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Abstract 

 

Lithium ion battery (LIB) is currently one of the most widely used forms of rechargeable 

energy storage system in portable electronics. To achieve LIB with enhanced lithium 

storage properties, better safety aspects and lower cost, extensive research has been 

conducted on the various components of a LIB for the past few decades. Although graphite 

is currently used as the anode material in most commercial LIB, its limited capacity and 

the safety issues related to its low electrochemical potential (vs. Li/Li +) have prompted 

scientists to search for alternative materials. Amongst the various conversion-typed 

materials, metal sulfides are particularly interesting as sulfur (S) has a rich and versatile 

chemistry, thus providing the possibility of altering the lithium storage properties of the 

materials by simply varying the stoichiometric ratio between the metal and sulfide ion in 

the compound. However, as with all sulfur and sulfide electrodes, polysulfides will be 

formed during their partial reduction, resulting in poor capacity retention and cycling 

performance in lithium and lithium ion batteries. In view of this, more study needs to be 

carried out to find approaches that can be undertaken to improve the lithium storage 

performance of metal sulfide electrodes. Hence, this thesis aims to gain an insight into how 

the amount of sulfide ion in the stoichiometry of a metal sulfide compound affects its 

lithium storage properties, with the focus placed on two metal sulfide systems, namely, 

iron sulfides (intercalation-conversion material) and tin sulfides (conversion-alloying 

material). 

 

To investigate the effect of how the amount of sulfide ion in the stoichiometry of an iron 

sulfide compound affects its lithium storage properties, pyrrhotite Fe1-xS and pyrite FeS2 

with good purity have been successfully synthesized via a solution-based chemical 

synthesis method and their electrochemical properties were characterized. It was found that 

pyrite FeS2 exhibits better lithium storage capability than pyrrhotite Fe1-xS because of: (1) 

the lower polarization, better electron and Li+ ion transport at the interface between the 

active material and electrolyte at the pyrite FeS2 electrode and (2) the reversible lithiation 

and delithiation of iron sulfide (FeSy) during the galvanostatic cycling of the pyrite FeS2 

electrode. 
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SnS and SnS2 with good purity have also been successfully prepared via a solution-based 

chemical synthesis method to investigate the effect of how the amount of sulfide ion in the 

stoichiometry of a tin sulfide compound affects its lithium storage properties and the 

electrochemical properties of these compounds were characterized. It was found that SnS2 

displayed a higher capacity and better cycling stability than SnS after prolonged cycling 

particularly at higher current densities. Since the SnS2 electrode was found to have a poorer 

electronic and ionic conductivity than the SnS electrode, its superior lithium storage 

performance is attributed to its chemical and structural properties. As evidenced by the 

higher discharge capacity attained from the intercalation and conversion reaction 

throughout the 100 cycles, more Li2S is formed during the lithiation of SnS2, thus providing 

a thicker layer to buffer the large volume change during the lithiation and delithiation of 

Sn. This can result in a reduction in the pulverization and better capacity retention of the 

electrode after prolonged cycling, as verified by the slower alloying capacity fading rate 

observed in the SnS2 electrode compared to the SnS electrode. 

 

It is found in this dissertation that for both iron and tin sulfides, the compound with a higher 

sulfide ion content in its stoichiometry i.e. FeS2 and SnS2 exhibits better lithium storage 

performance than its counterpart with lower sulfide ion content i.e. Fe1-xS and SnS when 

cycled in a voltage window of 0.001 – 3 V. For the pyrite FeS2 electrode, which undergoes 

intercalation and conversion reaction during cycling, the superior lithium storage 

performance is attributed to its better conductivity and reversibility of the lithiation and 

delithiation of FeSy. On the other hand, the SnS2 electrode, which undergoes conversion 

and alloying reaction during cycling, displayed a better lithium storage performance due to 

its ability to form a thicker Li2S layer which provides better buffering for the large volume 

change in the Sn particles during their alloying reaction, thus maintaining structural 

integrity of the electrode and result in slower capacity fading. 
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Chapter 1  

 

Introduction 

 

This chapter provides a short background to the topic of lithium ion battery 

(LIB), highlighting the problems faced in this area of research. Based on 

the stated challenges, it was found that there is a need to explore possible 

methods of improving the lithium storage properties of metal sulfide 

electrodes so as to enhance the performance of LIB. Hence, this 

dissertation aims to understand the effect of the number of sulfide ions in 

a metal sulfide compound on its lithium storage performance and why the 

metal sulfide compound with one stoichiometry performs better than the 

same metal sulfide compound with another stoichiometry. In this thesis, it 

was found that for both iron sulfides (intercalation-conversion anodic 

material) and tin sulfides (conversion-alloying anodic material), the 

compound with a higher sulfide ion content in its stoichiometry i.e. FeS2 

and SnS2 exhibits better lithium storage performance than its counterpart 

with lower sulfide ion content i.e. Fe1-xS and SnS when cycled in a voltage 

window of 0.001 – 3 V. Through this understanding, possible ways of 

improving the lithium storage properties of metal sulfide electrodes can be 

proposed. The flow and organization of this thesis, together with its main 

findings and outcomes, are also detailed in this chapter.  
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1.1 Problem Statement 

 

 

Lithium ion battery (LIB) is currently one of the most widely used forms of 

rechargeable energy storage system in portable electronics. They are being produced in 

billions of units each year to be used in cellular phones, notebook computers and many 

other electronic products (Figure 1.1). [1] Besides portable consumer products, LIB is 

also a potential candidate in various emerging applications such as electric vehicles, 

electric grids and energy storage system for renewable resources which are intermittent 

in nature like wind and solar energy. [2-5] With the increasing demand for LIB by 

current and prospective applications, it was predicted in 2011 that the global revenue 

for LIB will increase from USD9.4 billion in 2011 to USD18.6 billion by 2017. [6]  

 

 

 

 

Figure 1.1: Current and forecast of lithium ion battery sales in consumer electronics and hybrid 

electric vehicle market. (Reprinted from [1], © 2010, with permission from Elsevier) 

 

 

Despite the existence of various mature battery technologies like lead-acid battery and 

nickel-cadmium rechargeable battery in the commercial market, LIB emerged as the 

preferred choice of energy storage system for portable consumer electronics. The main 
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reasons would have to be its high gravimetric and volumetric energy densities (Figure 

1.2), outstanding cycling performance and design versatility, allowing the fabrication 

of light (high gravimetric energy density) and compact (high volumetric energy density) 

batteries with different designs i.e. prismatic, coin and cylindrical (Figure 1.3) to meet 

the requirements for various applications.  

 

 

 

 

Figure 1.2: Comparison of various battery systems in terms of gravimetric and volumetric 

energy densities. (Reprinted from [7], © 2013, with permission from John Wiley & Sons, Inc) 
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Figure 1.3: Schematic diagram of a (A) cylindrical, (B) coin, (C) prismatic and (D) thin and 

flat-type lithium ion battery cell configuration. (Reprinted by permission from Macmillan 

Publishers Ltd: [8], © 2001) 

 

 

Typical lithium ion battery delivers a voltage of around 3.7 V and has a gravimetric and 

volumetric energy density of about 120 W h kg-1 and 320 W h L-1 respectively. [8, 9] 

These high voltage and specific energy densities made LIB a system of choice for 

powering up many current portable consumer devices. However, the performance of 

the LIB presently available in the commercial market is not sufficient to meet that 

required for various emerging technologies and there is still plenty of room for 

improvement. Hence, to perform better for existing and to match the requirements 

needed for potential applications, a lot of efforts have been put into the research and 

development of battery materials that are safe, cheap, environmentally-friendly and, at 

the same time, can provide higher power and energy densities. [10, 11]  
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1.2 Motivation 

 

 

To achieve LIB with enhanced lithium storage properties, better safety aspects and 

lower cost, extensive research has been conducted on the various components i.e. anode, 

cathode and electrolyte of a LIB for the past few decades. In particular, a number of 

review papers on LIB have highlighted the concern for the anode materials and many 

works has been focused on improving its lithium storage performance. [1, 8, 12-16] 

Currently, graphite is the anode material used in most commercial LIB and 

comprehensive studies on the various forms of carbonaceous materials such as soft 

carbon, hard carbon and mesocarbon microbeads have also been conducted since the 

1990s. Their corresponding reaction mechanisms with lithium ions, surface reactions 

during electrochemical cycling and so forth are constantly visible in the literatures. [17-

22] Nevertheless, the limited capacity of graphitic carbons and the safety issues related 

to their low electrochemical potential (vs. Li/Li +) have prompted scientists to search for 

alternative anode materials. As it is difficult to find a good replacement for graphite 

due to its high availability on Earth, low cost, non-toxicity and possibilities for 

modification, more effort is needed to explore novel concepts that can lead to the 

discovery of potential anode materials for advanced LIB applications.  

 

In 2000, Poizot et al. reported on the reaction of lithium ions with various transition 

metal oxide (NiO, FeO, Cu2O, CoO and Co3O4) nanoparticles. [23] Through his 

findings, he proposed a new lithium storage mechanism known as “conversion reaction” 

where lithium ions are released and stored through the decomposition and formation of 

lithium oxide (Li2O) respectively. Since then, lithium ion has also been found to react 

reversibly with numerous transition metal sulfides such as iron sulfides (FeS, Fe3S4, 

FeS2), copper sulfides (Cu2S, CuS) and cobalt sulfides (CoS, Co9S8, CoS2) through 

conversion reaction. [24-36] Anode materials that store lithium ions via conversion 

reaction are very attractive to the LIB research community as they exhibit high 

theoretical capacities (≈ 400 – 1000 mA h g-1) that can be more than 2 times that of 

graphite (372 mA h g-1). [15, 37, 38] However, during conversion reaction, the anode 

material is subjected to structural reorganization and large volume change, thereby 

resulting in pulverization and, hence, capacity fading of the anode. Furthermore, 

conversion-typed electrode materials have high operating voltage typically in the range 
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of 1.2 – 2.5 V (vs. Li/Li +), which compromises the overall voltage of the LIB i.e. 

reduces the overall voltage of the LIB.  [37, 39, 40] All these drawbacks need to be 

resolved before conversion-typed electrode materials can be realised as the anode for 

next-generation advanced LIB. 

 

Amongst the various conversion-typed materials, metal sulfides are particularly 

interesting as sulfur (S) is in the third period in the periodic table. This implies that S 

can exploit its 3d orbitals during bonding to attain a maximum coordination number 

that is greater than 4 and to adopt oxidation states in the range of -2 to +6. [41] 

Furthermore, S, like carbon, has a high tendency to catenate i.e. to link together atoms 

of the same element to form a longer chain, enabling it to form more than 30 solid 

allotropes like cyclohexa-S (S6) and cycloocta-S (S8) and various polysulfide ions like 

Sn
2- where n = 2 – 8. [41, 42] These allow S to have a rich and versatile chemistry where 

it can form a vast variety of binary metal sulfides. If the metal ion in the binary 

compound can adopt more than one oxidation states, several metal sulfide compounds 

with different metal to sulfur stoichiometry can be formed, providing the possibility of 

altering the lithium storage properties of the materials by simply varying the 

stoichiometric ratio between the metal and sulfide ion in the compound. However, as 

with all sulfur and sulfide electrodes, polysulfides will be formed during their partial 

reduction. [43] Although elemental sulfur is not very soluble in many organic solvents, 

polysulfides, on the other hand, readily dissolve in these solvents, thus increasing the 

viscosity and reducing the ionic conductivity of the electrolyte. [44] Furthermore, 

polysulfides can react with lithium metal and corrode it. All these will result in poor 

capacity retention and cycling performance in lithium and lithium ion batteries which 

employ sulfur or metal sulfide compounds as electrode materials. [44-46]  

 

 

1.3 Research Scope and Objectives 

 

 

In view of the poor capacity retention and cycling performance resulting from the 

dissolution of polysulfides into the organic electrolyte, more study needs to be carried 

out to find approaches that can be undertaken to improve the lithium storage 

performance of metal sulfide electrodes. Amongst others, it is interesting to study how 
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the number of sulfide ion in the stoichiometry of a metal sulfide compound i.e. Fe:S = 

1:1 (FeS), 3:4 (Fe3S4) or 1:2 (FeS2) affects its lithium storage properties. This 

dissertation aims to address the following hypothesis: 

 

Since polysulfides can readily dissolve in organic solvents, resulting in an increase 

in the viscosity and reduction in the ionic conductivity of the organic electrolyte, 

together with the fact that polysulfides can corrode lithium metal, it is postulated that 

a metal sulfide compound with fewer number of sulfide ion in its stoichiometry 

should have better lithium storage performance due to fewer polysulfides formation.  

 

Results from this study hope to provide an understanding as to whether having more 

sulfide ions in the metal sulfide compound is more beneficial or detrimental to its 

lithium storage performance and why the metal sulfide compound with one 

stoichiometry performs better than the same metal sulfide compound with another 

stoichiometry i.e. why FeS2 performs better or worse than FeS. Through this 

understanding, possible ways of improving the lithium storage properties of the metal 

sulfide electrodes can be proposed. 

 

Figure 1.4 shows the abundance of selected elements in the Earth’s crust. It can be seen 

from this figure that iron and tin are two Earth-abundant elements that makes up 6.20 

× 10-2 and 2.10 × 10-6 fraction of the Earth’s crust respectively. Also, depicted in Figure 

1.4 is the approximate price of selected metals which shows that one pound of iron and 

tin costs about USD0.10 – 0.25 and USD5 – 15 correspondingly. Due to their 

abundance and low cost, together with the fact that both iron and tin can adopt more 

than one oxidation states and, hence, can form a variety of binary phases with sulfide 

ions, these two elements are chosen as the cation to be studied in this thesis. In addition, 

iron sulfide and tin sulfide are known to store lithium ions via two different mechanisms, 

with the former undergoing a mixture of intercalation and conversion reaction with 

lithium ions, while the latter reacts with lithium ions through conversion and alloying 

reactions. Therefore, the study on iron sulfide and tin sulfide in this thesis also allow 

the evaluation of how the number of sulfide ion in the stoichiometry of these two type 

of metal sulfide affects their lithium storage properties. 
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Figure 1.4: Abundance and price of selected elements that can host lithium and function as electrode material in lithium ion battery. The price range for the 

different elements is estimated based on their cost in a 5-year period, with the exception of germanium (Ge) which is approximated based on a 3-year range. 

The price range stated for carbon is based on that for 80-100 mesh natural graphite while that for sulfur is based on the Vancouver/USGS. (Reprinted from 

[47] , © 2015, with permission from Elsevier) 
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In this dissertation, Chapter 4 focuses on the metal sulfides obtained when using iron 

as the cation, while Chapter 5 concentrates on that obtained when using tin as the cation. 

The objectives for both chapters are:  

 

(1) To synthesize pure phases of iron sulfide and tin sulfide compounds with 

different stoichiometries i.e. Fe1-xS and FeS2 or SnS and SnS2 via a solution-

based chemical synthesis method using the same precursors, solvents and 

surfactants. 

 

(2) To characterize the as-synthesized iron sulfides and tin sulfides for their phase, 

purity, size and morphology. 

 

(3) To study the effect of the molar ratio between the iron and sulfur (Fe:S) 

precursors on the phase and morphology of the as-synthesized iron sulfides. 

 

(4) To study the effect of reaction time on the phase and morphology of the as-

synthesized tin sulfides. 

 

(5) To study the effect of the metal to sulfur stoichiometric ratio i.e. Fe:S or Sn:S 

of the as-synthesized iron sulfides or tin sulfides on their lithium storage 

properties and cycling performance. 

 

Since the main objective of this thesis is to understand how by changing the number of 

sulfide ion in the stoichiometry of a metal sulfide compound affects its lithium storage 

properties, focus will only be placed on the study of pure metal sulfide phases with 

different metal:sulfur ratio and does not include any study on mixed phases. It should 

be highlighted that the iron sulfide and tin sulfide samples studied in this dissertation 

does not have any fanciful morphology. This is to keep the effect of particle 

morphology on the lithium storage properties of these samples to a minimal since it is 

well-known that the morphology of a sample can have great impact on its lithium 

storage capability. Also worth mentioning is that the iron sulfide samples, as with the 

tin sulfide samples, are synthesized via a solution-based chemical synthesis method 

using the same precursors, solvents and surfactants. Hence, any remaining surfactants 
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on the surface of the particles should be the same and will have similar effect on the 

lithium storage properties of both the iron sulfide samples. This is to prevent any 

difference in lithium storage performance of the two samples due to the different 

properties of the surfactants i.e. a surfactant with better electronic conductivity can 

result in enhanced charge transfer rate at the surface of the active material and better 

lithium storage properties for these samples. 

 

 

1.4 Thesis Flow and Organization 

 

 

The thesis aims to address how the amount of sulfide ion in the stoichiometry of a metal 

sulfide compound affects its lithium storage properties, with the focus placed on two 

metal sulfide systems, namely, iron sulfides (intercalation-conversion anodic material) 

and tin sulfides (conversion-alloying anodic material). 

 

Chapter 1 provides a short background to the topic of lithium ion battery, highlighting 

the problems faced in this area of research. Based on the stated challenges, the rationale, 

objectives and scope for this dissertation is chosen. The flow and organization of this 

thesis, together with its main findings and outcomes, are also detailed in this chapter.  

 

Chapter 2 provides a brief history on the development of various battery technologies, 

highlighting the numerous milestones that were achieved with emphasis placed on 

lithium ion battery technology. The general working principles of a lithium ion battery 

and the different lithium storage mechanism employed by its anode materials were also 

explained in this chapter. Past works that have been carried out on metal sulfides, in 

particular iron sulfides and tin sulfides, for lithium ion battery applications were also 

reviewed in this chapter. 

 

Chapter 3 summarizes the various methodologies employed in the synthesis and 

characterization i.e. XRD, Raman, FESEM and TEM of the metal sulfides studied in 

this dissertation. The procedures used to fabricate the lithium ion cells and the 

experimental parameters used for measuring the electrochemical properties of the 

assembled battery cells were also stated in this chapter. 
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Chapter 4 presents the results on the synthesis of iron sulfides via a solution-based 

chemical synthesis method. The as-synthesized powders were characterized using XRD, 

FESEM, TEM and Raman spectroscopy. The effect of the molar ratio between the iron 

and sulfur (Fe:S) precursors on the phase and morphology of the as-synthesized 

products is investigated and discussed in this chapter. The effect of the iron to sulfur 

stoichiometric ratio of the as-synthesized iron sulfides on their lithium storage 

properties is also studied and presented in this chapter. 

 

Chapter 5 presents the results on the synthesis of tin sulfides via a solution-based 

chemical synthesis method. The as-synthesized powders were characterized using XRD 

and FESEM to determine their phase, purity, and morphology and particle size. Time-

dependent reaction was carried out to understand the formation mechanism of the two 

tin sulfide phases. The effect of the tin to sulfur stoichiometric ratio of the as-

synthesized tin sulfides on their lithium storage properties is also investigated and 

presented in this chapter. 

 

Chapter 6 summarizes the main findings of this dissertation and highlighted the 

conclusions obtained. Based on these findings and conclusions, possible future work 

has been recommended. 

 

 

1.5 Findings and Outcomes/Originality 

 

 

With the exception of a study by Cho and co-workers which compared the lithium 

storage performance of germanium monosulfide (GeS) and germanium disulfide 

(GeS2), there is no other reports in the literature which compares the lithium storage 

properties of a metal sulfide with different metal:sulfur stoichiometry. [48] In addition, 

although Cho et al. showed that GeS performs better than GeS2 when cycled in the 

voltage range of 0.01 – 1.5 V at a current density of 160 mA g-1, no explanation was 

provided for this observation. Hence, this study is a first attempt to provide an 

understanding as to whether having more sulfide ions in a metal sulfide compound is 

more beneficial or detrimental to its lithium storage performance and why the metal 
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sulfide compound with one stoichiometry performs better than the same metal sulfide 

compound with another stoichiometry.  

 

In this thesis, it was found that: 

 

(1) For both iron sulfides (intercalation-conversion anodic material) and tin sulfides 

(conversion-alloying anodic material), the compound with a higher sulfide ion 

content in its stoichiometry i.e. FeS2 and SnS2 exhibits better lithium storage 

performance than its counterpart with lower sulfide ion content i.e. Fe1-xS and 

SnS when cycled in a voltage window of 0.001 – 3 V. 

 

(2) For the iron sulfide electrodes, which undergo intercalation and conversion 

reaction during cycling, the superior lithium storage performance of pyrite FeS2 

is attributed to its better conductivity and reversibility of the lithiation and 

delithiation of FeSy.  

 

(3) For the tin sulfide electrodes, which undergo conversion and alloying reaction 

during cycling, the enhanced lithium storage capability of SnS2 is accredited to 

its ability to form a thicker Li2S layer which can provide better buffering to 

accommodate the large volume change in the Sn particles during their alloying 

and de-alloying reaction, thus maintaining the structural integrity of the 

electrode and result in slower capacity fading. 
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Chapter 2  

 

Literature Review 

 

This chapter provides a brief history on the development of various battery 

technologies, highlighting the numerous milestones that were achieved 

with emphasis placed on lithium ion battery technology. The general 

working principles of a lithium ion battery and the different lithium storage 

mechanism employed by its anode materials were also explained in this 

chapter. Past works that have been carried out on metal sulfides, in 

particular iron and tin sulfides, for lithium ion battery applications were 

also reviewed in this chapter. Although many different approaches have 

been attempted by the research community to enhance the lithium storage 

performance of metal sulfide electrodes, there are still plenty of room for 

improvement. In order to find more effective solution to the problem of 

polysulfide dissolution and to better improve the lithium storage capability 

of metal sulfide electrodes, it is important to first understand the impact of 

the amount of sulfide ions in a metal sulfide compound on its polysulfide 

dissolution problem and lithium storage properties and why the metal 

sulfide compound with one stoichiometry performs better than that with 

another stoichiometry. Through this understanding, more effective ways of 

improving the lithium storage properties of the metal sulfide electrodes can 

be proposed. However, no such study has been reported in the literature to 

date.  
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2.1 History of Batteries 

 

 

Batteries, also known as electrochemical or galvanic cells are devices that can convert 

the chemical energy stored in them into electrical energy via electrochemical reduction-

oxidation (redox) reactions. [1] These redox reactions, being thermodynamically 

favourable, will occur spontaneously when two materials with different standard 

reduction potentials are linked together by an electronic load. [2] In general, batteries 

can be broadly divided into two different categories, namely, primary batteries and 

secondary batteries. Primary batteries are those that cannot be easily or effectively 

recharged and, therefore, is disposed after a single discharge or use; while secondary 

batteries, also known as rechargeable batteries, can be charged and discharged 

repeatedly. 

 

The discovery of batteries is widely believed to occur around the late 18th century as a 

result of the dispute between two Italian physicists, Luigi Galvani and Alessandro Volta. 

In 1781, Galvani observed the twitching of a frog’s leg when he placed two different 

metals in contact with that frog’s leg (Figure 2.1). From his observation, he proposed 

that animals can generate electricity. [3] However, this hypothesis was being 

challenged in 1794 when Volta claimed that the twitching of the frog’s leg is caused by 

the stimulus of the two metal strips and not because of the generation of electricity by 

the animal’s muscle itself. To support his postulation, Volta invented and demonstrated 

the production of electricity from the very first battery in 1800. [4] This first battery, 

which is known as “Volta’s pile” or “voltaic pile”, is formed by connecting copper and 

zinc disks in an alternating sequence where each pair of copper-zinc disk is separated 

by a cloth that is wetted with brine solution (Figure 2.2).  

 

The invention of the voltaic pile by Volta provided a new concept for the conversion 

and storage of energy, inspiring and accelerating the development of many different 

electrochemical systems. Table 2.1 highlights some of the milestones in the history of 

battery development. Notably, following the invention of the voltaic pile in 1800, 

French physicist Raymond Gaston Planté came out with the first lead-acid battery in 

1859, which employs lead oxide as its positive electrode, metallic lead as its negative 

electrode and sulfuric acid as the electrolyte. [5] This lead-acid battery can be 
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discharged and electrically charged back again by applying an external bias to its 

electrodes. As this battery can be discharged and charged for many times, lead-acid 

batteries are also known as a type of “rechargeable battery”. In fact, the lead-acid 

battery is the oldest rechargeable battery that was invented and is also the first 

rechargeable battery to be commercialized.  

