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ABSTRACT 

Materials engineering and nano-manipulation play a key role in the development of 

advanced Lithium-Sulphur (Li–S) batteries in terms of energy and power density 

(both gravimetric and volumetric), cycling stability, rate capability, safety and the 

cost of production. In this thesis, two strategies are used to address the demands, i.e. 

fabrication of low cost, environmentally benign and conductive carbon-sulphur (C−S) 

nanostructured cathodes, and the use of interlayers as a novel battery configuration in 

Li–S battery systems.  

In the first strategy, inexpensive, scalable, environmentally-friendly and commercial 

bamboo biochar was activated via a KOH/annealing process to create an abundant 

microporous structure. This was then used to encapsulate sulphur to prepare a 

microporous bamboo carbon–sulphur (BC-S) nanocomposite as the cathode for Li–S 

batteries. The bamboo carbon micropores can encapsulate sulphur and polysulphides 

to reduce the shuttle phenomenon during cycling while simultaneously maintaining 

electrical contact between the sulphur and the conductive carbon framework during 

the charge/discharge process. The treated BC-S (T_BC-S) nanocomposite with 50 wt% 

sulphur content delivers a high initial capacity of 1295 mA·h·g
−1

 at a low discharge 

rate of 160 mA·g
−1

 and high capacity retention of 550 mA·h·g
−1

 after 150 cycles at a 

high discharge rate of 800 mA·g
−1

 with excellent coulombic efficiency (≥ 95%). 

Zinc oxide wrapped sulphur/carbon nanotubes (ZnO@S/CNT) and nickel hydroxide 

wrapped sulphur/carbon nanotubes (Ni(OH)2@S/CNT) nanocomposites were 

prepared using a simple, low cost and scalable ball-milling method. The CNTs not 

only provide three-dimensional (3D) network structures to support the sulphur, but 

also the 3D network is beneficial to electron and ion transportation during the 
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charge/discharge process. Homogenously distributed nanoparticles of ZnO and 

Ni(OH)2 demonstrate strong interactions towards Sx
2-

 species. Therefore, the resultant 

Li–S batteries of the ZnO@S/CNT and Ni(OH)2@S/CNT nanocomposites possess 

more stable cyclic performances and larger reversible capacities compared with those 

of the pure sulphur and S/CNT samples.  

In the second strategy, the insertion of a conductive interlayer between the cathode 

and separator was studied as this approach can achieve high rate capability and extend 

cycling performance by enhancing the utilization percentage of the active materials 

and inhibiting polysulfide shuttling. Natural bamboo, as a sustainable precursor, was 

used to prepare porous bamboo carbon fibers (BCFs) that were subsequently 

interwoven into a BCF membrane (BCFM) as a captor interlayer for the lithium 

polysulfides. The interwoven BCFs offer efficient conductive networks and 

accommodate severe volume changes of the sulphur cathode during charge/discharge 

processes. The macro/microporous structures of BCFs also provide substantial 

adsorption of polysulfides. As a result, the Li–S batteries with the BCFM deliver 

excellent electrochemical performances with a high coulombic efficiency (ca. 98%), 

low capacity fade at only 0.11% per cycle, and long-term cyclability over 300 cycles 

at a high charge/discharge rate of 1 C (1 C = 1675 mA·g
−1

). 

The other type of biomass carbon interlayer studied was the hierarchical porous and 

nitrogen-doped loofah sponge carbon (N-LSC), which was synthesized via a simple 

calcining process and then employed as a blocking layer for Li–S batteries. Due to the 

excellent conductivity, ultra-high specific surface area and pore volume, abundant 

pores and heteroatoms doping of N-LSC, the resultant Li–S batteries with the N-LSC-

900 membrane, deliver outstanding electrochemical performance stability with high 

reversible capacities of 623.6 mA·h·g
−1

 at 1675 mA·g
−1

 after 500 cycles. Moreover, 
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when employed as the interlayer for Li–Se and Li–I2 batteries, the resultant batteries 

also illustrate excellent cycling stabilities and high rate capabilities.  

