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ABSTRACT OF THE THESIS 

 

 

Fabrication of Mesoporous Conductive Carbon as Cathode Materials 

For High Performance Lithium Sulfur Battery 

 

by 

 

Xiaoqiong Bai 

 

Master of Science in Chemical Engineering 

University of California, Los Angeles, 2016 

Professor Yunfeng Lu, Chair 

 

Lithium-sulfur batteries, as one of most promising candidate in energy storage systems, have 

been under intensely investigated for almost three decades. Due to the low-cost, high energy 

density and long cycling properties, the state-of-art lithium-sulfur batteries meet the growing 

requirements of electronic devices, electrical vehicles and large-scale energy storage. However, 

lithium-sulfur batteries have not been applied in industrials because the dissolution of polysofide 

during cycling still exists a significant challenge for practical application.  

This thesis focused on the fabrication of mesoporous conductive carbon structure as the cathode 

materials via aerosol method. The high porosity 4.099 cm3/g of the carbon particles 
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accommodate the volume expansion and enhance the electronic conductivity of the cell. To 

further mitigate the dissolution of polysulfide, divinylbenzene was used to stabilized elemental 

sulfur as well as confine the movement of polysulfide. The coated carbon/sulfur composite 

performed high capacity and cycliability.  
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Chapter 1 Introduction 

1.1 Background  

As the growth of population and economy, our demands for energy to fulfill the advanced 

lifestyle increases. The consumption of energy in form of fossil fuel has brought severe 

environmental problems, such as air pollution and global warming. It is no doubt that our 

dependences on fossil source will only make the situation worse; therefore it is critical to use 

renewable sources and new energy technologies to mitigate these issue. As a result, alternative 

energy form, such as solar, wind and geothermal energy are developed and adopted to replace 

the conventional fossil fuel energy. However as these alternative energy forms are exist 

continuously, energy storage is a critical topic nowadays. Rechargeable batteries have been 

regarded as one of the viable option for electrical energy storage. To develop the rechargeable 

battery as energy storage material, cost effective, power density, cycle life, environmental 

compact are some of the most important parameters to be considered. 

Lithium-sulfur batteries, as one of most promising candidate in energy storage system, have been 

under intensely investigated for almost three decades. Lithium-sulfur batteries employ element 

sulfur as the cathode. Sulfur has been regarded as earth-abundant, cost-effective, and 

environmentally friendly material, which exhibits a high theoretical cathode capacity of 1675 

mAhg-1 and high energy densities of 2600 Whkg-1 theoretically.[1] Due to the low-cost, high 

energy density and long cycling properties, the state-of-art lithium-sulfur batteries meet the 

growing requirements of electronic devices, electrical vehicles and large-scale energy storage. 

As a result, sulfur had been choose to be the positive electrode material and attracts attention 

from both academic and industrial communities. 

A conventional lithium sulfur battery is simply consist of a lithium metal anode, a sulfur based 
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cathode and a separator. The motivation for using metallic lithium as negative electrode is that 

lithium is the most electropositive of 3.04V as well as the lightest 46.94g/mol. The battery 

technology based on lithium as can facilitate the design of storage systems with high energy 

density.[1] 

Although the promising advantages of the lithium sulfur battery systems keep the attention of 

researchers for almost three decades, some existed problems prohibited the practical application 

of this system in current industry. As Sulfur is highly electrically and ionic insulating, conductive 

additives, such as carbon and conductive polymer, are used to maintain intimate contact with 

sulfur cathode structure so that the reversible electrochemical reaction can take place.[2] Beside, 

transport of lithium polysulfides, insulation and insoluble nature of S8/ Li2S2 /Li2S, and 

morphology change during the cycling process are all factors that influencing cell performance. 
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1.2 Discharge and charge mechanism 

Electrochemical mechanism of the lithium sulfur batteries relies on the redox reaction of 

polysulfides. Figure 1 demonstrates the typical voltage profile for discharge and charge process.  

 
Figure 1. Typical voltage profile for discharge and charge process of lithium sulfur batteries[3] 

 
1.2.1 Discharge Process  

The first stage of discharge process involves solid to liquid two-phase reduction of octet sulfur, 

which takes place in the potential range 2.5-2.0V. During this stage insoluble element sulfur is 

reduce to lithium oactasulfides and are dissolved in electrolytes solution,[4] which is described in 

Eq.1 As been studied, Oactasulfides are unstable in many electrolytes systems and may undergo 

disproportion with the detachment of elementary sulfur, which again experiences 

electrochemical reduction.[5] 

S8 + 2Li à Li2S8      (1) 

The second stage of discharging process involves a decrease in the length of S-S chain. The 

reduction of dissolved lithium polysulfides (Li2S8) to lower order PS (Li2Sn , 8<n<3) results from 

the rapid disproportionation of  Li2S8,[6] which is stated as Eq.2. During the single-phase 
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reduction, the viscosity of the solution increase as a result of a increase of polysulfide anions 

concentration with a decrease in the length of S-S chain. 

Li2S8 + 2Li à Li2S8-n + Li2Sn  (8<n<3)    (2) 

The third stage involves a liquid-solid two-phase reduction of the dissolved low-order 

polysulfide, which is described in Eq.3 and Eq.4.Generally, the reduction process takes places at 

potential range 1.9-2.1V and contributes to the major capacity of Li/S cell. 

