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Abstract

Abstract

Lithium ion battery (LIB) is currently one of theast widely used forms of rechargeable
energy storage system in portable electronics. droesie LIB with enhanced lithium
storage properties, better safety aspects and lowost; extensive research has been
conducted on the various components of a LIB fergast few decades. Although graphite
is currently used as the anode material in mostneerial LIB, its limited capacity and
the safety issues related to its low electrochengiogential ¢s. Li/Li *) have prompted
scientists to search for alternative materials. Agsbt the various conversion-typed
materials, metal sulfides are particularly intdrestas sulfur (S) has a rich and versatile
chemistry, thus providing the possibility of altegithe lithium storage properties of the
materials by simply varying the stoichiometric oatietween the metal and sulfide ion in
the compound. However, as with all sulfur and dgelfelectrodes, polysulfides will be
formed during their partial reduction, resulting poor capacity retention and cycling
performance in lithium and lithium ion batteries.Miew of this, more study needs to be
carried out to find approaches that can be undemtak improve the lithium storage
performance of metal sulfide electrodes. Hencs,ttiésis aims to gain an insight into how
the amount of sulfide ion in the stoichiometry ofmetal sulfide compound affects its
lithium storage properties, with the focus placedtwo metal sulfide systems, namely,
iron sulfides (intercalation-conversion materiah)datin sulfides (conversion-alloying
material).

To investigate the effect of how the amount ofidelfion in the stoichiometry of an iron
sulfide compound affects its lithium storage prdigsr pyrrhotite FeS and pyrite FeS
with good purity have been successfully synthesizied a solution-based chemical
synthesis method and their electrochemical progewiere characterized. It was found that
pyrite Fe$ exhibits better lithium storage capability thanrpgtite Fe.«S because of: (1)
the lower polarization, better electron and idn transport at the interface between the
active material and electrolyte at the pyrite Fel§ctrode and (2) the reversible lithiation
and delithiation of iron sulfide (FgSduring the galvanostatic cycling of the pyriteSke
electrode.
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SnS and SnSwith good purity have also been successfully megbaia a solution-based
chemical synthesis method to investigate the effEhbw the amount of sulfide ion in the
stoichiometry of a tin sulfide compound affects littium storage properties and the
electrochemical properties of these compounds aleeacterized. It was found that SnS
displayed a higher capacity and better cyclingibtalthan SnS after prolonged cycling
particularly at higher current densities. Since3h& electrode was found to have a poorer
electronic and ionic conductivity than the SnS ®tmte, its superior lithium storage
performance is attributed to its chemical and $tmat properties. As evidenced by the
higher discharge capacity attained from the infatmm and conversion reaction
throughout the 100 cycles, more&iis formed during the lithiation of Sp$hus providing

a thicker layer to buffer the large volume changérd the lithiation and delithiation of
Sn. This can result in a reduction in the pulveiimaand better capacity retention of the
electrode after prolonged cycling, as verified bg slower alloying capacity fading rate

observed in the Sn®lectrode compared to the SnS electrode.

It is found in this dissertation that for both irand tin sulfides, the compound with a higher
sulfide ion content in its stoichiometry i.e. Rhehd Sngexhibits better lithium storage
performance than its counterpart with lower sulfidie content i.e. RS and SnS when
cycled in a voltage window of 0.001 — 3 V. For theite Fe$ electrode, which undergoes
intercalation and conversion reaction during cyglirthe superior lithium storage
performance is attributed to its better conductiend reversibility of the lithiation and
delithiation of Feg On the other hand, the Sn8ectrode, which undergoes conversion
and alloying reaction during cycling, displayededtér lithium storage performance due to
its ability to form a thicker LiS layer which provides better buffering for thegkawolume
change in the Sn particles during their alloyingcten, thus maintaining structural

integrity of the electrode and result in slowerawty fading.
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Chapter 1

Introduction

This chapter provides a short background to thectoplithium ion battery
(LIB), highlighting the problems faced in this arefiresearch. Based on
the stated challenges, it was found that therenged texplore possible
methods of improving the lithium storage propertedsmetal sulfide
electrodes so as to enhance the performance of Hence, this
dissertation aims to understand the effect of tmmlver of sulfide ions in
a metal sulfide compound on its lithium storagef@@nance and why the
metal sulfide compound with one stoichiometry perfobetter than the
same metal sulfide compound with another stoichigmhn this thesis, it
was found that for both iron sulfides (intercalatioonversion anodic
material) and tin sulfides (conversion-alloying am material), the
compound with a higher sulfide ion content in tisichiometry i.e. FeS
and Sngexhibits better lithium storage performance thnciounterpart
with lower sulfide ion content i.e. E& and SnS when cycled in a voltage
window of 0.001 — 3 V. Through this understandipgssible ways of
improving the lithium storage properties of metalfisle electrodes can be
proposed. The flow and organization of this thesigether with its main

findings and outcomes, are also detailed in thisptér.
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Chapter 1
1.1 Problem Statement

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

rechargeable energy storage system in portable@hécs. They are being produced in

billions of units each year to be used in cellplaones, notebook computers and many
other electronic products (Figure 1.1). [1] Besigegtable consumer products, LIB is
also a potential candidate in various emergingieafibns such as electric vehicles,
electric grids and energy storage system for rebawrasources which are intermittent
in nature like wind and solar energy. [2-5] Witretimcreasing demand for LIB by
current and prospective applications, it was ptedien 2011 that the global revenue
for LIB will increase from USD9.4 billion in 201D tJUSD18.6 billion by 2017. [6]

I Ccllular Phones
[ ] Notebook Computers

I Camcorders
< [ ] Power Tools
g I Hybrid Electric Vehicles
o
- R B Others
oz NP
Z 2
o = Q
& B S
23 2015
= O
3 0
- 7 2010
°
S &
Z

Figure 1.1: Current and forecast of lithium iontbat sales in consumer electronics and hybrid
electric vehicle marketReprinted from [1], © 2010, with permission frons&Vier)

Despite the existence of various mature batterdyrtelogies like lead-acid battery and
nickel-cadmium rechargeable battery in the comrakroiarket, LIB emerged as the

preferred choice of energy storage system for ptateonsumer electronics. The main
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reasons would have to be its high gravimetric avidmetric energy densities (Figure
1.2), outstanding cycling performance and desigsatdity, allowing the fabrication
of light (high gravimetric energy density) and canp(high volumetric energy density)

batteries with different designs i.e. prismatiancand cylindrical (Figure 1.3) to meet
the requirements for various applications.

A 250 : ] | 1 ] ] ] 1 ] ] ] I | I
fi=l) . B
£ Lithium-polymer
et - .
ﬁ 200 - (prismatic “E:fllf) B
e
— - L
: Lithium-polymer
<150 EV mod;@ Lithium-ion |
50 ;- (cylindrical type)
s a_,) |
>, 100 ; L
= : ~ Lithium-ion
5 ) - : (prismatic type,-
= Ni/Cd . Al can)
23 50 . Lithium-ion =
o
> | lf.:_a: Ni/MH (prismatic type) i
K o prlsmatlc type)
O T | L L ¥ T | 1 I 1 [ T
0 50 100 1 50 20{} 250 300 350

Energy Density (WhL1)

\ 400

Smaller Size

Figure 1.2: Comparison of various battery system$erms of gravimetric and volumetric
energy densitiegReprinted from [7], © 2013, with permission frowhh Wiley & Sons, Inc)
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A Liquid oleclrolym C
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Figure 1.3: Schematic diagram of a (A) cylindriqd@) coin, (C) prismatic and (D) thin and
flat-type lithium ion battery cell configuratiorfReprinted by permission from Macmillan
Publishers Ltd: [8], © 2001)

Typical lithium ion battery delivers a voltage eband 3.7 V and has a gravimetric and
volumetric energy density of about 120 W hllkand 320 W h ! respectively. [8, 9]
These high voltage and specific energy densitiedemdB a system of choice for
powering up many current portable consumer devidesvever, the performance of
the LIB presently available in the commercial marisenot sufficient to meet that
required for various emerging technologies andether still plenty of room for
improvement. Hence, to perform better for existargl to match the requirements
needed for potential applications, a lot of effdréave been put into the research and
development of battery materials that are safeaghenvironmentally-friendly and, at

the same time, can provide higher power and engegsgities. [10, 11]



Introduction Chapter 1

1.2 Motivation

To achieve LIB with enhanced lithium storage prtipsr better safety aspects and
lower cost, extensive research has been conduntttwarious components i.e. anode,
cathode and electrolyte of a LIB for the past fescatles. In particular, a number of
review papers on LIB have highlighted the concemtiie anode materials and many
works has been focused on improving its lithiunrage performance. [1, 8, 12-16]
Currently, graphite is the anode material used iostmcommercial LIB and
comprehensive studies on the various forms of cabeous materials such as soft
carbon, hard carbon and mesocarbon microbeadsdiswdeen conducted since the
1990s. Their corresponding reaction mechanisms htfittum ions, surface reactions
during electrochemical cycling and so forth arestantly visible in the literatures. [17-
22] Nevertheless, the limited capacity of graphtticbons and the safety issues related
to their low electrochemical potentiais( Li/Li *) have prompted scientists to search for
alternative anode materials. As it is difficultfind a good replacement for graphite
due to its high availability on Earth, low cost, namxicity and possibilities for
modification, more effort is needed to explore nosencepts that can lead to the

discovery of potential anode materials for advarid&dapplications.

In 2000, Poizot et al. reported on the reactiotitbium ions with various transition
metal oxide (NiO, FeO, GO®, CoO and C&Ds) nanoparticles. [23] Through his
findings, he proposed a new lithium storage medmkinown as “conversion reaction”
where lithium ions are released and stored thrakiglidecomposition and formation of
lithium oxide (LkO) respectively. Since then, lithium ion has alserbfound to react
reversibly with numerous transition metal sulfidegh as iron sulfides (FeS, 5
FeS), copper sulfides (G&, CuS) and cobalt sulfides (CoS,96&6 CoS) through
conversion reaction. [24-36] Anode materials thateslithium ions via conversion
reaction are very attractive to the LIB researcimemnity as they exhibit high
theoretical capacities=(400 — 1000 mA h ) that can be more than 2 times that of
graphite (372 mA h-¢). [15, 37, 38] However, during conversion reactithe anode
material is subjected to structural reorganizatmal large volume change, thereby
resulting in pulverization and, hence, capacityirfgdof the anode. Furthermore,

conversion-typed electrode materials have highaipwy voltage typically in the range
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of 1.2 — 2.5 V ys. Li/Li *), which compromises the overall voltage of the LI&.
reduces the overall voltage of the LIB. [37, 30] All these drawbacks need to be
resolved before conversion-typed electrode matedah be realised as the anode for
next-generation advanced LIB.

Amongst the various conversion-typed materials, amsulfides are particularly
interesting as sulfur (S) is in the third periodhe periodic table. This implies that S
can exploit its 3d orbitals during bonding to attai maximum coordination humber
that is greater than 4 and to adopt oxidation statethe range of -2 to +6. [41]
Furthermore, S, like carbon, has a high tendencatenate i.e. to link together atoms
of the same element to form a longer chain, enghtito form more than 30 solid
allotropes like cyclohexa-S {Band cycloocta-S gpand various polysulfide ions like
Si> where n =2 —8.[41, 42] These allow S to hasielaand versatile chemistry where
it can form a vast variety of binary metal sulfidésthe metal ion in the binary
compound can adopt more than one oxidation ste¢egral metal sulfide compounds
with different metal to sulfur stoichiometry can foemed, providing the possibility of
altering the lithium storage properties of the mate by simply varying the
stoichiometric ratio between the metal and sulfatein the compound. However, as
with all sulfur and sulfide electrodes, polysulfdeill be formed during their partial
reduction. [43] Although elemental sulfur is notywsoluble in many organic solvents,
polysulfides, on the other hand, readily dissolvéhiese solvents, thus increasing the
viscosity and reducing the ionic conductivity oktelectrolyte. [44] Furthermore,
polysulfides can react with lithium metal and caeat. All these will result in poor
capacity retention and cycling performance in lithiand lithium ion batteries which

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

1.3 Research Scope and Objectives

In view of the poor capacity retention and cyclipgrformance resulting from the
dissolution of polysulfides into the organic eletyte, more study needs to be carried
out to find approaches that can be undertaken forawe the lithium storage

performance of metal sulfide electrodes. Amongséxs, it is interesting to study how

6
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the number of sulfide ion in the stoichiometry ahatal sulfide compound i.e. Fe:S =
1:1 (FeS), 3:4 (&) or 1.2 (Fe9 affects its lithium storage properties. This
dissertation aims to address the following hypathes

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 undedsitey as to whether having more
sulfide ions in the metal sulfide compound is mbemneficial or detrimental to its
lithium storage performance and why the metal dalficompound with one
stoichiometry performs better than the same maitlide compound with another
stoichiometry i.e. why FeSperforms better or worse than FeS. Through this
understanding, possible ways of improving the Uithistorage properties of the metal

sulfide electrodes can be proposed.

Figure 1.4 shows the abundance of selected elenmetits Earth’s crust. It can be seen
from this figure that iron and tin are two Earthdadant elements that makes up 6.20
x 102 and 2.10 x 18fraction of the Earth’s crust respectively. Aldepicted in Figure
1.4 is the approximate price of selected metalslwbhows that one pound of iron and
tin costs about USDO0.10 — 0.25 and USD5 — 15 cpomdingly. Due to their
abundance and low cost, together with the factlo#t iron and tin can adopt more
than one oxidation states and, hence, can formriatyaf binary phases with sulfide
ions, these two elements are chosen as the catlmndtudied in this thesis. In addition,
iron sulfide and tin sulfide are known to storhiliim ions via two different mechanisms,
with the former undergoing a mixture of intercadatiand conversion reaction with
lithium ions, while the latter reacts with lithiulons through conversion and alloying
reactions. Therefore, the study on iron sulfide andulfide in this thesis also allow
the evaluation of how the number of sulfide iorthe stoichiometry of these two type
of metal sulfide affects their lithium storage pediges.
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In this dissertation, Chapter 4 focuses on the Insetfides obtained when using iron
as the cation, while Chapter 5 concentrates orotitained when using tin as the cation.

The objectives for both chapters are:

(1) To synthesize pure phases of iron sulfide and difide compounds with
different stoichiometries i.e. £€S and FeSor SnS and SnSria a solution-
based chemical synthesis method using the sameirpogs, solvents and

surfactants.