What’s more, a conductive, porous, nitrogen and phosphorus dual doped graphene (p-

NP-G) blocking layer was prepared via a thermal annealing and subsequent 

hydrothermal reaction route. The dual doped blocking layer exhibits higher 

conductivity than N or P single doped blocking layers. More importantly, density 

functional theory (DFT) calculations demonstrate that P atoms and –P–O groups in 

the p-NP-G layer offer stronger adsorption of polysulfides than the N species. The 

electrochemical evaluation results demonstrate that the Li–S batteries with a p-NP-G 

blocking layer can deliver superior initial capacity (1158.3 mA·h·g
−1

 at a current 

density of 1675 mA·g
−1

), excellent rate capability (633.7 mA·h·g
−1

 at 3350 mA·g
−1

), 

and satisfactory cycling stability (ca. 0.09% capacity decay per cycle), which are 

better than those of the N or P single doped graphene. 

In summary, the proposed strategies, i.e. the use of porous and conductive carbon as 

the sulphur host to fabricate the carbon–sulphur nanocomposites and as the blocking 

layer to be placed between the separator and cathode, were successful in improving 

the electrochemical performances of the resultant Li–S batteries. The strategies can be 

further developed as a generic methodology for producing high quality electrode 

materials for high performance Li–S batteries and other energy storage devices, such 

as Li–Se, Li–I2, Na–S and Na–Se batteries. 
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INTRODUCTION 
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1.1 INTRODUCTORY REMARKS 

This chapter includes two review articles:  

Article 1 is an invited review by Batteries (accepted on November, 2016). Recent 

progress in the use of carbonaceous materials for lithium–sulphur batteries is 

reviewed in this article. We focus on various carbonaceous materials applications, 

such as carbon–sulphur (C–S) composite cathodes, carbon interlayers, and carbon-

modified separators, which are applied to Li–S batteries. We also provide 

perspectives for the future development of Li–S batteries with the aim of preparing a 

high-energy density, environmentally-friendly and sustainable sulphur-based cathode 

with long cycle life. 

Article 2 is another invited review by the Chinese Journal of Chemistry (accepted in 

November 2015). Recent progress in graphene-based sulphur composites for energy 

storage and conversion in Li–S batteries is reviewed in this article. We focus on the 

development of graphene-sulphur composites and their applications in Li-S batteries, 

the synthesis approaches of various graphene-based sulphur composites, the 

graphene-sulphur interaction and its impacts on electrochemical performances, and 

the major issues associated with Li-S batteries. 
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1.2 STATEMENT OF CONTRIBUTION 

This chapter includes two first-authored papers. The bibliographic details of the  

co-authored papers, including all authors, are: 

 

Xingxing Gu, Luke Hencz and Shanqing Zhang* 

Recent Development of Carbonaceous Materials for Lithium–Sulphur Batteries 

Published in Batteries 2016, 2 (33): doi:10.3390/batteries2040033 

 

Xingxing Gu, Yanglong Hou*, Shanqing Zhang* 

Graphene-based sulfur composites for energy storage and conversion in Li–S batteries 

Published in Chinese Journal of Chemistry 2016, 59: 2144−2161 

 

My contribution to the papers involved: 

Collection and organization of information, data and references;  

Preparation of manuscript. 
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1.3 Article 1 
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1.4 Article 2 
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1.5 Scope of Research 

The overall aim of this project is to assemble high performance Li–S batteries using 

two strategies, (i) constructing porous and conductive carbon-sulphur composite 

cathodes, such as bamboo carbon-S composites, ZnO@S/CNT and Ni(OH)2@S/CNT 

composites, and (ii) synthesizing porous and conductive interlayers, such as bamboo 

carbon fiber, loofah sponge and N,P-dual doped graphene interlayers. The 

effectiveness of the proposed strategies are demonstrated in the following Li–S 

batteries systems: 

1) Activating commercial bamboo carbon and then heating it with sulphur to form 

carbon-sulphur composites for Li–S batteries (Chapter 2).  

2) Synthesis of ZnO@S/CNT, Ni(OH)2@S/CNT composites by ball-milling method 

for Li–S batteries (Chapter 3).  

3) Preparation of microporous bamboo carbon fiber by hydrothermal and annealing 

synthesis of natural bamboo, followed by its use as the interlayer for Li–S 

batteries (Chapter 4).  

4) Synthesis of hierarchical porous and nitrogen doped loofah sponge carbon by 

KOH solution immersing and subsequent calcination of natural loofah sponge, 

followed by its application as an interlayer for Li–S, Li–Se and Li–I2 batteries 

(Chapter 5).  