2Li2Sn + (2n-4)Li à nLi2S2 ê           (3) 

Li2Sn + (2n-2)Li à n Li2S ê         (4) 

The last stage is solid-solid reduction process, which is described in Eq.5. Due to the insoluble 

and non-conductive properties of Li2S2 and Li2S, the reduction process suffers from high 

polarization and takes places very slow and even vanishes.[7] 

Li2S2 + 2Li à 2 Li2S      (5) 

 

1.2.2 Charging process 

The charging process contains two steps of reaction. In the first step, on the positive electrode, 

the insoluble Li2S2 and Li2S attaching to the conductive carbon structure undergoes oxidation 

process until are the lower order lithium polysulfides on the reaction zone are consume and 

become to long chain lithium polysulfides. [7]However, the nonconductive and insoluble Li2S2 

and Li2S that are not attached to the carbon structure would not capable of entering 

electrochemical process and has poor utilization in the cell in the future cycling process. 

mLi2Sk – 2e- - 2Li+ à gLi2Sn, where mk=gn    (6) 
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In the next step, as the charging process goes on, the long-chain soluble lithium polysulfides in 

the solution is oxidized to elementary sulfur. This step usually takes place in the potential range 

2.4-2.6V. 

mLi2Sn - 2e- - 2Li+ à (m-1) Li2Sn-k + S, where (mn)=(m-1)((n-k)+1)  (7) 

Actually, the electrochemistry occurring at the cathode is far more complex than the simplified 

equations above. Since both charging and discharging process involve phase transformation, the 

mechanistic details of Li/S batteries are required deeper understanding.  

 

1.3 Problems 

Although the promising advantages of the lithium sulfur battery systems keep the attention of 

researchers for almost three decades, some existed problems prohibited the practical application 

of this system in current industry. Transport of lithium polysulfides, insulation and insoluble 

nature of S8/ Li2S2 /Li2S, and morphology change during the cycling process are all factors that 

influencing cell performance. 

 

1.3.1 Sulfur Blocking Issue in Cathode 

Elementary sulfur has relatively low electric conductivity, which is 5×10-30 Scm-1. The low 

conductivity leads to poor utilization of active material. To achieve high specific energy, porous 

carbon structure is commonly used at the cathode, which provides intimate contact between 

sulfur and current collecting additives.   

However, the added carbon network is not sufficient to solve all the problems. Formation of 

insoluble and nonconductive Li2S and Li2S2 during the cycling brings more issues. Typically, 

formation of polysulfide leads to the following problems for cell performance, 
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I. Volume expansion may cause deterioration of carbon architecture and affect future 

cycling performance.  

II. Deposition of Li2S and Li2S2 on cathode structure leads to low conductivity and poor 

cycling life.  

According to the previous reach, the expansion and contraction because of the solid-liquid-solid 

phase change in redox process causes approximated 76% in volumetric increase in cathode 

carbon structure.[8] During cycling, the morphology change of active electrode carbon may lead 

to decrease of surface area for contact between sulfur and carbon, decrease of pore volume for 

holding sulfur and the agglomeration of sulfur particles. As a result, sulfur loses intimate contact 

with carbon in the host matrix, which his difficult to get activated and therefore becomes inactive 

in terms of isolate Li2S and Li2S2 in the subsequent cycling.[8] Even when the cell is fully charged, 

the inactive Li2S may still remain on the cathode due to lacking of contact with conductive media. 

More importantly, the thick nonconductive of Li2S and Li2S2 that pastes on the electrodes limits 

the complete penetration of electrolyte into the whole electrode, which his also accounts for the 

rapid capacity fading.[9] This polysulfide blocking issue of the cathode side is critical to the 

performance of cell cycling life.[10]  

The blocking issue of polysulfide and losing of intimately contact between the active material 

and the conductor lead the cycling process uncompleted in each cycle and causes decreasing of 

batteries capacity.[11] Research on the microstructure or architectures of positive electrode may 

avoid the agglomeration of polysulfide and sulfur during cycling.  
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1.3.2 Diffusion of Polysulfide Between Cathode and Anode During Cycling 

As description in the mechanism section, soluble higher order polysulfide is formed during either 

reduction discharging process of element sulfur or oxidation charging process of lower order 

polysulfide. Accumulation of higher order polysulfide increases the concentration of polysulfide 

on positive side. As the concentration gradient being built-up, polysulfide diffuses from positive 

electrode to negative electrode that contains metal lithium. The higher order polysulfides 

continuously diffuse from cathode to anode and react with the lithium metal and form lower 

order polysulfide. As a result of reaction and diffusion process, lower order polysulfides 

accumulate on negative side of the cell. Therefore, these lower order polysulfides diffuse back to 

positive side of the cell with the concentration potential.  During the charging process in the 

subsequence cycle, the lower order polysulfides will be oxidized to form higher order 

polysulfides and the whole process will be repeated.  

The back and forth diffusion process of polysulfide is known as “polysulfide shuttle effect”, 

during which both reduction reaction with lithium metal and redox reactions with sulfur on 

cathode take place. Therefore limiting the shuttling diffusion is crucial to solve the problem of 

capacity fading of the cell.  

 

1.3.3 Corrosion of lithium metal 

It should be noticed that the shuttle effect not only causes loss of active sulfur on cathode but 

also leads to corrosion of lithium metal on anode. On Li anode, the dissolved polysulfide under 

goes both electrochemical and chemical reduction, as debrided by Eq. (8)and (9).[3] 

(n-1)Li2Sn + 2Li+ + 2e- à nLi2Sn-1     (8) 

(n-1)Li2Sn + 2Li à nLi2Sn-1     (9) 
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During polysulfide shuttling, lithium metal is consumed and form insulating Li2S/Li2S2 layer on 

the surface of the lithium metal. This dense passivation layer increases cell resistance. It slows 

down or even fully inhibits further reaction between metallic lithium and the components of the 

electrolyte system. In addition, during the Li2S/Li2S2 formation, these insoluble particles tend to 

pile up and form dendrite on lithium surface. As studied by Kolosnitsyn, The formation of 

dendrite strongly depends on the purity of lithium electro surface, for instance, the contaminants 

that physically obstruct the surface and inhibit electrochemical process.[12] Since the insulate 

Li2S blocks the contact between electrolyte and metallic lithium, the insoluble Li2S actually 

enhance the formation of dendrite. The positive feedback between the dendrite formation and 

piling-up rate of insulate Li2S dramatically decrease the cell capacity. Even worse, the dendrite 

formed on metallic surface potentially may grow and pierce through the separate and causes 

short circuit inside the batteries.  

1.4 Current Solution 

In response to these challenges, novel methods for preventing polysulfide dissolution and 

shuttling effect have been developed. According to the cell configuration, the breakthroughs in 

lithium sulfur batteries can be categorized into three aspects: lithium anode protection, 

electrolyte/separator modification, and sulfur cathode composition.  