(2) To characterize the as-synthesized iron sulfidéstiansulfides for their phase,

purity, size and morphology.

(3) To study the effect of the molar ratio between ttwen and sulfur (Fe:S)
precursors on the phase and morphology of the @tfiasized iron sulfides.

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

synthesized tin sulfides.

(5) To study the effect of the metal to sulfur stoichéiric ratio i.e. Fe:S or Sn:S
of the as-synthesized iron sulfides or tin sulfides their lithium storage

properties and cycling performance.

Since the main objective of this thesis is to ustéerd how by changing the number of
sulfide ion in the stoichiometry of a metal sulficempound affects its lithium storage
properties, focus will only be placed on the stwdypure metal sulfide phases with
different metal:sulfur ratio and does not incluagy atudy on mixed phases. It should
be highlighted that the iron sulfide and tin sudfisamples studied in this dissertation
does not have any fanciful morphology. This is e the effect of particle

morphology on the lithium storage properties ostheamples to a minimal since it is
well-known that the morphology of a sample can hgkeat impact on its lithium

storage capability. Also worth mentioning is tHag iron sulfide samples, as with the
tin sulfide samples, are synthesized via a solth@sed chemical synthesis method

using the same precursors, solvents and surfactdaetee, any remaining surfactants

9
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on the surface of the particles should be the samdewill have similar effect on the
lithium storage properties of both the iron sulfisi@mples. This is to prevent any
difference in lithium storage performance of theoteamples due to the different
properties of the surfactants i.e. a surfactanh Wwetter electronic conductivity can
result in enhanced charge transfer rate at theseidf 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 sulbid in the stoichiometry of a metal
sulfide compound affects its lithium storage prajest with the focus placed on two
metal sulfide systems, namely, iron sulfides (icagation-conversion anodic material)

and tin sulfides (conversion-alloying anodic matri

Chapter 1provides a short background to the topic of lithiton battery, highlighting
the problems faced in this area of research. Basdde stated challenges, the rationale,
objectives and scope for this dissertation is chosbe flow and organization of this
thesis, together with its main findings and outcenaee also detailed in this chapter.

Chapter 2provides a brief history on the development ofoigs battery technologies,
highlighting the numerous milestones that were eakd with emphasis placed on
lithium ion battery technology. The general workjmgnciples of a lithium ion battery
and the different lithium storage mechanism empldygits anode materials were also
explained in this chapter. Past works that haven lmaeried out on metal sulfides, in
particular iron sulfides and tin sulfides, for liim ion battery applications were also
reviewed in this chapter.

Chapter 3summarizes the various methodologies employedhén synthesis and
characterization i.e. XRD, Raman, FESEM and TEMhef metal sulfides studied in
this dissertation. The procedures used to fabritihge lithium ion cells and the
experimental parameters used for measuring thdretdemical properties of the

assembled battery cells were also stated in tlaptehn

10
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Chapter 4presents the results on the synthesis of irondaglfvia a solution-based

chemical synthesis method. The as-synthesized pswdee characterized using XRD,
FESEM, TEM and Raman spectroscopy. The effectefriblar ratio between the iron
and sulfur (Fe:S) precursors on the phase and rology of the as-synthesized

products is investigated and discussed in thistehaphe effect of the iron to sulfur

stoichiometric ratio of the as-synthesized ironfidak on their lithium storage

properties is also studied and presented in thapte.

Chapter 5presents the results on the synthesis of tindrdfivia a solution-based
chemical synthesis method. The as-synthesized pswdee characterized using XRD
and FESEM to determine their phase, purity, andomalogy and particle size. Time-

dependent reaction was carried out to understamébtination mechanism of the two
tin sulfide phases. The effect of the tin to sul&ioichiometric ratio of the as-

synthesized tin sulfides on their lithium storageperties is also investigated and
presented in this chapter.

Chapter 6 summarizes the main findings of this dissertatéord highlighted the
conclusions obtained. Based on these findings andlasions, possible future work

has been recommended.

1.5 Findings and Outcomes/Originality

With the exception of a study by Cho and co-work&rsch compared the lithium
storage performance of germanium monosulfide (Ga&8) germanium disulfide
(GeS), there is no other reports in the literature Wwhtompares the lithium storage
properties of a metal sulfide with different metalfur stoichiometry. [48] In addition,
although Cho et al. showed that GeS performs b#tsr Ges when cycled in the
voltage range of 0.01 — 1.5V at a current densfit¥60 mA g', no explanation was
provided for this observation. Hence, this studyaidirst attempt to provide an
understanding as to whether having more sulfide iora metal sulfide compound is

more beneficial or detrimental to its lithium stgeaperformance and why the metal

11
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sulfide compound with one stoichiometry perform#idrethan the same metal sulfide

compound with another stoichiometry.

In this thesis, it was found that:

1)

(2)

3)

For both iron sulfides (intercalation-conversiomdic material) and tin sulfides
(conversion-alloying anodic material), the compounth a higher sulfide ion
content in its stoichiometry i.e. Fe&nd Sng exhibits better lithium storage
performance than its counterpart with lower sulfiole content i.e. F&S and

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

For the iron sulfide electrodes, which undergo rcd&ation and conversion
reaction during cycling, the superior lithium stgpegerformance of pyrite FeS
is attributed to its better conductivity and reveitgy of the lithiation and
delithiation of Fe&

For the tin sulfide electrodes, which undergo cosiom and alloying reaction
during cycling, the enhanced lithium storage cdfgtuf SnS is accredited to
its ability to form a thicker LIS layer which can provide better buffering to
accommodate the large volume change in the Srcleartiuring their alloying
and de-alloying reaction, thus maintaining the dtral 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 depaient of various battery
technologies, highlighting the numerous milestotiegt were achieved
with emphasis placed on lithium ion battery tecbggl The general
working principles of a lithium ion battery and thigferent lithium storage
mechanism employed by its anode materials were etptained in this
chapter. Past works that have been carried out atamsulfides, in
particular iron and tin sulfides, for lithium ionaltery applications were
also reviewed in this chapter. Although many d#ferapproaches have
been attempted by the research community to entthedgéhium storage
performance of metal sulfide electrodes, therestiteplenty of room for
improvement. In order to find more effective solutto the problem of
polysulfide dissolution and to better improve ttl@lm storage capability
of metal sulfide electrodes, it is important tefiunderstand the impact of
the amount of sulfide ions in a metal sulfide conmabon its polysulfide
dissolution problem and lithium storage propertesd why the metal
sulfide compound with one stoichiometry performigelbghan that with
another stoichiometry. Through this understandmgre effective ways of
improving the lithium storage properties of the ahstilfide electrodes can
be proposed. However, no such study has been expiorthe literature to

date.
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2.1 History of Batteries

Batteries, also known as electrochemical or gatvaells are devices that can convert
the chemical energy stored in them into electecargy via electrochemical reduction-
oxidation (redox) reactions. [1] These redox reaxgj being thermodynamically
favourable, will occur spontaneously when two materwith different standard
reduction potentials are linked together by antedeec load. [2] In general, batteries
can be broadly divided into two different categsyieaamely, primary batteries and
secondary batteries. Primary batteries are thasecdnnot be easily or effectively
recharged and, therefore, is disposed after aesiigcharge or use; while secondary
batteries, also known as rechargeable batteries, bea charged and discharged

repeatedly.

The discovery of batteries is widely believed tawcaround the late ¥8&entury as a
result of the dispute between two Italian physs;iktigi Galvani and Alessandro Volta.
In 1781, Galvani observed the twitching of a frolg'g when he placed two different
metals in contact with that frog’s leg (Figure 2.Ejom his observation, he proposed
that animals can generate electricity. [3] Howeveis hypothesis was being
challenged in 1794 when Volta claimed that thedkwitg of the frog’s leg is caused by
the stimulus of the two metal strips and not beeanigshe generation of electricity by
the animal’s muscle itself. To support his postalatVolta invented and demonstrated
the production of electricity from the very firsattery 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 eaictopaopper-zinc disk is separated

by a cloth that is wetted with brine solution (Fig.2).

The invention of the voltaic pile by Volta providednew concept for the conversion
and storage of energy, inspiring and acceleratiegdevelopment of many different
electrochemical systems. Table 2.1 highlights sofrtee milestones in the history of
battery development. Notably, following the invemtiof the voltaic pile in 1800,
French physicist Raymond Gaston Planté came ot tvé first lead-acid battery in
1859, which employs lead oxide as its positive tebele, metallic lead as its negative

electrode and sulfuric acid as the electrolyte. Thlis lead-acid battery can be
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discharged and electrically charged back again gplyang an external bias to its
electrodes. As this battery can be discharged &adyed for many times, lead-acid
batteries are also known as a type of “rechargebateery”. In fact, the lead-acid
battery is the oldest rechargeable battery that wasnted and is also the first

rechargeable battery to be commercialized.

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

Cloth
soaked with
brine

/ solution

(electrolyte)

Figure 2.2: Alessandro Volta and his Volta's p{Reprinted from [4], © 2013, with permission
from John Wiley & Sons, Inc)
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Another important discovery in the history of bagtdevelopment would have to be
the nickel-cadmium (Ni-Cd) rechargeable battery wes created by Swedish engineer,
Waldmar Jungner in 1899. This Ni-Cd cell uses atune< of nickel hydroxide and
graphite as its cathode, a mixture of cadmium owideadmium hydroxide with iron
or iron-based compounds as its anode and potassrdnoxide as its electrolyte. [6]
Being the second rechargeable battery that was evonatized, the Ni-Cd battery has
a higher gravimetric and volumetric energy denBiiyalso a higher cost compared to
the lead-acid battery.

Innovations are usually an outcome resulting fromneed to solve certain problems
or to meet certain demands in the society. Theeetbe outburst of portable consumer
electronic products in the market and the occuea@idhe first oil crisis in the 1970s
have triggered many inventions in the field of egtttechnology. With more work
being put into creating a battery that has highacap and yet, at the same time, is light
in weight and small in size so as to meet the nomg need for better energy storage
systems, it soon dawned on researchers that tlegactimiting factor in a battery
system would be the choice of its electrodes. k& waticed that the combination of
materials used as electrodes at that time haselimiheoretical capacity, thereby
restricting the specific gravimetric and volumetanergy density of those energy
storage systems.

A breakthrough in the development of battery tedbgy occurred when it was first
shown that lithium can be employed as an electnoakerial. In comparison to the other
elemental metals in the periodic table, lithium)(has a very small atomic weight of
6.941 g mat!, a low density of 0.534 g cfrand one of the lowest standard electrode
potential (-3.04 V versus standard hydrogen eléefroallowing batteries with high
gravimetric and volumetric energy density and highput voltage to be fabricated
when Li is chosen as the anode material. [7] I, f@ben lithium, which has a higher
specific capacity (3860 A hiy compared to zinc (820 A h')is used as an anode
material in a battery with an iodine-based mateaisithe cathode (lithium-iodine
battery), a high practical energy density260 W h kg') that is nearly five times higher
than a zinc-mercury oxide battery can be attaifgjd.
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Table 2.1: Selected milestones in the history ttelop development. [2, 3]

Year Cell Inventor
1800 Volta's Pile Alessandro Volta
1836 Daniel Cell John Frederic
Daniel
1859 Lead—Acid Battery (Pb/H2SO4/PbOy) Raymond Gaston
Planté
1866 Leclanché Cell Georges - L19nel
Leclanché
1888 Zinc—Carbon Dry Cell Carl Gassner
1899 Nickel-Cadmium Battery Waldmar Jungner
1946 Alkaline Manganese Secondary Cell Union Carbide
Company
1955 Alkaline Battery Lewis Urry
Lithium Primary Battery (Li/Organic .
1972 Electrolyte/CFx) Matsushita
1972 Solid Lithium Iodine Battery (Li/Lil/I-PVP) Moser
1975 Lithium—Manganese Cell Sanyo Electric Co
1977 Rechargeable Lithium Battery (Li/Organic Michael Stanley
Electrolyte/TiS2) Whittingham
Rocking Chair Battery (LixWO2/Organic .
1980 Electrolyte/TiS2) Bruno Scrosati
1980 Lithium—Molybdenum Disulfide Moli Energy
1990 Nickel-Metal Hydride Battery Samsung
1991 Lithium Ion Battery (C/Organic Sony

Electrolyte/LiCo0O2)

Although lithium primary batteries were alreadyyerell-established as commercial
products by the 1970s, the widespread usage ofairgeable lithium batteries was
prevented due to some serious operational faelt®verheating and thermal runaway
associated to its metallic lithium anode. Hencentprove the safety of this battery,

work has been done to search for a less aggressaterial to replace the highly
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reactive lithium metal. This prompted the reseawahlithium ion battery (LIB), a
modified version of lithium battery that uses therereliable lithiated compounds
instead of lithium metal as its electrode, thusronpng the safety of the cell. The whole
concept of LIB started back in the late 1970s [B-hdd obtained practical
demonstration by building on two important discaeer (1) the discovery of lithium
cobalt oxide (LICoO), a lithium-intercalation material with high wong voltage by
John Goodenough et. al in 1979 [11] and (2) tmeadestration of low working voltage,
carbonaceous materials that can undergo lithiueriios and extraction reversibly by
Rachid Yamazi in 1980. [12] Following the assendig patenting of a prototype LIB
cell by Akira Yoshino and coworkers in 1985 [13jetvery first commercial LIB was
released by Sony Cooperation in June 1991 [14ad8]remained one of the batteries
of choice for portable electronics like notebooknpuiters and cellular phones till today.

2.2 Basic Principles of Lithium lon Battery

A lithium ion battery, like all other electrocheralacells, is generally made up of two
electrodes separated by an electrolyte, as showigure 2.3. These two electrodes in
the cell have different standard reduction potémaad, hence, redox reactions should
occur spontaneously between them when they aresctethtogether by an electronic
load. [2] Among the two electrodes, the electrodctv has a lower positive reduction
potential is commonly known as the negative elelgror anode, while that with a
higher positive reduction potential is known as plesitive electrode or cathode. [16]
The electrolyte serves as a medium for the tramdfelnarge such as lithium ions in the
case of LIB between the two electrodes inside #ie A wide variety of electrolyte
choices are available for use in batteries andrtbst common one would be liquid
electrolyte, either aqueous or non-aqueous, witk,sakalis or acids dissolved in it to
give the electrolyte its ionic conductivity. [17] tli@r electrolytes used in
electrochemical cells include polymer, glass androgc electrolytes. To prevent short-
circuiting of the battery cell, a separator is plddetween the two electrodes. This
separator should have with good ionic but poortedaic permeability, allowing ions

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

permission from Elsevier)

When the LIB is in its charged state, lithium icare “stored” in the anode. During
discharging, the lithium ions in the anode are aoted and transported through the
electrolyte and separator to reach the cathoderenthey are inserted into the positive
electrode. At the same time, the anode loses eflext(gets oxidized) and these
electrons moved through an external circuit to hethe cathode, thereby reducing it.
This movement of electrons from the negative topthstive electrode allows the user
to tap on it to power up devices for various amdlans. To recharge the LIB, an
external voltage is applied to the electrodes, iogughe lithium ions to be extracted
from the cathode and inserted into the anodeewerse of the discharging process. As
the energy conversion process in a LIB occurshaeattansportation of lithium ions to
and fro the two electrodes, such a cell is alsomonly referred to as a rocking-chair
battery.

