carbon exhibited 65% sulphur loading and displayed  872 mA h g-1 

after 100 cycles at 0.1C rate with 71% capacity retention (Kai et al., 2016). Another 
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report from the banana peel derived carbon with 67% sulphur composite exhibited 

707 mA h g-1 after 100 cycles at 0.2C (F. Li et al., 2017). Cotton derived carbon 

sulphur composite with 80% sulphur loading showed 788 mA h g-1 as reversible 

capacity after 100 cycles for 0.1C rate with 67% capacity retention (Chung et al., 

2016). Bamboo leaves derived carbon-sulphur composite exhibited 707 mA h g-1 

as final capacity after 200 cycles for 1C with 0.014% capacity degradation per cycle 

(Yuanyuan Li et al., 2017). Bark tree derived carbon architecture without any 

additive was used as cathode material and exhibited a stable capacity of 608 mA h 

g-1 after 60 cycles at a current density of 0.2 A g-1 (Jiaqi Xu et al., 2016). Waste 

fruit peel derived carbon was used as a stabilizing agent for the sulphur composite 

886 mA h g−1 at 0.1 C, which remained remarkably stable over subsequent 50 

charge/discharge cycles (Półrolniczak et al., 2016). Olive stone derived porous 

carbon sulphur composite displayed 670 mA h g-1 as final capacity after 50 cycles 

with 80% sulphur content (Moreno et al., 2014). A sheet like carbon matrix obtained 

from shaddock peel was used as sulphur host which displayed 722.5 mA h g−1 at 

0.2C after 100 cycles (S. Lu et al., 2016). Aspergillusflavus Conidia-derived 

Carbon/Sulphur Composite displayed 940 mA h g−1 at 0.2C after 120 cycle (M. Xu 

et al., 2016). Mangosteen peel derived carbon-sulphur composite with 65% sulphur 

content exhibited a stable capacity of 509 mA h g−1 at 0.5C after 500 cycles (M. 

Xue et al., 2018). Mangostone derived activated carbon  with  high surface area of 

3334 m2 g-1 was obtained and 71% sulphur content composite exhibited 45% 

capacity retention after 1000 cycles with a current density of 1600 mA g−1 (S. Zhang 

et al., 2016). Rapeseed shell derived carbon with 60% sulphur loading composite 

exhibited 49% capacity retention after 1000 cycles at 1600 mA g−1(M. Zheng et al., 

2017). Cherry pit waste derived carbon sulphur composite exhibited 410 mA h  g−1 

after 200 cycles at 1C rate (Hernández-Rentero et al., 2018). Peanut shell derived 

carbon-sulphur composite with 50.5% sulphur loading composite showed 571 mA 

h  g−1 after 1000 cycles at the 2C rate (Zhou et al., 2018). Rice husk derived carbon-

sulphur composite delivered 500 mA h g−1 at the 5C rate (Rybarczyk et al., 2016). 

Soybean hull derived carbon with 67% sulphur content achieved 450 mA h g−1 after 

200 cycles at the 0.5C rate (Y. Zhu et al., 2017). Wheat straw derived carbon was 

used as sulphur host and displayed 445 mA h g−1 after 200 cycles at 1C rate (Y. 
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Cheng et al., 2015). MWCNT microsphere was prepared by spray drying and its 

sulphur composite (70% sulphur) exhibited an initial discharge capacity of 983 mA 

h g-1 and a stable capacity of 858 mA h g-1 after 100 cycles at a current rate of 0.2C 

(Ye et al., 2016). Carbon nanobelt  with ultra-high surface area of 3445 m2 g-1 

sulphur composite exhibited 690 mA h g-1 after 300 cycles at 5C and a capacity 

decay of 0.052% per cycle. The sulphur content in the composite was 60% (S.-Z. 

Zeng et al., 2017). 

Heteroatom doped porous carbon materials 

The surface chemistry of porous carbon is more important in the LSB for 

restricting the PS dissolution in the electrolytes. The porous carbon can restrict the 

movement of PSs only by physical means, thus the modification of porous carbon 

with heteroatoms is necessary. The density functional theory, diffusion experiments 

and X-ray photoelectron spectroscopy (XPS) observation admitted the introduction 

of heteroatom improves the PS chemisorption and conductivity of the carbon matrix 

(Paraknowitsch and Thomas, 2013). Recently heteroatoms like N, B, P, O and S 

doped carbon network received significant attention due to its enhanced 

electrochemical properties in LSB (Seh et al., 2016). The inclusion of heteroatoms 

in the hexagonal rings of carbon improves the conductivity, basicity and oxidation 

stability via conjugation between the lone pairs and π-system of the carbon network 

(Paraknowitsch and Thomas, 2013). Presence of heteroatom functionalities 

improves the electron-donor capability, thereby enhances polarity and wettability 

of the carbon surfaces, causing variation in an electrode-electrolyte contact area 

which further reduces the diffusion path length and support to improve the 

electrochemical performance (Shiguo et al., 2015). Strong interactions between the 

hetero elements like N, O, B, S, P, etc and PS anchors improve the sulphur 

utilization in the prolonged cycles and enhancing the electrochemical performance 

(Y. Peng, Y. Zhang, J. Huang, et al., 2017; He et al., 2018). Heteroatoms can be 

introduced into the carbon framework by in-situ pyrolysis of heteroatoms 

containing compounds or post-treatment of carbonaceous material with 

heteroatoms containing gas. Post-treatment may cause the destruction of carbon 

morphology and unwanted pore stalling. The structural stability of the carbon 
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material greatly influences the final heteroatoms content, graphitic structure, 

surface area, electronic conductivity, etc. (Shiguo et al., 2015). In general, 

heteroatom doped carbon preparation by post-treatment is a sophisticated process, 

it requires costly chemicals. So the preparation of inherently doped porous carbon 

is economical and easy to scale up.  

GO- sulphur composite exhibited an initial discharge capacity of 1550 mA 

h g-1 at 0.02C and retained a capacity of 900 mA h g-1 after 50 cycles at 0.1C. It was 

due to the bonding between GO and sulphur (L. Zhang et al., 2012). MOF derived 

N doped microporous carbon was used as sulphur immobilizer and exhibited a 

reversible capacity of 936.5 mA h g-1 after 100 cycles at a current density of 335 

mA g-1 with coulombic efficiency of 100% (Z. Liand Yin, 2015). Mushroom 

derived carbon showed an initial discharge capacity of 1357.8 mA h g-1 at 0.1 C 

and high capacity retention of 729 mA h g-1 after 100 cycles due to its specific 

porous structure of the carbon along with the hetero elements P and N which 

effectively improve the specific capacity and PS dissolution (H. Wu et al., 2016). 

Goat hair is an eco-friendly low cost, easily available sustainable material. N, O and 

P tri-doped porous carbon was obtained from the goat hair by H3PO4 activation.  

Due to the synergestic effect of porous nature and doping of heteroatom displayed 

a reversible capacity of 509 mA h g−1 at 0.2C after 300 cycles (J. Ren et al., 2018). 

Silk cocoon derived porous carbon exhibited 804 mA h g−1 at 0.5C after 80 cycles 

(B. Zhang et al., 2014). Natural silk cocoon derived N doped carbon sulphur 

composite with 55.7% sulphur loading displayed high reversible capacity of 594 

mA h g−1 after 100 cycles at 0.5C rate (M. Xiang et al., 2017). N-doped porous 

carbon microspheres from microalgae exhibited 1030.7 mA h g−1 at a current 

density of 0.1 A g-1 after 100 cycles (Xia et al., 2017). A high surface area N-doped 

microporous carbon was prepared from sol-gel polymerization followed by 

carbonization and used as sulphur host. The sulphur cathode delivered a reversible 

capacity of 1054 mA h g−1 at 0.5C after 100 cycles with 40% sulphur content 

(Huichao Chen et al., 2015). N and S co-doped mesoporous carbon from polyaniline 

with 54% sulphur content exhibited a capacity of 693 mA h g−1 at 10 C rate (F. Wu 

et al., 2015). Biological cell derived N doped microporous carbon with 67% sulphur 

exhibited 912 mA h g−1 at 0.1C after 150 cycles with a capacity decay of 0.06% 
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(Xie et al., 2017). N and O dual doped 3D hierarchical porous carbon derived from 

nori based biochar was used as sulphur host (81.2%, sulphur). It exhibited a 

reversible capacity of 618 mA h g-1 at 2C rate after 1000 cycles with 0.022% 

capacity decay per cycle (X. Wu et al., 2017). N enriched porous carbon was used 

as sulphur host from polyimide waste and shows a stable capacity of 620 mA h g-1 

at 0.5C rate after 350 cycles with 0.071% capacity decay per cycle (S. Zhu et al., 

2016). S doped mesoporous graphene microspheres were prepared from chemical 

vapour deposition process and sulphur was incorporated by steam impregnation 

process, it exhibited better rate capability and high capacity of 830 mA h g-1 at 8C 

(X. Ma et al., 2018). N doped yolk shell carbon spheres with 75.4% sulphur loading 

exhibited a stable capacity of 909 mA h g-1 after 500 cycles at 0.2C rate (J. Xu et 

al., 2018). 

 Polyurethane is a polymer and its waste was used for the preparation of N 

doped porous carbon with an interconnected sheet-like structure for the sulphur 

incorporation. 75% sulphur was loaded and it showed a stable capacity of 460 mA 

h g-1 after 100 cycles at 5C rate (S. Xiao et al., 2015). S and N co-doped mesoporous 

graphene platelets with 43.4% sulphur loading exhibited an initial discharge 

capacity of 1433 mA h g-1 and obtained a stable capacity of 684 mA h g-1 after 200 

cycles at 2C rate (X. Yuan, Liu et al., 2017). N doped microporous carbon sphere 

prepared from polypyrrole by ZnCl2 activation. It exhibited a stable capacity of 

1002 mA h g-1 after 200 cycles at 0.3C rate with 53% sulphur content (Niu, Zhou, 

et al., 2016). N doped single walled nanohorn with 80% sulphur content exhibited 

a reversible capacity of 573 mA h g-1 after 200 cycles at 0.1C rate (Gulzar et al., 

2018). N doped porous coralloid carbon was derived from aniline source and used 

as sulphur host. It displayed 607.2 mA h g-1 after 200 cycles at 800 mA g-1 (J. Yang 

et al., 2015). N and B co-doped graphene nanoribbon-sulphur composite with 65% 

sulphur loading showed an initial discharge capacity of 977 mA h g-1 and after 300 

cycles it reached 740 mA h g-1 at 0.2C with 0.08% capacity decay rate (L. Chen et 

al., 2017). B and O co-doped MWCNT sulphur composite showed a final capacity 

of 937 mA h g-1 after 100 cycles at a current density of 100 mA g-1 with an average 

decay rate of 0.34% (Jin et al., 2017). Biomass waste gelatin derived N-doped 

carbon with 53.3% sulphur content showed a stable capacity of 600 mA h g-1 after 
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100 cycles at 1C (Qu et al., 2015). Hydroxylated N-doped carbon nanotube was 

prepared from polypyrrole and it was used for 79% sulphur loading. This carbon-

sulphur composite provided 754 mA h g-1 after 200 cycles at 0.2C rate with 77% 

capacity retention (J. S. Lee and Manthiram, 2017). N-doped hierarchically porous 

carbon derived from o-phenylenediamine sulphur composite provided 520 mA h g-

1 as final capacity after 300 cycles at 0.2C (R. Wu et al., 2018). N-doped carbon 

nanofiber-sulphur composite displayed 749.8 mA h g-1 after 180 cycles at 0.2C rate 

(J. Yang et al., 2014). Coralline-like N-doped hierarchically porous carbon derived 

from enteromorpha was used as host for sulphur and exhibited 734 mA h g-1 after 

100 cycles at 0.1C rate with 40% sulphur content (Shengnan et al., 2017). N and O 

co-doped hollow carbon nanospheres from polyamine/catetechol with 66% sulphur 

content delivered 851 mA h g-1 as final capacity at 0.2C rate after 200 cycles and a 

capacity decay of 0.08% per cycle (Y. Peng, Y. Zhang, J. Huang, et al., 2017). N-

doped porous carbon bowls-sulphur composite with 69.9% sulphur content 

exhibited a reversible capacity of 706 mA h g-1 at 1C rate after 400 cycles (Fei et 

al., 2016). 

1.6.1.2 Conducting polymers 

The merits of employing polymers in LSBs are the following (1) Polymers 

have the good mechanical flexibility to solve the issues related in charge-discharge 

process in LSB, volume expansion and dissolution of PSs into the electrolyte. (2) 

Polymers are usually synthesized by lower temperature using oxidative 

polymerization (3) Polymer chains displayed physical and chemical confinement 

for the sulphur and PSs (Cheng and Wang, 2014). Conducting polymers like 

polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh), polydopamine, 

amylopectin and their modified materials were widely used for the cathode material 

preparations. The thickness of the coating layer of polymer on sulphur is greatly 

influenced the electrochemical properties of sulphur during the cycling process 

(Eftekhari and Kim, 2017). 

PPy nanowire was synthesized via cationic surfactant as soft template and 

1222 mA h g-1 as the initial discharge capacity, retained 570 mA h g-1 after 20th 

cycles (M. Sun et al., 2008). A thin layer of PTh is coated over the surfaces of the 
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sulphur powder (71.9%) and delivered a stable capacity of 830.2 mA h g-1 after 80 

cycles at a current density of 100 mA g-1 (F. Wu, Chen, Chen, et al., 2011). PANI 

coated sulphur with Yolk shell type structure exhibited 765 mA h g-1 after 200 at 

0.2C rate with 82% sulphur content (W. Zhou, Y. Yu, et al., 2013). A mixed ionic-

electronic conductor of PPy synthesized with poly(2-acrylamido-2- methyl-1-

propanesulfonic acid and it was explored as an additive for sulphur cathode. 75% 

sulphur composite delivered a stable capacity of 500 mA h g-1 after 50 cycles at 5C 

rate (Y. Fuand Manthiram, 2012). A PPy hollow nanosphere with ultra-thin 

wrinkled shell exhibited a high capacity of 536.5 mA h g-1 at 5C rate with 60.7% 

sulphur loading (Y. Liu et al., 2018). In situ vulcanization process was used for the 

preparation of sulphur-PANI composite. It exhibited 837 mA h g−1 after 100 cycles 

at a 0.1 C rate (Lifen et al., 2012). A nanostructured sulphur-PPy composite was 

prepared without ball milling and 65% sulphur was loaded. It showed a final 

capacity of about 500 mA h g−1 after 40 cycles at a current density of 100 mAg−1 

(Y. Zhang et al., 2012). PTh lamella wrapped sulphur nanoparticle composite with 

86.1% sulphur exhibited an initial discharge capacity of 1074 mA h g-1and reached 

595.5 mA h·g-1at 0.1C rate after 90 cycles (C. Li et al., 2018). Core-shell structured 

sulphur-PPy with 80% sulphur loading displayed a stable capacity of 805 mA h g-1 

after 50 cycles at 0.1 C rate (Y. Xie et al., 2016). PPy/sulphur/PPy composite with 

65.6% sulphur exhibited 554 mA h g -1 after 50 cycles with 68.8% capacity retention 

(X. Liang et al., 2015). Sulphur coated with polydopamine exhibited a final capacity 

of 385 mA h g-1at 0.5 C rate with 54% capacity retention after 400 cycles (X. Liu 

et al., 2016). Porous poly(3, 4-ethylenedioxythiophene)/sulphur composite 

exhibited 883 mA h g-1at 0.5 C rate with 71% capacity retention after 200 cycles 

with 61% sulphur loading (B. Ding et al., 2016). Sulphur hollow PPy spheres 

exhibited a stable capacity of 620 mA h g-1 after 100 cycles at 0.5C rate (Z. Dong 

et al., 2013). Urchin sulphur-PANI composite delivered an initial discharge 

capacity of 1095 mA h g-1 at 0.1C rate (Q. Lu et al., 2015). Sulphur-PPy core-shell 

type composite showed an initial discharge capacity of 1039 mA h g-1 with 59% 

capacity retention after 50 cycles at 0.1C rate (G. Yuan and Wang, 2014). Layer by 

layer deposition of Polyallylamine/polyacrylicacid (PAA) and polyethylene oxide 

(PEO)/PAA on sulphur, delivered a stable capacity of 806 mA h g-1 after 100 cycles 
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at 0.5C rate (E. T. Kim et al., 2016). Sulphur deposited on a hollow PANI composite 

(54.6% sulphur content) and showed a reversible capacity of 601.9 mA h g-1 after 

100 cycles at 170 mA g-1 (P. Wei, Fan, Chen, Yang, et al., 2016). Hollow PANI 

sphere sulphur composite with 62% sulphur content exhibited a stable capacity of 

602 mA h g-1 after 1000 cycles at 0.5C rate (G. Ma, Wen, Jin, Lu, Wu, et al., 2014). 

The Ultrafine nanoparticle of sulphur with a diameter of 10-20 nm is coated with 

poly (3, 4-ethylenedioxythiophene). It delivered a stable capacity of 930 mA h g-1 

after 50 cycles at 400 mA g-1with 83% capacity retention (H. Chen et al., 2013). 

Core-shell structured sulphur composite covered by polydopamine with 74.8% 

sulphur content exhibited a stable capacity of 708.6 mA h g-1after 890 cycles at 0.8 

A g-1 and 81.7% capacity retention was observed (Y. Deng et al., 2015). 

1.6.1.3 Metal oxides/metal sulphide 

 

Transition metal oxides, sulphides and carbides are belong to non-carbon 

polar host category. Compared to the above mentioned sulphur hosts less reports 

are available presently. The nanostructured materials of oxides and sulphides with 

exposed surfaces and 3D architecture are more effective and efficient for trapping 

the PSs. Metal oxide/sulphides were used as conductive polar host, they can adsorb 

the PSs during discharge process and restrict LPSs into the electrolyte. In addition 

to that, these materials accelerate the conversion of lower order PSs to higher order 

PSs and vice versa due to its catalytic effect (Yibo He, Chang, et al., 2018; 

Manthiram et al., 2014; Ould Ely et al., 2018; L. Xue et al., 2017). 

Nanosized Mg0.6Ni0.4O was the first report in metal oxide additive along 

with sulphur in LSB for adsorbing PSs. It exhibited a reversible capacity of 1000 

mA h g-1 after 50 cycles at 0.1C rate with 20% sulphur loading (Manthiram et al., 

2014). SiO2 was added as an additive to improve the electrochemical performance 

of carbon sulphur composite, It provided a final capacity of 650 mA h g-1 after 40 

cycles with 65% capacity retention. Here the sulphur content in the composite was 

59.85% (Ji et al., 2011). Si/SiO2 was added onto the hierarchical carbon sulphur 

composite with 69.6% sulphur content exhibited an initial discharge capacity of 

1215 mA h g-1 and ultraslow capacity decay of only 0.063% per cycle during 500 
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cycles at 0.1C rate (Sarish et al., 2016). TiO2 with various morphologies have been 

tried as sulphur host viz, TiO2 nanoparticle, nanofiber, nanotube and hollow sphere 

etc. Hollow TiO2 sphere with 68% sulphur provided 71% capacity retention after 

100 cycles at 1C rate. TiO2 nanofiber-sulphur composite with 57.5% sulphur 

content exhibited a reversible capacity of 530 mA h g-1 after 50 cycles at 335 mA 

g-1. TiO2 nanotube-sulphur with 65% sulphur content exhibited an initial discharge 

capacity of 913 mA h g-1 and retained 93% capacity retention after 100 cycles. TiO2 

nanoparticle with 60% sulphur content exhibited an initial discharge capacity of 

1460 mA h g-1 and 680 mA h g-1 after 100 cycles at a current density of 335 mA g-

1 (L. Xue et al., 2017). Sulphur-TiO2 yolk-shell structure exhibited an initial 

specific capacity of 1030 mA h g−1 at 0.5 C and coulombic efficiency of 98.4% 

over 1,000 cycles was achieved. Ti4O7 with 51% sulphur content displayed an 

initial capacity of 623 mA h g-1 and 97% capacity retention after 250 cycles at 0.5C 

rate. The nanoparticle of Ti4O7 with 48% sulphur loading exhibited a stable 

capacity of 850 mA h g-1 after 500 cycles at 2C rate with a capacity decay of 0.06% 

per cycle (L. Xue et al., 2017). Ti6O11 nanowire exhibited a specific capacity of 

713 mA h g-1 after 100 cycles at 0.1C rate with 52% sulphur loading. MnO2 

nanosheet with 56% sulphur loading displays an initial capacity of 1120 mA h g-1 

after 200 cycles at 0.2C rate (Yazhou et al., 2018). Yolk shell type MnO2 sulphur 

composite with 59% sulphur content exhibited a final capacity of 780 mA h g-1 after 

800 cycles at 0.2C rate (Arias et al., 2018). 50% sulphur content with MnO2 

nanosheet showed 920 mA h g-1 after 300 cycles at 0.5C rate (L. Xue et al., 2017). 

Nanosheet of NiFe2O4 with 55% sulphur content MWCNT composite displayed a 

final capacity of 900 mA h g-1 after more than 500 cycles at 1C rate with extra high 

cycle stability and ~0.009% capacity decay per cycle (Q. Fan et al., 2015). Al2O3 

used an ultra-thin layer on graphene sulphur composite with 64% sulphur content. 

It displayed a final capacity of 646 mA h g-1 after 100 cycles at 0.5C rate (M. Yu et 

al., 2014). Co3O4, V2O5 and VO2 nanoparticles added on graphene sulphur 

composite with 75% sulphur content (L. Xiao et al., 2016). Co3O4 exhibited an 

initial discharge capacity of ~826 mA h g-1 and obtained a final capacity of ~300 

mA h g-1 after 200 cycles at 0.5C rate with 0.34% capacity decay per cycle. V2O5 

displayed an initial discharge capacity of 1000 mA h g-1 and retained 76% capacity 
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retention after 150 cycles at 0.5C rate. VO2 displayed an initial discharge capacity 

of 1000 mA h g-1 and retained 74% capacity retention after 150 cycles at 0.5C rate 

(L. Xiao et al., 2016). Co3O4 nanotube with 15.35% sulphur exhibited a final 

capacity of 778 mA h g-1 after 100 cycles at a current density of 0.05 mA cm-2 

(Arias et al., 2018). MoO2 mesoporous particle with 32% sulphur loading displayed 

an initial discharge capacity of 1100 mA h g-1 and obtained 52% capacity retention 

after 250 cycles at 0.1C rate (L. Xue et al., 2017). SiO2 with 72% sulphur loading 

exhibited a final capacity of 814 mA h g-1 after 50 cycles at 0.1C rate and 99% 

columbic efficiency was observed (Hou et al., 2017). La2O3 was added to 

mesoporous carbon sulphur composite with 48% sulphur content. It delivered a 

final capacity of 792 mA h g-1 with 76% capacity retention at 1C rate (Yazhou et 

al., 2018).  Ultra-thin layer of ZnO and MgO were added on graphene sulphur 

composite with 55% sulphur content (L. Xue et al., 2017). Composite with ZnO 

displayed an initial discharge capacity of 949 mA h g-1 and retained 89% capacity 

retention after 100 cycles at 0.2C rate. Composite with MgO displayed an initial 

discharge capacity of 923 mA h g-1 and retained 83% capacity retention after 100 

cycles at 0.2C rate. La0.6Sr0.4CoO3-δ was used PS immobilizer in the carbon-sulphur 

composite with 66.3% sulphur content. It exhibited a stable capacity of 996 mA h 

g-1 after 400 cycles at 0.5C rate with 0.039% capacity decay per cycle (Z. Hao et 

al., 2017). K3PW12O40 sulphur-composite with 50.6% sulphur content exhibited a 

reversible capacity of 767.4 mA h g-1 after 70 cycles at 0.1C rate (N. Yan et al., 

2018). Other metal oxides like Mg0.8Cu0.2O, Li4Ti5O12, BaTiO3, LiFePO4, ZrO2, 

MoO3, Nb2O5, W18O49, CeO2, Fe2O3, CaO, In2O3, V2O5, and SnO2 were used as 

additives in cathode material (Guand Lai, 2018; L. Xue et al., 2017; Yazhou et al., 

2018). Recently, metal sulphides are used as sulphur hosts  such as Co9S8, CoS2, 

TiS2, FeS2, FeS, SnS2, NiS2, MnS, CuS, ZnS, Ni2S3,Cu3Bi5S3, etc. (X. Fan et al., 

2018; L. Xue et al., 2017; Donghai et al., 2018; Yazhou et al., 2018) due to the 

catalytic effect for  the redox reactions. Most of the metal oxides/sulphides were 

mixed with polymeric or carbon materials to improve the conductivity and thereby 

improving the active material utilization during the cycling process. 
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1.6.1.4 Hybrid materials 

Hybrid materials are the composites comprising two or three constituents 

of above mentioned sulphur hosts. Variety of hybrid materials were demonstrated 

as sulphur hosts viz the composites of carbon nanotube and graphene, carbon 

nanotube and conducting polymers, graphene and conducting polymers, porous 

carbon and  graphene, porous carbon and carbon nanotube, porous carbon and 

conducting polymers, etc. Hybrid materials are preferred for cathode materials due 

to the enhancement in properties like high conductivity, surface area, tunable micro-

mesoporosity, surface functionalities etc. These materials rationally integrate the 

properties together which facilitates to overcome the intrinsic drawbacks of one 

material by complementary enhancement. It brings a synergestic effect. Altogether 

it can give multiple confinement of PSs during the cycling process which further 

enhances the sulphur utilization and improves the electrochemical performance of 

the LSB.  

CMK-3-graphene hybrid sulphur composite exhibited a reversible 

capacity of 867 mA h g-1 after 300 cycles at a current density of 335 mA g-1 with 

82% capacity retention (X.-n. Tang et al., 2018). One step synthesis of carbon 

nanosheet decorated carbon nanofiber with 63% sulphur exhibited a stable capacity 

of 607 mA h g-1after 500 cycles at 0.5C rate (S. Feng et al., 2017).  rGO and hollow 

carbon spheres with 90% sulphur content exhibited a stable capacity of 662 mA h 

g-1 after 78 cycles at 0.1C rate with 77% capacity retention (S. Liu et al., 2016). 

MOF derived N doped porous carbon along with graphene sheet was served as 

sulphur host. The cell delivered a stable capacity of 608 mA h g-1 after 300 cycles 

at 1C rate (Ke et al. 2018). A 3D MOF and carbon nanotube hybrid with 64% 

sulphur content displayed 750 mA h g-1 after 500 cycles at 1C rate with 0.02% 

capacity decay per cycle (Zhang Hui et al., 2018). A hybrid of hierarchically N 

doped porous graphene and fluoro graphene sulphur composite with 63.2% sulphur 

exhibit a final capacity of 300 mA h g-1 after 800 cycles at 0.5C rate with 0.068% 

capacity decay per cycle (Z. Liu et al., 2017). A bifunctional carbon host, a 

hierarchical porous carbon and ultrathin graphene achieved a specific capacity of 

694 mA h g-1 after 200 cycles at 0.5C rate with 81.2% capacity retention (W. Deng 
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et al., 2017). Self-supported graphene encapsulated hollow mesoporous carbon 

nanosheet hybrid with 73% sulphur exhibited 719 mA h g-1 after 500 cycles at 1C 

rate with 79.9% capacity retention (Pei et al., 2017). Micro/mesoporous dual 

carbon-sulphur composite with 69.57% sulphur exhibited 402.2 mA h g-1 after 1000 

cycles at 1C rate with 0.057% capacity decay per cycle (H. Li et al., 2016). 

MnO2/GO/MWCNT hybrid was with 80% sulphur exhibited 963 mA h g-1 after 100 

cycles at 0.2C rate (Yong Li et al., 2016). Carbon nanotube clusters had grown in 

3D porous graphene network with a surface area of 1645 m2 g-1 was used as sulphur 

host (81.6%) which exhibited an initial discharge capacity of 1229 mA h g-1 at 0.5C 

rate with a capacity decay of 0.044% over 500 cycles (S. Huang et al., 2018). 

Fe3C/N doped graphene/carbon nanotube scaffold with 73% sulphur displayed a 

stable capacity of 158 mA h g-1 after 1000 cycles at 10C rate (Dawei et al., 2017). 

Freestanding N and O co-doped carbon film composed of porous carbon nanofiber 

and carbon nanotube with 62% sulphur exhibited a stable capacity of 859 mA h g-1 

after 100 cycles at 5.15 mA h cm-2 (Y.-Z. Zhang et al., 2018). A multi-dimensional 

N doped graphene and porous carbon hybrid was used as the sulphur host with 

60.79 % sulphur. This sulphur composite delivered a stable capacity of 579 mA h 

g-1after 500 cycles at 1C rate (H. Wu et al., 2018). B-doped porous carbon and 

graphene hybrid with 70% sulphur delivered 740 mA h g-1 after 500 cycles at 0.5C 

rate and achieved 78% capacity retention (W. Ai et al., 2018). The above 

investigations demonstrate the potential usage of hybrids based on graphene, porous 

carbon and carbon nanotube as sulphur host (Yibo He, Chang, et al., 2018; Kumar 

et al., 2018; Rehman et al., 2017; X. Zhang et al., 2017; Yunya Zhang et al., 2018). 

Another approach is based on conducting polymers and carbon materials. 

A coating of PANI over the binary composite MWCNT/S exhibited a stable 

capacity of 932.4 mA h g-1 after 80 cycles at 0.1C rate with 56.3% capacity retention 

(F. Wu, Chen, Li, et al., 2011). Polyethylene glycol (PEG), wrapped graphene 

sulphur composite exhibited a stable capacity of ~600 mA h g-1 after 100 cycles at 

0.5C rate. The polyethylene glycol and graphene coating layer helped to 

accommodate the volume expansion of PSs during charge discharge process (H. 

Wang et al., 2011). Carbon sulphur composite coated with rGO exhibited a stable 

capacity of 421 mA h g-1 after 100 cycles at a current density of 0.2 A g-1 (N. Li et 
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al., 2012). Dual core-shell structured sulphur composite was made using MWCNT 

and PPy, in which sulphur was deposited by the reaction between sodium 

thiosulphate and HCl. The composite with 68.3% sulphur, exhibited a final capacity 

of 917 mA h g-1 after 60 cycles at a current density of 200 mA g-1 (C. Wang et al., 

2013). Amylopectin wrapped graphene sulphur composite exhibited a stable 

capacity of 430 mA h g-1 after 60 cycles at 0.5C rate (W. Zhou, H. Chen, et al., 

2013). Binder free phenyl sulphonated graphene-sulphur composite with 69% 

sulphur exhibited a final capacity of ~465 mA h g-1after 40 cycles at 0.2C rate (L. 

Zhou et al., 2014). Reduced carbon wrapped acetylene black sulphur composite 

with 56.8% sulphur displayed a stable capacity of 808 mA h g-1 after 100 cycles at 

200 mA g-1(Xuebing Yang et al., 2015). Microporous carbon polyhedron 

encapsulated polyacrylonitrile (PAN) with 52% sulphur exhibited 370 mA g-1 at 4C 

rate (Y.-Z. Zhang et al., 2017). PANI coated hollow carbon nanofiber hybrid 

demonstrated as an effective PS trapper with 75% sulphur content. It exhibited a 

stable capacity of 535 mA h g-1 after 200 cycles at 0.5C rate (Zhian Zhang et al., 

2014). rGo/S/PANI with 51% sulphur content exhibited a stable capacity of 600.8 

mA h g-1 after 100 cycles at 0.1C rate (M. Fan et al., 2018; J. Cai et al., 2017). A 

freestanding PAN/S/CNT hybrid delivered an initial capacity of 1610 mA h g-1 and 

retained a stable capacity of 1400 mA h g-1 after 200 cycles at 0.2C rate (Abdul 

Razzaq et al., 2019). A double wrapped graphene and polydopamine with porous 

carbon sulphur composite exhibited a stable capacity of 821 mA h g-1 after 100 

cycles at a current density of 0.3 A g-1 with 52% sulphur content (Y. Dong et al., 

2017). Watermelon derived carbon sphere sulphur composite wrapped tubular PPy 

delivered a reversible capacity of 685.8 mA h g-1 after 500 cycles at 0.5C rate 

(Qiuhong et al., 2017; Y. Zhang et al., 2017). Sulphur/rGo/polydopamine 

composite with 67.4% sulphur loading exhibited a final capacity of 647 mA h g-1 

after 100 cycles at a current density of 200 mA g-1 and stable coulombic efficiency 

of 98% (Y. Zhang et al., 2017). Polydopamine coated N-doped hollow carbon 

sphere-sulphur composite with 55% sulphur displayed 600 mA h g-1 after 600 cycles 

at 0.6C rate (W. Zhou et al., 2014). Graphene/polydopamine/sulphur composite 

with 70% sulphur loading delivered 984 mA h g-1 after 500 cycles at 0.5C rate and 

100% coulombic efficiency was observed (L. Zhou et al., 2016). Poly (3, 4-
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ethylene-dioxythiophene): poly(styrenesulfonate) coated rGO-sulphur composite 

with 56.4% sulphur displayed 701 mA h g-1 at high rate performance of 4C (Peitao 

et al., 2017). Polydiallyldimethylammonium chloride coated rGO-sulphur 

composite exhibited 652 mA h g-1 after 100 cycles at 0.2C rate (H.-Y. Lee et al., 

2016). Polyvinylpyrrolidone (PVP) coated graphene aerogel sulphur composite 

exhibited 508.2 mA h g-1 after 200 cycles at 0.5C rate (B. Li et al., 2017). 

Polyanthraquinonyl sulphide wrapped rGO sulphur composite exhibited an initial 

discharge capacity of 1225 mA h g-1 and 61.5% capacity retention after 1200 cycles. 

It delivered a reversible capacity of 615 mA h g-1 at 8C rate. The combination of 

graphene and polyanthraquinonyl sulphide facilitated electron and ion transport and 

thus provided reduction in PS shuttling (Hongwei Chen et al., 2015). 

MWCNT/Sulphur/PANI composite with 67.8% sulphur exhibited 600 mA h g-1 

after 100 cycles with 61.8% capacity retention at 0.2C rate (X. Li et al., 2015). 

MWCNT and PPy supported sulphur composite displayed a reversible capacity of 

751 mA h g-1 after 100 cycles, with 60% capacity retention at 0.2C rate (Y. Zhang, 

Y. Zhao, Z. Bakenov, et al., 2014). Pluronic F-127 block copolymer coated carbon 

sulphur composite with 63.5% sulphur content exhibited a stable capacity  of 470 

mA h g-1 after 20 cycles and it maintained upto 80 cycles at 4C rate (Y. Fu et al., 

2012). MWCNT/S/PANI delivered a capacity of 640 mA h g−1 at 2C and provided a 

stable capacity of 760 mA h g−1 after 400 cycles at 0.25C with 65% sulphur content (C. 

Wang et al., 2014). Various conducting polymers in combination with carbon 

materials were reported to improve the electrochemical performance by PS 

entrapment during the cycling process (Cheng and Wang, 2014; L. Li et al., 2015; 

X. Liang et al., 2012; S. Lim et al., 2015; G. Ma, Wen, Jin, Lu, Rui, et al., 2014; 

Peng et al., 2018; W. Qian et al., 2017; Wu Yang et al., 2018; Yongguang et al., 

2018; Yunya Zhang et al., 2018; X. Zhao et al., 2013; X. Zhou et al., 2015). 

1.6.2 Functional Modification of Separators 

The separator is a necessary part of the battery, which is an electron 

insulator placed between the electrodes to prevent the short circuit. In the case of 

battery, the primary function of a separator is to separate the anode and cathode. 

The separator is the medium for the transportation of Li ion. Commercial separators 
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are polyethylene (PE), PP and PE/PP with a large number of nanoscale pores which 

is larger than the size of PS anion. Thus the soluble PSs can easily diffuse through 

the separator and can react with Li anode, which causes corrosion of Li metal. An 

effective approach to reduce the PS shuttling is the modification of separator in such 

a way to block the migration of PS. An overview of various approaches adopted in 

literature to modify separator are discussed below (W. Fan et al., 2018; Shaibani et 

al., 2017). 

1.6.2.1 Polymer modified separator 

Celgard 2400 coated nafion effectively improved the electrochemical 

behaviour of LSB. Nafion is a sulphonated terafluro ethylene based fluro polymer. 

The pores present in the separator allows the movement of Li cation, and restrict 

the movement of PS anion. 0.15 mg cm-2 coating of nafion on normal separator 

delivered an initial discharge capacity of 781 mA h g-1 and 60% capacity retention 

was observed after 500 cycles with 0.08% capacity decay per cycle at 1C rate (J.-

Q. Huang et al., 2014). Carboxyl group modified PP separator displayed an initial 

discharge capacity of 1250 mA h g-1 with 89.2% capacity retention after 100 cycles 

at 0.1C rate (X. Yu et al., 2016). Lithium perfluorinated sulphonyl dicyanaomethide 

modified separator was used for blocking the PS anion (Z. Jin et al., 2013). Ion 

selective membrane modified separator was fabricated by layer by layer assembly 

of polyallyl amine hydrochloric acid (PAH) and PAA exhibited 100% coulombic 

efficiency and a high discharge capacity of 1418 mA h g-1 (Z. Jin et al., 2013). 

Oxygen plasma modification on PP produced a lots of electronegative functional 

groups along with grafting of styrene sulphonate blocked PSs successfully (Conder 

et al., 2015; Z. Li, Q. Jiang, et al., 2015). A PPy conducting film was inserted in 

between the separator and cathode as an interlayer to avoid the migration of PSs 

towards anode and provided a stable capacity of 846 mA h g-1 after 200 cycles at 

0.2C rate (G. Ma, Wen, Jin, Wu, et al., 2014). Polydopamine coated separator 

exhibited 1020.3 mA h g-1 after 30 cycles at 0.2C rate which showed 77%  

improvement compared to the uncoated separator (G. C. Li et al., 2015). PAA 

modified separator exhibited an ultra-slow 0.074% capacity decay per cycle for 600 

cycles at 0.5C rate (S. Song et al., 2018). 
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1.6.2.2 Carbon modified separator 

Conductive carbon modified separator exhibited an initial discharge 

capacity of 1045 mA h g-1 and obtained a stable capacity of 701 mA h g-1 at 2C rate 

after 200 cycles with 0.12% capacity decay per cycle (Sheng-Hengand Arumugam, 

2014). This carbon material acts as upper current collector and offered an additional 

electron pathway for improving the sulphur utilization. The resulted carbon coated 

separator was 0.2 mg cm-2, which avoid the unnecessary increase of cell weight and 

unsatisfactory energy density. Mesoporous carbon coated separator exhibited a 

stable capacity of 723 mA h g-1 after 500 cycles at 0.5C with 0.08% capacity decay 

per cycle. Mesoporous carbon facilitated the trapping of PSs and volume changes 

of sulphur (Juan et al., 2015). MWCNT coated separator displayed a stable capacity 

of 621 mA h g-1 after 300 cycles at 1C rate with 0.14% capacity decay per cycle. 

The coating weight was 0.17 mg cm-2 (Chung and Manthiram, 2014). SWCNT 

modified separator exhibited a high discharge capacity of 1132 mA h g −1 with a 

low-capacity fade rate of 0.18% per cycle after 300 cycles. The prominent cycle 

stability attributed to the SWCNT coating that directly reduced the fast PS 

migration and hence indirectly ameliorates the Li-metal anode degradation (Chi-

Hao et al., 2016). GO membrane have inherently good mechanical strength, which 

contains a large number of functional group which can act as ion hooping sites of 

positively charged Li+ ions and reject the negatively charged PS anion. GO 

membrane cell exhibited an initial discharge capacity of 920 mA h g−1, which was 

higher than the value of the cell without GO membrane. While using the GO 

membrane the capacity decay was reduced from the 0.49 to 0.23% capacity decay 

per cycle (J.-Q. Huang et al., 2015). Coating of rGO on PP provided 3D structure 

and exhibited a stable capacity of 878 mA h g-1 after 100 cycles at 0.2C rate with 

0.18% capacity decay per cycle (W. Lin et al., 2015). Porous graphene modified 

separator delivered an initial discharge capacity of 1135 mA h g-1 at 0.1C with 65% 

sulphur utilization and capacity become stable in the remaining cycle (P.-Y. Zhai 

et al., 2017). The incorporation of rGO with high reduction degree modified on 

glass fiber membrane separator reduced the PS shuttling. It exhibited a stable 

capacity of 733 mA h g-1 after 100 cycles at 0.2C and delivered a high capacity of 

519 mA h g-1 at 2C, which were 42% and 90% higher than those of cells with 
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separators coated with low reduction degree rGO. Mesoporous nature and abundant 

oxygen functionalities on rGO provided chemical adsorption to the PSs and 

immobilized on cathode side. It exhibited an initial discharge capacity of 1515.7 

mA h g-1 and long term cycling stability was observed for 600 cycles with 0.057% 

capacity decay per cycle (Linlin Zhang et al., 2018). Activated carbon nanofiber 

coated onto PP demonstrated an initial discharge capacity of 1270 mA h g-1 at 0.5C 

rate and obtained a stable capacity of 819 mA h g-1 after 200 cycles with a capacity 

decay of 0.13% per cycle (Sheng-Heng et al., 2015). Carbon fiber cloth was applied 

as interlayer in between the cathode and separator exhibited a reversible capacity 

of 560 mA h g-1 at 5C rate and 0.025% capacity decay per cycle over 1000 cycles 

(Y. Yang et al., 2016). N doped carbon nanowire modified PP delivered an initial 

discharge capacity of 1430 mA h g-1 at 0.2C rate and long term cycling stability 

with 0.08% capacity decay per cycle (X. Zhou et al., 2016). B and N doped rGO 

improved cyclability, discharge capacity and which create polar sites to anchor PSs 

(P. Han and Manthiram, 2017). N and P co-doped honeycomb like carbon modified 

separator delivered an initial discharge capacity of 1387 mA h g-1 at 0.2C and 

maintained a reversible capacity of 930 mA h g-1 after 200 cycles (P. Zeng, Huang, 

Zhang, Zhang, et al., 2018). N-doped porous carbon sphere provided a stable 

capacity of 542 mA h g-1 after 500 cycles at 1C rate (Zhian Zhang et al., 2015). 

Novel carbon flower like modified separator exhibited high reversible capacity of 

730 mA h g-1 with a degradation rate of 0.061% per cycle after 500 cycles at 0.5C 

(Liao et al., 2017). Hollow carbon spheres with nano shell modified separator 

displayed high discharge capacity of 806 mA h g-1 at 4C rate and an ultra-long cycle 

life with a low capacity decay rate of 0.037% after 1500 cycles at 2C rate (S. Liu et 

al., 2018). N, S and O co doped porous carbon modified separator delivered an 

initial discharge capacity of  1395 mA h g-1 at 0.2C rate and maintain a stable 

capacity of 599.9 mA h g-1 after 700 cycles at 1C rate with 0.064% capacity fading 

per cycle (F. Ai et al., 2017). 

1.6.2.3 Metal oxide modified separator 

Oxygen rich inorganic metal oxides and sulphide rich inorganic metal 

sulphides are generally used as PS adsorber in LSB (Donghai et al., 2018). By 
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modifying the separator with inorganic metal oxide/sulphides not only adsorb the 

PSs but also act as a physical obstacle for the movement of PS anion. Vermiculite 

is a clay mineral, which was used for the modification of the separator. The cell 

with vermiculite separator exhibited an initial discharge capacity of 1000 mA h g-1 

at 0.1C rate after 50 cycles it provided 90.3% capacity retention (R. Xu et al., 2017). 