1.4.1 Electrolyte and Separator Modification 

1.4.1.1 Composition of Solvent/Salt/Additives 

The electrolyte, as the medium for the transfer of Li+ between a pair of electrodes, interacts 

closely with both the sulfur cathode and the Li anode during the operation. The electrochemical 

behaviors of Li-S batteries can be dramatically different in various electrolytes, originating from 

the different solubility of polysulfides in various electrolyte solvents. Therefore, much attention 
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has been given to exploring the suitable electrolytes for Li-S batteries.[1] 

In the past decade, studies have proved that the kinetics of sulfur and polysulfides prominent 

influenced the electrochemical performance of Li-S batteries. Based on the knowledge of sulfur 

redox chemistry, Carbonate and ether were chosen to be the solvent with high solubility to 

polysulfides. Commonly, DOL (1,3-dioxolane) and DME (1,2-dimethoxyethne) are used for S/C 

cathode material Li-S batteries, which have been proved to operate more complete reduction of 

soluble polysulfide formed during cycles.[13] Although the solvent with high polysulfide 

solubility enable the Li- S batteries to operate with high utilization of sulfur, it may lead to both 

lithium corrosion and internal polysulfide shuttle.[14] To improve the electrochemical activity of 

sulfur without decreasing electrochemical stability, lithium salts such as LiClO4, LiPF6 and 

LiTFSI are commonly used to enhance thermal and hydrolytic stability. By controlling the 

composition of lithium salt and the solvent, the mixture of salt and solvent aims to lower the rate 

of li corrosion and slower shuttle effect. Hu et al. developed the “Solvent-in-salt” electrolyte with 

ultrahigh concentration of LiTFSI, which is almost closed to saturation, to prevent the 

dissolution of intermediate polysulfide.[15] 

 

Figure 2.  a) Fresh lithium metal, b) Lithium metal with lower concentration of salt electrolyte 
after 278 cycles, c) Litium metal with Solvent-in salt electrolyte after 280 cycles.[15] 

a)	 b)	 c)	
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Shown in Figure2, with unique concentration of lithium salt, the electrolyte enables to lower 

roughness and damage of lithium anode surface. The results of the study indicate that the suitable 

composition of electrolyte can make dramatically enhance the electrochemical performance 

without causing corrosion to the lithium anode.   

However there is a potential drawback of adding lithium salt. As being reported, LiTFS and 

LiTFSI could potentially dissolve the aluminum of stainless-steel substrate.[16] This phenomenon 

may lead to self-discharge of Li-S batteries.  

To protect metallic lithium from reacting with electrolyte solution and polysulides without 

causing other side effects, LiNO3 has been introduced into electrolyte as an oxidizing additive. 

As LiNO3 is reduced into insoluble LixNOy species, which oxidizes the sulfides of solution 

surface species to LixSOy, the lithium electrode is passivated and thus avoid continuously reacted 

with polysulfides in solution.[17] 

Although certain progress for electrolytes has been achieved to protect lithium anode and reduce 

active mass loss, challenges are still exist. Alternative ways to mitigate the problems are quite 

significant to the improvement of lithium sulfur batteries. 

1.4.1.2 Solid Electrolyte and Separator  

An alternative way to prevent the dissolution of polysulfides is replacing the conventional liquid 

organic electrolyte with polymer electrolytes or dense inorganic solid electrolyte. Considering of 

the safety challenges, such as leakage and flammability, solid-state or gelled electrolyte has been 

intensively studied during the past decade. Solid electrolyte has potential to substitute for the 

liquid electrolytes because of their superior voltage, temperature, and mechanical stability. 
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Additionally, solid-state electrolyte could not only act as separator to isolate two electrodes, but 

also serve as a reservoir for dissolved polysulfides that near the cathode side.  

Polymers, for example, poly ethylene oxide (PEO)[18], poly ethylene glycol dimethyl ether 

(PEGDME) and poly vinylidene fluoride-co-hexaflouropropylene (PVDF-HFP), have been 

investigate for lithium sulfur batteries. 

However, major solid-state electrolytes are hindered by the three problems:  

I. The low conductivities at room temperature. 

II. High interfacial resistance between the resultant solid-state electrolyte and the solid 

electrode.  

III. Brittle mechanical property.  

To solve these problems, polymers are introduced as plasticizer to improve the electron transport 

and mechanical property. For example, solid hybrid polymer electrolyte that consists of S2TFSI, 

LiTFSI and PEO has been presented to be high ionic conductivity of 1.2×10-3 S cm-1 at 25°C. [19] 

Recently, a solid ceramic polymer electrolyte has been proved to be the effective way to promote 

conductivity of solid-state electrolytes.  A gel-ceramic multilayer electrolyte, which consist of an 

inorganic NASICON-type lithium ionic conductor Li1.5Al0.5Ge1.5(PO4)3 and a poly(ethylene 

oxide) (PEO)-based GPE (gel-forming liquid electrolyte 1 M LiTFSI TEGDME), for 

rechargeable Li–S batteries.[20] As shown in Figure 3, GPE was used to cover the LAGP layer, 

which not only avoid the leakage and evaporation of the electrolyte but also provide sufficient 

flexibility to decrease the interfacial resistance. 
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Figure 3. Schematic illustration for the gel-ceramic multi-layer electrolyte Li-S cell[20] 

 
The solvent free solid-state LAGP, which is permeable to Li-ions but impermeable to 

polysulfide-ions, would block the sulfur species in the cathode side and the polysulfide shuttle 

effect in this cell architecture is totally eliminated. This interlayer is served as not only 

electrolyte but also separator between a pair of electrodes. The layered structure solid electrolyte 

exhibits the ionic conductivity 3.73×10-3 S cm-1 at room temperature.  

Solid-state electrolytes are still needed further improve to lower the interfacial resistance and 

increase stability with lithium metal. These challenges drive more technical and scientific effort 

to solve the problems. 