Since the commercialization of the very first LIB 8ony Corporation in 1991, vast

amount of work has been carried out to further maprits energy storage properties so
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as to meet the increasing demand for better aredt sakergy storage systems by both
existing and emerging applications in the soci&ty.achieve better lithium storage
performance, researchers focuses a lot of effofinoing new cathode [19-24] and
anode [25-32] materials that has higher energy idens power than the current

commercial choice i.e. graphite and lithium coloaide (LiCoQ).

2.3  Anode Materials for Lithium lon Battery

Carbon-based materials such as pyrolytic carbore viest reported as negative
electrode for LIB in 1989 [33, 34] and, since thémey have become a popular choice
as anode materials in LIB. Amongst these carboneceauaterials, graphite, in
particular, has gathered a lot of attention asli@nretive to the lithium metal anode in
rechargeable lithium ion batteries because of lifity to accommodate repetitive
insertion and extraction of lithium ions into andt @f its lattice. Other reasons for
using graphite as an anode material in LIB incliisismall irreversible capacity, good
cycling stability, a long and almost flat plateauts charge/discharge voltage profiles
and, most importantly, its high abundance and lost.d35] In fact, graphite is used
as the anode material in the first commercial L8 &as remained as the predominant
anode material used in today’s commercial LIB. Hogvre graphitic carbons such as
graphite only have limited theoretical capacitiésloout 372 mA h g (based on the
formation of LiG) and observed capacities in the range of 280 —r830h g?,
depending on the type of graphitic carbon matef&f] And, this low capacity value
is not sufficient to meet the requirements of ned @merging technologies like electric
vehicles and hybrid electric vehicles. Furthermdne,electrochemical potential value
of LiCe (vs. Li/Li ") is very close to that of lithium metal. Althougfis low potential
enables the fabrication of batteries with high teahvoltage when coupled with a
cathode material that has a high reduction potertiare are several safety concerns
with regards to the use of graphitic carbon anadechargeable LIB. The practically-
zero electrochemical potential of Lg@vs. Li/Li*) could result in possible lithium
deposition at the surface of the anode especialyng fast charging under cold
temperatures, thus degrading the performance obaiery and, in the worst case,

leading to a thermal runaway and fire. In fact, théernational Civil Aviation
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Organization has recently imposed a ban for thesprartation of LIB shipment via
passenger aircraft due to LIB being a fire hazahichv requires special firefighting
systems. [37] Hence, many researchers have bedangan finding other promising
anode materials with higher volumetric/gravimeti@pacities and better safety aspects
than graphitic carbon to meet society’s demandbfiter and safer energy storage

systems.

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

criteria:

(2) Have an adequate electrochemical potential valgelL({/Li*) that is slightly
above that of lithium metal and, yet, not too clusé.

(2)  Have high specific capacity (A higpr A h cmt) and energy density (W hlg

or W h cm?) in terms of volume and weight

3) Have good cycling stability, allowing it to maintaits 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 [mattery and their characteristics. [36, 38-
42]

Host  Theoretical Specific Potential

Material Capacity (mA h g?) (vs. LVLi") Remarks
Graphite 372 0.1-0.2 Volume change: ~11%
- High voltage,
LuT1s012 175 155 Negligible volume change
. Poor cycling,
St 4198 0.5-1 Volume change: 320%
Poor cycling,
Sn 993 <03 Volume change: 350%
Al 2235 <03 Poor cycling,
' Volume change: 238%
Bi 385 <0.8 Volume change: 115%
Sn0» 732 <05 Large initial irreversible
loss
Fe:0s 1007 1.6 High voltage,
Low cost
CoO 715 1.8 High voltage
FeS, 290 15 High voltage,

Poor cycling

Table 2.2 shows some anode materials used in diestdior potential application in
lithium ion batteries. These negative electrodeemals can be broadly classified into
three major types, namely, insertion-type materiakoying-type materials and

conversion-type materials, depending on how theredti ions.
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2.3.1 Insertion / Intercalation-Type Anode Materiab

Insertion-type materials, also known as intercatatype materials, for LIB store
lithium ions by inserting them into the space betwéhe host layers, as illustrated in
Figure 2.4. [43] During charging, lithium ions anserted into the interspace between
the anode material layers and, during dischardimgse lithium ions were extracted
from the host layers through a process known aatéecalation or de-insertion.

Insertion

Figure 2.4: Schematic representation showing theriion or intercalation reactiofiRéprinted

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

One of the most widely studied insertion-type anodtaterials for application in
lithium ion batteries would have to be graphitea@@rte is a crystalline material with
layered structure. It is made up of carbon atonas #ine spbonded to each other,
forming layers of graphene and these graphene dagee held together to its
neighbouring graphene layers by weak van der Waates, as shown in Figure 2.5.
During charging, the lithium ions can intercalat®ithe space between the graphene
layers to form LiCs and, during discharging, they can be extracteah fitus interlayer
spacing to form back graphite, as shown by thetigaan Equation 2.1. This

intercalation and de-intercalation process caubesgraphite anode to undergo a
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volume change of at most 11%. [45] As this volurhange is not too large, graphite
anodes do not experience excessive mechanicah sttaing charging-discharging
cycling, allowing them to achieve a stable and retée capacity of about 330 mA h
g™ [36]

Graphite Lithiated Graphite

Van der
g WWaals
Forces

0.372 nm

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

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

Charging
Cg +xLiT +xe™ Li,Cq ; 0<x<1
Discharging

Equation 2.1

Lithium titanate spinel (LiTisO12) is another insertion-type anode material that has
gained extensive research interest. It has a ttiealrgravimetric specific capacity of
175 mA h ¢! as each formula unit of §TisO12 can accommodate the insertion of up to
3 Li atoms into its lattice (Equation 2.2). Althduthe theoretical capacity of4liisO12

is lower than that of graphite, it has an interegproperty that makes it a very attractive
choice as the anode in LIB.4IiisO12 is a well-known zero-strain material for lithium

insertion. [46] When lithium ion is intercalatedarLisTisO12,the material undergoes
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a phase transformation from a spinel structure toc& salt structure, resulting in a
small volume change of only 0.2% in the cell voluffégure 2.6). This enables
Li4TisO12 to exhibit good structural stability and long agd life as its small volume
change during intercalation and de-intercalatiorplies that the material will
experience negligible lattice strain during cyclifdgy/-49]

Charging
LigTisOqp +3Lit +3e” Li7Tig017
Discharging

Equation 2.2

Li*

[@]
Li*

Figure 2.6: Schematic representation showing thegligible volume change during
intercalation and de-intercalation of lithium ioim$o and out of lithium titanatgReprinted
from [50], © 2013, with permission from John Wilysons, Inc)

Other materials that store Li ions via intercalati@action include some transition
metal oxides such as the various polymorphs atitita dioxide (TiQ) and tungsten
oxide (WQ). [51-54] However, insertion reaction mechanisny@ilows a restricted
number of Li atoms, usually about one or at masedh.i atoms per formula unit, to be
intercalated into the anode. This limits the maximcapacity attainable by the
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electrode material. Thus, new anode chemistries iImeigleveloped to increase the

capacity of the electrode materials.

2.3.2 Alloying-Type Anode Materials

A second type of anode materials for lithium iotidéx@es is the alloying-type materials.
In 1971, Dey reported that metallic lithium canodlechemically alloy and de-alloy
with numerous metals in a liquid organic electrelgt room temperature. [55] Since
then, alloying-type anode materials for LIB, whicitludes mainly metals such as
aluminium (Al), germanium (Ge), lead (Pb), silvég], indium (In), zinc (Zn), and

antimony (Sb) have gained widespread attentiorh) silicon (Si) and tin (Sn) being

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

Equation 2.3 shows a generalized equation for i@ayplloying reaction where M can
be either an element like Si or a compound likelSf®] During charging, the lithium

ions diffuse from the cathode to the anode, whieey &lloy with the alloying-type

anode material, M to form a lithium-based compoung\l. This process is reversed
during discharging, where the lithium ions are asted from the lithiated anode xM

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

Charging
M+xLitT +xe” LiyM
Discharging

where M can be an element or compound

Equation 2.3
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Typically, lithium-alloying anodes have much hightreoretical volumetric and
gravimetric capacities than that of conventionalpdnite Fully-lithiated silicon (Lk 4Si),
for example, has a theoretical capacity of aboGD48A h g!, which is more than 10-
fold higher than that of graphite (L4f; whose theoretical capacity is only 372 mA'h g
L. Sn, another widely-studied alloying-type anodeemal for LIB, can alloy with
lithium ions to form Li.4Sn, giving it a theoretical capacity (990 mA ) gvhich is
also much higher than that of graphite. Althoudbyahg-typed anode materials have
high theoretical capacities, this class of anodéenas also has their own problems.
Unlike the relatively open crystal framework of ginite, metals tend to have a more
densely-packed structure. Therefore, when lithiomsiare inserted into these metal
anodes to form an alloy, the electrodes usuallyeB&pce massive volume change as
illustrated by the schematic representation in Feg17. [61, 62] Si, for instance, is
expanded by about 320% upon lithiation to form45i [38], while Sn undergoes a
volume change of 350% when it alloys with lithiuomsé to form Li4Sn. [39] This
large volume change in the material that occursxdwalloying and de-alloying process
generates mechanical strain, resulting in the angchnd rapid capacity fading of the

anode upon repeated cycling.

S
X

M LiM

Figure 2.7: Schematic representation showing tluyial reaction. Reprinted from [63], ©

2010, with permission from Elsevier)
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While the high capacities of alloying-typed matkrimake them an attractive choice as
anodes in high energy density lithium-ion batteard promising progress has already
been achieved, issues relating to the structuallgy of these electrode materials still
remain. Hence, more research work needs to be woogercome this challenge in
order for alloying-typed materials to be widely dsas anodes in commercial
rechargeable lithium-ion batteries. In fact, sitfoe demonstration by Cui Yi in 2007
that nanostructured Si film can undergo lithiatimd delithiation cycling without
succumbing to the mechanical stresses resultimg fir@ large volume change, a lot of
studies has been carried out on nanostructurii®j tf improve the structural stability
of this alloying anode material. Eventually, Am;ia start-up company in California
commercialized LIB which uses Si nanowires as amo@814, delivering much higher
energy densities of 800 — 1000 W H land 325 — 400 W h Kgthan traditional

commercial LIB.

2.3.3 Conversion-Type Anode Materials

The third and last class of anode materials istrerersion-type materials. This class
of anode materials include a number of binary campls, M—X where M is a transition
metal such as iron (Fe), cobalt (Co), nickel (Migl@opper (Cu) and X is an anion like
oxide (&), sulfide (%), fluoride (F), nitride (N*) or phosphide (®. Equation 2.4
shows a generalized equation for the reaction Etwhbese conversion-type anode
materials and lithium ions, where M is a transitioetal element. As shown in the
forward equation, the conversion-type material, M&acts with lithium ions to form

metallic M andLiX, . After delithiation, the compounds are formedkbiato its initial

Z

state, MX.

Although transition metals in the 3d block likedfed Cu are not active towards lithium,
the oxides and sulfides of these transition metedsactually able to store lithium ion
reversibly. [41, 64] And, the main reason for teearsibility of the conversion reaction

appears to be linked to the formation of nanoplagicAfter the first lithiation, the fully
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Charging
B —
MXy +zLit +ze” M + LizXy
Discharging

wherey = zforX =F;y = %forX= 0,S;y= %forX= N,P

Equation 2.4

reduced product forms a nanocomposite comprisingeiallic nanoparticles (usually
in the range of 1 — 5 nm) dispersed in a&Xkimatrix as depicted in Figure 2.8. This
structure can help to prevent the agglomerationthef metal nanoparticles and
maintained their large surface area. Due to tlgelanterfacial area between these metal
nanoparticles and the Xy matrix material, when a reverse potential is aggplthey
can readily decompose the matrix in which theyardedded in, forming back the
MXy binary compound. [7, 41, 65] It has been showhttiesize of the metal particles
remains in the nanometre regime even after segbaaing-discharging cycles, giving
the conversion-typed anode its good cycling stgbil66]

Conversion

2
THIemes

.‘h[’..y‘a LA Discharging

e Q-\-t L )

~

MX

Figure 2.8: Schematic representation showing theversion reaction.(Reprinted by
permission from Macmillan Publishers Ltd: [67], ©@8)
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Anodes made from these conversion-type materigiedily exhibit high capacities
that are about 2 — 3 times higher than that of lytaecause at least one or more
lithium ions are involved in the conversion reactper transition metal in the formula
unit of the anodic material. [68] Unlike graphitdv@ve no more than one lithium ion
can be inserted into the structural framework facheformula unit of carbon 5
cobalt oxide (CoO), a conversion-type anodic matedan accommodate up to two
lithium ions per formula unit of CoO. [41] Convesrireactions have been reported for
many different transition metal oxides and sulfidebere each material reacts with
lithium at a different voltage, usually in the rangf 1.2 — 2.5 Ws.Li/Li *. [69-73] This
goes to show that the actual potential at whictvemsion reaction takes place depends
on both the type of transition metal and the acammg anionic species. So, in
principle, the reaction potential for the convensanode can easily be tuned to meet
that required by different applications. For a jgatar metal atom, the lithiation
potential is usually observed to decrease from flataide, metal sulfide, metal oxide,
and metal nitride to metal phosphide, following thend in the decrease in the metal-
anion (M-X) bond polarization when going from metialoride to metal phosphide.
However, achieving good and stable cycling perforoeafor conversion-type anode
materials remains a challenge. During conversiaotien, the material is subjected to
structural reorganization and large volume chamyben chromium oxide (GDs)
undergoes a conversion reaction to form metalliorhum (Cr) and lithium oxide
(Li20), the material will experience a volume changalmdut 100%. Although this
volume change is much smaller compared to thatreequee by most alloying-type
materials like Si and Sn, it can still lead to mrization and capacity fading in the
anode. Hence, a lot of research work has beenedaaut to improve the cycling
performance of conversion-type anode materialsloeixyg their potential as anode in

next generation commercial LIB.