 

 

 
 

 

Figure 2.1: Luigi Galvani and his classical experiment on frog’s leg. (Reprinted from [4], © 
2013, with permission from John Wiley & Sons, Inc) 

 

 

 
 

 

Figure 2.2: Alessandro Volta and his Volta’s pile. (Reprinted from [4], © 2013, with permission 
from John Wiley & Sons, Inc) 
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Another important discovery in the history of battery development would have to be 

the nickel-cadmium (Ni-Cd) rechargeable battery that was created by Swedish engineer, 

Waldmar Jungner in 1899. This Ni-Cd cell uses a mixture of nickel hydroxide and 

graphite as its cathode, a mixture of cadmium oxide or cadmium hydroxide with iron 

or iron-based compounds as its anode and potassium hydroxide as its electrolyte. [6] 

Being the second rechargeable battery that was commercialized, the Ni-Cd battery has 

a higher gravimetric and volumetric energy density but also a higher cost compared to 

the lead-acid battery. 

 

Innovations are usually an outcome resulting from the need to solve certain problems 

or to meet certain demands in the society. Therefore, the outburst of portable consumer 

electronic products in the market and the occurrence of the first oil crisis in the 1970s 

have triggered many inventions in the field of battery technology. With more work 

being put into creating a battery that has high capacity and yet, at the same time, is light 

in weight and small in size so as to meet the continuing need for better energy storage 

systems, it soon dawned on researchers that the crucial limiting factor in a battery 

system would be the choice of its electrodes. It was noticed that the combination of 

materials used as electrodes at that time has limited theoretical capacity, thereby 

restricting the specific gravimetric and volumetric energy density of those energy 

storage systems.  

 

A breakthrough in the development of battery technology occurred when it was first 

shown that lithium can be employed as an electrode material. In comparison to the other 

elemental metals in the periodic table, lithium (Li) has a very small atomic weight of 

6.941 g mol–1, a low density of 0.534 g cm-3 and one of the lowest standard electrode 

potential (-3.04 V versus standard hydrogen electrode), allowing batteries with high 

gravimetric and volumetric energy density and high output voltage to be fabricated 

when Li is chosen as the anode material. [7] In fact, when lithium, which has a higher 

specific capacity (3860 A h g-1) compared to zinc (820 A h g-1) is used as an anode 

material in a battery with an iodine-based material as the cathode (lithium-iodine 

battery), a high practical energy density (≈ 250 W h kg-1) that is nearly five times higher 

than a zinc-mercury oxide battery can be attained. [3]  
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Table 2.1: Selected milestones in the history of battery development. [2, 3] 

 

 
 

 

Although lithium primary batteries were already very well-established as commercial 

products by the 1970s, the widespread usage of rechargeable lithium batteries was 

prevented due to some serious operational faults i.e. overheating and thermal runaway 

associated to its metallic lithium anode. Hence, to improve the safety of this battery, 

work has been done to search for a less aggressive material to replace the highly 
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reactive lithium metal. This prompted the research on lithium ion battery (LIB), a 

modified version of lithium battery that uses the more reliable lithiated compounds 

instead of lithium metal as its electrode, thus improving the safety of the cell. The whole 

concept of LIB started back in the late 1970s [8-10] and obtained practical 

demonstration by building on two important discoveries: (1) the discovery of lithium 

cobalt oxide (LixCoO2), a lithium-intercalation material with high working voltage by 

John Goodenough et. al in 1979 [11]  and (2) the demonstration of low working voltage, 

carbonaceous materials that can undergo lithium insertion and extraction reversibly by 

Rachid Yamazi in 1980. [12] Following the assembly and patenting of a prototype LIB 

cell by Akira Yoshino and coworkers in 1985 [13], the very first commercial LIB was 

released by Sony Cooperation in June 1991 [14, 15] and remained one of the batteries 

of choice for portable electronics like notebook computers and cellular phones till today.  

 

 

2.2 Basic Principles of Lithium Ion Battery 

 

 

A lithium ion battery, like all other electrochemical cells, is generally made up of two 

electrodes separated by an electrolyte, as shown in Figure 2.3. These two electrodes in 

the cell have different standard reduction potentials and, hence, redox reactions should 

occur spontaneously between them when they are connected together by an electronic 

load. [2] Among the two electrodes, the electrode which has a lower positive reduction 

potential is commonly known as the negative electrode or anode, while that with a 

higher positive reduction potential is known as the positive electrode or cathode. [16] 

The electrolyte serves as a medium for the transfer of charge such as lithium ions in the 

case of LIB between the two electrodes inside the cell. A wide variety of electrolyte 

choices are available for use in batteries and the most common one would be liquid 

electrolyte, either aqueous or non-aqueous, with salts, alkalis or acids dissolved in it to 

give the electrolyte its ionic conductivity. [17] Other electrolytes used in 

electrochemical cells include polymer, glass and ceramic electrolytes. To prevent short-

circuiting of the battery cell, a separator is placed between the two electrodes. This 

separator should have with good ionic but poor electronic permeability, allowing ions 

and not electrons to pass through it.  
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Figure 2.3: Schematic diagram of a lithium ion battery cell. (Reprinted from [18], © 2012, with 

permission from Elsevier) 

 

 

When the LIB is in its charged state, lithium ions are “stored” in the anode. During 

discharging, the lithium ions in the anode are extracted and transported through the 

electrolyte and separator to reach the cathode, where they are inserted into the positive 

electrode. At the same time, the anode loses electrons (gets oxidized) and these 

electrons moved through an external circuit to reach the cathode, thereby reducing it. 

This movement of electrons from the negative to the positive electrode allows the user 

to tap on it to power up devices for various applications. To recharge the LIB, an 

external voltage is applied to the electrodes, causing the lithium ions to be extracted 

from the cathode and inserted into the anode i.e. reverse of the discharging process. As 

the energy conversion process in a LIB occurs via the transportation of lithium ions to 

and fro the two electrodes, such a cell is also commonly referred to as a rocking-chair 

battery.  

 

Since the commercialization of the very first LIB by Sony Corporation in 1991, vast 

amount of work has been carried out to further improve its energy storage properties so 
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as to meet the increasing demand for better and safer energy storage systems by both 

existing and emerging applications in the society. To achieve better lithium storage 

performance, researchers focuses a lot of effort in finding new cathode [19-24] and 

anode [25-32] materials that has higher energy density or power than the current 

commercial choice i.e. graphite and lithium cobalt oxide (LiCoO2). 

 

 

2.3 Anode Materials for Lithium Ion Battery 

 

 

Carbon-based materials such as pyrolytic carbon were first reported as negative 

electrode for LIB in 1989 [33, 34] and, since then, they have become a popular choice 

as anode materials in LIB. Amongst these carbonaceous materials, graphite, in 

particular, has gathered a lot of attention as an alternative to the lithium metal anode in 

rechargeable lithium ion batteries because of its ability to accommodate repetitive 

insertion and extraction of lithium ions into and out of its lattice. Other reasons for 

using graphite as an anode material in LIB include its small irreversible capacity, good 

cycling stability, a long and almost flat plateau in its charge/discharge voltage profiles 

and, most importantly, its high abundance and low cost. [35] In fact, graphite is used 

as the anode material in the first commercial LIB and has remained as the predominant 

anode material used in today’s commercial LIB. However, graphitic carbons such as 

graphite only have limited theoretical capacities of about 372 mA h g-1 (based on the 

formation of LiC6) and observed capacities in the range of 280 – 330 mA h g-1, 

depending on the type of graphitic carbon material. [36] And, this low capacity value 

is not sufficient to meet the requirements of new and emerging technologies like electric 

vehicles and hybrid electric vehicles. Furthermore, the electrochemical potential value 

of LiC6 (vs. Li/Li +) is very close to that of lithium metal. Although this low potential 

enables the fabrication of batteries with high terminal voltage when coupled with a 

cathode material that has a high reduction potential, there are several safety concerns 

with regards to the use of graphitic carbon anode in rechargeable LIB. The practically-

zero electrochemical potential of LiC6 (vs. Li/Li +) could result in possible lithium 

deposition at the surface of the anode especially during fast charging under cold 

temperatures, thus degrading the performance of the battery and, in the worst case, 

leading to a thermal runaway and fire. In fact, the International Civil Aviation 
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Organization has recently imposed a ban for the transportation of LIB shipment via 

passenger aircraft due to LIB being a fire hazard which requires special firefighting 

systems. [37] Hence, many researchers have been working on finding other promising 

anode materials with higher volumetric/gravimetric capacities and better safety aspects 

than graphitic carbon to meet society’s demand for better and safer energy storage 

systems. 

 

In a commercial battery system, an ideal anode material should meet the following 

criteria: 

 

(1) Have an adequate electrochemical potential value (vs. Li/Li +) that is slightly 

above that of lithium metal and, yet, not too close to it. 

 

(2) Have high specific capacity (A h g-1 or A h cm-1) and energy density (W h g-1 

or W h cm-1) in terms of volume and weight 

 

(3) Have good cycling stability, allowing it to maintain its capacity after prolong 

cycling 

 

(4) Have both good electrical and ionic conductivities 

 

(5) Have good chemical stability in the electrolyte 

 

(6) Abundance on Earth  

 

(7) Have low material and manufacturing cost 

 

(8) Should be non-toxic and safe to handle 
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Table 2.2: Various anode materials for lithium ion battery and their characteristics. [36, 38-

42] 

 

 

 

 

Table 2.2 shows some anode materials used in or studied for potential application in 

lithium ion batteries. These negative electrode materials can be broadly classified into 

three major types, namely, insertion-type materials, alloying-type materials and 

conversion-type materials, depending on how they store Li ions. 
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2.3.1 Insertion / Intercalation-Type Anode Materials 

 

 

Insertion-type materials, also known as intercalation-type materials, for LIB store 

lithium ions by inserting them into the space between the host layers, as illustrated in 

Figure 2.4. [43] During charging, lithium ions are inserted into the interspace between 

the anode material layers and, during discharging, these lithium ions were extracted 

from the host layers through a process known as de-intercalation or de-insertion.  

 

 

 
 

Figure 2.4: Schematic representation showing the insertion or intercalation reaction. (Reprinted 

from  [44], © 2007, with permission from Elsevier) 

 

 

One of the most widely studied insertion-type anodic materials for application in 

lithium ion batteries would have to be graphite. Graphite is a crystalline material with 

layered structure. It is made up of carbon atoms that are sp2-bonded to each other, 

forming layers of graphene and these graphene layers are held together to its 

neighbouring graphene layers by weak van der Waals forces, as shown in Figure 2.5. 

During charging, the lithium ions can intercalate into the space between the graphene 

layers to form LixC6 and, during discharging, they can be extracted from this interlayer 

spacing to form back graphite, as shown by the reaction in Equation 2.1. This 

intercalation and de-intercalation process causes the graphite anode to undergo a 
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volume change of at most 11%. [45] As this volume change is not too large, graphite 

anodes do not experience excessive mechanical strain during charging-discharging 

cycling, allowing them to achieve a stable and reversible capacity of about 330 mA h 

g-1. [36] 

 

 

 

 

Figure 2.5: Schematic representation showing the intercalation and de-intercalation of lithium 

ions into and out of graphite and the corresponding change in its lattice parameter.  

 

 

        

Equation 2.1 

 

 

Lithium titanate spinel (Li4Ti5O12) is another insertion-type anode material that has 

gained extensive research interest. It has a theoretical gravimetric specific capacity of 

175 mA h g-1 as each formula unit of Li4Ti5O12 can accommodate the insertion of up to 

3 Li atoms into its lattice (Equation 2.2). Although the theoretical capacity of Li4Ti5O12 

is lower than that of graphite, it has an interesting property that makes it a very attractive 

choice as the anode in LIB. Li4Ti5O12 is a well-known zero-strain material for lithium 

insertion. [46] When lithium ion is intercalated into Li4Ti5O12, the material undergoes 
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a phase transformation from a spinel structure to a rock salt structure, resulting in a 

small volume change of only 0.2% in the cell volume (Figure 2.6). This enables 

Li 4Ti5O12 to exhibit good structural stability and long cycling life as its small volume 

change during intercalation and de-intercalation implies that the material will 

experience negligible lattice strain during cycling. [47-49] 

 

 

          

Equation 2.2 

 

 

 
 

 

Figure 2.6: Schematic representation showing the negligible volume change during 

intercalation and de-intercalation of lithium ions into and out of lithium titanate. (Reprinted 

from [50], © 2013, with permission from John Wiley & Sons, Inc) 

 

 

Other materials that store Li ions via intercalation reaction include some transition 

metal oxides such as the various polymorphs of titanium dioxide (TiO2) and tungsten 

oxide (WO2). [51-54] However, insertion reaction mechanism only allows a restricted 

number of Li atoms, usually about one or at most three Li atoms per formula unit, to be 

intercalated into the anode.  This limits the maximum capacity attainable by the 
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electrode material. Thus, new anode chemistries must be developed to increase the 

capacity of the electrode materials.  

 

 

2.3.2 Alloying-Type Anode Materials 

 

 

A second type of anode materials for lithium ion batteries is the alloying-type materials. 

In 1971, Dey reported that metallic lithium can electrochemically alloy and de-alloy 

with numerous metals in a liquid organic electrolyte at room temperature. [55] Since 

then, alloying-type anode materials for LIB, which includes mainly metals such as 

aluminium (Al), germanium (Ge), lead (Pb), silver (Ag), indium (In), zinc (Zn), and 

antimony (Sb) have gained widespread attention, with silicon (Si) and tin (Sn) being 

two of the more attractive candidates. [56-59]  

 

Equation 2.3 shows a generalized equation for a typical alloying reaction where M can 

be either an element like Si or a compound like SnSb. [60] During charging, the lithium 

ions diffuse from the cathode to the anode, where they alloy with the alloying-type 

anode material, M to form a lithium-based compound, LixM. This process is reversed 

during discharging, where the lithium ions are extracted from the lithiated anode, LixM 

to form back to the initial alloying-type anode material, M. 

 

 

 
 

Equation 2.3 
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Typically, lithium-alloying anodes have much higher theoretical volumetric and 

gravimetric capacities than that of conventional graphite. Fully-lithiated silicon (Li4.4Si), 

for example, has a theoretical capacity of about 4200 mA h g-1, which is more than 10-

fold higher than that of graphite (LiC6), whose theoretical capacity is only 372 mA h g-

1. Sn, another widely-studied alloying-type anode material for LIB, can alloy with 

lithium ions to form Li4.4Sn, giving it a theoretical capacity (990 mA h g-1) which is 

also much higher than that of graphite. Although alloying-typed anode materials have 

high theoretical capacities, this class of anode materials also has their own problems. 

Unlike the relatively open crystal framework of graphite, metals tend to have a more 

densely-packed structure. Therefore, when lithium ions are inserted into these metal 

anodes to form an alloy, the electrodes usually experience massive volume change as 

illustrated by the schematic representation in Figure 2.7. [61, 62] Si, for instance, is 

expanded by about 320% upon lithiation to form Li4.4Si [38], while Sn undergoes a 

volume change of 350% when it alloys with lithium ions to form Li4.4Sn. [39] This 

large volume change in the material that occurs during alloying and de-alloying process 

generates mechanical strain, resulting in the cracking and rapid capacity fading of the 

anode upon repeated cycling. 

 

 

 
 

Figure 2.7: Schematic representation showing the alloying reaction. (Reprinted from [63], © 

2010, with permission from Elsevier) 
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While the high capacities of alloying-typed materials make them an attractive choice as 

anodes in high energy density lithium-ion batteries and promising progress has already 

been achieved, issues relating to the structural stability of these electrode materials still 

remain. Hence, more research work needs to be done to overcome this challenge in 

order for alloying-typed materials to be widely used as anodes in commercial 

rechargeable lithium-ion batteries. In fact, since the demonstration by Cui Yi in 2007 

that nanostructured Si film can undergo lithiation and delithiation cycling without 

succumbing to the mechanical stresses resulting from the large volume change, a lot of 

studies has been carried out on nanostructuring of Si to improve the structural stability 

of this alloying anode material. Eventually, Amprius, a start-up company in California 

commercialized LIB which uses Si nanowires as anode in 2014, delivering much higher 

energy densities of 800 – 1000 W h L-1 and 325 – 400 W h kg-1 than traditional 

commercial LIB. 

 

 

2.3.3 Conversion-Type Anode Materials 

 

 

The third and last class of anode materials is the conversion-type materials. This class 

of anode materials include a number of binary compounds, M–X where M is a transition 

metal such as iron (Fe), cobalt (Co), nickel (Ni) and copper (Cu) and X is an anion like 

oxide (O2-), sulfide (S2-), fluoride (F-), nitride (N3-) or phosphide (P3-). Equation 2.4 

shows a generalized equation for the reaction between these conversion-type anode 

materials and lithium ions, where M is a transition metal element. As shown in the 

forward equation, the conversion-type material, MXy reacts with lithium ions to form 

metallic M and LiX �

 �

 . After delithiation, the compounds are formed back into its initial 

state, MXy. 

  

Although transition metals in the 3d block like Fe and Cu are not active towards lithium, 

the oxides and sulfides of these transition metals are actually able to store lithium ion 

reversibly. [41, 64] And, the main reason for the reversibility of the conversion reaction 

appears to be linked to the formation of nanoparticles. After the first lithiation, the fully 
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Equation 2.4 

 

reduced product forms a nanocomposite comprising of metallic nanoparticles (usually 

in the range of 1 – 5 nm) dispersed in a LizXy matrix as depicted in Figure 2.8. This 

structure can help to prevent the agglomeration of the metal nanoparticles and 

maintained their large surface area. Due to the large interfacial area between these metal 

nanoparticles and the LizXy matrix material, when a reverse potential is applied, they 

can readily decompose the matrix in which they are embedded in, forming back the 

MX y binary compound. [7, 41, 65] It has been shown that the size of the metal particles 

remains in the nanometre regime even after several charging-discharging cycles, giving 

the conversion-typed anode its good cycling stability. [66] 

 

 

 

 

Figure 2.8: Schematic representation showing the conversion reaction. (Reprinted by 

permission from Macmillan Publishers Ltd: [67], © 2008) 
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Anodes made from these conversion-type materials typically exhibit high capacities 

that are about 2 – 3 times higher than that of graphite because at least one or more 

lithium ions are involved in the conversion reaction per transition metal in the formula 

unit of the anodic material. [68] Unlike graphite where no more than one lithium ion 

can be inserted into the structural framework for each formula unit of carbon (C6), 

cobalt oxide (CoO), a conversion-type anodic material, can accommodate up to two 

lithium ions per formula unit of CoO. [41] Conversion reactions have been reported for 

many different transition metal oxides and sulfides, where each material reacts with 

lithium at a different voltage, usually in the range of 1.2 – 2.5 V vs. Li/Li +. [69-73] This 

goes to show that the actual potential at which conversion reaction takes place depends 

on both the type of transition metal and the accompanying anionic species. So, in 

principle, the reaction potential for the conversion anode can easily be tuned to meet 

that required by different applications. For a particular metal atom, the lithiation 

potential is usually observed to decrease from metal fluoride, metal sulfide, metal oxide, 

and metal nitride to metal phosphide, following the trend in the decrease in the metal-

anion (M-X) bond polarization when going from metal fluoride to metal phosphide. 

However, achieving good and stable cycling performance for conversion-type anode 

materials remains a challenge. During conversion reaction, the material is subjected to 

structural reorganization and large volume change. When chromium oxide (Cr2O3) 

undergoes a conversion reaction to form metallic chromium (Cr) and lithium oxide 

(Li 2O), the material will experience a volume change of about 100%. Although this 

volume change is much smaller compared to that experience by most alloying-type 

materials like Si and Sn, it can still lead to pulverization and capacity fading in the 

anode. Hence, a lot of research work has been carried out to improve the cycling 

performance of conversion-type anode materials, exploring their potential as anode in 

next generation commercial LIB.  

 

 

2.4 Metal Sulfides for Lithium Ion Battery 

 

 

Metal sulfides are an attractive group of materials for application in lithium and lithium 

ion batteries because of their ability to “store” lithium ions. Furthermore, metal sulfides 

are Earth-abundant and low cost as they usually exist as minerals like pyrite FeS2, 
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pyrrhotite Fe1–xS, molybdenite MoS2, chalcocite Cu2S, herzenbergite SnS and berndtite 

SnS2 in nature, making it possible to reduce the cost of commercial LIB. [74] Other 

advantages of metal sulfides for application in LIB include their good electrical 

conductivity, mechanical properties and thermal stability. [75] Owing to their rich 

redox chemistry which allows one or more lithium ion per metal atom to be “inserted” 

into it, metals sulfides generally have specific capacity that is much higher than 

graphitic carbon, the current material of choice for most commercial LIB. [68] 

 

In the beginning, metal sulfides such as MoS2 and FeS2 were used as cathode materials 

in primary lithium batteries. [76-78] When Whittingham first demonstrated the rapid 

and reversible intercalation of lithium into layered titanium disulfide (TiS2) at ambient 

temperature, this material gained a lot of interest as cathode material for rechargeable 

lithium batteries [79] Following, a lot of work were carried out on metal sulfides and 

lithiated metal sulfides like TiS2,  tantalum(IV) sulfide (TaS2), MoS2, lithium vanadium 

sulfide (LiVS2) and lithium chromium sulfide (LiCrS2) which can store lithium ions 

reversibly via an intercalation reaction. [80] However, research focus was shifted to 

lithiated metal oxide after it was shown that lithium ions can be reversibly inserted into 

and extracted from LiCoO2, providing an open circuit voltage that is about twice that 

of LixTiS2. [11] 

 

 

 

 Equation 2.5 

 

 

 

Equation 2.6 



Literature Review                                       Chapter 2 
 

36 

 

 

 

Since the discovery of a new lithium storage mechanism known as “conversion 

reaction”, metal sulfides that can store lithium ions reversibly via conversion reaction 

have regained vast interest as potential electrode material for LIB application. [41] 

Examples of such materials include transition metal sulfides like iron sulfides, cobalt 

sulfides and nickel sulfides. [81-85]  In fact, most metal sulfides will undergo 

conversion reaction with lithium ions if the electrode materials are charged or 

discharged to the required potential for the reaction to occur. [68] MoS2, for example, 

will undergo intercalation reaction when in the voltage range of 3.0 V to 1.1 V and, 

when it is in the voltage range below 1.1 V, conversion reaction will predominate 

(Equation 2.5). [86, 87] Besides intercalation and conversion reactions, some metal 

sulfides are able to store lithium ions reversibly via an alloying reaction. Indium sulfide 

(In2S3), for instance, will first undergo a conversion reaction with lithium ions to form 

a composite made up of indium particles embedded in a Li2S matrix where the indium 

can further alloy with more lithium ions to form LixIn, as shown in Equation 2.6. [88-

90] Other metal sulfides that store lithium ions through a combination of conversion 

and alloying reaction includes tin sulfides, antimony sulfides and bismuth sulfides. [91-

93]  

 

 

2.4.1 Iron Sulfides 

 

 

As mentioned in Section 1.2, sulfur has a rich and versatile chemistry where it can form 

a vast variety of binary metal sulfides. If the metal can adopt more than one oxidation 

states, various metal sulfide compounds with different metal to sulfur stoichiometric 

ratio can be formed. Iron, with its possibility to adopt an oxidation state of +2 and +3, 

can form numerous iron sulfide compounds and some of them are shown in Table 2.3. 

These materials are of great interest for LIB application because of their various 

advantages. Firstly, FeS2, Fe3S4 and FeS all have high theoretical specific capacities. 