 

1.4.2 Sulfur Cathode Hierarchical Design  

As mention in the previous section, sulfur is nonconductive material. To offset its shortcomings, 

sulfur is always combined with other material to improve the electrochemical performance. An 

ideal sulfur holder should not only have high electrical conductivity, but also confine lithium 

polysulfide to over come the shuttle issue.  
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1.4.2.1 Conductive carbon 

The research on highly ordered carbon structure has been commonly applied on cathode of 

lithium sulfur batteries. From the past experiences, an ideal carbon matrix for sulfur carbon 

composites needs to have the following properties[21]: 

I. High electrical conductivity 

II. Electrochemical affinity for sulfur 

III. Small cells (pores) without large outlets to accommodate polysulfides 

IV. Accessibility of liquid electrolyte to active material 

V. Stable framework to sustain the strain generated by the volume changes of the active 

material during cycling  

The conductive carbon with high porosity and high surface/volume ratio is important to achieve 

high sulfur load and goo utilization of active material in the cathode of the cell. However the 

inhomogeneous contact between conductive carbon and sulfur may occur during the cycling 

process. Considered these factors, hierarchical design is critical to the sulfur-carbon composite 

cell preformation. As shown in Figure 4, recent progress demonstrates different options to 

construct carbon structure. The spherical with micorpores carbon structure (Fig 4(a)) has large 

surface area. The lithium polysulfides is confined in within the structure due to adsorption. 

However, for micropores, the sulfur loading is not sufficient for high performance. Compare to 

micropores, mesoporous (Fig 4(b)) has larger pore so that more active sulfur can be loaded. To 

reduce diffusion of polysulfide, the porous carbon is used to encapsulate the elemental sulfur 

(Fig 4(c)). Beside facilitating good transport of electron from the poorly conducting sulfur, this 

structure maximize the sulfur loading and minimize the dissolution of lithium polysulfide into 

electrolyte. Graphene oxide is another option (Fig 4(d)) to immobilizing the intermediate 
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polysulfide. Additionally, porous carbon nanofiber (Fig 4(e)) also shows good performance.  

 
Figure 4. Hierarchical designs of carbon-based sulfur composites[21]: (a) microporous carbon 

sphere[22], (b) spherical ordered mesoporous carbon nanoparticles[23], (c) porous hollow carbon[24], 
(d) grapheme oxide sheets[25], (e) porous carbon nanofibers [26]and (f) hollow carbon nanofibers 

to encapsulate sulfur[27]. 
 
These hierarchical designs provide solution to mitigate the shuttle effect and hence prolong the 

cycling life.  However, introducing of carbon composite means reducing the percentage of active 

sulfur material. Usually, the active material loading should above 70 wt%. The trade-off situation 

between increasing sulfur loading and enhancement of cycling stability needs more innovated 

design for cathode structure.  

 

1.4.2.2 Hybrid and interlayer Cathode 

To further constrain polysulfides without sacrifice the sulfur loading, additional strategies to trap 

lithium polysulfides during cycling are required. With any mentioned single carbon composite 

material, excellent cycle stability and life could not be obtained simultaneously.  

Recently, a study that designs a three dimensional sandwich-type graphene and microporous 

carbon architecture is aiming to simultaneously improve the pore volume and the conductivity of 

carbon structure.[28] Although the microporous structure is approved to be the most effect way to 

trap lithium polysulfide, the low pore volume leads to low sulfur loading. To solve the problem, 
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the graphene sheets is used to increasing conductivity and the layered micropores structure is 

used to increasing sulfur loading, shown in the Figure 5. 

 
Figure 5. Schematic illustration of the graphene and micropores nanocomposite for lithium–

sulfur battery. [28] 

By combining the novel hierarchal microporous structure and graphene sheets, this material 

achieve large pore volume 2.65 cm3g-1, and sulfur loading 75.4 wt%.  

Beside the most previous research works that focus on modification of inside sulfur cathodes, 

innovation outside interlayer sulfur electrode could be another promising option. Recently, 

carbon interlayer configuration is inserted between the cathode and the separator. For example, 

the mesoporous cellular graphene framework is introduced between the sulfur/carbon composite 

and separator. The interlayer structure has huge surface area which reactivate the shuttling-back 

polysulfide and preserve the ion channels.[29] 

In addition to innovation cathode structure, researchers also study a lithium insertion oxide or 

sulfide is used to replace a portion of carbon and binder. To contribute capacities, these lithium 

insertions are required to work in similar voltage range to the sulfur, which is 3- 1.5V. the 

promising insertion host are listed in Table 1.  
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Table 1. Summary of the Voltage window and Electrode Performance of Possible Insertion Host 

for Hybrid Sulfur Composite Cathodes[21] 

 
By using these candidates, the weight of the inactive carbon and binder is reduced so that the 

energy density increases. These lithium insertion hosts could be used as a matrix with reduced 

amount of carbon to generate sulfur in situ synthesis approach. [30] 

 

1.5 Summary 

To summarize, by reviewing the history, electrochemistry and the recent progresses in Li-S 

batteries, the followings are the main issue need to be considered for high performance of sulfur 

cathode material. 

I. Sulfur cathode 

II. Lithium anode  

III. Electrolyte 

For sulfur cathode, conductive sulfur host is necessary to improve both electrochemical storage 

and performance. To acquiring long-term cycling stability, an ideal host structure should not 

only alleviate the volume change of sulfur during cycling but also effectively prevent the 

dissolution and shuttle of polysulfide in the liquid electrolyte. Although current strategy using 

large porous and interlayer structure to solve the issue, insufficient sulfur loading and polysulfide 

shuttle effect still exist. 

 



	 17	

In case of anode and electrolyte, the protection of Li anode is crucial to prevent lithium dendrite 

formation. Studies has proved that electrolyte show the great influence to the performance of Li-

S batteries arising from the dissolution ability of polysulfides. As a result, electrolyte additive, 

solid state electrolyte could be promising solution to stabilize lithium anode and improve the 

utilization of both anode and cathode materials.  