Hollow spherical La2O3 modified PP separator exhibited a stable capacity of 720 

mA h g-1 at 1C after 200 cycles (X. Qian et al., 2017). V2O5 modified separator in 

a 2 cm × 2 cm pouch cell demonstrated with a capacity of 800 mA h g-1 without 

noticeable degradation for >300 cycles over ∼1 year (W. Li et al., 2014). Similarly, 

other metal oxides/sulphides reported to modify separator for blocking the PSs and 

catalyse the reactions were ZrO2, Al2O3, TiO2, BaTiO3, MnO, MoO2, and Ni Fe 

based double oxides (N. Deng et al., 2016; W. Fan et al., 2018; Yibo He, Qiao, et 

al., 2018; Yunya Zhang et al., 2018). 

1.6.2.4 Hybrid materials modified separator 

Chitosan is a polysaccharide with abundant hydroxyl and amine groups. 

The combination of carbon and chitosan modified separator exhibited 675 mA h g-

1 after 200 cycles at 1C rate with 0.11% capacity decay per cycle (Y. Chen et al., 

2015). MWCNT/PEG modified separator provided an initial discharge capacity of 

1283 mA h g-1 at 0.5C rate with 0.12% capacity decay per cycle for 500 cycles (G. 

Wang et al., 2015). Polyvinylidenefluoride (PVDF)-carbon layer modified 

separator exhibited 339 mA h g-1 even at high current density of 5C rate (H. Wei et 

al., 2014). Functional carbon layer coated separator (PVP and carbon black) high 

reversible capacity of 778 mA h g-1 at 0.5C rate after 100 cycles (Zhiyong Zhang et 

al., 2015). A spray coating of mixture of GO and MWCNT on separator with mass 

loading of 0.3 mg cm-2 exhibited a stable capacity of 750 mA h g-1 at 1C rate after 

100 cycles (Yunbo et al., 2015). Fe-N doped carbon nanofiber and graphene 

modified separator delivered 601.9 mA h g-1 at 0.5C rate after 500 cycles with 

0.053% capacity decay per cycle (X. Song et al., 2018). Lithium 

sulphonate/carboxylate anchored polyvinyl alchol modified separator displayed a 

stable capacity of 901 mA h g-1at 1.5 A g-1  after 500 cycles with 0.016% capacity 

decay per cycle (K. Jiang et al., 2018). MWCNT/S/PANI modified separator 
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delivered a reversible capacity of 913 mA h g-1 at the current density of 100 mA g-

1 after 100 cycles, which was much higher than that of the cells with pristine celgard 

separator (Shi et al., 2018). rGO and Co/N doped carbon nanofiber modified PP 

gives high rate capability of 658 mA h g-1 at 5C rate (G. Chen et al., 2018). 

Acetylene black and CoS2 modified separator exhibited 380 mA h g-1 at 5C rate 

after 550 cycles with 0.09% capacity decay per cycle (P. Zeng, Huang, Zhang, Han, 

et al., 2018). A self-standing TiO2 and Co3O4 embedded in the N doped porous 

carbon as interlayer was inserted in between the cathode and separator, delivered a 

stable capacity of 968 mA h g-1 at 0.1C rate after 100 cycles with a capacity retention 

of 85% (C.-Y. Fan et al., 2017). Graphene and CNT modified separator displayed 

a stable capacity of 551 mA h g-1 after 200 cycles at 4C rate (Haiwei Wu et al., 

2017). rGO/MoS2 coated separator have the thickness of 8 µm and weight of 0.25 

mg cm-2 exhibited an initial reversible discharge capacity of 877 mA h g-1 and after 

500 cycles, discharge capacity of 368 mA h g-1 was obtained with a coulombic 

efficiency above 95% and a low average capacity fading of 0.116% (L. Tan et al., 

2018). Nano TiO2 decorated carbon coating modified separator provided a stable 

capacity of 762 mA h g-1 after 200 cycles at 0.2C rate (Shao et al., 2018). A 3D 

porous C3N4 nanosheets/rGO modified separator displayed a stable capacity of 

680 mA h g-1 after 800 cycles at 0.5C rate with 0.048% capacity decay per cycle 

(Gong et al., 2017). Carbon nanosheet/MnO2 modified separator exhibited a stable 

capacity of 856.1 mA h g−1 after 200 cycles at 0.5 C (Lai et al., 2017). Similarly 

other combinations like carbon nanofiber/carbon nanotube, graphene/GO, carbon 

black/various metal oxides, porous carbon/metal oxides, polymer/metal oxide, 

polymer/porous carbon, polymer/carbon nanotube, polymer/graphene, etc were 

reported to modify the separator for improving the electrochemical performance.  

1.6.3 Anode protection 

Apart from cathode modification, functional modification of separator 

need more concentration towards the Li metal anode. These Li metal is more 

attractive due to its high specific capacity (3860 mA h g−1), low reduction potential 

and low density (0.59 g cm-3). Most of the LIBs failed due to the deactivation of the 

Li anode. During the charge-discharge process, the Li metal experience repeated 
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plating and stripping. This will cause volume change in the Li metal anode. Li metal 

is highly reactive, it will reacts with organic electrolyte and form solid electrolyte 

interface (SEI) on anode. The SEI film present on the anode can easily disturbed 

and repeated volume fluctuation leads to SEI cracking and reconstruction. On other 

hand it cause constant Li and electrolyte loss. In addition, the SEI damage causes 

the entry of Li to the organic electrolyte and leads for the formation of uncontrolled 

growth of lithium dendrite, which has the capability to penetrate through the 

separator resulting short circuit. This will leads to battery degradation and low 

coulombic efficiency of the cell. Various strategies were reported for the protection 

of Li anode and to improve the cycle life by adding additives to the electrolyte (in 

situ), adjusting the electrolyte components (modification of lithium anode) and 

insertion of artificial layers (ex situ) (Kumar et al., 2018). 

1.6.3.1 In situ  

Variety of additives were used in the electrolyte for the protection of anode 

through SEI formation. LiNO3 is the most effective additive to improve the cycle 

performance of LSB. LiNO3 in the electrolyte solution react with Li metal anode 

and form surface passivation layer, which consists of LiNxOy, ROLi and 

ROCOOLi. N2O and N2 gases formed during SEI layer formation has positive effect 

during the charge discharge process. PS and LiNO3 have synergetic role to prevent 

lithium dendrite formation, which create the SEI layer composed of Li2SO3 and 

Li2SO4. LiNO3 containing electrolyte greatly surpasses the lithium dendrite growth 

and improves the sulphur utilization (Suo et al., 2013). The other additives used in 

the electrolytes were Lithium bis (oxalate) borate (LiBOB), thiol-based electrolyte 

with the additive of biphenyl-4,4’-dithiol (BPD), SiCl4, Tris(trimethylsilyl 

phosphite-Vinylene carbonate (TMSP-VC) for getting the better electrochemical 

performance in LSB (H. Zhao et al., 2018). 

1.6.3.2 Ex situ 

In addition to the formation SEI layer with different additives, 

modification of anode surface (Li metal) was adopted to improve the 

electrochemical performance of LSBs. Formation of a coating or protective film 
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prior to fabrication of cell, distinguishing it from electrolyte modification to protect 

anode from the soluble PSs. The protective film shield the anode from the side 

reactions with the electrolytes and PSs with the Li metal. It also restricts the unsafe 

Li stripping and plating. A colloidal solution was prepared by using Cu3N 

nanoparticles in THF with styrene butadiene (SBR) was applied on Li anode by 

doctor blade method or direct coating. A protective film of Li3N was formed when 

Cu3N contact with Li metal and it was named as artificial SEI. As a result, the 

coulombic efficiency was increased to 97.34% at a current density of 1 mA cm-2 

and cycle life was increased to 40% (Yayuan et al., 2017). Other reported materials 

and methods for forming protective film were porous Al2O3 layer on Li anode, PPy 

and Li powder prepared by planetary ball milling method, benzenedicarboxylic acid 

and cobalt nitrate based MOF, Li1.5Al0.5Ge1.5(PO4)3 (LAGP) film on anode  by drop 

casting method, dipping of Li foil into poly(dimethylsiloxane) (PDMS) containing 

DOL/DME solution, etc. (H. Zhao et al., 2018). 

1.6.3.3 Li-host materials 

A variety of host materials have been intended to stabilize the Li anode 

during the charge-discharge process. Graphene sphere film, hollow carbon sphere 

and graphene oxide were used as host to restore the Li (D. Lin et al., 2017; K. Yan 

et al., 2016). A free standing LixM/graphene (M= Si, Sn or Al nanoparticles) foil 

was prepared to enhance the stability of Li anode in the air (J. Zhao et al., 2017). 

1.6.4 Trends in Electrolyte  

The electrolyte which is necessary part of the battery, it is a medium for Li 

ion transport. It is considered as a key component in the battery system, the 

electrochemical performance of the battery greatly influenced by the electrolyte 

compositions and additives. Liquid organic electrolytes are the most commonly 

used electrolyte used in LSB. Liquid organic electrolyte contains a lithium salt and 

an organic solvent. The commonly used lithium salt is lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and the solvents are tetrahydrofuran 

(THF), fluoroethylene carbonate (FEC), 1,2-dimethoxymethane (DME), 1, 3-

dioxolane (DOL) tetraethyleneglycoldimethylether (TEGDME), etc. The higher 
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order PSs are soluble in the electrolyte and freely move towards the anode through 

the separator. The restriction of PS dissolution in the electrolyte is an effective 

method to inhibit the PS transport. Gel polymer electrolytes (GPE) and solid 

electrolytes are preferred for this purpose (Judez et al., 2018; Scheers et al., 2014; 

X. Yuand Manthiram, 2017). 

GPE generally consists of LiTFSI and polymer matrices. The polymer can 

trap the liquid components. GPE able to reduce the lithium dendrite growth and 

improve the performance of the battery. Pentaerythritol tetraacrylate (PETEA) 

based GPE delivered an initial discharge capacity of 653.5 mA h g-1 at 1C and 

82.1% capacity retention observed even after 500 cycles (M. Liu et al., 2016). The 

polymer matrices used in the GPE were Poly (vinylidenefluoride–

hexafluoropropylene) (PVDF–HFP), poly (butyl acrylate)/poly (ethylene glycol) 

diacrylate (P(BA-co-PEGDA)), PEO, PAN and poly methyl methacrylate (PMMA) 

etc. (Angulakshmiand Stephan, 2015; Yibo He, Chang, et al., 2018). 

Solid electrolytes made up of both inorganic and organic components were 

used by researchers to improve the cycle life and coulombic efficiency. Solid 

ceramic electrolytes are non-flammable and stable at high temperature. Recently 

several types of ceramic (sulphides, oxides and phosphates) and polymer-ceramic 

composites electrolytes such as NASICON (Li1.4Al0.4Ge1.7(PO4)3, (LICGC), 

Li1.3Al0.3Ti1.7(PO4)3 (LATP)), (Li1+x+yAlxTi2-xSiyP3-yO12), perovskite 

(Li0.33La0.557TiO3 (LLTO)), and garnet (Li7La3Zr2O12 (LLZO) were reported with 

enhanced mechanical and electrochemical properties. The solid state cell fabricated 

using these electrolytes exhibited excellent cycling and rate performance. But, their 

huge impedance resistance and chemical compatibility between electrolytes and 

electrodes, poor processability, still needs to be solved.  However, all-solid-state 

LSBs are safer than liquid electrolytes, also this configuration is proposed to be 

better to achieve higher gravimetric energy density than the state of- art of LIBs 

(Zhonghui Gao et al., 2018; Judez et al., 2018; Agostini et al., 2013; A. Hayashi et 

al., 2008; Judez et al., 2018; Judez et al., 2017; Kobayashi et al., 2008; Nagao et al., 

2016; Y.-Z. Sun et al., 2017). 
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1.7 Electrochemical Capacitor 

Batteries and electrochemical capacitor are considered as the two major 

energy storage devices. Electrochemical capacitor is also termed as SC or ultra-

capacitor. Ragone plot compares the energy density and power density of SCs and 

batteries (Figure 1.5) (François et al., 2014). SCs are differentiated from the battery 

in terms of power density i.e. the ability to rapidly charge and discharge during life 

span, indicates how quickly charge is stored and discharged with short interval of 

time. So, the applications of SCs are mainly concentrated in the area of power 

breaking section, industrial energy management, power back up devices and hybrid 

electric vehicles (Dubal et al., 2018). SC consists of a positive electrode, negative 

electrode, and separator in between the positive and negative electrode to prevent 

the short circuit, with the electrolyte. (F. Wang et al., 2017; Y. Wang et al., 2016) 

On the basis of charge storage mechanism, SCs are differentiated as 

electrical double layer capacitors (EDLC) and pseudocapacitors (François et al., 

2014; Zhong et al., 2015). In EDLC charge is stored in between electrode-

electrolyte interface by a non-faradaic process, an electrical double layer formed is 

due to the adsorption of ions. The process is highly reversible and long cycle life. 

But charge storage takes place in pseudocapacitors are due to faradaic process on 

the electrode surface, which is a fast surface oxidation-reduction reactions or 

possible intercalation in the elctrode (Conwayand Pell, 2003). 

The performance of electrochemical capacitors are determined by the 

combination of the electrode material and electrolyte used. There are three main 

categories of electrode materials used for ECs, namely (1) carbon-based materials, 

(2) transition metal oxides, and (3) conductive polymers. Similarly, three types of 

electrolyte materials are used for ECs including (1) aqueous electrolytes, (2) 

organic electrolytes, and (3) ionic liquids (Borenstein et al., 2017). Carbon based 

materials are under the category of EDLC and transition metal oxides and 

conducting polymers belongs to the pseudocapacitor category. Carbon materials 

provide high power density with low energy density due to the low electric charge 

separation between the electrode-electrolyte interfaces. Metal oxides provide high 
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energy density with low power density due to the fast redox reactions (H. Fan et al., 

2016). Carbon materials with heteroatom such as N, P, S and B enhance the 

capacitance due to the pseudocapacitive behaviour of heteroatoms and thereby the 

energy density (Y. Deng et al., 2016; Paraknowitsch and Thomas, 2013; M. Xu et 

al., 2017; S. S. Zhang, 2015; G. Zhu et al., 2017). In addition the heteroatom boosts 

the wettability and electronic conductivity.  So, this type of carbon material is used 

as SCs to obtain both higher power and energy densities.  

 
Figure 1.5. Ragone plot for various electrical energy storage devices (Service, 2006) 

The key parameters affecting the energy and power density of SC are 

specific capacitance and operating voltage window. Generally the maximum 

operating voltage window is depend upon the stability of the electrolyte used. 

EDLCs based SCs are commercially available due to its characteristics such as 

long-term cycling stability, durability, high power density, non-toxicity and 

environmental friendliness (Dubal et al., 2018; François et al., 2014). EDLCs are 

considered as green energy technologies and it emerges as a promising solution for 

the thirst of the energy demand 
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Figure 1.6. Schematic representation for the classification of electrochemical capacitors 

The carbon materials are widely used in SCs due to the peculiar properties 

associated with it such as their abundance, easy processing, non-toxicity, high 

specific surface area, tunable microstructure, low density, low cost, electronic 

conductivity, chemical stability and wide operating temperature. Carbon nanotube, 

porous carbon, carbon aerogel, nanofiber, graphene etc., are the common electrode 

materials for EDLCs (Borenstein et al., 2017; X. Guo et al., 2017; Z. Yu et al., 2015; 

Yunpu et al., 2011). High surface area carbons with wide pore size distribution are 

highly explored to improve the electrochemical performance by employing new 

synthetic approaches for the development of porous carbon with diverse precursors. 

The specific capacitance of EDLC increases with specific surface area and the 

relationship is not always linear, since the capacitance depends on other factors such 

as pore size, interconnectivity, electrical conductivity, materials surface chemistry, 

method of preparation, electrolyte, electrode testing methods, etc. (Enock et al., 

2017). Pore structure is also plays a vital role to improve the electrochemical 

performance of EDLC. Hierarchical pores with micro/meso and macro is highly 

beneficial to obtain high specific capacitance. Macropores reduces the ion diffusion 
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length, which act as an ion reservoir. Short range mesopores offers low resistance 

for ions to reach the electrode surface. Micropores contribute to increase the 

specific surface area (J. Wang et al., 2017). The distribution of micro to macropore 

size, shape and its interconnectivity affect the mass transport and diffusion of ions. 

If the micro/mesopores are too narrow/deep and it is difficult for the ions to 

penetrate into the pores to form the double layer. However wide and shallow pores 

ease the pathway of ion diffusion (Fuertes and Sevilla, 2015; Y. Lu et al., 2017). 

Multi porous N doped carbon was prepared from PANI using SiO2 

template. Porous carbon with high surface area obtained at 800 ºC exhibited 

maximum specific capacitance value  of 413 F g-1 by three electrode system with 

6M KOH and obtained specific capacitance of 327 F g-1  at a current density of 1A 

g-1 using CR 2032 type button cell (95% capacity retention after 10000 charge 

discharge cycles (Li et al., 2017). 1,10 phenenthrolinium disulphate derived N, S 

co-doped mesoporous carbon with  the surface area of 1161 m2 g-1 using colloidal 

silica as template delivered a specific capacitance of 156.4 F g-1 and 145.2 F g-1 for 

1M H2SO4 and 6M KOH respectively at a current density of 1 A g-1 (Shiguo et al., 

2015). In situ activated N-doped mesoporous carbon was obtained from protic salt 

benzimidazoletriflate with calcium and sodium citrate. The surface area of the 

carbon was 1788 m2 g-1 and the specific capacitance was 111F g-1 with 1M 

tetraethylammonium terafluroborate/acetonitrile (TEABF4/AN) as electrolyte at a 

current density of 0.5 A g-1.  86% capacitance retention was obtained at a current 

density of 10 A g-1 (Mendes et al., 2016). Poly(o-phenylenediamine) derived porous 

carbon exhibited a specific capacitance of  690 F g-1 at 0.1 A g-1 current density 

using 1M H2SO4 as electrolyte in three electrode set up. A 96% capacitance 

retention was observed after 1200 cycles at a current density of 5 A g-1 (Zhu Hui et 

al., 2012). 3D high surface area graphene like carbon material was derived from 

PANI with the surface area of 1645 m2 g-1. Symmetric supercpacitor delivered a 

specific capacitance of 235 F g-1 at a current density of 1 A g-1 using 6M KOH as 

electrolyte (Sheng et al., 2016). Dead  leaves derived porous carbon delivered a 

specific capacitance 400 F g-1 at a current density of 500 mA g-1 with 1M H2SO4 as 

electrolyte (Biswal et al., 2013). Hierarchical porous carbon materials from 

nanosized metal-organic complex displayed an energy density of 43W h Kg-1 in 1M 
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BMIMBF4/AN (S. Zhang et al., 2018). N containing novoloc derived carbon 

bead exhibited maximum energy density of 22 W h Kg-1 in 1M TEABF4/AN 

(Krüner et al., 2018).  

Among the porous carbon materials activated carbon is widely used in 

energy storage application, owing to its commendable characteristics such as high 

surface area, high strength, less corrosive, wide operating temperature, easiness of 

the preparation etc. (Biswal et al., 2013; Puthusseri et al., 2014; Marta Sevilla and 

Mokaya, 2014). Nowadays, biomass derived activated carbon received more 

attention due to its inherently doped of heteroelements  and simple, low cost 

preparation methods. Recent studies show that biomass-derived activated carbons 

exhibited better electrochemical performance than the conventional activated 

carbon (Ranjith et al., 2017). 

Pinecone petal derived activated carbon was prepared with the surface area 

of 3950 m2 g-1 by KOH activation. A symmetric cell exhibited a specific 

capacitance of 142 F g-1at a current density of 1 A g-1 by using 1M Lithium 

hexaflurophophate (LiPF6) in ethylene carbonate/dimethyl carbonate (EC/DMC).  

90% capacitance retention was obtained after 20000 cycles at a current density of 

3 A g-1 (energy density of 61 W h kg-1) (Karthikeyan et al., 2014). Hemp derived 

activated carbon exhibited the specific capacitance of 142 F g-1 at a current density 

of 100 A g-1 using ionic liquid electrolyte. It delivered a higher power density of 20 

kW kg-1 (H. Wang et al., 2013). Grape fruit peel derived N-doped carbon nanosheet 

exhibited a specific capacitance of 311 F g-1 with 1M H2SO4 as electrolyte and 

94.05% capacitance retention after 10, 000 cycles. It exhibited a maximum energy 

density of 34.05 W h kg-1 at a power density of 180 W kg-1with 1M Na2SO4 aqueous 

electrolyte (Wang  et al., 2016). Palm kernel shell derived N, P and S co doped  

activated carbon  with a surface area of 2760 m2 g-1 and exhibited a specific 

capacitance of 380 F g-1 at a current density of 1 A g-1 by 3M KOH as electrolyte. 

It exhibited cycle stability for 10000 cycles with 96% capacitance retention (M. Xu 

et al., 2017). Lotus seed pod derived activated carbon displayed a specific 

capacitance of 402 F g-1 with 6M KOH as electrolyte at a current density of 0.5 A 

g-1 and 95.4% capacitance retention was observed after 10000 cycles. The 
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symmetric cell delivered a high energy density of 12.5 W h kg-1 at a power density 

of 260 W kg-1 (B. Liu et al., 2016). Corn cob derived activated carbon with a 

specific surface area of 1471.4 m2 g-1 exhibited a specific capacitance of 293 F g-1 

at a current density of 1 A g-1 with 6M KOH as electrolyte and 99.9% capacitance 

retention after 4000 cycles (S. Yang and Zhang, 2018). Waste fig fruit derived foam 

like activated carbon with surface area of 2000 delivered a specific capacitance of 

340 F g-1 at a current density m2 g-1of 0.5 A g-1 by 0.5M H2SO4 as electrolyte and 

99% capacitance retention (Housseinou et al., 2018). N doped Neem leaves derived 

activated carbon with  a surface area of 705 m2 g-1 displayed 74 F g-1 specific 

capacitance at a current density of 1 mA cm-2 using 1M lithium perchlorate       

(LiClO4) in EC/propylene carbonate (PC). The cell delivered a maximum energy 

density of 10.33W h kg-1 at a power density of 4.66 kW kg-1 (Sultan, Parvaz, et al., 

2018).  N-doped pea skin derived activated carbon with the surface area of 1828 m2 

g-1 exhibited 141 F g-1 specific capacitance at current density of 1.3 A g-1 using 1 M 

LiTFSI in EMITFSI (1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

imide) solution as electrolyte. The cell delivered a maximum energy density of 19.6 

W h kg-1 at a power density of 25.4 kW kg-1 (Sultan, Ahsan, et al., 2018). Rotten 

carrot derived activated carbon with a surface area of 1154 m2 g-1 delivered a 

specific capacitance of 142 F g-1 at a current density of 1mA cm-2 by using 1M 

LiClO4 in EC/PC as electrolyte. The cell delivered a maximum energy density of 

28.4 W h kg-1 at a power density of 89.1 kW kg-1 (Ahmed et al., 2018). N and O 

co-doped cotton derived activated carbon with the surface area of 1022 m2 g-1 

exhibited a specific capacitance of 270 F g-1 at a current density of 0.5 A g-1. The 

symmetric cell delivered 18 W h kg-1 energy density at a power of 250 W kg-1 (Lan 

Zhang et al., 2018). N doped lotus stem derived activated carbon with  the surface 

area of 1322 m2 g-1 displayed a specific capacitance of 360.5 F g-1 at a current 

density of 0.5 A g-1 and 96% capacitance retention after 5000 cycles by using 6M 

KOH as electrolyte (S. Yan et al., 2018). Wild rice stem derived activated carbon 

with the surface area of 1288 m2 g-1 exhibited a specific capacitance of 301 F g-1 at 

a current density of 1 A g-1 using 6M KOH as electrolyte. The symmetrical cell 

delivered 13.05 W h kg-1 as energy density at a power of 250 W kg-1 (Q. Tian et al., 

2018). Moringa derived N and O co-doped activated carbon with the surface area 
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of 2312 m2 g-1 exhibited a specific capacitance of 355 F g-1 at a current density of 

0.5 A g-1 using 6M KOH as electrolyte and 95% capacitance retention after 20000 

cycles at higher current density of 20 A g-1.  The symmetrical cell delivered 20 W 

h kg-1 as energy density while using 1M Na2SO4 as electrolyte (Y. Cai et al., 2016). 

Cotton stalk derived activated carbon provided a surface area of 1964.46 m2 g-1 and 

exhibited a specific capacitance of 254 F g-1 at a current density of 0.2 A g-1 using 

1M Na2SO4 as electrolyte. It delivered 96% capacitance retention after 10000 

cycles at a higher current density of 1 A g-1.  The symmetrical cell delivered 18.14 

W h kg-1 as energy density at a power of 450.37 W kg-1 while using 1M Na2SO4 as 

electrolyte (X. Tian et al., 2017). Straw derived activated carbon fiber with the 

surface area of 2013 m2 g-1 exhibited a specific capacitance of 230 F g-1 at a current 

density of 0.5 A g-1 using 6M KOH as electrolyte. The symmetrical cell delivered 

16 W h kg-1 as energy density at a power of 450.4 W kg-1 using 0.5M Na2SO4 as 

electrolyte (X. Zheng et al., 2017). 

Biomass from agricultural and forest crop residues and other renewable 

sources such as rice husk (Yong et al., 2017), sunflower seed (Xiao Li et al., 2011), 

waste paper (Kalpana et al., 2009), willow catkin (L. Xie et al., 2016), celtuce leaves 

(R. Wang et al., 2012), seawage sludge (H. Feng et al., 2015), wood saw dust (L. 

Wei et al., 2011), tobacco rod (Y.-Q. Zhao et al., 2016), fallen leaves, (Y.-T. Li et 

al., 2015), water hyacinth (K. Wu et al., 2016), cherry stone (Olivares-Marín et al., 

2009), hemi cellulose (Falco et al., 2013), fungi (Hui Zhu et al., 2011), fungus 

(Long et al., 2015), pumpkin (Bai et al., 2016), water melon rind (Mo et al., 2016), 

etc were successfully converted into porous carbon and demonstrated as electrode 

materials for EDLC applications. Bio-waste derived from animal origin like, cow 

dung (Bhattacharjya and Yu, 2014), human hair (W. Qian et al., 2014), chicken 

feathers (Q. Wang et al., 2013), sheep manure (C. Zhang et al., 2016), egg yolk (J. 

Li et al., 2015) etc were also reported for energy storage applications. The surface 

area and electrochemical properties of these material are listed in Table 1.1.  
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         Table 1.1: Comparison for the specific capacitance of biomass derived carbon 

 

   

 

          

 

 

 

1.8 Scope and Objectives   

LIBs have revolutionised in the market of portable electronic devices. 

However, due to the ever increasing demand of energy storage devices with high 

energy and power densities, new materials and chemistries are evolved. Among the 

promising futuristic technologies, LSBs and SCs are widely discussed for 

lightweight applications (e.g., aircraft, artificial satellite, and unmanned aerial 

vehicles), and large-scale stationary energy storage, owing to their high gravimetric 

energy density (2-3 fold, LSB), power density (1-2 orders, SC), long life cycle (1–

3 orders, SC), low cost, safety and eco- friendliness compared to conventional LIBs.   

The use of LSBs in the commercial market is hampered by the insulating nature of 

sulphur and lithium sulphide, shuttle effect and Li dendrites formation upon 

Precursor 

Surface 

area 

(m2 g-1) 

Specific 

capacitance 

(F g-1) 

Current 

density 

(A g-1) 

Electrolyte 

Rice husk 2242 429 0.5 6M KOH 

Sunflower seed 1235 144 10 30wt% KOH 

waste paper 416 180 2 6M KOH 

Willow catkin 1775 292 1 6M KOH 

Celtuce leaves 3404 421 0.5 2M KOH 

Seawage sludge 2839 379 20 1M Na2SO4 

Wood saw dust 2967 175 20 1M TEABF4 

Tobacco rod - 286 0.5 6M KOH 

Fallen leaves 2869 242 0.3 6M KOH 

Water hyacinth 1308 273 1 6M KOH 

Cherry stone 1300 230 - 2M H2SO4 

Hemi cellulose 2300 300 0.2 0.5M H2SO4 

Fungi 80.8 196 0.17 6M KOH 

Fungus 1103 360 0.5 6M KOH 

Bamboo waste 1472 301 0.1 6M KOH 

Microalgae 2190 200 0.1 6M LiCl 

Pumpkin 2968 419 1 6M KOH 

Watermelon 

rind 
2277 333 1 6M KOH 

Cow dung 2000 117 1 Et4NBF4 

Human hair 1306 340 1 6M KOH 

Chicken feathers 1839 168 10 1M H2SO4 

Sheep manure 1000 486 1 6M KOH 

Egg yolk 2277 220 20 6M KOH 
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cycling. Researchers and industries made significant progress during last decades, 

still unresolved problems existing which hinder the deployment of LSBs for various 

applications. This doctoral research has been focused on the design and 

development of carbon based electrode materials for LSB and SC systems. 

Considering the excellent properties of porous carbon materials, we attempted to 

address few of the above mentioned challenges for LSB, using heteroatom 

containing porous carbon as host for active material and to modify separator and 

cathode film electrodes for LSBs.  The main objectives of the research work are 

 To develop a high performance cathode material for Li-S battery with high 

specific capacity and cycling stability 

o To prepare renewable, hybrid cathode materials with high specific 

capacity, stable cycling and high rate. 

o To investigate the feasibility of high capacity cathode based on sulphur 

concentration and porous carbon with surface functionalities. 

o To investigate the impacts of surface functional groups on the PSs 

shuttling and the electrochemical performance of energy storage 

device. 

o Structural and electrochemical evaluation of the functionalized porous 

carbon-sulphur composite cathode materials.  

 To develop symmetric SC based on electrical double-layer charge storage      

with high energy density and long term cycling performance. 

 

1.9 Organization of the Thesis 

The thesis describes the preparation, characterization of pyrolytic 

heteroatom containing high surface area porous carbon, conducting polymer and its 

electrochemical evaluation. Two of the developed materials evaluated for its 

capacitive behaviour (EDLC) in addition to the exploration of its characteristics 

towards LSB application. The thesis composed of eight chapters in which the results 

obtained are presented.  A brief description of the chapters are outlined as follows: 
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Chapter 1 provides a general introduction on LSB and SC systems and a 

comprehensive literature review on the strategies adopted to overcome the 

challenges of LSBs, specifically on cathodic region and various porous carbon, 

materials for EDLC. It describes objectives and outline of the thesis. 

Chapter 2 presents systematic preparation and characterisation of 

MWCNT/sulphur/Polyindole (PIN) composite as cathode material for LSB. This 

chapter focused on the function of MWCNT and PIN to mitigate PS shuttling. 

Chapter 3 describes one pot synthesis of heteroatom doped carbon derived 

from 4, 4’-diamino-diphenyl sulphone as electrode material for LSB and SC. 

Chapter 4 reports the impact of pyrolysis temperature onto porous carbon 

network during the preparation of functionalized hierarchically porous carbon with 

iron, nitrogen and oxygen derived from vetiveria zizanioides (vetiver) for high-

performance LSB and SC. 

Chapter 5 describes the preparation and evaluation of sulphur-

immobilized nitrogen and oxygen co-doped hierarchically porous carbon derived 

from pinecone for LSB application. This study aimed to investigate the importance 

of sulphur distribution into the porous structure on cycling stability.  

Chapter 6 presents the preparation and evaluation of heteroatom doped 

porous carbon derived from orange peel as sulphur host. To achieve better 

performance and to enhance the cycling stability the separator was modified with 

MWCNT and porous carbon derived from DDS. An extensive comparison between 

the separator modified and unmodified cells was also included. 

Chapter 7 investigates on hierarchical porous carbon material derived from 

honeycomb and its sulphur composite as cathode material for LSB.  To improve the 

electrode performance, the same carbon material is coated on the cathode film 

(interlayer) and the performance was compared with the bare cathode.  

In Chapter 8, conclusions are summarized and perspectives are proposed 

for further research work based on this doctoral work. 
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References are listed after Chapter 8, followed by publications received 

during the period of my PhD study. 
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CHAPTER 2 

MWCNT/SULPHUR/POLYINDOLE COMPOSITE 

AS CATHODE MATERIAL FOR LITHIUM-

SULPHUR BATTERY 

In this chapter novel multiwalled carbon nanotube/sulphur/polyindole 

(MWCNT/S/PIN) nanocomposite is investigated as a cathode material for LSBs to 

reduce the shuttle effect. In MWCNT/S/PIN sulphur was prepared by reaction 

between sodium thiosulphate and hydrochloric acid onto functionalized MWCNT 

followed by in-situ polymerization of indole monomer. The advantage of wrapping 

polyindole onto MWCNT/S was brought out with the help of experimental details. 

MWCNT/S/PIN nanocomposite exhibited 1490 mA h g-1 as initial specific capacity 

and displayed a capacity of 1043 mA h g-1 after 100 cycles at 0.1C rate with 70% 

capacity retention compared to the binary nanocomposite (MWCNT/S). The better 

electrochemical performance of ternary nanocomposite cathode material is 

attributed to the synergistic effect of functionalized MWCNT and polyindole which 

provides improved conductivity and effective fencing of intermediate PSs. 

2.1 Introduction 

LSBs received the attention of researchers due to its fascinating properties 

mainly the theoretical capacity of sulphur. However the LSB technology faces a 

few challenges such as insulating nature of sulphur, shuttle effect, passivation of Li 

anode, etc. In order to tackle LSB issues, various approaches have been adopted 

(Carbone et al., 2017; Manthiram et al., 2013), which include combining sulphur 

with electrically conducting species such as metal oxides (Pan et al., 2015), carbon 

nanotube (Xi et al., 2015), graphene (J. Feng et al., 2016; L. Sun et al., 2015), carbon 

nanofiber (K. Fu et al., 2014; Singhal et al., 2015) carbon onions (Choudhury et al., 

2017), porous carbons (D. Li et al., 2013; G.-L. Xu et al., 2013; S. Zhang et al., 

2014), conducting polymers with core and yolk-shell structure, etc. (F. Wu, Chen, 

Chen, et al., 2011; Y. Fu and Manthiram, 2012a; H. Chen et al., 2013; W. Zhou, Y. 

Yu, et al., 2013; Y. Fu; Chulliyote et al., 2017a and Manthiram, 2012c). The high 

conductivity of the cathode material is advantageous to improve the kinetics of the 

Li-S redox reactions (L. Sun et al., 2015; F. Wu, Chen, Li, et al., 2011; W. Zhou, 

Y. Yu, et al., 2013). Recently, attempts have been made to develop ternary cathode 
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materials, where sulphur is trapped between two conductive elements, which 

improves the capacity and cycling performance. Literature reports in this area 

includes, sulphur wrapped with carbon nanotube and graphene (L. Sun et al., 2015; 

J. He et al., 2015), graphene and porous carbon (S. Liu et al., 2015; M. Yu et al., 

2015), carbon nanotube and conducting polymers such as polyaniline (F. Wu, Chen, 

Li, et al., 2011; X. Li et al., 2015), polypyrrole (C. Wang et al., 2013; Y. Zhang, Y. 

Zhao, Z. Bakenov, et al., 2014) etc. The improved electrochemical performance of 

ternary composite cathodes are due to the enhanced conductivity and the ceiling 

effect of PS in the cathodic region. In addition, achieving high sulphur loading and 

the uniform polymer coating on to sulphur are few more challenges to be addressed. 

In this chapter, polyindole (PIN) as one of the conductive layers in ternary 

composite along with multiwall carbon nanotubes (MWCNT) aiming to achieve 

uniform coating and better sulphur loading. PIN is one of the well-known 

conducting electroactive polymers with an electrical conductivity of 0.1 S cm-1 and 

stable at normal conditions which exhibits good electrochemical characteristics as 

cathode material (Zhijiang et al., 2013).  Hence, a coating of PIN onto sulphur is 

beneficial to trap PSs. Owing to its good electrical conductivity, thermal and 

mechanical properties (C. Wang et al., 2013), MWCNT also plays an advantageous 

part in the ternary system. Here, we discuss MWCNT/S/PIN nanocomposite with 

dual core-shell structure as the ternary cathode material for LSBs. The composite 

preparation involves simple chemical precipitation of sulphur onto MWCNT 

followed by in-situ polymerization of the monomer indole. An initial discharge 

capacity as high as 1490 m Ah g-1 at a rate of 0.1C, with a good cycling stability up 

to 100 cycles and a very feeble capacity fading rate (0.5%) is achieved. This 

demonstrates the enhanced electrochemical performance of the ternary composite 

due to PIN coating. 

2.2 Materials and Methods 

2.2.1 Materials 

MWCNT (Sigma Aldrich, 95% purity), indole monomer (Aldrich, 99% 

purity), FeCl3 (Merck, 96%), sodium dodecyl sulphate (SDS, Merck, 99%), sodium 
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thiosulphate (Na2S2O3.5H2O) (Merck, 99.5%), hydrochloric acid (HCl, Merck, 

35%), nitric acid (HNO3, Merck, 69%), 1,3-dioxolane/1,2-dimethoxy ethane 

(DOL/DME, Sigma Aldrich), super P carbon (Alfa Aesar), 

polyvinylidenedifluoride (PVDF, Sigma-Aldrich), N-methyl pyrrolidone (NMP, 

Sigma-Aldrich) as Li metal (Foote Minerals), lithium nitrate (LiNO3, Sigma-

Aldrich), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma-Aldrich), 

2032 type coin cell, Al foil, polypropylene film (Celgard, 2400). 

2.2.2 Composite synthesis 

The MWCNT/S/PIN composite preparation is schematically represented 

in Figure 2.1. PIN was synthesized by chemical oxidative polymerization (S. An et 

al., 2008) of indole monomer using FeCl3 as the oxidant. Oxidation of MWCNT 

was carried out using HNO3. MWCNT/S composite was prepared by a chemical 

precipitation method. Oxidised MWCNT was dispersed in sodium dodecyl sulphate 

aqueous solution in an ultrasonicated bath. Na2S2O3.5H2O was added and stirred 

for 10 minutes followed by dropwise addition of hydrochloric acid and stirred for 

1 hour. The product was separated and dried under vacuum oven at 60 ºC. To this 

material, 0.53 g of indole in 10 ml of ethanol was added, stirred for 10 minutes, 

then  FeCl3 was added to the reaction mixture dropwise in the N2 atmosphere and 

stirred for 24 hours in 0 ºC. The pristine polymer was prepared using indole and 

FeCl3 (1:5). Finally, the product was dried in vacuum at 70 ºC for 24 hours.  

2.2.3 Material characterization  

Powder X-ray diffraction (XRD) patterns were obtained with a Bruker D-

8 diffractometer (Xpert Pro, Philips, USA) using Cu Kα radiation over the 2θ range 

10°- 80° (40 kV, 30 mA, λ=1.54 Aº). The surface morphology of the composite was 

studied using a high-resolution scanning electron microscope (HRSEM, Quanta 

FEG200, FEI, USA) equipped with Energy Dispersive Spectroscopy (EDS) and 

elemental mapping. High-resolution transmission electron microscopy (HRTEM, 

JEM-2100, JEOL, and Japan) analysis was carried out with an acceleration voltage 

of 200 kV. Raman spectra were recorded from 100 to 3000 cm-1 on a Raman 

spectrometer (INVIA, England) with a 514 nm argon ion laser. Thermogravimetric 
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analyzer (TGA, Q-50, TA Instruments, and the USA) was used to collect the data 

at a heating rate of 10 ºC min-1 in the temperature range of 30–600 °C nitrogen 

atmosphere. The composites were characterized using Fourier transform infrared 

spectrometer (FTIR, Perkin Elmer) with KBr pellet method. The presence of 

oxygen and nitrogen atoms in the composite was evaluated by Kratos–Analytical 

Axis Ultra X-ray photoelectron spectrophotometer (XPS) with a monochromatic 

Al-Kα-X-ray source.  

2.2.4 Fabrication of coin cell 

The composite was mixed with super P carbon, PVDF in a weight ratio of  

70:20:10 using NMP as the solvent. The slurry was coated on Al foil and dried in 

an oven at 60 ºC for 12 hours. The film was punched into a circular disk for 

assembling cell in a glove box with Ar atmosphere. The electrolyte was prepared 

by using 0.7 M LiTFSI and 0.07 M LiNO3 in an equal volume of DME/DOL as a 

solvent. 2032 type coin cell was assembled using the composite film on Al foil as 

cathode and Li metal as an anode with the electrolyte, porous PP film as a separator. 

The areal mass loading of composite electrode is ̴ 2 mg cm-2.  

 
Figure 2.1. Schematic illustration of MWCNT/S/PIN composite preparation 
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2.2.5 Electrochemical measurements 

The cyclic voltammetric (CV) studies were carried out using 

PGSTAT302N electrochemical workstation (Autolab, Metrohm, Switzerland). CV 

was performed in the potential window of 1.6 to 3 V at a scan rate of 0.1 mV s-1. 

Electrochemical impedance studies (EIS) were carried out between 100 mHz and 

100 kHz at the open circuit voltage. The galvanostatic charge-discharge (GCD) 

studies were conducted at a voltage range of 1.6-3 V using the computer controlled 

battery testing unit (Arbin, USA). 

2.3 Results and Discussion 

2.3.1 Material characterization 

 
Figure 2.2. (a) Raman spectrum for MWCNT and functionalised MWCNT (b) TGA for 

MWCNT and functionalised MWCNT and (c) FTIR spectrum of functionalised MWCNT 

To confirm the functionalization of carboxylic acid on the walls of 

MWCNT Raman spectroscopy, TGA and IR spectroscopy was employed (Figure 
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2.2). Figure 2.2 (a) shows the Raman spectrum of MWCNT and functionalised 

MWCNT. It contains two bands at 1345 cm-1 called D band or disordered band and 

at 1549 cm-1 called G band or graphitic band. It was observed that the G band 

intensity reduced after chemical modifications of MWCNT, suggesting the surface 

modification of carbon nanotube after acid treatment.  

The carboxylated carbon nanotube has less thermal stability than pristine 

MWCNT (Figure 2.2 (b)). A decomposition observed below 100 ºC due to the 

elimination of water from the sample. A sharp decomposition observed in the case 

of carboxylated carbon nanotube in the temperature range of 130  ͦC to 350  ͦC is an 

evidence for the presence of carboxylic acid on the surface of MWCNT. Figure 2.2 

(c) shows the IR spectrum for the carboxylated MWCNT. The peak at 1722 cm-1 is 

due to the carbonyl stretching in the carboxylic acid. It confirms the presence of 

carboxylic acid over the surface of MWCNT. 

FTIR spectroscopy is used to determine the presence of PIN in the 

composite. The characteristic peaks in the IR spectra of PIN (Figure 2.3 (a)) are in 

good agreement with the literature reports (S. An et al., 2008; Reshma and Mary 

Gladis, 2015; Zhijiangand Chengwei, 2011). The strong and broad peak at 3437 

cm−1 is the characteristic absorption of the N–H bond. The band at 1368 cm−1 is 

related to modes involving the C8–N–C2–C3 group. The band at 741 cm−1 indicates 

that the benzene ring is not affected during the polymerization process of indole. 

The single peak located at 1450 cm−1 is assigned to the stretching of the benzene 

ring. The band at 1621 cm−1 is ascribed to the C-C vibration on indole ring. The 

above mentioned characteristic peaks for polyindole are also observed in the 

MWCNT/S/PIN which confirms the formation of polyindole on the surface of 

MWCNT/S composite.  

Figure 2.3 (b) shows the TGA analysis of polyindole, functionalized 

MWCNT, sulphur, MWCNT/S and MWCNT/S/PIN under a nitrogen atmosphere. 

The composites display weight loss from 118 ºC to 240 ºC due to the evaporation 

of sulphur from the composite. Polyindole undergoes continuous weight loss up to 

400 ºC due to its gradual decomposition. The sulphur content is calculated after 

eliminating the weight loss due to polyindole and functionalized MWCNT(C. Wang 
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et al., 2013).  The sulphur content of MWCNT/S and MWCNT/S/PIN is about 83.4 

wt. % and 79.06 wt. %, respectively.   