Based on Faraday’s Law, the theoretical capacities of FeS2, Fe3S4 and FeS are 

calculated to be 894 mA h g-1 (FeS2 + 4 Li+ + 4 e- → Fe + 2 Li2S), 725 mA h g-1 (Fe3S4 

+ 8 Li+ + 8 e- → 3 Fe + 4 Li2S) and 609 mA h g-1 (FeS + 2 Li+ + 2 e- → Fe + Li2S) 



Literature Review                                       Chapter 2 
 

37 

 

respectively [94-97] and all these values are much higher than the theoretical specific 

capacity of graphitic carbon (372 mA h g-1), the most widely-used anode material for 

commercial LIB currently. Other attractive features of iron sulfides include their low 

environmental impact (Fe and S are generally non-toxic elements), abundance (Fe and 

S are both abundant on Earth) and, most importantly, affordable cost (USD150 for 1 

ton of natural pyrite) which makes them suitable for large-scale production. [98-101] 

However, iron sulfides are not without disadvantages as anode materials for LIB. Sulfur 

and sulfide electrodes were reported to react with lithium to form lithium polysulfides 

(Li 2Sx, 1 ≤ x ≤ 8) which can dissolve into the liquid electrolyte in the battery cell, thus 

resulting in a loss of active material, poor capacity retention and cycling performance. 

[93, 102-104] Furthermore, iron sulfides have discharge voltages that are higher than 

graphite. Iron pyrite (FeS2), for example, has a high discharge voltage of about 1.5 V 

(vs. Li/Li +), which will result in a reduction in the overall working voltage of the full 

battery cell. However, this high discharge potential also makes pyrite FeS2 safer from 

the formation of lithium dendrites during repeated charge-discharge cycling compared 

to carbon-based and alloying-type anodes which have discharge potentials that are close 

to that of metallic lithium. 

 

 

Table 2.3: Various iron sulfide phases and their crystal structure. [105] 
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Iron sulfides exist in the nature as a variety of minerals and play critical roles in the 

biogeochemical cycle of sulfur. [106, 107] However, natural iron sulfides tend to 

contain trace metal impurities and these impurities can have negative effects on their 

properties. Furthermore, the natural iron sulfides obtained from different sources or 

locations tend to have different amount of impurities, particle and grain size, thus 

resulting in different lithium storage performance. [108] Therefore, there is a need to 

shift the focus of the research work from natural to synthetic iron sulfides. In fact, many 

studies have shown that synthetic iron sulfide like iron pyrite achieves better lithium 

storage performance than natural iron sulfides. In a report in 1983, Iwakura et al. 

prepared pyrite FeS2 via sulfurization of FeCl2 and Fe2O3 using H2S gas and showed 

that the synthesized pyrite displayed higher and better electrode efficiencies compared 

to natural pyrite, and such improvement has been attributed to the differences in particle 

size or specific surface area between the synthesized and natural pyrite. [77] 

Subsequently, Yang et al. did some study on natural and synthetic pyrite, arriving to 

the conclusion that, since both samples contain trace impurities, synthetic pyrite has 

better rate capability than natural pyrite because of its smaller grain size. [108] The 

work done by Feng et al. also attained similar results, with the synthesized FeS2 

achieving an initial discharge capacity (863 mA h g-1) which is almost 100 mA h g-1 

higher than that of natural pyrite (≈ 763 mA h g-1). [99] All these reports showed that 

synthetic pyrite exhibits improved lithium storage performance compared to natural 

pyrite and this encouraged more research work to be carried out on the synthesis of iron 

sulfides with good purity and smaller particle or grain size for application in LIB.  

 

Throughout the years, many different approaches have been employed to synthesize 

pure iron sulfides. Iron sulfide films have been prepared via several methods such as 

thermal sulfurization of iron or iron oxide film, spray pyrolysis, spark plasma sintering, 

chemical vapour deposition or chemical vapour transport, electrochemical deposition, 

magnetron sputtering and molecular beam deposition. [81, 82, 97, 109-127] Other 

techniques like solid state reaction, mechanical milling and alloying, micelle-assisted 

synthesis method, hydrothermal, solvothermal and hot injection method have also been 

used to synthesize iron sulfide particles. [81, 128-143] The lithium storage properties 

of some of the prepared iron sulfides were examined in the literature and Table 2.4 

shows a summary of selected results. 
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Table 2.4: Tabulation of lithium storage performance of some iron sulfides reported in literature. 
 
 

Ref 

[82] 

[144] 

[145] 

[146] 

Capacity  
(mA h g-1) /  
Nth Cycle 

615 / 100th 

580 / 100th 

525 / 100th 

1064 / 15th 

736 / 50th 

~400 / 100th 

Initial 
Capacity  
(mA h g-1) 

1022 

1000 

1010 

1357 

1564 

~825 

Current 
Density 

100 mA g−1 

100 mA g−1 

100 mA g−1 

100 mA g−1 

50 mA g-1 

100 mA g-1 

Cut-off  
Voltage 

0.01 – 3 V 

0.01 – 3 V 

0.01 – 3 V 

0.005 – 3 V 

0.001 – 2.5 V 

0.01 – 3.00 V 

Synthesis 
Method 

Solution-based 
synthesis 

Direct 
precipitation 

Solvothermal 

Solid-solid 
reaction 

Morphology 

Nanosheets 

Nanoparticles 

Nanoplates 

RGO-wrapped  
nanoparticles 

Nanoparticles embedded  
in carbon microspheres 

Fe7S8@C nanospheres 

Phase 

Troilite FeS  

Pyrrhotite  
Fe1-xS 

Pyrrhotite  
Fe7S8 
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Table 2.4: Tabulation of lithium storage performance of some iron sulfides reported in literature. (Continued) 
 

Ref 

[147] 

[148] 

[149] 

[97] 

[135] 

[150] 

Capacity  
(mA h g-1) / 
Nth Cycle 

110 / 50th 

~55 / 2nd 

563 / 100th 

291 / 500th 

420 / 30th 

387 / 30th 

Initial 
Capacity  
(mA h g-1) 

~800 

110 

1161 

844 

730 

773 

Current 
Density 

66 mA g-1 

1 mA 

100 mA g-1 

50 µA cm-2 

89 mA g−1 

45 mA g-1 

Cut-off  
Voltage 

0.9 – 2.50 V 

0 – 3 V 

0.005 – 3 V 

1 – 2.5 V 

1.2 – 2.6 V 

1.2 – 2.6 V 

Synthesis 
Method 

Precipitation 

Colloidal 

Hydrothermal 

Sulfurization  
of Fe2O3 film 

Solid state 
reaction 

Solvothermal 

Morphology 

Micron-sized particles 

Nanoplatelets 

Octahedral microcrystals 

Film 

Submicron particles 

Microspheres 

Phase 

Pyrrhotite  
Fe7S8 

Greigite  
Fe3S4 

Pyrite FeS2 
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Table 2.4: Tabulation of lithium storage performance of some iron sulfides reported in literature. (Continued) 
 

Ref 

[151] 

[152] 

[153] 

Capacity  
(mA h g-1) / 
Nth Cycle 

190 / 30th 

540 / 150th 

540 / 100th 

Initial 
Capacity  
(mA h g-1) 

500 

980 

~690 

Current 
Density 

144 µ A 

1000 mA g−1 

1000 mA g−1 

Cut-off  
Voltage 

1 – 3 V 

0.001 – 3 V 

1.0 – 3.0 V 

Synthesis 
Method 

Solvothermal 

Solvothermal 

Solvothermal 

Morphology 

Microcubes 

Nanocubes 

Microspheres 

Phase 

Pyrite FeS2 
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Due to it having the highest theoretical specific capacity, FeS2 has gained the most 

attention as a potential anode material for commercial LIB amongst the many iron 

sulfide phases. Huang et al. prepared iron pyrite film through sulfurizing of iron oxide 

film and achieved a discharge capacity of 844 mA h g−1 and 291 mA h g-1 for the 1st 

and 500th cycle when cycled at a current density of 50 µA cm-2. [97] To achieve better 

lithium storage performance than the iron pyrite film, several groups have attempted to 

increase the surface area of the active material by reducing its particle size, thus 

providing more interface for the reactions with lithium ions and result in an 

improvement in the kinetics of these electrode reactions. By adopting this approach, 

the pyrite FeS2 microspheres prepared by Wang and co-workers achieved an initial 

discharge capacity of 868 mA h g−1 when the electrode is discharged from 2.4 V to 1.45 

V at a current density of 30 mA g-1. [81] On the other hand, the iron pyrite microspheres 

synthesized by Zhang et al. delivered an initial discharge capacity of 773 mA h g−1 and, 

after 30 cycles at a current density of 45 mA g-1, they retained a discharge capacity of 

387 mA h g−1. [150] Lately, Hu and co-workers prepared nanoplates-assembled pyrite 

FeS2 microspheres which achieved a high discharge capacity of about 690 mA h g−1 

and 540 mA h g-1 for the 1st and 100th cycle when cycled between 1.0 V and 3.0 V at a 

current density of 1 A g-1. [153] Further improvement in lithium storage performance 

(discharge capacity of 730 mA h g−1 and 420 mA h g-1 for the 1st and 30th cycle 

respectively) was attained by Zhang et al. who prepared sub-micron iron pyrite particles 

(mean particle size ≈ 0.28 µm), which have an even higher surface area than micron-

sized particles, using a solid-state method. [135] Pyrite FeS2 nanocubes have also been 

shown to deliver good lithium storage performance where an initial discharge capacity 

of 980 mA h g-1 and a discharge capacity of 540 mA h g−1 at the 150th cycle was reported 

by Liu and co-workers. [152] 

 

Another tactic commonly used to increase the surface area of the active materials would 

be to synthesize particles with distinct morphologies such as nanosheets and 

nanoflowers, which tend to have high surface area. In view of this, Xu and co-workers 

investigated the lithium storage properties of troilite FeS nanomaterials with different 

morphologies, attaining initial discharge capacities of more than 1000 mA h g-1 for all 

three samples. [82] And, after cycling for 100 cycles, the troilite FeS nanosheets, 

nanoparticles and nanoplates retained a discharge capacity of 615 mA h g-1, 580 mA h 

g-1 and 525 mA h g-1 respectively, where the author attributed the enhanced 
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performance of the troilite FeS nanosheets partly to its higher surface area and ultra-

thin thickness which reduces the diffusion pathway of the charge carriers and allows a 

faster charge transfer. 

 

A third approach used to improve the lithium storage performance of the iron sulfide 

compounds is by embedding or encapsulating the particles in another material like 

carbon or polymers. This method has been shown to effectively reduce dissolution into 

the electrolyte, thereby reducing the loss of active material in the electrode and allow 

better retention of its lithium storage capacity during cycling. Based on this approach, 

Fei and co-workers prepared nanocomposite comprising of FeS wrapped with reduced 

graphene oxide (FeS@rGO) and measured its electrochemical properties. [144] They 

reported that the FeS@rGO exhibited better lithium storage performance than the bare 

FeS particles due to several reasons and, amongst them, the most important one would 

be the absorption and entrapment of the polysulfides (formed from the FeS particles 

during galvanostatic cycling) by the rGO wrapping layer which reduces the dissolution 

of polysulfides into the electrolyte. This enabled the FeS@rGO to achieve a high 

discharge capacity of 1064 mA h g-1 at the 15th cycle when cycled at a current density 

of 100mA g-1 in the voltage window of 0.005 – 3 V. This approach was also adopted 

by Wu and co-workers who prepared iron sulfide (Fe1-xS) nanoparticles embedded in 

carbon microspheres and characterized their lithium storage performance, reporting a 

high discharge capacity of 736 mA h g-1 at the 50th cycle when cycled between 0.001 

V and 2.5 V at a current density of 50 mA g-1. [145] The authors attributed this excellent 

electrochemical performance partly to its carbon nanosheet-wrapped structure, which 

reduces the direct contact between the Fe1-xS nanoparticles and the electrolyte, thereby 

making it more difficult for the polysulfides formed during lithiation to dissolve into 

the electrolyte.  

 

Iron sulfides are very promising as electrode materials for application in LIB and good 

lithium storage performance have been reported by several research groups. Although 

many attempts have been made to improve their lithium storage performance by 

increasing the surface area of these iron sulfide electrode materials through reducing 

their particle size and by preparing particles with distinct morphologies, there are still 

problems to be addressed for these electrodes. As with all sulfide electrodes, 

polysulfides will be formed during its partial reduction and that the dissolution of these 
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polysulfides into the electrolyte will result in loss of active materials, poor capacity 

retention and poor cycling performance. [93, 102, 103, 154] To address this problem, 

iron sulfide particles embedded or encapsulated with another material like carbon or 

polymers have been prepared and studies have shown that this method is indeed 

effective in improving their lithium storage performance. However, it should be 

highlighted that these carbon and polymeric encapsulating materials will reduce the 

overall theoretical capacity of the electrode material by acting either as a dead weight 

or an active material with lower theoretical capacity than the iron sulfide compound. In 

addition, these encapsulating materials also hinder the diffusion of lithium ions into the 

iron sulfide active material as the lithium ion will have to first diffusion through these 

encapsulating layers to reach the surface of the iron sulfide particles. To find more 

effective solution to the problem of polysulfide dissolution and to better improve the 

lithium storage capability of iron sulfide electrodes, it is important to first understand 

whether having more sulfide ions in an iron sulfide compound is more beneficial or 

detrimental to its lithium storage performance and why the iron sulfide compound with 

one stoichiometry performs better than that with another stoichiometry. Through this 

understanding, possible ways of improving the lithium storage properties of the metal 

sulfide electrodes can be proposed. However, to date, no such study which attempt to 

understand the impact of the amount of sulfide ions in an iron sulfide compound on its 

polysulfide dissolution problem and lithium storage properties has been reported. 

 

 

2.4.2 Tin Sulfides 

 

 

Tin (Sn), being a Group 14 element, can adopt an oxidation state of +2 or +4. This, 

together with the ability of sulfur (S) to adopt oxidation states in the range of -2 to +6, 

enables Sn to form various binary compounds with S and the most commonly found tin 

sulfide compounds are listed in Table 2.5. [155] Amongst the various tin sulfides, tin 

monosulfide (SnS) and tin disulfide (SnS2) have been more widely studied as a potential 

anode material for lithium ion battery (LIB) due to various reasons and the main 

motivation would be the high theoretical capacity of both SnS and SnS2. Based on an 

irreversible reaction of SnS with Li to yield Sn (Equation 5.1) followed by a reversible 

lithiation and delithiation of Sn to form Li4.4Sn (Equation 5.3), SnS is determined to 
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have a theoretical reversible lithium storage capacity of 781 mA h g-1. [156, 157] On 

the other hand, SnS2 is reported to have a more complicated electrode reaction, though, 

in general, it involves SnS2 to undergo an irreversible conversion reaction with Li to 

form Sn (Equation 5.2) and a subsequent reversible alloying reaction between Sn and 

Li to form Li4.4Sn (Equation 5.3), thereby yielding a theoretical reversible capacity of 

645 mA h g-1. [158-160] All these values are much higher than the theoretical specific 

capacity of graphitic carbon (372 mA h g-1), the most widely-used anode material for 

commercial LIB currently. Other attractive features of tin sulfides include their low 

toxicity, abundance and affordable cost which are very important for large-scale 

production [161] However, tin sulfides also have several drawbacks as anode materials 

for LIB. Similar to the iron sulfide (Section 2.4.1) and other sulfur and sulfide 

electrodes, the problem relating to the dissolution of lithium polysulfides (Li2Sx, 1 ≤ x 

≤ 8) is also present, thereby resulting in loss of active material, poor capacity retention 

and unsatisfactory cycling performance. [93, 102-104] Another disadvantage of tin 

sulfide electrodes would be the irreversible consumption of a large amount of lithium 

for the conversion reaction of tin sulfide into Sn during the initial cycle. As a result of 

this irreversible consumption of Li, more cathodic material needs to be used to ensure 

enough supply of Li for the subsequent lithiation and delithiation process in a full 

battery cell. 

 

 

Table 2.5: Various tin sulfide phases and their crystal structure. [162] 
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Table 2.6: Tabulation of lithium storage performance of some tin sulfides reported in literature. 
 

Ref 

[163] 

[164] 

[165] 

[166] 

[167] 

[168] 

Capacity  
(mA h g-1) / 
Nth Cycle 

~500 / 30th 

~672 / 100th 

385 / 50th 

~1000 / 50th 

430 / 50th 

~583 / 30th 

Initial 
Capacity  
(mA h g-1) 

1050 

1487 

1528 

~1800 

~1500 

1311 

Current 
Density 

50 mA g-1 

1 A g-1 

160 mA g-1 

63 mA g-1 

323 mA g-1 

323 mA g-1 

Cut-off 
Voltage (V) 

0.01 – 1.1 

0.001 – 1 

0.01 – 1.2 

0.01 – 3 

0 – 1.15 

0.001 – 1.1 

Synthesis Method 

Solution-based synthesis 

Gas sulfurization of yolk-
shell SnO2 

Solvothermal 

Hydrothermal 

Solvothermal 

Thermal  
decomposition 

Morphology 

Nanoflower 

Yolk-shell 

Nanorod 

Nanosheet sandwiched 
between polypyrrole 

nanosheets 

Nanosheet 

Hexagonal nanoplate 

Phase 

SnS 

SnS2 
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Table 2.6: Tabulation of lithium storage performance of some tin sulfides reported in literature. (Continued) 
 

Ref 

[169] 

[169] 

[159] 

[170] 

[170] 

Capacity  
(mA h g-1) / 
Nth Cycle 

163 / 50th 

920 / 50th 

~650 / 30th 

437 / 100th 

542 / 100th 

Initial 
Capacity  
(mA h g-1) 

~1350 

~1650 

~1875 

2057 

2169 

Current 
Density 

100 mA g-1 

100 mA g-1 

50 mA g-1 

100 mA g-1 

100 mA g-1 

Cut-off 
Voltage (V) 

0.001 – 1.5 

0.001 – 1.5 

0.005 – 1.3 

0.01 – 1.5 

0.01 – 1.5 

Synthesis Method 

Hydrothermal 

Hydrothermal 

Gas sulfurization of 
graphene-support SnO2 

nanoparticles 

Solvothermal 

Solvothermal 

Morphology 

Nanosheet 

SnS2/graphene nanosheets 
assembled spheres 

Nanoplates decorated on 
graphene 

Nanosheet 

Nanoflower 

Phase 

SnS2 
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To date, many approaches have been employed to synthesize tin sulfides like SnS and 

SnS2 with good purity. Methods such as the sulfurization of metallic Sn film [171-173], 

spray pyrolysis [174-177] electrochemical deposition [178], chemical vapor deposition 

[179], thermal evaporation [180-184], sputtering [185] and atomic layer deposition  

[186] were used to prepare tin sulfide thin films. Tin sulfide particles have also been 

synthesized via various techniques like mechanical alloying [187, 188], hydrothermal 

[189-191], solvothermal [192-199], polyol route [200, 201], thermal decomposition 

[168], sulfurization of tin oxide [159, 164], laser ablation [202] and wet chemical 

method [163]. Some of the tin sulfides prepared have been studied as potential anode 

material for LIB application and the lithium storage performance reported in selected 

literature was tabulated and presented in Table 2.6. 

 

To achieve good lithium storage performance for the SnS electrodes, many research 

groups have turned into preparing small particles i.e. micron or nano-size with unique 

morphologies that will (1) yield a high surface area and, hence, provide more interface 

for the reaction between the active material and the lithium ions and (2) provide voids 

between the tin sulfide particles so that there will be available spaces to accommodate 

the large volume expansion during the alloying reaction between Sn and Li. By 

adopting this approach, the SnS nanorod prepared by Tripathi and co-worker displayed 

a high initial discharge capacity of 1528 mA h g-1 but only a fair cycling performance 

(discharge capacity of 385 mA h g-1 at the 50th cycle) when subjected to galvanostatic 

cycling at 160 mA h g-1. [165] Vaughn II et al. prepared SnS nanoflowers which are 

made up of a hierarchical assembly of crystalline SnS nanosheets using a simple 

solution-based method and reported that these SnS nanoflowers exhibited an initial 

discharge capacity of 1050 mA h g-1. [163] After cycling for 50 cycles in a voltage 

window of 0.01 – 1.1 V and at a current density of 50 mA g-1, these nanoflowers 

retained a discharge capacity of ≈500 mA h g-1. In another report, Choi attempted to 

synthesize SnS particles with a yolk-shell structure and he showed that these SnS yolk-

shell displayed enhanced lithium storage properties, maintaining a high discharge 

capacity of ≈672 mA h g-1 at the 100th cycle when cycled at a high current density of 1 

A g-1. The author attributed this superior cycling performance to the porous yolk-shell 

structure with large void space in between the yolk and the shell, thereby decreases the 

lithium ion diffusion distance, enables rapid lithium ion diffusion, promotes electrolyte 

penetration and reduces pulverization of the electrode during repeated lithium insertion 
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and de-insertion process. [164] Similar approach has also been applied to SnS2 

electrodes, where the hexagonal SnS2 nanoplates prepared by Seo et al. via thermal 

decomposition displayed a discharge capacity of 1311 mA h g-1 and about 583 mA h g-

1 at its 1st and 30th cycle respectively when cycled at a current density of 323 mA g-1 in 

the voltage window of 0.001 – 1.1 V. [168] SnS2 nanosheets and nanoflowers have also 

been synthesized and examined for their lithium storage properties, where it was 

reported that both of them exhibit good cycling performance, retaining a discharge 

capacity of 437 mA g-1 and 542 mA g-1 at the 100th cycle respectively. [170]  

 

To further improve the lithium storage capability of tin sulfide electrodes, attempts to 

prepare tin sulfide-graphene composites were made. Graphene, with its high 

conductivity, can increase the overall electronic conductivity of the tin sulfide-graphene 

composite. Furthermore, the possible interaction between the delocalized π-electrons in 

graphene and the S atoms in SnS2 could promote faster charge transfer during lithiation 

and delithiation. Thus, tin sulfide-graphene composites should achieve better lithium 

storage performance than the tin sulfide compound alone. In fact, the SnS2-graphene 

hybrids prepared by Luo and co-workers exhibited a high initial discharge capacity of 

about 1875 mA h g-1 and retained a discharge capacity approximately 650 mA h g-1 

after 30 cycles. [159] SnS2/graphene nanosheets assembled spheres also displayed good 

lithium storage capability, achieving a discharge capacity of around 1650 mA h g-1 and 

920 mA h g-1 at its 1st and 50th cycle. [169] Besides graphene, polymers with good 

electronic conductivity have also been used to form tin sulfide composites with the aim 

of enhancing their lithium storage properties. By sandwiching a SnS layer in between 

polypyrrole, a material with good electronic conductivity, to increase the electronic 

conductivity and lithium ion diffusion kinetics at the electrode, Liu et al. achieved an 

excellent cycling results for their sandwich-like SnS/polypyrrole nanosheets with an 

initial discharge capacity of 1800 mA h g-1 and a high discharge capacity about 1000 

mA h g-1 at the 50th cycle. [166] 

 

The good lithium storage performances of tin sulfides that have been reported by several 

research groups make them are very favourable as potential anode materials for 

application in commercial LIB. However, there are still some problems to be addressed 

for these electrodes. As mentioned previously, the formation and dissolution of 

polysulfides into the electrolyte will result in a loss of active materials, poor capacity 
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retention and poor cycling performance. [93, 102, 103, 154] Furthermore, the 

irreversible consumption of a large amount of lithium for the irreversible conversion 

reaction of tin sulfide with Li during the initial cycle will require the use of more 

cathodic material in a full battery cell so as to ensure enough supply of Li for the 

subsequent lithiation and delithiation process. It should be mentioned that a tin sulfide 

compound with more sulfide content will require more lithium for this irreversible 

conversion reaction (SnS + 2 Li+ + 2 e- → Sn + Li2S and SnS2 + 4 Li+ + 4 e- → Sn + 2 

Li 2S) in the first cycle. In order to find effective solutions to the problem of polysulfide 

dissolution and to better improve the lithium storage capability of tin sulfide electrodes, 

it is important to first understand the impact of the amount of sulfide ions on the lithium 

storage performance of a tin sulfide electrode i.e. whether having more sulfide ions in 

a tin sulfide compound is more beneficial or detrimental to its lithium storage 

performance and why the tin sulfide compound with one stoichiometry performs better 

than that with another stoichiometry. Through this understanding, more effective 

solution can be proposed to address the problem of polysulfide dissolution and to better 

judge the necessity to use a tin sulfide compound with lesser or more sulfide content 

for a particular application. However, to date, no such study which attempt to 

understand the impact of the amount of sulfide ions in a tin sulfide compound on its 

polysulfide dissolution problem and lithium storage properties has been reported. 
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Chapter 3   

 

Experimental Methods 

 

This chapter summarizes the various methodologies employed in the 

synthesis and characterization of the metal sulfides studied in this 

dissertation. The metal sulfides used in this study were all synthesized via 

a solution-based chemical synthesis method using different precursors and 

conditions. X-ray diffraction, Raman spectroscopy and transmission 

electron microscopy were used to study the phase and purity of the as-

synthesized samples, while field emission scanning electron microscopy 

was employed to find out their particle size and morphology. The 

procedures used to fabricate the lithium ion cells and the experimental 

parameters used for evaluating the electrochemical properties of the 

assembled battery cells are also stated in this chapter. To study the lithium 

storage properties of the as-synthesized samples, CR2032 coin cells were 

assembled based on the half-cell configuration cycled galvanostatically in 

the voltage range of 0.001–3 V at room temperature under various scan 

rates. 