 

Significant progress has been achieved; however more attention and effort is needed to further 

improve the specific energy density and long cycle life. Beside cathode material, electrolyte and 

lithium anode, more factor and ideal could be considered. Additionally, fundamental research of 

the mechanistic details for electrochemical reaction should also be studied to get breakthrough 

result. 
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Chapter 2: Experiment Methods 

2.1 Overview 

In this work, we focus on synthesis of ultra-porous carbon as the conductive framework to hold 

sulfur in positive electrode. The purpose of using porous carbon is to accommodate the 

morphology change of the active electrode material during cycling and increase conductivity 

simultaneously.  

During redox electrochemical reaction, volume contraction and expansion take place in sulfur 

cathode. The porous carbon structure with large surface to volume ratio not only accommodates 

the volume changes but also confines the dissolved lithium polysulfides. To further mitigate 

polysulfides shuttling without sacrificing the high sulfur loading in the electrode, a vapor-based 

method was developed to introduce a trace amount of monomer to stabilize polymeric sulfur. 

The monomer serves as a barrier layer on the surface of the carbon/sulfur composite so that 

inhibits the dissolution of polysulfide.  

The experiment procedure involves the following four parts: 

I. The preparation of ultra-porous carbon via aerosol method 

II. The preparation of Divinylbenzene (DVB) monomer via vapor deposition   

III. Coin cell assemble  

IV. The characterization electrochemical performance of the DVB/ultra-porous carbon/sulfur 

as cathode material. 
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2.2 Material Preparation 

2.2.1 Solution preparation 

Our process starts with a homogeneous solution of soluble silica and carbon source prepared in 

an acid solvent. The solution consists of 0.1M HCL, sucrose, SNOWTEX® (colloidal silica) 

from Nissan Chemical. Sucrose contains carbon element, which will be further carbonized and 

serves as carbon source. Silica is the template of the porous structure, which can be removed by 

further treatment. HCL is used to avoid the aggregation of the silica particles.   

 

2.2.2 Synthesis of Mesoporous Carbon  

Mesoporous carbon was synthesized through one-step aerosol method which relies on 

evaporation-induced interfacial self-assembly confined to spherical aerosol droplet.[31] It is a 

noble one-step method to prepare nano-sized particles with controllable morphology. Using the 

apparatus shown in Figure 6, we generate aerosol dispersion within a tubular reactor.  

 

 
Figure 6.  Diagram of aerosol apparatus set-up 

 
Through the atomizer, the prepared solution was sprayed out and generated tiny aerosol droplets 

with pure N2 as the carrier gas. Due to the pressure drop, these droplets moving through the 

drying zone to the heating zone with N2 and was dried at 400°C along the furnace tube. In the 
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furnace tube, solution evaporates and living the sucrose and colloidal silica composites collected 

by a filter membrane.  By using this method, just in a few seconds, the aerosol particles was 

dried, heated and collected.  

 

2.2.3 Carbonization and template removal 

The obtained sucrose and colloidal silica composites from aerosol process was carbonized in a 

tube furnace at 900°C for 5 hours. The sucrose was carbonized into element carbon with the 

porous structure because of the colloidal silica template. Silica template was removed using 

either concentrate NaOH solution or diluted HF solution. DI water is used to remove the HF 

solution.  

After the washing step to remove HF, the sample was further heated in tube furnace at 900°C for 

3 hours to remove the unnecessary functional group on the carbon surface due to the acidity of 

the HF.  

 

 
Figure 7. Schematic of  porous carbon synthesis 

 
The whole process of synthesis ultra-porous carbon was depicted by Figure 7. The important step 

for the whole process is to control and adjust the formulation of carbon source and template. By 

adjusting the percentage of the formula, porous size can be controlled.  
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2.2.3 Sulfur encapsulation and Vapor-based coating of DVB 

To further mitigate the dissolution of polysulfides during cycling, elemental sulfur was 

copolymerized with divinylbenzene (DVB) to modify the properties of elemental sulfur, which 

lower solubility and movement of lithium polysulfide in the electrolyte and therefore inhibit the 

shuttle effect. 

Studied by researchers, the elemental sulfur exists primarily in the form of an eight-membered 

ring structure under room temperature. After melting over 120 °C, the sulfur transfers to clear 

yellow liquid phase. Further heated over 159°C, the ring structure open-up into a linear 

polysulfane form with diradical chain ends and shown in the deep-red color. The diradical sulfur 

chain subsequently polymerizes into polymeric sulfur and generate semicrystaline with poor 

mechanical properties. [32] 

Although ultra porous carbon can accommodate the volume expansion and enhance the 

electronic conductivity, it cannot prevent lithium polysulfides from dissolution, which caused the 

decay of the specific capacitance and Coloumbic efficiency. In our study, elemental sulfur was 

copolymerized with divinylbenzene to lower solubility and movement of lithium polysulfide in 

the electrolyte. The copolymerization strategies have been explored to stabilized the elemental 

sulfur and modify the properties of elemental sulfur by incorporation into polymeric materials. 

[33] As depicted in Figure 8, sulfur/ carbon composite was heated at 120°C and mixed with the 

homogenous vapor phase DVB. The copolymerization was carried out at 200°C for two hours. 

 



	 22	

 
Figure 8. Schematic of copolymerization of sulfur and DVB 

 
The bulk reacted copolymer is not conductive and insoluble in most of the commonly used 

solvents, which restraint its utilization in energy storage applications.[34]Therefore we use vapor 

condensation method to introduce divinylbenzene monomer into the composites to stabilize 

polymeric sulfur, thus lower solubility and movement of lithium polysulfide in the electrolyte. 

 

2.2.4 Positive electrode preparation 

Beside main active material (carbon/sulfur composite), binder and addictive are also important in 

the electrode. To improve the conductivity, carbon black was used in a small amount. Binder is 

critical for improving cell performance because it could create a strong electric network between 

the active material and the conductive carbon (typically carbon black) and maintain the integrity 

of the electrode during cycling.[35] 
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Active material (carbon/sulfur composite), additive (carbon black) and binder (PVDF) were 

mixed by weight percentage ration 90:5:5. Then, 300 µL N-methylpyrrolinone (NMP) was added 

in to the mixture and stirred. After well mixing, a portion of NMP was evaporated and the 

mixture became to slurry. The slurry was carefully coated onto the Al electric collector chip and 

dried under vacuum condition. The Al foil, which is coated with the electrode material, was cut 

into 18mm electrode chip. Mass of the active materials was calculated by the mass difference of 

before and after the coating process.  