 
Figure 2.3. (a) FTIR  spectrum of the PIN  and MWCNT/S/PIN (b) TGA of PIN, 

MWCNT-COOH, MWCNT/S/PIN, MWCNT/S and Sulphur (c) XRD of sulphur, 

MWCNT/S/PIN and PIN 

Figure 2.3 (c) shows the XRD patterns of sulphur, as prepared polyindole 

and MWCNT/S/PIN. The broad peak at 2θ=20º exhibits the amorphous nature of 

the polymer (Raj et al., 2015; Ryuand Kim, 2008). The peaks at 2θ values of 23.08 

º, 25.73 º, 27.66 º, 28.75 º, 31.36 º, 34.10 º and 36.98 º are in good agreement  with 

the (222), (026), (117), (135), (044), (137) and (317) reflections of the Fddd 

orthorhombic phase (JCPSD No.: 00-001-0478) of sulphur. The sharp and intense 

diffraction signals indicate the crystallines of sulphur. XRD pattern of 

MWCNT/S/PIN exhibits similar diffraction pattern as that of sulphur but with low 

intensity, evidenced that sulphur is coated with the PIN. 

 

Figure 2.4 (a and b) gives surface morphology of MWCNT/S/PIN and 

MWCNT/S composites. Figure 2.4 (c–f) displays the elemental mapping of  

MWCNT/S/PIN. It is observed that the MWCNT/S and MWCNT/S/PIN 
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composites have a tubular structure with no agglomerated sulphur particles. It is 

difficult to differentiate between sulphur and PIN coatings from the micrograph. 

The elemental distribution maps assert that polyindole is coated onto MWCNT/S 

composite.  

 
Figure 2.4. SEM images of (a) MWCNT/S, (b) MWCNT/S/PIN and (c-f) Elemental 

mapping of MWCNT/S/PIN 
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Figure 2.5. TEM images of (a-b) MWCNT/S, (c-d) MWCNT/S/PIN, EDS analysis of (e) 

MWCNT/S and (f) MWCNT/S/PIN 

It is further confirmed by the TEM images of MWCNT/S and 

MWCNT/S/PIN composites as shown in Figure 2.5. It is observed that the sulphur 

is coated over the surface of MWCNT and increase in tube diameter affirms the 

information obtained from SEM. A thin layer of polyindole is wrapped over the 

surface of MWCNT/S attributed to the coating of polyindole onto MWCNT/S, 

which further confirms the dual core-shell structure. The thickness of the ternary 

composite is increased after polymerization. Moreover, TEM images display 

(Figure 2.5 (d)) a thickness increase of  ~2 nm in the ternary composite after 

polyindole coating. It is clearly seen in the EDS analysis, the presence of sulphur, 
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oxygen and sulphur, nitrogen, oxygen in the binary and ternary composite, 

respectively (Figure 2.5 (e and f)). 

A wide scan energy spectrum for the MWCNT/S/PIN indicates the 

presence of C, O, N and S which agrees well with the elemental mapping. The 

survey scan (Figure 2.6 (a)) reveals the presence of C1s, O1s, N1s, S2s and S2p in 

the composite. The peak at 164 eV, 240 eV, 285.1 eV, 400 eV and 533.1 eV 

corresponds to the S2p, S2s, C1s, N1s and O1s, respectively (L. Chen et al., 2017). 

The high-resolution C1s (Figure 6.6 (b)) peak deconvoluted into 5 components, C-

C bond (284.6 eV) of sp2, C-O bond, C-S bond (285.8 eV), C-N bond (286.7 eV) 

and O-C=O bond (289.1 eV) (Datsyuk et al., 2008; Niu et al., 2015). The high 

resolution O1s spectrum (Figure 2.6 (c)) is deconvoluted into three components: C-

O bond (531.43 eV), C=O bond (532.55 eV) and carboxyl (533.6 eV) (Datsyuk et 

al., 2008; Roy et al., 2014). The N1s spectrum (Figure 6.6 (d)) contains two 

contributions at 399.6 eV and 401.68 eV (Koiry et al., 2007) which are assigned to 

the N-C and N-H bonds. These results are in good agreement with the FTIR spectra. 

The presence of pyrrolic nitrogen may influence the electrochemical properties. The 

basic pyrrolic nitrogen (N-H) in the composite enhances the adsorption of 

polysulphides through its interaction with nitrogen atoms. Moreover, this five-

membered pi system with lone pairs enhance the surface adsorption sites for 

polysulphides.(J. Yang et al., 2014; Xia Liand Sun, 2014) The high resolution 

spectra of S2p (Figure 2.6 (e)) is deconvoluted into four peaks. S2p3/2 (163.7 and 

164.9 eV) and S2p1/2 (164.2 and 165.4 eV) with an energy separation of 1.2 eV 

corresponds to the S-S and S-O bond in the composite (L. Zhang et al., 2012; G. 

Zhou et al., 2013). This binding energy shift ascribed to the changes in the 

electronic distribution on the sulphur atom evidenced the binding between the 

sulphur and functionalized MWCNT via S-O bond, which helps to prevent active 

material loss by trapping the polysulphides during charge-discharge process 

(Demir-Cakan et al., 2011; W. G. Wang et al., 2014). 
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Figure 2.6. XPS for MWCNT/S/PIN (a) survey scan, (b) C1s, (c) N1s, (d) O1s and (e) 

S2p 

2.3.1 Electrochemical performance of the composite 

The Cyclic voltammetry studies of MWCNT/S and MWCNT/S/PIN 

composite electrode was carried out at a scan rate of 0.1 mV s-1 to understand the 

electrochemical reaction of nanocomposite cathode in between the voltage window 

of 1.6-3 V. Two reduction and one oxidation peaks are observed (Figure 2.7 (a  & 

b)) in both the composites due to multiple reactions between sulphur and lithium, 

as reported previously (Y. Zhang, Y. Zhao, and Z. Bakenov, 2014). The cathodic 
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peak at 2.37 V is due to the conversion of octaatomic sulphur to higher order lithium 

polysulphides (Li2Sn, 4 ≤ n ≤ 8), further reduction at 2.0 V is due to the conversion 

of these higher order polysulphides to lower order polysulphides (Li2Sn, 3 ≤ n ≤ 4) 

finally into insoluble Li2S2 and Li2S (K. Fu et al., 2014; J. Jiang et al., 2015; N. Li 

et al., 2012; Y.-X. Wang et al., 2013; Y. Zhang, Y. Zhao, and Z. Bakenov, 2014). 

The subsequent oxidation process is provided with a broad oxidation peak at 2.42 

V mainly due to the conversion of Li2S2 and Li2S to higher order polysulphides and 

finally to sulphur (J. Lee et al., 2015; Pan et al., 2015; S. Zhang et al., 2014). The 

increase in peak intensity of MWCNT/S/PIN composite is attributed to good 

electrochemical contact which in turn boosts the utilization of active material (K. 

Fu et al., 2014; J. Jiang et al., 2015; N. Li et al., 2012; Y.-X. Wang et al., 2013; Y. 

Zhang, Y. Zhao, and Z. Bakenov, 2014). The increment in the peak area compared 

to the binary composite proves the increase in active material utilisation (J. Feng et 

al., 2016; Zhijiang et al., 2013). Also, the CV curves are more stable in the 

subsequent cycles indicating better cyclability. The result obtained from the CV is 

in good agreement with GCD curves. 

Figure 2.7 (c & d) represents the typical GCD behaviour of MWCNT/S 

and MWCNT/S/PIN composite electrode in rechargeable LSB at room temperature. 

The figure shows charge-discharge capacities of 1, 2, 10, 20, 30, 40, 50, 60, 70, 80, 

90 and 100th cycles of ternary and binary composites. The performance of the 

MWCNT/S/PIN composite is enhanced due to polyindole coating compared to 

MWCNT/S. Ternary composite delivered an initial capacity of 1490 mA h g-1 with 

an average capacity degradation of  0.5% per cycle and 70% capacity retention with 

respect to initial discharge capacity, and 97% with respect to 50th discharge capacity 

up to 100 cycles. But in the case of the binary composite, an initial discharge 

capacity of 1267 mA h g-1 with 61% capacity retention with respect to initial 

discharge capacity is observed. PIN coating onto the composite prevents the loss of 

active material by blocking the PSs. The nitrogen atoms in the polyindole is helpful 

to prevent the loss of sulphur as PSs during cycling and continuous utilization of 

sulphur in the composite (Demir-Cakan et al., 2011; W. G. Wang et al., 2014; Xia 

Liand Sun, 2014). The coulombic efficiency of MWCNT/S/PIN cathode (~100%) 
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is higher than that of MWCNT/S (~97%), due to the reduction in the shuttling 

behaviour of PSs (Figure 2.7 (e)). 

 
Figure 2.7. CV curves in the first six cycles of (a) MWCNT/S (b) MWCNT/S/PIN (c) 

GCD pattern of (c) MWCNT/S (d) MWCNT/S/PIN at 0.1C rate (e) Cycle performance 

and coulombic efficiency for MWCNT/S and MWCNT/S/PIN at 0.1C rate and (f) Rate 

capability studies for MWCNT/S and MWCNT/S/PIN 

The electrochemical performance of the binary and ternary composites at 

different current densities were investigated in detail, which is shown in Figure 

2.7(f). The ternary composite exhibits excellent performance at different C rates 

when compared with the binary composite.  The initial discharge capacity is 1490 

mA h g-1 at the 0.1C rate. It exhibits 1236, 1124, 878 and 730 mA h g-1 at the current 

densities of 0.2C, 0.5C, 1C and 2C, respectively. When returned to 0.2C rate its 
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discharge capacity retained to 1218 mA h g-1 with 98.5% capacity retention which 

indicates robustness and stability of ternary composite. 

The binary composite shows the discharge capacities of 1232, 1024, 840, 

590 and 430 mA h g-1 at 0.1C, 0.2C, 0.5C, 1C and 2C, respectively when switched 

back to 0.2C discharge capacity becomes 996 mA h g-1. The high solubility of LPSs 

in the electrolytes greatly influence the cyclic stability of LSBs, insulating nature 

of sulphur and lowest end discharge products, which will also negatively affect the 

performance of composites when we switched into higher current rates. Herein the 

case of ternary composite both MWCNT and PIN provides an effective conducting 

network to move electrons, thereby enhance the rate performance. The superior 

performances of the ternary composite are due to the polyindole coating and 

MWCNT to confine the PSs from dissolving into the electrolyte. Here, sulphur is 

sandwiched between polyindole and MWCNT. Such a protective thin layer coating 

is absent in the case of the binary composite, and sulphur deposited over the surface 

of MWCNT. Consequently, there exist more chances to lose sulphur as PSs due to 

dissolution in the electrolyte and therefore reduce its performance.  

 
Figure 2.8. (a) Survey scan of cathode before and after cycling and (b) High-resolution 

Li1s spectra of cathode after 100 cycles 

XPS spectra of electrodes MWCNT/S/PIN cathode before and after 100 

cycles was carried out to support this rationalization as shown in Figure 2.8. The 

presence of aluminium and fluorine in the survey scan spectrum (Figure 2.8 (a)) are 

due to the Al collector and PVDF binder in the cathode. There is changes in the 

binding energy of N1s from 400 eV to 399.43 eV ascribing the interaction of Li 

with the lone pair in the N. The high-resolution spectra of Li1s are deconvoluted 
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into two components (Figure 2.8 (b)). The peak at 54.9 eV is ascribed to electrons 

in the lithium sulphide. The interaction between lithium and nitrogen in the 

polyindole is proved by the peak at 56.1 eV which corresponds to Li-N bond. (F. 

Chen et al., 2018; X. Fan et al., 2018; Xia Li and Sun, 2014; Seh et al., 2014). These 

interactions favour polyindole to restrain the discharge products.  Further, the 

conductive nature of PIN helps to enhance the utilization of active material (Su and 

Manthiram, 2012a; C. Wang et al., 2014; Jiawei Zhang et al., 2015).  

 

Table 2.1: Comparison of performance for MWCNT/sulphur/conducting polymer 

materials reported previously 

 

 

The electrochemical performance of ternary composite is significantly 

greater than the control material–MWCNT/S, and other ternary composites 

reported elsewhere (Table 2.1) (X. Li et al., 2015; C. Wang et al., 2013; F. Wu, 

Chen, Li, et al., 2011; Y. Zhang, Y. Zhao, Z. Bakenov, et al., 2014). Wu et al 

reported a coating of polyaniline over the binary composite MWCNT/S exhibited 

932.4 mA h g-1 after 80 cycles and 56.3% capacity retention with respect the initial 

discharge capacity at the 0.1C rate (F. Wu, Chen, Li, et al., 2011). Similarly, Li et 

al studied sulphur supported with MWCNT and coated with polyaniline (~600 mA 

h g-1 after 100 cycles) with 61.8% capacity retention at the 0.2C rate (X. Li et al., 

Sl 

no. 

Cathode 

materials 

Current 

rate 

/Current 

density 

Cy

cles 

Final 

capacity 

(mA h g-

1) 

Capacity 

retention 

(%) 

References 

1 
MWCNT/

S/PANI 
0.1C 80 932.4 56.3 

F. Wu, Chen, Li, 

et al., 2011 

2 
MWCNT/

S/PANI 
0.2C 100 600 61.8 

X. Li et al., 

2015 

3 
MWCNT/

S/PPy 

200  mA g-

1 
60 917 60 

C. Wang et al., 

2013 

4 
MWCNT/

S/PPy 
0.2C 100 751 60 

Y. Zhang, Y. 

Zhao, Z. 

Bakenov, et al., 

2014 

5 
MWCNT/

S 
0.1C 100 772 61 Our work 

6 
MWCNT/

S/PIN 
0.1C 100 1043 70 Our work 
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2015). A dual core-shell structured cathode material using MWCNT and 

polypyrrole exhibited capacity of 917 mA h g-1 after 60 cycles and 60% capacity 

retention at a current density of 200 mA g-1 was described by Wang et al (C. Wang 

et al., 2013). Another type of MWCNT and polypyrrole reported by Zhang et al 

displayed a reversible capacity of 751 mA h g-1 after 100 cycles, with 60% capacity 

retention at 0.2C rate (Y. Zhang, Y. Zhao, Z. Bakenov, et al., 2014).  

 

Figure 2.9. (a) EIS of MWCNT/S and MWCNT/S/PIN before and after 100 cycles at a 

0.1C rate and (b) corresponding equivalent circuit 

Table 2.2: Impedance parameters obtained from the electrochemical equivalent circuit 

analysis 

 

To investigate the superior performance of MWCNT/S/PIN over 

MWCNT/S, EIS measurements were carried out at OCV. Figure 2.9 shows Nyquist 

plots (EIS spectra) of ternary composite and binary composite before and after 100 

cycles. The EIS spectra was fitted by electrochemical equivalent circuit with 

ZSimpWin software (Figure 2.9(b)). The longest diameter of an impedance 

semicircle at the high-frequency region is associated with higher charge transfer 

resistance (Rct) and straight line at low-frequency region corresponds to ion 

diffusion resistance (W) within the cathode (C. Wang et al., 2013; G.-L. Xu et al., 

2013; S. Zhang et al., 2014; H. Chen et al., 2013; Y. Fu and Manthiram, 2012c). 

The resistance of the electrolyte (Rs) determined from the intersection of the front 

Material description 
Rs 

(Ώ) 

CPE 

x 10-5 (Ώ-1) 

Rct 

(Ώ) 

Y0 

x 10-6 (Ώ-1 s1/2) 

MWCNT/S before cycling 7.6 4.8 129.13 8.9 

MWCNT/S after cycling 5.4 3.8 323.22 4.32 

MWCNT/S/PIN before cycling 0.61 14446 18.82 7400 

MWCNT/S/PIN after cycling 0.66 17 20.47 7200 
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end of the semicircle on the Z’ axis. Rct is the measure of the difficulty in transfer 

the electron/charge between the electrode and electrolyte interface. CPE is the 

constant phase element, which is associated with the non-ideal behaviour of 

capacitance. The impedance parameters are shown in the Table 2.2. Here the 

Warburg impedance is written in terms of admittance (Y0, Ω
-1 s1/2), which is related 

to Warburg coefficient, 𝜎 =
1

√2 𝑌0
, Ω s-1/2. As shown in Table 2.2 Rct and ion 

diffusion resistance of ternary composite is less than the binary composite  before 

and after cycling, which is expected due to its high initial discharge capacity. 

Sulphur is sandwiched between conducting MWCNT and polyindole, facilitating 

an easy pathway to electron transfer.  

 
Figure 2.10. SEM images of (a) MWCNT/S/PIN before cycling (b) MWCNT/S/PIN after 

cycling (c) MWCNT/S before cycling and (d) MWCNT/S after cycling 

In the case of binary composite the Rct and ion diffusion resistance 

increases due to the dissolution of PSs in the electrolyte and the irreversible 

deposition of discharge products (Li2S/Li2S2) leading to loss of active materials (J. 

Feng et al., 2016; C. Wang et al., 2014). The negligible change in the Rct and ion 

diffusion resistance of ternary composite ascribed to the conductive architecture 

surrounded by sulphur maintains its structural integrity during the charge-discharge 

process (C. Wang et al., 2014; Jiawei Zhang et al., 2015). Moreover, the porous 
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structure of conducting polyindole helps easy transport of Li+ ions. It is further 

supported by the similar morphology of ternary composite cathode even after 100 

cycles (Figure 2.10). The changes on the surface of the binary composite cathode 

are attributed to the impact of electrochemical reactions resulting in the increased 

Rct values (Su and Manthiram, 2012a; C. Wang et al., 2013). The reason for the 

better rate capability and cyclability of the ternary composite is correlated with low 

charge transfer and diffusion resistances. Also, there is sufficient interaction among 

MWCNT and polyindole with sulphur which enhances the electronic conduction. 

2.4 Conclusion 

In summary, a novel ternary composite MWCNT/S/PIN was prepared by 

in situ oxidative polymerization of indole onto MWCNT/S. It is a promising 

cathode material for LSB. The electrochemical performance has been improved 

especially, specific capacity, cyclability and rate capability by wrapping polyindole 

on sulphur. It may be due to reduced charge transfer resistance of the material, 

which facilitates easy transport of lithium ion into the cathode material and reduced 

shuttling effect. MWCNT/S/PIN composite attains 1490 mA h g-1 initial capacity 

and 1043 mA h g-1 reversible capacity after 100 cycles at 0.1C with 100% columbic 

efficiency. The good electrochemical performance is due to the functionalized 

MWCNT/S/PIN dual core-shell type structure, both MWCNT and polyindole are 

supporting to trap the PSs and to enhance the capacity retention during cycling. 
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CHAPTER 3 

4, 4’-DIAMINO-DIPHENYL SULPHONE DERIVED 

CARBON FOR SUPERCAPACITOR ELECTRODE 

AND LITHIUM-SULPHUR BATTERY 

Carbon materials with favourable porous architecture and heteroatom 

functionalities are considered for energy storage applications due to its excellent 

structure and electrochemical properties. In this chapter, porous carbon-composite 

cathode for LSB and an all solid-state symmetric SC using heteroatom (nitrogen 

and oxygen) inherently co-doped microporous carbon (HMC) was investigated. 

HMC was prepared by simple carbonization without any additives and multistep 

experimental procedures. 4, 4’-diamino-diphenyl sulphone (DDS) was pyrolyzed at 

950 ºC in a single step and HMC with surface area of 1766 m2 g-1 and a total pore 

volume of 0.87 cm3 g-1 was obtained. The structural characteristics and the content 

of heteroatom functionalities are manipulated with pyrolysis time to improve the 

elctrochemical behaviour. The prepared carbon material-sulphur composite was 

demonstrated as cathode material for LSB. These materials exhibited better 

capacity retention due to the synergistic effect of porous carbon with high surface 

area, pore volume, heteroatom N and O, which facilitate to restrain the PS 

movement. The symmetrical supercapacitor was fabricated with polyvinyl alcohol 

(PVA) supported 6M KOH and 1M Na2SO4 as gel electrolytes. The performance of 

solid-state supercapacitors showed good cycling stability and high energy density. 

Finally, the device using porous carbon electrode material with PVA+1M Na2SO4 

able to light a LED after charging of ~5sec.  

3.1 Introduction 

LSBs and SCs have been considered as the most prospective energy 

storage devices with ample potential applications (Borenstein et al., 2017; C. Xu et 

al., 2013; Zan Gao et al., 2017). Amongst the various materials, carbon-based 

electrodes are usually studied extensively owing to their high specific surface area, 

tunable microstructure, low density, low cost, electronic conductivity and chemical 

stability (Borenstein et al., 2017; Bose et al., 2012). Porous carbons, carbon onions, 

carbon sphere, carbon aerogel, carbon nanotube and graphene are the commonly 

used carbon electrodes in the high-performance LSBs and SCs (Borenstein et al., 

2017; Dubal et al., 2018; X. Fan et al., 2018; C. Xu et al., 2013; Z. Yu et al., 2015). 

Among these, porous carbon-based electrode materials are most interested, due to 
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the simple preparation process, tunable morphologies and high surface area (Stein 

et al., 2009; François et al., 2014; D.-W. Wang et al., 2013; Yunpu et al., 2011; S. 

S. Zhang, 2015). 

High surface area carbons with the wide pore size distribution are highly 

explored to improve the electrochemical performance by employing new synthetic 

approaches for the development of porous carbon with diverse precursors. The 

distribution of micro to macropore size, shape, and its interconnectivity affect the 

mass transport and diffusion of ions. If the micro/mesopores are too narrow/deep, 

it is difficult for the ions to penetrate into the pores for the contribution towards 

EDLC. However wide and shallow pores ease the pathway of ion diffusion. 

(Fuertesand Sevilla, 2015; Y. Lu et al., 2017). To achieve such micro/mesoporous 

carbon with desired structure several approaches are reported, which includes 

carbonization at high temperature (Fuertesand Sevilla, 2015) methods using soft 

and hard templates (Y. Lu et al., 2017), template carbonization followed by 

activation (Bhattacharjya and Yu, 2014), bio-inspired methods (C. Zhang et al., 

2016), etc. In comparison with SCs, LSBS can provide high energy density (2600 

W h kg-1) (Zan Gao et al., 2017). However, PS shuttling during the charge-discharge 

process is the major problems associated with LSBs, causing capacity fading and 

poor cyclability. Various materials developed to address this issue and to improve 

the electrochemical performance of the LSBs by encapsulating sulphur within the 

matrix. Carbon nanotube (J.-z. Chen et al., 2014; Juchen Guo et al., 2011), rGO (N. 

Li et al., 2012; S. Liu et al., 2016), metal oxides (Donghai et al., 2018), conducting 

polymers (Dirlam et al., 2017) and hybrid materials (Yibo He, Chang, et al., 2018) 

were tried to alleviate Ps shuttling. LSBs still have shortcomings in terms of sulphur 

content and the capability of composite to hold sulphur/PS (H. Chen et al., 2018).   

In chapter 2, we used the PIN coating to improve the LSB performance, However, 

the PIN coating was not thick enough to capture all the PS during the shuttling 

process and non-uniform coating of PIN onto sulphur, resulting loss of active 

material, capacity fading as  the cycle number  increased. 

Recently heteroatoms like N, B, P, O, and S doped carbon network 

received significant attention due to its enhanced electrochemical properties (Y. 
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Deng et al., 2016; Paraknowitsch and Thomas, 2013; M. Xu et al., 2017; S. S. 

Zhang, 2015; G. Zhu et al., 2017). The inclusion of heteroatoms in the hexagonal 

rings of carbon improves the conductivity, basicity and oxidation stability via 

conjugation between the lone pairs and ᴨ-system of the carbon network. 

Heteroatom doped carbons are utilized for various applications like catalysis, fuel 

cells, Li-ion batteries, and adsorption (Paraknowitsch and Thomas, 2013; M.-H. 

Sun et al., 2016). The presence of heteroatom functionalities improves the electron-

donor capability, thereby enhances polarity and wettability of the carbon surfaces, 

causing variation in an electrode-electrolyte contact area which further reduces the 

diffusion path length and support to improve the electrochemical performances (X. 

Kang et al., 2018; Xin Zhou et al., 2017). Heteroatoms enhance the electronic 

conductivity and contribute towards pseudocapacitance and facilitate PS mitigation 

(Paraknowitschand Thomas, 2013; Wang Yang et al., 2018; S. S. Zhang, 2015). 

Heteroatoms can be introduced into the carbon framework by in-situ pyrolysis of 

heteroatoms containing compounds or post-treatment of carbonaceous material 

with heteroatoms containing gas. Post-treatment may cause the destruction of 

carbon morphology and unwanted pore stalling (Yanzhen He et al., 2016; S. Zhang 

et al., 2015). The organic precursors used for in-situ pyrolysis are PANI (Yudong 

Li et al., 2017), PPy (L. Wei et al., 2012) and protic salts 1, 10-

phenanthroliniumdibisulfate (Shiguo et al., 2015), benzimidazole triflate (Mendes 

et al., 2016), in which multistep synthetic procedures, templates/metal 

salts/oxidizing agents are used during carbonization. In some cases, a trace amount 

of impurities are detected in the resultant carbon materials. A major challenge in 

the preparation of in-situ doped porous carbon is the instability of the organic 

precursors during the carbonization process. The structural stability of the carbon 

material greatly influences the final heteroatoms content, graphitic structure, 

surface area, electronic conductivity, etc. (C. H. Kim et al., 2004; Y. Zhai et al., 

2008). We report a simple method for the preparation of a three dimensional 

hierarchical porous carbon-containing in-situ doped sulphur, oxygen and nitrogen 

through a single step carbonization process and its application as an electrode 

material for LSBs and SCs.   
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In this chapter, we employed 4, 4’-diamino-diphenyl sulphone (DDS) as a 

carbon source for the first time. DDS has been widely reported as a precursor 

material for the preparation of Polyimide and epoxy resin (Konnola et al., 2015). 

DDS is beneficial to use as a carbon resource for the synthesis of the high surface 

area and well balanced porous structured material. The gases evolved during the 

carbonization process are responsible for the considerable amount of the pore 

formation (Mendes et al., 2016; L. Wei et al., 2012; S. Zhang et al., 2015). 

Heteroatom doped micro/mesoporous carbon (HMC) with inherently doped, N and 

O functionalities was prepared via simple carbonization without any 

sophisticated/multistep experimental procedures using DDS as a precursor 

material. The effect of pyrolysis time on the content of heteroatoms and pore 

formation is investigated. The prepared electrode materials were characterized 

structurally and electrochemically. HMC-sulphur composite  cathode was 

demonstrated as a cathode material to enhance the cyclability. The porous structure 

with inherent hetero atom doping can facilitate effective accommodation of 

elemental sulfur and strong confinement of LPS. The subsequent electrochemical 

measurements confirmed the improved specific capacity and cycling stability of the 

cell. The N heteroatom doping induces the pseudocapacitance and boosts the 

performance of the SC (F. Hu et al., 2016; J. Li et al., 2016; Yiju Li et al., 2016). 

The performance characteristics of the SCs have been evaluated by EIS, CV and 

GCD analysis in aqueous electrolyte (6M KOH). The symmetrical SC was 

fabricated with PVA supported 6M KOH and 1M Na2SO4 as gel electrolytes and 

evaluated.  

3.2 Materials and Methods 

3.2.1 Materials 

4, 4’-diamino-diphenyl sulphone (DDS, Merck, 99%), polyvinyl alcohol 

(PVA, Merck, 99%), potassium hydroxide (KOH, Merck, 99%), sodium sulphate 

(Na2SO4, Merck, 99%) and all other chemical are as mentioned in chapter 2. 2.1. 
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3.2.2 Material synthesis 

3.2.2.1 Preparation of porous carbon 

4, 4’-diamino-diphenyl sulphone was used as a novel precursor material to 

prepare microporous carbon material with heteroatoms (HMC).  DDS powder was 

carbonized at 950 ºC at the pyrolysis timings of 1, 2 & 3 h in a heating rate of 2 ºC 

min-1 in an inert atmosphere. The schematic representation of the preparation of 

HMC is given in Figure 3.1. 

3.2.2.2 Preparation of porous carbon-sulphur composite 

Heteroatom doped microporous carbon-sulphur composites (HMC-1S and 

HMC-2S) were prepared by melt diffusion method. The carbon and sulphur were 

mixed using an agate mortar with 1:3 ratio (w/w). Then, the composite was heated 

to 155 ºC in an inert atmosphere for 12 hours in a sealed vessel. During this process, 

sulphur melts and diffuses into the pores of carbon (Figure 3.1). 

3.2.3 Material characterization 

Nitrogen adsorption-desorption studies were carried out using a surface 

area analyzer (Gemini 2375, Micromeritics, USA). The specific surface area and 

pore size distribution of HMCs and HMCS were obtained using Brunauer, Emmett 

and Teller (BET) method and Density functional theory (DFT), respectively. The 

amount of C, H, N and S were characterized by using CHNS elemental analyser 

(Elementar VarioMICROselect, Germany) and other characterization tools were as 

discussed in the section 2.2.3. 

3.2.4 Electrochemical measurements 

3.2.4.1 Sulphur cathode preparation and characterization 

The HMC-1S and HMC-2S cathodes were prepared using the same 

procedure described in the section 2.2.4. The areal mass loading on the composite 

electrode is ~5 mg cm-2 and fabricated the coin cell using the procedure described 

in the section 2.2.5. 
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3.2.4.2 Preparation of gel polymer electrolyte 

Gel electrolytes were prepared by mixing polyvinyl alcohol (PVA) with, 

sodium sulphate and KOH as described elsewhere (Ping et al., 2016). First, 1M 

Na2SO4 and 10 wt.% PVA (1:1 v/v) were magnetically stirred at (5 ml each) 85 °C 

until a homogeneous viscous mixture was obtained and cooled at room temperature. 

KOH based gel electrolyte was also prepared as mentioned above by replacing 

sodium sulphate. 

3.2.4.3 Supercapacitor electrode preparation and characterization 

Electrodes were prepared by mixing 80 wt. % of active material (HMCs), 

10 wt.% of super P and 10 wt.% of PVDF (Sigma -Aldrich) as a binder and NMP 

as a solvent. The slurry was coated on nickel foam and was dried in an oven at 100 

ºC for 24 hours. The electrode was pressed into a thin film by applying 10 MPa 

pressure. The mass loading of the active material was 2 mg cm-2. Electrochemical 

performance of HMCs was measured by the three-electrode system with 6M KOH 

as the aqueous electrolyte. PVA with KOH and Na2SO4 based gel electrolyte was 

used for symmetric electrode studies. The electrochemical properties of the 

electrodes were evaluated using an electrochemical analyser PGSTAT302N 

(Autolab, Metrohm, Switzerland). EIS measurements were performed in the 

frequency range 0.1Hz to 100 KHz. 

3.2.4.4 Calculations of specific capacitance, energy and power densities 

In three electrode system configuration specific capacitance (C), was 

calculated by the following equation. 

𝐶 =
I∆t

m∆v
                                                                                                            (3.1)                                                                                                              

 The two electrode system configuration, specific capacitance, F/g was calculated 

by the following equation (symmetrical capacitor)   

𝐶 =
I∆t

M∆v
                                                                                                            (3.2)                                                                                                         
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The energy density E (W h kg-1) and power density P (W kg-1) were calculated by 

the following equation 

  𝐸 =
C∆V2

2
                                                                                                         (3.3)            

  P =
E

t
                                                                                                              (3.4) 

Where I (A) is the discharge current, ∆t (s) is the discharge time, ∆V (V) 

is the potential window difference and m (g) is the mass of active material, M (g) 

is the total mass of the active material. 

3.3 Results and Discussion 

3.3.1 Physicochemical properties of HMCs 

The preparation of HMC is illustrated in Figure 3.1. A simple 

carbonization method includes pyrolysis of the DDS precursor at 950 °C without 

any chemical activation was used to prepare HMC. DDS is a source of carbon, 

oxygen, sulphur and nitrogen. The porous carbon obtained at various pyrolysis time 

(1, 2 and 3h) are denoted as HMC-1, HMC-2 and HMC-3, respectively. It is 

observed that the yield of HMC-3 is lesser than that of HMC-1 and HMC-2 which 

is attributed to the oxidation of reactive sites to form a more porous surface (Daud 

et al., 2001; C. L. Lee et al., 2017). 

 
Figure 3.1. Schematic illustration of the preparation of HMC and HMCS 

The textural properties of HMCs are investigated using N2 adsorption-

desorption isotherms. Figure 3.2 (a) shows the N2 adsorption-desorption isotherm 

of HMC-1, HMC-2 and HMC-3 and the porosity properties are displayed in Table 
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3.1. According to the International Union of pure and applied chemistry (IUPAC) 

classification, According to the International Union of Pure and Applied Chemistry 

(IUPAC) classification, there are 6 types of isotherms Type 1, Type I1, Type III, 

Type IV, Type V and Type VI. In Type 1 monolayer adsorption of the gaseous 

molecule over the surface is occur, which mainly for the micro porous adsorbents. 

Type II exhibit monolayer with unrestricted multilayer formation and exhibit for 

the types of mixed situations of micropores and open structures. Examples for that 

non porous and macroporous adsorbents. Type III no monolayer formation occurs, 

direct multilayer formation will take place and the formation is unrestricted. This 

type of isotherm exhibited in the adsorbed molecules having the strong interactions 

than the interactions between adsorbent surface and adsorbate. In Type IV is similar 

to Type II isotherm, here monolayer adsorption followed by multilayer formation 

with capillary condensation and exhibited the type of mesopores. Type V is similar 

to Type III, here direct multilayer formation with capillary condensation is 

occurring and for the mesoporous materials and Type VI isotherm exhibit stepwise 

multilayer adsorption and each step height determines the monolayer capacity of 

the gaseous molecule to adsorb on the adsorbent. This type of isotherms observed 

in the samples having the extreme homogenous surfaces. In the case of isotherm of 

non-porous materials, the desorption curve traces the adsorption curves. But in the 

case of meso/macro porous materials desorption curve is not retracing the 

absorption curve, which create a loop. It is known as hysteresis loop, which is 

corresponds to the capillary condensation of adsorbate in the multilayer region, pore 

filling and emptying mechanism. The nature of hysteresis loop associated with 

different pore geometry. There are 4 types, H1, H2, H3 and H4. H1 contains 

cyclindrical or tubular and H2 exhibit the bottle neck type of pores. H3 and H4 

describes the slit type of pores (J. Li et al., 2016; Yiju Li et al., 2016; W. Yu et al., 

2016). 

Here HMC-1 shows the Type I isotherm. The isotherms show a sharp 

uptake at relatively low pressure (P/P0 ̴ 0) indicating the existence of micropores. 

HMC-1 shows a horizontal plateau parallel to X-axis at a high relative pressure 

confirms the presence of micropores. HMC-2 shows the combination of Type I and 

Type IV isotherms. A narrow small hysteresis loop in the isotherm of HMC-2 is 
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due to the existence of mesopores. The isotherm of HMC-2 exhibits a small 

deviation from HMC-1 indicates the development of mesopores and new pores 

when the pyrolysis time increases (J. Li et al., 2016; Yiju Li et al., 2016; W. Yu et 

al., 2016). It was observed that the N2 adsorption capacity increases, comparing 

HMC-1& 2 as the pyrolysis time rise. This results in an enhancement in the surface 

area and pore volume of HMC-2. This may be due to the increase in the volatility 

of carbon deposits between and within the pores or removal of gases from the 

surface functionalities (Yudong Li et al., 2017; Mendes et al., 2016; S. Zhang et al., 

2015). When the pyrolysis time increases the fusion of micropores, pore widening 

(micro to meso/larger pores) and the conception of new pores occur (J. Li et al., 

2016; Yiju Li et al., 2016). HMC-3 exhibit Type I isotherm. However further 

increase in the carbonization time (3 hour) results in a decrease in surface area and 

pore volume due to the deterioration in the porous structure, which is shown in 

Table 3.1. The deterioration is owing to the coalescence of neighbouring pores 

initiate annihilation of porous structure. 

 
Figure 3.2. (a) N2adsorption-desorption isotherm and (b) DFT pore size distributions of 

HMCs 

DFT pore size distribution analysis clearly exemplifies these observations 

which is shown in Figure 3.2 (b). The BET surface area is calculated from the linear 

portion having a relative pressure range from 0.05 to 0.25. HMC-1 possesses BET 

surface area of 969 m2 g-1 and a total pore volume of 0.43 cm3g-1, while the BET 

surface area increases to 1766 m2 g-1 and total pore volume expanded to 0.87 cm3 

g-1 when pyrolysis time increases to 2 hour (HMC-2). The surface area and pore 

volume reduced to 1082 m2 g-1 and 0.52 cm3 g-1, respectively due to the destruction 

of the porous structure when pyrolysis time increased to 3 h (HMC-3). Hence, 
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pyrolysis time is an important factor for tuning pore size distribution along with the 

temperature and heating rate (Bouchelta et al., 2008; Shaaban et al., 2014; H. Yuan 

et al., 2014). HMC-1 & 2 are considered for further structural and electrochemical 

characterizations due to the very low yield of HMC-3 (10%) (Table 3.1). Micro and 

mesopores support significantly the double layer formation and fast ion transport 

due to low diffusion length (François et al., 2014).  

Table 3.1: Textural properties of HMCs 

 

 

The crystallographic structure of HMC-1 and HMC-2 are investigated 

using XRD and Raman analysis. Figure 3.3 (a) shows a broad band at 2θ=24.6º, is 

due to the reflection of (002), another diffraction peak at 2θ = 44º corresponding to 

the reflection of (100) plane, indicating amorphous structure with low graphitic 

nature. HMC-1 and HMC-2 exhibit a similar behavior indicates the prepared 

carbons are amorphous in nature with low degree of graphitization (H. Yuan et al., 

2014; Tzengand Chr, 2002; Jie Zhang et al., 2015). The Raman spectra of the HMCs 

(Figure 3.3 (b)) exhibits two peaks at 1336 cm-1 (D band) and 1595 cm-1 (G band) 

representing the disordered amorphous carbon, lattice defect of the carbon atoms 

and stretching vibration of graphitic carbon, respectively.  It is widely accepted that 

the relative intensity ratio of “D-band” and “G-band” (ID/IG) demonstrates the 

disorder or defects in carbon structures. The ID/IG ratio for HMC-1 is 0.91 and 

HMC-2 is 0.96 which indicates the disordered crystalline carbon structure of the 

material (Y. Cai et al., 2016; Bai et al., 2016). However, ID/IG ratio of HMC- 2 is 

relatively more than that of HMC-1 which indicates that the defects get increased 

with the increase of pyrolysis time to 2h (Bai et al., 2016; Praveen et al., 2017; 

Wang  et al., 2016). 

Sample HMC-1 HMC-2 HMC-3 
BET surface area (m2 g-1) 969 1766 1082 

Total pore volume (cm3 g-1) 0.43 0.87 0.52 
Yield (%) 20 13 6.66 
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Figure 3.3. (a) X-ray diffractograms and (b) Raman spectrum for HMCs 

 

CHNS analysis (Table 3.2) results show the presence of C, H, N and O in 

the HMCs. The content of these elements (H, N) except carbon decreased with the 

rise of pyrolysis time due to the thermal degradation of heteroatom functionalities.  

                               Table 3.2: CHNS analysis of HMCs 

Sample C (%) H (%) N (%) O (%) S (%) 

HMC-1 78.24 3.88 3.88 14 0 

HMC-2 82.62 2 1.55 13.88 0 

 

FESEM and TEM were employed to obtain the morphology and 

microstructure of the porous carbons. EDS analysis was carried out to confirm the 

presence of the heteroatoms. Figure 3.4 shows the SEM images of the HMCs. When 

the pyrolysis time increases there is no change in the sheet-like morphology of the 

prepared HMC-2 (Figure 3.4 (c-d)) compared to HMC-1, (Figure 3.4 (a-b)). The 

observation of pores in Figure 3.4 (b & d), evidencing the results of the pore 

distribution analysis. Figure 3.5 (a and c) displays the TEM images of HMCs, which 

reveals a highly interconnected porous carbon layers with nanopores. Inset of 

Figure 3.5 (a and c) shows the selected area electron diffraction (SAED) pattern, 

which confirms the amorphous nature of HMC-1 and 2, respectively. On comparing 

HMC-1 and 2, as the pyrolysis time increases (1 to 2h) defects in the porous network 

is increased (Tzengand Chr, 2002; Jie Zhang et al., 2015). The SEM and TEM 

images corroborate with the results obtained from the N2 adsorption-desorption 

isotherms.  
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Figure 3.4. SEM images (a-b) HMC-1 and (c-d) HMC-2 

 
Figure 3.5. (a) TEM image (b) EDS spectrum of HMC-1 and (c) TEM image (d) EDS 

spectrum of HMC-2 [inset showing the SAED pattern] 

EDS analysis (Figure 3.5 (c and f)) confirms the presence of N and O in 

the HMCs. These heteroatoms functionalities contribute towards the improvement 
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in the electrochemical performance of the material (Y. Cai et al., 2016; X. Fan et 

al., 2018). 

Figure 3.6. High resolution XPS of HMC-1 (a) Survey scan (b) C1s (c) N1s and (d) O1s  

To study the electronic state of the surface atom and chemical composition 

in the HMC-1 and HMC-2, XPS measurements were employed. Figure 3.6 (a) and 

3.7 (a) shows the survey scan of both HMC-1 and HMC-2, reveals the presence of 

C1s, N1s and O1s in the porous carbon matrix at 283.7 eV, 400 eV and 533.1 eV, 

respectively. Compared with HMC-1, the contents of the N elements in the HMC-

2 is decreased and the C content increased when pyrolysis time increased to 2h 

(Yiju Li et al., 2016). Figure 3.6 (b, c and d) shows the high-resolution C, N and O 

spectra of HMC-1. The deconvoluted C1s (Figure 3.6 (b)) spectrum exhibits 5 

peaks, C-C bond (284.5 eV) of sp2, C-N (285.2 eV), C-O bond (285.7 eV), C=N 

bond (286.6 eV) and C=O (288.9 eV). The N1s spectrum (Figure 3.6 (c)) is resolved 

into 3 peaks at the binding energies of 398.4 eV, 400.1 eV and 401.5 eV which are 

assigned to the pyridinic, pyrrolic and graphitic nitrogen, respectively. The high-

resolution O1s spectrum (Figure 3.6 (d)) has two peaks: C-O bond (532.1 eV), and 
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C=O bond (533.5 eV) (Jin et al., 2017; Shao et al., 2016; G. Zhou et al., 2015; C. 

Tang et al., 2017; X. Yuan, Liu et al., 2017).  

 
Figure 3.7. High resolution XPS of HMC-2 (a) Survey scan (b) C1s (c) N1s (d) O1s and 

(e) Schematic illustration of nitrogen and oxygen containing porous carbon 

Figure 3.7 (b, c and d) shows the high-resolution C, O and N spectra of 

HMC-2. The high-resolution C1s spectrum (Figure 3.7 (b)) is resolved into 5 

components, C-C bond (284.6 eV) of sp2, C-N (285.4 eV), C-O bond (285.8 eV), 
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C=N bond (286.8 eV) and C=O (289.3 eV). The N1s spectrum (Figure 3.7 (c)) 

contains 2 peaks at 400.1 eV and 401.5 eV due to the pyrrolic and graphitic 

nitrogen, respectively. The high-resolution O1s spectrum (Figure 3.7 (d)) exhibits 

two peaks: C-O bond (532.1 eV), and C=O bond (533.5 eV) The above XPS results 

confirm the intrinsic doping of nitrogen & oxygen onto a porous carbon matrix 

during pyrolysis (X. Yuan, Liu et al., 2017; G. Zhou et al., 2015; Tang et al., 2017). 

Based on these observations a schematic representation of HMC-2 is exhibited in 

Figure 3.7 (e) (Jing Xu et al., 2016; Jin et al., 2017; Shao et al., 2016). It is reported 

that the presence of heteroatoms like N and O on the surface of the porous carbon 

affects the electrical conductivity, wettability, etc. (S. S. Zhang, 2015)  

3.3.2 Electrochemical performance of the HMCs 

The obtained carbon materials are used as host for sulphur in LSBs. The 

porous carbon material is highly advantageous for ion buffering and PS ponding.  