 

 

 

 

 

 

 

 

 

 

 



Experimental Methods                                                                          Chapter 3 
 

70 

 

3.1  Material Synthesis 

 

 

The metal sulfides used in this study were all synthesized via a solution-based chemical 

synthesis method using different precursors and conditions. This method of synthesis 

was chosen for the study because of its versatility, wide range of available precursors, 

solvents and surfactants that can be used, and ease of parameters manipulation to form 

metal sulfides of different phases and morphologies. 

 

 

3.1.1 Synthesis of Iron Sulfide Particles 

 

 

The materials used for the synthesis of iron sulfides in this study includes anhydrous 

iron(II) chloride (FeCl2, anhydrous, 99.5%, Alfa Aesar), sulfur powder (S, -325 mesh, 

99.5%, Alfa Aesar) and oleylamine (technical grade, 70%, Sigma Aldrich). All the 

chemicals were used without any further purification or treatment. 

 

 

Table 3.1: Sample codes and amount of precursors used for the synthesis of the iron sulfide 

samples. 
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Figure 3.1: Schematic illustration of the reaction set-up for the metal sulfide particle 

synthesis. 

 

 

The sample code and amount of precursors used for the synthesis of the different iron 

sulfide samples are shown in Table 3.1 and a schematic illustration of the reaction set-

up is depicted in Figure 3.1. In general, 0.5 mmol of anhydrous FeCl2 powder and the 

required amounts of S powder (Table 3.1) were added into a three-neck round bottom 

flask containing 10 mL of oleylamine. Oleylamine was used in this synthesis because 

of its various functions. Firstly, oleylamine has the ability to donate electron at elevated 

temperatures, thereby acting as a reducing agent in the absence of strong reducing 

agents. Its high boiling point of ≈ 360 °C makes it a good solvent choice for chemical 

reactions at moderately high temperatures (≥ 200 °C). Oleylamine is also known to 

form complex compounds with some metal ions and these metastable metal-oleylamine 

complex can function as secondary precursors in the synthesis of nanoparticles. [1]  

Besides being able to act as reducing agent, solvent and surfactant, other reasons for 

using oleylamine in this synthesis includes its liquid state at room temperature which 

simplifies the collection and washing of the prepared powder and its lower cost 

compared to many commonly-used alkylamines. [2]  
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The mixture was degassed by bubbling it with argon gas for 10 min at approximately 

60 °C under magnetic stirring to dissolve the powders in the solvent completely and to 

remove the moisture and oxygen in the mixture. Subsequently, this mixture was heated 

to 220 °C and held for 30 min under stirring in argon atmosphere. After reaction, the 

round bottom flask was removed from the heating mantle and allowed to cool to room 

temperature naturally. Methanol was then added into the mixture to precipitate the 

particles. The precipitated particles were isolated by centrifuging the mixture at 8000 

revolutions per minute (rpm) for 10 min and then removing the supernatant. Following, 

the collected powder was washed by dispersing it in 20 mL of technical hexane via 

sonication and subjecting this dispersion to centrifugation at 8000 rpm for 10 min. The 

supernatant was decanted to collect the washed powder and this washing procedure was 

repeated for 5 times to remove the excess sulfur and oleylamine. The washed powder 

was dried at 50 °C in a vacuum oven overnight prior to collection for further 

characterization.  

 

 

3.1.2 Synthesis of Tin Sulfide Particles 

 

 

The materials used for the synthesis of tin sulfides in this study includes anhydrous 

tin(II) chloride (SnCl2, anhydrous, 98%, Alfa Aesar), sulfur powder (S, -325 mesh, 

99.5%, Alfa Aesar), oleylamine (technical grade, 70%, Sigma Aldrich) and 1-

octadecene (technical grade, 90%, Sigma Aldrich). All the chemicals were used without 

any further purification or treatment. 

 

 

Table 3.2: Sample codes and reaction duration for the tin sulfide samples. 

 

 

Sn-S_30 Sn-S_60 Sn-S_120 Sn-S_Onight

Reaction Duration (min) 30 60 120 Overnight

Sample Code
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A schematic illustration of the reaction set-up for this synthesis is shown in Figure 3.1. 

A typical reaction involves adding 0.5 mmol of anhydrous SnCl2 powder and 3.0 mmol 

of S powder into a three-neck round bottom flask containing 5 mL of oleylamine and 5 

mL of 1-octadecene. The mixture was degassed by bubbling it with argon gas for 10 

min at approximately 60 °C under magnetic stirring to dissolve the powders and to 

remove the moisture and oxygen in it. Subsequently, this mixture was heated to 240 °C 

and held for different durations (Table 3.2) under stirring in argon atmosphere. After 

reaction, the round bottom flask was removed from the heating mantle and allowed to 

cool to room temperature naturally when methanol was then added into the mixture to 

precipitate the particles. The precipitated particles were isolated by centrifuging the 

mixture at 8000 rpm for 10 min and then removing the supernatant. Following, the 

collected powder was washed by dispersing it in 20 mL of technical hexane via 

sonication and subjecting this dispersion to centrifugation at 8000 rpm for 10 min. The 

supernatant was decanted to collect the washed powder and this washing procedure was 

repeated for 5 times to remove the excess sulfur and oleylamine. The washed powder 

was dried at 50 °C in a vacuum oven overnight prior to collection for further 

characterization. 

 

 

3.2 Materials Characterization 

 

 

3.2.1 Powder X-ray Diffraction (XRD) 

 

 

The phase and crystal structural information of the synthesized powders were 

characterized by powder X-ray diffraction (Bruker AXS, D8 Advance) using a Cu Kα 

radiation (λ = 0.15418 nm) and scanned in the 2θ range of either 20 – 70° or 10 – 70° 

at a step width of 0.05°. The X-ray diffractometer was equipped with a 1° divergence 

slit, 2.5° soller slit and 0.3 mm receiving slit. XRD was done on the as-synthesized 

powders without any further sample preparation steps.  
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XRD is chosen to determine the phase and purity of the as-synthesized powders because 

of various reasons. Besides its ability to differentiate between the many crystalline 

metal sulfide phases like SnS and SnS2 and good detection limit (generally able to see 

obvious diffraction peaks if the phase present in the sample is polycrystalline and > 

5wt%), XRD is a non-destructive technique and the powders used for XRD 

characterization can be re-used for other characterization. Furthermore, this technique 

does not require a large amount of powders for the measurement. These two factors are 

especially important as the samples prepared and studied in this dissertation are 

synthesized in small scale (< 100 mg) via a solution-based chemical synthesis method. 

Other advantages of using XRD to determine the phase and purity of the powder 

samples in this thesis includes its short measurement time-span and ease of XRD 

sample preparation. 

 

 

3.2.2 Raman Spectroscopy 

 

 

Raman spectroscopy, a type of vibrational spectroscopy, is a technique that probes the 

interaction of a monochromatic light with the molecular vibrations in a molecule to 

elucidate the molecular structure of a sample. [3, 4] During a standard Raman 

experiment, the sample is irradiated with monochromatic radiation from a laser. Some 

of the laser sources used in a Raman experiment includes those in the ultraviolet (UV), 

visible and near-infrared region (785 and 1064 nm). It should be noted that the Raman 

scattered light will be in the UV region if the laser source used for the excitation is in 

the UV region. In order for Raman bands to be observed, the molecular vibration in the 

sample must cause a change in the polarizability. In other words, only molecular 

vibrations that can result in a polarizability change are Raman active. Raman spectra 

are generally analyzed by looking at the intensity, frequency and shape of the 

vibrational bands which can provide information regarding the molecular structure and 

environment. As each molecule has its own unique set of vibrational energy levels, its 

Raman spectrum can function as a “fingerprint” for this particular molecule. 
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Figure 3.2: Photo of the confocal Raman microscopy system (WITec alpha300 SR) used in 

this dissertation. 

 

 

For this dissertation, Raman spectroscopy was performed using a confocal Raman 

microscopy system (WITec alpha300 SR) (Figure 3.2) with a 488 nm diode laser to 

study the phase and phase purity of the as-synthesized iron sulfide powders. The Raman 

samples were prepared by dispersing a small amount of the as-synthesized powder in 

hexane via sonication and drop-casting a few drops of the dispersion onto a small piece 

(≈ 5 × 5 mm) of polished silicon wafer. After drying, the drop-casted samples were 

used directly for Raman experiments.  

 

As iron sulfide has many different phases such as FeS, Fe3S4, Fe7S8, Fe1-xS, marcasite 

FeS2 and pyrite FeS2, each with a different iron to sulfur stoichiometric ratio and atomic 

arrangement, and the XRD patterns for these various phases have numerous overlaying 

diffraction peaks, making it extremely challenging to differentiate the diffraction peak 

for one phase from that of the other phase, particularly when the impurity phase is 

present in infinitesimal amount with only a few low-intensity peaks in the diffraction 

pattern. Furthermore, XRD is only good for distinguishing between crystalline phases. 

Hence, Raman spectroscopy, a technique that probes the chemical bonding between the 

atoms in a compound, is used to discriminate between the different phases of iron 

sulfides such as pyrite FeS2, marcasite FeS2 and FeS, even when the phases present are 
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amorphous in nature is employed to further verify the phase purity of the as-synthesized 

powders.   

 

 

3.2.3 Field-Emission Scanning Electron Microscopy (FESEM)  

 

 

A field-emission scanning electron microscope (JEOL JSM-7600F) was used to 

examine the size and morphology of the as-synthesized powders.  

This technique was chosen mainly because of its ability to view particles and features 

that are in the nanometre regime. In fact, JEOL JSM-7600F has a resolution of 1.0 nm 

when operated at an accelerating voltage of 15 kV. Other reasons for choosing this 

technique includes the ease of sample preparation and the short duration needed for this 

characterization technique. The samples for the FESEM characterization were prepared 

using a similar method as that for the Raman characterization. FESEM images were 

obtained by sticking the silicon wafers onto the sample holder using a carbon tape and 

scanning them at a working distance of 6 cm and an accelerating voltage of 5 kV. No 

additional coating was applied onto the samples prior to scanning. 

 

 

3.2.4 Transmission Electron Microscopy (TEM)  

 

 

High resolution transmission electron microscopy (HRTEM) (JEOL JEM-2010) was 

performed at an accelerating voltage of 200 kV to study the size, morphology and 

crystallographic structure. With a point resolution of about 2.3 Å, the JEOL JEM-2010 

HRTEM allows the imaging of the as-synthesized material at atomic scale, enabling a 

qualitative study on the crystallinity of the particle i.e. does the particle have good 

crystallinity with well-aligned lattice fringes and allows a confirmation on the phase of 

the material. The TEM sample was prepared via a similar method as the Raman and 

FESEM samples but the dispersion was drop-casted onto a carbon-laced copper grid 

instead of silicon wafer.  
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3.2.5 Porosity Measurement 

 

 

Nitrogen adsorption/desorption isotherm was measured on a Micromeritics ASAP 2020 

at –196 °C. The samples were degassed at 120 °C for 4 h under vacuum prior to 

measurement and the specific surface area was calculated using the Brunauer-Emmet-

Teller (BET) method. This is a most common method used for determining the surface 

area and porosity of powder and porous solid samples. Typically, nitrogen gas is used 

as the probe molecule. During measurement, the sample is exposed to the nitrogen gas 

at –196 °C i.e. the boiling temperature of nitrogen and the surface area of the material 

is calculated from the measured monolayer capacity and the cross-sectional area of the 

probe molecule. 

 

 

3.3 Electrochemical Characterization 

 

 

3.3.1 CR2032 Coin Cell Fabrication 

 

 

To study the lithium storage properties of the as-synthesized samples, CR2032 coin 

cells were assembled based on the half-cell configuration. [5-8] This configuration 

allows the evaluation of the lithium storage capability of the materials without having 

the need to determine the amount of materials needed for the counter electrode, which 

could be hard to determine for materials of different phases and morphology. 

Fabrication of the working electrode was done by first mixing the as-synthesized metal 

sulfide powder with carbon nanotubes (CNT, P3-SWNT, Carbon Solutions) and 

poly(vinylidene fluoride) (PVDF) at a weight ratio of 8:1:1 and dispersing them in N-

methylpyrrolidone (NMP, 99+%, Alfa Aesar) to form a slurry. CNT was added into the 

slurry to improve the electrical conductivity of the electrode, while PVDF was used to 

enhance the binding between the electrode material and the current collector. The 

resultant slurry was then coated onto a circular copper foil (diameter = 14 mm) which 

function as a current collector in the battery cell. Following, the coated copper foil was 

dried in an oven at 50 °C under vacuum for overnight. CR2032 coin cells were 
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assembled using the dried slurry-coated copper foil as the working electrode, lithium 

foil as the counter and reference electrode and Celgard 2400 membrane as the separator. 

The solution made up by dissolving lithium fluorophosphate (LiPF6) in a mixed solvent 

consisting of an equal weight ratio of ethylene carbonate (EC) and dimethyl carbonate 

(DMC) to form a 1 M LiPF6 solution was used as the electrolyte for these battery cells. 

The whole battery-assembling process was carried out in an argon-filled glovebox 

(MBraun, Germany) where both the oxygen and moisture content were maintained at 

less than 1 ppm. 

 

 

3.3.2 Galvanostatic Cycling 

 

 

The assembled CR2032 coin cells were cycled galvanostatically in the voltage range of 

0.001 – 3 V at room temperature under various current densities (0.1 A g-1, 0.5 A g-1, 1 

A g-1 and 5 A g-1) using a NEWARE Multi-channel Battery Test System. These were 

done to study the lithium storage performance of the different as-synthesized metal 

sulfide electrode when cycled at different rates. In fact, subjecting assembled cells to 

galvanostatic cycling in a pre-defined voltage range is the most widely-used method for 

evaluation of the cycling performance of a battery cell like lithium ion battery, lithium-

air battery and sodium ion battery. 

 

 

3.3.3 Cyclic Voltametry 

 

 

Cyclic voltammetry (CV) measurements were done on the assembled CR2032 coin cell 

to gain an insight into the reaction between the electrode materials and Li ions during 

charge-discharge cycling. The measurements were carried out at room temperature 

using a Solartron 1470E analytical equipment in the voltage window of 0.001 – 3 V 

under a constant scan rate of 0.2 mV s-1. Since lithium foil (0 V vs. Li/Li +) was used as 

the counter and reference electrode in the assembled battery, the cathodic peaks would 

be associated with the insertion of lithium ions into the working electrode, while the 

anodic peaks are related to the extraction of lithium ions from the working electrode.  



Experimental Methods                                                                          Chapter 3 
 

79 

 

References: 

 

 

1. Joo, J., Na, H.B., Yu, T., Yu, J.H., Kim, Y.W., Wu, F., Zhang, J.Z., and Hyeon, 

T., Generalized and facile synthesis of semiconducting metal sulfide 

nanocrystals. Journal of the American Chemical Society, 2003. 125(36): p. 

11100. 

2. Mourdikoudis, S. and Liz-Marzan, L.M., Oleylamine in nanoparticle synthesis. 

Chemistry of Materials, 2013. 25(9): p. 1465. 

3. Larkin, P., Chapter 1 - Introduction: Infrared and Raman spectroscopy, in 

Infrared and Raman spectroscopy, P. Larkin, Editor. 2011, Elsevier: Oxford. p. 

1-5. 

4. Chapter 2 - Basic principles, in Infrared and Raman spectroscopy, P. Larkin, 

Editor. 2011, Elsevier: Oxford. p. 7-25. 

5. Zhu, J.X., Lu, Z.Y., Oo, M.O., Hng, H.H., Ma, J., Zhang, H., and Yan, Q.Y., 

Synergetic approach to achieve enhanced lithium ion storage performance in 

ternary phased SnO2-Fe2O3/rGO composite nanostructures. Journal of 

Materials Chemistry, 2011. 21(34): p. 12770. 

6. Zhu, X., Zhu, Y., Murali, S., Stoller, M.D., and Ruoff, R.S., Nanostructured 

reduced graphene oxide/Fe2O3 composite as a high-performance anode 

material for lithium ion batteries. ACS Nano, 2011. 5(4): p. 3333. 

7. Xu, C., Zeng, Y., Rui, X., Xiao, N., Zhu, J., Zhang, W., Chen, J., Liu, W., Tan, 

H., Hng, H.H., and Yan, Q., Controlled soft-template synthesis of ultrathin 

C@FeS nanosheets with high-Li-storage performance. Acs Nano, 2012. 6(6): 

p. 4713. 

8. Liu, W.L., Rui, X.H., Tan, H.T., Xu, C., Yan, Q.Y., and Hng, H.H., 

Solvothermal synthesis of pyrite FeS2 nanocubes and their superior high rate 

lithium storage properties. RSC Advances, 2014. 4(90): p. 48770. 

 

 

 

 



Experimental Methods                                                                          Chapter 3 
 

80 

 

 

 



Iron Sulfides and Their Lithium Storage Properties                                     Chapter 4 
 

81 

 

Chapter 4  

 

Iron Sulfides and Their Lithium Storage Properties 

 

This chapter presents the results on the synthesis of iron sulfides via a 

solution-based chemical synthesis method (procedures detailed in Section 

3.1.1). The phase, purity, size and morphology of the as-synthesized 

powders were characterized using X-ray diffraction, field emission 

scanning electron microscopy, transmission electron microscopy and 

Raman spectroscopy. The effect of the molar ratio between the iron and 

sulfur (Fe:S) precursors on the phase and morphology of the as-

synthesized products is investigated and discussed in this chapter. The 

effect of the iron to sulfur stoichiometric ratio of the as-synthesized iron 

sulfides on their lithium storage properties was also studied and presented 

in this chapter. It was found that pyrite FeS2 exhibits better lithium storage 

capability than pyrrhotite Fe1-xS when cycled between 0.001 – 3 V and this 

observation can be attributed to: (1) the lower polarization, better electron 

and Li+ ion transport at the interface between the active material and 

electrolyte at the pyrite FeS2 electrode than the pyrrhotite Fe1-xS electrode 

and (2) the reversible lithiation and delithiation of iron sulfide (FeSy) 

during the galvanostatic cycling of the pyrite FeS2 electrode. 
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4.1 Synthesis and Characterization of Iron Sulfide Particles  

 

 

To obtain pure phases of the different iron sulfide compounds, four different pots of 

reaction were carried out with all parameters kept constant except for the molar ratio 

between the anhydrous FeCl2 and S powder precursors used for the reaction. The 

experimental parameters and procedures were detailed in Section 3.1.1, where the 

powder synthesized with an Fe:S precursor molar ratio of 1:1, 1:2, 1:4 and 1:6 are 

labelled as Fe-S_1, Fe-S_2, Fe-S_4 and Fe-S_6 respectively. Thereafter, the as-

synthesized powders were characterized using various techniques. 

 

X-ray diffraction (XRD) was performed on the as-synthesized powders to determine 

their phase, crystal structure and purity, and the XRD patterns collected for Fe-S_1, Fe-

S_2, Fe-S_4 and Fe-S_6 are displayed in Figure 4.1. It can be observed that these 

patterns have sharp and well-defined diffraction peaks, suggesting the good 

crystallinity of all four samples even without any post-annealing. XRD also shows that 

the sample synthesized with an Fe:S precursor molar ratio of 1:1 (Fe-S_1) has a 

hexagonal iron pyrrhotite (Fe1-xS, where 0 ≤ x ≤ 0.2) phase with lattice parameters, a =  

6.9 Å and c = 28.7 Å (JCPDS 029-0724), while that synthesized with an Fe:S precursor 

molar ratio of 1:6 (Fe-S_6) has a cubic iron pyrite (FeS2) phase with lattice parameter, 

a = 5.4 Å (JCPDS 042-1340). No impurity peak was observed in both XRD patterns, 

indicating the good purity of the as-synthesized Fe-S_1 and Fe-S_6 samples. From 

Figure 4.1, it can be seen that Fe-S_4 displayed a similar XRD pattern as that for Fe-

S_6, indicating that these two samples have the same phase and that the sample 

synthesized with an Fe:S precursor molar ratio of 1:4 also consists of pyrite FeS2 

(JCPDS 042-1340) particles. It is also observed that the XRD pattern of Fe-S_4 have 

fewer diffraction peaks than that of Fe-S_6, suggesting that Fe-S_6 could have a better 

crystallinity than Fe-S_4. The diffraction peaks in the XRD pattern of Fe-S_2 (Figure 

4.1) can be matched to that of two crystal structures – a hexagonal pyrrhotite Fe1-xS 

(JCPDS 029-0724) and a cubic greigite Fe3S4 (JCPDS 016-0713), indicating that this 

sample consists of a mixture of two different iron sulfide phases.  
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Figure 4.1: XRD patterns of Fe-S_1, Fe-S_2, Fe-S_4 and Fe-S_6. 

 

 

As mentioned in Section 2.4.1, iron sulfide has many different phases such as FeS, 

Fe3S4, Fe7S8, Fe1-xS, marcasite FeS2 and pyrite FeS2, each with a different iron to sulfur 
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stoichiometric ratio and atomic arrangement. The XRD patterns for these various 

phases have numerous overlaying diffraction peaks, making it extremely challenging 

to differentiate the diffraction peak for one phase from that of the other phase, 

particularly when the impurity phase is present in infinitesimal amount with only a few 

low-intensity peaks in the diffraction pattern. Furthermore, XRD is only good for the 

identification of crystalline phase and is unable to distinguish between amorphous 

phases. Raman spectroscopy, a technique that probes the chemical bonding between the 

atoms in a compound, has the capability to discriminate between the different phases 

of iron sulfides such as pyrite FeS2, marcasite FeS2 and FeS, even when the phases 

present are amorphous in nature. [1-3] Therefore, this technique is employed to further 

verify the phase purity of the as-synthesized powders.   

 

 

 

Figure 4.2: Raman spectra of Fe-S_1, Fe-S_2, Fe-S_4 and Fe-S_6 

 

 
Figure 4.2 depicts the Raman spectra of the powders synthesized with an Fe:S precursor 

molar ratio of 1:1 (Fe-S_1), 1:2 (Fe-S_2), 1:4 (Fe-S_4) and 1:6 (Fe-S_6). It can be seen 

from the Raman spectrum of Fe-S_6 that there are only two obvious peaks in the 
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wavenumber range of 300 – 400 cm-1. This characteristic two-peak spectrum indicates 

the existence of sulfur-sulfur (S-S) bond in the sample. [3, 4] The position of these 

peaks match well with that reported in literatures for pyrite iron sulfide (339 cm-1 and 

378 cm-1), with the peak at 340 cm-1 resulting from the translation of the S atoms along 

the direction perpendicular to the S-S bond axis (Eg mode) and that at 379 cm-1 caused 

by the in-phase stretching of the S2 dumbbells (Ag mode) in the iron pyrite crystal. [5-

7] A small peak is also observed at 426 cm-1 which corresponds to the Raman-active Tg 

mode of the iron pyrite crystal caused by several librational, stretching or their 

combination. [8, 9] Both FeS and marcasite FeS2 are not present in Fe-S_6 as evidenced 

by the absence of Raman peaks at 214 cm-1 and 282 cm-1 for the FeS phase and at 324 

cm-1 and 387 cm-1 for the marcasite FeS2 phase. [2, 10] This further confirmed the phase 

purity of the powder synthesized with an Fe:S precursor molar ratio of 1:6 (Fe-S_6). A 

Raman spectrum similar to that of Fe-S_6 was observed for Fe-S_4, which is in 

consistent with their XRD results presented in Figure 4.1 where both samples are 

determined to have the same pyrite FeS2 phase. 