2.4 Metal Sulfides for Lithium lon Battery

Metal sulfides are an attractive group of matefi@tsapplication in lithium and lithium
ion batteries because of their ability to “stoni#iibm ions. Furthermore, metal sulfides

are Earth-abundant and low cost as they usuallgt @€ minerals like pyrite FeS
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pyrrhotite Fe_xS, molybdenite Mog chalcocite CiS, herzenbergite SnS and berndtite
SnS in nature, making it possible to reduce the céstomnmercial LIB. [74] Other
advantages of metal sulfides for application in Liilude their good electrical
conductivity, mechanical properties and thermabistg. [75] Owing to their rich
redox chemistry which allows one or more lithium jger metal atom to be “inserted”
into it, metals sulfides generally have specifipaaty that is much higher than

graphitic carbon, the current material of choicerfiost commercial LIB. [68]

In the beginning, metal sulfides such as IYMafd Fegwere used as cathode materials
in primary lithium batteries. [76-78] When Whittingm first demonstrated the rapid
and reversible intercalation of lithium into layerganium disulfide (Ti® at ambient
temperature, this material gained a lot of inteesstathode material for rechargeable
lithium batteries [79] Following, a lot of work weeicarried out on metal sulfides and
lithiated metal sulfides like TS tantalum(1V) sulfide (Ta8, Mo, lithium vanadium
sulfide (LIVS) and lithium chromium sulfide (LiCep which can store lithium ions
reversibly via an intercalation reaction. [80] Hoxee research focus was shifted to
lithiated metal oxide after it was shown that lithn ions can be reversibly inserted into
and extracted from LiCof)providing an open circuit voltage that is aboutce that

of LixTiSy. [11]

LiyMoSy + (4-x) Lit + (4-x) e~ ——— Mo+ 2LipS$ (=~ 0.6Vws. Li/LiT)
Equation 2.5

InpS3+6LiT + 667 ——— 2In+ 3LipS

In+xLiT +xe” ——— Ligln (0 <x < 4.33)

Equation 2.6
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Since the discovery of a new lithium storage meidmnknown as “conversion
reaction”, metal sulfides that can store lithiumsaeversibly via conversion reaction
have regained vast interest as potential electrodirial for LIB application. [41]
Examples of such materials include transition metdfides like iron sulfides, cobalt
sulfides and nickel sulfides. [81-85] In fact, masetal sulfides will undergo
conversion reaction with lithium ions if the elexte materials are charged or
discharged to the required potential for the reacto occur. [68] Mog for example,
will undergo intercalation reaction when in thetage range of 3.0 V to 1.1 V and,
when it is in the voltage range below 1.1 V, cosi@r reaction will predominate
(Equation 2.5). [86, 87] Besides intercalation @odversion reactions, some metal
sulfides are able to store lithium ions reversibfyan alloying reaction. Indium sulfide
(In2Ss), for instance, will first undergo a conversioacgon with lithium ions to form
a composite made up of indium particles embeddedLibS matrix where the indium
can further alloy with more lithium ions to formyln, as shown in Equation 2.6. [88-
90] Other metal sulfides that store lithium ionsotilgh a combination of conversion
and alloying reaction includes tin sulfides, antimaulfides and bismuth sulfides. [91-
93]

2.4.1 Iron Sulfides

As mentioned in Section 1.2, sulfur has a richardatile chemistry where it can form
a vast variety of binary metal sulfides. If the aletan adopt more than one oxidation
states, various metal sulfide compounds with difiémetal to sulfur stoichiometric
ratio can be formed. Iron, with its possibilityadopt an oxidation state of +2 and +3,
can form numerous iron sulfide compounds and sdntlgeon are shown in Table 2.3.
These materials are of great interest for LIB aggion because of their various
advantages. Firstly, FeFeS and FeS all have high theoretical specific capeit
Based on Faraday's Law, the theoretical capacieseS, FeSs and FeS are
calculated to be 894 mA hidFeS + 4 Li* + 4 e — Fe + 2 LjS), 725 mA h § (Fe&
+8 Li"+8e— 3 Fe+4LiS)and 609 mA h-§(FeS + 2 Li +2 e — Fe + LpS)
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respectively [94-97] and all these values are nhigher than the theoretical specific
capacity of graphitic carbon (372 mA H)gthe most widely-used anode material for
commercial LIB currently. Other attractive featundsron sulfides include their low
environmental impact (Fe and S are generally naictelements), abundance (Fe and
S are both abundant on Earth) and, most importaatigrdable cost (USD150 for 1
ton of natural pyrite) which makes them suitableléwge-scale production. [98-101]
However, iron sulfides are not without disadvansageanode materials for LIB. Sulfur
and sulfide electrodes were reported to react htlitum to form lithium polysulfides
(Li2Sx, 1< x < 8) which can dissolve into the liquid electrolytethe battery cell, thus
resulting in a loss of active material, poor capa@tention and cycling performance.
[93, 102-104] Furthermore, iron sulfides have d&ge voltages that are higher than
graphite. Iron pyrite (Fef for example, has a high discharge voltage otiah® V
(vs. Li/Li*), which will result in a reduction in the overalbrking voltage of the full
battery cell. However, this high discharge potdratiso makes pyrite FeSafer from
the formation of lithium dendrites during repeaté@rge-discharge cycling compared
to carbon-based and alloying-type anodes which Heaharge potentials that are close

to that of metallic lithium.

Table 2.3: Various iron sulfide phases and thsisted structure. [105]

Cell Parameters

Phase I\I/{Imeral S:Fe Ratio (Sjrystal
FeS Troilite 1.00 Hexagonal 597 597 11.76

FeixS Pyrrhotite 1.00-1.25 Hexagonal 690 6.90 34.52

FeoS10  Pyrrhotite 1.11 Hexagonal 34.49 3449 23.00
Fe;Sg  Pyrrhotite 1.14 Hexagonal 690 690 17.28
FesSs  Greigite 1.33 Cubic 988 9.88 9.88
FeS» Pyrite 2.00 Cubic 542 542 542

FeS,  Marcasite 2.00 Orthorhombic 4.44 542 3.39
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Iron sulfides exist in the nature as a variety @fierals and play critical roles in the
biogeochemical cycle of sulfur. [106, 107] Howeveatural iron sulfides tend to
contain trace metal impurities and these impuriti&s have negative effects on their
properties. Furthermore, the natural iron sulfidesained from different sources or
locations tend to have different amount of impesiti particle and grain size, thus
resulting in different lithium storage performanfE08] Therefore, there is a need to
shift the focus of the research work from natusaytnthetic iron sulfides$n fact, many
studies have shown that synthetic iron sulfide Ifo@ pyrite achieves better lithium
storage performance than natural iron sulfidesa Ireport in 1983, Iwakura et al.
prepared pyrite FeSvia sulfurization of FeGland FeOs using BS gas and showed
that the synthesized pyrite displayed higher aritebelectrode efficiencies compared
to natural pyrite, and such improvement has bdeibatied to the differences in particle
size or specific surface area between the syn#mbsend natural pyrite. [77]
Subsequently, Yang et al. did some study on naamdlsynthetic pyrite, arriving to
the conclusion that, since both samples contagetmapurities, synthetic pyrite has
better rate capability than natural pyrite becanfsiés smaller grain size. [108] The
work done by Feng et al. also attained similar Iteswith the synthesized FeS
achieving an initial discharge capacity (863 mAH ghich is almost 100 mA hYy
higher than that of natural pyrite 763 mA h ¢). [99] All these reports showed that
synthetic pyrite exhibits improved lithium storagerformance compared to natural
pyrite and this encouraged more research work tab@ed out on the synthesis of iron

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

Throughout the years, many different approacheg leen employed to synthesize
pure iron sulfides. Iron sulfide films have beeegared via several methods such as
thermal sulfurization of iron or iron oxide filmpsay pyrolysis, spark plasma sintering,
chemical vapour deposition or chemical vapour fpars electrochemical deposition,
magnetron sputtering and molecular beam deposif@h 82, 97, 109-127Dther
techniques likesolid state reaction, mechanical milling and alhgyimicelle-assisted
synthesis method, hydrothermal, solvothermal aridnjection methodhave also been
used to synthesize iron sulfide particlgkl, 128-143] The lithium storage properties
of some of the prepared iron sulfides were examineithe literature and Table 2.4

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

: : Initial Capacity
Phase Morphology SI\%ZEEEZIS \C/:glttaog:fe ([:)lérr:;rt]; Capacity (mAhgt)/ Ref
(mA h g?) Nth Cycle
Nanosheets 0.01-3V 100 mA gt 1022 615/ 100th
Nanoparticles Solution-based| 4 5; 5y | 100 mA gt 1000 580/100th | [82]
synthesis
Troilite FeS
Nanoplates 0.01-3V | 100 mA g! 1010 525 / 100th
RGO-wrapped Direct 0.005-3V | 100 mA gt 1357 1064/ 15th | [144]
nanoparticles precipitation
Pyrrhotite | Nanoparticles embedded o\ hormal | 0.001-25v| 50mA gt 1564 736 /50th | [145]
FelxS in carbon microspheres
Pyrrhotite Solid-solid 1 _ _
FerSe FerSs@C nanospheres reaction 0.01-3.00V| 100mAg 825 400/ 100th| [146]
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Table 2.4: Tabulation of lithium storage performané some iron sulfides reported in literature. rf@oued)

. : Initial Capacity
Phase Morphology Sl\y/qgmgzls \C/:;tt:ﬁe CDlérr:(;rt]t Capacity (mAhgt)/ Ref
9 y (MAhgl) | NthCycle
PyFrretlé)Btlte Micron-sized particles Precipitation 0.9-250V 66 mA g* ~800 110/50th | [147]
Nanoplatelets Colloidal 0-3V 1 mA 110 ~55/2nd [148]
Greigite
FeS
Octahedral microcrystals Hydrothermal 0.005-3V 100 mA gt 1161 563 /100th | [149]
Film ;”g;gﬁf:?n” 1-25V | 50pAcm? 844 291/500th | [97]
Pyrite Fe$ Submicron particles Srz';dctsif)?]te 12-26V | 89mAg! 730 420 /30th | [135]
Microspheres Solvothermal 1.2-26V 45 mA gt 773 387 /30th | [150]
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Table 2.4: Tabulation of lithium storage performané some iron sulfides reported in literature. rf@aued)

Phase Morphology SI\)/II gmgzis \C/:;i;gfe CDlérr:(;::; C:;t;a::lity (rgipr?g'g / Ref
(mA h g?) Nth Cycle
Microcubes Solvothermal 1-3V 144 A 500 190/ 30th | [151]
Pyrite Fe$S Nanocubes Solvothermal 0.001 -3V | 1000 mA g* 980 540/ 150th | [152]
Microspheres Solvothermal 1.0-3.0V | 1000 mA gt ~690 540/ 100th | [153]
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Due to it having the highest theoretical specifapacity, Feshas gained the most
attention as a potential anode material for comraketdB amongst the many iron
sulfide phases. Huang et al. prepared iron pyititethrough sulfurizing of iron oxide
film and achieved a discharge capacity of 844 mgi’nand 291 mA h g for the F
and 500 cycle when cycled at a current density of 50 pA2cf@7] To achieve better
lithium storage performance than the iron pyribafiseveral groups have attempted to
increase the surface area of the active materiatelducing its particle size, thus
providing more interface for the reactions withhilitm ions and result in an
improvement in the kinetics of these electrode tieas. By adopting this approach,
the pyrite FeSmicrospheres prepared by Wang and co-workers \aathian initial
discharge capacity of 868 mA higvhen the electrode is discharged from 2.4 V t6 1.4
V at a current density of 30 mAlg[81] On the other hand, the iron pyrite microsgise
synthesized by Zhang et al. delivered an initiatdarge capacity of 773 mA h'@nd,
after 30 cycles at a current density of 45 mA tpey retained a discharge capacity of
387 mA h g. [150] Lately, Hu and co-workers prepared nan@sta@ssembled pyrite
FeS microspheres which achieved a high discharge dgpaicabout 690 mA h g
and 540 mA h g for the F'and 106 cycle when cycled between 1.0 V and 3.0 V at a
current density of 1 A-g§ [153] Further improvement in lithium storage penfiance
(discharge capacity of 730 mA hlgand 420 mA h g for the F and 3@ cycle
respectively) was attained by Zhang et al. who @meghsub-micron iron pyrite particles
(mean particle size 0.28 um), which have an even higher surface da@a micron-
sized particles, using a solid-state method. [B3bijte FeS nanocubes have also been
shown to deliver good lithium storage performantese an initial discharge capacity
of 980 mA h ¢t and a discharge capacity of 540 mA haj the 158 cycle was reported
by Liu and co-workers. [152]

Another tactic commonly used to increase the saréaea of the active materials would
be to synthesize particles with distinct morphodésgisuch as nanosheets and
nanoflowers, which tend to have high surface dregiew of this, Xu and co-workers
investigated the lithium storage properties ofliteiFeS nanomaterials with different
morphologies, attaining initial discharge capasiti¢ more than 1000 mA hidor all
three samples. [82] And, after cycling for 100 eg;lthe troilite FeS nanosheets,
nanoparticles and nanoplates retained a dischamgeity of 615 mA h¢, 580 mA h

g! and 525 mA h g respectively, where the author attributed the eobd
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performance of the troilite FeS nanosheets paatligst higher surface area and ultra-
thin thickness which reduces the diffusion pathwaihe charge carriers and allows a

faster charge transfer.