The sulphur composites (HMC-1S and HMC-2S) were prepared by melt diffusion 

method. The structure and morphology of the composites were evaluated followed 

by the study of charge-discharge characteristics. 

3.3.2.1 HMCS as cathode material for lithium-sulphur batteries 

Figure 3.8 (a) displays the XRD patterns of HMC-1S, HMC-2S and 

sulphur. Sulphur shows the reflections from the orthorhombic phase (JCPSD no. 

00-008-0247). HMC-1S and HMC-2S show sharp lines correspond to the 

crystalline phases of sulphur. These observations confirm the presence of sulphur 

in the HMCs. HMC-2S shows all the crystalline phases of sulphur with the lowest 

intensity than HMC-1S, attributed to adsorption of sulphur into the pores of carbon 

matrix, while in HMC-1 most of the sulphur crystal may present on the surface of 

carbon matrix due to its lower surface area and small pore size when compared to 

HMC-2 (S. Zhang et al., 2014; S. Zhao et al., 2013). 

Figure 3.8 (b) shows Raman spectrum of HMCS, which consist of  D 

band (disordered band) at ~1346 cm-1 and G band (graphitic band) at ~1595 cm-1 

(Dresselhaus et al., 2007; Tao et al., 2014). Crystalline sulphur displays three bands 
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at 125cm-1, 200 cm-1 and 475 cm-1 (Ward, 1968). These sulphur bands are observed 

in HMC-1S and HMC-2S indicates successful incorporation of sulphur in the 

carbon matrix. HMC-1S shows sulphur bands with higher intensity than HMC-2S, 

due to the existence of more sulphur crystals on the surface of porous carbon than 

the interior network (Niu et al., 2015; Xuebing Yang et al., 2015). These results are 

corroborated by the XRD observations. 

 
Figure 3.8. (a) XRD pattern for sulphur, HMCS (b) Raman spectra of sulphur and HMCS 

(c) TGA of sulphur, HMCs and HMCS 

The amount of sulphur in the HMCS is determined by using sulphur and 

its thermal decomposition characteristics at a heating rate of 10 °C min-1 (Figure 

3.8(c)). TGA of HMC-1 and HMC-2 are thermally stable after the weight loss 

below 100 °C is due to the elimination of the adsorbed water. For HMCS the 

decomposition temperature starts at higher than that of sulphur, it due to the strong 

interaction between the porous carbon and sulphur, as a result, the weight loss for 

sulphur starts at a lower temperature than both HMC-1S and HMC-2S. The 

decomposition for the composite occurred in the two-step process, due to the 

evaporation of sulphur at the surface (below 280 °C) and pores of porous carbon 
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(Gu et al., 2015; W. G. Wang et al., 2014). The sulphur content in the composite 

was determined, ~74wt% for both the composites. 

Much variation in the morphology is not observed from the SEM, before 

(Figure 3.4) and after the sulphur loading (Figure 3.9) of HMCs, except the sulphur 

crystals on the surface of carbon sheet, which is comparatively more in HMC-1 

(Figure 3.9 (c and d)), confirming the results from XRD and TGA.  

Figure 3.10 shows the TEM images of HMCS and their corresponding 

EDS analysis. No agglomerated visible sulphur particle is seen in the TEM images, 

due to the good dispersion of sulphur particle inside the carbon matrix for the both 

of HMC-1S and HMC-2S.  

The presence of sulphur in the carbon matrix is confirmed from EDS 

analysis. EDS analysis confirms nitrogen and oxygen functionalities along with 

sulphur (Figure 3.10 b and d). CHNS analysis confirms the presence of C, N, S and 

O in the HMC-1S and HMC-2S, which is shown in Table 3.3.  

Table 3.3: CHNS analysis of HMCS 

Sample C (%) H (%) N (%) S (%) O (%) 

HMC-1S 15.19 0 2.6 74.87 7.34 

HMC-2S 16.2 0 1.5 74.68 7.62 

 

Figure 3.11 shows the XPS analysis of HMC-2S. XPS survey scans 

analysis reveals the presence of C1s, N1s, O1s, S2s and S2p functional groups at 

285.1 eV, 400 eV, 533.1 eV, 240 eV and 164 eV, respectively in the HMC-2S. 

(Figure 3.11 (a)). The high-resolution C1s spectra (Figure 3.11(b)) cotains six 

components. C-C (284.6 eV), C-S (284.9), C-N (285.3 eV), C-O (285.7 eV), C=N 

(286.6eV) and C=O (289 eV) (M. Chen et al., 2017; Jin et al., 2017; Jing Xu et al., 

2016). Oxygen and nitrogen functionalities are highly favourable for trapping of 

PSs on the carbon host. It is supported by the emergence of new N-S (402.8 eV) 

and S-O (530.3 eV) bonds in the high-resolution N1s (Figure 3.11 (c)) and O1s 

(Figure 3.11 (d)) spectrum, respectively in addition to the pyrrolic (400 eV), 

graphitic (401 eV), C=O bond (532.2 eV) and C=O bond (533.3 eV) (Jin et al., 

2017; Z. Wang et al., 2014; X. Yuan, Liu et al.,2017; G. Zhou et al., 2015). 



84 

 

 
Figure 3.9. SEM images of (a-b) HMC-1S (c-d) HMC-2S 

 
Figure 3.10. TEM image of (a) HMC-1S, (b) EDS of HMC-1S (c) TEM image of HMC-

2S and (d) EDS of HMC-2S 
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Figure 3.11. High resolution XPS of HMC-2S (a) Survey scan(b) C1s (c) N1s (d) O1s 

and (e) S2p 

The high-resolution S2p spectrum (Figure 3.11 (e)) gives the 

confirmations of interactions between sulphur with oxygen and nitrogen (J. Yang 

et al., 2016). The S2p deconvoluted into two S2p3/2 and S2p1/2 with an energy 

separation of 1.2 eV (Niu et al., 2015; L. Zhang et al., 2012). S2p3/2 is deconvoluted 

into three (163.7, 164 and 164.2 eV) components and S2p1/2 is deconvoluted into 

three pea (165.9, 165.2 and 165.4 eV) corresponds to the C-S, S-N and S-O bonds 

in the HMC-2S (Niu et al., 2015; L. Zhang et al., 2012). 
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Figure 3.12. CV of the (a) HMC-1S (b) HMC-2S, GCD curves of (c) HMC-1S (d) HMC-

2S (e) Cycle performances &coulombic efficiency at 0.1C rate and (f) Rate capability 

studies at different C rate 

CV was used to investigate the oxidation-reduction behaviour of HMC-1S 

and HMC-2S as cathode material in the lithium-sulphur cell. Figure 3.12 (a and b) 

shows the CV curves of HMC-1S and HMC-2 at a scan rate of 0.1 mV s-1 in the 

voltage window of 1.6-3 V. It exhibits two reduction and one oxidation peaks. As 

observed in the literature, in the cathode scan, the reduction peak at 2.3 V and 2 V 

is due to the reduction of sulphur to higher order LPSs and further reduction to 

lower order polysulphides. In the subsequent anodic scan, an oxidation peak at 2.39 

V is observed due to the oxidation of lithium polysulphides to sulphur (Gu et al., 

2015; S. Zhang et al., 2014). The oxidation peak position is slightly changed for 

HMC-1S due to the instability of the electrode, later it is stable (Zhengjiao Liu et 
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al., 2018). In the case of HMC-2S, the peak position and current is not changed in 

the successive cycles indicating the robustness and reversibility of the material.  

Moreover, the current density is increased for HMC-2S than HMC-1S due to the 

improved active material utilization (J. Yang et al., 2015; S. Zhang et al., 2014). 

CV results show that the high surface area and pore volume of porous carbon 

material along with N, O functionalities quite effective to prevent the loss of active 

material into the electrolyte (G. Ren et al., 2016; Jing Xu et al., 2016). 

To further understand the electrochemical performance of the HMCS 

cathodes, GCD experiments at 0.1C rate were carried out. The GCD curves of 

HMC-1 and HMC-2S (Figure 3.12 (c and d) exhibit two reduction and one 

oxidation plateaus as observed in the CV curves. GCD curve shows 1, 2, 25, 50, 75 

and 100 th charge-discharge cycles. HMC-1S shows 702 mA h g-1 as initial 

discharge capacity after 100 cycles, the capacity is reduced to 536 mA h g-1 with 

76% capacity retention. HMC-2S shows 995 mA h g-1 as initial discharge capacity 

and 790 mA h g-1 as the100th capacity with 79% capacity retention. Moreover, the 

charge-discharge plateaus are stable throughout the 100 cycles, indicating the 

excellent electrochemical stability of HMC-2S (Jinxin Guo et al., 2015; G. Ren et 

al., 2016). 

The above results are comparable with the carbon-sulphur composite 

reported previously where the porous carbon was prepared without activation. Xu 

et al reported soluble starch derived hierarchical porous carbon as sulphur host with 

84% sulphur loading exhibited 1269 mA h g-1 as the initial discharge capacity and 

a reversible capacity of 406 mA hg-1 after 100 cycles at a 0.1C rate with 32% 

capacity retention (G. Xu, B. Ding, P. Nie, et al., 2014). Wang et al demonstrated 

kejent black derived carbon sphere with 75% sulphur exhibited 1300 mA h g-1 as 

initial capacity and 70 % capacity retention at the 0.1C rate (M. Wang et al., 2015). 

Xia et al reported microalgae-derived N doped microspheres with 65% sulphur 

provided a reversible capacity of 1030 mA h g-1 after 100 cycles at a current density 

of 0.1 A g-1 with 91% capacity retention (Xia et al., 2017). Yang et al reported N 

doped carbon nanofiber web from PPy with 77% sulphur loading displayed a final 

capacity of 749 mA h g-1 after 180 cycles at a 0.2C rate with 69.6% capacity 
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retention (J. Yang et al., 2014). Mi et al reported melamine derived N doped 3D 

flexible carbon as sulphur host for 36.3% sulphur displayed 556 mA h g-1 as final 

capacity after 100 cycles at a 0.05C rate with 87% capacity retention (Mi et al., 

2016).  Liu et al reported PPy derived N doped carbon with 61% sulphur composite 

provided ~40% capacity retention after 200 cycles at a 0.2C rate (C. Liu et al., 

2017). Liang et al described N doped carbon nanofiber from PVP-sulphur 

composite exhibited a reversible capacity of 1093 mA h g-1 after 300 cycles at a 

0.5C rate with 76% capacity retention (Y. Liang et al., 2018). Wu et al reported 

PAN and PMMA derived N doped carbon nanofiber sulphur composite with 60% 

sulphur loading exhibited a final capacity of 715 mA h g-1 after 70 cycles at a 0.1C 

rate with 88% capacity retention (Y. Wu et al., 2014) .These results suggested that 

heteroatom doping on the carbon network  enhance the  performance of LSBs.  

The cycling performance of the HMC-1S and HMC-2S is shown in Figure 

3.12(e) at 0.1C rate. HMC-2S exhibit 100% coulombic efficiency throughout the 

100 cycles with 0.12% capacity decay per cycle, while HMC-1S provides 87% 

coulombic efficiency in the initial cycles with 0.48% capacity decay per cycle and 

it is increased to ~ 92.5% after100 cycles, attributed to the loss of active material 

(sulphur at the surface of carbon) during initial cycles (S. Zhang, 2013; C. Hu et al., 

2017).   

The rate performance of the HMC-1S and HMC-2S at different current 

densities are displayed in Figure 3.12 (f). HMC-1S delivers the capacities of 702, 

410, 303, 238 and 100 mA h g-1 at 0.1, 0.2, 0.5, 1 and 2C, respectively. HMC-1S 

delivers 402 mA h g-1 with 1.95% capacity degradation when it is reduced back to 

0.2C rate. However, HMC-2S exhibits 995, 680, 525, 439 and 410 mA h g-1 at 0.1, 

0.2, 0.5, 1 and 2C, respectively. It maintains 100% capacity retention when the 

current density is reduced back to 0.2C. In the case of HMC-1S most of the sulphur 

crystals may be on the surface and not uniformly distributed in the micro porous 

network due to the low specific surface area and pore volume, so the active material 

utilization decreases, it is reflected in the poor discharge capacity values at different 

current densities. The excellent electrochemical performance of the HMC-2S is due 

to the presence of meso/microporosity, high pore volume and the heteroatom 
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functionalities, which effectively trap the PSs during the charge-discharge process 

which reduces the active material loss. 

 
Figure 3.13. (a) EIS of HMC-1S and HMC-2S before and after cycling and (b) its 

equivalent circuit 

 

Table 3.4: Impedance parameters obtained from the electrochemical equivalent circuit 

analysis for HMCSs before and after cycling 

 * CPE1, **Rct1 

 

To understand the electrochemical performance of HMC-1S and HMC-2S 

electrodes, electrochemical impedance spectroscopy is employed before and after 

100 cycles (Figure 3.13). It is observed that Rct and ion diffusion resistance for 

HMC-2S is less than HMC-1S due to the enhanced electronic conductivity and 

dispersion of sulphur in the porous network before and after cycling (Table 3.4) 

After cycling the charge transfer resistance and ion diffusion resistance are 

decreased for both HMC-1S and HMC-2S attributed to  the enhancement of ion 

transport after cycling due to  the  increase in accesiblity of electrolyte to  the 

intricacies of porous network and  the pore volume accommodate the volume 

changes of sulphur during the charge-discharge process (W. G. Wang et al., 2014). 

HMC-1S shows 2 semicircles after cycling, a large semicircle at high-frequency 

region (Rct1) and a very small circle at medium frequency region (Rct2), related to 

Material description 
Rs 

(Ώ) 

CPE x 

10-6 

( Ώ-1) 

 

Rct 

(Ώ) 

CPE2 x 

10-7 ( Ώ-

1) 

 

Rct2 

(Ώ) 

Y0 

((Ώ-1s1/2) 

HMC-1S before cycling 0.65 3.02 118.4 - - 0.087 

HMC-1S after cycling 1.6 7.32* 53.27** 9 6 0.18 

HMC-2S before cycling 0.52 10.78 61.01 - - 0.080 

HMC-2S after cycling 3.54 1.69 36.33 - - 0.53 
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the resistance offered from the deposition of insoluble lower order PSs on the 

surface of the cathode, which results in poor electrochemical performance of the 

HMC-1S than HMC-2S. Such behaviour is not observed in HMC-2S, evidencing 

its better electrochemical performances (Gu et al., 2015; Raghunandanan et al., 

2018; W. Zhang et al., 2017.) (W. G. Wang et al., 2014). Such behaviour is not 

observed in HMC-2S, evidencing its better electrochemical performance (Gu et al., 

2015; Raghunandanan et al., 2018; W. Zhang et al., 2017.) 

 
Figure 3.14. SEM images (a) HMC-1S cathode film before cycling (b) HMC-1S cathode 

film after cycling(c) HMC-2S cathode film before cycling and (d) HMC-2S cathode film 

after cycling 

To study the structural stability of the cathode film, coin cells were 

dismantled after 100 cycles and HMC-1S & 2S cathode films were characterized. 

Figure 3.14 depicts the morphology of HMC-1S and HMC-2S of as prepared and 

cycled cathode surfaces. Morphological differences are observed in HMC-1S after 

cycling whereas HMC-2S maintains its structural integrity after 100 cycles (S. Wei 

et al., 2011). The reason behind is that the hetero atom doped carbon with high 

surface area and pore volume restrict the solubility of higher order PSs into the 

electrolytes and thereby reduces the loss of deposition of Li2S (insulator) on the 

cathode surface and enhance the electrochemical performance resulting high 
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capacity retention, coulombic efficiency for HMC-2S compared to HMC-1S (Miao 

et al., 2013).   

The excellent electrochemical performance of HMC-2S is further 

supported by XPS analysis of the cathode film after 100 charge-discharge cycles at 

the 0.1C rate. Figure 3.15 shows the XPS analysis of HMC-2S after cycling. The 

survey scan analysis reveals C1s, O1s, N1s, S2s, S2p and F1s (from PVDF binder) 

(Figure 3.15 (a)). High-resolution Li 1s spectra (Figure 3.15 (b)) is deconvoluted 

into the three contributions Li-S (55.7eV), Li-N (56.2 eV) and Li-O (56.7 eV) (X. 

Fan et al., 2018; Xia Liand Sun, 2014; Son et al., 2015). The interactions between 

lithium with oxygen and nitrogen through Li-N and Li-O bond strongly affirms PS 

anchoring by the heteroatoms (X. Fan et al., 2018; Son et al., 2015). The 

meso/microporosity and high pore volume of HMC-2 along with N and O 

functionalities help to restrict the movement of PSs on cathode rim during the 

charge-discharge process (Son et al., 2015). 

Figure 3.15. (a) Survey scan and (b) High-resolution Li1s spectrum of HMC-2S after 200 

cycles 

3.3.2.2 HMCs as supercapacitor electrode 

The developed HMC-1 and HMC-2 is used for supercapacitor application. 

Initial electrochemical characterization of single electrode was carried out by three 

electrode system, following two electrode fabrication. 
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 Three electrode system 

A three electrode system is used for the initial evaluation of the electrode 

materials prepared at different pyrolysis time using Hg/Hg2Cl2 as reference 

electrode, Pt mesh as counter electrode and aqueous 6M KOH electrolyte. Figure 

3.16 (a) shows the CV curves of HMC-1 and HMC-2 at a voltage window of -1 to 

0 V at a scan rate of 10 mV s-1. By comparing HMC-2 with HMC-1, it is observed 

that HMC-2 has more integrated area than HMC-1 due to the high surface area and 

the porous architecture. Figure 3.16 (b) shows the GCD of HMC-1 and HMC-2 at 

a current density of 0.8 A g-1. Specific capacitance was calculated from the 

discharge time using the equation 3.1. The calculated specific capacitances of 

HMC-2 and HMC-1 are 431 F g-1 & 250 F g-1, respectively. Figure 3.16 (c) 

demonstrates CV profile of HMC-2 electrode materials at different scan rates. All 

the curves are rectangular in shape, indicating electrical double layer capacitive 

behaviour. Current density is increased when scan rate increases from 10 to 100 

mV s-1and maintains its rectangular shape even at higher scan rate 100 mV s-1, 

indicating low polarization and fast response during electrode processes (Yiju Li et 

al., 2016). Figure 3.16 (d) represents the GCD curves for different current densities 

from 0.8 A g-1 to 4 A g-1. The GCD curves are symmetrical indicates the electrical 

double layer capacitance (Yiju Li et al., 2016; Mo et al., 2016). The specific 

capacitance is calculated from the equation (3.1) using the discharge time. The 

relationship between specific capacitance and current densities is shown in Figure 

3.16 (e). When the current density is increased to 4 A g-1 specific capacitance 

reaches to 420 F g-1, excitingly 3.2% capacity degradation is observed with respect 

to the specific capacitance at 0.8 A g-1.  However, HMC-1 exhibit 17% capacity 

degradation when the current density is increased to 4 A g-1. 
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Figure 3.16. (a) CV curves and (b) GCD of HMCs at a scan rate of 10 mV s−1 and current 

density of 0.8 A g−1 (c) CV curves at different scan rates of HMC-2 and (d) GCD of HMC-

2 at various current densities and (e) A line chart of specific capacitance Vs current density  

EIS was carried out before and after cycling at the OCV voltage to 

understand the electrode-electrolyte interfacial interactions (Figure 3.17). The inset 

shows the EIS plot of the HMC-1 before and after 1000 cycles at a current density 

of 0.6 A g-1.  The tail of the HMCs before and after cycling is almost parallel to the 

Y axis, greater than 45 ° indicating its ideal capacitive behaviour with low Warburg 

resistance. There is more variation from ideal behaviour was noted in HMC-1 

compared to HMC-2 after cycling (Table 3.5), attributed to the better 

electrochemical performance of HMC-2 (Bai et al., 2016; Xin Zhou et al., 2017; 
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Ranjith et al., 2017). It is due to the adsorption and diffusion of ions into the well-

connected micro- meso pores with high surface area is retained after long cycling. 

The deviation in HMC-1 may be due to the comparatively more functional groups 

in less surface area increases corrosiveness.  Moreover, not much decrease in ionic 

diffusion on the electrode surface on prolong cycling, which is observed from 

Nyquist plots, facilitate better performance for long period of time. 

 
Figure 3.17. (a) EIS of HMC-1 and 2 before and after cycling at the open circuit potential 

in the frequency range from 100 mHz to 100 kHz and (b) its corresponding equivalent 

circuit 

 Table 3.5: Impedance parameters obtained from the electrochemical equivalent circuit 

analysis with 6M KOH electrolyte 

 

 

 The electrochemical performance of HMC-2 is comparatively better than 

similar carbon materials reported elsewhere which is shown in the Table 3.6 (Y. An 

et al., 2017; Ma  et al., 2016; L. Wang et al., 2013; Wang  et al., 2016; X. Zheng et 

al., 2017). -The excellent electrochemical performance of the HMC-2 is due to the 

high surface area, pore size distribution, high pore volume, which helps the 

electrolyte ions to reach electrode surface to create charge-dipoles (Bai et al., 2016; 

Y. Cai et al., 2016). The HMC-2 is considered for further electrochemical 

evaluations due to its better performance. 

Material description Rs (Ώ) Cdl (F) Rct (Ώ) Y0 
 (Ώ-1s1/2) 

HMC-1 before cycling 0.2 1.6 5 0.023 

HMC-1 after cycling 0.27 1.08 14.78 0.019 

HMC-2 before cycling 0.52 1.78 0.95 0.041 

HMC-2 after cycling 3.54 1.76 1.48 0.039 
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Table 3.7: Comparison of the specific capacitance of porous carbon with three electrode 

system 

 

Two electrode System 

To evaluate the real-life application, a symmetrical SC is fabricated using 

HMC-2 on Ni foam (mass of single electrode ~2 mg cm-2) as electrode and 

PVA+KOH gel as electrolyte. All the measurements were carried out in the room 

temperature. Figure 3.18 (a) shows the CV curves of HMC-2//HMC-2 symmetric 

SC. The curves are close to rectangular shape similar to three electrode system at 

the lower scan rate. When scan rate increases from 10 to 100 mV s-1, it maintains 

the rectangular shape which indicates the fast charge-discharge and rate capability 

of the material.  

Precursor 

Surface 

area 

(m2 g-1) 

Specific 

capacitance 

(F g-1) 

Current 

density 

(A g-1) 

Electrolyt

e 

References 

Rice husk 2242 429 0.5 6M KOH 
Yong et al., 

2017 

Willow 

catkin 
1775 292 1 6M KOH 

L. Xie et al., 

2016 

Celtuce 

leaves 
3404 421 0.5 2M KOH 

R. Wang et 

al., 2012 

Tobacco rod - 286 0.5 6M KOH 
Y.-Q. Zhao 

et al., 2016 

Fallen leaves 2869 242 0.3 6M KOH 
Y.-T. Li et 

al., 2015 

Water 

hyacinth 
1308 273 1 6M KOH 

K. Wu et 

al., 2016 

Hemi 

cellulose 
2300 300 0.2 

0.5M 

H2SO4 

Falco et al., 

2013 

Fungi 80.8 196 0.17 6M KOH 
Hui Zhu et 

al., 2011 

Fungus 1103 360 0.5 6M KOH 
Long et al., 

2015 

Pumpkin 2968 419 1 6M KOH 
Bai et al., 

2016 

Watermelon 

rind 
2277 333 1 6M KOH 

Mo et al., 

2016 

Human hair 1306 340 1 6M KOH 
W. Qian et 

al., 2014 

     HMC-1   969         431     0.8 6M KOH Our work 

     HMC-2 1766         250    0.8 6M KOH Our work 
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Figure 3.18. Electrochemical characteristics of HMC-2 electrode as symmetric 

supercapacitor using PVA+KOH gel electrolyte (a, b) CV and GCD curves of the 

symmetric cell (c) Specific capacitances of symmetric cell at various current densities (d) 

Ragone plot of symmetrical cell and (e) Cycling stability at a current density of 0.6 A g-1 

(inset shows GCD curves of initial 14 cycles) 

Figure 3.18 (b) represents the GCD curve at different current densities, it 

is triangular, highly symmetrical and a small deviation from linearity with a very 

small voltage drop over various current densities. Both CV and GCD curves reflect 

a perfect EDLC with exceptional electrochemical reversibility. The specific 

capacitance was calculated from the galvanostatic discharge time by equation 3.2. 

The Figure 3.18 (c) demonstrates the relationship between specific capacitance and 

current density. HMC-2//HMC-2 shows a high specific capacitance of 110 F g-1 at 
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a current density of 0.6 A g-1, and the capacitance remains 89.8 F g-1 at a higher 

current density of 4 A g-1. HMC-2//HMC-2 demonstrate 81.6% capacity retention 

at the current density of 4 A g-1. From the Ragone plot (Figure 3.18 (d)), it is 

observed that HMC-2//HMC-2 offers a maximum specific energy density of 14.8 

W h kg-1 (calculated using equation (3.3)) at a power density of 295 W kg-1 

(calculated using equation (3.4)). Moreover, it exhibits 11.7 W h kg-1 energy density 

at the power density of 1942 W kg-1 ascribed to the short diffusion pathway and 

less charge transfer resistance (Karthikeyan et al., 2014; Mendes et al., 2016). It is 

one of the potential electrode material for symmetric SC using KOH gel electrolyte. 

HMC-2//HMC-2 shows better cycle stability of at a current density of 0.6 A g-1 

(Figure 3.18 (e)) with 98% capacity retention after 5000 cycles compared to the 

initial specific capacitance.   

The energy and power densities of the symmetric SC is limited, due to the 

lower operating voltage window (0 to 1 V) of alkaline electrolyte. To achieve higher 

energy density for SCs neutral sodium sulphate electrolyte was employed due to its 

better operating voltage window (0-1.8 V) than aq. KOH (0 to 1 V) (Bai et al., 2016; 

Y. Cai et al., 2016; Wang  et al., 2016) is well known that energy density is directly 

related to specific capacitance and operating voltage window. The symmetrical SC 

provided 11 W h kg-1 of maximum energy density while using PVA+KOH based 

gel electrolyte. In order to achieve maximum energy density, it is evaluated at the 

high voltage window (0-1.8 V) using PVA+Na2SO4 as the electrolyte. Figure 3.19 

(a) shows the CV curves of symmetric SC, HMC-2//HMC-2 at a scan rate of 50 mV 

s-1 (0 to 1V to 0 to 1.8 V). It maintains a quasi-rectangular shape even when the 

voltage window is increased.  

Figure 3.19 (b) shows the GCD curves at different current densities from 

0.6 to 4A g-1. The relationships between specific capacitance and current density is 

given in Figure 3.19 (c). GCD curves are triangular in shape with IR drop provides 

a maximum capacitance of 79 F g-1 at 0.6 A g-1 current density and demonstrate 

68.6% capacity retention when the current density is 4 A g-1.  
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Figure 3.19. Electrochemical characteristics of an HMC-2 electrode as symmetrical 

capacitor using PVA+ Na2SO4 gel electrolytes (a) CV curves at scan rate of 50 mV s-1 

within different voltage windows (b) GCD curves at current densities of 0.6–4 A g-1 (c) 

Specific capacitances of the symmetric cell at various current densities (d) Ragone plot of 

symmetrical cell and (e) Cycling stability at a current density of 0.6 A g-1 (inset shows a 

white LED powered by three symmetrical devices in series) 

Figure 3.19 (d) shows the relationship between energy density and power 

density. The device exhibits a maximum energy density of 35 W h kg-1 at a power 

density of 529 W kg-1 and it retains 20 W h kg-1 at a power of 3180 W kg-1, these 

results are better than similar reports (Y. Cai et al., 2016; X. Tian et al., 2017; Wang  

et al., 2016; X. Zheng et al., 2017). Figure 3.19 (e) shows the cycle stability of the 

symmetric SC, HMC-2//HMC-2, it exhibits 91.1% capacity retention after 5000 

cycles at a current density of 0.6 A g-1. The inset of Figure 3.19 (f) shows lighting 
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up of a white-light-emitting diode (LED) by using symmetric SC, HMC-2//HMC-

2 and it glows for 2 minutes after charging ~5sec. 

The excellent electrochemical performance of the HMC-2 as SC electrode 

and sulphur host is due to the following unique properties. 1) The higher surface 

area and pore volume help to improve the interaction between electrode surface and 

electrolyte at the porous region; HMC-2 can accommodate more volume changes 

of sulphur during the charge-discharge process. 2) It possesses a sheet-like 

morphology which helps to access the electrolytes easily, helps the diffusion and 

transmission of ions. 3) The overall specific capacitance gets improved due to the 

presence of N and O in the carbon matrix helps to trap the PSs during the cycling 

process of LSBs. 

3.4 Conclusion 

N and O inherently doped a high surface area carbon material was prepared 

by simple one-step carbonization from DDS without any additives. It is 

demonstrated that pyrolysis time plays a vital role to achieve high surface area and 

interconnected porous architecture. The carbon material (HMC-2) obtained with 

two hours of pyrolysis at 950 °C provide high BET surface area (1766.9 m2 g-1) and 

demonstrated as a functional host for sulphur with 995 mA hg-1 as initial discharge 

capacity and 790 mA h g-1after 100 cycles  with 79% capacity retention at 0.1C 

rate. HMC-2 electrode provides a specific capacitance of 431 F g-1 at a current 

density of 0.8 A g-1. In addition, the symmetric SC has good rate capability and 

maximum energy density of 35 W h kg-1 and power density of 3175 W kg-1 using 

PVA+Na2SO4 gel electrolyte. HMC-2 with an interconnected porous network 

comprising of N and O functionalities is a promising energy storage material for 

future applications.  
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CHAPTER 4 

VETIVER DERIVED CARBON FOR 

SUPERCAPACITOR ELECTRODE AND LITHIUM 

SULPHUR BATTERY 

Hierarchically porous carbon tubes (HPC) inherently doped with iron oxide 

nanoparticles and heteroatoms (nitrogen and oxygen) was prepared from vetiver 

roots by ZnCl2 activation method. The influence of pyrolysis temperature on the 

textural and energy storage characteristics of HPC was investigated in detail. HPC 

prepared at 800 °C (HPC-800 °C) achieved 1879 m2 g-1 BET surface area and a 

total pore volume of 0.91 cm3 g-1. The tubular morphology and the inherently 

functionalized hierarchical pore structure augment the transport of ions in the 

carbonaceous matrix, demonstrating an excellent electrochemical performance. A 

symmetric supercapacitor is fabricated using aqueous Na2SO4 and organic LiTFSI 

electrolytes. The device exhibited a maximum energy density of 67.8 W h kg−1 with 

maximum power density of 15000 W kg-1 and ~ 88% capacity retention after 10,000 

cycles when using 1M LiTFSI as the electrolyte. In addition, the HPC-800 °C acts 

as a conductive host for sulphur and the interconnected tubular porous network 

enables the rapid transport of lithium ions and electrons. The fabricated coin cell 

provides excellent cycling stability of 462 mA h g-1 at 3C with 0.85% capacity decay 

per cycle. The synergestic effect of porous architecture and inherently co-doped 

iron, N & O facilitate to restrain the diffusion of PSs. 

4.1 Introduction 

Various strategies have been proposed to improve the electrochemical 

performance of LSBs by configuring the cathode (structure and composition), 

anode protection and electrolyte optimization (Yibo He, Chang, et al., 2018). 

Among these, engineering the cathode configuration is the most interesting topic of 

research in LSBs. The conductivity of sulphur is improved by incorporating or 

enfolding the materials such as carbon nanotube (L. Sun et al., 2015; Xi et al., 2015; 

Ye et al., 2016), graphene (H. Wang et al., 2011; Y.-X. Wang et al., 2013), graphene 

oxide (M. Xiao et al., 2013), carbon nanofiber (K. Fu et al., 2014; W. Kang et al., 

2018; Zhengjiao Liu et al., 2018), carbon onions (Choudhury et al., 2017; Zeiger et 

al., 2016), porous carbon (Fei et al., 2016; Imtiaz et al., 2016; J. Li et al., 2014; X. 

Qian et al., 2016), metal oxides (Arias et al., 2018; Donghai et al., 2018; Guand Lai, 
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2018), conducting polymers (Cheng and Wang, 2014; Dirlam et al., 2017; Seh et 

al., 2016) etc., thereby augmenting the kinetics of Li-S redox reactions. These 

materials can improve the electrical conductivity of the active material, amount of 

active material utilization, and reduced the dissolution of PSs thus improving the 

capacity retention.  

Porous carbon material doped with heteroatoms are extensively used as 

sulphur host due to its high surface area, pore volume,  electrical conductivity can 

accommodate volume changes during the charge-discharge process and can confine 

LPS during shuttling through weak physical interactions (S. S. Zhang, 2015). The 

chemical confinement of LPS through chemical bonds is an advantage, which offers 

bonding between sulphur atom or PSs and other heteroatoms like N, O, S, B, P etc. 

(Seh et al., 2016). The anchored PSs are restrained on cathode host itself and 

defended from shuttling, reducing the active material loss and improving the 

electrochemical performance of the LSBs.  Heteroatoms can be introduced into the 

carbon matrix by in-situ pyrolysis or post-treatment of the carbonaceous material 

with heteroatom containing substances. Post-treatment may destruct the carbon 

morphology and provoke unwanted pore obstructions. Insitu doped porous carbon 

gives a better electrochemical performance in LSBs. It is already reported that 

transition metals along with hetero (N, O, S and P) atom doped porous carbon 

improve the electrochemical performance (Hasegawa et al., 2015).  This type of 

materials are capable of confining PS in the cathode side which enhance capacity 

retention while using as sulphur host in the LSB applications (Xia Liand Sun, 2014; 

Pang et al., 2015). Similarly, metals/metal oxides are preferred as additives in LSBs 

to improve its performance. Commonly used metal oxides are MnO, MnO2, Ti4O7, 

TiO2, Fe2O3, ITO and compounds like MXene, TiC, MSx, M(OH)x, etc. The strong 

bonding between metal-based materials and LPS prevents the diffusion and 

dissolution of LPS into the electrolyte (Arias et al., 2018; Donghai et al., 2018).  

However, there is no consistency and scalability for the preparation of 

porous carbon and the production process is generally tedious and costly. Hence, it 

is essential to find well-organized and low-cost sources of porous carbon for the 

investigation of sulphur based composites for LSBs. Porous carbon from biomass 
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has its own advantageous such as high abundance, being renewable, rather 

inexpensive, environmentally friendly and sustainability. KOH or ZnCl2 assisted 

activation and followed by carbonization is the common method for the preparation 

of bio-derived porous carbon (Zan Gao et al., 2017). Various examples are 

demonstrated in the literature to develop porous biochar from shaddock peel (S. Lu 

et al., 2016), bamboo (J. J. Cheng et al., 2015; Gu et al., 2015; Yuanyuan Li et al., 

2017),  apricot shell (K. Yang et al., 2015), silk cocoon (M. Xiang et al., 2017), pig 

bone (S. Wei et al., 2011), fish scale (S. Zhao et al., 2013), banana peel (F. Li et al., 

2017), etc., and studied as cathode materials for LSBs. These carbon-sulphur 

composites have yet solved all the problems, still, improvement is required in terms 

of capacity fading and rate capability (Ould Ely et al., 2018; X. Zhang et al., 2017). 

Natural materials with organised structures and functionalities will be useful to 

produce better host material for sulphur to reduce the shuttling effect (Xia Liand 

Sun, 2014; X. Fan et al., 2018). Porous carbon with polar functionalities and doped 

metal oxides may synergistically boost the chemical adsorption ability (Eftekhari 

and Kim, 2017). Hence, the selection of carbon source plays a vital role to prepare 

hierarchically porous inherently functionalized carbon material. The aromatic root 

of vetiver (Vetiveria zizanioides L.), is a complex organic and inorganic compounds 

which inspired us to choose as a raw material for porous carbon. Vetiver is a well-

known natural root available all over the world. Vetiver roots have a tufted 

vertically growing root structure. The roots are one of the most important 

organizational systems that make vetiver a miracle for its multifarious applications 

in soil and water conservation. It is a raw material for vetiver root handicrafts, 

environmental and perfumery products. In addition to absorbing water and 

maintaining soil moisture, vetiver roots are also capable of absorbing toxic 

substances, chemical fertilizers, pesticide residues and heavy metals and playing a 

major role in soil reclamation ( P. Truong and Hart, 2001).  

In this chapter, we developed a 3D carbon tube-like structure with N, O 

heteroatoms along with iron oxide nanoparticles from vetiver roots by ZnCl2 

activation at different temperature starting from 600 °C-900 °C.  The hierarchical 

porous carbon tube (HPC) obtained at 800 °C displayed a maximum specific 

surface area of 1879 m2 g-1 with a total pore volume of 0.91 cm3 g-1. 
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Electrochemical studies of the developed carbon material demonstrated its 

capacitive behaviour with a maximum energy density of 67.8 W h kg−1 and power 

density of 15000 W kg-1.  HPC-800 °C is used as sulphur host and evaluated as 

cathode material in LSBs. The presence of Fe functionalities has a catalytic effect 

on the LSB redox reaction and in improving the electrochemical performance 

(Donghai et al., 2018; Zhenzhen Liu et al., 2018; K. Sun et al., 2017). It is 

demonstrated that the presence of Fe functionalities in the HPC in addition to N and 

O helps to improve the electrochemical performance than the materials described 

in the previous chapters. The large surface area and porous texture with 

functionalities (N, O & Fe) of HPC impart quadruple confinement effect to 

chemically adsorb LPS and can alleviate strain during the charge-discharge process. 

Moreover, the interconnected tubular porous networks enable rapid transport of 

lithium ions and electrons. 

4.2 Materials and Methods 

4.2.1 Materials 

Vetiver was obtained from Thiruvananthapuram, Kerala. Lithium sulphide 

(Li2S 99.9%, Alfa Aesar) and Zinc chloride (ZnCl2, Merck) were used as received. 

All other chemicals are as mentioned in section 2. 2.1 and 3.2.1. 

4.2.2 Material synthesis 

4.2.2.1 Preparation of porous carbon  

The root of Vetiveria zizanioides L, commonly known as vetiver was 

collected from the local market, Thiruvananthapuram, Kerala, India. It was crushed 

into pieces, washed with distilled water followed by ethanol several times and dried 

at 100 ºC for overnight. The fine powder of the root was treated with ZnCl2 in a 

ratio of 1:1 (w/w) for 24 hours. It was dried and the mixture was taken in an alumina 

crucible and pyrolyzed in a box furnace at various temperatures such as 600 ºC, 700 

ºC, 800 ºC and 900 ºC for 1 hour at a heating rate of 2 ºC min-1 in an inert atmosphere 

(Figure 4.1 (a)). Then, it was washed with HCl followed by distilled water until the 
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filtrate became neutral. The carbon material was dried in an oven at 100 ºC and 

stored in a desiccator. The prepared carbon is hierarchically porous carbon tube 

(HPC) material. 

4.2.2.2 Preparation of carbon-sulphur composite 

Hierarchically porous carbon tube-sulphur composite (HPCS) is prepared 

by the following procedure discussed in section 3.2.2.2 

4.2.2.3 Polysulphide adsorption study 

The polysulphide solution was prepared by mixing sublimed sulphur and 

Li2S in a ratio of 5:1 in DOL/DME as the solvent. This mixture was stirred 

overnight to produce the purple-brown polysulphide solution at 80 °C.  Test 

solution (5 ml) was prepared by adding the polysulphide solution with 20 mg of 

HPC. The solution was vigorously stirred for 15 min.  All these experiments were 

carried out in an Ar-filled glove box. 

4.2.3 Material characterization 

The presence of metal oxides in the vetiver was characterized using Energy 

dispersive X-ray fluorescence (EDXRF) (PANalytical, Epsilon 3). The presence of 

metals in the carbon samples were characterized by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) (Perkin Elmer, 4300 V Optima) and all 

other characterizaion described in section 2.2.3 and 3.2.3.  

4.2.3.1 Preparation of supercapacitor electrode and electrochemical 

characterization 

Electrodes were prepared and the electrochemical characterization was 

studied by the procedure described in the previous chapter 3, section 3.2.4.3. The 

specific capacitance, energy density and power densities were calculated by the 

equation described in section 3.2.4.4.  

 



106 

 

4.2.4.3 Sulphur cathode preparation and characterization 

The HPCS cathode was prepared with an areal mass loading on the 

composite electrode of ~3.7 mg cm-2 and the electrochemical characterization was 

studied by the procedures described in section 2.2.4 and 2.2.5. 

4.3 Results and Discussion 

4.3.1 Physicochemical properties of HPCs 

 
Figure 4. 1. Schematic illustration for the preparation of (a) HPC and (b) HPCS 

Figure 4.1 (a) shows the schematic illustration of the preparation of the 

HPCs. It is simple chemical activation method, here ZnCl2 act as Lewis acid and it 

will react with oxygen or nitrogen functionalities (Lewis base) of lignocellulosic 

materials in the vetiver roots to form complexes which initiate degradation in the 

chain which will randomly oriented though out the network (J. I. Hayashi et al., 

2000; Zan Gao et al., 2017). The XRF results of powdered vetiver root exhibit the 

presence of metal oxides accumulated by bio sorption from the soil or water where 

it is cultivated (Table 4.1). The hyper accumulated metal oxides and the adsorbed 

activating agent in the porous texture (ZnCl2) facilitate oxidation of active sites 

helps to develop high surface area porous carbon architecture. HPCs with an 

interconnected porous network and inherent dopants (N, O and FeO) was realised 
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from the gases produced during pyrolysis and due to the removal of metal oxides 

and activation agent (reacted and unreacted) while washing with water and HCl. 

The amount of C, O, N in the HPCs are disclosed by CHNS analysis (Table 4.2). 

As the carbonisation temperature increased, the resulted HPC has more carbon 

content, however, oxygen and nitrogen content decreased. 

                                          Table 4.1: XRF analysis of vetiver root 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2: Elemental composition of HPCs from CHNS Analysis 
 

 

 

Table 4.3: ICP-AES analysis of HPCs 

 

 

 

Vetiver 

 

Compound 

 

Conc. Unit 

1 MgO 0 ppm 

2 Al2O3 4.72 % 

4 P2O5 11.624 % 

5 Cl 0.409 % 

6 K2O 2.379 % 

7 CaO 7.063 % 

8 TiO2 0.316 % 

9 V2O5 0.128 % 

10 Cr2O3 514.1 ppm 

11 MnO 0.157 % 

12 Fe2O3 65.71 % 

13 NiO 472.3 ppm 

14 CuO 794.3 ppm 

15 ZnO 0.116 % 

16 As2O3 283.4 ppm 

17 Br 136.5 ppm 

18 SrO 256.6 ppm 

19 BaO 450.3 ppm 

20 La2O3 0 ppm 

21 Eu2O3 0.104 % 

22 PbO 125.6 ppm 

23 Re 6.3 ppm 

Sample C (%) N (%) H (%) S (%) O (%) 
HPC-600 ºC 59.98 4.30 3.03 0.00 32.96 
HPC-700 ºC 76.92 3.5 2.78 0.00 16.8 
HPC-800 ºC 87.02 2.88 1.76 0.00 8.34 
HPC-900 ºC 92.89 1.08 0.79 0.00 5.24 

Sample Iron % 
HPC-600 ºC 0.93 
HPC-700 ºC 0.89 
HPC-800 ºC 0.85 
HPC-900 ºC 0.81 
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The iron present in HPCs is analysed using inductively coupled plasma–

atomic emission spectrometry (ICP-AES) (Table 4.3) by leaching it with conc.HCl. 