 

It can also be seen from Figure 4.2 that there is no obvious peak in the Raman spectrum 

of Fe-S_1, indicating the absence of iron sulfide compounds with Raman-active species 

like pyrite FeS2, marcasite FeS2 and FeS in this sample. From the XRD pattern of Fe-

S_1 (Figure 4.1), it can be seen that this sample has an iron pyrrhotite (Fe1-xS) phase 

and this phase is known to have two polymorphs, namely, hexagonal and monoclinic 

structure. By using factor group analysis, Mernagh and Trudu predicted that the 

vibrational modes in both polymorphs are not Raman-active if their crystal structures 

are ideal and, from their experimental results, no first and second order spectra were 

observed from the Raman analysis of both materials. [10] Although Raman peaks were 

observed in the spectrum of some pyrrhotite (Fe1-xS where 0 ≤ x ≤ 0.2) samples like 

that reported by Breier et al., it is believed that these peaks (377 cm-1, 471 cm-1 and 676 

cm-1) could be the result when sample deviates from ideal pyrrhotite structure since the 

peaks that Breier et al obtained, though similar to that reported by Battaglia et al. (373 

cm-1 and 465 cm-1), is not very consistent and repeatable. [3, 11] Furthermore, these 

peak positions also differ from that reported by Bi et al. for the pyrrhotite Fe1-xS sample 

used in their study (292 cm-1 and 354 cm-1). [7]  
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From the XRD pattern of Fe-S_2, it is determined that this sample consists of a mixture 

of pyrrhotite Fe1-xS and greigite Fe3S4 phases. As Fe3S4 has low metastability and is 

unstable even in argon atmosphere at temperatures above 240 ˚C, it is difficult to detect 

Fe3S4 in the Raman spectrum especially under ambient environment. [12-14] Instead, 

Raman peaks corresponding to that observed for Fe3O4 phase is commonly detected 

when Fe3S4 is subjected to Raman spectroscopy measurement in air due to an oxidation 

of Fe3S4 to Fe3O4 under laser illumination. [14, 15] Hence, two very weak peaks (223 

cm-1 and 295 cm-1) which can be assigned to the T2g(3) and Eg modes of Fe3O4 and no 

Raman peaks related to Fe3S4 phase are observed in the Raman spectrum of Fe-S_2 

(Figure 4.2).  

 

 

 

 

Figure 4.3: HRTEM images of (A) Fe-S_1 and (B) Fe-S_6. 

 

 

High resolution transmission electron microscopy (HRTEM) were used to examine the 

crystallographic structure of the as-synthesized particles and the HRTEM images of Fe-

S_1 and Fe-S_6 are presented in Figure 4.3. The HRTEM images show obvious and 

well-aligned lattice fringes for both samples, revealing their good crystallinity. From 

the HRTEM image of Fe-S_1 (Figure 4.3A), a spacing of 5.50 Å can be measured 

between two adjacent fringes on the face of the particle and this spacing matches well 

to the lattice spacing in the (1 0 2) plane of pyrrhotite Fe1-xS, providing consistent result 
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as the XRD analysis for Fe-S_1. A distance of 2.70 Å can be measured between two 

adjacent fringes in the HRTEM image of Fe-S_6, which is similar to the lattice spacing 

in the (2 0 0) plane of a cubic pyrite FeS2 crystal, affirming the phase of this sample. 

 

 

 

 

Figure 4.4: FESEM images of (A) Fe-S_1, (B) Fe-S_2, (C) Fe-S_4 and (D) Fe-S_6. 

 

 

Field emission scanning electron microscopy (FESEM) was used to study the particle 

size and morphology of the four samples and their changes when the molar ratio 

between the iron and sulfur precursors was varied. Figure 4.4 shows the FESEM images 

of Fe-S_1, Fe-S_2, Fe-S_4 and Fe-S_6. From the FESEM image (Figure 4.4A), it can 

be seen that the sample synthesized with an Fe:S precursor molar ratio of 1:1 has a wide 

particle size distribution, with particles sizes ranging from about 80 nm to 300 nm. 

When the molar ratio between the iron and sulfur precursors is increased to 1:2, the 

particle size distribution is increased to a wider range of 100 – 700 nm (Figure 4.4B). 
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Fe-S_4 and Fe-S_6 consists of granular particles with sizes of around 80 nm and 100 

nm respectively, as illustrated in Figure 4.4. 

 

 

4.2 Effect of Iron to Sulfur Precursor Molar Ratio on the Synthesized Iron 

Sulfide Phase 

 

 

In its normal state, sulfur exists as cycloocta-S (S8) rings and is unable to react directly 

with FeCl2 to form iron sulfide. [16, 17] However, it is well-known that amines can be 

used to activate elemental sulfur, thereby increasing its reactivity and enabling it to 

react with metal ions. [18-20] In fact, sulfur-amine solution formed by dissolving sulfur 

powder in amine, especially primary amine with long alkyl chain like oleylamine, is 

the precursor of choice for many bottom-up synthesis of metal sulfides. [21-23] Hence, 

oleylamine is being used in the reactions in this thesis, where it functioned as a solvent, 

a surfactant and, at the same time, a reducing agent. [24, 25] At low temperatures such 

as room temperature, sulfur exists mainly as alkylammonium polysulfides in 

oleylamine solution. [26, 27] Upon heating to high temperatures i.e. 220 °C, the 

hydrogen sulfide (H2S), produced by the reaction of these polysulfide ions with the 

excess amine in the solution, can react with the Fe2+ ions from the metal precursor salt 

to form iron sulfides. [27] 

 

 

Scheme 4.1: Proposed reaction pathway for the formation of pyrite iron sulfide from 

anhydrous iron chloride and elemental sulfur in oleylamine at elevated temperature. 
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Scheme 4.1 shows a proposed reaction pathway for the formation of pyrite FeS2 from 

FeCl2 and elemental S precursors based on literature and the experimental results 

obtained in this thesis. [28-30] From the XRD (Figure 4.1) and Raman characterization 

(Figure 4.2), it was found that pure pyrrhotite Fe1-xS (at% Fe : S = 1 : 1 – 1.25) powder 

is obtained when equal molar ratio of anhydrous FeCl2 and elemental S were used as 

the starting materials in the synthesis. This is in good agreement with the reaction 

mechanism reported by Liu and co-workers, where it was found that anhydrous FeCl2 

and elemental S first reacted to form Fe1-xS before forming pyrite FeS2 via solvothermal 

reaction with oleylamine as the solvent. [30] Hunger and Benning studied the 

hydrothermal reaction between ammonium iron(II) sulfate hexahydrate 

((NH4)2Fe(SO4)2 • 6H2O) and elemental S, showing that this reaction proceeds with the 

formation of FeS to Fe3S4 and, finally, pyrite FeS2 when there is an excess of elemental 

sulfur in the reaction mixture. [29] Under sulfur-limiting condition, a mixture of FeS, 

Fe3S4 and pyrite FeS2 is obtained instead of pure pyrite FeS2. [29] Similarly, in this 

thesis, it is observed that some of the Fe1-xS reacts with the remaining Fe2+ ions and 

excess S (present as polysulfide ions or H2S) in the reaction mixture to form greigite 

Fe3S4 (at% Fe : S = 1 : 1.33) upon adding more S powder. Hence, when the molar ratio 

between the FeCl2 and S precursors is increased to 1:2, the product obtained is a mixture 

of two phases – pyrrhotite Fe1-xS and greigite Fe3S4. In fact, Fe3S4 was observed to form 

as an intermediate product in many synthesis of pyrite FeS2. [28, 31] Pyrite FeS2 (at% 

Fe : S = 1 : 2) is only formed when the molar ratio of the precursors is increased to more 

than 1:4. This is in good agreement with the findings by Kar et al. who subjected FeCl3 

and Na2S to a wet chemical reaction in de-ionized water followed by annealing in argon 

environment, and observed an increase in the amount of pyrite FeS2 phase and a 

decrease in the amount of pyrrhotite Fe1-xS phase in the synthesized powder when the 

molar ratio between the iron and sulfur precursors is increased from 1:2 to 1:4. [32] 

From the experiments, it was found that iron sulfides such as Fe1-xS, FeS, Fe3S4, FeS2 

or a mixture of them will be formed under sulfur-limiting conditions i.e an Fe:S 

precursor molar ratio of 1:1 or 1:2. Pure pyrite FeS2 phase can only be formed when 

excess S is present in the reaction mixture i.e. an Fe:S precursor molar ratio of 1:4 or 

1:6.  
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4.3 Electrochemical Properties 

 

 

A series of electrochemical characterization was carried out according to the half-cell 

configuration described in Section 3.3.1 to examine the lithium storage properties of 

the as-synthesized pyrrhotite Fe1-xS (Fe-S_1) and pyrite FeS2 (Fe-S_6). These two 

samples were chosen for the study because of their good purity which allows better 

comparison on the effect of how the number of sulfide ion in the stoichiometry of an 

iron sulfide compound i.e. Fe:S = 1:1 (FeS) or 1:2 (FeS2) affects its lithium storage 

properties. It should be mentioned that care was taken to ensure that the two iron sulfide 

compounds were synthesized using the same precursors and surfactant to eliminate any 

possible effect due to the remaining surfactant on the as-synthesized particles. The fact 

that the synthesized Fe1-xS and FeS2 particles do not have any fanciful morphologies 

eradicated the possible effect of particle morphology on the lithium storage 

performance of the two iron sulfide samples. To study the cycling performance of the 

as-synthesized iron sulfides, the assembled cells were cycled galvanostatically between 

0.001 and 3 V (vs. Li/Li +) at various current densities. Plots of the capacity of the 

working electrode against the cycle number for the cells cycled at various current 

densities are depicted in Figure 4.5 and Figure 4.6. 

 

It can be seen from Figure 4.5 and Figure 4.6A that Fe-S_1 exhibits high initial 

discharge capacity of 958 mA h g-1, 1127 mA h g-1 and 1072 mA h g-1 when cycled at 

a current density of 0.1 A g-1, 0.5 A g-1 and 1 A g-1 respectively, and these high initial 

discharge capacities exceed the theoretical capacity of 609 mA h g-1 for Fe1-xS phase. 

[33] Such phenomenon where the discharge capacity of an electrode material exceeds 

its theoretical capacity, especially for the first cycle, has been observed for numerous 

material systems from insertion-typed anodic material like carbon, to alloying-typed 

anodic material like tin-antimony, and conversion-typed anodic material like cobalt 

oxide. [34-37] This additional lithium storage capacity has been widely accredited to 

the formation of a gel-like film, commonly known as the solid/electrolyte interphase 

(SEI) layer, on the surface of an electrode in a lithium ion battery made with alkyl 

carbonate-based electrolyte. [37] Fe-S_6 is observed to display similar phenomenon 

where its initial discharge capacities are higher than the theoretical capacity of FeS2 
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Figure 4.5: Cycling performance of the Fe-S_1 and Fe-S_6 electrodes at a current density of 

(A) 0.1 A g-1 and (B) 0.5 A g-1 between 0.001 and 3 V (vs. Li/Li +). Fe-S_1 – D, Fe-S_1 – C 

and Fe-S_1 – E refers to the discharge and charge capacities and coulombic efficiency of Fe-

S_1 respectively, while Fe-S_6 – D, Fe-S_6 – C and Fe-S_6 – E refers to the discharge and 

charge capacities and coulombic efficiency of Fe-S_6 correspondingly. 
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Figure 4.6: Cycling performance of the Fe-S_1 and Fe-S_6 electrodes at a current density of 

(A) 1 A g-1 and (B) 5 A g-1 between 0.001 and 3 V (vs. Li/Li +). Fe-S_1 – D, Fe-S_1 – C and 

Fe-S_1 – E refers to the discharge and charge capacities and coulombic efficiency of Fe-S_1 

respectively, while Fe-S_6 – D, Fe-S_6 – C and Fe-S_6 – E refers to the discharge and charge 

capacities and coulombic efficiency of Fe-S_6 correspondingly. 
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 (890 mA h g-1) when cycled at a current density of 0.1 A g-1, 0.5 A g-1 and 1 A g-1. 

(Figure 4.5 and Figure 4.6A). 

 

From Figure 4.5A, it can be seen that, when cycled at a current density of 0.1 A g-1, the 

discharge capacity of Fe-S_1 experienced a huge drop from 958 mA h g-1 (1st cycle) to 

761 mA h g-1 (2nd cycle) and slowly reduces to 677 mA h g-1 (5th cycle), retaining 79% 

and 71% of its initial discharge capacity respectively. The discharge capacity of Fe-S_1 

remains fairly constant from the 5th (677 mA h g-1) to the 25th cycle (697 mA h g-1), 

thereafter it slowly increases to reach a value of 927 mA h g-1 at its 50th cycle, which is 

about 95% of its initial discharge capacity. This increase in capacity during the cycling 

of a working electrode has been observed in several literatures and was being attributed 

to an activation process. [38-42] It was also observed from Figure 4.5A that the 

discharge capacity of Fe-S_6 decreased by 32% from its initial capacity of 1199 mA h 

g-1 (1st cycle) to reach a discharge capacity of 810 mA h g-1 for the 2nd cycle when 

cycled at a current density of 0.1 A g-1. From the 2nd cycle to the 50th cycle, Fe-S_6 

exhibits a stable cycling performance where its discharge capacity is in the range of 810 

mA h g-1 ± 5% i.e. 770 – 850 mA h g-1. After 50 charge-discharge cycles, Fe-S_6 

delivered a discharge capacity of 833 mA h g-1, retaining 69% of its initial discharge 

capacity.  

 

In its first cycle when cycled at 0.1 A g-1, Fe1-xS attained a discharge capacity of 958 

mA h g-1, a charge capacity of 724 mA h g-1 and, hence, a coulombic efficiency of 

75.6%. This low initial coulombic efficiency of is a result of the irreversible formation 

of an SEI layer. At the second cycle, the Fe1-xS electrode exhibited a discharge capacity 

of 761 mA h g-1, a charge capacity of 682 mA h g-1 and a high coulombic efficiency of 

89.6 %. From the second to the 50th cycle, the Fe1-xS electrode achieved an average 

coulombic efficiency of about 97.7% when cycled at a current density of 0.1 A g-1 

(Figure 4.5A). On the other hand, FeS2 displayed an initial discharge capacity of 1199 

mA h g-1, an initial charge capacity of 798 mA h g-1 and an initial coulombic efficiency 

of 66.5% when cycled at 0.1 A g-1. At its second cycle, a discharge capacity of 810 mA 

h g-1, charge capacity of 770 mA h g-1 and high coulombic efficiency of 95.1% is 

achieved by the FeS2 electrode. From the second to the 50th cycle, the FeS2 electrode 
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exhibited an average coulombic efficiency of about 99.1% when cycled at a current 

density of 0.1 A g-1. 

 

Figure 4.5B shows the capacity of Fe-S_1 and Fe-S_6 against the cycle number when 

the cells are cycled at a current density of 0.5 A g-1. It can be seen from the plot that Fe-

S_1 has an initial discharge capacity of 1127 mA h g-1, which drops to 800 mA h g-1 in 

the 2nd cycle. Following, the discharge capacity of Fe-S_1 slowly decreases from 779 

mA h g-1 (3rd cycle) to 658 mA h g-1 (10th cycle) and remains fairly constant till the 50th 

cycle. At the 50th cycle, Fe-S_1 delivered a reversible capacity of 688 mA h g-1, 

retaining more than 60% of its initial capacity. From Figure 4.5B, Fe-S_6 is also 

observed to demonstrate good cycling performance when cycled at a current density of 

0.5 A g-1. It delivered an initial discharge capacity of 1021 mA h g-1 and, at the second 

cycle, attained a discharge capacity of 768 mA h g-1, which is 75% of its initial capacity. 

Upon further cycling, Fe-S_6 exhibits a discharge capacity of around 730 mA h g-1 up 

to the 50th cycle. At the 50th cycle, it achieved a discharge capacity of 744 mA h g-1, 

retaining 73% of its initial discharge capacity at the 50th cycle.  

 

From Figure 4.5B, it can be seen that Fe1-xS attained a discharge capacity of 1127 mA 

h g-1, charge capacity of 788 mA h g-1 and, therefore, a coulombic efficiency of 70.0% 

in its first cycle when cycled at 0.5 A g-1. At the second cycle, this electrode exhibited 

a discharge capacity of 800 mA h g-1, charge capacity of 730 mA h g-1 and a high 

coulombic efficiency of 91.3%. From the second to the 50th cycle, the Fe1-xS electrode 

achieved an average coulombic efficiency of about 98.8% when cycled at a current 

density of 0.5 A g-1. As shown in Figure 4.5B, FeS2 displayed an initial discharge 

capacity of 1021 mA h g-1, charge capacity of 735 mA h g-1 and coulombic efficiency 

of 72.0% when cycled at 0.5 A g-1. At its second cycle, a discharge and charge capacity 

of 768 mA h g-1 and 719 mA h g-1 and high coulombic efficiency of 93.6% is achieved 

by the FeS2 electrode. From the second to the 50th cycle, the FeS2 electrode displayed 

an average coulombic efficiency as high as 99.9% when cycled at a current density of 

0.5 A g-1. 

 

To study the cycling capability of pyrrhotite Fe1-xS (Fe-S_1) and pyrite FeS2 (Fe-S_6) 

at fast rates, the battery cells were subjected to galvanostatic charging and discharging 
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at a higher current density of 1 A g-1 and the results are presented in Figure 4.6A. It can 

be seen that Fe-S_1 delivered a discharge capacity of 1072 mA h g-1 and 799 mA h g-1 

for the first and second cycle respectively, exhibiting an irreversible capacity of 273 

mA h g-1. The discharge capacity of this sample slowly decreases to a value of 608 mA 

h g-1 at the 30th cycle and starts to increase gradually. Eventually, Fe-S_1 delivered a 

discharge capacity of 784 mA h g-1 at the 100th cycle, retaining 73% of its initial 

discharge capacity. As shown in Figure 4.6A, Fe-S_6 also demonstrated good cycling 

performance, with an initial discharge capacity of 1007 mA h g-1 and a discharge 

capacity of 749 mA h g-1 at the second cycle, corresponding to an irreversible capacity 

of 258 mA h g-1. The discharge capacity of this sample remains fairly constant from the 

2nd to the 100th cycle, with a difference of less than 65 mA h g-1 between the maximum 

and minimum discharge capacity value. After undergoing 100 charging-discharging 

cycles, Fe-S_6 delivered a discharge capacity of 775 mA h g-1, keeping 77% of its initial 

discharge capacity.  

 

When cycled at 1 A g-1, Fe1-xS attained a discharge capacity of 1072 mA h g-1, charge 

capacity of 766 mA h g-1 and coulombic efficiency of 71.4% in its first cycle. A 

discharge capacity of 799 mA h g-1, charge capacity of 719 mA h g-1 and coulombic 

efficiency of 89.9% was exhibited at its second cycle. From the second to the 100th 

cycle, the Fe1-xS electrode achieved an average coulombic efficiency of about 97.7% 

when cycled at a current density of 1 A g-1. From Figure 4.6A, it can be seen that the 

FeS2 displayed an initial discharge capacity of 1007 mA h g-1, charge capacity of 701 

mA h g-1 and coulombic efficiency of 69.6% when cycled at 1 A g-1. At its second cycle, 

a discharge and charge capacity of 749 mA h g-1 and 691 mA h g-1 and high coulombic 

efficiency of 92.2% was achieved. From the second to the 100th cycle, the FeS2 

electrode obtained an average coulombic efficiency of 99.1% when cycled at a current 

density of 1 A g-1. 

 

Fe-S_1 and Fe-S_6 were also examined for their cycling performance at a high current 

density of 5 A g-1 and the results are presented in Figure 4.6B. It can be seen from the 

figure that Fe-S_1 has a discharge capacity of 746 mA h g-1 and 515 mA h g-1 for the 

first and second cycle, exhibiting an irreversible capacity of 231 mA h g-1. The 

discharge capacity of this sample gradually drops to 200 mA h g-1 at the 50th cycle and 

stabilizes around this value up to the 100th cycle. At the 100th cycle, Fe-S_1 displayed 
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a discharge capacity of 207 mA h g-1, retaining 28% of its initial discharge capacity. As 

presented in Figure 4.6B, Fe-S_6 displayed a better cycling performance than Fe-S_1, 

with an initial discharge capacity of 852 mAhg-1 and a discharge capacity of 432 mA h 

g-1 at the second cycle, which corresponds to a large irreversible capacity of 420 mA h 

g-1. From the 3rd to the 100th cycle, this sample delivered a fairly stable discharge 

capacity that averages around 380 mA h g-1. After 100 cycles, Fe-S_6 retained 50% of 

its initial discharge capacity, exhibiting a discharge capacity of 429 mA h g-1. 

 

As observed in Figure 4.6B, Fe1-xS displayed a discharge capacity of 746 mA h g-1, 

charge capacity of 511 mA h g-1 and, hence, a coulombic efficiency of 68.5% in its first 

cycle when cycled at a high current density of 5 A g-1. At the second cycle, this electrode 

exhibited a discharge capacity of 515 mA h g-1, charge capacity of 447 mA h g-1 and a 

coulombic efficiency of 86.8%. From the second to the 100th cycle, the Fe1-xS electrode 

achieved an average coulombic efficiency of about 98.1% when cycled at a current 

density of 5 A g-1. On the other hand, FeS2 is observed to exhibit an initial discharge 

capacity of 852 mA h g-1, charge capacity of 425 mA h g-1 and a low coulombic 

efficiency of 49.9% when cycled at 5 A g-1. A discharge and charge capacity of 432 

mA h g-1 and 406 mA h g-1 and high coulombic efficiency of 93.9% is achieved by the 

FeS2 electrode at its second cycle. From the second to the 100th cycle, the FeS2 electrode 

displayed a high average coulombic efficiency of 99.3% when cycled at a current 

density of 5 A g-1. 

 

Table 4.1 shows a summary of the battery cycling performance of pyrrhotite Fe1-xS and 

pyrite FeS2 at various current densities. It can be seen from the table that both the iron 

sulfide samples exhibit good performance when cycled at low to slightly high current 

densities of 0.1 A g-1, 0.5 A g-1 and 1 A g-1, obtaining a discharge capacity of above 598 

mA h g-1 for pyrrhotite Fe1-xS and above 712 mA h g-1 for pyrite FeS2 for the first 50 

cycles. When cycled at a high current density of 5 A g-1, pyrrhotite Fe1-xS and pyrite 

FeS2 displayed good cycling stability but the discharge capacity is not particularly high. 

At the 100th cycle, pyrrhotite Fe1-xS only delivered a discharge capacity of 207 mA h g-

1 while pyrite FeS2 delivered a discharge capacity of 429 mA h g-1.  

 

As seen from Table 4.1, pyrite FeS2 exhibit better lithium storage capability than 

pyrrhotite Fe1-xS. For the first 50 cycles, pyrite FeS2 achieved a discharge capacity of 
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at least 773 mA h g-1, 722 mA h g-1, 712 mA h g-1 and 339 mA h g-1 when cycled at a 

current density of 0.1 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 respectively. On the other 

hand, pyrrhotite Fe1-xS attained a lower minimum discharge capacity of 627 mA h g-1, 

636 mA h g-1, 598 mA h g-1 and 210 mA h g-1 for the first 50 cycles when cycled at a 

current density of 0.1 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 correspondingly.  

 

 

Table 4.1: Summary of cycling performance of pyrrhotite Fe1-xS and pyrite FeS2 at various 

current densities. 
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From Table 4.1, it can be observed that pyrite FeS2 exhibits better cycling stability than 

pyrrhotite Fe1-xS when cycled at higher current densities. When cycled at a current 

density of 0.5 A g-1, pyrite FeS2 retained 73% of its initial discharge capacity at the 50th 

cycle while pyrrhotite Fe1-xS only retained 61%. At a current density of 1 A g-1, pyrite 

FeS2 preserved 76% and 77% of its initial discharge capacity at the 50th and 100th cycle 

respectively while pyrrhotite Fe1-xS only managed to maintain 58% and 73% of its 

initial discharge capacity at the 50th and 100th cycle correspondingly. Even when the 

current density is increased to 5 A g-1, pyrite FeS2 still retained 44% and 50% of its 

initial discharge capacity at the 50th and 100th cycle respectively whereas pyrrhotite  

Fe1-xS only retained 28% of its initial discharge capacity at both the 50th and 100th cycle. 