5) Fabrication of porous nitrogen and phosphorous dual doped graphene via a facile 

hydrothermal route and subsequent calcination, followed by its use as the 

interlayer for Li–S batteries (Chapter 6). 



58 

 

 

 

 

CHAPTER 2 

MICROPOROUS BAMBOO BIOCHAR FOR 

LITHIUM−SULPHUR BATTERIES 

 

 

Nano Research 2015, 8(1): 129−139  
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2.1 INTRODUCTORY REMARKS 

This chapter includes one article:  

Article 3 (published in Nano Research 2015) is first reported simple, inexpensive, 

scalable, environmentally-friendly, and porous bamboo biochar to encapsulate sulfur 

and form a microporous bamboo carbon–sulfur (BC-S) nanocomposite which was 

subsequently used as the cathode for Li–S batteries. The BC-S nanocomposite with 50 

wt.% sulfur content delivers a high initial capacity of 1295 mA h g
−1 

at a low 

discharge rate of 160 mA g
−1 

and high capacity retention of 550 mA h g
−1 

after 150 

cycles at a high discharge rate of 800 mA g
−1 

with excellent coulombic efficiency (≥ 

95%). These results suggest that the BC-S nanocomposite is a promising cathode 

material for Li–S batteries. 
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2.2 STATEMENT OF CONTRIBUTION 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

 

Xingxing Gu, Yazhou Wang, Chao Lai, Jingxia Qiu, Sheng Li, Yanglong Hou*, 

Wayde Martens, Nasir Mahmood, and Shanqing Zhang* 

Microporous bamboo biochar for lithium−sulphur batteries 

Published in Nano Research2015, 8(1): 129−139 

 

My contribution to the paper involved: 

Initial concept and experimental design and implementation; 

Collection and analysis of data; 

Preparation of manuscript. 
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2.3 Article 3 
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CHAPTER 3 

BALL-MILLING SYNTHESIS OF 

ZnO@SULPHUR/CARBON NANOTUBES AND 

Ni(OH)2@SULPHUR/CARBON NANOTUBES 

COMPOSITES FOR HIGH-PERFORMANCE 

LITHIUM−SULPHUR BATTERIES 

 

Electrochimica Acta 2016, 196: 369−376 
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3.1 INTRODUCTORY REMARKS 

This chapter includes one article:  

In article 4 (published in Electrochimica Acta 2016), a general wet ball-milling 

method is employed to prepare metal oxide or hydroxide wrapping sulfur/carbon 

nanotube composites, including a zinc oxide/sulphur/carbon nanotubes composite 

(ZnO@S/CNT) and a nickel hydroxide/sulphur/carbon nanotubes composite 

(Ni(OH)2@S/CNT). As the cathodes in Li–S batteries, the as-prepared ZnO@S/CNT 

composite illustrates a superior high initial capacity of 1663 mA h g
−1

 at a 

charge/discharge rate of 160 mA g
−1

, which can be maintained at approximately 942 

mA h g
−1 

after 70 cycles. The initial capacity of the Ni(OH)2@S/CNT composite is 

also high at 1331 mA h g
−1

, but it has a poorer cycling performance. When the 

charge/discharge current increased to 1600 mA g
−1

, a high reversible capacity of 698 

mA h g
−1 

after 200 cycles was obtained for the ZnO@S/CNT composite, far better 

than that of the Ni(OH)2@S/CNT composite. The better cycling performance and 

higher discharge capacity of the ZnO@S/CNT composite can be attributed to the 

strong interactions between ZnO and Sx
2-

 species. This is verified by the results of the 

density functional theory (DFT) calculation demonstrating that ZnO exhibits a higher 

adsorption energy for Li2S8 than Ni(OH)2. 
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3.2 STATEMENT OF CONTRIBUTION 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

Xingxing Gu, Chuan-jia Tong, Bo Wen, Li-min Liu, Chao Lai*, Shanqing Zhang 

Ball-milling synthesis of ZnO@sulphur/carbon nanotubes and Ni(OH)2@sulphur/ 

carbon nanotubes composites for high-performance lithium-sulphur batteries. 