A third approach used to improve the lithium steragrformance of the iron sulfide
compounds is by embedding or encapsulating thecleatin another material like
carbon or polymers. This method has been showfidctely reduce dissolution into
the electrolyte, thereby reducing the loss of &cthaterial in the electrode and allow
better retention of its lithium storage capacityidg cycling. Based on this approach,
Fei and co-workers prepared nanocomposite comprdfifreS wrapped with reduced
graphene oxide (FeS@rGO) and measured its eleetmachl properties. [144] They
reported that the FeS@rGO exhibited better lithatonage performance than the bare
FeS particles due to several reasons and, amdrayst the most important one would
be the absorption and entrapment of the polysudfidiemed from the FeS particles
during galvanostatic cycling) by the rGO wrappiagdr which reduces the dissolution
of polysulfides into the electrolyte. This enablig® FeS@rGO to achieve a high
discharge capacity of 1064 mA H gt the 1% cycle when cycled at a current density
of 100mA gt in the voltage window of 0.005 — 3 V. This appitoacas also adopted
by Wu and co-workers who prepared iron sulfide (53 nanoparticles embedded in
carbon microspheres and characterized their litrstonage performance, reporting a
high discharge capacity of 736 mA # gt the 58 cycle when cycled between 0.001
V and 2.5V at a current density of 50 mA {145] The authors attributed this excellent
electrochemical performance partly to its carbonasaeet-wrapped structure, which
reduces the direct contact between thexEaanoparticles and the electrolyte, thereby
making it more difficult for the polysulfides forrdeduring lithiation to dissolve into

the electrolyte.

Iron sulfides are very promising as electrode niatefor application in LIB and good
lithium storage performance have been reporteceligral research groups. Although
many attempts have been made to improve theirufithstorage performance by
increasing the surface area of these iron sulfidetde materials through reducing
their particle size and by preparing particles vdistinct morphologies, there are still
problems to be addressed for these electrodes. s all sulfide electrodes,

polysulfides will be formed during its partial redion and that the dissolution of these
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polysulfides into the electrolyte will result ind® of active materials, poor capacity
retention and poor cycling performance. [93, 1023,1154] To address this problem,
iron sulfide particles embedded or encapsulatet asother material like carbon or
polymers have been prepared and studies have stmtrthis method is indeed
effective in improving their lithium storage penfoance. However, it should be
highlighted that these carbon and polymeric endapisg materials will reduce the
overall theoretical capacity of the electrode matdyy acting either as a dead weight
or an active material with lower theoretical capathan the iron sulfide compound. In
addition, these encapsulating materials also hitigediffusion of lithium ions into the
iron sulfide active material as the lithium ion Mihve to first diffusion through these
encapsulating layers to reach the surface of e sulfide particles. To find more
effective solution to the problem of polysulfidessiblution and to better improve the
lithium storage capability of iron sulfide electes] it is important to first understand
whether having more sulfide ions in an iron sulfaempound is more beneficial or
detrimental to its lithium storage performance amy the iron sulfide compound with
one stoichiometry performs better than that witbthar stoichiometry. Through this
understanding, possible ways of improving the Uithistorage properties of the metal
sulfide electrodes can be proposed. However, te, dat such study which attempt to
understand the impact of the amount of sulfide iarem iron sulfide compound on its
polysulfide dissolution problem and lithium storggeperties has been reported.

2.4.2 Tin Sulfides

Tin (Sn), being a Group 14 element, can adopt adation state of +2 or +4. This,
together with the ability of sulfur (S) to adoptidation states in the range of -2 to +6,
enables Sn to form various binary compounds widin&the most commonly found tin
sulfide compounds are listed in Table 2.5. [155]ohgst the various tin sulfides, tin
monosulfide (SnS) and tin disulfide (Sh8ave been more widely studied as a potential
anode material for lithium ion battery (LIB) due ¥arious reasons and the main
motivation would be the high theoretical capacitypoth SnS and SaSBased on an
irreversible reaction of SnS with Li to yield Sngiiation 5.1) followed by a reversible
lithiation and delithiation of Sn to form 4iSn (Equation 5.3), SnS is determined to
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have a theoretical reversible lithium storage capad 781 mA h ¢ [156, 157] On
the other hand, Sa$ reported to have a more complicated electredetion, though,

in general, it involves Sn30 undergo an irreversible conversion reactiorh it to
form Sn (Equation 5.2) and a subsequent reverailiging reaction between Sn and
Li to form Lis.4Sn (Equation 5.3), thereby yielding a theoretieafersible capacity of
645 mA h ¢ [158-160] All these values are much higher thentheoretical specific
capacity of graphitic carbon (372 mA H)gthe most widely-used anode material for
commercial LIB currently. Other attractive featuistin sulfides include their low
toxicity, abundance and affordable cost which aeeyvimportant for large-scale
production [161] However, tin sulfides also haveesal drawbacks as anode materials
for LIB. Similar to the iron sulfide (Section 2.4.5nd other sulfur and sulfide
electrodes, the problem relating to the dissolutiblithium polysulfides (LiS, 1< x

< 8) is also present, thereby resulting in lossativa material, poor capacity retention
and unsatisfactory cycling performance. [93, 102}1Another disadvantage of tin
sulfide electrodes would be the irreversible constion of a large amount of lithium
for the conversion reaction of tin sulfide into &uring the initial cycle. As a result of
this irreversible consumption of Li, more cathodiaterial needs to be used to ensure
enough supply of Li for the subsequent lithiatiord alelithiation process in a full

battery cell.

Table 2.5: Various tin sulfide phases and theist@lystructure. [162]

Mineral Sn:S Crystal Cell Parameters

Phase Name Ratio System a(A) b@A) c(A)

SnS  Herzenbergite 1 Orthorhombic 433  11.19 3.98
Sn,S;  Ottemannite  1.50  Orthorhombic 8.86  14.02  3.75

SnS» Berndtite 2.00 Hexagonal  3.65 3.65 5.90
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Table 2.6: Tabulation of lithium storage performané some tin sulfides reported in literature.

Cut-off Current Initial Capacity
Phase Morphology Synthesis Method Voltage (V) Densit Capacity (mAhg?)/ Ref
9 y (MAhgl) | NthCycle
Nanoflower Solution-based synthesis 0.01-1.1| 50 mA g* 1050 ~500/ 30th | [163]
Yolk-shell Gas sulfurization of yolk- g _ 4 | 1 p gt 1487 ~672/100th| [164]
shell SnQ
SnS
Nanorod Solvothermal 0.01-1.2| 160mAg! 1528 385/50th | [165]
Nanosheet sandwiched
between polypyrrole Hydrothermal 0.01-3 63 mA gt ~1800 ~1000 / 50th| [166]
nanosheets
Nanosheet Solvothermal 0-1.15 | 323mAg! ~1500 430/50th | [167]
SnS
Hexagonal nanoplate d Therma.l' 0.001-1.1 323mAg* 1311 ~583/30th | [168]
ecomposition
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Table 2.6: Tabulation of lithium storage performant some tin sulfides reported in literature. (wred)

Cut-off Current Initial Capacity
Phase Morphology Synthesis Method Voltage (V) Densit Capacity (mAhg?/ Ref

9 y (MAhgl) | NthCycle
Nanosheet Hydrothermal 0.001-1.5 100 mA g* ~1350 163 /50th | [169]
SnS/graphene nanosheets . iharmal 0.001—1.5 100 mA g* ~1650 920 /50th | [169]

assembled spheres
Gas sulfurization of
S
NS | Nanoplates decorated o (o ohe ¢onort SO | 0.005— 1.3 50 mA gt ~1875 | ~650/30th | [159]
graphene :
nanoparticles

Nanosheet Solvothermal 0.01-15| 100mAg! 2057 437/ 100th | [170]
Nanoflower Solvothermal 0.01-15| 100mAg! 2169 542 / 100th | [170]
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To date, many approaches have been employed thesyne tin sulfides like SnS and
SnS with good purity. Methods such as the sulfurizatd metallic Sn film [171-173],
spray pyrolysis [174-177] electrochemical deposi{ib78], chemical vapor deposition
[179], thermal evaporation [180-184], sputterin@3]L and atomic layer deposition
[186] were used to prepare tin sulfide thin filmi@ sulfide particles have also been
synthesized via various techniques like mecharaltaying [187, 188], hydrothermal
[189-191], solvothermal [192-199], polyol route (R201], thermal decomposition
[168], sulfurization of tin oxidg159, 164] laser ablation [202] and wet chemical
method[163]. Some of the tin sulfides prepared have beenedua$ potential anode
material for LIB application and the lithium stoeagerformance reported in selected

literature was tabulated and presentetiable 2.6

To achieve good lithium storage performance for3n& electrodes, many research
groups have turned into preparing small particlesmicron or nano-size with unique
morphologies that will (1) yield a high surfaceasnd, hence, provide more interface
for the reaction between the active material aedithium ions and (2) provide voids
between the tin sulfide particles so that theré¢ lvélavailable spaces to accommodate
the large volume expansion during the alloying tieacbetween Sn and Li. By
adopting this approach, the SnS nanorod preparddipgthi and co-worker displayed
a high initial discharge capacity of 1588\ h g! but only afair cycling performance
(discharge capacity of 388A h g at the 58 cycle) when subjected to galvanostatic
cycling at 160mA h g*. [165] Vaughn Il et al. prepared SnS nanoflowers which are
made up of a hierarchical assembly of crystallims $ianosheets using a simple
solution-based method and reported that these @n8flowers exhibited an initial
discharge capacity of 1050 mA h'.d163] After cycling for 50 cycles in a voltage
window of 0.01 — 1.1 V and at a current density of 50 mA these nanoflowers
retained a discharge capacity=&f00 mA h ¢'. In another report, Choi attempted to
synthesize SnS particles with a yolk-shell struetamd he showed that these SnS yolk-
shell displayed enhanced lithium storage propertmesintaining a high discharge
capacity o672 mA h ¢ at the 100 cycle when cycled at a high current density of 1
A gl. The author attributed this superior cycling parfance to the porous yolk-shell
structure with large void space in between the wolt the shell, thereby decreases the
lithium ion diffusion distance, enables rapid litii ion diffusion, promotes electrolyte

penetration and reduces pulverization of the edeetduring repeated lithium insertion
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and de-insertion process. [164] Similar approach AEo been applied to SnS
electrodes, where the hexagonal Sn&8noplates prepared by Seo et al. via thermal
decomposition displayed a discharge capacity ol 18A h g and about 583 mA It g
Lat its F'and 3@ cycle respectively when cycled at a current dgrsis23 mA gt in

the voltage window of 0.001 — 1.1 V. [168] Smfanosheets and nanoflowers have also
been synthesized and examined for their lithiunragte properties, where it was
reported that both of them exhibit good cyclingfpenance, retaining a discharge
capacity of 437 mA g and 542 mA g at the 108 cycle respectively. [170]

To further improve the lithium storage capabilifytio sulfide electrodes, attempts to
prepare tin sulfide-graphene composites were mds@phene, with its high
conductivity, can increase the overall electromicductivity of the tin sulfide-graphene
composite. Furthermore, the possible interactiawéen the delocalizedelectrons in
graphene and the S atoms in 508uld promote faster charge transfer during litbra
and delithiation. Thus, tin sulfide-graphene coniiggsshould achieve better lithium
storage performance than the tin sulfide compouadea In fact, the Sn&graphene
hybrids prepared by Luo and co-workers exhibitduigh initial discharge capacity of
about 1875 mA h-gand retained a discharge capacity approximateyrés h gt
after 30 cycles. [159] Snf§raphene nanosheets assembled spheres also disgtzod
lithium storage capability, achieving a dischargpacity of around 1650 mA htgnd
920 mA h ¢ at its B and 50" cycle. [169] Besides graphene, polymers with good
electronic conductivity have also been used to fnnsulfide composites with the aim
of enhancing their lithium storage properties. Bpdwiching a SnS layer in between
polypyrrole, a material with good electronic contiity, to increase the electronic
conductivity and lithium ion diffusion kinetics #te electrode, Liu et al. achieved an
excellent cycling results for their sandwich-likeSBpolypyrrole nanosheets with an
initial discharge capacity of 1808A h g! and a higtdischarge capacity about 1000
mA h g! at the 58 cycle. [166]

The good lithium storage performances of tin selithat have been reported by several
research groups make them are very favourable tentmd anode materials for
application in commercial LIB. However, there atit some problems to be addressed
for these electrodes. As mentioned previously, fitvenation and dissolution of

polysulfides into the electrolyte will result inl@ss of active materials, poor capacity
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retention and poor cycling performance. [93, 10P23,1154] Furthermore, the
irreversible consumption of a large amount of lithifor the irreversible conversion
reaction of tin sulfide with Li during the initiadycle will require the use of more
cathodic material in a full battery cell so as ts@e enough supply of Li for the
subsequent lithiation and delithiation processhtiuld be mentioned that a tin sulfide
compound with more sulfide content will require mdithium for this irreversible
conversion reaction (SnS + 242 e — Sn + LbS and Sng+ 4 Li* + 4 € > Sn + 2
Li2S) in the first cycle. In order to find effectivelstions to the problem of polysulfide
dissolution and to better improve the lithium sg@aapability of tin sulfide electrodes,
it is important to first understand the impactted amount of sulfide ions on the lithium
storage performance of a tin sulfide electrodewlgether having more sulfide ions in
a tin sulfide compound is more beneficial or de&mal to its lithium storage
performance and why the tin sulfide compound wiik stoichiometry performs better
than that with another stoichiometry. Through thisderstanding, more effective
solution can be proposed to address the problgrolg$ulfide dissolution and to better
judge the necessity to use a tin sulfide compouttid Msser or more sulfide content
for a particular application. However, to date, sach study which attempt to
understand the impact of the amount of sulfide iona tin sulfide compound on its

polysulfide dissolution problem and lithium storggeperties has been reported.
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Chapter 3

Experimental Methods

This chapter summarizes the various methodologmaplayed in the
synthesis and characterization of the metal sudfigdudied in this
dissertation. The metal sulfides used in this studse all synthesized via
a solution-based chemical synthesis method usifeyeint precursors and
conditions. X-ray diffraction, Raman spectroscopyd atransmission
electron microscopy were used to study the phasepamity of the as-
synthesized samples, while field emission scangli@ctron microscopy
was employed to find out their particle size andrphology. The
procedures used to fabricate the lithium ion celfsl the experimental
parameters used for evaluating the electrochempralperties of the
assembled battery cells are also stated in thiptdraTo study the lithium
storage properties of the as-synthesized samplR20B2 coin cells were
assembled based on the half-cell configurationexygalvanostatically in
the voltage range of 0.001-3 V at room temperatur@er various scan

rates.
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3.1 Material Synthesis

The metal sulfides used in this study were alllsgsized via a solution-based chemical
synthesis method using different precursors andlitons. This method of synthesis
was chosen for the study because of its versaiitye range of available precursors,
solvents and surfactants that can be used, andbépaeameters manipulation to form

metal sulfides of different phases and morpholagies

3.1.1 Synthesis of Iron Sulfide Particles

The materials used for the synthesis of iron seffith this study includes anhydrous
iron(ll) chloride (FeCl, anhydrous, 99.5%, Alfa Aesar), sulfur powder-@&5 mesh,
99.5%, Alfa Aesar) and oleylamine (technical grad@%, Sigma Aldrich). All the

chemicals were used without any further purificatow treatment.