Although it can be seen from Table 4.1 that pyrrhotite Fe1-xS retained a higher 

percentage (93%) of its initial discharge capacity than pyrite FeS2 (69%) at the 50th 

cycle, it is not difficult to observe from Figure 4.5A that pyrite FeS2 exhibits a more 

stable cycling performance with the discharge capacity in the range of 810 mA h g-1 ± 

5% for the 2nd to the 50th cycle. On the other hand, pyrrhotite Fe1-xS displayed a larger 

difference with the discharge capacity in the range of 758 mA h g-1 ± 18% for the 2nd 

to the 50th cycle.  

 

To make lithium ion batteries that have high power and can undergo fast charging, it is 

essential for the electrode to have good rate capability. Hence, the cycling performance 

of the two iron sulfide electrodes at numerous current densities were examined and the 

results are depicted in Figure 4.7. From this figure, it can be seen that the pyrrhotite 

Fe1-xS electrode (Fe-S_1) exhibits fairly good cycling performance when cycled at 

varying current densities in a voltage window of 0.001 – 3 V. When subjected to 

galvanostatic cycling at a current density 0.1 A g-1, 0.2 A g-1, 0.5 A g-1, 1 A g-1, 0.2 A 

g-1, and 5 A g-1, the pyrrhotite Fe1-xS electrode acheived a discharge capacity of around 

660 mA h g-1, 660 mA h g-1, 640 mA h g-1, 600 mA h g-1, 570 mA h g-1 and 200 mA h 

g-1 respectively. Pyrite FeS2 (Fe-S_6), on the other hand, demonstrated an even better 

cycling performance than the pyrrhotite Fe1-xS electrode, where it attained a discharge 

capacity of approximately 800 mA h g-1, 740 mA h g-1, 730 mA h g-1, 730 mA h g-1, 

730 mA h g-1 and 390 mA h g-1 when charged and discharged at a current density 0.1 

A g-1, 0.2 A g-1, 0.5 A g-1, 1 A g-1, 2 A g-1, and 5 A g-1 correspondingly. It is obvious 

from Figure 4.7 that pyrite FeS2 has a better lithium storage performance than pyrrhotite 
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Fe1-xS when subjected to galvanostatic charging and discharging at varying current 

densities from 0.1 – 5 A g-1. 

 

 

 

 

Figure 4.7: Cycling performance of the Fe-S_1 and Fe-S_6 electrodes at various current 

densities between 0.001 and 3 V (vs. Li/Li +). 

 

 

To gain an insight into why pyrite FeS2 exhibits better lithium storage performance i.e. 

higher capacity and superior cycling stability than pyrrhotite Fe1-xS, it is essential to 

understand the reaction between lithium ions and these two iron sulfide electrodes 

during cycling. Hence, the galvanostatic discharge (Li ion insertion) and charge (Li ion 

extraction) voltage profiles for both electrodes when cycled between 0.001 and 3 V (vs. 

Li/Li +) at a low current density of 0.1 A g-1 is plotted and depicted in Figure 4.8. Cyclic 

voltammetry (CV) of the pyrrhotite Fe1-xS and pyrite FeS2 electrodes (Figure 4.9) were 

also performed under ambient temperature in a voltage window of 0.001 – 3 V (vs. 

Li/Li +) and at a scan rate of 0.2 mV s-1 to understand the reaction between the Li+ ions 

and the iron sulfide electrodes during lithiation and delithiation process.   
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From Figure 4.8, it can be seen that, when cycled at 0.1 A g-1 in the voltage window of 

0.001 – 3 V (vs. Li/Li +), there is only one long plateau at 1.34 V for pyrrhotite Fe1-xS 

and at 1.49 V for pyrite FeS2 in the first cycle galvanostatic discharge curve. This single 

flat plateau is assigned to a couple of reactions involving the reduction of iron sulfide 

into iron, lithium sulfide and lithium-rich phases, suggesting that these reactions could 

have occurred simultaneously due to the slow diffusion of Li+ into the iron sulfides at 

ambient temperature i.e. ≤ 30 °C. [43-46] For the pyrrhotite Fe1-xS electrode, only one 

plateau (≈ 1.82 V) that is associated to the oxidation of Fe to Li2-xFeS2 (0 ≤ x < 0.8) is 

observed in its first cycle charge curve. [33, 46] On the other hand, pyrite FeS2 exhibits 

two platforms at around 1.82 V and 2.48 V in its first cycle charge curve, which are 

ascribed to the formation of Li2-xFeS2 (0 ≤ x < 0.8), FeSy, Li and S.  [43, 47] It is 

observed from Figure 4.8 that, unlike the first cycle where they only have one discharge 

plateau, both pyrrhotite Fe1-xS and pyrite FeS2 have two discharge platforms in their 

second cycle, indicating that these two electrodes undergo a change in their lithium 

storage mechanism. From the 2nd to the 50th cycle, the two iron sulfide electrodes 

exhibit similar discharge profiles, suggesting that they undergo similar reactions during 

discharging. There is no or little change in the electrode reaction for both iron sulfides 

during charging as implied by the similar charge profile as that for their respective 

initial charging process. It is well-known that polarization in LIB can occur due to a 

delay in the transfer of lithium ions and electrons at the interface between the active 

material and electrolyte. [30, 44] From the voltage difference between the discharge 

and charge plateaus in the voltage profiles for the two iron sulfide electrodes (Figure 

4.8), it can be seen that the pyrite FeS2 electrode has a lower polarization and, therefore, 

a better electron and Li+ ion transport at the interface between the active material and 

electrolyte than the pyrrhotite Fe1-xS electrode.  
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Figure 4.8: Galvanostatic charge/discharge voltage profiles of the (A) Fe-S_1 and (B) Fe-S_6 

electrodes when cycled at a current density of 0.1 A g-1 between 0.001 and 3 V (vs. Li/Li +). 
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Figure 4.9: Cyclic voltammetry of (A) Fe-S_1 and (B) Fe-S_6 electrode recorded under 

ambient temperature in the voltage range of 0.001 – 3 V (vs. Li/Li +) at a constant scan rate of 

0.2 mV s-1. 

 

 

 

 

 Equation 4.1 
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 Equation 4.2 

 

 

Figure 4.9 shows the CV curve for the first five cycles of the pyrrhotite Fe1-xS and pyrite 

FeS2 electrodes performed under ambient temperature in a voltage window of 0.001 – 

3 V (vs. Li/Li +) and at a scan rate of 0.2 mV s-1. From Figure 4.9A, it can be seen that 

there are three reduction peaks in the first cycle CV of the pyrrhotite Fe1-xS electrode. 

The peaks centred at 1.58 V and 1.18 V are attributed to the lithiation of pyrrhotite    

Fe1-xS according to the reactions stated in Equation 4.1 and Equation 4.2 respectively, 

while that at around 0.58 V is mainly ascribed to the formation of a polymeric 

solid/electrolyte interphase (SEI) layer on the surface of the electrode. [48-51] A sharp 

oxidation peak at around 1.91 V, which can be associated to the delithiation process to 

form Li2-xFeS2 where 0 ≤ x < 0.8 (Equation 4.3 and Equation 4.4) and another at 2.36 

V which is attributed to the formation of FeSy (Equation 4.5) were also observed in the 

first cycle CV of the pyrrhotite Fe1-xS electrode. [33, 47] 

 

 

 

 

 Equation 4.3 

 

 

 

 Equation 4.4 

 

 

 

 Equation 4.5 
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From Figure 4.9B, a reduction peak at around 1.35 V can be observed in the first cycle 

CV for pyrite FeS2 which corresponds to the lithiation of pyrite FeS2 via an intercalation 

(Equation 4.6) and conversion (Equation 4.7) reaction. [52, 53] These initial lithiation 

reactions are similar to that for Fe1-xS and result in the same final products – Fe and 

Li 2S. The reduction peak at approximately 0.62 V in the first cycle CV for pyrite FeS2, 

like that at 0.58 V in the initial CV for Fe1-xS, is attributed to the formation of a 

polymeric SEI layer on the surface of the electrode. It was also observed that pyrite 

FeS2 undergoes a similar oxidation reaction as pyrrhotite Fe1-xS in the first cycle CV, 

with the oxidation peak at 1.91 V corresponding to the electrode reactions in Equation 

4.3 and Equation 4.4 to form Li2-xFeS2 where 0 ≤ x < 0.8, and that at 2.47 V attributed 

to the oxidation of Li2-xFeS2 to form FeSy (Equation 4.5). [43, 45] 

 

 

 

 

 Equation 4.6 

 

 

 

 Equation 4.7 

 

 

From the second cycle onwards, the subsequent CV curves for the pyrrhotite Fe1-xS and 

pyrite FeS2 electrodes shared several similar peaks (Figure 4.9). Both electrodes have 

a reduction peak in the range of 1.8 – 2.0 V which can be assigned to the lithiation of 

FeSy to form Li2FeS2 (Equation 4.8). [47]  A reduction peak at around 1.4 V is also 

present from the second to the fifth CV cycle for both iron sulfide electrodes, where it 

is associated to the lithiation of Li2-xFeS2 and Li2FeS2 to Fe and Li2S (Equation 4.9 and 

Equation 4.7). [30, 50, 52, 53] As with the first cycle CV, both pyrite FeS2 and 

pyrrhotite Fe1-xS have a sharp and obvious oxidation peak at around 1.9 V 

corresponding to the electrode reactions in Equation 4.3 and Equation 4.4 in their 

second to fifth CV cycles.  
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 Equation 4.8 

 

 

 

 Equation 4.9 

 

 

Besides the similarities, there are several differences between the electrode reactions 

for these two iron sulfides during galvanostatic discharging and charging cycling. For 

pyrrhotite Fe1-xS, there is a reduction peak present at around 0.7 V from its second to 

fifth CV cycles which is not observed in that for pyrite FeS2. This peak, though slightly 

shifted (by ≈ 0.12 V) compared to the reduction peak in its first cycle, is also essentially 

ascribed to the formation of the SEI layer. Another major difference between the CV 

curves for these two electrodes lies in the oxidation peak at approximately 2.4 V. As 

observed in Figure 4.9, this oxidation peak, which is linked to the formation of FeSy 

(Equation 4.5), is present in the first five CV cycles for the pyrite FeS2 electrode. 

However, for the pyrrhotite Fe1-xS electrode, the intensity of this peak is found to 

decrease largely from the first CV cycle to the second CV cycle and, eventually, it 

disappeared from the CV curve for the pyrrhotite Fe1-xS electrode from the third cycle 

onwards. In fact, the intensity of the peak (1.8 – 2.0 V) corresponding to the reduction 

of FeSy to form Li2FeS2 (Equation 4.8) is much smaller in the reduction scan for the 

pyrrhotite Fe1-xS electrode than for the pyrite FeS2 electrode. This shows that, while the 

lithiation (Equation 4.8) and delithiation (Equation 4.5) of iron sulfide (FeSy) is very 

reversible for the pyrite FeS2 electrode, this reaction is only reversible for the first two 

cycles of the pyrrhotite Fe1-xS electrode.  

 

From the galvanostatic cycling of the iron sulfide electrodes in Figure 4.5, Figure 4.6 

and Figure 4.7, it was found that pyrite FeS2 exhibits better lithium storage performance 

than pyrrhotite Fe1-xS. Since the nitrogen adsorption/desorption measurement shows 

that the two iron sulfide samples have similar surface area, where the Fe1-xS sample 
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have a Brunauer−Emmett−Teller (BET) surface area of 13.4 m2 g-1 and the FeS2 sample 

have a BET surface area of 14.2 m2 g-1 (Figure A.1), this difference in lithium storage 

performance should not be due to the difference in surface area between these two 

samples. From the analysis of the voltage profiles in Figure 4.8 and the CV curves in 

Figure 4.9, it can be seen that the two iron sulfide electrodes generally undergo similar 

electrode reactions during lithiation and delithiation. However, it can be seen from the 

CV curves that, while the lithiation and delithiation of FeSy is reversible for the pyrite 

FeS2 electrode, this reaction has limited reversibility in the pyrrhotite Fe1-xS electrode. 

Furthermore, the pyrite FeS2 electrode is found to have a lower polarization than the 

pyrrhotite Fe1-xS electrode, as shown by the smaller voltage difference between the 

discharge and charge plateaus in its voltage profiles. Therefore, this higher capacity and 

superior cycling stability of pyrite FeS2 compared to Fe1-xS can be attributed to two 

main reasons: 

 

(1) The lower polarization and, therefore, better electron and Li+ ion transport at 

the interface between the active material and electrolyte at the pyrite FeS2 

electrode than the pyrrhotite Fe1-xS electrode.  

 

(2) The reversible lithiation and delithiation of iron sulfide (FeSy) during the 

galvanostatic cycling of the pyrite FeS2 electrode. 

 

 

4.4 Conclusion 

 

 

In summary, pyrrhotite Fe1-xS and pyrite FeS2 with good purity have been successfully 

synthesized via a solution-based chemical synthesis method. Pure samples of these two 

iron sulfides were obtained simply by varying the mole ratio between the anhydrous 

FeCl2 and elemental S that were used as the starting materials in the synthesis. From 

the experiments, it was found that iron sulfides such as Fe1-xS, FeS, Fe3S4, FeS2 or a 

mixture of them will be formed under sulfur-limiting conditions i.e an Fe:S precursor 

molar ratio of 1:1 or 1:2. Pure pyrite FeS2 phase can only be formed when excess S is 

present in the reaction mixture i.e. an Fe:S precursor molar ratio of 1:4 or 1:6. A 
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possible reaction pathway for the formation of the pyrrhotite Fe1-xS and pyrite FeS2 

from FeCl2 and elemental S precursors was proposed.  

 

The electrochemical properties of the as-synthesized pyrrhotite Fe1-xS and pyrite FeS2 

were characterized and it was found that pyrite FeS2 exhibits better lithium storage 

capability than pyrrhotite Fe1-xS. For the first 50 cycles, pyrite FeS2 achieved a 

discharge capacity of at least 773 mA h g-1, 722 mA h g-1, 712 mA h g-1 and 339 mA h 

g-1 when cycled at a current density of 0.1 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 

respectively. On the other hand, pyrrhotite Fe1-xS attained a lower minimum discharge 

capacity of 627 mA h g-1, 636 mA h g-1, 598 mA h g-1 and 210 mA h g-1 for the first 50 

cycles when cycled at a current density of 0.1 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 

correspondingly. The superior lithium storage performance of pyrite FeS2 compared to 

pyrrhotite Fe1-xS can be attributed to: (1) the lower polarization, better electron and Li+ 

ion transport at the interface between the active material and electrolyte at the pyrite 

FeS2 electrode than the pyrrhotite Fe1-xS electrode and (2) the reversible lithiation and 

delithiation of iron sulfide (FeSy) during the galvanostatic cycling of the pyrite FeS2 

electrode.  

 

This is a first attempt to study the effect of how the number of sulfide ion in the 

stoichiometry of an iron sulfide compound (a conversion-typed compound) i.e. Fe:S = 

1:1 (FeS) or 1:2 (FeS2) affects its lithium storage properties. It should be highlighted 

that care was taken to ensure that the two iron sulfide compounds were synthesized 

using the same precursors and surfactant to eliminate any possible effect due to the 

remaining surfactant on the as-synthesized particles. The fact that the synthesized       

Fe1-xS and FeS2 particles do not have any fanciful morphologies eradicated the possible 

effect of particle morphology on the lithium storage performance of the two iron sulfide 

samples and made this a fairer comparison since the morphology and surface area of 

the iron sulfide particles have great impact on its lithium storage performance, as 

mentioned in Section 2.4.1. 
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Chapter 5  

 

Tin Sulfides and Their Lithium Storage Properties 

 

This chapter presents the results on the synthesis of tin sulfides via a 

solution-based chemical synthesis method (procedures detailed in Section 

3.1.2). The as-synthesized powders were characterized using X-ray 

diffraction and field emission scanning electron microscopy to determine 

their phase, purity, and morphology and particle size. Time-dependent 

reaction was carried out to understand the formation mechanism of the 

two tin sulfide phases. The effect of the tin to sulfur stoichiometric ratio of 

the as-synthesized tin sulfides on their lithium storage properties is also 

investigated and presented in this chapter. It was found that SnS2 displayed 

a higher capacity and better cycling stability than SnS after prolonged 

cycling particularly at higher current densities and this is attributed to its 

chemical and structural properties. As evidenced by the higher discharge 

capacity attained from the intercalation and conversion reaction 

throughout the 100 cycles, more Li2S is formed during the lithiation of SnS2, 

thus providing a thicker layer to buffer the large volume change during the 

lithiation and delithiation of Sn. This can result in a reduction in the 

pulverization and better capacity retention of the electrode after prolonged 

cycling, as verified by the slower alloying capacity fading rate observed in 

the SnS2 electrode compared to the SnS electrode. 
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5.1 Synthesis and Characterization of Tin Sulfide Particles and Their 

Formation Mechanism 

 

 

To obtain pure phases of the different tin sulfides, four different pots of reaction were 

carried out with all parameters kept constant except for the reaction time. The 

experimental parameters and procedures were detailed in Section 3.1.2, where the 

powder synthesized after a reaction time of 30 min, 60 min, 120 min and more than 12 

hours are labelled as Sn-S_30, Sn-S_60, Sn-S_120 and Sn-S_Onight respectively. 

Thereafter, the as-synthesized powders were characterized using various techniques. 

 

To determine the phase, crystal structure and purity of the as-synthesized powders, 

XRD was carried out for Sn-S_30, Sn-S_60, Sn-S_120 and Sn-S_Onight, and the 

patterns obtained are presented in Figure 5.1. From this figure, it can be seen that the 

diffraction pattern for all four samples have sharp and distinct peaks, suggesting their 

good crystallinity even without any post-annealing process. The XRD pattern for Sn-

S_60 (Figure 5.1) can be matched to that for hexagonal tin disulfide (SnS2) phase with 

lattice parameters, a = 3.6486 Å and c = 5.8992 Å (JCPDS 023-0677), while that for 

Sn-S_Onight can be matched to that for orthorhombic tin monosulfide (SnS) phase with 

lattice parameters, a = 4.3291 Å, b = 11.1923 Å and c = 3.9838 Å (JCPDS 039-0354). 

No impurity peak was observed in both XRD patterns, demonstrating the good purity 

of the as-synthesized SnS2 and SnS powders. It can be seen from Figure 5.1 that Sn-

S_30 displayed a similar XRD pattern as that for Sn-S_60, indicating that these two 

samples have the same phase and that the powder obtained after reacting for 30 min 

contain SnS2 (JCPDS 023-0677) particles. However, presence of diffraction peaks 

which can be matched to an orthorhombic Sn2S3 phase with lattice parameters, a = 

8.864 Å, b = 14.02 Å and c = 3.747 Å (JCPDS 014-0619) is also spotted in the XRD 

pattern of Sn-S_30, indicating that the sample that is reacted for 30 min consists of a 

mixture of two tin sulfide phases – a hexagonal SnS2 and an orthorhombic Sn2S3 phase. 

From the XRD pattern of Sn-S_120, it can be seen that the powder obtained after a 2-h 

reaction comprises of a mixture of particles with hexagonal SnS2 and orthorhombic SnS 

(JCPDS 039-0354) phase. 
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Figure 5.1: XRD patterns of Sn-S_30, Sn-S_60, Sn-S_120 and Sn-S_Onight. 
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FESEM was used to study the particle size and morphology of the samples and how 

they change when the reaction duration is varied. Figure 5.2 shows the FESEM images 

of the samples that have been reacted for 30 min (Sn-S_30), 60 min (Sn-S_60), 120 

min (Sn-S_120) and overnight (Sn-S_Onight). From the FESEM image of Sn-S_30, it 

can be seen that the sample reacted for 30 min consists mainly of nanoplates with a 

width of around 250 nm and thickness of about 25 nm and some granular particles. 

Upon increasing the reaction duration to 60 min (Sn-S_60), hexagonal nanoplates that 

are approximately 20 nm thick and 180 – 560 nm wide were obtained. The particles 

formed after reacting for 120 min also comprises mostly of hexagonal nanoplates that 

are around 20 nm thick, but with a smaller width of about 150 – 375 nm. After reacting 

for more than 12 hours (Sn-S_Onight), granular particles with diameter in the range of 

60 – 400 nm were obtained. 

 

 

 

 

Figure 5.2: FESEM images of (A) Sn-S_30, (B) Sn-S_60, (C) Sn-S_120 and (D) Sn-

S_Onight. 
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As explained in Section 4.2, sulfur exists as cycloocta-S (S8) rings in its normal state 

and is unable to react directly with metal chlorides to form metal sulfide. [1, 2] Hence, 

oleylamine is being used to activate the elemental sulfur, thereby increasing its 

reactivity and enabling it to react with the metal ions. [3-5] In this reaction, as with the 

synthesis of iron sulfides in Chapter 4, oleyamine functioned as a solvent, a surfactant 

and, at the same time, a reducing agent. [6, 7] At low temperatures such as room 

temperature, sulfur exists mainly as alkylammonium polysulfides in oleylamine 

solution. [8, 9] Upon heating to high temperatures i.e. 240 °C, the hydrogen sulfide 

(H2S), produced by the reaction of these polysulfide ions with the excess amine in the 

solution, can react with the Sn2+ ions from the SnCl2 to form tin sulfides. [9]  

 

From the XRD results in Figure 5.1, it can be seen that, after 30 min of reaction, a 

mixture of SnS2 and Sn2S3 is obtained. Further increase of the reaction time to 60 min 

yields pure SnS2 phase. This observation matches the speculation reported by Zhong et 

al. when he prepared SnS2 via a hydrothermal reaction using Sn foil as the Sn precursor 

and cysteine (HO2CCH(NH2)CH2SH) as the S precursor. [10] In his report, he proposed 

that SnS (where Sn has an oxidation state of +2), which is first formed through the 

reaction between Sn2+ and S2-, undergoes further oxidation to yield Sn2S3 (where Sn 

has a mixed oxidation state of +2 and +4) and then SnS2 (where Sn has an oxidation 

state of +4). Upon further reaction, the SnS2 is found to slowly decompose to form SnS, 

yielding a mixture of these two phases after 2 hours of reaction. Such a decomposition 

of metal sulfide and sublimation of sulfur have been reported in the literatures [11, 12] 

and it should be highlighted that, although this reaction is carried out in inert i.e. argon 

environment, the reaction setup is not fully enclosed and escape of some gaseous 

products like sulfur can occur through the condenser, as evident in the experimental 

setup in Figure 3.1. After an overnight reaction, SnS with good purity is obtained. 

 

 

5.2 Electrochemical Properties 

 

 

A series of electrochemical characterization was carried out according to the half-cell 

configuration described in Section 3.3.1 to examine the lithium storage properties of 
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the as-synthesized SnS (Sn-S_Onight) and SnS2 (Sn-S_60). These two samples were 

chosen for the study because of their good purity which allows better comparison on 

the effect of how the number of sulfide ion in the stoichiometry of a tin sulfide 

compound affects its lithium storage properties. It should be mentioned that care was 

taken to ensure that the two tin sulfide compounds were synthesized using the same 

precursors and surfactant to eliminate any possible effect due to the remaining 

surfactant on the as-synthesized particles. The fact that the synthesized SnS and SnS2 

particles do not have any fanciful morphologies eradicated the possible effect of particle 

morphology on the lithium storage performance of the two tin sulfide samples.  To 

study the cycling performance of the as-synthesized tin sulfides, the assembled cells 

were cycled galvanostatically between 0.001 and 3 V (vs. Li/Li +) at various current 

densities. Plots of the capacity of the working electrode against the cycle number for 

the cells cycled at a current density of 0.1 A g-1 and 1 A g-1 are depicted in Figure 5.3.  