Published in Electrochimica Acta 2016, 196: 369−376 

 

My contribution to the paper involved: 

Initial concept and experimental design and implementation; 

Collection and analysis of data; 

Preparation of manuscript. 
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3.3 Article 4 
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CHAPTER 4 

A CONDUCTIVE INTERWOVEN BAMBOO CARBON 

FIBER MEMBRANE FOR LI–S BATTERIES 

 

 

Journal of Materials Chemistry A 2015, 3, 9502−9509 
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4.1 INTRODUCTORY REMARKS 

This chapter includes one article:  

Article 5 (published in Journal of Materials Chemistry A 2015), reported on 

bamboo carbon fiber membrane (BCFM) as a captor interlayer for the lithium 

polysulfide intermediates between the sulfur cathode and the separator in Li–S 

batteries. The interwoven BCFs offer efficient conductive networks and the 

pores of the BCFM facilitate fast mass transport of the electrolyte and Li ions 

and accommodate severe volume changes of the sulfur cathode during 

charge/discharge processes. The abundant macro/microporous structures of 

BCFs also provide substantial adsorption capability to suppress the formation 

of the Li2S2/Li2S layer on the cathode and extend the lifetime of the electrode 

by confining sulfur within the carbon networks. Consequently, Li–S batteries 

with the BCFM deliver excellent electrochemical performances with a high 

coulombic efficiency (ca. 98%), low capacity fade at only 0.11% per cycle, 

and long-term cyclability over 300 cycles at a high charge/discharge rate of 1 

C. This environmentally-friendly, low cost BCFM can provide an attractive 

alternative for large-scale commercialization of Li–S batteries. 
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4.2 STATEMENT OF CONTRIBUTION 

This chapter includes a co-authored paper. The bibliographic details of the  

co-authored paper, including all authors, are: 

 

Xingxing Gu, Chao Lai, Fei Liu, Wenlong Yang, Yanglong Hou, Shanqing Zhang* 

A conductive interwoven bamboo carbon fiber membrane for Li–S batteries 
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MULTIFUNCTIONAL NITROGEN-DOPED LOOFAH 

SPONGE CARBON BLOCKING LAYER FOR HIGH 

PERFORMANCE RECHARGEABLE LITHIUM 

BATTERIES 

 

ACS Applied Materials & Interfaces 2016, 8, 15991–16001 
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5.1 INTRODUCTORY REMARKS 

This chapter includes one article:  

Article 6 (published in ACS Applied Materials & Interfaces 2016) reports  on a 

low cost, hierarchical porous and nitrogen-doped loofah sponge carbon (N-

LSC). This N-LSC was synthesized from natural loofah sponge via a simple 

calcining process and then applied as a multifunctional blocking layer for Li–S, 

Li–Se and Li–I2 batteries. Due to the ultra-high specific area (2551.06 m
2
 g

−1
), 

highly porous (1.75 cm
3
 g

−1
), highly conductive (1170 S m

−1
), and heteroatoms 

doping of N-LSC, the resultant Li–S, Li–Se and Li–I2 batteries with the N-

LSC-900 membrane, deliver outstanding electrochemical performance stability 

in all cases, i.e. high reversible capacities of 623.6 mA h g
−1

 at 1675 mA g
−1 

after 500 cycles, 350 mA h g
−1

 at 1356 mA g
−1 

after 1000 cycles and 150 mA h 

g
−1

 at 10550 mA g
−1

 after 5000 cycles, for Li-S, Li-Se and Li-I2 batteries, 

respectively. The successful application of the N-LSC to Li–S, Li–Se and Li–

I2 batteries suggests that it could play a vital role in modern rechargeable 

battery industries as a universal, cost-effective, environmentally-friendly and 

high performance blocking layer. 
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5.3 Article 6 
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6.1 INTRODUCTORY REMARKS 

This chapter includes one article:  

In article 7 (published in Journal of Materials Chemistry A 2015), a conductive 

and porous nitrogen and phosphorus dual doped graphene (p-NP-G) blocking 

layer is prepared via a thermal annealing and subsequent hydrothermal 

reaction route. The doping levels of N and P in p-NP-G measured by X-ray 

photoelectron spectroscopy are ca. 4.38% and ca. 1.93 %, respectively. The 

dual doped blocking layer exhibits higher conductivity than N or P single 

doped blocking layers. More importantly, the density function theory (DFT) 

calculation demonstrates that P atoms and –P–O groups in the p-NP-G layer 

offer stronger adsorption to polysulfides than the N species. The 

electrochemical evaluation results illustrate that the p-NP-G blocking layer 

could deliver superior initial capacity (1158.3 mA h g
−1

 at the current density 

of 1 C), excellent rate capability (633.7 mA h g
−1

 at 2 C), and satisfactory 

cycling stability (ca. 0.09% capacity decay per cycle), which are better than 

either the N or P single doped graphene. This work suggests that the synergetic 

combination of conductive and adsorptive confinement strategies induced by 

the multi-heteroatoms doping scheme is a promising approach for developing 

high performance Li–S batteries. 
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6.3 Article 7 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 
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7.1 General Conclusions 