Table 3.1: Sample codes and amount of precursesfos the synthesis of the iron sulfide

samples.
Sample Code
Fe-S 1 | Fe-S 2 | Fe-S 4 | Fe-S_6
Amount of Anhydrous FeCl, 0.5 0.5 0.5 0.5
(mmol)
Amount of S (mmol) 0.5 1.0 2.0 3.0
Fe : S Molar Ratio 1:1 1:2 1:4 1:6
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Figure 3.1: Schematic illustration of the reactsat-up for the metal sulfide particle

synthesis.

The sample code and amount of precursors usetidmyinthesis of the different iron
sulfide samples are shownTable 3.1and a schematic illustration of the reaction set-
up is depicted in Figure 3.1. In general, 0.5 mofanhydrous FeGlpowder and the
required amounts of S powder (Table 3.1) were adateda three-neck round bottom
flask containing 10 mL of oleylamine. Oleylaminesnased in this synthesis because
of its various functions. Firstly, oleylamine hag &ability to donate electron at elevated
temperatures, thereby acting as a reducing agetiteimbsence of strong reducing
agents. Its high boiling point ef 360 °C makes it a good solvent choice for chemical
reactions at moderately high temperatuee2@0 °C). Oleylamine is also known to
form complex compounds with some metal ions angelmeetastable metal-oleylamine
complex can function as secondary precursors insyin¢hesis of nanoparticles. [1]
Besides being able to act as reducing agent, soarehsurfactant, other reasons for
using oleylamine in this synthesis includes itsiligstate at room temperature which
simplifies the collection and washing of the preghipowder and its lower cost

compared to many commonly-used alkylamines. [2]
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The mixture was degassed by bubbling it with argas for 10 min at approximately

60 °C under magnetic stirring to dissolve the pawdie the solvent completely and to
remove the moisture and oxygen in the mixture. 8gbently, this mixture was heated
to 220 °C and held for 30 min under stirring in@rgatmosphere. After reaction, the
round bottom flask was removed from the heatingtteaand allowed to cool to room

temperature naturally. Methanol was then added tinéomixture to precipitate the

particles. The precipitated particles were isoldigaentrifuging the mixture at 8000

revolutions per minute (rpm) for 10 min and themoging the supernatant. Following,

the collected powder was washed by dispersing #0rmL of technical hexane via

sonication and subjecting this dispersion to crgation at 8000 rpm for 10 min. The

supernatant was decanted to collect the washedgyawd this washing procedure was
repeated for 5 times to remove the excess sulfuirodgylamine. The washed powder
was dried at 50 °C in a vacuum oven overnight ptmrcollection for further

characterization.

3.1.2 Synthesis of Tin Sulfide Particles

The materials used for the synthesis of tin suffidethis study includes anhydrous
tin(ll) chloride (SnCl, anhydrous, 98%, Alfa Aesar), sulfur powder (5 3nesh,
99.5%, Alfa Aesar), oleylamine (technical grade/0Sigma Aldrich) and 1-
octadecene (technical grade, 90%, Sigma Aldrichth& chemicals were used without

any further purification or treatment.

Table 3.2: Sample codes and reaction duratiorhttit sulfide samples.

Sample Code

Sn-S_30 | SnS 60| SnS_120 Sn-S_Onight

Reaction Duration (min) 30 60 120 Overnight
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A schematic illustration of the reaction set-uptfus synthesis is shown in Figure 3.1.
A typical reaction involves adding 0.5 mmol of adhyus SnGl powder and 3.0 mmol
of S powder into a three-neck round bottom flasktaming 5 mL of oleylamine and 5
mL of 1-octadecene. The mixture was degassed bllimgpit with argon gas for 10
min at approximately 60 °C under magnetic stirringdissolve the powders and to
remove the moisture and oxygen in it. Subsequetfiiy mixture was heated to 240 °C
and held for different durations (Table 3.2) ungiming in argon atmosphere. After
reaction, the round bottom flask was removed frbenheating mantle and allowed to
cool to room temperature naturally when methand then added into the mixture to
precipitate the particles. The precipitated pagticlvere isolated by centrifuging the
mixture at 8000 rpm for 10 min and then removing fupernatant. Following, the
collected powder was washed by dispersing it inn#0 of technical hexane via
sonication and subjecting this dispersion to cargation at 8000 rpm for 10 min. The
supernatant was decanted to collect the washedgyawd this washing procedure was
repeated for 5 times to remove the excess sulfdroé&ylamine. The washed powder
was dried at 50 °C in a vacuum oven overnight ptmrcollection for further

characterization.

3.2 Materials Characterization

3.2.1 Powder X-ray Diffraction (XRD)

The phase and crystal structural information of #ynthesized powders were
characterized by powder X-ray diffraction (BrukeX®, D8 Advance) using a CucK
radiation { = 0.15418 nm) and scanned in titer@nge of either 20 — 70° or 10 — 70°
at a step width of 0.05°. The X-ray diffractometeas equipped with a 1° divergence
slit, 2.5° soller slit and 0.3 mm receiving slitRB® was done on the as-synthesized

powders without any further sample preparationsstep
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XRD is chosen to determine the phase and purittyeoés-synthesized powders because
of various reasons. Besides its ability to diffei@e between the many crystalline
metal sulfide phases like SnS and Hafd good detection limit (generally able to see
obvious diffraction peaks if the phase presentmm sample is polycrystalline and >
5wt%), XRD is a non-destructive technique and thmvgers used for XRD
characterization can be re-used for other chaiaateam. Furthermore, this technique
does not require a large amount of powders fontkasurement. These two factors are
especially important as the samples prepared amdiest in this dissertation are
synthesized in small scale (< 100 mg) via a satdbiased chemical synthesis method.
Other advantages of using XRD to determine the elaaml purity of the powder
samples in this thesis includes its short measunemme-span and ease of XRD

sample preparation.

3.2.2 Raman Spectroscopy

Raman spectroscopy, a type of vibrational speabmgds a technique that probes the
interaction of a monochromatic light with the malks vibrations in a molecule to
elucidate the molecular structure of a sample.4BDuring a standard Raman
experiment, the sample is irradiated with monoclatmradiation from a laser. Some
of the laser sources used in a Raman experimdoties those in the ultraviolet (UV),
visible and near-infrared region (785 and 1064 ritrghould be noted that the Raman
scattered light will be in the UV region if the éassource used for the excitation is in
the UV region. In order for Raman bands to be olesrthe molecular vibration in the
sample must cause a change in the polarizabilityother words, only molecular
vibrations that can result in a polarizability cgarare Raman active. Raman spectra
are generally analyzed by looking at the intensitgquency and shape of the
vibrational bands which can provide informationaeting the molecular structure and
environment. As each molecule has its own uniquefsabrational energy levels, its

Raman spectrum can function as a “fingerprint’tfos particular molecule.
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Figure 3.2: Photo of the confocal Raman microssysyem (WITec alpha300 SR) used in
this dissertation.

For this dissertation, Raman spectroscopy was peet using a confocal Raman
microscopy system (WITec alpha300 SR) (Figure @i a 488 nm diode laser to

study the phase and phase purity of the as-sya#tgbsbn sulfide powders. The Raman
samples were prepared by dispersing a small anaiithe as-synthesized powder in
hexane via sonication and drop-casting a few dobpise dispersion onto a small piece
(= 5 x 5 mm) of polished silicon wafer. After dryinthe drop-casted samples were
used directly for Raman experiments.

As iron sulfide has many different phases suche Fe&s, FeSs, Fa xS, marcasite
FeS and pyrite Feg each with a different iron to sulfur stoichiometatio and atomic
arrangement, and the XRD patterns for these vapbases have numerous overlaying
diffraction peaks, making it extremely challengtogdifferentiate the diffraction peak
for one phase from that of the other phase, pdatiguwhen the impurity phase is
present in infinitesimal amount with only a few lamtensity peaks in the diffraction
pattern. Furthermore, XRD is only good for distirging between crystalline phases.
Hence, Raman spectroscopy, a technique that ptoeefiemical bonding between the
atoms in a compound, is used to discriminate betvwbe different phases of iron

sulfides such as pyrite Fg3$narcasite Fe®nd FeS, even when the phases present are
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amorphous in nature is employed to further vehgyphase purity of the as-synthesized

powders.

3.2.3 Field-Emission Scanning Electron MicroscopyHESEM)

A field-emission scanning electron microscope (JEM®M-7600F) was used to
examine the size and morphology of the as-syntedsizpowders.
This technique was chosen mainly because of itgyatn view particles and features
that are in the nanometre regime. In fact, JEOL -FSBOF has a resolution of 1.0 nm
when operated at an accelerating voltage of 15@Mer reasons for choosing this
technique includes the ease of sample preparatidthe short duration needed for this
characterization technique. The samples for theENE&haracterization were prepared
using a similar method as that for the Raman clnaation. FESEM images were
obtained by sticking the silicon wafers onto thepke holder using a carbon tape and
scanning them at a working distance of 6 cm andcaelerating voltage of 5 kV. No

additional coating was applied onto the samples poi scanning.

3.2.4 Transmission Electron Microscopy (TEM)

High resolution transmission electron microscopRTHEM) (JEOL JEM-2010) was

performed at an accelerating voltage of 200 kV ttaly the size, morphology and
crystallographic structure. With a point resolut@frabout 2.3 A, the JEOL JEM-2010
HRTEM allows the imaging of the as-synthesized mi@tat atomic scale, enabling a
qualitative study on the crystallinity of the pal# i.e. does the particle have good
crystallinity with well-aligned lattice fringes aradlows a confirmation on the phase of
the material. The TEM sample was prepared via dairmethod as the Raman and
FESEM samples but the dispersion was drop-castexlararbon-laced copper grid

instead of silicon wafer.
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3.2.5 Porosity Measurement

Nitrogen adsorption/desorption isotherm was meaisoinea Micromeritics ASAP 2020
at —196 °C. The samples were degassed at 120 °@ founder vacuum prior to
measurement and the specific surface area wadat@dwsing the Brunauer-Emmet-
Teller (BET) method. This is a most common methseldufor determining the surface
area and porosity of powder and porous solid sasnpigpically, nitrogen gas is used
as the probe molecule. During measurement, thelsampxposed to the nitrogen gas
at —196 °C i.e. the boiling temperature of nitrogewl the surface area of the material
is calculated from the measured monolayer capaaitythe 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 @#tsesized samples, CR2032 coin
cells were assembled based on the half-cell cordigun. [5-8] This configuration
allows the evaluation of the lithium storage capigbof the materials without having
the need to determine the amount of materials rmefxiehe counter electrode, which
could be hard to determine for materials of différgphases and morphology.
Fabrication of the working electrode was done bst finixing the as-synthesized metal
sulfide powder with carbon nanotubes (CNT, P3-SWICRrbon Solutions) and
poly(vinylidene fluoride) (PVDF) at a weight ratid 8:1:1 and dispersing them in N-
methylpyrrolidone (NMP, 99+%, Alfa Aesar) to fornslairry. CNT was added into the
slurry to improve the electrical conductivity oktlelectrode, while PVDF was used to
enhance the binding between the electrode matandlthe current collector. The
resultant slurry was then coated onto a circul@peo foil (diameter = 14 mm) which
function as a current collector in the battery.detlllowing, the coated copper foil was

dried in an oven at 50C under vacuum for overnight. CR2032 coin cells ever
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assembled using the dried slurry-coated copperaihe working electrode, lithium
foil as the counter and reference electrode andat&l2400 membrane as the separator.
The solution made up by dissolving lithium fluoragphate (LiPF) in a mixed solvent
consisting of an equal weight ratio of ethylenébocaiate (EC) and dimethyl carbonate
(DMC) to form a 1 M LiPF solution was used as the electrolyte for thesiehatells.
The whole battery-assembling process was carriegdnoan argon-filled glovebox
(MBraun, Germany) where both the oxygen and mastantent were maintained at
less than 1 ppm.

3.3.2 Galvanostatic Cycling

The assembled CR2032 coin cells were cycled gabtatically in the voltage range of
0.001 — 3 V at room temperature under various atidensities (0.1 A4 0.5 A g', 1

A gtand5 A ¢) using a NEWARE Multi-channel Battery Test Syst@lihese were
done to study the lithium storage performance ef different as-synthesized metal
sulfide electrode when cycled at different ratesfalct, subjecting assembled cells to
galvanostatic cycling in a pre-defined voltage earsgthe most widely-used method for
evaluation of the cycling performance of a battl like lithium ion battery, lithium-

air battery and sodium ion battery.

3.3.3 Cyclic Voltametry

Cyclic voltammetry (CV) measurements were doneneraissembled CR2032 coin cell
to gain an insight into the reaction between teetebde materials and lans during
charge-discharge cycling. The measurements weredasut at room temperature
using a Solartron 1470E analytical equipment inwbkage window of 0.001 — 3 V
under a constant scan rate of 0.2 mVSince lithium foil (0 Ws. Li/Li *) was used as
the counter and reference electrode in the assdrbbaktery, the cathodic peaks would
be associated with the insertion of lithium ionwithe working electrode, while the

anodic peaks are related to the extraction ofuithions from the working electrode.

78



Experimental Methods Chapder

References:

1. Joo, J., Na, H.B., Yu, T., Yu, J.H., Kim, Y.WNu, F., Zhang, J.Z., and Hyeon,
T., Generalized and facile synthesis of semiconductingtal sulfide
nanocrystals.Journal of the American Chemical Society, 2003536): p.
11100.

2. Mourdikoudis, S. and Liz-Marzan, L.MDJeylamine in nanoparticle synthesis.
Chemistry of Materials, 20125(9): p. 1465.

3. Larkin, P.,Chapter 1 - Introduction: Infrared and Raman spestiopy in
Infrared and Raman spectrosco Larkin, Editor. 2011, Elsevier: Oxford. p.
1-5.

4, Chapter 2 - Basic principlesn Infrared and Raman spectroscopy. Larkin,
Editor. 2011, Elsevier: Oxford. p. 7-25.