 

2.2.5 Coin Cell assemble  

Coin cells were assembled to analyze the electrochemical properties of the active material. The 

cell assemble was carried out in gloved box due to the extreme active nature of metallic lithium. 

LiPF6 was used as electrolyte.  

The coin cell consists of a pair of cell caps, spacers, separator, spring, electrolyte, lithium anode, 

and cathode. In our work, we used PTFE membrane, which was soak in the electrolyte, as the 

separator. The coin cell was carefully assembled and crimp using the compact crimping machine. 

Then the cell is ready for testing and can be taken out of the glove box. 

 

2.3 Methods for material Characterization 

2.3.1 XRD 

 XRD is the abbreviation of X-ray diffraction. It’s a non-destructive and versatile technique of 

knowing the component, inside structure and units of materials and inside atom and molecule via 

X-ray diffraction and analyzing diffraction map of the material. It has been widely used in the 

research of metal and alloy after being discovered and contributes a lot during research.   
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The theory behind XRD method is provided by Bragg’s Law shown in Eq. (10), 

𝑛𝜆 = sin𝜃      (10) 

,where n is any integer, λ is the wavelength of the incident X-ray beam, d is the distance between 

atomic layers in a crystal and θ is the incident angle. This equation can be used to identify 

different crystal structure. Since each crystal has its unique structural parameter and produces a 

unique diffraction pattern, XRD technology can help to identify different phases of the same 

compound with the diffraction data. In our work, the wide-angle XRD patterns can be used to 

indicate whether the bulk crystalline sulfur completely disappear after sulfur impregnation into 

carbon structure.  

 

2.3.2 BET Surface Area Analysis 

 Surface area of a material is usually determined by the physical adsorption of a non-corrosive 

gas (usually N2) onto the surface of the sample at liquid nitrogen temperatures. BET theory, 

which stands for Brunauer, Emmett and Teller, is commonly used to evaluate the gas adsorption 

data and generate a specific surface area result expressed in units of area per mass of sample. 

Based on the study first published in 1938 by Stephen Brunauer, the theory refers to multi layer 

adsorption, and usually adopts non-corrosive gases (like nitrogen, argon, carbon dioxide, etc.) as 

adsorbents to determine the surface area data.[36] Based on the assumption that multilayer 

adsorption of gas molecules takes place at the surface of solid samples, Langmuir theory can be 

applied to each of the monolayer. Based on the BET theory, the surface area and pore properties 

can be calculated from the adsorption and sorption isotherm. In our work, BET technique is used 

to provide precise specific surface area evaluation of the porous carbon by nitrogen multilayer 

adsorption measured as a function of relative pressure using a fully automated apparatus. This 
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technique encompasses external area and pore area evaluations to determine the total specific 

surface area in m2/g yielding important information in studying the effects of surface porosity 

and particle size. 

 

2.3.3 SEM and TEM 

Scanning electron microscope (SEM) and transmission electron microscopy (TEM) are advanced 

techniques used to analyze sample’s topography structure and composition. For SEM, the images 

are produced by scanning with a focused beam of electrons. the electrons interact with atoms of 

the sample and produced various signals containing information of the sample surface. For TEM, 

high-energy electron beam hits and passes through the sample, which provides high resolution 

backscatter analysis of samples. In our work, SEM and TEM were used to observe the 

nanostructure of the porous carbon/ sulfur particles. 

 

2.3.4 TGA Analysis 

Thermogravimetric analysis  (TGA) is a method of analysis in which changes in physical and 

chemical properties of materials are measured as a function of increasing temperature with 

constant heating rate, or as a function of time with constant temperature and/or constant mass 

loss.[37] In our work, TGA was used to evaluate the sulfur loading and weight percentage of DVB 

deposition inside porous carbon structure.  
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2.4 Electrochemical Performance Characterizations  

2.4.1 Cyclic Voltammetry Techniques 

Cyclic voltammetry or CV is a type of potentiodynamic electrochemical measurement. In a 

cyclic voltammetry experiment the working electrode potential is ramped linearly versus time.  

The current at the working electrode is plotted versus the applied voltage (i.e., the working 

electrode's potential) to give the cyclic voltammogram trace. The CV diagram typically shows 

two peaks, one when increasing the potential and one when decreasing the potential.[38] 

Usually voltammetric experiments were performed using a stationary working electrode in a 

quiet solution. Starting from an initial potential, a linear potential sweep is applied to the 

electrode. After reaching a switching potential, the sweep is reversed and the potential returns 

linearly to its initial value. It measures the change of current generated between a working 

electrode and a counter electrode according to the applied potential.  In a half-cell system, 

positive currents correspond to oxidation processes and negative currents to reduction processes. 

The sweep rate is one of the most important variables in voltammetry, for it controls the time 

scale of experiment. [38, 39] In this work, CV was applied at a low scan rate of 0.5mV/s during the 

voltage window of 1~3V to determine the reactions occurring at various electrode materials.  

2.4.2 Galvanostatic Techniques 

A galvanostat, (also known as amperostat) is a control and measuring device capable of keeping 

the current through an electrolytic cell in coulometric titrations constant, disregarding changes in 

the load itself. In this work, the capacity of the assembled cells was determined by re charging 

and discharging tests. The measurement was conducted under a constant current density, and the 

charging/discharging capacities (Q) were calculated by Eq.(11), 

      𝑄 = 𝐼×𝑡     (11) 
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,where I is current density and t is charging/discharging time.  

The cut-off voltage for the sulfur composite cathode in our work is around 1.5~3V. For lithium 

sulfur battery testing, the C-rate property of the material was also estimated by carrying out the 

tests under different current densities. Charge/discharge the cell at C/n rate means completely 

charge/discharge the cell within n hour. In this work, the charging/discharging rate varies from 

0.1C to 0.5C.  