The two proposed strategies, i.e. the use of porous and conductive carbon as the 

sulphur host to fabricate the carbon-sulphur nanocomposites and as the blocking layer 

to be placed between the separator and cathode, were proven successful in assembling 

high performance Li–S batteries. The performance of the resultant Li–S batteries were 

significantly enhanced via three aspects: 1) hindering polysulfide shuttling and 

accommodating the volume change during the charge/discharge process to improve 

cycling stability; 2) increased electron collection percentage during the 

charge/discharge process resulting from the better conductivity between the active 

materials and the current collectors; and 3) enhanced power density due to the 

increased sulphur content in the electrodes from boosting the surface area, pore 

volumes of carbon host and by using the interlayer configuration. 

The major findings are summarised as follows:  

1. Biomass is a good candidate for synthesizing inexpensive, environmentally-

friendly, scalable and conductive carbon, which can be employed as the 

sulphur host (i.e. commercial bamboo carbon) for Li–S batteries, and as the 

blocking layer (i.e. bamboo carbon fibers and loofah sponge carbon) for Li–S 

batteries. 

2. One dimensional structures, such as bamboo carbon fibers and CNTs, can 

provide a conductive 3D network to support the sulphur as well as facilitate 

electron and ion transportation during the charge/discharge process. 

3. Metal oxides (ZnO) and metal hydroxides (Ni(OH)2), as additives or coating 

layers, could enhance the electrochemical performances of Li–S batteries 

through strong chemical binding with Li2Sx species. 
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4. Heteroatom doping in a carbon framework (i.e. p-NP-G) can improve the 

conductivity of the resultant carbon materials, which can subsequently boost 

the electrochemical performance of Li–S batteries. The dual doped graphene 

blocking layer exhibits higher conductivity than N or P single doped blocking 

layers. More importantly, density functional theory (DFT) calculations 

demonstrate that P atoms and –P–O groups in the p-NP-G layer offer stronger 

adsorption of polysulfides than the N species.  

5. Carbonaceous materials can effectively improve the electrical conductivity, 

mechanical flexibility and electrochemical performance of Li–S batteries.  

 

7.2 Future Work 

Due to the proven effectiveness of the proposed strategies and the outstanding 

electrochemical performance of the as-prepared nanomaterials, I will explore the 

possibility of mass producing these electrode materials for Li–S battery industries and 

ultimately achieve commercialization of these materials and technology. I will also 

expand my research scope to further understand the Li-ion mass transport and 

physical and chemical Sx
2-

 species adsorption during charge/discharge process. I will 

apply the proposed strategies to other electrode materials, in particular:  

1) The porous carbon can be further composited with other nanosized materials 

(i.e. Se, I2, etc.) for other lithium battery applications. 

2) Besides carbon-based composite electrodes, the as-obtained porous and 

conductive carbon can be applied as the blocking layers for Li–Se, Li–I2, Na–

S and Na–Se batteries. 
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3) Some other metal compounds, such as metal sulfides, could be good 

adsorbents for polysulfides. These metal sulfide nanomaterials will be 

systematically investigated and used in Li–S batteries. 

4) To further understand and confirm how the Sx
2-

 species are confined by the 

carbon host or the metal oxides/sulfides. The mechanistic study of the 

specific role of S phase changes during charge/discharge process should be 

conducted in more detail using Australian Synchrotron and ANSTO facilities, 

such as X-ray powder diffraction and neutron diffraction. The electrode 

morphology change should also be monitored by an in-situ SEM/TEM device.  

5) Finally, the proposed technology, strategies and verified mechanisms can be 

further developed as a generic method and guidance for producing high 

quality electrode materials for high performance Li–S batteries and other 

energy storage devices, such as Li–Se, Li–I2, Na–S and Na–Se batteries. 