 
Figure 4.2. FTIR spectra of HPCs at various temperature 

FTIR spectroscopy is employed to identify the functional groups in the 

prepared carbon (Figure 4.2). The bands at 3450 cm-1 and 3261 cm-1 are due to 

stretching vibrations of O-H and N-H bonds, respectively.  It is observed that the 

intensity of these bonds declines when the carbonization temperature increases, 

attributed to the decrease in the concentration of nitrogen and oxygen 

functionalities. The band at 2932 cm-1 and 2850 cm-1 are due to symmetric and 

asymmetric stretching vibrations of C-H bonds. The band at 1728 cm-1 and 1640 

cm-1 correspond to the stretching vibrations of C=O  and C=N in the HPCs. The 

band at 1252 cm-1, 1095 cm-1 are due to the stretching vibrations of C-O and C-N.  

The band at 586 cm-1 is due to the stretching vibration of the Fe-O bond (Elizabeth 

et al., 2012). These results prove the presence of oxygen, nitrogen and iron 

functionalities on the surface of HPCs.  

The textural properties and the porosity of the carbon material are the most 

important criteria for energy storage application and CO2 adsorption. N2 and CO2 

adsorption-desorption analysis were used for the porosity evaluation of the 
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activated carbon. The activation of vetiver with ZnCl2 yields high surface area and 

pore volume compared to the carbon without activation (Table 4.4 and 4.5).  

Table 4.4: Surface area of HPCs without activation 

 

Table 4.5: Surface area of HPCs with activation 

Sample 
BET surface 

area (m2 g-1) 

Micropore 

surface area 

(m2 g-1) 

Total pore 

volume  

(cm3g-1) 

Micropore 

volume  

(cm3g-1) 
HPC-600 ºC 1398 797 0.67 0.28 
HPC-700 ºC 1678 828 0.77 0.24 
HPC-800 ºC 1879 772 0.91 0.18 
HPC-900 ºC 1628 360 0.86 0.04 

 

ZnCl2 activation of materials leads to more interspace between 

lignocellulosic materials in the vetiver which in turn increases the surface area 

compared to inactivated materials (Table 4.4 and 4.5). Figure 4.3 (a and b) shows 

N2 adsorption-desorption isotherms and their corresponding pore size distribution 

analysis. The strong N2 adsorption at low relative pressure (P/Po) indicates the 

presence of micropores while a hysteresis loop in the desorption region at P/Po ̴ 0.4-

0.8 indicates the presence of mesopores and a slight upward tendency at (P/Po) ~1 

is due to the presence of macropores (Gu et al., 2015). The shape of N2 adsorption–

desorption isotherms varies for HPCs prepared at different pyrolysis temperature. 

HPC-600 ºC and HPC-700 ºC exhibit Type I behaviour on the other hand, HPC-

800 ºC and HPC-900 ºC are Type IV. Type I behaviour is exhibited by microporous 

carbon and type IV is the combination of micro and mesoporous carbon. The results 

show that the carbonization temperature has a significant effect on the surface area 

and porosity of the material. The increase of N2 uptake in HPC with increasing 

carbonisation temperature from 600 ºC to 800 ºC, indicating the gradual 

development of pores (S. Zhang et al., 2014). The BET surface area increases from 

1398 to 1879 m2 g-1 and its total pore volume increases from 0.67 to 0.91 cm3 g-1. 

Further increase in the activation temperature from 800 ºC to 900 ºC, experience a 

Sample BET surface area (m2 g-1) Micropore surface area (m2 g-1) 

HPC-600 ºC 537 0.26 

HPC-700 ºC 604 0.34 

HPC-800 ºC 551 0.32 

HPC-900 ºC 493 0.27 
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reduction in adsorption of N2 attributed to the deterioration of the porous structure 

by the fusion of adjacent micropores. As a result, the surface area and pore volume 

is reduced to 1628 m2 g-1 and 0.86 cm3 g-1, respectively (S. Wei et al., 2011). From 

this, we conclude that the optimum condition for preparing highest surface area 

carbon from vetiver by zinc chloride activation is 800 ºC. The hierarchical porous 

structure of HPCs are further evidenced from the DFT pore size distribution 

analysis (inset of Figure 4.3 (b)). It is clearly observed from the pore size 

distribution graph, when the activation temperature increases, the pore size 

increases (Figure 4.3 (b)) resulting in a well-developed hierarchical porous structure 

(inset of Figure 4.3 (b)) (S. Wei et al., 2011).  

The high surface area and low pore size distribution with N, O and Fe 

heteroatoms on the surfaces of carbon favour the CO2 adsorption. Its capacity 

depends upon the micropore volume and heteroatom doping on the porous carbon 

(Praveen et al., 2017; J. Wangand Liu, 2014). The CO2 adsorption isotherm of HPCs 

samples at room temperature and 0 °C are depicted in Figure 4.3 (c and d). It is seen 

that the CO2 adsorption increases habitually with the increase of pressure. HPC-700 

ºC has the highest CO2 adsorption capacity at 0 °C and room temperature, which is 

about 4.92 mmol Hg-1 and 2.8 mmol Hg-1, respectively. As the micropore surface 

area increases for HPC-700 ºC, the adsorption capacity increases. Further, increase 

in the activation temperature to 800 °C, HPC-800 °C displayed an increase in total 

surface area due to the development of mesopores, however, its micropore surface 

area decreases and exhibit less CO2 adsorption capacity. Surface area is decreased 

for HPC-900 °C due to deterioration of mesopores, and shows a CO2 adsorption 

capacity of 4.4 mmol Hg-1 and 2.3 mmol Hg-1 room temperature and 0 °C, 

respectively. This well-developed porous structures helps to develop a more active 

site through which ions can easily diffuse and reach the electrode surfaces.  

XRD pattern of HPC exhibits two broad diffraction peaks at 2θ= 24° and 

44° due to the reflections from (002) and (100) graphitic planes (Figure 4.3(e)). 

These broad peaks indicate the amorphous and disordered nature of HPCs(Gu et 

al., 2015; Jinxin Guo et al., 2015). In comparison (HPC- 600 °C to 900 °C) the 

disorder induced peak broadening is observed due to the variation in the d spacing 



111 

 

values (Praveen et al., 2017). The sharp diffraction peaks at  36°, 42°, 61° and 76° 

are due to the reflections from the phase pure cubic FeO (space group: Fm2m (225)) 

(JCPDS 00-003-0968 ).  

Figure 4.3. (a) N2 adsorption-desorption isotherm (b) DFT pore size distribution analysis, 

CO2 adsorption at (c) 27 ºC (d) 0ºC (e) X-ray diffractograms and (f) Raman spectrum for 

HPCs 

The amorphous and disordered nature of HPCs, further corroborated by 

Raman spectra , which shows two bands at 1336 cm-1 (D band) and 1590 cm-1 (G 

band) (Figure 4.3(f)). D band is the breathing mode vibration of A1g, confirms the 

amorphous character. G band attributes to the E2g phonon of the sp2 carbon (Jinxin 

Guo et al., 2015). The ratio of the intensities of D and G bands (ID/IG) is a measure 
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of defects in the carbonaceous materials. The values of the ID/IG ratio, increases 

from 0.91 to 0.98 (HPC-600 °C to 900 °C), indicating that the defect gets more 

pronounced while the activation temperature increases (Praveen et al., 2017). A 

distinct Fe-O Raman band is observed for HPCs at ~595 cm-1 (inset of Figure 4.3 

(f)), indicates the presence of FeO in the carbon matrix (Hanesch, 2009). These 

results are in good agreement with the XRD data. 

 

Figure 4.4. (a) SEM image (b) and (c) TEM images of HPC-600 °C (d) SEM image (e) and 

(f) TEM images of HPC-700 °C (g) SEM image (h) and (i) TEM images of HPC-800 °C 

(j) SEM image (k) and (l) TEM images of HPC-900 °C [Inset: corresponding  TEM - EDS 

spectrum] 

 

The FESEM images of HPCs are characterized by the well-developed 

interconnected porous network with macropores in a range of 1-2 μm (Figure 4.4), 
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which is served as an ion buffering reservoir for the transportation of the electrolyte 

ions (D. Zhou et al., 2017). It is observed that HPC have a micro tube-like 

morphology with open channels.  

TEM images of the HPC show a graphene sheet-like structure with 

interconnected micropores, which enhance the surface area of the material (Figure 

4.4 (b-c), (e-f), (h-i) & (k-j)). The pores are due to the gas bubble formation at high 

temperature (J. i. Hayashi et al., 2000). The presence of these micropores helps for 

the ion storage and better capacitive behaviour. This porous network allows fast ion 

diffusion and provides more active sites for the development of the EDLC. 

Moreover, it is observed that 13.05 nm FeO nanoparticle decorated the surface of 

the HPCs. This may be due to the reduction of Fe3+ to Fe2+/Fe using C/CO as a 

reducing agent during the ZnCl2 activation at higher temperature in the inert 

atmosphere (Mondal et al., 2004). 

𝐹𝑒2𝑂3  + 2𝐶𝑂 → 𝐹𝑒𝑂 + 2𝐶𝑂2                                                                        (4.1) 

TEM-EDS analysis (inset of Figure 4.4) confirms the presence of N, O and 

Fe in the porous carbon. These heteroatoms functionalities facilitate to improve the 

specific capacitance through the pseudocapacitive behaviour (Paraknowitsch and 

Thomas, 2013).  

XPS measurements were used to investigate the chemical states of the 

elements in HPC-800 °C. Survey scan (Figure 4.5 (a)) analysis of the HPC-800 °C, 

reveals the presence of C1s, N1s, O1s and Fe2p in the porous carbon at 283.7 eV, 

400 eV, 533.1 eV and 710 eV, respectively. The deconvoluted C1s spectrum 

(Figure 4.5 (b)) has 5 components, C-C/C=C (284.6 eV) of sp2, C-N (285.6 eV), C-

O bond (286.4 eV), C=N bond (287.2 eV) and C=O (288.6 eV). The deconvoluted 

N1s spectrum (Figure 4.5 (c)) contains the peak corresponding to pyridinic (398.1 

eV), pyrrolic (400 eV), graphitic (401.7 eV) and nitrogen oxide (403.2 eV). The 

deconvoluted O1s spectrum (Figure 4.5 (d)) contains four components: Fe-O (529.3 

eV), N-O (530.7 eV), C-O bond (531.9 eV), and C=O bond (533.1 eV) (Jin et al., 

2017; N. Tian et al., 2016; T. Zhou et al., 2017; X. Yuan, Liu., et al., 2017; G. Zhou 

et al., 2015; M. Chen et al., 2017; Z. Wang., et al., 2014). 
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Figure 4.5. XPS spectra of HPC-800 °C (a) Survey scan, High resolution (b) C1s (c) N1s 

(d) O1s  (e) Fe2p and (f) Schematic illustration of nitrogen, oxygen and iron-containing 

porous carbon 

. The Fe2p spectrum (Figure 4.5 (e)) was deconvoluted to evaluate the 

nature of Fe in the porous carbon. Fe2p3/2 and Fe2p1/2 binding energies are located 

at 711.5 eV and 726.2 eV corresponds to the Fe2+ ionic state in the FeO (A. C. Lim 

et al., 2018). A small and distinguishable peaks are observed at 702.97 eV and 

719.05 eV assigned as the satellite peak of Fe2p3/2 and Fe2p1/2, respectively (Sridhar 

et al., 2015). Based on these observations a schematic representation for HPC is 
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displayed (Figure 4.5 (f)) (Y. Hao et al., 2015). The N, O and Fe functionalities will 

generate more electroactive sites for energy storage via pseudocapacitive 

contribution by creating more disorder in the carbon matrix (C. Wu et al., 2016). 

The HPC-800 °C is further characterized by elemental mapping analysis (Figure 

4.6), which confirms the presence of oxygen, nitrogen and iron in the porous 

carbon. The uniform distribution of nitrogen and iron helps to improve the 

electrochemical performance of the capacitor.  

 
Figure 4.6. Elemental mapping of HPC-800 ºC 

 

4.3.2 Electrochemical performance of the HPCs 

4.3.2.1 HPCs as supercapacitor electrodes 

A three electrode system is used to evaluate the electrochemical 

performance of the prepared electrode materials (3 mg cm-2 on Ni foam) which is 

taken as working electrode, Ag/AgCl as reference electrode, Pt mesh as counter 

electrode and aqueous 1M Na2SO4 as electrolyte. Figure 4.7 (a-d) shows the CV 

curves of HPCs at different scan rates at a voltage window of -0.6 to 0.8 V at a scan 

rate of 5-20 mV s-1. The HPCs show perfect EDLC behaviour, however, the 

expected pseudocapacitive behaviour from the heteroatom functionalities 

(nitrogen-containing functional groups and iron oxide) is not well pronounced. 

HPC-800 °C gives the higher integrated area due to the high surface area and 

increased active sites, which contribute to high specific capacitance.  
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Figure 4.7. CV curves of HPCs at different scan rates (a) 600 ºC (b) 700 ºC (c) 800 ºC (d) 

900 ºC and (e) GCD curves of HPCs at a current density of 0.8 A g−1 

The electrochemical capacitance of HPCs is further characterized by the 

GCD experiment at a current density of 0.8 A g-1 (Figure 4.7 (f)). All the samples 

exhibit linear and symmetric curves, indicating electrochemical reversibility and 

charge-discharge characteristics. The specific capacitance is calculated using the 

discharge branch with equation (3.1) for HPC-600 °C (116 F g-1), HPC-700 °C (182 

F g-1), HPC-800 °C (298 F g-1) and HPC-900 °C (268 F g-1). A trend is observed in 

the specific capacitance on par with that of surface area and pore volume.  Even 

though no much variation is observed in the surface area of HPC-700 °C (1678 m2 

g-1) and HPC-900 °C (1628 m2 g-1) the disparity in the specific capacitance (182 F 

g-1 and 268 F g-1) may be due to the inaccessible narrow micropores of HPC-700 

°C compared to HPC-900 °C. The free movement of hydrated ion might be 
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restricted to reach the surface of HPC-700 °C to create electric dipoles on the 

surface of carbon.  

The excellent electrochemical performance of the HPC-800 ºC is due to 

the higher surface area, better pore size distribution and micro/meso/macropore 

which ultimately help in better ion transport. Also the presence of nitrogen, oxygen 

and iron heteroatoms foster the wettability of electrodes and in improving the 

electronic conductivity (Razmjooei et al., 2017). HPC-800 ºC is chosen for 

symmetric capacitor fabrication due to higher specific capacitance compared to 

other HPCs for further electrochemical studies using 1M Na2SO4 electrolyte. 

A symmetric SC is fabricated by using the CR2032, type coin cell using 

1M Na2SO4 as electrolyte (mass of active material for one electrode ~ 1.5 mg cm-

2) with cellulose material as separator. Figure 4.8 (a) shows rectangular shaped CV 

curves of HPC-800 ºC//HPC-800 °C symmetric SC at the scan rate from 10 to 110 

mV s-1, certify excellent capacitive behaviour and rate capability of the material. 

Figure 4.8 (b) represents the GCD curve at different current densities from 0.5 A g-

1 to 10 A g-1, which is triangular, symmetrical (F. Wang et al., 2017; Y. Wang et 

al., 2016; Y. Deng et al., 2016). HPC-800 °C//HPC-800 °C shows a specific 

capacitance of 61 F g-1 at a current density of 0.5 A g-1 and the capacitance remains 

at 53.8 F g-1  at a current density of 10 A g-1 demonstrates  excellent rate capability 

with 98% capacitance retention (Figure 4.8 (c)).  

EIS studies were carried out to gain information about the carbon-

electrolyte interface of HPC. Figure 4.8(d) and inset shows the Nyquist plot and the 

equivalent circuit for HPC-800 °C//HPC-800 °C (Na2SO4 electrolyte) before and 

after 10000 cycles. The straight line in the low frequency region is almost vertical 

before and after cycling indicates ideal capacitive behaviour.  Rct and ion diffusion 

resistance are almost same before and after cycling attributed to its 

electrochemically stable nature of inherently doped functionalities and well-

connected porous structure aids ionic diffusion in the electrode. 

HPC-800 °C//HPC-800 °C gives a maximum specific energy density of 27 

W h kg-1 at a power density of 444 W kg-1. Its energy density remains 23.5 W h kg-
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1 even at a higher power density of 8844 W kg-1 (Figure 4.8 (e)). 98% capacity 

retention is observed after 10000 cycles compared to initial specific capacitance 

(Figure 4.8 (f)). 

 
Figure 4.8. Electrochemical characteristics of HPC-800 °C based symmetrical capacitor 

with 1M Na2SO4 electrolyte (a,b) CV and GCD curves of the symmetric cell at various 

scan rates and various current densities in aqueous electrolyte (c) Specific capacitances of 

symmetric cell at various current densities (d) EIS analysis [inset: equivalent circuit].( (e) 

Ragone plot of symmetric cell and (f) Cycling stability at a current density of 0.5 A g-1 

Table 4.6: Impedance parameters obtained from the electrochemical equivalent circuit 

analysis with 1M Na2SO4 electrolyte 

 

Material description Rs (Ώ) Cdl (F) Rct (Ώ) Y0 (Ώ-1s1/2) 

HPC before cycling 0.09 2.26 7.6 0.019 

HPC after cycling 2.08 1.76 7.9 0.018 
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The energy density of supercapacitor can be increased either by increasing 

the specific capacitance (C) or by increasing the voltage window (V). The energy 

of supercapacitor in aqueous solution is lower than that of the non-aqueous solution 

due to the lower operating voltage window (< 2V) (François et al., 2014; Zhong et 

al., 2015). To improve the energy density (27 W h kg-1) achieved using 1M Na2SO4, 

we chose 1M LiTFSI in DOL/DME as an electrolyte has a wide operating voltage 

window (0-3V). The organic electrolyte LiTFSI is commonly used in LSBs (X. Fan 

et al., 2018) and SCs (Sultan, Ahsan, et al., 2018)  which is stable at high potential 

without decomposition (Angulakshmi and Stephan, 2015). A symmetric cell is 

prepared using the 1M LiTFSI in DOL/DME as elelctrolyte with PP as separator 

(mass of active material for single electrode ~1.6 mg cm-2). CV curves represent an 

ideal rectangular shape, which indicates the perfect EDLC behaviour at a scan rate 

of 10 mV s-1 between the voltage window 0 to 3V (Figure 4.9 (a). When the scan 

rate increased to 110 mV s-1, it maintains the rectangular shape indicates the 

excellent rate capability. GCD curves exhibit linear charge-discharge profiles at 

different current densities from 0.5 to 10 A g-1 which is in good agreement with the 

CV studies (Figure 4.9 (b)). 

Figure 4.9 (c) shows the relationship between the specific capacitance and 

current density. The maximum capacitance of the symmetric cell calculated from 

the GCD curve is 54 F g-1 at a current density of 0.5 A g-1, it reaches 46 F g-1 when 

current density increased to 10 A g-1 with 80% capacity retention which indicates 

good rate capability Figure 4.9 (d) and inset show the Nyquist plot of HPC-800 °C 

//HPC-800 °C (LiTFSI  electrolyte) and its equivalent circuit model before and after 

cycling. It is observed that the Rct and ion diffusion resistance are more than that 

of the cell using 1M Na2SO4 as electrolyte (Table 4.7) due to the poor ionic 

conductivity of LiTFSI compared to Na2SO4 (Hnedkovsky et al., 2005; Nishimoto 

et al., 1999). Since the same current collector and material is used, the change in Rs 

is likely contributed by the internal resistance of electrolyte. The minor change in 

Rct and ion diffusion after cycling (10000 cycles) demonstrates that the  

functionalized porous architecture acts as ion adsorption sites  and retains its 

structural integrity for a long time. 
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Table 4.7: Impedance parameters obtained from the electrochemical equivalent circuit 

analysis with 1M LiTFSI electrolyte 

 

 

 
Figure 4.9. Electrochemical characteristics of HPC-800 °C based symmetrical capacitor 

with 1M LiTFSI electrolyte (a, b) CV and GCD curves of the symmetric cell at various 

scan rates and various current densities in aqueous electrolyte (c) Specific capacitance of 

symmetric cell at various current densities (d) EIS analysis at the open circuit potential in 

the frequency range from 100 mHz to 100 k Hz [inset: equivalent circuit].(e) Ragone plot 

of symmetric cell and (f) Cycling stability at a current density of 0.5 A g-1 (inset shows a 

white LED powered by two symmetrical devices in series with 1M LiTFSI electrolyte 

Material description Rs (Ώ) Cdl (F) Rct (Ώ) Y0 (Ώ-1s1/2) 

HPC before cycling 2.37 2.26 21.4 0.016 

HPC after cycling 3.55 1.76 28.22 0.010 
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Figure 4.9 (e) shows the relationship between energy density and power 

density. The device exhibits a maximum energy density of 67.8 W h Kg-1 at a power 

density of 749 W kg-1 and it retains 46 W h kg-1 at a power of 15000 W Kg-1, better 

than the values reported elsewhere (Table 4.7). 

Ahmed et al reported activated carbon from rotten carrot obtained an 

energy density of 28.4 W h Kg-1 using 1M LiClO4 in EC: PC (Ahmed et al., 2018). 

Neem leaves derived carbon obtained an energy density of 10.33 W h Kg-1with the 

same electrolyte (Sultan, Parvaz, et al., 2018). Wang et al studied sodium 

polyacrylate derived porous nanocages with the energy density of 40.7 W h Kg-1in 

1M TEABF4 in AN (D. Wang et al., 2018). Ahmed et al reported pea skin-derived 

activated carbon with an energy density of 19.6 W h Kg-1in 1M LiTFSI in EMITFSI 

(Sultan, Ahsan, et al., 2018). Novolac derived carbon beads exhibited maximum 

energy density of 22 W h Kg-1in 1M TEABF4 in AN (Krüner et al., 2018). Zhang 

et al reported Hierarchical porous carbon materials from the nanosized metal-

organic complex with an energy density of 43W h Kg-1 in 1M BMIMBF4 in AN (S. 

Zhang et al., 2018). The superior electrochemical performance is attributed to N 

and Fe-doped high surface area carbon matrix with porous architecture which 

facilitates the activity of EDLC (M. Xu et al., 2017). 

Table 4.8: Comparison of energy densities of porous carbon materials with various 

organic electrolytes 

Material Electrolyte 
Energy density 

(W h Kg-1 ) 

Power density 

(kW Kg-1 ) 
References 

Rotten Carrot 
1M LiClO4 in 

EC: PC 
28.4 89.1 

(Ahmed et al., 

2018) 

Neem leaves 
1M LiClO4 in 

EC: PC 
10.33 4.66 

(Sultan, Parvaz, 

et al., 2018) 

Sodium 

polyacrylate 

1M TEABF4 in 

AN 
40.7 0.675 

(D. Wang et al., 

2018) 

Pea skin 
1M LiTFSI in 

EMITFSI 
19.6 25.4 

(Sultan, Ahsan, 

et al., 2018) 

Novoloc 
1M TEABF4 in 

AN 
22 - 

(Krüner et al., 

2018) 

Al-MOC 
1M BMIMBF4 

in AN 
43 - 

(S. Zhang et al., 

2018) 

Vetiver 
1M LiTFSI in 

DOL/DME 
67.8 0. 749 Our work 
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The cycling stability of SC with organic electrolyte is tested (Figure 4.9 

(f)), under the current density of 0.5 A g-1, where no capacity change is observed 

during initial cycles and it shows 88% capacity retention after 10000 cycles. The 

inset shows lighting up of a white-light-emitting diode (LED) using symmetrical 

SC, HPC-800 °C//HPC-800 °C and it was glowing for 2 minutes. 

The excellent electrochemical performance of the HPC-800 °C is due to 

the following unique properties 1) The high surface area and pore volume with a 

considerable amount of micro/meso/macro porous area which positively assist in 

developing a more amount of electrical double layer between electrode surface and 

electrolyte interface. 2) Presence of highly interconnected network with 

hierarchical pores helps to tune a channel for the diffusion and transmission of ions. 

3) The improvement in its wettability and electronic conductivity due to the 

presence of inherent dopants N and Fe. 

4.3.2.2 HPCS as cathode material for lithium-sulphur batteries 

The HPC-800 ºC carbon material with the high surface area is chosen as 

the electrode material for LSB applications. HPC-800 ºC-sulphur composite 

(HPCS) was prepared by melt diffusion method (Figure 4.1 (b)) as mentioned in 

section 3.2.2.2. The structural differences between HPC-800 ºC and HPCS were 

investigated by XRD and Raman analysis. Elemental sulphur shows all the 

diffraction peaks of the orthorhombic sulphur (JCPDS 00-008-0247) (Figure 4.10 

(a)). During the heating process, the sulphur particle melts and diffused into the 

pores due to the low viscosity of sulphur and strong adsorbing capacity of HPC. 

The sulphur is considered to be in the amorphous state inside the micro and 

mesopores (Jinxin Guo et al., 2015). The infiltrated sulphur into the macropores 

and on the surface of the carbon is crystalline in nature. Less intense diffraction 

peaks of sulphur in the HPCS denotes that sulphur is well dispersed in the pores of 

the carbon matrix, which is evident from the XRD studies (Jinxin Guo et al., 2015; 

W. G. Wang et al., 2014). Moreover, the sharp diffraction peaks at the 2θ values of 

36°, 42°, 61° and 76°  are due to the reflections from the phase pure cubic FeS 

(space group: Fm2m (225)) (JCPDS 00-003-0968 ) formed by the reaction of FeO 

with elemental sulphur during the melt diffusion reaction (Figure 4.10 (a)). 
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Raman spectrum of HPCS shows two prominent Raman band at ~ 1346 

cm-1 and ~ 1595 cm-1 that corresponds to D band (disordered graphitic structure) 

and G band (ordered sp2 hybridised graphitic structure), respectively (Figure 4.10 

(b)). The ID/IG ratio of HPC is 0.9 and this value is increased to 0.91 in the case of 

HPCS. The coexistence of both G and D band suggests that the HPC is amorphous 

in nature (Dresselhaus et al., 2007). Three bands can be observed for crystalline 

sulphur at 125 cm-1, 200 cm-1, 475 cm-1. These sulphur bands are observed in the 

HPCS composite with low intensity indicates that the sulphur is successfully 

incorporated into the porous carbon matrix and few sulphur crystals may exist on 

the surface of the porous carbon (Niu et al., 2015; Ward, 1968; Xuebing Yang et 

al., 2015). These results are in good agreement with XRD Analysis. 

 
Figure 4.10. (a) XRD pattern for sulphur, HPCS (b) Raman spectra of sulphur and HPCS 

(c ) N2 adsorption/desorption isotherm HPCS (b) [inset: Pore size distribution curve of  

HPCS] and (d) Thermogram of sulphur, HPC and HPCS 

Figure 4.10 (c) shows the N2 adsorption-desorption isotherm of HPCS and 

inset shows the pore size distribution analysis. The BET surface area is decreased 

to 0.06 m2 g-1 after sulphur incorporation which indicates that the sulphur is 

homogenously distributed throughout the porous network (Y. Tan et al., 2017). This 

hierarchical porous structure is highly useful for the incorporation of sulphur and 
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to control the diffusion of PS ions towards Li anode during the charge-discharge 

process.  The pore volume is close to zero after sulphur loading, signifies the 

successful amalgamation of sulphur into the porous network. 

TGA was carried out to determine the sulphur content in the composite 

according to the thermal decomposition characteristics of sulphur at a heating rate 

of 10 °C min-1 (Figure 4.10 (d)). TGA of HPC doesn’t have any weight loss 

indicating the thermal stability of the prepared carbon material. The sulphur in the 

meso/macropores of HPCS is evaporated at 200 °C to 250 °C and the decomposition 

from 250 °C to 400 °C indicates that the sulphur infiltrated into the microporous 

region of HPC and these weight loss taken as the signal for the amount of sulphur 

(72%) in the composite (Y. Fu et al., 2012; W. G. Wang et al., 2014). 

The chemical composition and bonding characteristics of HPCS were 

analysed using XPS spectrum. The survey scan analysis (Figure 4.11 (a)) reveals 

the presence of C1s, O1s, N1s, S2s, S2p and Fe2p functionalities. The deconvoluted 

C1s spectra (Figure 4.11 (b)) attributed to C-C (284.3 eV) C-S (284.9), C-N (285.3 

eV), C-O (286.4 eV), C=N (287eV) and C=O (288.4 eV) from HPCS composite 

(M. Chen et al., 2017; Jing Xu et al., 2016).  

The deconvoluted N1s spectrum (Figure 4.11 (c)) contains pyridinic 

(398.3 eV), pyrrolic (400.3 eV), graphitic (401.7 eV) N-S (402.6 eV) and nitrogen 

oxide (403.6 eV). The high-resolution O1s spectrum (Figure 4.11 (d)) is 

deconvoluted into S-O bond (530.7 eV), N-O bond (531.1 eV), C=O bond (531.8 

eV) and C=O bond (532.4 eV) (Pang et al., 2015; Z. Wang., et al., 2014; X. Yuan, 

Liu et al.,  2017). The deconvoluted N1s spectrum (Figure 4.11 (c)) contains into 

pyridinic (398.3 eV), pyrrolic (400.3 eV), graphitic (401.7 eV) N-S (402.6 eV) and 

nitrogen oxide (403.6 eV). The high-resolution O1s spectrum (Figure 4.11 (d)) is 

deconvoluted into S-O bond (530.7 eV), N-O bond (531.1 eV), C=O bond (531.8 

eV) and C=O bond (532.4 eV) (Pang et al., 2015; Z. Wang., et al., 2014; X. Yuan, 

Liu et al.,  2017). The Fe2p spectrum (Figure 4.11 (e)) was evaluated to identify the 

nature of Fe in the porous carbon. Fe2p3/2 and Fe2p1/2 binding energies are located 

at 713.4 eV and 728.7 eV corresponds to the Fe2+ ionic state. Clearly distinguishable 

satellite peak of Fe2+ is observed at 702.97 eV and 719.05 eV ascribed to Fe2p3/2 
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and Fe2p1/2, respectively (Srivastava et al., 2014). The presence of N, O and Fe in 

the porous carbon network is highly favourable for anchoring of PS during the 

charge-discharge process via chemical or physical adsorption.  

 
Figure 4.11. XPS for HPCS (a) Survey scan, High resolution (b) C1s (c) N1s (d) O1s (e) 

Fe2p and (d) S2p 

The high-resolution S2p (Figure 4.11 (e)) peak at 161.7 eV reveals the 

presence of FeS in the composite which is in agreement with the XRD and EDS 

results (Srivastava et al., 2014). It is observed that S2p3/2 (164, 164.2 and 164.5 eV) 
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and S2P1/2 (165.2, 165.4 and 165.7 eV) with an energy separation of 1.2 eV 

corresponds to the C-S, S-N and S-O bonds in the HPCS (Demir-Cakan et al., 2011; 

Y. Hao et al., 2015; Niu et al., 2015; J. Yang et al., 2016; L. Zhang et al., 2012). 

SEM and TEM analysis were carried out to evaluate the porous 

morphology of the carbon before and after sulphur loading (Figure 4.12). Not much 

morphological differences are observed before and after sulphur loading. Also, 

absence of agglomerated sulphur particle in the porous network indicates the 

homogenous distribution of sulphur in the porous network, the channels and pores 

are not blocked by the sulphur particles.  

 
Figure 4.12. (a-c) SEM of HPC-800 °C, (d) TEM of HPC-800 °C (e-g) SEM of HPCS 

and (h) TEM of HPCS. 

 
Figure 4.13.  Elemental mapping of HPCS 
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Figure 4.13 shows the elemental mapping analysis HPCS. It is observed 

that the carbon, nitrogen, iron and oxygen were homogenously distributed 

throughout the HPCS sample. After melt diffusion, the sulphur particles are 

successfully incorporated into the carbon matrix. The presence of iron, nitrogen, 

oxygen and sulphur in the HPCS is confirmed from elemental mapping analysis. 

 
Figure 4.14. (a) GCD curves of HPCS (b) Cyclic stability performance and coulombic 

efficiency of HPCS (c) CV of the HPCS after 200 cycles (d) Rate capability studies of the 

HPC at various C-rate and (e) EIS analysis of the cell before discharge and after 200 

cycles at the OCV [inset: equivalent circuit diagram] 

The electrochemical properties of HPCS composite were evaluated by 

fabricating coin cells (section 2.2) with Li metal as anode and HPCS as a cathode. 
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Figure 4.14 (a) shows the GCD profile of HPCS at the 0.1C rate. It exhibits 1, 2, 

25, 50, 100, 150 and 200 th charge-discharge cycle between the voltage window 1.6-

3V. The charge-discharge profile exhibits two discharge plateaus (~2.36 V and 2.01 

V) and one charge plateau (2.39 V). It is obvious that the plateaus are due to the 

electrochemical reaction of sulphur. The first discharge plateau is from the 

reduction of sulphur to long chain lithium polysulphides and second discharge 

plateau is due to the further reduction to short chain lithium polysulphides. The 

charging plateau is due to oxidation of lithium polysulphides to sulphur.  HPCS 

displays high initial discharge capacity 1584 mA h g-1 compared to similar materials 

reported elsewhere (Arias et al., 2018; X. Fan et al., 2018). Due to the presence of 

N, O, FeS functionalities imparted multiple confinement effects on polysulphides 

during the charge-discharge process.  

Figure 4.14 (b) shows the cycling performance and coulombic efficiency 

of HPCS at the 0.1C rate. HPCS exhibits ~99% coulombic efficiency in each cycle.  

HPCS shows 67.5% capacity retention after 200 cycles with 0.07% capacity decay 

rate. The electrochemical performance of the HPCS was further evaluated at a scan 

rate of 0.5 mV s-1 after 200 cycles of GCD analysis in the same voltage window as 

in GCD analysis by cyclic voltammetry. Figure 4.14 (c) shows CV profile of the 

HPCS for 10 cycles with reduction peaks at 2.38 V and 2.01 V and an oxidation 

peak at 2.39 V. In the successive cycles the peak position, the peak current is 

overlapping with each other for 10 cycles, which indicates good electrode stability 

of the HPCS cathode material. It shows a stable electrode kinetics and reversibility 

in every cycle. 

The electrochemical performances of the HPCS at different C rates are 

investigated in details. Figure 4.14 (d) shows the rate capability studies of HPCS 

between the C rates 0.1 to 3. The HPCS exhibited an initial discharge capacity of 

1584 mA h g-1, 1280 mA h g-1, 1089 mA h g-1, 935 mA h g-1, 680 mA h g-1 & 433 

mA h g-1 at 0.1C, 0.2C, 0.5C, 1C, 2C, 3C, respectively. When it returned to 0.2C 

rate, 1263 mA h g-1 is obtained with 98.6% capacity retention. The rate capability 

studies demonstrate the robustness of the developed HPCS cathode material.  



129 

 

The electrochemical performance of HPCS is significantly greater than 

that of other biomass-derived carbon sulphur composite in terms of reversible 

capacity after cycling. Lu et al. reported shaddock peel derived carbon sulphur 

composite with a reversible capacity of 722.5 mA h g-1 with 0.2 C rate after 100 

cycles (S. Lu et al., 2016). Similarly, reported pomelo peel derived activated carbon 

developed by Zhang et al exhibited a final capacity of 750 mA h g-1 after 100 cycles 

with 0.2C rate (J. Zhang et al., 2014). Yang et al studied apricot shell derived carbon 

sulphur composite and exhibited a stable discharge capacity of 710 mA h g-1 after 

200 cycles at 0.2C rate (K. Yang et al., 2015). Xu et al reported aspergillus flavus 

conidia as a carbon source for Li-S battery and obtained a reversible capacity of 

940 mA h g-1 after 120 cycles with 0.2C rate (M. Xu et al., 2016). This improved 

electrochemical performance of the HPCS is due to the presence of multiple 

confinement effects of PSs in the cathode side itself, which block the migration of 

PSs towards anode by physical and chemical interactions of N, O, porous carbon 

and FeS.  

To further understand the improved electrochemical performance of HPCS 

composite, EIS was employed before and after 200 cycles at OCV with 10 mV 

amplitude (Figure 4.14 (e)) and inset shows the equivalent circuit. RS refers the 

ohmic resistance of the electrolyte, the internal resistance of electrode materials, 

and contact resistances between electrodes and current collectors, Rct refers the 

charge transfer resistance at the interface of the HPCS cathode and electrolyte. W 

indicates the Warburg impedance and CPE is the constant phase element, which is 

associated with the non-ideal capacitance. Table 4.9 gives the impedance 

parameters derived from the equivalent circuit model. The decrease in Rct and ion 

diffusion resistance after 200 cycles may be due to the redistribution of sulphur in 

the HPC matrix and better lithium ion diffusion into the porous surface occupied 

by sulphur during charge discharge process (Y. Fu et al., 2012; Raghunandanan et 

al., 2018; G. Ren et al., 2016). 
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Table 4.9: Impedance parameters obtained from the electrochemical equivalent circuit 

analysis of HPCS before and after cycling 

 

 
Figure 4.15. (a) Lithium polysulphide solution (b) Lithium polysulphide mixed with PC 

after 10 minutes 

The adsorption of PSs with HPCS was investigated by PS adsorption test. 

Digital photographs (Figure 4.15) show the changes in the colour of the PS solution 

after adding 20 mg of HPC to the PS solution after 10 minutes. HPC has the inherent 

capability to adsorb PSs (Chulliyote et al., 2017b). 

SEM images of the HPCS cathode films before and after 200 cycles reveal 

the reason behind the superior electrochemical performance of the sulphur 

composite (Figure 4.16 (a and b)). Cathode film maintains its structural integrity 

after the charge-discharge process with minor morphological changes (Z. Liu et al., 

2017; S. Wei et al., 2011; Ye et al., 2016). It is due to the presence of the porous 

carbon tube with heteroatom functionalities like N, O and Fe which alleviate the 

loss of active material during the charge-discharge process which is further 

supported by the XPS analysis of the HPCS cathode film after 200 charge-discharge 

cycles.  

The survey scan analysis reveals C1s, O1s, N1s, S2s, S2p, Fe2p 

functionalities along with Al 2s, Al 2p and F1s (Figure 4.16 (c)). Al is from the 

current collector and fluorine is from the PVDF binder. The C1s peak is 

Material description Rs (Ώ) CPE x (10-6) (Ώ-1) Rct (Ώ) Y0 (Ώ-1s1/2) 

HPCS before cycling 2.25 2.26 42.94 0.016 

HPCS after cycling 2.3 1.76 17.41 0.086 
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comparatively weak, which could be due to the discharge products. High resolution 

Li 1s spectra (Figure 4.16 (d)) reveals the presence of Li-O (56.5 eV), Li-N (55.8 

eV) along with Li-S (55.08 eV) attributed to  the interaction of LPS  with various 

functionalities (Aurbach et al., 2009; F. Chen et al., 2018; X. Fan et al., 2018; Xia 

Liand Sun, 2014; Seh et al., 2014; Son et al., 2015). 

 
Figure 4.16. (a) HPCS cathode film before cycling (b) HPCS cathode film after 200 

charge-discharge cycles (c) Survey scan and (d) High-resolution Li1s spectrum of HPCS 

after 200 cycles 

4.4 Conclusion 

High surface area carbon material inherently doped with N, O and Fe was 

derived from vetiver by a simple and scalable method. The hierarchical porous 

carbon tubes (HPC) obtained at 800 °C provided the highest BET surface area of 

1879 m2 g-1 and total pore volume of 0.91 cm3 g-1. The HPC-800 ºC electrode 

displayed high specific capacitance of 296 F g-1 at a current density of 0.8 A g-1 

with 1M Na2SO4 electrolyte. The symmetric supercapacitor is fabricated using 1M 

LiTFSI as the electrolyte exhibited a maximum energy density of 67.8 W h Kg-1 
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and a maximum power of 15000 W Kg-1. This result demonstrates that vertiver is a 

promising precursor for synthesizing heteroatoms doped porous carbon electrode 

materials for EDLC applications. The tubular like morphology of HPC decorated 

with pores of different sizes helps to adsorb more quantities of sulphur which in 

turn helps to enhance sulphur encapsulation and utilization during the charge-

discharge process. The higher surface area and pore volume of HPC accommodate 

the volume changes of sulphur during the charge-discharge process and the 

appropriate chemical interactions of N and O with Li helps to retain PSs on the 

cathode surface. In addition to that, the presence of polar-polar interactions between 

LSPs and FeS restrict the movement of the PSs towards the anode surface. These 

multiple confinement effects such as higher surface area, pore volume, heteroatom 

functionalities and the presence of FeS leads to the superior electrochemical 

performance. The HPCS with 72% sulphur loading cathode delivers 1584 mA h g-

1 as initial discharge capacity and sustains a reversible capacity of 1069 mA h g-1 

after 200 cycles with a capacity retention of 67.48%. These results suggest that high 

surface area carbon with heteroatom doping and FeO is an effective host of sulphur 

for the future LSB applications.   
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CHAPTER 5 

PINECONE DERIVED CARBON-SULPHUR 

COMPOSITE FOR LITHIUM-SULPHUR 

BATTERY 

Hierarchically porous pinecone derived carbon (PC) with a high surface area of 

2065 m2 g-1 and a pore volume of 1.5 cm3 g-1 was prepared by the chemical 

activation of the pinecone with ZnCl2. Pinecone carbon-sulphur composites 

(PCSCs) were prepared with 54, 68 & 73% sulphur loading and studied for its 

potential application as LSB cathode materials. Surface area and pore volume are 

reduced by almost 90% after sulphur loading onto porous carbon. Carbon with 

54% sulphur loading displayed better performance among the three compositions 

and exhibited an initial discharge capacity of 1606 mA h g-1 and  final capacity of 

1269 mA h g-1 after 100 cycles with 79% capacity retention. The high cycling 

stability of PCSC (54%) is due to the better dispersion of sulphur in the pores and 

the high surface area, conductivity, large pore volume of the pinecone carbon to 

accommodate PS during shuttling process. 

5.1 Introduction 

Porous carbonaceous materials are widely used as a cathode material to 

hold the active material and to suppress the PS shuttling (D.-W. Wang et al., 2013). 

However, capacity fading is observed for long-term cycling due to the very weak 

interactions with polar PS. This demands host materials with functional groups 

exhibiting high adsorption/binding capacity for PS to confine the species 

physically/chemically onto the porous carbon architecture. Recently, there has been 

more interest to develop porous carbon materials capable of confining PSs 

physically/chemically (S. S. Zhang, 2015). In addition to the high surface area and 

good pore size distribution, binding groups in the porous carbon, improve its 

interaction with sulphur to reduce the loss of active materials. Most of the methods 

involved are sophisticated techniques which are economically unfavourable and 

also lack of consistency. Hence, it is essential to identify safe, low cost and 

environmentally benign material for large-scale applications of energy storage 

technologies such as electric and hybrid vehicles. A wide spectrum of porous 

carbons derived from plant and animal origin have been studied as cathode 
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materials for LSBs (Zan Gao et al., 2017; L. Yan et al., 2017). Doping of 

heteroatoms N/S/O/B/P in the carbon matrix reduces the charge transfer resistance, 

improves the electronic conductivity, and enhances the active sites to immobilize 

the sulphur/PSs (M. Chen et al., 2017; Jin et al., 2017; X. Yuan, Liu et al. 2017; G. 

Zhou et al., 2015). Co-doping is a more effective strategy to improve the physical 

adsorption and chemical bonding to trap LPSs (Pang et al., 2015). Co-doping of N 

and O intrinsically/extrinsically into the carbon framework has pyridinic N, pyrrolic 

N, graphitic N, C-O and C=O etc (Z. Wang, Y. Dong, H. Li, Z. Zhao, H. B. Wu, et 

al., 2014, Chulliyote et al., 2017b). These functional groups with a lone pair of 

electrons help to improve the electronic conductivity and wettability of the carbon 

matrices, which facilitate the confinement of PS. Thus, dual doping of N and O 

atoms with the high surface area is expected to enhance the performance of cathode 

material synergistically (Jin et al., 2017; Z. Wang et al., 2014; X. Yuan, Liu et al., 

2017; G. Zhou et al., 2015). The porous structure of oxygen and nitrogen group 

species help to retain the active material and relieve the volumetric expansion 

during cycling (Pang et al., 2015). Most of the reported carbon materials with 

dopants were adopted tedious multistep procedures and chemicals for synthesis. 