 

 

Based on the assumption that SnS, during its initial lithiation, will first undergo an 

irreversible conversion reaction to form Sn and Li2S followed by a reversible alloying 

reaction between Sn with Li to form Li4.4Sn, SnS is calculated to have a maximum 

theoretical initial capacity of 1140 mA h g-1 and a reversible theoretical capacity of 781 

mA h g-1. From Figure 5.3, it can be observed that Sn-S_Onight exhibits initial 

discharge capacities of 1443 mA h g-1 and 1165 mA h g-1 when cycled at a current 

density of 0.1 A g-1 and 1 A g-1 respectively, which are higher than its maximum 

theoretical initial capacity. The reason for this observation is mainly ascribed to the 

formation of a gel-like solid/electrolyte interphase (SEI) layer on the surface of an 

electrode in a lithium ion battery made with alkyl carbonate-based electrolyte, as 

mentioned in Section 4.3. [13] Another possible reason for this observation could be 

due to the intercalation reaction between SnS with lithium ions. [14, 15] It is known 

that SnS has a layered structure where the layers are connected to each other along the 

c-axis by weak van der Waal’s forces. This structure, which is analogous to that of 

graphite, allows lithium ions to get inserted into the void spaces between the SnS layers 

without causing any phase decomposition, hence providing another possible lithium 
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Figure 5.3: Cycling performance of the Sn-S_Onight and Sn-S_60 electrodes at a current 

density of (A) 0.1 A g-1 and (B) 1 A g-1 between 0.001 and 3 V (vs. Li/Li +). Sn-S_Onight – D, 

Sn-S_Onight – C and Sn-S_Onight – E refers to the discharge and charge capacities and 

coulombic efficiency of Sn-S_Onight respectively, while Sn-S_60 – D, Sn-S_60 – C and Sn-

S_60 – E refers to the discharge and charge capacities and coulombic efficiency of Sn-S_60 

correspondingly. 
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storage route which was not accounted for during the calculation of the theoretical 

capacity of SnS. As observed from Figure 5.3, a high initial discharge capacity of 1434 

mA h g-1, which is also higher than the maximum theoretical initial capacity of SnS2 

(1230 mA h g-1), was achieved by Sn-S_60 when cycled at a current density of 0.1 A 

g-1 due to the same reasons as for the Sn-S_Onight electrode. It should be noted that 

SnS2, like SnS, also has a layered structure and, hence, has a possibility for lithium 

storage via intercalation reaction. When cycled at 1 A g-1, Sn-S_60 delivered an initial 

discharge capacity of 1112 mA h g-1. 

 

From Figure 5.3A, it can be seen that, when cycled at a current density of 0.1 A g-1, 

both Sn-S_Onight and Sn-S_60 experienced a huge drop from their initial discharge 

capacities of 1443 mA h g-1 and 1434 mA h g-1 to reach a discharge capacity of 1024 

mA h g-1 and 1011 mA h g-1 at their second cycle respectively. Similar observation was 

also made for the two tin sulfide electrodes cycling at 1 A g-1. This large decrease in 

discharge capacity from the first to the second cycle is attributed mostly to the 

irreversible conversion reaction between tin sulfides and lithium to form Sn and Li2S 

which only took place during the first discharge cycle and not during subsequent 

cycling. Another reason for the much lower discharge capacity in the second cycle 

compared to the first would be the absence of the SEI formation reaction which 

typically only takes place during the first cycle. 

   

The discharge capacity of Sn-S_Onight is observed to decrease slowly from its initial 

reversible discharge capacity of 1024 mA h g-1 (2nd cycle) to 630 mA h g-1 at the 40th 

cycle when cycled at a current density of 0.1 A g-1 (Figure 5.3A). From the 40th to 100th 

cycle, the discharge capacity of Sn-S_Onight remains fairly constant with a difference 

of not more than 6% between the maximum and minimum discharge capacity attained 

in this cycle range. At the 100th cycle, Sn-S_Onight delivered a discharge capacity of 

620 mA h g-1 when cycled at 0.1 A g-1 from 0.001 – 3 V, retaining about 60% of its 

initial reversible discharge capacity. Figure 5.3A shows that Sn-S_60 also exhibits good 

cycling performance, achieving an initial reversible discharge capacity of 1011 mA h 

g-1 at the 2nd cycle, which gradually decreases to 728 mA h g-1 at the 20th cycle. From 

the 20th to 100th cycle, the discharge capacities of Sn-S_60 stay quite constant with a 
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difference of less than 10% between the maximum and minimum discharge capacity 

attained in this cycle range. After subjecting to 100 galvanostatic discharging and 

charging cycles, Sn-S_60 retained about 70% of its initial reversible discharge capacity, 

delivering a discharge capacity of 708 mA h g-1. 

 

To study the cycling capability of SnS (Sn-S_Onight) and SnS2 (Sn-S_60) at fast rates, 

the battery cells were subjected to galvanostatic charging and discharging at a higher 

current density of 1 A g-1 and the results are presented in Figure 5.3B. From this figure, 

it can be seen that Sn-S_Onight delivered an initial discharge capacity of                        

1165 mA h g-1 and a discharge capacity of 774 mA h g-1 at the 2nd cycle, exhibiting an 

irreversible capacity of 391 mA h g-1. The discharge capacity of this sample slowly 

decreases from the 2nd cycle to the 100th cycle. Eventually, Sn-S_Onight displayed a 

discharge capacity of 361 mA h g-1 at the 100th cycle, retaining only 47% of its initial 

reversible discharge capacity. As shown in Figure 5.3B, Sn-S_60 also demonstrated 

good cycling performance, with an initial discharge capacity of 1112 mA h g-1 and an 

initial reversible discharge capacity of 856 mA h g-1, corresponding to an irreversible 

capacity of 256 mA h g-1. The discharge capacity of Sn-S_60 gradually decreases from 

the 2nd to the 30th cycle (495 mA h g-1), thereafter it remains fairly constant from the 

30th to the 100th cycle, with a difference of less than 10% between the maximum and 

minimum discharge capacity value achieved in this cycle range. After undergoing 100 

charging-discharging cycling, Sn-S_60 delivered a discharge capacity of                         

506 mA h g-1, keeping 60% of its initial discharge capacity. 

 

From Figure 5.3, it can be observed that SnS2 (Sn-S_60) and SnS (Sn-S_Onight) 

exhibits similar cycling performance for the first 50 cycles when cycled at a current 

density of 0.1 A g-1 and 1 A g-1. After prolonged cycling i.e. > 50 cycles at low current 

densities, SnS2 is found to display slightly better cycling stability than SnS. At a low 

current density of 0.1 A g-1, SnS2 managed to retain 70% of its initial reversible 

discharge capacity at the 100th cycle while SnS only retained 60%. When the current 

density is increased, SnS2 is found to demonstrate an even better cycling stability than 

SnS after prolonged cycling. At a high current density of 1 A g-1, SnS2 preserved 60% 

of its initial reversible discharge capacity at the 100th cycle while SnS only managed to 

keep 47%, as shown in Figure 5.3B. It can also be observed from the plots in Figure 

5.3 that SnS2 not only retained a higher percentage of its initial reversible capacity after 
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100 galvanostatic charging-discharging cycles, it also delivered a higher discharge 

capacity of 708 mA h g-1 and 506 mA h g-1 compared to 620 mA h g-1 and                        

361 mA h g-1 attained by SnS when cycled at a current density of 0.1 A g-1 and 1 A g-1 

correspondingly. 

 

To make lithium ion batteries that have high power and can undergo fast charging, it is 

essential for the electrode to have good rate capability. Hence, the cycling performance 

of the two tin sulfide electrodes at numerous current densities were examined and the 

results are presented in Figure 5.4. From this figure, it can be seen that the SnS (Sn-

S_Onight) electrode exhibits similar cycling performance as the SnS2 electrode (Sn-

S_60) when cycled at low current densities of 0.1 A g-1, 0.2 A g-1 and 0.5 A g-1 in a 

voltage window of 0.001 – 3 V. Upon subjecting the two tin sulfide electrodes to 

cycling at higher current densities of 1 A g-1, 2 A g-1 and 5 A g-1, it became very obvious 

that SnS2 has more superior lithium storage and cycling performance than SnS. This 

observation is in consistent with that mentioned earlier in this section. When subjected 

to galvanostatic cycling at a current density 0.1 A g-1, 0.2 A g-1, 0.5 A g-1, 1 A g-1,            

2 A g-1, and 5 A g-1, the SnS electrode obtained a discharge capacity of around 851 mA 

h g-1, 701 mA h g-1, 620 mA h g-1, 341 mA h g-1, 148 mA h g-1 and 61 mA h g-1 

respectively. SnS2, on the other hand, demonstrated a better cycling performance than 

the SnS electrode, where it attained a discharge capacity of approximately                      

875 mA h g-1, 689 mA h g-1, 575 mA h g-1, 491 mA h g-1, 413 mA h g-1 and 235 mA h 

g-1 when charged and discharged at a current density 0.1 A g-1, 0.2 A g-1, 0.5 A g-1, 1 A 

g-1, 0.2 A g-1, and 5 A g-1 correspondingly.  
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Figure 5.4: Cycling performance of the Sn-S_Onight and Sn-S_60 electrodes at various 

current densities between 0.001 and 3 V (vs. Li/Li+). 

 

 

To gain an insight into why SnS2 exhibits better lithium storage performance i.e. higher 

capacity and superior cycling stability than SnS after prolonged cycling particularly at 

higher current densities, it is essential to understand the reaction between lithium ions 

and these two tin sulfide compounds during cycling. Hence, cyclic voltammetry (CV) 

of the SnS and SnS2 electrodes (Figure 5.5) were performed under ambient temperature 

in a voltage window of 0.001 – 3 V (vs. Li/Li +) and at a scan rate of 0.2 mV s-1 to 

comprehend the reaction between the Li+ ions and the tin sulfide electrodes during 

cycling. The galvanostatic discharge (Li ion insertion) and charge (Li ion extraction) 

voltage profiles for both electrodes when cycled between 0.001 and 3 V (vs. Li/Li +) at 

a low current density of 0.1 A g-1 and a high current density of 1 A g-1 are also plotted 

and depicted in Figure 5.6 and Figure 5.7.  

 

Figure 5.5 shows the first five cycle CV for the SnS (Sn-S_Onight) and SnS2 (Sn-S_60) 

electrode recorded under ambient temperature in the voltage range of 0.001 – 3 V (vs. 

Li/Li +) at a constant scan rate of 0.2 mV s-1. From Figure 5.5A, it can be seen that there 
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is only one obvious reduction peak at 0.85 V in the first cycle CV for the SnS electrode. 

This peak is related to the reaction between SnS and Li+ to form Sn and Li2S (Equation 

5.1). [16] The alloying reaction between Sn and Li+ (forward reaction in Equation 5.3) 

is represented by the broad reduction band from 0.67 – 0 V in the first cycle CV in 

Figure 5.5A. [17-19] As suggested by the higher-than-theoretical initial discharge 

capacity of Sn-S_Onight when cycled at 0.1 A g-1 and 1 A g-1 (Figure 5.3), SEI layer is 

formed during the initial discharge of the Sn-S_Onight electrode. Since the formation 

of this layer typically occurs at a potential of < 1.2 V, the reduction peak resulting from 

this reaction is deemed to be overlapped by those from the conversion and alloying of 

SnS with Li+. [16, 17] Two oxidation peaks were observed in the first cycle CV for the 

SnS electrode where the peak at 0.67 V is ascribed to the de-alloying reaction to form 

Sn and Li+ (reverse reaction in Equation 5.3), and that at 1.87 V is attributed to the 

formation of SnS from Sn (Equation 5.4). [19] Although the conversion reaction 

between tin sulfides like SnS and SnS2 with lithium were typically assumed to be 

irreversible in the determination of their theoretical capacity, a close examination 

through the literature shows that the partial reversibility of this reaction has been 

observed by several research groups when the battery cells were cycled from 0 V to ≥ 

2 V. In fact, an oxidation peak at around 1.9 V has been noticed by both Tao et al. and 

Tripathi et al. in the first cycle CV of their SnS electrode where they also attributed this 

peak to the partial reformation of SnS. [19, 20]  

 

It is noteworthy to mention that the reaction between Li+ and tin sulfides i.e. SnS or 

SnS2 to form Sn and Li2S (Equation 5.1 and Equation 5.2) have been shown to occur 

via several steps, resulting in multiple reduction peaks in the CV curves for some tin 

sulfide electrodes, like that reported by Kim et al. [14], Sathish et al. [21] and Liu and 

coworkers. [22] However, only one reduction peak relating to the decomposition of 

SnS into Sn and Li2S is observed in the first cycle CV curve in Figure 5.5A, suggesting 

that these reactions could have occurred simultaneously during the first lithiation 
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Figure 5.5: Cyclic voltammetry of (A) Sn-S_Onight and (B) Sn-S_60 electrode recorded 

under ambient temperature in the voltage range of 0.001 – 3 V (vs. Li/Li +) at a constant scan 

rate of 0.2 mV s-1. 
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process due to the slow diffusion of Li+ into the SnS electrode at ambient temperature. 

Likewise, although the formation of Li4.4Sn from Li+ and Sn has been found to actually 

take place progressively through a series of reactions where the lithiated Sn (LixSn) 

with different amounts of lithium content (0 < x ≤ 4.4) are formed at different potential 

[18], only one broad reduction band relating to the alloying of Sn with Li+ is observed 

in the first cycle CV in Figure 5.5A. This could also be due to the slow diffusion of Li+ 

into the electrode at ambient temperature, thereby causing the formation of LixSn with 

different amounts of lithium content to occur concurrently, hence resulting in one broad 

reduction band in the CV of the SnS electrode instead of a series of reduction peaks. 

 

 

 

 

 Equation 5.1 

 

 

 

 Equation 5.2 

 

 

 

 

 Equation 5.3 

 

 

The single reduction peak (0.85 V) that denotes the reaction in Equation 5.1 in the first 

cycle CV for the SnS electrode is split into two peaks (1.31 V and 1.14 V) in the second 

cycle (Figure 5.5A), suggesting a faster diffusion of Li+ into the electrode which allows 

the series of reactions leading to the decomposition of SnS to take place via a stepwise 

manner. In the voltage range of 0.75 – 0 V, a number of humps and peaks (0.65 V, 0.27 

V and ≈ 0 V) relating to the formation of LixSn from Sn and Li+ (forward reaction in 
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Equation 5.3) are observed in the second cycle reduction scan for the SnS electrode. 

The de-alloying process of LixSn (reverse reaction in Equation 5.3) is represented by 

numerous peaks (0.56 V, 0.65 V, 0.75 V, 0.81 V and 1.23 V), showing its discrete 

nature. [19] The oxidation peak at 1.89 V in the second cycle CV of the SnS electrode, 

like the peak at 1.87 V in the first cycle, is also attributed to the formation of SnS from 

Sn (Equation 5.4). The CV curves for the subsequent cycles are similar to that for the 

second cycle, indicating that the SnS undergo similar electrode reactions from the 

second lithiation-delithiation cycle onwards. 

 

 

 

 

 Equation 5.4 

 

 

 

 

 Equation 5.5 

 

 

When the Sn-S_60 electrode undergoes its first lithiation, reduction peaks 

corresponding to the decomposition of SnS2 into Sn and Li2S can be spotted at 1.75 V, 

1.51 V and 1.15 V (Figure 5.5B). From the discussion two paragraphs ago, this reaction 

(Equation 5.2) have been reported in the literature to occur via several steps which, 

according to Kim et al., involves the following reactions: (1) SnS2 + y Li+ + y e- → 

Li ySnS2, (2) LiySnS2 + (x-y) Li+ + (x-y) e- → LixSnS2, and (3) LixSnS2 + (4-x) Li+ + (4-

x) e- → Sn + 2 Li2S where 0 < y < x ≤ 2. [14] It should be highlighted again that both 

SnS and SnS2 has a layered structure and, hence, can allow partial intercalation of Li+ 

into and out of the void spaces between the SnS or SnS2 layers, forming LixSnS2 (0 < x 

≤ 2) without resulting in any phase decomposition. The alloying reaction between Sn 

and Li+ (forward reaction in Equation 5.3) is represented by the broad reduction band 

from 0.8 – 0 V in the first cycle CV in Figure 5.5B. [23, 24] As discussed previously, 
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SEI layer is formed during the initial discharge of the Sn-S_60 electrodes when cycled 

at 0.1 A g-1 and, like for the SnS electrode, the reduction peak resulting from this 

reaction is deemed to be overlapped by those from the conversion and alloying of SnS2 

with Li+. [17, 25] Similar to the SnS electrode, two oxidation peaks were observed in 

the first cycle CV for the SnS2 electrode where the peak at 0.51 V is attributed to the 

de-alloying of LixSn (reverse reaction in Equation 5.3), and that at 1.89 V is related to 

the reaction between Sn and Li2S (Equation 5.5). [15, 19, 26, 27] 

 

In the second cycle CV for the SnS2 electrode (Figure 5.5B), the three reduction peaks 

corresponding to the electrode reaction in Equation 5.2 is depicted as one peak centred 

at 1.32 V, suggesting that these discrete reactions could have taken place 

simultaneously during the second lithiation. In the voltage range of 0.8 – 0 V, a number 

of bumps (0.58 V, 0.28 V and ≈ 0.1 V) relating to the formation of lithiated Sn (Li xSn) 

(forward reaction in Equation 5.3) are observed in the second cycle reduction scan for 

the SnS2 electrode. In the second cycle oxidation scan, the delithiation of LixSn is 

represented by two peaks that are centred at 0.52 V and 0.66 V, instead of only one 

peak in the first cycle. The oxidation peak at 1.92 V in the second cycle CV of the SnS2 

electrode is attributed to the formation of SnS2 from Sn (Equation 5.5). It can be seen 

from Figure 5.5B that the CV curves for the third, fourth and fifth cycles are similar to 

that for the second cycle, indicating that the SnS2 undergo similar electrode reactions 

from the second lithiation-delithiation cycle onwards. 

 

From the CV curves for both SnS and SnS2 electrodes (Figure 5.5), it can be seen that 

the peak at around 1.9 V in the oxidation scan and those in the range of 1.1 – 1.32 V in 

the reduction scan exists for all the five cycles, showing that the conversion reaction 

for both tin sulfide electrodes is reversible when cycled from 0.001 – 3 V. However, 

the reversibility of this conversion reaction is observed to decrease with increasing 

cycle numbers as indicated by the drop the peak intensities for the oxidation peak at 

about 1.9 V and the reduction peaks in the range of 1.1 – 1.32 V as cycling proceeds. It 

is also noted that, although both tin sulfides undergo similar electrode reactions during 

lithiation and delithiation, more peaks are observed in the CV curves for the SnS 

electrode than the SnS2 electrode from the second to the fifth cycle. This suggests that 

the SnS electrode could have better conductivity and, hence, faster lithium diffusion 

into it, enabling the series of electrode reactions to take place via a stepwise manner. In 
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fact, the polarization in the SnS electrode, as determined by the voltage difference 

between the oxidation and reduction peaks corresponding to the conversion reaction, is 

found to be slightly lower than that for the SnS2 electrode, further suggesting a better 

electron and Li+ transport at the active material/electrolyte interface for the SnS 

electrode. It should also be mentioned that SnS is known to have a higher intrinsic 

electrical conductivity (193 – 8.3 mS cm-1) than SnS2. [22, 28] 

 

The galvanostatic charge/discharge voltage profiles for both tin sulfide electrodes when 

cycled at a current density of 0.1 A g-1 and 1 A g-1 between 0.001 and 3 V (vs. Li/Li +) 

are plotted and presented in Figure 5.6 and Figure 5.7 respectively. From Figure 5.6A, 

it can be seen that, when cycled at 0.1 A g-1 in the voltage window of 0.001 – 3 V, there 

is only one plateau (1.21V) in the first cycle galvanostatic discharge curve for SnS 

which is associated to the reaction between SnS and Li+ as stated in Equation 5.1. [19] 

According to the first cycle CV for the SnS electrode in Figure 5.5A, the gentle slope 

from about 0.7 – 0 V in the first cycle discharge profile for the SnS electrode can be 

associated to the alloying reaction between Sn and Li+ (Equation 5.3). In its first cycle, 

SnS attained a discharge capacity of 1443 mA h g-1, a charge capacity of                        

1008 mA h g-1 and, therefore, a coulombic efficiency of 69.9% when cycled at               

0.1 A g-1. This low coulombic efficiency is largely attributed to the “lost” of lithium 

ions for future lithiation and delithiation process due to the irreversible formation of the 

SEI layer. In the second cycle, the SnS electrode exhibited a discharge capacity of 1024 

mA h g-1, a charge capacity of 941 mA h g-1 and a high coulombic efficiency of 92.0%. 

From the second to the 100th cycle, the SnS electrode achieved an average coulombic 

efficiency of about 96.5% when cycled at a current density of 0.1 A g-1 (Figure 5.3A). 
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Figure 5.6: Galvanostatic charge/discharge voltage profiles of the (A) Sn-S_Onight and (B) 

Sn-S_60 electrodes when cycled at a current density of 0.1 A g-1 between 0.001 and 3 V (vs. 

Li/Li +). 
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Figure 5.7 Galvanostatic charge/discharge voltage profiles of the (A) Sn-S_Onight and (B) 

Sn-S_60 electrodes when cycled at a current density of 1 A g-1 between 0.001 and 3 V (vs. 

Li/Li +). 
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Analysis of the discharge profile for the SnS2 electrode (Figure 5.6B) shows the 

presence of two obvious plateaus (≈ 1.86 V and ≈ 1.33 V) in its first cycle, which are 

associated to the decomposition of SnS2 into Sn and Li2S (Equation 5.2). Similar to the 

SnS electrode, a gentle slope from about 0.7 – 0 V is observed in the first cycle 

discharge profile for the SnS2 electrode which can be related to the formation of LixSn 

from Sn and Li+ (Equation 5.3). From Figure 5.6, it can be seen that the voltage profiles 

for the two tin sulfide electrodes have similar shape from the second cycle onwards, 

suggesting that these two electrodes undergo similar electrode reactions from the 

second to the 100th cycle which is in consistent with the CV results. In its first cycle 

when cycled at 0.1 A g-1, SnS2 attained a discharge capacity of 1434 mA h g-1, a charge 

capacity of 973 mA h g-1 and, hence, a coulombic efficiency of 67.8%. As with the SnS 

electrode, this low initial coulombic efficiency of 67.8% is a result of the irreversible 

formation of an SEI layer. At the second cycle, the SnS2 electrode exhibited a discharge 

capacity of 1011 mA h g-1, a charge capacity of 916 mA h g-1 and a high coulombic 

efficiency of 90.6 %. From the second to the 100th cycle, the SnS2 electrode achieved 

an average coulombic efficiency of about 97.0% when cycled at a current density of 

0.1 A g-1 (Figure 5.3A). 

 

When the current density is increased to 1 A g-1, it can be seen that the shape of the 

voltage profiles for the SnS and SnS2 electrodes (Figure 5.7) are somewhat analogous 

to their respective voltage profiles when cycled at 0.1 A g-1 (Figure 5.6) except for the 

first cycle galvanostatic charge profile for the SnS2 electrode. During its initial charge 

at 1 A g-1, a short plateau, which could be related to the formation of polysulfides from 

Li 2S, is observed at around 2.4 V for the SnS2 electrode. [29-31] It should be mentioned 

that this oxidation reaction (at ≈ 2.4 V) is only observed in the first cycle galvanostatic 

charge profile for the SnS2 electrode when cycled at a current density of 1 A g-1 and are 

not present in the other voltage profiles (Figure 5.6 and Figure 5.7) and CV (Figure 5.5) 

for the tin sulfide electrodes. From Figure 5.7A, it can be seen that, when cycled at         

1 A g-1, the SnS electrode exhibited a discharge capacity of 1165 mA h g-1, a charge 

capacity of 704 mA h g-1 and a coulombic efficiency of 60.4 %. At the second cycle, 

the SnS electrode displayed a discharge capacity of 774 mA h g-1, a charge capacity of 

703 mA h g-1 and a high coulombic efficiency of 90.8%. From the second to the 100th 

cycle, the SnS electrode achieved an average coulombic efficiency of about 97.1% 
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when cycled at a current density of 1 A g-1 (Figure 5.3B). For the SnS2 electrode, an 

initial discharge capacity of 1112 mA h g-1, charge capacity of 717 mA h g-1 and 

coulombic efficiency of 64.4% are attained when cycled at a current density of 1 A g-1. 