5. Zhu, J.X., Lu, Z.Y., Oo, M.O., Hng, H.H., Ma, Zhang, H., and Yan, Q.Y.,
Synergetic approach to achieve enhanced lithiumstonage performance in
ternary phased Sn0O2-Fe203/rGO composite nanostrestulournal of
Materials Chemistry, 20121(34): p. 12770.

6. Zhu, X., Zhu, Y., Murali, S., Stoller, M.D., arRuoff, R.S.,Nanostructured
reduced graphene oxide/Fe203 composite as a higompsance anode
material for lithium ion batteriesACS Nano, 20115(4): p. 3333.

7. Xu, C., Zeng, Y., Rui, X., Xiao, N., Zhu, J.,atg, W., Chen, J., Liu, W., Tan,
H., Hng, H.H., and Yan, QControlled soft-template synthesis of ultrathin
C@FeS nanosheets with high-Li-storage performaAcs. Nano, 20126(6):

p. 4713.

8. Liu, W.L., Rui, X.H., Tan, H.T., Xu, C., Yan, ©, and Hng, H.H,,
Solvothermal synthesis of pyrite FeS2 nanocubedtaid superior high rate
lithium storage propertieRSC Advances, 2014(90): p. 48770.

79



Experimental Methods Chapder

80



Iron Sulfides and Their Lithium Storage Properties Chapter 4

Chapter 4

Iron Sulfides and Their Lithium Storage Properties

This chapter presents the results on the synth@sion sulfides via a
solution-based chemical synthesis method (procedie&iled in Section
3.1.1). The phase, purity, size and morphologyhef as-synthesized
powders were characterized using X-ray diffractidreld emission
scanning electron microscopy, transmission electrmroscopy and
Raman spectroscopy. The effect of the molar ragivéen the iron and
sulfur (Fe:S) precursors on the phase and morphpolad the as-
synthesized products is investigated and discusselis chapter. The
effect of the iron to sulfur stoichiometric ratid the as-synthesized iron
sulfides on their lithium storage properties wasoastudied and presented
in this chapter. It was found that pyrite RLe&&Xhibits better lithium storage
capability than pyrrhotite FeS when cycled between 0.001 — 3 V and this
observation can be attributed to: (1) the lowergy@ation, better electron
and Li" ion transport at the interface between the activaterial and
electrolyte at the pyrite Fe®lectrode than the pyrrhotite £ electrode
and (2) the reversible lithiation and delithiatiaof iron sulfide (Fegd
during the galvanostatic cycling of the pyrite Fefctrode.
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4.1 Synthesis and Characterization of Iron Sulfidé”articles

To obtain pure phases of the different iron sulftdenpounds, four different pots of
reaction were carried out with all parameters lagptstant except for the molar ratio
between the anhydrous FeGInd S powder precursors used for the reaction. The
experimental parameters and procedures were dktml&ection 3.1.1, where the
powder synthesized with an Fe:S precursor molao it 1:1, 1:2, 1:4 and 1:6 are
labelled as Fe-S 1, Fe-S 2, Fe-S 4 and Fe-S_6ctasmbe Thereafter, the as-

synthesized powders were characterized using \v@temhniques.

X-ray diffraction (XRD) was performed on the as-#asized powders to determine
their phase, crystal structure and purity, anddR® patterns collected for Fe-S_1, Fe-
S 2, Fe-S_4 and Fe-S_6 are displayed in Figurel4can be observed that these
patterns have sharp and well-defined diffractionakge suggesting the good
crystallinity of all four samples even without gogst-annealing. XRD also shows that
the sample synthesized with an Fe:S precursor malaw of 1:1 (Fe-S_1) has a
hexagonal iron pyrrhotite (&S, where G< x < 0.2) phase with lattice parameters, a =
6.9 A and c = 28.7 A (JCPDS 029-0724), while tlyatisesized with an Fe:S precursor
molar ratio of 1:6 (Fe-S_6) has a cubic iron pytkeS) phase with lattice parameter,
a =5.4 A (JCPDS 042-1340). No impurity peak wasenbed in both XRD patterns,
indicating the good purity of the as-synthesizedSF& and Fe-S_6 samples. From
Figure 4.1, it can be seen that Fe-S_4 displaysth#ar XRD pattern as that for Fe-
S 6, indicating that these two samples have theesplase and that the sample
synthesized with an Fe:S precursor molar ratio :df dlso consists of pyrite FeS
(JCPDS 042-1340) patrticles. It is also observetttia XRD pattern of Fe-S_4 have
fewer diffraction peaks than that of Fe-S_6, sutiggshat Fe-S_6 could have a better
crystallinity than Fe-S_4. The diffraction peakdle XRD pattern of Fe-S_2 (Figure
4.1) can be matched to that of two crystal stresur a hexagonal pyrrhotite 1k8
(JCPDS 029-0724) and a cubic greigiteIJzdJCPDS 016-0713), indicating that this

sample consists of a mixture of two different isuifide phases.
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Figure 4.1: XRD patterns of Fe-S_1, Fe-S_2, Fe&diFe-S_6.

As mentioned in Section 2.4.1, iron sulfide has yndifferent phases such as FeS,

Fe, FeSs, Fa xS, marcasite Fe&ind pyrite Fe$ each with a different iron to sulfur
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stoichiometric ratio and atomic arrangement. TheDXpatterns for these various
phases have numerous overlaying diffraction pealeking it extremely challenging
to differentiate the diffraction peak for one phdsem that of the other phase,
particularly when the impurity phase is presenhfmitesimal amount with only a few
low-intensity peaks in the diffraction pattern. thearmore, XRD is only good for the
identification of crystalline phase and is unaldedistinguish between amorphous
phases. Raman spectroscopy, a technique that grabelsemical bonding between the
atoms in a compound, has the capability to discréa@ between the different phases
of iron sulfides such as pyrite Fg$narcasite FeSand FeS, even when the phases
present are amorphous in nature. [1-3] Therefbigs technique is employed to further

verify the phase purity of the as-synthesized poade
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Figure 4.2: Raman spectra of Fe-S_1, Fe-S_2, Feafd £e-S_6

Figure 4.2 depicts the Raman spectra of the povayeithesized with an Fe:S precursor
molar ratio of 1.1 (Fe-S_1), 1.2 (Fe-S_2), 1.4 §¢et) and 1:6 (Fe-S_6). It can be seen

from the Raman spectrum of Fe-S_6 that there ake taro obvious peaks in the
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wavenumber range of 300 — 400-tnThis characteristic two-peak spectrum indicates
the existence of sulfur-sulfur (S-S) bond in thengke. [3, 4] The position of these
peaks match well with that reported in literatui@spyrite iron sulfide (339 crhand
378 cmt), with the peak at 340 chresulting from the translation of the S atoms glon
the direction perpendicular to the S-S bond axjsf&de) and that at 379 cheaused

by the in-phase stretching of the d&imbbells (A mode) in the iron pyrite crystal. [5-
7] A small peak is also observed at 426%amhich corresponds to the Raman-actiye T
mode of the iron pyrite crystal caused by seveitaiational, stretching or their
combination. [8, 9] Both FeS and marcasitef@&8 not present in Fe-S_6 as evidenced
by the absence of Raman peaks at 214 amd 282 cm for the FeS phase and at 324
cnrt and 387 cm for the marcasite Fephase. [2, 10] This further confirmed the phase
purity of the powder synthesized with an Fe:S prgsmumolar ratio of 1:6 (Fe-S_6). A
Raman spectrum similar to that of Fe-S_6 was olsefor Fe-S_4, which is in
consistent with their XRD results presented in Fégd.1 where both samples are

determined to have the same pyrite Felsase.

It can also be seen from Figure 4.2 that there ishivious peak in the Raman spectrum
of Fe-S_1, indicating the absence of iron sulfidepounds with Raman-active species
like pyrite Fe3, marcasite FeSand FeS in this sample. From the XRD pattern ef Fe
S 1 (Figure 4.1), it can be seen that this samaéedm iron pyrrhotite (FeS) phase
and this phase is known to have two polymorphs,eianmexagonal and monoclinic
structure. By using factor group analysis, Mernagid Trudu predicted that the
vibrational modes in both polymorphs are not Rametive if their crystal structures
are ideal and, from their experimental resultsfired and second order spectra were
observed from the Raman analysis of both matefitl§ Although Raman peaks were
observed in the spectrum of some pyrrhotite, (Bewhere 0< x < 0.2) samples like
that reported by Breier et al., it is believed tin@se peaks (377 chy71 cm! and 676
cn?) could be the result when sample deviates froraliggrrhotite structure since the
peaks that Breier et al obtained, though similahtd reported by Battaglia et al. (373
cnrt and 465 cm), is not very consistent and repeatable. [3, 1ifHermore, these
peak positions also differ from that reported byBal. for the pyrrhotite kS sample
used in their study (292 chand 354 cm). [7]
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From the XRD pattern of Fe-S_2, it is determineat this sample consists of a mixture

of pyrrhotite FexS and greigite &4 phases. As E& has low metastability and is
unstable even in argon atmosphere at temperathose 240 °C, it is difficult to detect
FesSs in the Raman spectrum especially under ambient@mwent. [12-14] Instead,
Raman peaks corresponding to that observed fgDsHghase is commonly detected
when FeSs is subjected to Raman spectroscopy measuremaintdoe to an oxidation

of Fe&& to FeO4 under laser illumination. [14, 15] Hence, two vergak peaks (223
cm! and 295 cm) which can be assigned to thgy(B) and § modes of Fg€4 and no
Raman peaks related tos5e phase are observed in the Raman spectrum of Fe-S_2
(Figure 4.2).

\//g dloz =5.50 A

Figure 4.3: HRTEM images of (A) Fe-S_1 and (B) F&.S

High resolution transmission electron microscopRTHEM) were used to examine the
crystallographic structure of the as-synthesizetigfes and the HRTEM images of Fe-
S 1 and Fe-S_6 are presented in Figure 4.3. TheBNRIimages show obvious and
well-aligned lattice fringes for both samples, ra@ireg their good crystallinity. From

the HRTEM image of Fe-S_1 (Figure 4.3A), a spa@hd.50 A can be measured
between two adjacent fringes on the face of thégb@mand this spacing matches well
to the lattice spacing in the (1 0 2) plane of pgtite FeS, providing consistent result
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as the XRD analysis for Fe-S_1. A distance of A7&an be measured between two
adjacent fringes in the HRTEM image of Fe-S_6, Whscsimilar to the lattice spacing
in the (2 0 0) plane of a cubic pyrite Re&®ystal, affirming the phase of this sample.

Figure 4.4: FESEM images of (A) Fe-S_1, (B) Fe-§Q),Fe-S_4 and (D) Fe-S_6.

Field emission scanning electron microscopy (FESEM&$ used to study the particle
size and morphology of the four samples and thkeanges when the molar ratio
between the iron and sulfur precursors was vaFiggre 4.4 shows the FESEM images
of Fe-S_1, Fe-S_2, Fe-S_4 and Fe-S_6. From the ME®&ge (Figure 4.4A), it can

be seen that the sample synthesized with an FecBsor molar ratio of 1:1 has a wide
particle size distribution, with particles sizesigang from about 80 nm to 300 nm.
When the molar ratio between the iron and sulf@cprsors is increased to 1:2, the

particle size distribution is increased to a wideerge of 100 — 700 nm (Figure 4.4B).
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Fe-S_4 and Fe-S_6 consists of granular particlés 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 cyclooct&s) (ings and is unable to react directly
with FeCb to form iron sulfide. [16, 17] However, it is wddhown that amines can be
used to activate elemental sulfur, thereby increpdis reactivity and enabling it to
react with metal ions. [18-20] In fact, sulfur-amisolution formed by dissolving sulfur
powder in amine, especially primary amine with laiyl chain like oleylamine, is
the precursor of choice for many bottom-up synthesmetal sulfides. [21-23] Hence,
oleylamine is being used in the reactions in thesis, where it functioned as a solvent,
a surfactant and, at the same time, a reducingt.ag@dn 25] At low temperatures such
as room temperature, sulfur exists mainly as atky@nium polysulfides in
oleylamine solution. [26, 27] Upon heating to higgmperatures i.e. 220 °C, the
hydrogen sulfide (kB), produced by the reaction of these polysulfmesiwith the
excess amine in the solution, can react with tif& iBas from the metal precursor salt

to form iron sulfides. [27]

Scheme 4.1: Proposed reaction pathway for the fawmaf pyrite iron sulfide from

anhydrous iron chloride and elemental sulfur irylamine at elevated temperature.