Thus a simple, scalable and low-cost method is worth to consider for realizing 

LSBs.  

In this chapter, pinecone is used as the carbon source to obtain high surface 

area carbon with heteroatoms (nitrogen and oxygen) for hosting sulphur due to the 

widespread occurrence of pinecone all over the world. Pinecone or activated carbon 

from pinecone is used to adsorb metal ions and organics from aqueous solution 

(Momčilović et al., 2011), CO2 adsorption (K. Li et al., 2016) and an electrode 

material for SCs (Bello et al., 2016; Karthikeyan et al., 2014).  However, pinecone 

derived porous carbon cathode material with nitrogen and oxygen functionalities 

will be promising for LSBs.  It is demonstrated that the high surface area along with 

inherently doped N and O on hierarchically porous carbon matrix dramatically 

increases the performance of the cathode material. Also, the role of sulphur 

distribution within the porous structure for effective sulphur utilization and capacity 

retention during cycling was studied, with different sulphur compositions (54, 68 

& 73%) at the cathode. The results show that the hierarchical porous carbon-sulphur 
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composite (PCSC) with 54% of sulphur exhibits a high specific capacity of 1606 

mA h g-1 with excellent capacity retention of 79% after 100 cycles with 0.29 % 

average fading per cycle at 0.1C rate and a good rate capability (923 mA h g-1 at 

2C) as a cathode material for LSB. The physical adsorption of PSs onto the porous 

carbon and chemical binding of PSs through O and N dopants increase the 

electrochemical performance and diminish the active material loss during the 

cycling process. The excellent electrochemical performance is due to the synergistic 

effect of the hierarchically porous features of the activated carbon with oxygen and 

nitrogen binding sites to immobilise the active PS species. 

5.2 Materials and Methods 

5.2.1 Materials 

Pinecone (Pinus roxburghii) was obtained from Kodaikanal, India and all 

other chemicals were mentioned in section 2. 2.1. 

5.2.2 Material synthesis 

5.2.2.1 Preparation of porous carbon 

The schematic representation of the preparation of porous carbon from 

pinecone is given in Figure 5.1. Pinecone petals were washed with distilled water 

followed by ethanol and dried. The powdered pinecone petals were used as the 

precursor for activated carbon. Chemical activation was carried out by mixing 

pinecone powder with zinc chloride of weight ratio 1:2. After drying it was heated 

at 800 ºC in a tubular furnace for 1 h in an argon atmosphere at a heating rate of 5 

ºC min-1. Then, it was washed with hydrochloric acid and distilled water until the 

filtrate became neutral. The pinecone derived carbon material (PC) was dried in an 

oven at 100 ºC and stored in a desiccator. 

5.2.2.2 Preparation of porous carbon-sulphur composite 
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Pinecone derived carbon-sulphur composites (PCSCs) were prepared by 

melt diffusion method with different weight ratios (1:1, 3:2, 7:3) of sulphur and PC 

as the procedure described in the section 2.2.2.2.  

5.2.3 Material characterization 

UV-Vis absorption spectra were performed using Varian Cary Bio 100 UV 

Spectrophotometer in the wavelength range of 200-800 nm at room temperature.  

All other characterizations were done by the techniques described in section 2.2.3 

and 3.2.3. 

5.2.4 Fabrication of coin cell and electrochemical measurements 

The PCSC cathode was prepared and the electrochemical characterization 

was studied by the procedure described in the previous chapter 2, section 2.2.4 and 

2.2.5 respectvely. The mass loading of sulphur on the composite electrode is  ̴ 2 mg 

cm-2.  

5.3 Results and Discussion 

5.3.1 Material characterization 

ZnCl2 is used as an activation agent to prepare PC since it is comparatively 

less toxic and non-corrosive. The yield obtained by ZnCl2 activation is more than 

that of KOH activation. It can promote the dehydration of the biomass precursor at 

low temperatures and aromatic condensation reactions at high temperatures. 

The nitrogen adsorption-desorption isotherms and the corresponding DFT 

pore size distribution curves of PC are shown in Figure 5.2. According to IUPAC, 

the adsorption curve of PC is a type IV isotherm with adsorption hysteresis loop 

indicating the characteristic range of pores from meso to micropores. The rapid 

adsorption at low relative pressure suggests the existence of micropores and the 

hysteresis loop in Figure 5.2 (a) exemplify mesopores. The extension in the curve 

at a relative pressure greater than 0.9 is due to the existence of macropores (C. X. 

Guoand Li, 2011; Jiaqi Xu et al., 2016; M. Xu et al., 2016; K. Yang et al., 2015; S. 
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Zhao et al., 2013). This is evidenced in Figure 2.2 (b), which depicts the pore size 

distribution of PC and PCSCs.  It has a small fraction of macropores along with 

mesopores and micropores distributed in the PC revealing a hierarchical porous 

structure. 

 
Figure 5.1. Schematic illustration of the preparation of PC and PCSC 

The high surface area (2065 m2 g-1) and pore volume (1.5 cm3 g-1) affirms 

the well-developed porous structure. The BET surface area of PC, 2065 m2 g-1 is 

reduced to 410 m2 g-1 (54%), 100 m2 g-1 (68%) and 10 m2 g-1 (73%) after sulphur 

loading. The total pore volume of PC is 1.5 cm3 g-1 and PCSCs are 0.406 cm3 g-1 

(54%), 0.154 cm3 g-1 (68%) and 0.037 cm3 g-1 (73%).  It is observed that the surface 

area and pore volume are reduced significantly with increased sulphur content in 

the PC, which indicates that the pores are embedded with sulphur so that PC act as 

an ideal host for sulphur (Y. Tan et al., 2017). When the sulphur content is 54%, 

fraction of pores are either partially filled or unfilled in the composite which 

enhances the electrolyte accessibility, hence improved Li-ion transport during 

cycling. 
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Figure 5.2. (a) N2 adsorption/desorption isotherm and (b) Pore size distribution curve of 

PC [inset: enlarged at 0-10nm] 

Table 5.1: Surface area and pore volume for PC and PCSCs 

 

XRD patterns of PC and PCSCs at room temperature are shown in Figure 

5.3 (a). The diffraction peaks for the elemental sulphur in the wide range of 2θ = 

15° _ 60° match well with the characteristic diffraction peaks of orthorhombic 

sulphur (JCPSD no. 00-001-0478). The XRD pattern of PC exhibits two broad 

peaks at 2θ = 26° and 43° corresponding to (002) and (100) reflections of 

amorphous carbon and disordered graphitic structure, respectively (Gu et al., 2015; 

S. Zhang et al., 2014). During the preparation process of PCSCs, sulphur melts and 

diffuse into the pores of the carbon and is trapped inside the network due to the 

strong adsorbing capacity of PC. The PCSCs exhibits less intense diffraction peaks 

of crystalline sulphur indicating the presence of trace quantities of bulk crystalline 

sulphur on the surface, in addition to the well-adsorbed sulphur inside the porous 

network (Jinxin Guo et al., 2015; W. G. Wang et al., 2014; S. Zhao et al., 2013). 

The structure of the PC and PCSCs are further confirmed by the Raman spectrum 

as shown in Figure 5.3 (b). The peaks obtained at 1336 cm-1 (D band) and 1595 cm-

1 (G band) in the Raman spectrum of PC and PCSCs are attributed to the disordered 

amorphous carbon and the crystalline graphite, respectively (Dresselhaus et al., 

2007; Tao et al., 2014; Ward, 1968). The broadening and the intensity ratio ID/IG, 

provides evidence of the degree of defects present in carbon materials. Broadening 

Description of properties PC PCSC (54%) PCSC (68%) PCSC (73%) 
BET surface area (m2 g-1) 2065 439 105 10 

Total pore volume (cm3 g-1) 1.50 0.41 0.15 0.04 
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of peaks may be due to the deviation in the interplanar bond lengths and angles. 

The ID/IG ratio for PC is 0.808 which indicates the disordered crystalline carbon 

structure of the material. However, the ID/IG ratio of PCSCs is relatively more than 

that of PC which indicates that the defects get more pronounced with the increase 

in sulphur impregnation. Crystalline sulphur exhibits three peaks at 148 cm-1, 214 

cm-1 and 470 cm-1 (Inset of Figure 2.3 (b) (Ward, 1968). The observed sulphur peaks 

in PCSCs indicates the effective incorporation of sulphur within the carbon matrix 

via melt diffusion process (Niu et al., 2015; Xuebing Yang et al., 2015). 

 
Figure 5.3. (a) X-ray diffractograms of sulphur, PC, and PCSCs (b) Raman spectra for PC 

and PCSCs [Inset: Raman spectrum of sulphur] 

The fraction of sulphur present in PCSCs is measured using 

thermogravimetric analysis (Figure 5.4. (a)). TGA curve of PC is quite stable, 

decomposition below 100 ºC is due to the elimination of water during TGA 

analysis. TGA curves of PCSCs show major weight loss in the temperature range 

200–400 ºC. The sulphur content is calculated as 54%, 68% and 73% based on the 

weight loss of sulphur from 100 to 400 °C. The weight loss in PCSCs starts at a 

higher temperature than the elemental sulphur due to the well-dispersed sulphur 

within the micro and mesopores of PC. The weight loss in PCSCs (68% and 73%) 

commences at a lower temperature (166 °C) than PCSC (54%), indicating the 

presence of sulphur at the surface of the porous carbon. The second weight loss ( ̴

250 ºC) is attributed to the confined sulphur within the porous network (Y. Fu et 

al., 2012; W. G. Wang et al., 2014). TGA results are well agreed with XRD and 

Raman analysis.  
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Figure 5.4. (a) TGA of sulphur, PC and PCSCs (b) FTIR spectrum of PC and PCSCs 

 
The presence of functional groups on the surface of porous carbon and 

composites is determined by FTIR spectroscopy. Figure 5.4 (b) shows the IR 

spectrum of PC and PCSCs. The band at 3455 cm-1 and 3267 cm-1 is due to 

stretching vibrations of O-H and N-H bonds, respectively. The band at 2939 cm-1 

and 2854 cm-1 are due to symmetric and asymmetric stretching vibrations of C-H 

bonds. The band at 1725 cm-1  and 1648 cm-1 are due to stretching vibrations of 

C=O  and C=N in the PC and PCSCs. The band at 1247 cm-1, 1148 cm-1, 1042 cm-

1 is due to stretching vibrations of C-O, C-N and N-O stretching vibrations of the 

PC and PCSCs. These results prove that, the presence of oxygen and nitrogen 

functionalities on the surface of PC and PCSCs. After incorporation of sulphur into 

the PC, we have observed that the new peaks emerged at 1100 cm-1, 918 cm-1 and 

618 cm-1 is due to the stretching vibration of S-O, N-S and C-S bonds, respectively. 

Herein, we hypothesised that the heteroatoms with lone pairs may interact with PSs 

which further leads to the anchoring of PSs on cathode during the charge-discharge 

process (H. Ding et al., 2014; Y. Z. Zhang et al., 2014). 

CHNS analysis demonstrated the presence of oxygen (14%) and nitrogen 

(2%) in the PC (Table 5.2). The nature of surface functional groups in the PC is 

investigated in detail by XPS analysis. The XPS survey scan (Figure 5.5) reveals 

the presence of C1s, N1s and O1s in the porous carbon at 283.7 eV, 400 eV and 

533.1 eV, respectively. The nitrogen (2.22%) and oxygen (14.67%) content 

obtained from XPS analysis (Table 2.3) are very close to the CHNS results.  
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Table 5.2: Elemental content of PC and PCSCs obtained from CHNS Analysis 

 

 
Figure 5.5. Survey scan of PC and PCSC (54%) 

           Table 5.3: Elemental composition of PC and PCSC (54%) obtained XPS Analysis 

 

 

The high resolution C1s (Figure 5.6 (a)) peak is divided into 5 components, 

C-C bond (284.7 eV) of sp2, C-N (285.4), C-O bond (286.6 eV), C=N bond (287.3 

eV) and C=O (288.6 eV). The high-resolution O1s spectrum (Figure 5.6 (b)) is 

deconvoluted into three components: N-O bond (530.5), C-O bond (531.7 eV), and 

C=O bond (533.1 eV). XPS results reveal the presence of ample oxygen 

functionalities in PC matrix, such as N-O (27 at.%), C-O (33 at.%) and C=O (40 

at.%), which are believed to promote the chemical adsorption of sulphur. The N1s 

spectrum (Figure 5.6 (c)) contains 4 contributions at 398.2 eV, 400 eV, 401.7 eV 

and 403.7 eV assigned to the pyridinic, pyrrolic, graphitic and nitrogen oxide, 

Sample C (%) H (%) N (%) S (%) O (%) 

PC 76 6.26 2 - 14 

PCSC (54%) 32 1.07 2 53.80 11 

PCSC 68%) 28 0.75 1.56 68 10 

PCSC 73%) 24 0.62 1.43 73 9.67 

Sample C (%) N (%) S (%) O (%) 

PC 83 2.22 - 14.67 

PCSC (54%) 33 1.97 54 11 
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respectively, which includes 27 at.% pyridinic nitrogen, 34 at.% pyrrolic nitrogen, 

25 at.% graphitic nitrogen and 14 at.% N-O species (Pang et al., 2015; Z. Wang et 

al., 2014; X. Yuan, Liu et al., 2017; G. Zhou et al., 2015; Jin et al., 2017; Shao et 

al., 2016). These functional groups are concordant with the FTIR results. Thus XPS 

results confirm the intrinsic doping of nitrogen and oxygen onto a porous carbon 

matrix during pyrolysis. A schematic representation of PC is exhibited in Figure 

5.6 (d) based on the above observations (Y. Hao et al., 2015; Jing Xu et al., 2016).  

 

Figure 5.6. XPS for PC (a) C1s (b) O1s (c) N1s and (d) Schematic illustration of nitrogen 

and oxygen containing porous carbon. 

XPS studies of PCSC (54%) was carried out to explore the surface 

chemistry of PC after sulphur incorporation and to study the interaction between 

heteroatoms and sulphur. The survey scans of the composite (Figure 5.5) reveal the 

presence of S2s and S2p in the composite at 240 eV and 163.4 eV, respectively. 

The C1s (Figure 5.7(a)) split into, C-C bond (284.7 eV) of sp2, C-N (285.4), C-O 

bond (286.6 eV), C=N bond (287.3 eV) and C=O (288.6 eV). Also, the existence 

of a new C-S bond at 285.2 eV reveals the effective doping of sulphur onto the 

carbon matrix (M. Chen et al., 2017; Jin et al., 2017; J. Yang et al., 2016). The high-
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resolution O1s spectrum (Figure 5.7 (b)) is deconvoluted into four components: C-

O bond (530.5 eV), N-O bond (530.5), C=O bond (533.1 eV) and a new S-O bond 

(530.2 eV), among which S-O contribute 17 at.%, 19 at.% by N-O, 24 at.% by C-

O and 40 at.% by C=O. The N1s spectrum (Figure 5.7 (c)) consists of 5 

contributions at 398.2 eV, 400 eV, 401.7 eV and 403.7 eV which are assigned to 

the pyridinic, pyrrolic, graphitic and nitrogen oxide, respectively and a new N-S at 

402.7 eV. The at.% of pyridinic, pyrrolic, graphitic, N-S and pyridinic nitrogen 

oxide are 8, 34, 25, 21 and 10, respectively. New S-O and N-S bonds indicate that 

the nitrogen and oxygen groups interact with sulphur in the composite (M. Chen et 

al., 2017; Pang et al., 2015; Z. Wang et al., 2014; X. Yuan, Liu et al., 2017; G. Zhou 

et al., 2015). Figure 5.7 (d) displays the deconvoluted S2p spectrum of PCSC 

(54%), which contains two peaks corresponds to S2p3/2 and S2p1/2 with an energy 

separation of 1.2 eV and an intensity ratio of 2:1. Pristine sulphur shows S2p 

doublet with a binding energy of 164.3-165.5 eV (Demir-Cakan et al., 2011; Y. Hao 

et al., 2015). After impregnation of sulphur onto PC, S-S bond is slightly shifted to 

163.6-164.8 eV from sulphur powder possibly due to the changes in the electronic 

distribution on the sulphur after melt diffusion which indicates the formation of C-

S bond (L. Zhang et al., 2012; Niu et al., 2015; J. Yang et al., 2016). Further, sulphur 

is bonded to both nitrogen and oxygen [S-N (163.8-165) and S–O (164.1-165.3)] in 

the carbon matrix (J. Yang et al., 2016; L. Zhang et al., 2012). It is expected that 

the interaction of sulphur with carbon matrix through S-O and S-N bonds 

effectively confine PSs during the charge-discharge process (Niu et al., 2015; L. 

Zhang et al., 2012). These major changes in the XPS spectra before and after melt 

diffusion indicates the interaction of sulphur with heteroatoms and modifies the 

electronic distribution around atoms that is reflected in the binding energy shift. 

The heteroatoms with lone pairs act as Lewis base and it interacts with Li (Lewis 

acid) during charge-discharge process that helps to anchor PSs. The O and N 

functional groups synergically contribute to improving the performance of LSB 

along with the high surface area of the carbon material (G. Li et al., 2016). 
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Figure 5.7. XPS for PCSC (54%) (a) C1s (b) O1s (c) N1s and (d) S2p 

The morphology and microstructure of the PC and PCSCs were analysed 

in detail by SEM and TEM, which are presented in Figure 5.8 and 5.9, respectively. 

SEM of PC (Figure 5.8 (a-c)) reveals that the prepared carbon materials have a 

hierarchical morphology with interconnected pores. The TEM image of a PC 

(Figure 5.8 (d)) displays a large number of nanopores, which affirms high surface 

area and porosity of the material. SAED pattern (inset) exhibits the amorphous 

nature of the PC. The morphological changes after sulphur infiltration into the 

micro, meso and macropores of PC-suggest uniform diffusion of sulphur into the 

pores (Figure 5.9 (a-c)). Also, bulk crystalline sulphur is observed on the surface of 

PCSCs (68% and 73%) in addition to the diffused sulphur. These results corroborate 

with TGA and XRD analysis. TEM image (Figure 5.9 (d)) of PCSC (54%) shows 

no agglomerated sulphur particle onto the carbon matrix, SAED pattern (inset) 

displays the crystalline nature of the PCSCs which confirms the presence of sulphur 

in the system. The hierarchical porous structure of the carbon matrix is helpful to 

accomodate volume changes in LSBs. The presence of nitrogen and oxygen in the 

PC, as well as nitrogen, oxygen and sulphur in the PCSCs, are further confirmed by 

elemental mapping analysis (Figure 5.10).   
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Figure 5.8. SEM of (a) PC (b) and (c) are enlarged portion of (a) and (d) TEM image of 

PC (inset: SAED pattern) 

 

 
Figure 5.9. SEM of (a) PCSC (54%) (b) PCSC (68%) (c) PCSC (73%) and (d) TEM 

image of PCSC (54%)  (Inset: SAED pattern) 
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Figure 5.10. Elemental mapping of PC and PCSC (54%) 

5.3.1 Electrochemical performance of the composite 

The electrochemical properties of PCSCs have been evaluated by 

assembling CR2032 type coin cell with metallic lithium as anode. The cyclic 

voltammograms of PCSCs in a potential range of 1.6 to 3V at a scan rate 0.1mV s-

1 are shown in Figure 5.11. The two reduction and one oxidation peaks are observed 

due to the multistep reaction between sulphur and lithium. In the cathodic scan 

process, the peak at 2.36V is due to the reduction of elemental sulphur to long chain 

LPSs (Li2Sx, 4 ≤ x ≤ 8). The second peak at 2.01 is due to the conversion of these 

long chain PSs to short chain PSs (Li2Sx, 2 ≤ x ≤ 4). In the subsequent anodic scan 

process, a peak at 2.39 V is observed, which corresponds to the conversion of these 

polysulphides to sulphur (Qu et al., 2015; Jiaqi Xu et al., 2016; M. Xu et al., 2016). 

In the successive cycles, the peak positions, the anodic and cathodic current  are 

almost similar ascribing the reactive reversibility and cycling stability of the 

developed electrode material. The anodic and cathodic peak positions of PCSCs 

with 54, 68 & 73% sulphur content are same. However, a decrease in the current 

density is observed when the sulphur content in the composite increases (Figure 

5.11 (b-c)). This may be due to the poor conductivity of sulphur crystals at the 

surface of PCSC 68% & 73% owing to the high sulphur content as indicated by N2 

adsorption studies and SEM. 
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Figure 5.11. CV of the PCSCs (a) 54%, (b) 68% and (c) 73% 

 

Figure 5.12. GCD curves of PCSCs (a) 54% (b) 68% and (c) 73% 
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The electrochemical performance of the sulphur-carbon composite is 

further tested by GCD experiments. Figure 5.12 shows the 1, 2, 10, 20, 30, upto 

100th charge-discharge profiles of PCSCs at 0.1C rate. The charge-discharge 

profiles of PCSCs exhibit two plateaus (~2.36 V and 2.01 V) in the discharge curve 

and one plateau (2.39 V) at the charging curve aligning with the two reduction peaks 

and one oxidation peak of CV. The second plateau is due to the formation of short 

chain lithium sulphides, afterwards exhibiting stable voltage during cycling 

indicates better retention in the electrochemical performance. This may be ascribed 

to the N and O containing hierarchically porous carbon host with micro and 

mesopores, which further enhances the electronic and ionic transport at the cathode. 

An impressive high discharge capacity of 1606 mA h g-1is observed for 

PCSC (54%) (Figure 5.12 (a)), compared to similar material reported elsewhere 

(Table 5.4). PCSC (68%) and PCSC (73%) display an initial discharge capacity of 

1370 mA h g-1 and 1198 mA h g-1, respectively (Figure 5.12 (b-c)). The amount of 

active material utilization is decreased as the sulphur content increases. The sulphur 

utilization is 95.9%, 81.8 % and 71.5% for PCSC (54%), PCSC (68%) and PCSC 

(73%), respectively. The reason could be the uniform dispersion of sulphur within 

the pores is feasible in the PCSC (54%) which improves the ionic transport. In the 

second cycle its discharge capacities become 1531 mA h g-1, 1370 mA h g-1 and 

1198 mA h g-1 with 4.6%, 8.9% and 11.1% capacity degradation for PCSC (54%), 

PCSC (68%) and PCSC (73%), respectively. After 100 cycles, PCSC (54%) shows 

a reversible capacity of 1269 mA h g-1 which is higher than that of sulphur rich 

PCSCs (1028 mA h g-1 and 891 mA h g-1) with 79% capacity retention compared 

to initial discharge capacity. These results are attributed to the heteroatoms induced 

chemical adsorption of PSs in the hierarchically porous carbon matrix. The specific 

capacity may decrease if the capacity was normalized by the weight of the whole 

electrode. Since the active material in the electrode is less as sulphur loading is 

decreased. 
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   Table 5.4: Comparison of biomass derived carbon/sulphur hybrid materials for LSBs 

Sl.

No. 

Cathode 

materials 

% of 

sulphur 

Initial  

capacity 

(mA h g-1) 

Current 

rate 

Cy

cles 

Capa

city 

reten

tion 

(%) 

References 

1 Litchi 60 1105 0.12C 100 65 
(S. Zhang 

et al., 2014) 

2 Fish scale 58.8 1400 0.1C 20 78 
(S. Zhao et 

al., 2013) 

3 Pig bone 63 1265 0.24C 50 51 
(S. Wei et 

al., 2011a) 

4 Apricot 53.5 1277 0.2C 200 55 
(K. Yang et 

al., 2015) 

5 Corn cobs 44 1600 0.1C 50 35 
(Jinxin Guo 

et al., 2015) 

6 
Bamboo 

Charcoal 
57.7 685 0.5C 500 73 

(J. J. Cheng 

et al., 2015) 

7 
Bamboo 

biochar 
50 1295 

160 mA 

g-1 
150 62 

(Gu et al., 

2015) 

8 Soyabean 80 1330 0.1C 150 78 
(G. Ren et 

al., 2016) 

9 
Silk 

fibroid 
73 1140 0.2C 60 71 

(Jiawei 

Zhang et 

al., 2015) 

10 
Banana 

peel 
65 1227 0.1C 100 71 

(F. Li et al., 

2017) 

11 
Sisal 

fibers 
40 950 0.1C - - 

(Raja et al., 

2016) 

12 
Kapok 

fiber 
93 549 

670 mA 

g-1 
90 95.4 

(Tao et al., 

2014a) 

13 Cotton 80 1173 
0.1C 

rate 
100 67 

(Chung et 

al., 2016) 

14 Crab shell 65 1205 0.2C 100 71 
(Yao et al., 

2013) 

15 Tree bark 48 1159 
200 mA 

g-1 
60 52 

(Jiaqi Xu et 

al., 2016) 

16 

Aspergill

us 

flavus Co

nidia 

56.7 1625 0.2C 120 57 
(M. Xu et 

al., 2016) 

17 
Olive 

stone 
80 930 0.06C 50 72 

(Moreno et 

al., 2014) 

18 
Pomeleo 

peel 
60.1 1258 0.2C 100 49 

(J. Zhang et 

al., 2014) 

19 Gelatin 53.3 1209 1C 200 50 
(Qu et al., 

2015) 

20 
Shaddock 

peel 
62 1189 0.1C 100 65 

(S. Lu et 

al., 2016) 

21 Pinecone 54 1608 0.1C 100 79 Our work 
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22 Pinecone 68 1370 0.1C 100 76 Our work 

23 Pinecone 73 1145 0.1C 100 75 Our work 

 

Cycling performance and coulombic efficiency of PCSCs at the 0.1C rate 

are shown in Figure 5.13(a). It exhibits good electrochemical performance and 

coulombic efficiency of more than 99% up to 100 cycles, due to the reduced 

shuttling effect. The rate capability of PCSCs at various current densities from 0.1C 

to 2C is shown in Figure 5.13(b). The discharge capacity of PCSC (54%, 68% and 

73%) at various current densities of 0.1C, 0.2C, 0.5C, 1C and 2C are 1606 mA h g-

1, 1435  mA h g-1, 1265 mA h g-1, 1027 mA h g-1 & 923 mA h g-1 (54%), 1370 mA 

h g-1, 1172 mA h g-1, 1026 mA h g-1, 819 mA h g-1 & 730 mA h g-1 (68%) and  1198 

mA h g-1, 1002 mA h g-1, 840 mA h g-1, 606 mA h g-1 & 513 mA h g-1 (73%), 

respectively. There is no specific capacity loss is observed while discharging at 

different current densities. When the current density, reduced back to 0.2C the 

discharge capacity is recovered, indicating an excellent rate performance of PCSC 

cathodes. These higher specific capacities at different current densities are 

appreciable to obtain high energy density and power density. The outstanding rate 

capabilities may be due to the good conductivity, surface area, and the pore volume 

of the carbon material and the heteroatoms with lone pairs which facilitate chemical 

adsorption of PSs and Li+ diffusion during charge-discharge processes. 

 
Figure 5.13. Cyclic stability performance and coulombic efficiency of PCSCs (a) and (b) 

Rate capability studies of PCSCs at different C-rate 

The adsorption of PS by PC was investigated using the UV visible 

absorption spectra of PS solution with PC (Figure 5.14) using polysulphide 
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adsorption test discussed in section 4.2.2.3. The inset shows the digital photographs 

of the LPS solution and the variation in the colour of PS solution after adding PC. 

UV visible spectra show the broad absorption between 200-600 nm for various 

sulphide species in the case of control PS  solution (a). Initially, it is a homogenous 

mixture of PC and PS solution (b), after 10 minutes the solution becomes colourless 

indicating a strong interaction between PC and PSs. A dramatic reduction in the 

peak intensity is observed in UV- visible spectra of the solution after 10 minutes 

demonstrate the excellent adsorption of lithium PSs onto PC (Jin et al., 2017; Y. 

Peng, Y. Zhang, J. Huang, et al., 2017; Xia et al., 2017).These results are in good 

agreement with excellent cycling stability and rate capability of the cathode 

material.   

 
Figure 5.14. UV-vis absorption spectra of polysulphide solution with PC. Inset is the 

digital images of the polysulphide adsorption test [(a) Lithium polysulphide solution (b) 

Lithium polysulphide mixed with PC after 0 min. and (c) Lithium polysulphide mixed 

with PC after 10 min.] 

EIS was carried out to understand the electrochemical reaction of lithium 

and sulphur when PCSCs are cathode materials in LSBs. EIS before and after 100 

cycles at the OCV are shown in Figure 5.15 with the equivalent circuit (inset). The 

impedance spectra consist of depressed semicircle at high-frequency region and a 

sloping line in the low-frequency region. Semicircle in the high-frequency region 

relates to charge transfer resistance at electrode/electrolyte interface. A slope in the 

low-frequency region is called as Warburg impedance attributed to the Li+ ion 

diffusion within the cathode. Nyquist impedance plot is evaluated by equivalent 

circuit model which is shown in the inset of Figure 5.15. Table 5.5 give the 
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impedance parameters obtained from the circuit model. The resistance of the 

electrolyte (RS) determined from the intersection of the front end of the semicircle 

on the Z’ axis, Rs is comparatively more for PCSCs with higher sulphur content  

which  can be correlated to the less active material utilization due to the 

accumulation of sulphur on the surface of carbon matrix (Figure 5.15 (a and b)).  

PCSCs (54%, 68% and 73%) exhibit two depressed semicircles at high and 

medium frequency region and a slope at the low-frequency region. It indicates two 

types of resistance offered by the system due to the charge transfer reaction at 

electrode-electrolyte interfaces of PCSCs (Y. Peng, Y. Zhang, J. Huang, et al., 

2017; Y. Tan et al., 2017; W. Wang et al., 2014). The partial semi-circle at the high-

frequency region is related to the resistance offered for the charge transfer between 

the porous carbon material and electrolyte i.e., electrical double layer resistance 

(Rct1) (Meher et al., 2010). The semi-circle at the medium frequency region is 

related to the charge transfer resistance offered due to the interaction between 

sulphur and electrolyte (Rct2); it is due to the faradaic process. The charge transfer 

and ion diffusion resistance are very small for PCSC (54%) compared to PCSC 

(68%) and PCSC (73%). It may be due to the low-density sulphur in the 

meso/micropores favour the diffusion of electrolyte hence the transportation of 

lithium ion. Figure 5.15(b) represents EIS analysis after 100 cycles. It is clear that 

Rct and ion diffusion resitance decreased as a result of enhanced electronic 

conductivity upon cycling, may be due to the well-disseminated electrolyte in the 

cathode (Table 5.5) (Gu et al., 2015; Qin et al., 2014; W. G. Wang et al., 2014; S. 

Zhao et al., 2013). The disappearance of partial semicircle after 100 cycles 

attributed to the non-availability of free active carbon sites due to the 

physical/chemical adsorption of active material during the charge-discharge 

process.  These results further confirm the ability of N and O containing porous 

network to confine PSs and enhance cycling performance of hierarchical porous 

carbon sulphur composites. 
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Figure 5.15. EIS analysis of the electrodes (a) Before discharge and (b) After 100 cycles 

at the OCV [inset: equivalent circuit diagram] 

Table 5.5: Impedance parameters obtained from the equivalent circuit for the PCSCs 

before and after cycling 

*CPE **Rct 

5.4 Conclusion 

The hierarchically porous, N and O inherently co-doped carbon with high 

surface area have been explored from a renewable raw material of pincone, to 

develop a high-performance cathode material for LSBs. The cyclability and the 

specific capacity of the system are influenced by the sulphur content and 

distribution in the porous matrix with high surface area of 2065 m2 g-1 and the 

dopants (N & O). PCSC (54%) cathode demonstrates 1606 mA h g-1 initial capacity 

and sustains a capacity of 1269 mA h g-1 after 100 cycles at 0.1C rate and a good 

rate capability (923 mA h g-1 at 2C). The physical adsorption of PSs onto the porous 

Material description 
Rs 

(Ώ) 

CPE1 x 

10-5 (Ώ-

1) 

Rct1 

(Ώ) 

CPE2 x 

10-7 (Ώ-

1) 

Rct2 

(Ώ) 

Y0 

(Ώ-1s1/2) 

PCSC (54%) before 

cycling 
1.49 9.5 15.13 1.6 40.73 0.097 

PCSC (68%) before 

cycling 
8.59 1.1 15.73 0.98 45.95 0.046 

PCSC (73%) before 

cycling 
10.26 0.67 21.74 0.45 63.27 0.02 

PCSC (54%) after 

cycling 
1.74 - - 1.5* 23.9** 0.139 

PCSC (68%) after 

cycling 
0.89 - - 1.23* 64.6** 0.126 

PCSC (73%) after 

cycling 
0.89 - - 0.87* 69.9** 0.109 
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carbon and chemical binding of PSs through O and N dopants increase the 

electrochemical performance and diminish the active material loss during the 

cycling process. The excellent electrochemical performance is due to the synergic 

effect of the hierarchically porous features of the activated carbon with oxygen and 

nitrogen binding sites to immobilise the active PS species. The sulphur utilization 

is decreased with the increase of sulphur content on PCSCs due to the accumulation 

of sulphur on the surface of the porous carbon matrix. PCSC (54%) displays 79% 

retention with 0.29% capacity fading per cycle. Furthermore, being a low cost, 

easily available and facile N and O co-doped hierarchically porous carbon is an 

ideal host for sulphur. Hence, PCSC is a promising cathode material for Li-S 

batteries. 
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CHAPTER 6 

ORANGE PEEL DERIVED CARBON FOR 

LITHIUM-SULPHUR BATTERY 

The shuttle effect associated with LSB deteriorate the battery performance and 

delay their practical applications. In this chapter, orange peel derived carbon-

sulphur composite (OPCSC) is used as the cathode material. To improve its 

performance, heteroatom doped microporous carbon (HMC-1), with the surface 

area of 969 m2 g-1 and pore volume of 0.43 cm3 g-1 is used for the modification of 

separator. The HMC-1 coated on the surface of commercial PP separator by doctor 

blade method act as a LPS shuttle inhibitor. The LSB with HMC-1coated separator 

shows an initial discharge capacity of 1213 mA h g-1 at 0.1C rate and excellent 

cycling performances with 85% capacity retention even after 100 cycles and deliver 

845 mA h g-1 at 2C rate. The thin layer coating of HMC-1 on separator effectively 

blocks the migration of PSs towards the anode, thereby decreasing the capacity loss 

and improving the rate performance. This enhancement in the electrochemical 

performance is attributed to the synergistic effect of heteroatoms along with the 

high surface area of carbon materials which are used for the modification of the 

separator and sulphur host. 

6.1 Introduction 

Sulphur, which exhibits 2600 W h kg-1 specific energy, could be a better 

option to develop energy storage device with high energy density. Moreover, its 

availability, cost, and performance are additional advantages if it is possible to 

achieve high discharge capacity by reducing capacity fading and minimizing the 

insulating behaviour of sulphur (Manthiram et al., 2014; H.-J. Peng et al., 2017; 

Seh et al., 2016). The latter issue can be diminished by using different formats of 

conductive materials, most commonly, carbon-based materials (Z. Li, Y. Huang, et 

al., 2015; Z.-L. Xu et al., 2018). To attain the discharge capacity close to theoretical 

level and minimizing the capacity fading are the challenges that need to be solved 

through alleviating PS dissolution and the shuttling effect of PS (J. Wang et al., 

2017). Previous chapters and recent studies demonstrate that surface functional 

groups and heteroatom doped porous carbon plays an important role to improve the 

electrochemical performance of the carbon-sulphur composite when used as 

cathode material in LSBs (L. Chen et al., 2017; Zan Gao et al., 2017). Biomass-
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derived carbon is successfully converted into porous carbon and used as cathode 

supporter, separator modifications, etc., for LSBs (Zan Gao et al., 2017; X. Zhang 

et al., 2017). Orange peel (Citrus Sinensis) is a major biowaste. It is a widely 

available and cheapest material in all over the world (Pandiarajan et al., 2018). 

Orange peel is 44% of the orange fruit, consists of lignin, cellulose, pectin, 

hydroxyl, carboxyl, and amide functional groups. Orange peel biowaste is used for 

the adsorption of heavy metals (N. Feng et al., 2011; Guiza, 2017; S. Liang et al., 

2009), polymer synthesis (Ranaweera, Ionescu, et al., 2017), pectin extraction 

(Prakash Maran et al., 2013), biofuel production (Martín et al., 2010; Santos et al., 

2015), adsorption of dyes (Khaled et al., 2009), flavone extraction (Lachos-Perez 

et al., 2018), etc. Orange peel derived activated carbon is used as electrode material 

for supercapacitors (Arie et al., 2013; Dhelipan et al., 2017; Maharjan et al., 2017; 

Ranaweera, Kahol, et al., 2017; C. Wang et al., 2018), catalyst support for the 

oxygen-reduction reactions (Dhelipan et al., 2017), chemical adsorption (M. E. 

Fernandez et al., 2015; Gupta and Singh, 2018; Pandiarajan et al., 2018), dye 

adsorption (Maria Emilia Fernandez et al., 2014; Lam et al., 2017), anode for Li 

/Na ion batteries (J. Xiang et al., 2017; Z. Li, Y. Huang, et al., 2015; D.-W. Wang 

et al., 2013). In this chapter, orange peel derived microporous carbon (OPC) is 

prepared and evaluated as cathode materials in LSBs. The OPCSC shows 51% 

capacity retention after 100 cycles at 0.1C rate. The capacity degradation is mainly 

due the to loss of sulphur as PSs during the redox reactions shows the inefficiency 

to utilize sulphur. To block the PSs migration extensive efforts have been carried 

out like special cathode design, anode protection, and electrolyte modification and 

separator modifications (X. Zhang et al., 2017). The materials used to obstruct the 

voyage of the PSs is clearly emphasized in section 1.3.2. Shuttle effect occurs via 

PS passage through the separator and has a major impact on the performance of 

LSBs (Yibo He, Chang, et al., 2018; Ogoke et al., 2017). The separator is a porous 

membrane through which the PSs moves towards the anode side, deposit as Li2S. It 

is not soluble in the electrolyte and leads to the degradation in the performance 

(Zhian Zhang et al., 2015). Blocking of PSs on the cathode side is an effective 

approach by modifying the separator to achieve good electrochemical performance 

(W. Lin et al., 2015). The carbon coated separator has a dual function as PSs 
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confinement and an upper current collector which helps to smooth transfer of 

electrons during the oxidation-reduction reaction. It has been reported that many 

carbon materials with the high surface area, lightweight and conducting nature such 

as MWCNT (Chung and Manthiram, 2014), rGO (W. Lin et al., 2015), GO (J.-Q. 

Huang et al., 2015), porous carbon (Balach et al., 2015; J. Zhu et al., 2016), carbon 

nanofiber (G. Chen et al., 2018), etc are coated on the separator. These non-polar 

carbon substrates have a weak physical interaction with the polar PSs, hence this 

material cannot ensure the long-term stability of the LSBs. The introduction of 

heteroatom on the surfaces of the porous carbon materials make them interact 

chemically with the PSs during the charge-discharge process (S. S. Zhang, 2015). 

It includes the N doped carbon nanowire (X. Zhou et al., 2016), N, S & O co-doped 

carbon (F. Ai et al., 2017), N doped porous carbon sphere (Zhian Zhang et al., 

2015), N & P co-doped honeycomb-like carbon (P. Zeng, Huang, Zhang, Zhang, et 

al., 2018), B &N doped rGO (P. Han and Manthiram, 2017) is successfully used as 

a barrier between the separator and the cathode for trapping the PSs.  

In the present study, OPC derived from orange peel with the high surface 

area is used to host sulphur and heteroatom doped microporous carbon (HMC-1) 

derived from DDS is used as a functional modifier of the separator based on the 

above consideration and motivation. A thin coating of HMC-1 on one side of the 

separator was placed towards the cathode to capture the PSs. Based on the literature, 

it is the first time to use the carbon from DDS for separator modification in LSBs. 

To understand PS blocking ability of HMC-1 coated separator in LSBs, 

electrochemical characterizations were carried out and made a comparative study 

with MWCNT coated separator for the same cathode film OPCSC (73%) in LSBs. 

HMC-1 coated separator exhibits an initial discharge capacity of 1213 mA h g-1 and 

a stable capacity of 1033 mA h g-1 after 100 cycles with 0.17% capacity decay per 

cycle at the 0.1C rate. The HMC-1 is microporous which allows only the movement 

of the Li+ ions and effectively block the PS diffusion. The high surface area carbon 

with pyridinic N, pyrrolic N and O functionalities aimed at physical and chemical 

adsorption for PSs during the charge-discharge process (Huangfu et al., 2018). 
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6.2 Materials and Methods 

6.2.1 Materials 

Orange peel biowaste was obtained from Kerala, Thiruvananthapuram. 

 4, 4‘diamino diphenyl sulphone (DDS, 99%, Merck), and all other chemicals were 

as mentioned in section 2.2.1.  

6.2.2 Material synthesis 

6.2.2.1 Preparation of porous carbon  

Orange peel was washed, dried, crushed and ground into fine powders. The 

powder was washed with distilled water and ethanol and dried in an air oven at 100 

ºC for 24 hours. These powders were used as activated carbon precursors. Chemical 

activation was done by mixing 10 grams of orange peel powder with 20 grams of 

zinc chloride in 100 ml of distilled water. After drying it was heated at 600 ºC in a 

tube furnace for 1 hour in an inert atmosphere. After that, it was washed with HCl, 

distilled water until it becomes neutral (Arie et al., 2013). The activated carbon was 

dried in an oven at 100 ºC and stored in a desiccator, which is denoted as orange 

peel derived carbon (OPC) (Figure 6.1). 

6.2.2.2 Preparation of carbon-sulphur composites 

Orange peel derived carbon-sulphur composite (OPCSC) was prepared by 

melt diffusion method (Figure 7.1) as discussed in section 3.2.2.2.  

6.2.3 Preparation of modified separator 

The MWCNT obtained from the Sigma Aldrich is used as the separator 

coating without any further purification. A mixture of MWCNT and PVDF in a 

weight ratio of 9:1 is mixed with NMP as a solvent to form the slurry, which was 

then coated on one side of the polypropylene separator. Then the separator was 

dried under vacuum oven at 60 ºC for 24 hours. HMC-1was prepared by using the 
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procedure discussed in section 3.1. After that, it was coated on the separator with 

the procedure mentioned above by replacing MWCNT with HMC-1.  

6.2.4 Material Characterization 

The materials prepared above were characterized using the techniques 

described in section 2.2.3. 

6.2.5 Fabrication of coin cell and electrochemical measurements 

Coin cells were fabricated using OPCSC as a cathode material and the 

electrochemical characterization was studied by the procedure described in the 

section 2.2.4 and 2.2.5. The mass loading of the active material was ~3.5 mg cm-2. 

6.3 Results and Discussion 

6.3.1 Characterization of OPC and OPCSCs 

 

Figure 6.1. Schematic illustration of the preparation of OPC and OPCSCs 

Figure 6.1 displays the scheme for the preparation of OPCSCs from the 

OPC. The nitrogen adsorption-desorption isotherms of the OPC and OPCSCs are 

shown in Figure 6.2 (a). Rapid adsorption at relatively low pressure indicates the 

presence of micropores.  A very small hysteresis loop at relatively medium pressure 

http://www.sciencedirect.com/science/article/pii/S2211379716302364#f0010
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indicates the presence of mesopores. Pore size distribution curves confirm that the 

OPC has microporous morphology (Figure 6.2 (b)) (Gu et al., 2015). This material 

has a surface area of 1806 m2 g-1 and pore volume of 0.93 cm3 g-1. These results 

guarantee that OPC is an ideal host of sulphur for LSB applications (J. Liu et al., 

2017; S. Zhang et al., 2014). Surface area and pore volume are drastically reduced 

after sulphur loading. Surface area reduced to 0.95 m2 g-1 for OPCSC (61%) and 

0.94 m2 g-1 for OPCSC (73%). The pore volume is reduced to 0.00 cm3 g-1 in both 

the cases suggests that the sulphur covers the surface of the carbon (Y. Tan et al., 

2017). Table 6.1 represents the surface area and pore volume details of OPC and 

OPCSCs. 