 

2.4.3 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) Electrochemical impedance spectroscopy is the 

response of an electrochemical cell to an applied potential. During the EIS test, small sinusoidal 

stimulus of voltage or current is applied to an electrochemical system over a large frequency 

domain and the current voltage change is measured. [40]. To evaluate the charge transfer 

resistance, EIS measurement can generate impedance curve (Nyquist curve). The curve consists 

of one or two compressed semicircle in the high frequency region and an line with positive slope 

in the low frequency region. The radius of the semicircle refers to the charge-transfer resistance 

and the slope of the inclined line is assigned to be the Warburg impedance. At high frequencies, 

the resistance of the electrolyte or interfacial resistance was evaluated by the intersection of the 

front end of semicircles with the Z’axis. The interfacial resistance is due to the difficulty for 

charges crossing the boundary between the electrolyte and electrode.[41] 
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Chapter 3 Results and Discussion 

3.1 Porous carbon structure 

In our work, we use transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) to characterize the structure and surface morphology of the porous carbon particles. The 

SEM image of Figure 9 reveals the size distribution of porous particles. These carbon particles 

have regular spherical structure and the size is evaluated in a range between a few nanometers to 

one micrometer. The surface morphology of these spherical particles is shown in Figure 9(a,b), 

from which, the surface of carbon particles have smooth and uniform surface. Tiny pores are also 

observed on the surface of the carbon particles. TEM image of Figure 9(c), reveals a foam like 

structure of the particles. These porous structures homogenously distribute inside and carbon 

particles and form bridge-like carbon channels inside the porous structure, which would 

effectively enhance the electron transportation.  

 

 
Figure 9. (a) SEM image of carbon particles, (b) SEM image of porous carbon surface 

morphology, (c) TEM image of porous carbon structure. 
 
BET tests were used to determine the porosity of the porous carbon particles. Figure 10 

illustrates the adsorption and desorption isotherm of the carbon sample.  It is indicated in the 

graph that there is a gap existing between the adsorption and desorption curve. This gap is 

known as a hysteresis loop, which indicates the existence of pores inside the sample. The 
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difference between the adsorption and desorption curve was due to the capillary condensation 

taking place in the mesoporous structure. The porosity can be calculated according to the Kelvin 

equation and the results are shown in Fig 11. The pores size shows a bimodal distribution, which 

is ranging form 10nm to 50nm. As the porous carbon was synthesis from the colloidal silica 

template (particle size is 10-20nm), the size of the colloidal silica approximately equal to the size 

of pores inside the carbon structure.  The formation of the larger pores may due to the 

aggregation of silica particles during the synthesis process.  

The pore volume of the porous carbon is calculated to be 4.099 cm3/g, which indicate that for per 

gram of carbon sample, 4.352g of element sulfur can be hold. Considered the volume change 

during cycling of the cell, sulfur loading for the porous carbon structure can reach to 

approximate 81.3wt%. These properties indicate this mesoporous structure exist large pore 

volume to increasing the active sulfur loading. The high surface area also provides high 

conductivity and sulfur utilization. 

 
Figure 10. BET isotherm for carbon particles  
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Figure 11. BET analysis results for pore size distribution of carbon particles 

 

3.2 Sulfur Encapsulation and DVB Deposition 

To encapsulate element sulfur into porous carbon particles, mixture of carbon and sulfur was 

heated under vacuum condition. Sulfur could be intercalated into void spaces in the amorphous 

carbon structure and form carbon and sulfur composites. Comparing the wide-angle XRD 

patterns shown in Figure 12, the black patterns with sharp diffraction peaks indicate the bulk 

crystalline sulfur.  After the heat treatment, the blue pattern for carbon/sulfur composite with 

well-resolved peaks indicates that after sulfur impregnation sulfur was well incorporated into the 

porous structure.  
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Figure 12. XRD patterns of element sulfur, porous carbon and carbon/sulfur composite. 

 

DVB monomer was coated on the surface of carbon/sulfur composite through vapor deposition. 

SEM and TEM images were shown in Fig 13 to study the surface morphology and the structure 

of the carbon/sulfur/DVB samples. After sulfur was loaded into the sponge-like porous carbon 

particles, the sponge-like surface was filled with elemental sulfur and shows a smoother pattern 

shown in the Figure 13(a). During the heating process in deposition, the vaporized DVB 

monomer was adsorption onto the surface or into the pores of the carbon particles. Since the 

polymerization process is self-initiated, the DVB can either polymerized with the sulfur or itself 

to form a layer inside or on the carbon particle. Figure 13(b) and Figure 13(c) show the SEM 

image of carbon/sulfur with DVB coating for different length of time. The longer the coating 

process, the thicker and smoother the surface of the carbon particles. Shown in Figure (d), with 

longer deposition time, it is obviously to see that the DVB layer becomes more condensed and 

uniform. TEM image (Figure 13(d)) of the carbon/sulfur with DVB coating shows that the DVB 

not only exists on the surface but also inside the porous structure.  
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Figure 13.  SEM and TEM images, (a) SEM image of carbon/sulfur composite, (b) SEM image 

of carbon/sulfur composite with 3 hours DVB monomer deposition, (c) SEM image of 
carbon/sulfur composite with 5 hours DVB monomer deposition, (d) TEM images of 

carbon/sulfur with DVB deposition 
 
Form the TGA results shown as Figure 14, we can analyze the precise weight contain of the 

nano-composite. The black line is the results for carbon and sulfur composite before DVB 

desposition. By characterized the weigh loss due to the sublimation of sulfur, the result shows 

that the composites contain 77.60 wt% sulfur. The blue line is the nano–composite coating by 

DVB without polymerization. DVB monomer will evaporate at temperature lower than 150°C, 

while sulfur will begin evaporation at above 250°C. By calculating the weight lost of below 

150°C, we could estimate that ~5wt% of DVB was condensed into the composites. 

(a) (b) 

(c) (d) 
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Figure 14. DVB condensed liquid (red) and carbon/sulfur/DVB composites (blue). 

 
 
To investigate the sulfur loading and amount of DVB coating, we did BET analysis for both 

carbon/sulfur composite and carbon/sulfur composite after DVB coating. Figure 15 shows the 

pore size distribution of porous carbon, carbon/sulfur composites and carbon/sulfur/DVB 

composites.  