A discharge capacity of 856 mA h g-1, charge capacity of 717 mA h g-1 and coulombic 

efficiency of 83.7% are achieved in its second cycle. On the average, a coulombic 

efficiency of 97.0% is attained by the SnS2 electrode from the second to 100th cycle 

(Figure 5.3B). 

 

From the CV curves in Figure 5.5, it can be observed that the electrode reaction for both 

tin sulfides can be generally divided into two sections: (1) the decomposition of SnSy 

(y = 1 or 2) into Sn and Li2S and (2) the alloying of Sn with Li+ to form LixSn where 

the former reaction takes place at a voltage of ≥ 0.8 V and the latter at a voltage of < 

0.8 V. Hence, the discharge capacity attained by these two tin sulfide electrodes can, in 

broad, also be divided into two main portions with the discharge capacity obtained in 

the voltage range of 3 – 0.8 V attributed to the intercalation and conversion reaction, 

and that in a voltage range of 0.8 – 0 V accredited to the alloying reaction. A summary 

of the discharge capacity obtained by the two tin sulfide electrodes in the second, 5th, 

50th and 100th cycle due to the two main reactions are tabulated and presented in Table 

5.1. It should be mentioned that the initial discharge capacity for both tin sulfide 

electrodes were not tabulated in this table because of the occurrence of SEI formation 

during their first lithiation, as indicated by their low initial coulombic efficiency of < 

70 %, which will contribute to additional discharge capacity in the voltage range of < 

1.2 V and provide inaccurate distribution of discharge capacity to the two main 

reactions. It is assumed that from the second cycle onwards, all the discharge capacities 

attained are due to either the reversible intercalation and conversion reaction or the 

reversible alloying reaction since both electrodes displayed high coulombic efficiencies 

from the second to the 100th cycle, indicating the negligible presence of irreversible 

reaction during these cycles. 
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Table 5.1: Tabulation of discharge capacities contributed by different reactions for the SnS 

(Sn-S_Onight) and SnS2 (Sn-S_60) electrodes at various cycles and current densities. 

 

 

 

 

As shown in Table 5.1, most of the discharge capacity attained by both electrodes are 

due to the alloying reaction between Sn and Li+, especially as the cycling proceeds. 

When cycled at 0.1 A g-1, the alloying reaction contributed to 74.2%, 73.6%, 83.9% 

and 82.2% of the total discharge capacity delivered by the SnS electrode at the 2nd, 5th, 

50th and 100th cycle respectively. For the SnS2 electrode cycled at 0.1 A g-1, 58.0%, 

63.1%, 80.4% and 80.9% of the total discharge capacity achieved at the 2nd, 5th, 50th 

and 100th cycle was attributed to the storage of lithium ions via alloying reaction. From 

Table 5.1, it can also be seen that, the combination of intercalation and conversion 

reaction yielded a discharge capacity of 208 mA h g-1 and 50 mA h g-1 at the second 

and 100th cycle respectively for the SnS electrode cycled at 1 A g-1. A discharge 

capacity of 566 mA h g-1 and 311 mA h g-1 were obtained by the alloying reaction at 

the second and 100th cycle correspondingly when the SnS electrode was cycled at 1 A 

g-1. Similar decrease in the capacity attained by the alloying reaction and a combination 

of intercalation and conversion reaction can be observed in both electrodes as the 

cycling proceeds via a current density of 0.1 A g-1 and 1 A g-1. This matches the 

observation from Figure 5.5 where the peak intensities for the oxidation peak at about 
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1.9 V and the reduction peaks in the range of 1.1 – 1.32 V decreased as cycling proceeds, 

indicating a decline in the reversibility of the conversion reaction for the two electrodes. 

It can also be seen that, for both tin sulfide electrodes, the discharge capacity achieved 

by the combination of both intercalation and conversion reaction decreases at a faster 

rate than that by the alloying reaction, showing the better reversibility of the alloying 

reaction as the electrodes are cycled from the second to 100th cycle. In fact, taking a 

look at the SnS electrode cycled at 1 A g-1, it can be seen that, at the 100th cycle, a 

discharge capacity of 50 mA h g-1 and 311 mA h g-1 were contributed by the 

combination of intercalation and conversion reaction and by the alloying reaction 

respectively, which corresponds to 24.0% and 54.9% of the discharge capacities of 

these reactions delivered at the second cycle.  

 

From Table 5.1, it can be observed that the discharge capacity attained by intercalation 

and conversion reaction is higher for the SnS2 electrode compared to the SnS electrode. 

During the second cycle at a current density of 1 A g-1, the intercalation and conversion 

reaction yielded a discharge capacity of 342 mA h g-1 for the SnS2 electrode, but only 

achieved a discharge capacity of 208 mA h g-1 for the SnS electrode. This is in 

consistent with the calculation made based on the reaction stated in Equation 5.1 and 

Equation 5.2, where SnS is determined to have the capability of achieving a theoretical 

capacity of 355 mA h g-1 while SnS2 can attained a higher theoretical capacity of 585 

mA h g-1 via conversion reaction. As predicted by the lower theoretical alloying 

reaction (Equation 5.3) capacity of SnS2 (645 mA h g-1) compared to SnS (781 mA h 

g-1), SnS2 is observed to obtain a lower discharge capacity via alloying reaction initially 

(581 mA h g-1 at the second cycle at a current density of 0.1 A g-1) compared to the SnS 

electrode (760 mA h g-1 at the second cycle at a current density of 0.1 A g-1). However, 

as cycling proceeds, it can be seen from Table 5.1 that the alloying discharge capacity 

achieved by the SnS2 electrode fades at a much slower rate than the SnS electrode. 

When cycled at 0.1 A g-1, the SnS2 electrode retained 97.5% of its second cycle alloying 

discharge capacity of 587 mA h g-1 at the 100th cycle, while the SnS electrode only kept 

67.0% (of 760 mA h g-1). At a higher current density of 1 A g-1, the SnS2 electrode still 

retained a 74.2% of its second cycle alloying discharge capacity (514 mA h g-1) 

compared to the 54.9% retained by the SnS electrode (566 mA h g-1). Eventually, the 

SnS2 electrode (572 mA h g-1 at 0.1 A g-1 and 381 mA h g-1 at 1 A g-1) exhibits a higher 
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alloying discharge capacity than the SnS electrode (510 mA h g-1 at 0.1 A g-1 and 311 

mA h g-1 at 1 A g-1) at the 100th cycle. 

 

As observed from the galvanostatic cycling of the tin sulfide electrodes (Figure 5.3 and 

Figure 5.4), SnS2 displayed a higher capacity and better cycling stability than SnS after 

prolonged cycling particularly at higher current densities. It can be seen from the CV 

curves (Figure 5.5) that both tin sulfide electrodes undergo similar electrode reactions 

during the lithiation and delithiation process. Nitrogen adsorption/desorption 

measurement shows that the two tin sulfide samples have similar surface area, where 

the SnS sample have a Brunauer−Emmett−Teller (BET) surface area of 10.0 m2 g-1 and 

the SnS2 sample have a BET surface area of 13.0 m2 g-1 (Figure A.2). In fact, the 

presence of more redox peaks in the CV curves for the SnS electrode (relating to the 

same conversion and alloying reaction as that for the SnS2 electrode), together with its 

slightly lower polarization, suggests that SnS has a better electron and Li+ transport at 

the active material/electrolyte interface than SnS2. Therefore, the superior lithium 

storage performance of the SnS2 electrode is likely a result from its chemical and 

structural properties and should not be due to its electronic and ionic conductivity. 

 

From Table 5.1, it was found that the discharge capacity attained by the intercalation 

and conversion reaction is higher for the SnS2 electrode compared to the SnS electrode 

and, although a lower alloying discharge capacity was initially observed in the SnS2 

electrode, it was found that this capacity will eventually be higher than that attained by 

the SnS electrode as cycling proceeds due to a slower alloying capacity fading rate in 

the SnS2 electrode. Hence, the higher discharge capacity displayed by SnS2 after 

prolonged cycling can be attributed to its higher capacity attained by both the alloying 

reaction and a combination of the intercalation and conversion reaction. It has been 

proposed in many literatures that the Li2S formed from the reaction between the tin 

sulfides and lithium ions can act as a matrix to buffer the large volume change during 

the lithiation and delithiation of Sn, thus reducing the pulverization of the electrode. 

[15, 32-36] As evidenced by the higher discharge capacity attained from the 

intercalation and conversion reaction throughout the 100 cycles, more Li2S is formed 

during the lithiation of SnS2, thus providing a thicker layer to buffer the large volume 

change during the lithiation and delithiation of Sn. This can result in a reduction in the 

pulverization and better capacity retention of the electrode after prolonged cycling, as 
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verified by the slower alloying capacity fading rate observed in the SnS2 electrode 

compared to the SnS electrode. 

 

 

5.3 Conclusion 

 

 

In summary, SnS and SnS2 with good purity have been successfully synthesized via a 

solution-based chemical synthesis method. Pure samples of these two tin sulfides were 

obtained by simply varying reaction time. From the experiments, it was found that 

Sn2S3 (where Sn has a mixed oxidation state of +2 and +4), which is first formed 

through the reaction between Sn2+ and S2-, undergoes further oxidation to yield SnS2 

(where Sn has an oxidation state of +4). Upon further reaction, the SnS2 is found to 

slowly decompose to form SnS, yielding a mixture of these two phases after 2 hours of 

reaction and pure SnS phase after an overnight reaction. 

 

The electrochemical properties of the as-synthesized SnS and SnS2 were characterized 

and it was found that SnS2 displayed a higher capacity and better cycling stability than 

SnS after prolonged cycling particularly at higher current densities. When cycled at a 

current density of 0.1 A g-1, SnS exhibited an initial discharge capacity of 1443 mA h 

g-1 and a discharge capacity of 1024 mA h g-1 and 620 mA h g-1 at the 2nd and 100th 

cycle. When the current density is increased to 1 A g-1, a discharge capacity of 1165 

mA h g-1, 774 mA h g-1 and 361 mA h g-1 was attained at the first, second and 100th 

cycle correspondingly. For the SnS2 electrode, an initial discharge capacity of 1434 mA 

h g-1 and discharge capacities of 1011 mA h g-1 (2nd cycle) and 708 mA h g-1 (100th 

cycle) were delivered when cycled at a current density of 0.1 A g-1. When cycled at 1 

A g-1, SnS2 achieved an initial discharge capacity of 1112 mA h g-1 and discharge 

capacities of 856 mA h g-1 and 506 mA h g-1 at the second and 100th cycle respectively. 

 

Since the SnS2 electrode has poorer electronic and ionic conductivity than the SnS 

electrode, its superior lithium storage performance is attributed to its chemical and 

structural properties. As evidenced by the higher discharge capacity attained from the 

intercalation and conversion reaction throughout the 100 cycles, more Li2S is formed 

during the lithiation of SnS2, thus providing a thicker layer to buffer the large volume 
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change during the lithiation and delithiation of Sn. This can result in a reduction in the 

pulverization and better capacity retention of the electrode after prolonged cycling, as 

verified by the slower alloying capacity fading rate observed in the SnS2 electrode 

compared to the SnS electrode. 

 

This is a first attempt to study the effect of how the number of sulfide ion in the 

stoichiometry of a tin sulfide compound (a conversion and alloying-typed compound) 

i.e. Sn:S = 1:1 (SnS) or 1:2 (SnS2) affects its lithium storage properties. It should be 

highlighted that care was taken to ensure that the two tin sulfide compounds were 

synthesized using the same precursors and surfactant to eliminate any possible effect 

due to the remaining surfactant on the as-synthesized particles. The fact that the 

synthesized SnS and SnS2 particles do not have any fanciful morphologies eradicated 

the possible effect of particle morphology on the lithium storage performance of the 

two tin sulfide samples and made this a fairer comparison since the morphology and 

surface area of the tin sulfide particles have great impact on its lithium storage 

performance, as mentioned in Section 2.4.2. 
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Chapter 6  

 

Conclusion and Recommendation for Future Work 

 

This chapter summarizes the main findings of this dissertation and 

highlighted the conclusions obtained. It is found in this dissertation that 

for both iron and tin sulfides, despite storing lithium ions via slightly 

different mechanisms, the compound with a higher sulfide ion content in 

its stoichiometry i.e. FeS2 and SnS2 exhibits better lithium storage 

performance than its counterpart with lower sulfide ion content i.e. Fe1-xS 

and SnS when prepared in a half-cell configuration and cycled in a voltage 

window of 0.001 – 3 V. For the pyrite FeS2 electrode, which undergoes 

intercalation and conversion reaction during cycling, the superior lithium 

storage performance is attributed to its better conductivity and 

reversibility of the lithiation and delithiation of FeSy. On the other hand, 

the SnS2 electrode, which undergoes conversion and alloying reaction 

during cycling, displayed a better lithium storage performance due to its 

ability to form a thicker Li2S layer which provides better buffering for the 

large volume change in the Sn particles during their alloying reaction, thus 

maintaining structural integrity of the electrode and result in slower 

capacity fading. Based on these findings and conclusions, possible future 

work has been recommended.   
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6.1 Conclusion 

 

 

In view of the poor capacity retention and cycling performance resulting from the 

dissolution of polysulfides into the organic electrolyte, more study needs to be carried 

out to find approaches that can be undertaken to improve the lithium storage 

performance of metal sulfide electrodes. Therefore, this thesis aims to gain an insight 

into how the amount of sulfide ion in the stoichiometry of a metal sulfide compound 

affects its lithium storage properties, with the focus placed on two metal sulfide systems, 

namely, iron sulfides (intercalation-conversion anodic material) and tin sulfides 

(conversion-alloying anodic material). 

 

To investigate the effect of how the amount of sulfide ion in the stoichiometry of an 

iron sulfide compound affects its lithium storage properties, pyrrhotite Fe1-xS and pyrite 

FeS2 with good purity have been successfully synthesized via a solution-based chemical 

synthesis method. Pure samples of these two iron sulfides were obtained simply by 

varying the mole ratio between the anhydrous FeCl2 and elemental S that were used as 

the starting materials in the synthesis. From the experiments, it was found that iron 

sulfides such as Fe1-xS, FeS, Fe3S4, FeS2 or a mixture of them will be formed under 

sulfur-limiting conditions i.e an Fe:S precursor molar ratio of 1:1 or 1:2. Pure pyrite 

FeS2 phase can only be formed when excess S is present in the reaction mixture i.e. an 

Fe:S precursor molar ratio of 1:4 or 1:6. A possible reaction pathway for the formation 

of the pyrrhotite Fe1-xS and pyrite FeS2 from FeCl2 and elemental S precursors was 

proposed.  

 

The electrochemical properties of the as-synthesized pyrrhotite Fe1-xS and pyrite FeS2 

were characterized and it was found that pyrite FeS2 exhibits better lithium storage 

capability than pyrrhotite Fe1-xS. For the first 50 cycles, pyrite FeS2 achieved a 

discharge capacity of at least 773 mA h g-1, 722 mA h g-1, 712 mA h g-1 and 339 mA h 

g-1 when cycled at a current density of 0.1 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 

respectively. On the other hand, pyrrhotite Fe1-xS attained a lower minimum discharge 

capacity of 627 mA h g-1, 636 mA h g-1, 598 mA h g-1 and 210 mA h g-1 for the first 50 

cycles when cycled at a current density of 0.1 A g-1, 0.5 A g-1, 1 A g-1 and 5 A g-1 

correspondingly. The superior lithium storage performance of pyrite FeS2 compared to 
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pyrrhotite Fe1-xS can be attributed to: (1) the lower polarization, better electron and Li+ 

ion transport at the interface between the active material and electrolyte at the pyrite 

FeS2 electrode than the pyrrhotite Fe1-xS electrode and (2) the reversible lithiation and 

delithiation of iron sulfide (FeSy) during the galvanostatic cycling of the pyrite FeS2 

electrode. 

 

SnS and SnS2 with good purity have been successfully synthesized via a solution-based 

chemical synthesis method to investigate the effect of how the amount of sulfide ion in 

the stoichiometry of a tin sulfide compound affects its lithium storage properties. Pure 

samples of these two tin sulfides were obtained by simply varying reaction time. From 

the experiments, it was found that Sn2S3 (where Sn has a mixed oxidation state of +2 

and +4), which is first formed through the reaction between Sn2+ and S2-, undergoes 

further oxidation to yield SnS2 (where Sn has an oxidation state of +4). Upon further 

reaction, the SnS2 is found to slowly decompose to form SnS, yielding a mixture of 

these two phases after 2 hours of reaction and pure SnS phase after an overnight reaction. 

 

The electrochemical properties of the as-synthesized SnS and SnS2 were characterized 

and it was found that SnS2 displayed a higher capacity and better cycling stability than 

SnS after prolonged cycling particularly at higher current densities. When cycled at a 

current density of 0.1 A g-1, SnS exhibited an initial discharge capacity of 1443 mA h 

g-1 and a discharge capacity of 1024 mA h g-1 and 620 mA h g-1 at the 2nd and 100th 

cycle. When the current density is increased to 1 A g-1, a discharge capacity of 1165 

mA h g-1, 774 mA h g-1 and 361 mA h g-1 was attained at the first, second and 100th 

cycle correspondingly. For the SnS2 electrode, an initial discharge capacity of 1434 mA 

h g-1 and discharge capacities of 1011 mA h g-1 (2nd cycle) and 708 mA h g-1 (100th 

cycle) were delivered when cycled at a current density of 0.1 A g-1. When cycled at 1 

A g-1, SnS2 achieved an initial discharge capacity of 1112 mA h g-1 and discharge 

capacities of 856 mA h g-1 and 506 mA h g-1 at the second and 100th cycle respectively. 

 

Since the SnS2 electrode has poorer electronic and ionic conductivity than the SnS 

electrode, its superior lithium storage performance is attributed to its chemical and 

structural properties. As evidenced by the higher discharge capacity attained from the 

intercalation and conversion reaction throughout the 100 cycles, more Li2S is formed 

during the lithiation of SnS2, thus providing a thicker layer to buffer the large volume 
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change during the lithiation and delithiation of Sn. This can result in a reduction in the 

pulverization and better capacity retention of the electrode after prolonged cycling, as 

verified by the slower alloying capacity fading rate observed in the SnS2 electrode 

compared to the SnS electrode. 

 

It is found in this dissertation that for both iron sulfides (intercalation-conversion anodic 

material) and tin sulfides (conversion-alloying anodic material), the compound with a 

higher sulfide ion content in its stoichiometry i.e. FeS2 and SnS2 exhibits better lithium 

storage performance than its counterpart with lower sulfide ion content i.e. Fe1-xS and 

SnS when cycled in a voltage window of 0.001 – 3 V. For the pyrite FeS2 electrode, 

which undergoes intercalation and conversion reaction during charge-discharge cycling, 

the superior lithium storage performance is attributed to its better conductivity and 

reversibility of the lithiation and delithiation of FeSy. On the other hand, the SnS2 

electrode, which undergoes conversion and alloying reaction during charge-discharge 

cycling, displayed a better lithium storage performance due to its ability to form a 

thicker Li2S layer which provides better buffering for the large volume change in the 

Sn particles during their alloying reaction with lithium ions, thus maintaining structural 

integrity of the electrode and result in slower capacity fading. 

     

 

6.2 Recommendations for Future Work 

 

 

6.2.1 Evaluation of Lithium Storage Performance in Full Cell Configuration 

 

 

The electrochemical properties of the as-synthesized iron and tin sulfides reported in 

Chapter 4 and Chapter 5 were evaluated based on a half-cell configuration. It should be 

pointed out that, in such configuration, lithium foil is used as the counter electrode. In 

other words, lithium is added in huge excess compared to the metal sulfide active 

materials and, hence, during the cycling of these cells, the supply of lithium ions is 

assumed to be unlimited. As a result of this infinite supply of lithium ion in a battery 

half-cell, the occurrence of irreversible electrode reactions such as the formation of the 

solid/electrolyte interphase (SEI) layer, which will reduce the amount of lithium ions 
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available for other electrode reaction in the cell, does not have much adverse effects on 

the lithium storage performance of the electrodes under evaluation. 

 

However, in a commercial lithium ion battery, the supply of lithium ions is limited and 

will depend on the amount of lithiated compounds i.e. LiCoO2 used at the counter 

electrode. Due to this finite supply of lithium ions in a full battery cell, the presence or 

absence of irreversible electrode reactions will have great impact on the overall capacity 

and cycling stability of the battery cells. From the galvanostatic cycling of the iron 

sulfide and tin sulfide electrodes (Figure 4.5, Figure 4.6 and Figure 5.3), it can be seen 

that a layer of SEI is formed in almost all their initial discharge. Therefore, it is 

anticipated that the lithium storage performance will be different in a battery with full-

cell configuration compared to that with a half-cell configuration. Since commercial 

lithium ion battery employs a full-cell configuration and the study of these metal sulfide 

materials are for potential application as anode materials in commercial lithium ion 

battery, there is a need to investigate the lithium storage performance of the iron and 

tin sulfides in a battery with full-cell configuration. 

 

 

6.2.2 Study on Other Binary Metal Sulfide Systems 

 
 
This thesis focuses on the study of two metal sulfide systems: (1) iron sulfide (Fe1-xS 

and FeS2) and tin sulfide (SnS and SnS2), where the former system will undergo an 

intercalation followed by conversion reaction and the latter will undergo a conversion 

followed by alloying reaction with lithium ions. Through the analysis of their 

electrochemical properties, it was found that for both iron and tin sulfides, the 

compound with a higher sulfide ion content in its stoichiometry i.e. FeS2 and SnS2 

exhibits better lithium storage performance than its counterpart with lower sulfide ion 

content i.e. Fe1-xS and SnS when cycled in a voltage window of 0.001 – 3 V. However, 

this superior lithium storage performance of FeS2 and SnS2 were attributed to different 

reasons due to their different lithium storage mechanism. For the pyrite FeS2 electrode, 

which undergoes intercalation and conversion reaction during charge-discharge cycling, 

the superior lithium storage performance is attributed to the reversibility of the 

lithiation and delithiation of FeSy. On the other hand, the SnS2 electrode, which 
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undergoes conversion and alloying reaction during charge-discharge cycling, displayed 

a better lithium storage performance due to its ability to form a thicker Li2S layer which 

provides better buffering for the large volume change in the Sn particles during their 

alloying reaction with lithium ions.  

 

To obtain a more general trend on the effect of the number of sulfide ions in the 

stoichiometry of a metal sulfide compound on its lithium storage properties, it will be 

necessary to investigate the electrochemical properties of other metal sulfide systems. 

Hence, it is proposed to extend the study to metal sulfide systems like cobalt sulfides 

and copper sulfides which are analogous to the iron sulfide (intercalation-conversion) 

system, and also to germanium sulfides which is analogous to the tin sulfide 

(conversion-alloying) system. This will enable researchers to gain more understanding 

on the effect of sulfide content on the lithium storage properties of metal sulfide 

electrode and the science behind these differences. In recent years, a lot of research 

effort has also been placed on sodium ion batteries. There have been literatures 

reporting on the sodium storage properties of metal sulfides and it will also be 

interesting to study on the effect of the number of sulfide ions in the stoichiometry of a 

metal sulfide compound on its sodium storage properties. 

 

 

6.2.3 Study on Structural Changes During Cycling 

 
 
It is found in this dissertation that, for tin sulfides (conversion-alloying anodic material), 

SnS2 exhibits better lithium storage performance than SnS when cycled in a voltage 

window of 0.001 – 3 V. This is attributed to its ability to form more Li2S during 

lithiation which provides better buffering for the large volume change in the Sn particles 

during their alloying reaction with lithium ions, thus maintaining structural integrity of 

the electrode and result in slower capacity fading. As Li2S is highly hydroscopic and 

unstable in air, it will be very difficult to observe the structural changes of the electrode 

during lithiation and delithiation via ex-situ techniques. Henceforth, it is suggested to 

carry out in-situ studies i.e. in-situ SEM and/or TEM to observe how the structure of 

the materials and electrode changes during lithiation and delithiation. 
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APPENDIX 

 

 

 

 

Figure A.1: Nitrogen adsorption/desorption isotherm for (A) Fe-S_1 and (B) Fe-S_6. 
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Figure A.2: Nitrogen adsorption/desorption isotherm for (A) Sn-S_Onight and (B) Sn-S_60. 

 

 

 

 

 

 