Table 6.1: Surface area and pore volume of OPC/OPCSCs 

 

 

The structural investigation of the OPC and OPCSCs were carried out by 

the XRD analysis. XRD patterns of the OPC shows two broad diffraction peaks 

centered at 2Ө=26º and 43º is due to the presence of disordered porous structure 

with a low degree of graphitization (Gu et al., 2015; S. Xiao et al., 2015). XRD 

pattern for the sulphur shows the crystalline phases of the orthorhombic sulphur 

(JCPDS 00-008-0247). OPCSCs shows all the crystalline phases of sulphur indicate 

the presence of sulphur in the composite (Figure 6.2 (c)) (Gu et al., 2015; W. G. 

Wang et al., 2014). Further, structural investigation of OPC and OPCSCs is carried 

out by Raman spectrum (Figure 6.2 (d)). It is characterized by a band at 1336 cm-1 

and another band at 1595 cm-1 called D (disordered) and G (graphitic) bands, 

respectively (Dresselhaus et al., 2007; Jiawei Zhang et al., 2015). The D band 

ascribed to the disordered amorphous carbon and G band is due to the presence of 

graphitized carbon. The ID/IG ratio for OPC is ~0.9 which indicates the amorphous 

structure of carbon material. The ID/IG ratio of OPCSCs is relatively higher than that 

of OPC which indicates the defects get pronounced in the composite. The inset 

showing the Raman spectra of crystalline sulphur, which exhibits three peaks at 148 

cm-1, 214 cm-1 and 470 cm-1 (Ward, 1968). OPCSCs shows the sulphur bands in a 

moderate intensity indicating the presence of sulphur in the surface of the carbon 

Description of properties OPC OPCSC (61%) OPCSC (73%) 
BET surface area (m2 g-1) 1806 0.95 0.94 

Total pore volume (cm3 g-1) 0.94 0.00 0.00 
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matrix. The observed sulphur peaks in OPCSCs indicating that sulphur is 

incorporated into the carbon matrix successfully by melt diffusion process (Niu et 

al., 2015; Xuebing Yang et al., 2015). 

 
Figure 6.2. (a) N2 adsorption/desorption isotherms of OPC and OPCSCs (b) Pore size 

distribution curves of OPC and OPCSCs (c) XRD pattern for sulphur and OPCSCs (d) 

Raman spectra of OPC, OPCSCs [inset: Raman spectrum of sulphur] and (e) TGA of 

OPC, OPCSCs and sulphur 

The amount of sulphur in the OPCSCs and the thermal stability of OPC 

are determined using TGA. Figure 6.2 (e) shows the TGA of the sulphur, OPC and 

OPCSCs. TGA of OPC indicates the thermal stability of the prepared carbon 
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material. The sulphur completely evaporated at a temperature of 250 ºC, however, 

OPCSC (61%) and OPCSC (73%) shows complete weight loss at 320 ºC and 360 

ºC, respectively attributed to the removal sulphur infused from the micropores. 

TGA curves of OPCSCs show major weight loss in the temperature range 116 ºC–

350 ºC (Y. Fu et al., 2012; W. G. Wang et al., 2014). The amount of sulphur 

calculated in the OPCSCs with reference to sulphur is 61% and 73%. 

The presence of functional groups and chemical states of the elements in 

the OPC and OPCSCs are characterized using the XPS measurements. From the 

survey scan analysis of OPC, it can be observed that the presence of C1s, N1s, O1s 

at 283.7 eV, 400 eV and 533.1 eV, respectively (Figure 6.3 (a)).The deconvoluted 

C1s spectrum (Figure 6.3 (b)) has 5 components, C-C/C=C (284.6 eV) of sp2, C-N 

(285.6 eV), C-O bond (286.4 eV), C=N bond (287.2 eV) and C=O (288.6 eV). The 

deconvoluted N1s spectrum (Figure 6.3 (c)) contains pyridinic (398.1 eV), pyrrolic 

(400 eV), and graphitic (401.7 eV). The deconvoluted O1s spectrum (Figure 6.3 

(d)) has two components: C-O bond (531.9 eV), and C=O bond (533.1 eV) (Jin et 

al., 2017; Shao et al., 2016; X. Yuan, Liu et al., 2017; G. Zhou et al., 2015; S. Jiang 

et al., 2019). 

Figure 6.4 shows the XPS analysis of the OPCSC (73%). The survey scan 

analysis (Figure 6.4 (a)) reveals the presence of C1s, O1s, N1s, S2s and S2p 

functionalities. The deconvoluted C1s spectra (Figure 6.4 (b)) is attributed to C-C 

(284.3 eV), C-S (284.9 eV), C-N (285.3 eV), C-O (286.4 eV), C=N (287eV) and 

C=O (288.4 eV) from OPCSC composite (M. Chen et al., 2017; Jin et al., 2017; 

Jing Xu et al., 2016).  

The deconvoluted N1s spectrum (Figure 6.4 (c)) contains pyridinic (398.3 

eV), pyrrolic (400.3 eV), graphitic (401.7 eV), N-S (402.6 eV), etc. The high-

resolution O1s spectrum (Figure 6.4 (d)) is deconvoluted into S-O bond (530.7 eV), 

C-O bond (531.8 eV) and C=O bond (532.4 eV). The high-resolution S2p (Figure 

6.4 (e)) contains two S2p3/2 and S2p1/2 (Niu et al., 2015). It is observed that S2p3/2 

(163.7, 164 and 164.2 eV) and S2p1/2 (164.9, 165.2 and 165.4eV) with an energy 

separation of 1.2 eV corresponds to the C-S, S-N and S-O bonds in the OPCSC 
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(Niu et al., 2015; Jing Xu et al., 2016; L. Zhang et al., 2012; Pang et al., 2015; Z. 

Wang et al., 2014; X. Yuan, Liu et al.,2017; G. Zhou et al., 2015; Jin et al., 2017). 

 

 

Figure 6.3. XPS analysis of OPC (a) survey scan (b) C1s (c) N1s and (d) O1s 

Figure 6.5 shows the SEM images of OPC and OPCSC (73%). SEM 

images of OPC (Figure 7.5(a-c)) is composed of numerous micropores with a slight 

amount of mesopores which is highly useful for the absorption of sulphur during 

melt diffusion. Morphological change is observed in the SEM images of the OPCSC 

due to infused sulphur into pores and the surface of the carbon matrix (Figure.7.5 

(d-f)). 

Figure 6.6 (a and c) shows the TEM images of the OPC and OPCSC (73%) 

which confirms the presence of nanopores. The inset shows the SAED pattern of 

the OPC and OPCSC reveals the amorphous nature of the carbon material and 

crystalline nature of the composite, due to the presence of sulphur in the composite. 
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TEM-EDS analysis reveals the information about the presence of hetero elements 

N, O in the OPC (Figure 6.6 (b)) and N, O, S in the OPCSC (Figure 6.6 (d)). 

 

Figure 6.4. XPS analysis of OPCSC (73%) (a) survey scan (b) C1s (c) N1s (d) O1s and 

(e) S2p 
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Figure 6.5. SEM images (a-c) OPC and (d-f) OPCSC (73%) 

 

Figure 6.6. Images of (a) TEM (b) EDS analysis of OPC and (c) TEM (d) EDS analysis 

of OPCSC (73%) [Inset showing the corresponding SAED pattern] 

6.3.2 Electrochemical performance of the composite 

6.3.2.1 OPCSC as cathode material for Li-S batteries 

To understand the electrochemical performance of OPCSC as a cathode 

material, a series of electrochemical tests were carried out. Figure 6.7 (a-b) shows 
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the CV curves of OPCSC in a potential range of 1.6-3 V at 0.1 mV s-1 scan rate.  

During the cathodic scanning, two reduction peaks at 2.39 V and 2.01 V are 

observed. The peak at 2.39 V is due to the reduction of elemental sulphur to long 

chain lithium polysulphides (Li2Sx, 4 ≤ x ≤ 8). The second peak at 2.01V is due to 

the conversion of these long chain polysulphides to short chain polysulphides 

(Li2Sx, 2 ≤ x ≤ 4). In the subsequent anodic scan process, a peak of 2.43 V is 

observed, which corresponds to the conversion of these polysulphides to sulphur 

(Jing Xu et al., 2016; K. Yang et al., 2015). In the subsequent scan process, the 

oxidation and reduction peak potentials are not changed, indicating the reactive 

reversibility. Both OPCSCs maintain same oxidation and reduction peak positions, 

an increase in current density is observed in the higher sulphur content composite 

due to the increase in the amount of active material utilization. In the successive 

cycles, the current density is decreased for both the composite may be due to the 

loss of active material (S. Zhang et al., 2014; J. Yang et al., 2015). The cathodic 

peaks are slightly shifted to higher oxidation potential and the anodic peaks are 

slightly shifted to lower potentials indicate that the active material is rearranged 

from their original position to get more energetic stable position in the successive 

scan and to obtain lower polarization (Zhengjiao Liu et al., 2018). The initial 

discharge capacity of OPCSC (73%) and OPCSC (61%) are 1099 mA h g-1 and 

1019 mA h g-1, respectively (Figure 6.7(c-d)). The second discharge capacity is 

777 mA h g-1 (61%) and 796 mA h g-1 (73%) exhibits a capacity degradation at 23% 

and 27%, respectively with respect to the first discharge capacity. When the cycle 

number turns to 100, both the composite display 51% capacity retention with 

respect to the initial discharge capacity. This notorious capacity degradation is 

mainly due to the loss of sulphur during the redox reactions (Ogoke et al., 2017). 

Figure 6.7 (e) shows the cycle performances and coulombic efficiency of OPCSCs 

at 0.1C rate, with a 0.66% capacity decay rate for OPCSC (61%) and 0.73% for 

OPCSC (73%) with the coulombic efficiency ~99% (Gu et al., 2015).  

To investigate the charge-discharge behaviour of OPCSCs at various 

current densities, rate performance tests were conducted. As shown in Figure 6.7 

(f) OPCSC (73%) delivers the discharge capacity of 1099, 672, 492 and 400 mA h 

g-1 at 0.1C, 0.2C, 1C and 2C, respectively. When the current density is decreased 
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to 0.2C, it exhibits a discharge capacity of 654 mA h g-1 with 2.7 % capacity 

degradation. While the OPCSC (61%) delivers the discharge capacity of 1019, 620, 

455 and 384 mA h g-1 at the same rates and obtained 3% capacity degradation when 

returned back to the 0.2C rate. OPCSC (73%) is chosen for further evaluations due 

to the high sulphur content when compared with OPCSC (61%). 

Figure 6.7. CV of the OPCSCs (a) 61% and (b) 73%, GCD curves of OPCSCs (c) 61% 

(d) 73% (e) Cyclic stability performances and coulombic efficiency and (f) Rate 

capability studies at different C-rate 
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6.3.2.2 Structural and electrochemical evaluation of LSB with modified 

separator 

A separator between the two electrodes is made from a porous electrically 

insulating material used to prevent contact and short-circuiting between the 

electrodes, and also provides pathways for electrolyte ions and is made up of 

polyethylene, polypropylene or their composite. The SEM images of the pristine 

separator (Figure 6.8) consists of abundant pores on its surface, through which PSs 

can easily pass through and react with Li metal, it causes corrosion of the anode. 

Figure 6.8. SEM Images of PP (a) Lower magnification and (b) Higher magnification 

[inset showing digital photograph] 

One side of the separator is modified and placed towards the cathode side 

to capture PSs within the cathodic compartment. From the schematic illustration 

(Figure 6.9), it is evident that the battery with common PP separator is prone to 

shuttle effect, however, the modified separator restrict PS as in the cathode side by 

physical/chemical adsorption. HMC-1, a heteroatom doped microporous carbon 

and MWCNT is used for the separator modification its electrochemical 

performance is compared with a bare separator. The modified cell configuration 

facilitates to improve the active material utilization, hence the specific capacity of 

the cell.  

The carbon material MWCNT and HMC-1 are characterized by surface 

area analysis, XRD, Raman and XPS analysis. Figure 6.10 (a) shows the N2 

adsorption-desorption isotherms of MWCNT and HMC-1. MWCNT shows a type 

V isotherm and BET surface area is 218 m2 g-1 with a pore volume of 1.8 cm3 g-1. 

DFT pore size distribution analysis of MWCNT clearly shows that the most of the 
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pores are in the meso and macroporous region (Figure 6.10 (b)) (Peigney et al., 

2001; L. Wang et al., 2011; Hua Yue Zhu et al., 2013). 

Figure 6.9. Schematic illustration of LSB and polysulphide shuttling (a) With bare 

separator and (b) With separator coating 

The XRD pattern of MWCNT (Figure 6.10 (c)) shows the broadband at 

2θ=24.6º, is due to the reflection of (002), another diffraction peak at 2θ = 44º 

corresponding to the reflection of (100) plane, indicating amorphous structure with 

low graphitic nature. Raman spectra of MWCNT show D band at 1336 cm-1 and G 

band at 1595 cm-1 (Figure 6.10 (d)). The ID/IG ratio is 1.5 indicates the MWCNT is 

a disordered amorphous carbon material. A trace amount of oxygen is observed in 

the XPS survey scan analysis of MWCNT (Figure 6.10 (e)) (Varga et al., 2017; L. 

Wang et al., 2011; Zhiteng Zhang et al., 2014). The presence of oxygen is due to 

atmospheric oxidation when MWCNT is exposed to air. HMC-1 is an amorphous 

carbon with N and O functionalities and was well characterized in chapter 4. The 

BET specific surface area is 969 m2 g-1 and the pores are in the microporous region. 

The specific surface area and suitable micropore size distribution are highly 

advantageous for the PS adsorption along with N and O functionalities which will 

anchor the PSs on the cathode side itself. 

The material used for coating the separator was further characterized by 

the SEM and TEM analysis. SEM analysis of MWCNT reveals the tubular 

morphology and the entangled bundles of tubes with macro, meso and micropores 

(Figure 6.11 (a)) (Faramarzi et al., 2011). HMC-1 reveals the sheet-like morphology 

with numerous micropores (Figure 6.11 (d)). Figure 6.11( b and e) shows the TEM 

images of MWCNT and HMC-1. Nano pores in HMC-1 ease  Li-ion transport and 
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blocks the PS anions. TEM-EDS analysis reveals the presence of carbon in the 

MWCNT (Figure 6.11 (c)) and C, N and O in the HMC-1 (Figure 6.11 (f)). A trace 

amount of O in  MWCNT may be due to  oxidation in air.  

 
Figure 6.10. Characterization of MWCNT and HMC-1 (a) N2 adsorption/desorption 

isotherms (b) Pore size distribution curves [inset: enlarged portion of pore size 

distribution of HMC-1] (c) XRD pattern (d) Raman spectra  and (e) XPS survey scan 

analysis 

              Table 6.2. Porosity details of MWCNT and HMC-1 
 

 

 

Sample MWCNT HMC-1 
BET surface area (m2 g-1) 218 969 
Total pore volume (cm3 g-1) 1.8 0.43 
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Figure 6.11. Images of (a) SEM, (b) TEM (c) EDS analysis of MWCNT and (d) SEM, (e) 

TEM (f) EDS analysis of HMC-1 

 
Figure 6.12. Cross sectional Images of SEM images (a-b) MWCNT and (c-d) HMC-

1[inset a and c shows the digital photographs of the modified separator] [inset b and d 

demonstration of flexibility and mechanical strength] 

The cross-sectional views and surface morphology of the modified 

separator were characterized by the SEM analysis (Figure 6.12). The SEM images 

show the both MWCNT and HMC-1 are uniformly coated oo the PP separator. The 

cross-sectional images of the two types of the modified separator are shown in 

Figure 6.12 (a and c) for MWCNT and HMC-1, respectively. It is observed that the 

slurries are well stacked on the surface of PP separator. The average thickness is 

~12 µm and ~15 µm for the separator modified by  MWCNT and HMC-1, 
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respectively.  The weight of the coating is ~0.79 mg cm-2 and 1.02 mg cm-2 for 

MWCNT and HMC-1, respectively. Top view SEM images are shown in the Figure 

7.12 (b and f). The coated separators have good mechanical strength, it is robust 

during the cell assembly (inset of Figure 6.12 (b and d)).  

Electrochemical studies were carried out to know the impact of separator 

coating on the performance of LSB. Figure 6.13 (a and b) shows the CV profile for 

OPCSC cathode with MWCNT and HMC-1 coated separators at the scan rate of 

0.1 mV s-1 in the voltage window of 1.6-3V. Two reduction peaks and one oxidation 

peak is observed similar to that of the cell with a bare separator (Figure 6.7 (b)). 

The reduction peaks at ~ 2.34 V and ~2.36 V for the MWCNT and HMC-1 are due 

to the conversion of sulphur to higher order lithium polysulphides (Li2Sx, 4 ≤ x ≤ 

8). The second reduction peak at ~ 2.01 V and ~ 2.02 V is due to the conversion of 

higher order polysulphides to lower order polysulphides (Li2Sx, 4 ≤ x ≤ 2) for the 

MWCNT and HMC-1, respectively. The broad oxidation peak at ~ 2.34 V & ~ 2.30 

V is due to conversion of higher order polysulphides to lower order polysulphides 

(I peak) and ~ 2.41 V & ~ 2.40 V is due to the conversion of lower order 

polysulphides to sulphur (II peak) for the MWCNT and HMC-1, respectively 

(Zhaoxia Cao et al., 2016; Su et al., 2012a). Oxidation and reduction peak position 

shows the slight difference from the OPCSC cathode films with a bare separator. 

Oxidation peak shift to lower potential and reduction peaks shift to higher potential 

indicates the enhanced electrochemical kinetics of the reactions which indicates 

separator coating has a positive impact towards the LSB performance (Y. Peng, Y. 

Zhang, Y. Wang, et al., 2017; Yunbo et al., 2015). The oxidation and reduction 

peak positions are nearly the same in the succeeding scan processes indicating the 

enhanced cycling stability and reactive reversibility of the cathode material. It is 

observed an increase in current density when HMC-1 as separator coating, 

attributed to more active material utilization than MWCNT coating. In addition the 

coating act as a second current collector and improves the electrochemical 

performance (Shao et al., 2016). 

Figure 6.13 (c and d) represents the GCD experiments of OPCSC cathode 

at a 0.1C rate with MWCNT and HMC-1 coated separators. GCD profile of 1, 2, 
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25, 50, 75 and 100th charge-discharge curves with two reductions and one oxidation 

plateau is displayed. An improved initial capacity is observed compared to the cells 

with bare separator, 1203 mA h g-1 and 1213 mA h g-1 for MWCNT and HMC-1 

coated separator cells, respectively. The coating acts as a second current collector 

and enhances the active material utilization which reflects in the initial discharge 

capacity (Yibo He, Qiao, et al., 2018). MWCNT coated separator gives 13.2% 

capacity degradation in the second cycle whereas only 5.2% for HMC-1. It is due 

to the higher surface area of the HMC-1 which can adsorb more quantity of PSs 

during the charge-discharge process and restrict the movement towards the anode. 

When the cycle number turns to 100, the discharge capacity becomes 900 mA h g-

1 displaying 74.8% capacity retention with respect to the initial discharge capacity 

for MWCNT coated separator. While the HMC-1 coated separator depicts a 

reversible capacity of 1033 mA h g-1 demonstrating 85% capacity retention with 

respect to initial discharge capacity. Better (10.2%) capacity retention in the HMC-

1 modified separator compared to MWCNT modified separator is due to the 

microporous structure along with N, O doping, effectively restricts the movement 

of PSs towards the anode side and allows the transportation of Li+ ion. The 

overlapped charge-discharge plateaus in all 100 cycles, indicates the extremely high 

electrochemical stability of the HMC-1 coated separator. The HMC-1 coated 

separator exhibits lower voltage separation (ΔE=0.17 V) than MWCNT coated 

(ΔE=0.19 V) suggesting lower polarization and enhanced reaction kinetics during 

the charge-discharge process (Shao et al., 2018). The better electrochemical 

performances and capacity retention are due to the lone pairs of pyridinic N and 

pyrrolic N which helps to interact with LPSs during the discharge process and retard 

the movements of the PSs in HMC-1. Similarly, lone pairs of O in the C-O bonds 

also bonded to the LSPs, such type of interactions are absent in the case of 

MWCNT. In addition to this, the high surface area of the HMC-1 helps to adsorb 

more quantity of PS during the cycling process.  



174 

 

Figure 6.13. CV of the OPCSC-73% with separator coating (a) MWCNT (b) HMC-1 

GCD curves of OPCSC-73% with separator coating (c) MWCNT (d) HMC-1 (e) Cyclic 

stability performances and coulombic efficiency and (f) Rate capability studies at 

different C-rate 

Figure 6.13 (e) shows the cycle performance of the OPCSC cathode using 

MWCNT and HMC-1 coated separators at the 0.1C rate. A capacity decay of 0.66% 

per cycle and less than 100% coulombic efficiency is observed for cells with 

MWCNT coated separator due to imperfect charging cycle. The sp2 carbon network 

help to transport Li+ ion in a faster rate in MWCNT coated separator, but PSs detach 

easily during the discharge process (Chang et al., 2015). However, HMC-1 coated 

separator displays a capacity decay of 0.17 % with ~ 99% coulombic efficiency. 

The rate capability studies of MWCNT and HMC-1 coated separator with OPCSC 
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cathode film at various current densities are shown in Figure 6.13 (f). MWCNT 

coated separator with OPCSC cathode delivers the discharge capacity of 1202, 888, 

722 and 678 mA h g-1 at 0.1C, 0.2C, 1C and 2C, respectively. When the current 

density is decreased to 0.2C, it exhibits a discharge capacity of 884 mA h g-1 with 

99.5 % capacity retention. While the cell with HMC-1 coated separator gives 1213, 

1041, 893 and 849 mA h g-1 at the current densities of 0.1C, 0.2C, 1C and 2C, 

respectively. It delivers the discharge capacity of 1040 mA h g-1 when the current 

density returned back to 0.2C rate and 99.9% capacity retention indicating better 

dynamic electrochemical stability. The capacity retention of the OPCSC cathode 

film with MWCNT/HMC-1 modified separator are very close to the literature 

reported previously. Table 6.3 gives the comparison of the capacity and cyclic 

performance of the HMC-1 modified separator and other heteroatom modified 

separators.  

To better understand the enhanced electrochemical performance of the cell 

with HMC-1 coated separator, EIS was employed. Figure 6.14 (a) shows the EIS of 

the OPCSC cathode films with/without separator modifications before 100 cycles 

and Figure 6.14 (b) gives the equivalent circuit. Figure 6.14 (c) gives EIS analysis 

of OPCSC cathode films after 100 cycles at OCV voltage and its inset showing the 

corresponding equivalent circuit. The Rct and ion diffusion resistance for OPCSC 

(61%) and OPCSC (73%) with bare separator are higher than that of the modified 

separator with OPCSC (73%) cathode film before and after cycling, indicates the 

better reaction kinetics during the electrochemical process (Table 6.4). The 

significant decrease in impedance in the cell with HMC-1 coated separator than the 

MWCNT coated separator attributing to the heteroatom doped porous structure and 

sp2 conductive skeleton which facilitates charge transfer (Chang et al., 2015). The 

decrease in charge transfer resistance and diffusion resistance after cycling 

attributed to the fact that the redistribution of sulphur onto the porous carbon, which 

helps to mitigate PS species and effective diffusion of ions throughout the cathode 

(Raghunandanan et al., 2018; G. Ren et al., 2016).  
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Table 6.3: Comparison of capacity retention of LSB with heteroatom-doped carbon 

modified separator 

Sl

. 

no 

Material 

Initial 

discharge 

capacity 

(mA h g-1) 

Final 

discharge 

capacity 

(mA h g-1) 

Cyc

les 

C 

Rate 

Capacity 

retention 

(%) 

References 

1 
Functionalized 

carbon nanotube 
1057 570 400 0.5 54 

(Ponraj et 

al., 2017) 

2 
N doped carbon 

sphere 
1656 542 500 1 33 

(Zhian 

Zhang et al., 

2015) 

3 

N/S/O tri-doped 

tuna bone 

derived carbon 

1397 1044 100 0.2 75 
(F. Ai et al., 

2017) 

4 rGO 733 519 100 1 71 
(P. Zhu et 

al., 2018) 

5 rGO 1067 878 100 0.2 82 
(W. Lin et 

al., 2015) 

6 GO 920 700 100 0.1 76 
(J.-Q. Huang 

et al., 2015) 

7 
N/P co-doped 

carbon 
1387 930 200 0.2 67 

(P.Zeng, 

Huang, 

Zhang, 

Zhang, et al., 

2018) 

8 

Fe/N co-doped 

carbon 

nanofiber and 

graphene 

994.6 601.9 500 0.5 60 
(X. Song et 

al., 2018) 

9 
O doped 

carbon/rGO 
922.5 601.8 600 1 65 

(Linlin 

Zhang et al., 

2018) 

10 

Co/N co-doped 

carbon 

nanofiber 

865 616 500 0.5 71 
(G. Chen et 

al., 2018) 

11 B doped rGO 902 367 400 0.1 41 

(P. Han and 

Manthiram, 

2017) 

12 N doped rGO 856 435 400 0.2 80 

(P. Han and 

Manthiram, 

2017) 

13 
N/S co-doped 

carbon 
1049 690 500 1 66 

(K. Yang et 

al., 2018) 

14 

B/N/S tri doped 

activated carbon 

nanofiber 

1166 881 700 0.3 75 
(M. Chen et 

al., 2018) 

15 

N doped 

hierarchical 

graphene 

1415 1092 100 0.3 77 
(Q.Li et al., 

2018) 

16 
Sulphonated 

carbon black 
1262 955 100 0.1 75 

(F. Zeng et 

al., 2016) 

17 
N doped carbon 

from crab shell 
1301 971 100 0.1 75 

(Shao et al., 

2017) 

18 

S doped 

microporous 

carbon 

1544 976.6 200 0.2 63 
(J. Yang et 

al., 2016) 
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Figure 6.14. Electrochemical performances of OPCSCs, MWCNT, HMC-1 separator 

coating (a) EIS analysis of the electrodes before discharge (b) fitted equivalent circuit for 

before cycling (c) EIS analysis of the electrodes after 100 cycles at the OCV [inset: 

equivalent circuit] 

19 B-rGO 1227.8 663.6 300 0.1 54 
(F. Wu et al., 

2016) 

20 
S/N  Co-doped 

graphene 
770 612 250 2 79 

(L. Wang et 

al., 2016) 

21 

N doped 

microporous 

carbon 

1051 591.6 500 0.5 56 

(Xiangyang 

Zhou et al., 

2017) 

22 

N/S hierarchical 

porous biomass 

ca 

rbon 

1549 947 100 0.1 61 
(S. Jiang et 

al., 2019) 

23 

N/S 

mesopoorous 

carbon using 

egg shell 

1125 653 100 0.1 58 

(X. Yuan, 

Wu, et al., 

2017) 

24 Carbon nitride 990 829 200 0.2 84 
(Huangfu et 

al., 2018) 

25 

N rich 

hierarchical 

carbon sponge 

1525 1128 100 0.5 74 
(Zhen et al., 

2018) 

26 
N doped porous 

carbon 
1426 866 200 0.2 61 

(Q. Wang et 

al., 2018) 

27 MWCNT 1203 900 100 0.1 74.8 Our work 

28 HMC-1 1213 1033 100 0.,1 85 Our work 
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In the case of cells with coated separator (before cycling) it can be seen a 

semi-circle in the middle frequency region is due to the charge transfer resistance 

(Rct1) at the carbon and the electrolyte (Figure 6.14 (a and b)) (Y. Peng, Y. Zhang, 

J. Huang, et al., 2017; Y. Tan et al., 2017). After cycling, the small semicircle at the 

high frequency region is vanished, due to the non-availability of free active carbon 

sites, owing to the physical /chemical adsorption of active material during the 

charge-discharge process. So it is confident to say that HMC-1/MWCNT coated 

separators adsorb the PSs in addition to enhancing the interfacial charge transfer. It 

is further confirmed by the low ion diffusion resistance after charge discharge 

process due to the accessibility of electrolyte onto the carbon network.  

After 100th charge-discharge cycle, the cell was disassembled in the Ar-

filled glove box. The morphology of the OPCSC cathode film was characterized by 

SEM analysis. Figure 6.15 shows the SEM images of fresh cathode surface of 

OPCSC film and cycled cathode films. Remarkable differences can be seen 

between cycled OPCSC cathode film by using the bare separator (Figure 6.15 (b)) 

and fresh cathode surfaces (Figure 6.15 (a)). After 100 charge-discharge cycles, 

normal cathode shows dense solid layer on the surface. The solid layer is due to 

gradual aggregation of insulated Li2S on the surfaces of the cathode during the 

prolonged cycles which could be the reason for the lowest electrochemical 

performance of the OPCSC cathode film with a bare separator.  But there is no thick 

solid layer is observed in the OPCSC cathode surfaces with MWCNT/HMC-1 

coated separator (Figure 6.15 (c and d)). Here the separator coating effectively 

block the dissolution of PS into the electrolyte and thereby reduces the irreversible 

deposition of Li2S in the OPCSC cathode surfaces. It can be seen that very small 

morphological differences between the OPCSC cathode film of MWCNT and 

HMC-1 coated separator cases (S. Wei et al., 2011; Miao et al., 2013; Z. Liu et al., 

2017). It is because, the HMC-1 have higher surface area and micro pore size 

distribution than the MWCNT, which effectively adsorb more PS and thereby 

prevent its dissolution than MWCNT coated cases. In addition to that the presence 

of N, O heteroatoms anchor the LPSs and enhances the electrochemical 

performance which maintain its structural integrity with fresh OPCSC cathode film.  
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Table 6.4: Equivalent circuit for the OPCSC-73% cathodes with MWCNT and HMC-1 

coated separator before and cycling 

*CPE **Rct 

 

Figure 6.15. SEM of OPCSC (73%) cathode film (a) before cycling (b) With bare 

separator after 100 cycles (c) With MWCNT modified separator after 100 cycles and (d) 

With HMC-1 modified separator after 100 cycles 

Material 

description 

Rs 

(Ώ) 

CPE 1 x 

10-5 ( Ώ-1) 

Rct1 

(Ώ) 

CPE2 x10-6 ( 

Ώ-1) 

Rct2 

(Ώ) 

Y0 

(Ώ-1s1/2) 

OPCSC (61%) 

before cycling  
0.45 - - 3.02* 93.7** 0.0017 

OPCSC (73%)  

before cycling 
0.70 - 

-

- 
6.29* 87.1** 0.0018 

OPCSC (73%) -

MWCNT before 

cycling 

0.30 8.10 18.06 8.24* 63.6** 0.10 

OPCSC (73%) –

HMC-1 after 

cycling 

0.30 6.52 17.43 5.9 56.05 0.13 

OPCSC (61%)  

after cycling 
4.27 - - 1.36* 

7

7.73** 
0.184 

OPCSC (73%)  

afetr cycling 
4.4 - - 1.08* 

7

0.6** 
0.193 

OPCSC (73%) -

MWCNT after 

cycling 

6.39 - - 2.6* 58.2** 0.263 

OPCSC  (73%) 

–HMC-1 after 

cycling 

6.12 - - 3.5* 50.2** 0.259 
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To estimate the interaction between carbon materials and LPS, adsorption 

tests were carried out using the procedure described in chapter 4 and section 4.2.2.3 

(Figure 6.16). The yellow coloured LPS solution was taken in  bottle A (Figure 6.16 

(a)). An equal amount of LPS solution is taken in  bottle B , C and added an equal 

amount (20 mg) of MWCNT and HMC-1, respectively. When HMC-1 added to the 

bottle C, the coloured solution became completely transparent in 15 min, shown in 

Figure 6.16 (c). While the bottle B displays a pale yellow colour (Fig 6.16 (b)). This 

point out better adsorption capability of HMC-1 compared to MWCNT (Jin et al., 

2017; Y. Peng, Y. Zhang, J. Huang, et al., 2017; Xia et al., 2017).  

The improved electrochemical performance of the HMC-1 over MWCNT 

is due to the (1) morphology of the HMC-1 facilitate the PS adsorption (2) higher 

surface area and lower pore volume, surface area helps to adsorb more quantity of 

sulphur (3) Micro pore size distribution: retards the movement of PSs and allows 

for Li-ion (4) N and O functionalities doped on porous carbon network.  As a result, 

HMC-1 modified separator display stable cyclability by confining PSs.  

 

Figure 6.16.  Digital images of the polysulphide adsorption test (a) Lithium polysulphide 

solution (b) Lithium polysulphide mixed with MWCNT after 15 min and (c) Lithium 

polysulphide mixed with HMC after 15 min 

The excellent electrochemical performance of the HMC-1 is further 

evidenced by the XPS analysis of the coated separator before and after 100 charge-

discharge cycles (Figure 6.17). Before analysis, XPS survey scan reveals the 

presence of C1s, N1s, and O1s from HMC-1. F1s from PVDF is observed. The 

emergence of new Li1s, S2s and S2p with high intensity after the 100 cycles display 
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the evidence for the adsorption of PS on the HMC-1via Li-N and Li-O bonds 

(Aurbach et al., 2009; X. Fan et al., 2018; Seh et al., 2014). Figure 6.17 (b) shows 

the high-resolution Li1s spectrum which can be fitted by three components Li-S 

(55.2 eV), Li-N (56.2 eV) and Li-O (56.6 eV) (X. Fan et al., 2018; Xia Li and Sun, 

2014; Aurbach et al., 2009; F. Chen et al., 2018; X. Fan et al., 2018; Son et al., 

2015). These results suggest that N and O functionalities of HMC-1 contribute to 

mitigate PS shuttle by chemical interaction which enhances the overall 

electrochemical performance of the Li-S cell.  

 
 Figure 6.17. (a) Survey scan analysis of HMC-1 coated separator before and after100 

charge-discharge cycles and (b) High-resolution Li1s spectrum of coated separator after 

100 cycles 

6.4 Conclusion 

 A facile method was developed to improve the electrochemical 

performance by coating heteroatom-doped carbon material slurry on the cathodic 

side of the separator by doctor blading. The Li-S cells with HMC-1 coated separator 

exhibit better rate capability and cycle stability than the MWCNT coated separator. 

This coating falicitates Li-ion transport due to its microporous structure and serves 

as upper current collector also. The surface area of HMC-1 (969 m2 g-1) provides 

more active adsorption sites for PS adsorption along with pyridinic N, pyrrolic N 

and O functionalities. OPCSC (73%) with HMC-1 coated separator exhibits an 

initial capacity of 1213 mA h g-1 and sustains a capacity of 1033 mA h g-1 with 85% 

capacity retention at the 0.1C rate. The thin layer coating of HMC-1 (1.2 mg cm-2 

and 15 µm) alleviate the migration of PSs towards the anode and enhances the 
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capacity retention. Therefore, employing HMC-1 modified separator is a promising 

way to improve the performance of LSB. 
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CHAPTER 7 

HONEYCOMB DERIVED CARBON FOR 

LITHIUM–SULPHUR BATTERY 

LSB received global attention due to its high theoretical capacity of sulphur 1675 

mA h g-1. However, these low electrical conductivity of sulphur, dissolution of PSs 

in the electrolyte and PS shuttle towards Li anode restricted its reach to the market. 

The carbon-based interlayer between the suphur cathode and the separator have 

been demonstrated to be a simple but powerful means to promote the 

electrochemical performances of the LSBs. In this chapter, honeycomb derived 

carbon (HC) is used as conductive host for sulphur (HCS). HCS (80%) gives a high 

reversible capacity of 1101 mA h g-1 after 200 cycles at 0.1C rate with 82% capacity 

retention. A thin coating of HC onto the cathode film (HCS (80%)) yield 92% 

capacity retention. Here, sulphur is sandwiched between the two conductive hosts. 

Therefore, the HCS (80%) composite electrode with interlayer (HCS (80%)-HC) 

exhibits great progress in both cycling performance and rate capability as 

compared to bare cathode with HCS  even though the sulphur content of the HCS 

composite is as high as 80%. Thus HCS (80%)-HC would be a potential 

combination for high performance LSB. 

7.1 Introduction 

LSBs have potential applications in high energy density devices due to the 

low cost and abundance of sulphur. Extensive research has been carried out to make 

it commercially viable  by restricting the movement of PSs and its migration across 

the separator during the charge-discharge process (Chi-Hao et al., 2016; Yibo He, 

Chang, et al., 2018; Song et al., 2013). Various approaches observed in the literature 

for the protection of lithium metal anode, preparation  of new cathode materials, 

modification of cathodes using additives and interlayers, electrolyte modifications, 

optimisation and modification of separators (N. Deng et al., 2016; X. Fan et al., 

2018; Z.-L. Xu et al., 2018; H. Zhao et al., 2018). One of the common approach to 

enhance the electrochemical kinetics of the cathode is the use of porous carbon as 

sulphur host (Schuster et al., 2012). The electron transport is facilitated by the 

interconnected carbon network and the porosity of the carbon material to restrain 

the PSs during the presence of cycling through physical interactions (Z.-L. Xu et 

al., 2018). However, the weak physical interactions of non-polar carbon with polar 
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PSs cannot restrict the movement of PSs toward the separator and to the anode 

effectively which is one of the reason for the corrosion of Li metal anode and 

degradation in the battery performances (H. Zhao et al., 2018). Hence, the 

introduction of heteroatom into the carbon matrix leads to chemical interactions 

with the PSs and restrict the movement within the cathode region. Thus introduction 

of heteroatoms like N, O and the polar metal oxides into the carbon substrate, 

implies cooperative effect on the LPSs (S. S. Zhang, 2015). 

In this chapter, honeycomb is chosen as carbon source which is inherently 

doped with N, O and silica (SiO2) in the carbon network. SiO2 is a widely studied 

material for energy storage applications. Few systems investigated for LSB 

applications are Si/SiO2/carbon sphere, SiO2/rGO, SiO2/activated carbon nanofiber, 

SBA-15/porous carbon, ternary graphene/SiO2,  mesoporous graphene/SiO2, 

hierarchical porous graphene/carbon/SiO2, porous carbon/ thin layer of SiO2 coating 

(Campbell et al., 2015; Ji et al., 2011; Jörg et al., 2012; K. H. Kim et al., 2014; J. 

Li et al., 2018; Rehman et al., 2016; P. Wei, Fan, Chen, Chen, et al., 2016).  

To enhance the performance of cathode further, modification in the cell 

configuration is another strategy adopted in the research reports (Niu, Lv, et al., 

2016). Even though heteroatom doped porous carbon reduces the shuttling effect, 

due to the presence of concentration gradient during cycling, PS diffusion from the 

cathode is unavoidable. Recently an additional interlayer has been introduced in 

between the sulphur cathode and separator to capture the PS and to avoid the direct 

contact between the cathode and the bulk electrolyte. The interlayer includes 

microporous carbon paper (Su and Manthiram, 2012b), free-standing MWCNT (Su 

and Manthiram, 2012c), mesoporous carbon layers (Balach et al., 2015) and rGO 

film (X. Wang et al., 2013) which effectively block the PS migration only through 

a physical adsorption of LPSs (Xi et al., 2015). However, the heteroatom-doped 

carbon material, heteroatom-containing polymer and metal oxides/metal sulphides 

can effectively capture the LPSs through chemical bonds (Zhengjiao Liu et al., 

2018; Y. Peng, Y. Zhang, Y. Wang, et al., 2017). TiO2/gaphene, V2O5 modified 

carbon nanofiber and MnO2 anchored carbon nanofiber (M. Liu et al., 2017; 

Zhengjiao Liu et al., 2018; Z. Xiao et al., 2015) reported as a functional interlayer 
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for LSBs. An ideal protection layer have the following functions (1)  can effectively 

block the migration of LPS (2)  the thin layer of coating able to transport of Li-ion 

and (3) a conductive layer can act as an upper current collector (Niu, Lv, et al., 

2016). An interlayer composed of heteroatom and metal oxides/metal sulphide like 

polar materials doped carbon is an effective approach to address the PS issues. 

Hence, in this chapter a multi-functional coating on the HCS cathode is adopted, to 

prevent the loss of active material. SiO2 along with N, O heteroatoms doped 

activated honeycomb derived carbon material (HC), is used as an interlayer for the 

HCS cathode. The coated layer (interlayer) acts as an upper current collector, PS 

warehouse, allow the transport of the Li+ ion and avoid the direct contact between 

the cathode and the electrolyte. In effect, sulphur is sandwiched between two 

conductive hosts and offer better electrochemical performance compared to HCS 

cathode.  

7.2 Materials and Methods 

7.2.1 Materials  

Raw honeycomb  material was obtained from IIST campus, 

Thiruvananthapuram, Kerala, and all other chemicals used as procured (section 2. 

2.1 and 4.2.1) 

7.2.2 Material synthesis 

7.2.2.1 Preparation of porous carbon  

Honeycomb was dried, crushed and ground into powder. Then the powder 

was dried at 100 ºC for 24 hours. This powder was used as activated carbon 

precursor. Chemical activation was done by mixing precursor with zinc chloride of 

1:2 ratio in 100 ml of distilled water. After drying it was heated at different 

temperatures starting from 500 ºC to 700 ºC for 1 hour in a tubular furnace under 

Ar atmosphere. After that, it was washed with HCl followed by distilled water until 

the filtrate becomes neutral. The activated carbon from the honeycomb (HC) was 

dried in a vacuum oven at 70 ºC and stored in a desiccator. 
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7.2.2.2 Preparation of carbon-sulphur composites 

Honeycomb derived carbon-sulphur composites (HCS) were prepared by 

melt diffusion method as discussed in section 2.2.2.2. Two HCS combination are 

prepared. Figure 7.1 is the schematic illustration of the preparation of the HC and 

HCS. 

7.2.2.3 Preparation of HC coated cathode 

HC is used for the cathode surface coating (interlayer) without any further 

purification. A mixture of HC and PVDF in a weight ratio of 9:1 is mixed with 

NMP as a solvent to form the slurry, which was then coated on the cathode film and 

was dried under vacuum at 70 ºC for 24 hours. 

7.2.3 Material characterization 

 The materials prepared were characterized as described in section 2.2.3. 

The electrochemical evaluation of the electrode was carried out by fabricating coin 

cells as mentioned in sections 2.2.4 and 2.2.5. The areal mass loading on the 

composite electrode was ~2.8 mg cm-2. 

7.3 Results and Discussion 

7.3.1 Material characterization  

Porous carbon was prepared at high temperatures of 500, 600 and 700°C in 

an inert atmosphere with precursor and the ZnCl2 in the ratio of 1:2. The nitrogen 

adsorption-desorption isotherms of the activated carbons prepared at various 

carbonization temperatures are shown in Figure 7.2 (a). HCs exhibit Type I and 

Type IV N2 adsorption-desorption isotherms. The rapid increase in the uptake of N2 

at relatively low pressure followed by nearly horizontal plateau at higher relative 

pressures indicate type I isotherm which is associated with microporous structure 

(HC-500 ºC). A small hysteresis loop at intermediate and high relative pressure 

associated with a monolayer–multilayer adsorption followed by capillary 

condensation in narrow slit-like pores indicates mesoporosity in the material (HC-

http://www.sciencedirect.com/science/article/pii/S2211379716302364#f0010
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600 ºC & HC-700 ºC) which is a type IV isotherm according to IUPAC 

nomenclature. It is observed that N2 uptake increases for HC-600 ºC compared to 

HC-500 ºC due to the gradual development of pores when the carbonization 

temperature increases, as a result surface area and pore volume increases. After that, 

the surface area and pore volume are reduced when the temperature is raised to HC-

700 ºC due to the deterioration of the porous structure (S. Wei et al., 2011; S. Zhang 

et al., 2014). DFT analysis confirms the well-developed hierarchical porous nature 

of HC-600 ºC & HC-700 ºC (Figure 7.2 (b)). BET surface area of HCs increases 

from 817 m2 g-1 to 931 m2 g-1 and pore volume is also increased from 0.45 cm3 g-1 

to 0.64 cm3 g-1 when activation temperature increases from 500 ºC to 600 ºC. 