Compare to the pore size distribution for porous carbon in Figure 15(a),  Figure 15(b) pores size 

that centered at 10nm disappear, which indicates the smaller pores were filled with sulfur after 

heat treatment of sulfur loading. After vapor deposition of DVB, pores size distribution shown in 

Figure 15(c) displays that the peak shift left at the center less than 50nm. This result is evident 

that DVB was coated inside the pores so that a portion of void spaced was occupied and leads to 

the average pores size, which was centered at 50nm, became smaller.   Combine with the TGA 
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result, it indicates that 3.34g of sulfur was incorporated into 1g of carbon and had taken 41.7% of 

the void space inside. The ratio between sulfur and carbon was calculated based on the pore 

volume with consideration of its volume expansion during cycling. 

 

 

 
Figure 15. Pore size distribution for (a) porous carbon, (b) carbon/sulfur composite and (c) 

carbon/sulfur composite with DVB coating 
 
 
3.3 Cell Performance Characterization  

Figure 16 shows the EIS Spectra of carbon/sulfur and DVB coated carbon sulfur composite 

electrode. At high frequencies, the resistance of the electrolyte or interfacial resistance was 

evaluated by the intersection of the front end of semicircles with the Z’axis. The interfacial 

resistance is due to the difficulty for charges crossing the boundary between the electrolyte and 

electrode.[41] shown in the plot, DVB coated composites cathodes exits a slightly higher Z’ value 

at the intersection point, which indicate high resistance of the electrode.  The result consists with 

the non-conductive nature of the DVB material. Nevertheless the additive material, carbon black, 

was added into the cathode compensates the non-conductive nature.  As a result, the DVB coated 

carbon/sulfur cathode is sill in an acceptable range of resistance.  
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Figure 16. EIS Spectra of carbon/sulfur and DVB coated carbon sulfur composite electrodes 

 

Figure 17 shows the second cyclic voltammetry (CV) cycle for carbon/sulfur composites and 

DVB coated carbon/sulfur composites of the lithium sulfur cathode coin cell from 1.6V to 3.0V 

at a scanning rate of 0.05mV s-1. Since the lithium sulfur material is lithiated, the first cycle of 

scanning was started with a delithiation process, which is created by increasing the potential for 

the open circuit potential; thus it was not presented in the flowing graph. For the conventional 

carbon/sulfur composite, the cathodic peak is centered at ~2.5V. For DVB coated carbon/sulfur 

composite, the potential of this cathodic peak is more distinctive and centered at lower potential 

value, which indicates a delithiation reaction with lower energy barrier. For the anodic scan, the 

carbon/sulfur composite exists CV peaks at 2.25V and 1.9V; the DVB coated material shows 

peaks at 2.2V and 1.9V. The higher anodic peak of sulfur-oxidizing-Li indicate higher energy 

barrier which reflects of the sulfur-DVB bonding from the coating process.[42] The coating 

process confined chain-like sulfur molecules can mitigate the polysulfide dissolution. Compare 
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to the C/S composite peaks, the peaks for DVB coated material are more pronounced which 

shows a stable lithiation and delithiation process. 

 
Figure 17. Plot for the second cycle of cyclic voltammetry for C/S composites and DVB coated 

C/S composite from 1.6V to 3.0V at a scanning rate of 0.05mV s-1. 
 
 
Figure 18 reports the specific capacity and Coulombic efficiency of carbon/sulfur composite and 

carbon/sulfur coated with DVB for a different length of time. For 100 cycles, each material 

shows high Coulombic efficiency, which still remain at approximate 99%.  The high Coulumbic 

efficiency indicates the material can significantly reduce polysulfides reaction at the lithium 

anode. For specific capacity, the carbon/sulfur composite coated with DVB for 3 hours shows 

710mAh/g, which is higher than other samples. With different length of DVB coating time, the 

specific capacity significant varies. For 5 hours coating, the composites shows only 350 mAh/g 

of specific capacity. The longer the coating time, the thicker the barrier layer for active materials. 

As the DVB is non-conductive material, the thick layer of DVB will leads to low utilization of 
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the active sulfur. From the results, when the coating time is 3 hours, the capacity is higher than 

600 mAh/g.  

 
Figure 18. Specific capacity and Coulombic efficiency of carbon/sulfur composite and 

carbon/sulfur coated with DVB for a different length of time 
 
The results prove that with proper length of coating time, the DVB layer can effective inhibit 

shuttle effect by confining polysulfide dissolution into electrolyte. So that it enhance the cyclic 

life of the cell performance. 
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Chapter 4: Conclusion and overlook  

In this work, we focused on synthesis of ultra-porous carbon as the conductive framework to 

hold sulfur in positive electrode. The purpose of using porous carbon is to accommodate the 

morphology change of the active electrode material during cycling and increase conductivity 

simultaneously. The mesoporous carbon was synthesized through one-step aerosol method, 

which successfully achieved large pore volume of 4.099 cm3/g. After heat treatment of sulfur 

loading, no crystalized sulfur was found in the carbon/sulfur composite. The sulfur loading 

reached to 80.3 wt%. 

To further inhibit the dissolution of polysulfide and mitigate the shuttle effect, DVB monomer 

was coated onto and inside the porous carbon structure by vapor deposition method. Compared 

electrochemical results for carbon/sulfur and DVB coted carbon/sulfur electrode, the DVB 

coated material showed better performance. For specific capacity, the carbon/sulfur composite 

coated with DVB for 3 hours shows 710mAh/g. For Coulumbic efficiency over 100 cycles, the 

cell nearly reached to 99%.   

Significant progress has been achieved; however more attention and effort is needed to further 

improve the specific energy density and long cycle life. Beside cathode material, electrolyte and 

lithium anode, more factor and ideal could be considered. Additionally, fundamental research of 

the mechanistic details for electrochemical reaction should also be studied to get breakthrough 

result. 

With intensively study, it is believed that lithium sulfur batteries could be practically produced in 

industry level and applied to large-scale energy storage system in the near future. 
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