Surface area and pore volume reduced to 806 m2 g-1and 0.63 cm3 g-1 when 

temperature was further increased to 700 ºC (Table 5.1). The highest surface area 

carbon with hierarchical porosity (HC-600 ºC) is used for sulphur loading and in 

the following investigations, which is termed as HC instead of HC-600 ºC. HC-

sulphur composites (HCS) of 70% and 80% were prepared. The surface area and 

pore volume reduced to 6.66 m2 g-1 and 0.029 cm3 g-1for HCS (70%) and HCS 

(80%) exhibits a surface area of 5.02 m2 g-1 and 0.021 cm3 g-1 (Y. Tan et al., 2017) 

(Figure 7.2 (a)). 

Figure 7.1. Schematic illustration of the preparation of HC and HCS 
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Table 7.1: Surface area and pore volume of HCs/HCSs 

Sample BET surface area (m2 g-1) Total pore volume (cm3 g-1) 

HC-500 °C 817 0.45 

HC-600 °C 931 0.64 

HC-700 °C 806 0.63 

HCS (70%) 6.66 0.03 

HCS (80%) 5.02 0.02 

 

XRD patterns of the HC are shown in Figure 7.2 (c), where sulphur and 

HC served as the reference. Broad diffraction peak is observed in the case of HC, 

due to the presence of amorphous nature of carbon and silica (K. et al., 2014; Y. 

Liang et al., 2012; Singh et al., 2014). HCSs show sharp diffraction peaks of sulphur 

indicating that sulphur is successfully incorporated into the carbon matrix during 

the melt diffusion process. The crystalline phases are well matched with the 

orthorhombic sulphur (JCPDS 00-008-0247). It is obvious that the intensity of 

sulphur diffraction peaks are less in HCS (70%) than HCS (80%) (Gu et al., 2015; 

W. G. Wang et al., 2014).  

Raman spectra of HC and HCSs (Figure 7.2 d) consists of D band at 1336 

cm-1 and G band at 1595 cm-1. The D band ascribed to the disordered amorphous 

carbon and G band is due to the presence of graphitized carbon. A distinct 

amorphous silicon oxide broad band can be seen at 780 cm-1 which indicates the 

presence of silica along with the carbon. ID/IG ratio for HC is 0.9 which indicates 

the disordered amorphous carbon structure of the material (Dresselhaus et al., 

2007). In the case of HCSs, the ID/IG ratio is increased due to the enhancement of a 

defect in the carbon structure when sulphur loading increases. The inset shows the 

Raman spectra of crystalline sulphur, exhibits three peaks at 148 cm-1, 214 cm-1 and 

470 cm-1 (Ward, 1968). The intensity variations in the sulphur bands between HCS 

(70%) and HCS (80%) indicate the presence of sulphur on the surface in addition 

to the infused sulphur into the porous network. The observed sulphur peaks in HCSs 

indicate the successful incorporation of sulphur in the carbon matrix (Niu et al., 

2015; Xuebing Yang et al., 2015).   
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Figure 7.2. (a) N2 adsorption/desorption isotherms of HC and HCSs (b) Pore size 

distribution curves of HC (c) XRD pattern for sulphur and HCSs (d) Raman spectra of 

HC, HCSs [inset: Raman spectrum of sulphur] and (e) TGA of HC, HCSs and sulphur 

TGA is used to determine the amount of sulphur in the HC and the thermal 

stability of the HC (Figure 7.2 (e)). TGA of HC is quite stable up to 600 ºC. The 

weight loss in the TGA curves of HCSs is observed in the temperature range 116 

ºC–350 ºC. The amount of sulphur in the HC is calculated to be 70% and 80% with 

respect to the elemental sulphur. The complete evaporation of elemental sulphur 

occurs at a lower temperature compared to HCSs, due to the well-dispersed sulphur 

within the porous network (Y. Fu et al., 2012; L. Wang et al., 2013; W. G. Wang et 

al., 2014).  
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Figure 7.3. SEM Images of (a-b) HC and (c-d) HCS (80%) 

 

Figure 7.4. TEM Images of (a) HC and (b) EDS analysis of HC (c) HCS (80%) and EDS 

analysis 

 
The surface morphology of the HC and HCS (80%) composite were 

characterized by FESEM (Figure 7.3). SEM of HC shows porous particles 

aggregated morphology (Figure 7.3 (a-b)). Figure 7.3 (c-d) shows the SEM images 
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of HCS (80%). It can be seen that particle aggregated morphology still maintained 

after sulphur loading. It is due to the uniform distribution of sulphur throughout the 

carbon network.  

Figure 7.5. Elemental mapping of (a) HC and (b) HCS (80%) 

TEM images of the HC (Figure 7.4 (a)) reveals a large number of 

interconnected pores in the carbon lattice. These morphological characteristics of 

the HC reveals that the HC has hierarchical porous structure, which corroborate 

with the DFT pore size distribution analysis.  

TEM-EDS confirms the presence of N, O and Si in the carbon material. 

(Figure 7.4 (b)). Figure 7.4 (c) shows the TEM of HCS (80%) and gives the same 

microstructure as that of the HC, which indicates the uniform distribution of sulphur 

in the porous network and it is highly beneficial for the active material utilization 

of sulphur during the cycling process. TEM-EDS confirms the presence of S, N, O 

and Si in the HCS network (Figure 7.4 (d)). 
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Figure 7.5 shows the elemental mapping analysis of HC and HCS (80%), 

which confirms the presence and distribution of N, O, Si in the HC (Figure 7.5 (a)) 

and N, O, Si, S in the HCS (Figure 7.5 (b)). 

CHNS analysis represents the presence of nitrogen 5.89 % in HC and 

nitrogen (2.47 %), sulphur (80 %) in HCS (Table 7.2). 

Table 7.2: CHNS analysis of HC and HCS 

 

XPS measurements were carried out by core spectrum analysis followed 

by high-resolution spectral analysis. The XPS survey scan (Figure7.6 (a)) reveals 

the presence of Si2p, Si2s, C1s, N1s and O1s in the HC at 101 eV, 152.4 eV, 283.7 

eV, 399 eV and 532.3 eV, respectively. The high-resolution C1s spectrum contains 

5 components of peaks (Figure 7.6 (b)), they are C-C bond (284.6 eV) of sp2, C-N 

(285.5 eV), C-O bond (286.2 eV), C=N bond (287 eV) and C=O (289 eV) (X. Yuan, 

Liu et al., 2017; G. Zhou et al., 2015). The bonding nature of N is well characterized 

by the high-resolution N1s spectrum. It is separated into 4 peaks at 398.2 eV, 399.9 

eV, 400.9 eV and 402.7 eV for pyridine-like N, pyrrole like N, graphitic N and 

pyridinic nitrogen oxide, respectively (Figure 7.6 (c)) (X. Yuan, Liu et al., 2017; G. 

Zhou et al., 2015). The high-resolution O1s spectrum (Figure 7.6 (d)) deconvoluted 

into 4 components: N-O bond (530.3 eV), C-O bond (532.1 eV), C=O bond (532.7 

eV) and silicon oxide bond (533.3 eV) (Weinhold and West, 2011; X. Yuan, Liu et 

al., 2017). In the case of HC, there is overlapping of Si2p3/2 and Si2p1/2 components 

providing an asymmetric shape (higher pass energy). The high resolution Si2p 

spectrum is deconvoluted into two components 101.8 eV (Si-O) and 103 eV (Si=O) 

(A. Huang et al., 2018; Weinhold and West, 2011) (Figure 7.6 (e)). XPS 

observations confirm that the HC matrix is enriched with nitrogen, oxygen and 

silicon functionalities.  

Sample C (%) H (%) N (%) S (%) O + Si (calculated) (%) 

HC 70 6.26 5.89 - 17.85 

HCS (80%) 8.39 0.75 2.47 80 8.39 
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Figure 7.6. XPS analysis of HC (a) Survey scan (b) C1s (c) N1s (d) O1s and (e) Si 2p 

  Pang et al reviewed the studies that explore the nature and strength of the 

interaction of functionally modified surfaces, metal oxides and carbide materials 

with PSs and its effect on cycle life and capacity fading. It is discussed that polar 

functional groups and metal oxides interact more efficiently compared to non-polar 

carbon matrix (Pang et al., 2015). Hence, the interaction of oxygen, nitrogen and 

metal oxide was investigated in detail using XPS analysis of HC after melt diffusion 

of sulphur (Figure 7.7). The survey scan analysis of HCS (80%) reveals 7 peaks 
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centred at 103 eV, 163 eV, 163.4 eV, 240 eV 283.7 eV, 400 eV and 533.1 eV for 

Si2p and Si2s S2p, S2s, C1s, N1s and O1s, respectively (Figure 7.7 (a)). Figure 7.7 

(b-f) shows the high-resolution spectra of C1s, N1s, O1s, Si2p and S2p. In the C1s 

spectra, emergence of new C-S bond  is observed in addition to the C-C, C-N, C-

O, C=N and C=O bonds in HC, represents the incorporation of sulphur into the 

carbon matrix (M. Chen et al., 2017; Jing Xu et al., 2016). The high resolution O1s 

spectra reveals the presence of S-O bond and N1s shows the S-N bonds, which 

confirms the presence of S and its bonding nature with N and O (Pang et al., 2015; 

X. Yuan, Liu et al., 2017; L. Zhang et al., 2012). After the sulphur impregnation 

into the HC matrix, the silicon bonds are slightly shifted (Figure 7.7 (e)), due to the 

changes in the electronic distribution of Si (Si-O to 162.1 eV and Si=O to 163.3 

eV). These changes may be due to the bonding of sulphur with silicon (Hassan et 

al., 2015; Morgan and Van Wazer, 1973).  

The bonding nature of sulphur is further confirmed from the high-

resolution spectrum of S2p (Figure 7.7 (f)). It consists of S2p3/2 and S2p1/2 at 164.9 

and 165.1, respectively with an energy separation of 1.2 eV. Each peak is contains 

three components each, C-S bond (163.7-164.9), S-N (164-165.2) and S-O (164.3-

165.5) (Chulliyote et al., 2017a; Y. Hao et al., 2015; Niu et al., 2015; L. Zhang et 

al., 2012). The existence of C-N, C-O bonds facilitate interatomic interaction 

between the heteroatoms and PSs, the further movement towards anode surface. 

The presence of silicon bonds help to restrain the PSs through Si-S bonds or S-O 

bonds from silicon oxides (X. Fan et al., 2018) S-O (O1s component), S-N (N1s 

component) and S-O & Si-S (Si2p) can effectively confine the PS movements 

during the shuttling process. These major changes in the XPS spectra before and 

after melt diffusion indicates the interaction of sulphur with heteroatoms and 

modifies the electronic distribution of heteroatoms that is reflected in the binding 

energy shift (L. Zhang et al., 2012).  

The heteroatoms with lone pairs act as Lewis base and it interacts with Li 

(Lewis acid) during charge-discharge process that helps to anchor PSs (L. Zhang et 

al., 2012). The O and N functional groups along with silicon oxide additives 

synergically contribute to enhance the performance of the LSB along with the high 
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surface area of the carbon material. The elemental composition obtained from the 

XPS analysis (Table 7.3) is very close to the CHNS analysis. 

 

Figure 7.7. XPS analysis of HCS (80%) (a) Survey scan (b) C1s (c) N1s (d) O1s (e) Si 2p 

and (f) S 2p 

                       Table 7.3: Elemental composition from XPS Analysis 

 

 

Sample C (%) N (%) S (%) Si (%) O (%) 

HC 76.7 6.3 - 4 13 

HCS (80%) 8.39 2.58 80 2.6 6.43 
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7.3.2 Electrochemical performance of the composite 

7.3.2.1 HCS as cathode material for Li-S batteries 

Li–S cells were fabricated to estimate the electrochemical performance of 

HCS composite in which HCS (70%) and HCS (80%) as cathode and lithium as a 

counter/reference electrode with 0.07M LiNO3 added in the electrolyte to passivate 

the lithium anode. Figure 7.8 (a-b) shows the GCD profile for HCS (70%) and HCS 

(80%), contains 1, 2, 25, 50,100, 125, 150, 175 and 200th discharge-charge profiles 

of HCSs at 0.1C rate. The charge-discharge profiles are characterized by two 

discharge plateaus (~2.36 V and 2.01 V) and one charge plateau (2.39 V) as a result 

of the multistep reaction between the HCS cathode films and lithium. There is no 

voltage plateau shift observed in HCS (70%) and HCS (80%) indicate good 

retention in the performance. The discharge plateaus at 2.36 V are due to the 

reduction of elemental sulphur to long chain lithium polysulphides (Li2Sx, 4 ≤ x ≤ 

8). The plateaus at 2.01 are due to the conversion of these long chain polysulphides 

to short chain polysulphides (Li2Sx, 2 ≤ x ≤ 4). In the subsequent charging process, 

the plateau at 2.39 corresponds to the conversion of polysulphides to sulphur. An 

impressive high discharge capacity of 1341 mA h g-1 was observed in the case of 

HCS (80%). In comparison, HCS (70%) exhibited an initial discharge capacity of 

1226 mA h g-1 and 9% reduction with respect to the initial discharge capacity of 

HCS (80%). The amount of active material utilization is more in HCS (80%) (Gu 

et al., 2015). In the second cycle, discharge capacities of HCS (80%) become 1317 

mA h g-1 with 10% capacity degradation, and 3% capacity degradation was 

observed for HCS (70%) (1187 mA h g-1), which attributed to loss of sulphur at the 

surface of HCs. After 200 cycles the discharge capacity of the HCS (80%) is 1101 

mA h g-1 with 82% capacity retention when compared with initial discharge 

capacity and the HCS (70%) shows the 78% capacity retention. 

The Li-S cell after 200 charge-discharge cycles is evaluated by cyclic 

voltammetry in a potential range of 1.6 - 3 V at a scan rate 0.5 mV s-1 (Figure 7.8 

(c and d). In the cathodic scan process, the peak at ~ 2.36 V is due to the reduction 

of elemental sulphur to long chain lithium polysulphides (Li2Sx, 4 ≤ x ≤ 8). The 
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second peak at 2.01 V is due to the conversion of these long chain polysulphides to 

short chain polysulphides (Li2Sx, 2 ≤ x ≤ 4). In the subsequent anodic scan process, 

a peak of 2.39 V is observed, which corresponds to the conversion of these 

polysulphides to sulphur. In the successive cycles, the voltage and current of 

reduction and oxidation peaks are almost similar ascribing the reactive reversibility 

and cycling stability of the developed electrode material (G. Ren et al., 2016). HCS 

(80%) exhibits increase in current density attributing to the increase in utilization 

of active material facilitated by the conductive carbon network. It is understood that 

HCSs have good electrochemical stability and the silicon dioxide containing 

hierarchically porous carbon network along with N and O functionalities are good 

for hosting sulphur, thereby decreasing the loss of active material into the 

electrolyte (Ogoke et al., 2017).  

 

Figure 7.8. GCD curves of HCSs (a) 70% (b) 80% and CV of the HCSs (c) 70% (d) 80% 

The capacity retention of HCS (70%) and HCS (80%) is comparatively 

better than the literature reports.  Rehman et al reported Si/SiO2/hierarchical porous 

carbon spheres as sulphur host for 69.6% sulphur exhibited an initial discharge 

capacity of 1215 mA h g-1 and a reversible capacity of ~900 mA h g-1 after 100 
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cycles at 0.2 C rate with 74% capacity retention (Rehman et al., 2016).  Campbell 

et al informed SiO2 coated sulphur particles with rGO as cathode material (90% 

sulphur), displayed an initial discharge capacity of 1400 mA h g-1 and final capacity 

of 700 mA h g-1 after 50 cycles at 0.1 C rate with 72.5% capacity retention. 

(Campbell et al., 2015). Wei et al described graphene and SiO2 as sulphur host for 

92% sulphur delivered an initial discharge capacity of 696  mA h g-1 and a stable 

capacity of 629 mA h g-1 after 120 cycles at 0.1C rate with 90% capacity retention 

(P. Wei, Fan, Chen, Chen, et al., 2016). Li et al reported hollow nano SiO2/carbon 

nanofiber as host for sulphur and exhibited an initial discharge capacity of 806 mA 

h g-1 and final capacity of 584 mA h g-1 after 300 cycles at 0.5C rate with 72.5% 

capacity retention. It contains 70% sulphur loading (J. Li et al., 2018). Ji et al added 

SiO2 as additive to the porous carbon-sulphur composite with 59.85% sulphur and 

displayed a final capacity of 650 mA h g-1 after 40 cycles with 65% capacity 

retention at 0.2C rate (Ji et al., 2011). Wu et al reported hierarchical porous 

graphene/carbon/ SiO2 as sulphur host (63.3% sulphur) and exhibits an initial 

discharge capacity of 786 mA h g-1 and final capacity of 626 mA h g-1 after 100 

cycles at 0.1C rate with 79.6% capacity retention (Huali Wu et al., 2017). Kim et al 

reported mesoporous graphene and SiO2 with 60% sulphur as PS reservoir which 

exhibits an initial discharge capacity of ~1200 mA h g-1 and a reversible capacity 

of ~600 mA h g-1 after 40 cycles at 0.1C rate with ~50% capacity retention (K. H. 

Kim et al., 2014). Schuster et al reported a thin layer of SiO2 on the surfaces of 

spherical ordered mesoporous carbon nanoparticles with 70% sulphur that 

improved the performance of the cell (Jörg et al., 2012). 

Cycle performance and coulombic efficiency studies of HCSs at the 0.1C 

rate are shown in Figure 7.9 (a). HCS (70%) shows 78% capacity retention and 

HCS (80%) shows 82% capacity retention. HCS (80%) exhibits comparatively 

better electrochemical performance with 99% coulombic efficiency in each cycle. 

The electrochemical performance of the HCSs cathodes were further 

evaluated by rate capability studies at different current densities (Figure 7.9 (b). 

The HCS (80%) shows a discharge capacity of 1351 mA h g-1 at a 0.1C rate and 

1230 mA h g-1 for HCS (70%). The cathodes (HCS (70 & 80)) exhibit the reversible 
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capacities of 1112 mA h g-1, 1028 mA h g-1, 739 mA h g-1 & 410 mA h g-1 (70%), 

1252 mA h g-1, 1170 mA h g-1, 938 mA h g-1 & 584 mA h g-1 (80%) for the current 

densities of 0.2C, 0.5C, 1C & 2C, respectively. When current rates were reduced to 

0.2C rate, HCS (70%) exhibits 1080 mA h g-1 with 97% capacity retention and HCS 

(80%) exhibits 1241 mA h g-1 with 99% capacity retention. These high specific 

capacities at different current densities are appreciable to obtain high energy density 

and power density. The outstanding rate capabilities may be due to the good 

conductivity, surface area, and pore volume of HC and the presence of heteroatoms 

with lone pairs and the presence of silicon compounds which facilitate chemical 

adsorption of PSs and Li diffusion during charge-discharge processes (X. Fan et al., 

2018).  

Figure 7.9. (a) Cyclic stability performance and coulombic efficiency (b) Rate capability 

studies at different C-rate, (c) EIS analysis of the electrodes at the OCV of HCSs before 

cycling [inset: equivalent circuit model] and (d) EIS analysis of the electrodes at the OCV 

of HCSs after cycling [inset: equivalent circuit model] 

To investigate the charge transfer kinetics of the composites, EIS was 

carried out. Figure 7.9 (c) and (d) shows a typical Nyquist plot before and after 

charge-discharge cycling at OCV with the equivalent circuit (inset). The small 

semicircle in the high-frequency region related to the charge transfer resistance at 



200 

 

the interface of the high surface area porous carbon material (free carbon) and 

electrolyte, ie, electrical double layer resistance (Rct1) (Meher et al., 2010). The 

large semicircle is the charge transfer resistance at HCS composite cathode film and 

electrolyte interface (Rct2). HCS (80%) displays higher charge transfer and ion 

diffusion resistance than HCS (70%) before cycling due to the high sulphur content 

in the HCS (80%) composite, which resists diffusion of the electrolyte at the 

electrode surface (W. G. Wang et al., 2014) (Table 7.4). From the impedance plot, 

it is very clear that the Rct and ion diffusion resistance decreased after 200 cycles 

which is due to the redistribution of sulphur in the porous carbon network, through 

which charges can transfer more easily (Raghunandanan et al., 2018; G. Ren et al., 

2016; Gu et al., 2015) (Table 7.4). The small semicircle in the high-frequency 

region is disappeared after cycling, due to non-availability of free space after 

continuous charge-discharge cycles (Chulliyote et al., 2017b). 

Table 7.4: Impedance parameters obtained from the equivalent circuit for the HCSs 

cathodes before and cycling 

    *CPE **Rct 

7.3.2.2 Impact of HC interlayer on HCS cathode material  

HCS (80%) exhibited better electrochemical performance compared to 

HCS (70%). To improve the electrochemical performance further, we modified the 

HCS (80%) cathode film with a thin layer of HC coating (interlayer). Figure 7.10 

shows the schematic illustration of the working mechanism of the HCS cathode 

film and HC particles coated HCS cathode film. 

Material 

description 

Rs 

(Ώ) 

CPE 1 ( 

Ώ-1) x 10-6 

Rct1 

(Ώ) 

CPE2 ( 

Ώ-1) x 

10-6 

Rct2 

(Ώ) 

Y0 (Ώ-

1s1/2) 

HCS(70%) before 

cycling  
1.39 3.02 2.28 4.45 44.25 0.025 

HCS(80%) before 

cycling 
1.45 7.32 2.75 4.9 54.72 0.028 

HCS(70%) after 

cycling 
0.28 - - 8.26* 38.39** 0.25 

HCS(80%) after 

cycling 
0 - - 2.5* 33.9** 0.29 
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Figure 7.11 shows the cross sectional SEM images of the HCS (80%) 

cathode film and HCS (80%)-HC coated cathode film. The mixture of HCS (80%) 

composite along with carbon black and PVDF is coated on the Al foil and the 

thickness is ~17 µm (Figure 7.11 (a)). As shown in Figure 7.11(b) the HCS (80%) 

cathode film is completely coated with HC and the coating thickness is ~23 µm 

with weight of the HC material of ~3.3 mg cm-2. 

Figure 7.10. Schematic illustration of a working mechanism (a) Cathode film and (b) 

With interlayer on the cathode 
 

 
Figure 7.11. Cross sectional image of (a) HCS (80%) cathode film and (b) HCS (80%)-

HC (interlayer) cathode film 

The effect of HC coating on HCS (80%) cathode is evaluated by using 

GCD at a 0.1C rate in between the voltage window 1.6-3 V. Figure 7.12 (a) shows 

the HCS (80%)-HC coated GCD profile which displays1, 2, 25, 50,100, 125, 150, 

175 and 200th discharge-charge cycles. It contains two discharge plateaus (~2.39 V 

and 2.01 V) and one charge plateau (2.37 V) as same as bare HCS (80%) electrode 

(P. Zeng, Huang, Zhang, Zhang, et al., 2018). There is no voltage drop in the 

charge-discharge plateau during the continuous charge-discharge cycles after the 

HC coating, indicating good compatibility with the HCS cathode (Shao et al., 
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2017). The initial discharge capacity is 1353 mA h g-1, the second discharge 

capacity is 1330 mA h g-1 with 98.3% capacity retention. At the 200th cycle, its 

discharge capacity becomes 1252 mA h g-1 and exhibits 92% capacity retention 

with 0.04% capacity decay per cycle. It was further evaluated by CV after 200 GCD 

cycles at the same voltage window as HCS cathodes at a scan rate of 0.5 mV s-1 

(Figure 7.12 (b)). Two reduction and one oxidation peaks are observed in the CV 

profile. In the cathodic scan process, the peak at 2.36 V is due to the reduction of 

elemental sulphur to long chain lithium polysulphides (Li2Sx, 4 ≤ x ≤ 8). The second 

peak at 2.01 is due to the conversion of these long chain polysulphides to short 

chain polysulphides (Li2Sx, 2 ≤ x ≤ 4). It can be seen that oxidation peak slightly 

shifted to lower voltage and reduction peaks slightly shifted to higher voltage in 

comparison with HCS (80%) CV profile, indicating better kinetics and lower 

polarizations (Y. Peng, Y. Zhang, Y. Wang, et al., 2017). In addition the area under 

the CV curve is not changed for HCS (80%)-HC coated cell, compared to HCS 

(80%) indicating the good capacity retention. It is due to the HC interlayer 

facilitating adsorption of the LPSs and effective utilization of the active material in 

the prolonged cycles (W. Fan et al., 2018). 

Cycle performance and coulombic efficiency of HCS (80%)-HC cathode 

at 0.1C rate is shown in Figure 7.12 (c). Excellent cycling performance is observed 

with 100% coulombic efficiency. The HCS (80%)-HC coated shows a discharge 

capacity of 1353 mA h g-1 at the 0.1C rate. The cathode exhibits the reversible 

capacities of 1297 mA h g-1, 1253 mA h g-1, 1130 mA h g-1 & 1009 mA h g-1 for the 

current densities of 0.2C, 0.5C, 1C & 2C, respectively (Figure 7.12 (d)). When 

current rate reduced back to 0.2C rate, it exhibits 1288 mA h g-1 with 99% capacity 

retention. There is no specific capacity loss observed while discharging at different 

current densities. The excellent electrochemical performance is due to the effective 

coating of HC on HCS cathode film, which blocks the migration of PSs from the 

cathode to anode surface (Yibo He, Qiao, et al., 2018). Here sulphur is sandwiched 

in between the conductive carbon made up of N, O hetero atom, SiO2 which retards 

the dissolution of PSs into the electrolytes (C. Wang et al., 2013). Besides, the 

higher surface area and pore volume of carbon helps to adsorb more quantities of 

LPSs. Here sulphur is placed in between two carbon matrices with multiple 
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functionalities helps to improve the electrochemical performance (Ogoke et al., 

2017). 

 
Figure 7.12. (a) GCD curves at 0.1C rate (b) CV (c) Cyclic stability performance and 

coulombic efficiency (d) Rate capability studies at different C-rate (e) EIS analysis of the 

electrodes at the OCV of HCS (80%)-HC coated cathode before cycle and EIS analysis of 

the electrodes at the OCV of HCS (80%)-HC coated cathode  after cycles [inset: equivalent 

circuit] 

Figure 7.12 (e and f) represents the Nyquist plot of HCS (80%)-HC before 

and after 200 cycles with equivalent circuit (inset). It is observed that a small 

semicircle at the high frequency region, due to the charge transfer resistance offered 

by the HC coated carbon with the electrolyte (Rct1). The large semicircle in the 

middle frequency region attributed to the charge transfer resistance at HCS (80%)-

HC composite cathode film and electrolyte interface (Rct2). HCS (80%)-HC 
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exhibits better ion diffusion and charge transfer than the bare HCS (80%) (Table 

7.5). The coating of HC on the cathode film with porous structure, facilitates the 

permeation of the electrolyte ions and the movement of Li+ ion (W. G. Wang et al., 

2014). After 200 cycles the Rct and ionic diffusion resistance decreased compared 

to the bare HCS cathode films, indicating that the inherently doped porous carbon 

network maintains its structural integrity during cycling (Chulliyote et al., 2017a; 

Su and Manthiram, 2012a) (Table 7.5). The small semicircle in the high-frequency 

region is disappeared after cycling, due to physical and chemical confinement of 

PSs during the cycling process.  

Table 7.5: Impedance parameters obtained from the equivalent circuit for the HCS (80) 

%-HC cathodes before and after cycling  

     *CPE ** Rct 

The adsorption capability of HC was characterized by PS adsorption test 

as described in section 4.2.2.3 (Figure 7.13). Digital photographs show the changes 

in the colour of the PS solution after adding HC within 10 minute, which indicates  

the inherent adsorption capability of HC materials. 

The excellent electrochemical performance are due to the higher surface 

area and hierarchical porosity of the HC carbon, which helps to access the 

electrolyte ion into the carbon matrices. Sulphur is uniformly distributed in the HC 

due to its identical morphology and higher pore volume. The HC interlayer blocks 

the migration of the LPSs into the electrolyte and acts as a barrier for the PS 

movement. This interlayer act as upper current collector also and supports to 

improve the electrochemical performance. It adsorbs the LPSs and helps to reutilize 

the active material. Polar SiO2, N and O help to confine through chemical bonds 

along with the physical confinement of high surface area carbon. These 

confinements are acting from both sides, since sulphur is sandwiched between the 

multifunctional carbons. 

Material description 
Rs 

(Ώ) 

CPE1 

(Ώ-1) 

Rct1 

(Ώ) 

CPE2 

( Ώ-1) 

Rct2 

(Ώ) 

W 

(Ώ-1 s1/2) 

HCS(80%)-HC before 

cycling 
1.01 0.37 3.46 0.0008 29.01 0.13 

HCS(80%)-HC after 

cycling 
0.55 - - 2.45* 25.98** 0.29 
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Figure 7.13. Digital images of the polysulphide adsorption test (a) Lithium polysulphide 

solution and (b) Lithium polysulphide mixed with HC after 10 minutes (in Ar filled glove 

box) 

 
Figure 7.14. XPS survey scan analysis of cathode film after 200 cycles (a) HCS (80%) (b) 

HCS (80%)-HC coated (c) high resolution Li 1s 

To further investigate the significance of HC coating on HCS cathode film to 

block the PS intermediate, the cells with and without coating were disassembled 

after 200 cycles and XPS analysis were carried out (Figure 7.14). The survey scan 

analysis reveals C1s, N1s, O1s, S2s, S2p, Si2s, Si2p functionalities along with Al 

2s, Al 2p and F1s. The presence of Al is from the current collector and F is from 

the PVDF binder. It is observed an intensity variation in the sulphur peak between 

HCS (80%) and HCS (80%)-HC after 200 cycles (Figure 7.14 (a and b)).  The 
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sulphur species are within the interlayer evidencing the excellent performance of 

the HCS (80%)-HC over bare HCS (80%) cathode films. In HCS (80%) cathode 

there is a direct contact between the cathode film and electrolyte, the discharge 

product is on the surfaces of the HC carbon although there is a physical confinement 

effect of carbon, heteroatom and silica confinement. So more quantities of PSs on 

the cathode films after cycling when compared with the HCS (80%)-HC cathode. 

In addition, high-resolution Li 1s spectra (Figure 7.14 (c)) reveal the presence of 

Li-O (56.5 eV), Li-N (55.8 eV) along with Li-S (55.08 eV) attributed to the 

interaction of sulphides of lithium with various functionalities (Aurbach et al., 

2009; F. Chen et al., 2018; X. Fan et al., 2018; Xia Liand Sun, 2014; Son et al., 

2015). 

Figure 7.15. Cathode surfaces of (a) HCS (80%) film before cycling (b) HCS(80%) film 

after 200 cycling (c) HCS (80%)–HC interlayer cathode films  before cycling and (d) 

HCS (80%)–HC interlayer cathode films  after 200 cycling 

Figure 7.15 shows the SEM images of HCS and HCS (80%)-HC coated 

cathode films before and after 200 cycles. It is observed that the visible cracks and 

agglomerated particles in HCS cathode cause structural failure and capacity fading 

(Figure 7.15 (a and b)). There is no obvious morphological differences noted and 

the structural integrity is maintained in HCS (80%)-HC cathode films before and 

after cycling (Figure 7.15 (c and d)) (Miao et al., 2013; S. Wei et al., 2011; Ye et 
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al., 2016). This observation indicates interlayer on the cathode surface highly 

beneficial for structural protection of the sulphur cathode, which leads to excellent 

cycling stability. 

7.4 Conclusion 

In summary, we developed a high surface area porous carbon from a low 

cost and green carbon source, honeycomb by zinc chloride activation method. The 

porous carbon acts as an ideal host of elemental sulphur and as an interlayer to 

mitigate shuttle effect by interacting with PS. The HCS (80%)–HC (with interlayer) 

provides better rate performance, improved active material utilization and better 

cyclability. It exhibits high initial discharge capacity of 1353 mA h g-1 with 

excellent capacity retention of 92% after 200 cycles with 0.04 % average fading per 

cycle at 0.1C rate and a good rate capability (1006 mA h g-1 at 2C) as a cathode 

material for LSB. This porous HC coating provides excellent electrolyte access, and 

act as second current collector. It anchors the PSs on the cathode side by multiple 

confinement effects like N, O heteroatom, SiO2, higher surface area, porosity. HCS 

(80%)-HC electrode provides excellent long-term stability with high coulombic 

efficiencies of almost 100% for 200 cycles. From these interesting results, the HCS 

(80%)-HC interlayer configuration becomes a promising cathode material for the 

next generation rechargeable batteries.  
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CHAPTER 8 

CONCLUSIONS AND FUTURE PERSPECTIVES 

8.1 Conclusions 

Porous carbon materials are one of the interesting class of carbon, due to 

its excellent properties such as low cost, biocompatibility, low toxicity, high 

conductivity, higher surface area, pore volume, tunable morphologies, etc. Porous 

carbon materials are easy to synthesize with the desired properties for a wide variety 

of applications such as energy storage, CO2 adsorption, separation/removal of 

contaminants, EMI shielding, thermal protection system, biological and chemical 

sensors, photocatalysis, etc. There is a variety of synthetic sources for the 

preparation of these materials.  Out of this bioderived carbon received special 

attention due to its low cost and ease of availability. The depletion of fossil fuel, 

environmental issues and ever increasing energy demand force to develop 

renewable and sustainable energy conversion and storage devices. LSB and 

supercapacitors are more attractive due to its special features. LSBs paid more 

attention due to its high theoretical capacity and energy density. Here the sulphur is 

used as a cathode which is a low cost easily available material. Its merits and 

demerits were discussed in the thesis at many places. Importantly, low electrical 

conductivity, volume changes of sulphur during the charge-discharge process, PS 

dissolution into the electrolytes are the issues at the cathode side. To address the 

drawbacks associated with the sulphur cathode, functionalized porous carbon was 

used as a host for the sulphur. The developed porous carbon-based materials tested 

for EDLC application too. The objective of this thesis was to cut down the 

shortcomings on the cathodic side of LSB and to improve the specific capacity and 

cycle performance. The carbon materials investigated in various chapters were 

MWCNT, 4,4-diamino diphenyl sulphone derived carbon, pinecone derived 

carbon, vetiver derived carbon, orange peel derived carbon, honeycomb derived 

carbon, etc. The strategies adopted to improve the electrochemical performance are 

modification of cathode and separator. To solve the insulating problem of sulphur 
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and to minimise the PSs dissolution heteroatom/metal oxide doped porous carbon–

sulphur composite, MWCNT-sulphur-conducting polymer ternary composite, 

functionalised porous carbon modified separator and a thin porous carbon coating 

onto cathode film (interlayer) are prepared and investigated in detail.  

A detailed literature survey on the strategies adopted to improve the 

performance of LSBs is described in chapter1. In addition, the importance and an 

overview of carbon-based supercapacitors are emphasised.   

A cathode material to solve the insulating problem of sulphur was 

developed using MWCNT/S/PIN as a dual core-shell type ternary nanocomposite 

in chapter 2. Here PIN and MWCNT are used for wrapping the sulphur. The ternary 

composite shows an initial discharge capacity of 1490 mA h g-1 and a stable 

capacity of 1043 mA h g-1 after 100 cycles at 0.1C with 70% capacity retention. 

The enhanced electrochemical performance of MWCNT/S/PIN is due to the 

encapsulation of sulphur between functionalized MWCNT and PIN, which 

simultaneously help to restrict the movement of PSs.  

Heteroatom doped microporous carbon (HMC) with a high surface area is 

prepared from 4, 4’-diamino-diphenyl sulphone in chapter 4. It is prepared by single 

step carbonization without adding any additive through varying carbonization time 

1-3 h. The highest BET surface area of 1766 m2 g-1 and pore volume of 0.87 cm3 g-

1 is obtained at the carbonization time of 2 h (HMC-2). HMC-1 and HMC-2 

materials were investigated for both SC and LSB applications. The carbon material 

is used as a sulphur host (~74% sulphur) and provides a stable capacity of 790 mA 

h g-1 after 100 cycles at 0.1C rate with 79% capacity retention (HMC-2S). HMC-2 

displays a maximum specific capacitance of 431 F g-1 at a current density of 0.8 A 

g-1 using 6M KOH as an electrolyte with three electrode system. A symmetrical 

supercapacitor is fabricated by PVA+ Na2SO4 as gel electrolyte, exhibits an energy 

density of 35 W h kg−1 at a power of 529 W kg-1 and this device is stable for 5000 

cycles with 91.07% capacity retention at a current density of 0.6 A g-1.    

 High surface area hierarchical porous carbon which contains Fe 

functionalities in addition to N, O heteroatoms derived from vetiver was used as 
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sulphur host in chapter 4. The sulphur-carbon composite with 72% sulphur content 

exhibits a reversible capacity of 1069 mA h g-1 with 67% retention capacity after 

200 cycles at 0.1C rate. It is due to the synergistic effect of the tubular porous nature 

of the derived carbon, with the N, O and Fe functionalities which help to retain the 

PSs in the carbon matrix. In addition, this carbon is tested for supercapacitor 

application in both aqueous and organic electrolytes. Highest discharge time is 

obtained for the supercapacitor electrode of the HPC-800 ºC and the specific 

capacitance value is 296 F g-1 using 1M Na2SO4 as an electrolyte with the three 

electrode system at a current density of 0.8 A g-1. A maximum energy density of 

67.8 W h kg−1 at a power density of 749 W kg-1 for the current density of 0.5A g-1 

with is obtained ~ 88% capacity retention after 10,000 cycles by using 1M LiTFSI 

as the organic electrolyte.   

 N and O co-doped hierarchically porous carbon derived from pinecone is 

demonstrated as a host for the active material sulphur in chapter 5. It has a high 

BET surface area of 2065 m2 g-1 and a pore volume of 1.5 cm3 g-1. The specific 

capacity and cycling stability are highly influenced by the surface area, pore 

volume, sulphur content and the distribution of sulphur in the porous carbon. Three 

carbon-sulphur composites with 54, 68 and 73%  of sulphur were electrochemically 

evaluated to find out the best cathode material for LSB. The electrochemical 

performance decreased when increasing the sulphur content, due to the presence of 

non-conducting sulphur on the surface of the porous carbon. 54% sulphur loaded 

composite exhibited better performance with an initial discharge capacity of 1606 

mA h g-1 and a reversible capacity of 1269 mAh g-1 after 100 cycles at the 0.1C rate. 

It is due to the uniform distribution of sulphur into the pores of carbon and it can 

accommodate the volume changes of sulphur during the charge-discharge process. 

It delivers a high specific capacity of 923 mA h g-1 at the 2C rate.  

Chapter 6 investigates on the sulphur host derived from orange peel. To 

reduce the capacity fading of OPCSC a thin layer coating of the N, O heteroatoms 

doped high surface area carbon onto separator on the cathodic side allows the Li+ 

transport and effectively blocks the migration of the PSs, In addition, the high 

surface area of HMC-1 provides more active adsorption sites for PSs in LSBs. 85% 
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capacity retention at a 0.1C rate is obtained with a specific capacity of 845 mA h 

g-1 at the 2C rate. 

Chapter 7 discusses the sulphur host, derived from the honeycomb. The 

carbon material contains N, O and SiO2, which helps to retain the PS on the cathode 

surface. A thin layer of the same carbon material is used to coat on carbon-sulphur 

composite cathode film to act as a barrier to restrict PS migration and exhibited 

92% capacity retention after 200 cycles at 0.1C rate. It delivers a specific capacity 

of 1006 mA h g-1 at the 2C rate. The excellent electrochemical performance is due 

to the multiple confinement effects of N, O and SiO2 exerted on sulphur. Here, 

sulphur is sandwiched between the two HC, PS dissolution to the electrolytes is 

restricted. 

Table 8.1 lists the electrochemical performance of the developed cathode 

materials for LSBs. Among these HCS (80%) with HC coating displays an initial 

discharge capacity of 1354 mA h g-1 and a stable capacity of 1284 mA h g-1 after 

200 cycles at a 0.1C rate with 0.002% capacity decay per cycle. The PCSC (54%) 

exhibits 79% capacity retention after 100 cycles and shows better performances 

than the 4, 4’ diamino diphenyl sulphone derived carbon-sulphur composites. It was 

due to the uniform distribution of sulphur in the inner layer of the carbon. It is 

believed that these methods have practical significance for the realization of high-

performance LSBs indicating a major progress in energy storage devices. 
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                                                               Table 8.1: Comparison of electrochemical performance of the developed material 

Sl no Cathode Heteroatoms 
Surface area 

(m2 g-1) 

Sulphur 

(%) 
Separator 

Initial 

capacity 

(mA h g-1) 

Cycles 

Final 

capacity 

(mAh g-1) 

Capacity 

retention 

(%) 

1 MWCNT/S   83 PP 1267 100 760 61 

2 MWCNT/S/PIN N  79 PP 1490 100 1043 70 

3 HMC-1S 
N, O 

931 74 PP 792 100 536 76 

4 HMC-2S 1766 74 PP 997 100 730 80 

5 

PCSC 
 

N, O 

 

2065 

54 PP 1608 100 1269 79 

6 68 PP 1370 100 1028 75 

7 73 PP 1145 100 891 74 

8 

 

OPCSC 

 

N, O 

 

 

 

1806 

61 PP 1019 100 528 51 

9 61 PP 1054 100 562 51 

10 73 
PP-

MWCNT 
1203 100 900 75 

11 73 PP-HMC 1213 100 1033 85 

12 HPCS N, O, FeS 1879 72 PP 1584 200 996 63 

13  

HCS  

N, O, SiO2 

 

 

931 

70 PP 1226 200 957 78 

14 80 PP 1341 200 1101 82 

15 HCS-HC 80 PP 1354 200 1284 92 
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8.2 Future Perspectives 

This doctoral thesis work has focused on cathode materials, its design and 

preparation to reduce shuttle effect and to achieve good cyclability. Even though 

the structure-property relationship of the carbon-sulphur composites were evaluated 

electrochemically, more challenges are still unresolved to make this battery 

commercially viable. LSBs have great potential to compete with the existing 

technologies, it will become the spotlight in the near future. To achieve this, further 

optimisation and improvement in the fabrication of other components are required. 

In this direction, the following are the future outlook on Li-S system for further 

studies. 

 The pore characteristics of the carbon and the interaction of sulphur need to 

be explored. Studies should be done by decreasing the particle size of sulphur 

and to improve the intimate contact with carbon. 

 Electrodes with the high mass loading of active material ~10 mg cm-2  is 

being studied to overcome the present battery technologies. The markets of 

portable electronic devices required prolonged cycle stability of 5000 cycles 

without capacity fading. 

 Studies to understand more about the impact of heteroatom doped porous 

carbon for the formation of a solid electrolyte interface (SEI) layer is 

required. 

 Further studies may be carried out to develop Li-metal free cell, using the 

Li2S loaded functionalized carbon and silicon/tin/germanium as electrode 

materials for LSBs. 

 A suitable electrolyte may be developed to solve the shuttling problems. 

 LSBs contains more additives (conductive carbons and binders) which do 

not make any contribution to the discharge capacity. Studies need to be 

carried out to reduce the additives contained in the cathode film. 

 Alternative methods can be explored to increase the rate of sulphur 

reduction, hence the PS dissolution may be controlled 
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To develop flexible SCs using hybrid materials with an energy density 

close to that of rechargeable batteries (supercapattery) along with high power 

density and long cycle life. New electrolytes with a voltage window more than 3V 

and new materials/electrode configuration with low resistance are being developed. 
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