(1 —x) Fe** + S2= ———— Fe1_4S + S&4
3 Feq_xS+ 3xFe?* + S2 ——— Fe3Sy + SZ7;

Fe3S4 + S2~ —— 3 FeSy + S22,
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Scheme 4.1 shows a proposed reaction pathwayddotmation of pyrite FeSrom
FeCb and elemental S precursors based on literaturetladexperimental results
obtained in this thesis. [28-30] From the XRD (Fmd.1) and Raman characterization
(Figure 4.2), it was found that pure pyrrhotita f® (at% Fe : S=1:1 - 1.25) powder
is obtained when equal molar ratio of anhydrouslfae@d elemental S were used as
the starting materials in the synthesis. This igaod agreement with the reaction
mechanism reported by Liu and co-workers, wheveag found that anhydrous FeCl
and elemental S first reacted to form.k® before forming pyrite FeSia solvothermal
reaction with oleylamine as the solvent. [30] Hungad Benning studied the
hydrothermal reaction between ammonium iron(ll) fatel hexahydrate
((NH4)2Fe(SQ). « 6H.0) and elemental S, showing that this reactiongeds with the
formation of FeS to & and, finally, pyrite FeSwhen there is an excess of elemental
sulfur in the reaction mixture. [29] Under sulfumlting condition, a mixture of FeS,
FesSs and pyrite FeSis obtained instead of pure pyrite Eef29] Similarly, in this
thesis, it is observed that some of the.Sereacts with the remaining #dons and
excess S (present as polysulfide ions ¢g8)Hn the reaction mixture to form greigite
Fes& (at% Fe : S =1: 1.33) upon adding more S powdence, when the molar ratio
between the Feghand S precursors is increased to 1:2, the prahiatned is a mixture
of two phases — pyrrhotite £ and greigite B&4. In fact, FeSs was observed to form
as an intermediate product in many synthesis afgfeS. [28, 31] Pyrite FeS(at%
Fe:S=1:2)is only formed when the molar rafithe precursors is increased to more
than 1:4. This is in good agreement with the figdiby Kar et al. who subjected FeCl
and NasS to a wet chemical reaction in de-ionized wat#ovzed by annealing in argon
environment, and observed an increase in the amolupyrite FeS phase and a
decrease in the amount of pyrrhotita k& phase in the synthesized powder when the
molar ratio between the iron and sulfur precurssnsicreased from 1:2 to 1:4. [32]
From the experiments, it was found that iron seiduch as k&S, FeS, F&4, FeS

or a mixture of them will be formed under sulfumiting conditions i.e an Fe:S
precursor molar ratio of 1:1 or 1:2. Pure pyrit&SFphase can only be formed when
excess S is present in the reaction mixture i.é=&f precursor molar ratio of 1:4 or
1:6.
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4.3 Electrochemical Properties

A series of electrochemical characterization wasexd out according to the half-cell
configuration described in Section 3.3.1 to exanthreelithium storage properties of
the as-synthesized pyrrhotite 1k8 (Fe-S_1) and pyrite Fe$Fe-S_6). These two
samples were chosen for the study because of gben purity which allows better
comparison on the effect of how the number of dalfon in the stoichiometry of an
iron sulfide compound i.e. Fe:S = 1:1 (FeS) or (E2S) affects its lithium storage
properties. It should be mentioned that care wiaentéo ensure that the two iron sulfide
compounds were synthesized using the same preswsdrsurfactant to eliminate any
possible effect due to the remaining surfactartheras-synthesized particles. The fact
that the synthesized £ and FeSparticles do not have any fanciful morphologies
eradicated the possible effect of particle morpbplocon the lithium storage
performance of the two iron sulfide samples. Talgtihe cycling performance of the
as-synthesized iron sulfides, the assembled celts wycled galvanostatically between
0.001 and 3 V\(s. Li/Li*) at various current densities. Plots of the capaai the
working electrode against the cycle number for ¢bs 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 #a&S_lexhibits high initial
discharge capacity of 958 mA H,gl127 mA h ¢ and 1072 mA h§when cycled at
a current density of 0.1 A'g0.5 A g' and 1 A ¢ respectively, and these high initial
discharge capacities exceed the theoretical cgpaicB09 mA h ¢ for FeS phase.
[33] Such phenomenon where the discharge capalciy electrode material exceeds
its theoretical capacity, especially for the ficgtle, has been observed for numerous
material systems from insertion-typed anodic matdike carbon, to alloying-typed
anodic material like tin-antimony, and conversigped anodic material like cobalt
oxide. [34-37] This additional lithium storage cajpa has been widely accredited to
the formation of a gel-like film, commonly known #w solid/electrolyte interphase
(SEI) layer, on the surface of an electrode intladm ion battery made with alkyl
carbonate-based electrolyte. [37] Fe-S_6 is obdetwalisplay similar phenomenon

where its initial discharge capacities are highantthe theoretical capacity of ReS
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Figure 4.5: Cycling performance of the Fe-S_1 ae«SF6 electrodes at a current density of
(A) 0.1 A g* and (B) 0.5 A ¢ between 0.001 and 3 V¢ Li/Li*). Fe-S_ 1-D, Fe-S_ 1-C
and Fe-S_1 — E refers to the discharge and chapggeities and coulombic efficiency of Fe-
S_1 respectively, while Fe-S_6 — D, Fe-S_6 — Cra&_6 — E refers to the discharge and
charge capacities and coulombic efficiency of Fé-&rrespondingly.
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Figure 4.6: Cycling performance of the Fe-S_1 ae«5F6 electrodes at a current density of
(A) 1 Ag*and (B) 5A ¢ between 0.001 and 3 V. Li/Li*). Fe-S_1-D, Fe-S_1 - C and
Fe-S_1 — E refers to the discharge and charge iti@saend coulombic efficiency of Fe-S_1
respectively, while Fe-S_6 — D, Fe-S_6 — C and F&-SE refers to the discharge and charge
capacities and coulombic efficiency of Fe-S_6 cspandingly.
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(890 mA h ¢) when cycled at a current density of 0.1 A §5 A gtand 1 A ¢.
(Figure 4.5 andFigure 4.6A).

FromFigure 4.5A, it can be seen that, when cycled at a curremsitieof 0.1 A ¢, the
discharge capacity of Fe-S 1 experienced a hugefdrm 958 mA h g (15t cycle) to
761 mA h g (2nd cycle) and slowly reduces to 677 mAhg" cycle), retaining 79%
and 71% of its initial discharge capacity respeativThe discharge capacity of Fe-S 1
remains fairly constant from thé"§677 mA h d) to the 2% cycle (697 mA h g),
thereafter it slowly increases to reach a valu@2at mA h ¢t at its 50" cycle, which is
about 95% of its initial discharge capacity. Tmsrease in capacity during the cycling
of a working electrode has been observed in selrsradtures and was being attributed
to an activation process. [38-42] It was also obs@rfrom Figure 4.5A that the
discharge capacity of Fe-S_6 decreased by 32% itsomitial capacity of 1199 mA h
g?! (1% cycle) to reach a discharge capacity of 810 mA*Hag the 29 cycle when
cycled at a current density of 0.1 A.g-rom the 2 cycle to the 50 cycle, Fe-S_6
exhibits a stable cycling performance where itsltsge capacity is in the range of 810
mA h g! + 5% i.e. 770 — 850 mA hg After 50 charge-discharge cycles, Fe-S_6
delivered a discharge capacity of 833 mA} getaining 69% of its initial discharge

capacity.

In its first cycle when cycled at 0.1 AlgFe S attained a discharge capacity of 958
mA h g', a charge capacity of 724 mA H @nd, hence, a coulombic efficiency of
75.6%. This low initial coulombic efficiency of &result of the irreversible formation
of an SEI layer. At the second cycle, the fRelectrode exhibited a discharge capacity
of 761 mA h ¢, a charge capacity of 682 mA H gnd a high coulombic efficiency of
89.6 %. From the second to the"sfycle, the FexS electrode achieved an average
coulombic efficiency of about 97.7% when cycledaaturrent density of 0.1 A'g
(Figure 4.5A). On the other hand, Beftsplayed an initial discharge capacity of 1199
mA h g2, an initial charge capacity of 798 mA # gnd an initial coulombic efficiency
of 66.5% when cycled at 0.1 AlgAt its second cycle, a discharge capacity of 820

h g!, charge capacity of 770 mA h'gand high coulombic efficiency of 95.1% is
achieved by the Fe®lectrode. From the second to thd"s§cle, the FeSelectrode
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exhibited an average coulombic efficiency of ab@@t1% when cycled at a current
density of 0.1 A g.

Figure 4.5B shows the capacity of Fe-S_1 and Fe-S_6 agdiastyicle number when
the cells are cycled at a current density of 0¢'Alt can be seen from the plot that Fe-
S_1 has an initial discharge capacity of 1127 ngd jwhich drops to 800 mA higin
the 29 cycle. Following, the discharge capacity of Fe-Sldivly decreases from 779
mA h g (3 cycle) to 658 mA hg (10" cycle) and remains fairly constant till the"s0
cycle. At the 5& cycle, Fe-S_1 delivered a reversible capacity & &A h g,
retaining more than 60% of its initial capacity.offr Figure 4.5B, Fe-S_6 is also
observed to demonstrate good cycling performananwelycled at a current density of
0.5 A gt It delivered an initial discharge capacity of 108A h g* and, at the second
cycle, attained a discharge capacity of 768 mA hadhich is 75% of its initial capacity.
Upon further cycling, Fe-S_6 exhibits a dischargpacity of around 730 mA h'gup

to the 50" cycle. At the 50 cycle, it achieved a discharge capacity of 744 g,
retaining 73% of its initial discharge capacitytteg 50" cycle.

FromFigure 4.5B, it can be seen that £ attained a discharge capacity of 1127 mA
h gt, charge capacity of 788 mA h'@nd, therefore, a coulombic efficiency of 70.0%
in its first cycle when cycled at 0.5 AlgAt the second cycle, this electrode exhibited
a discharge capacity of 800 mA H,gcharge capacity of 730 mA htgand a high
coulombic efficiency of 91.3%. From the secondhe 50" cycle, the FexS electrode
achieved an average coulombic efficiency of ab@i8% when cycled at a current
density of 0.5 A g. As shown in Figure 4.5B, Fe8lisplayed an initial discharge
capacity of 1021 mA h-§ charge capacity of 735 mA ht@nd coulombic efficiency
of 72.0% when cycled at 0.5 AlgAt its second cycle, a discharge and charge d@gpac
of 768 mA h ¢ and 719 mA h g and high coulombic efficiency of 93.6% is achieved
by the FeSelectrode. From the second to th& 59cle, the FeSelectrode displayed
an average coulombic efficiency as high as 99.9%nndycled at a current density of
0.5Ag.

To study the cycling capability of pyrrhotite 5& (Fe-S_1) and pyrite Fefe-S_6)
at fast rates, the battery cells were subjecteghbeanostatic charging and discharging
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at a higher current density of 1 A gnd the results are presented in Figure 4.6Aarit ¢
be seen that Fe-S_1 delivered a discharge capEci®72 mA h ¢ and 799 mA h g
for the first and second cycle respectively, eximbgi an irreversible capacity of 273
mA h g. The discharge capacity of this sample slowly éases to a value of 608 mA
h g! at the 3& cycle and starts to increase gradually. Eventu&éyS 1 delivered a
discharge capacity of 784 mA h'at the 100 cycle, retaining 73% of its initial
discharge capacity. As shown in Figure 4.6A, Fe-8s6 demonstrated good cycling
performance, with an initial discharge capacityl007 mA h ¢ and a discharge
capacity of 749 mA h-gat the second cycle, corresponding to an irreblersiapacity
of 258 mA h ¢ The discharge capacity of this sample remaimb/fabnstant from the
2"dto the 108 cycle, with a difference of less than 65 mA-Hogtween the maximum
and minimum discharge capacity value. After undergd 00 charging-discharging
cycles, Fe-S_6 delivered a discharge capacity h& h g, keeping 77% of its initial

discharge capacity.

When cycled at 1 A4 FaS attained a discharge capacity of 1072 mAthaparge
capacity of 766 mA h § and coulombic efficiency of 71.4% in its first ¢gcA
discharge capacity of 799 mA ht,gcharge capacity of 719 mA ht@nd coulombic
efficiency of 89.9% was exhibited at its secondley&rom the second to the 100
cycle, the FexS electrode achieved an average coulombic effigiei@bout 97.7%
when cycled at a current density of 1 A drrom Figure 4.6A, it can be seen that the
FeS displayed an initial discharge capacity of 1007 m4?, charge capacity of 701
mA h g* and coulombic efficiency of 69.6% when cycled &t d*. At its second cycle,
a discharge and charge capacity of 749 mAl largd 691 mA h g and high coulombic
efficiency of 92.2% was achieved. From the secamdhe 108" cycle, the FeS
electrode obtained an average coulombic efficierf@9.1% when cycled at a current
density of 1 A ¢.

Fe-S_1 and Fe-S_6 were also examined for theimgyplerformance at a high current
density of 5 A ¢ and the results are presented in Figure 4.6Barthe seen from the
figure that Fe-S_1 has a discharge capacity ofridAth g* and 515 mA h g for the
first and second cycle, exhibiting an irreversilclpacity of 231 mA h§ The
discharge capacity of this sample gradually drog®00 mA h d¢ at the 5& cycle and
stabilizes around this value up to the ®@cle. At the 100 cycle, Fe-S_1 displayed
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a discharge capacity of 207 mA #,getaining 28% of its initial discharge capachg.
presented in Figure 4.6B, Fe-S_6 displayed a beytding performance than Fe-S_1,
with an initial discharge capacity of 852 mAhgnd a discharge capacity of 432 mA h
g! at the second cycle, which corresponds to a liargeersible capacity of 420 mA h
gl. From the 3 to the 10& cycle, this sample delivered a fairly stable dige
capacity that averages around 380 mAthAfter 100 cycles, Fe-S_6 retained 50% of
its initial discharge capacity, exhibiting a disa@capacity of 429 mA h'y

As observed in Figure 4.6B, S displayed a discharge capacity of 746 mAh g
charge capacity of 511 mA ht@nd, hence, a coulombic efficiency of 68.5% irfiitst
cycle when cycled at a high current density of *AAt the second cycle, this electrode
exhibited a discharge capacity of 515 mA* charge capacity of 447 mA htgnd a
coulombic efficiency of 86.8%. From the secondhi® 100 cycle, the FexS electrode
achieved an average coulombic efficiency of ab@®il% when cycled at a current
density of 5 A ¢. On the other hand, Fe$ observed to exhibit an initial discharge
capacity of 852 mA h-§ charge capacity of 425 mA h'cgand a low coulombic
efficiency of 49.9% when cycled at 5 ALgA discharge and charge capacity of 432
mA h g! and 406 mA h g and high coulombic efficiency of 93.9% is achiewscthe
FeS electrode at its second cycle. From the secotiteta0d cycle, the Fefelectrode
displayed a high average coulombic efficiency 0f398 when cycled at a current
density of 5 A ¢.

Table 4.1 shows a summary of the battery cyclingppmance of pyrrhotite RS and
pyrite FeS at various current densities. It can be seen ti@rtable that both the iron
sulfide samples exhibit good performance when clyalkelow to slightly high current
densities of 0.1 A4 0.5 A gt and 1 A ¢, obtaining a discharge capacity of above 598
mA h g? for pyrrhotite FexS and above 712 mA hidor pyrite Fe$ for the first 50
cycles. When cycled at a high current density & §*, pyrrhotite Fe«S and pyrite
FeS displayed good cycling stability but the dischacgpacity is not particularly high.
At the 100" cycle, pyrrhotite FeS only delivered a discharge capacity of 207 mA h g
L while pyrite Fegdelivered a discharge capacity of 429 mA* g

As seen from Table 4.1, pyrite FEe8xhibit better lithium storage capability than
pyrrhotite FeS. For the first 50 cycles, pyrite Fe&hieved a discharge capacity of
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at least 773 mA h'§ 722 mA h ¢, 712 mA h ¢t and 339 mA h g when cycled at a
current density of 0.1 A4 0.5 A g!, 1 Agtand5 A ¢ respectively. On the other
hand, pyrrhotite FeS attained a lower minimum discharge capacity af 62 h g,
636 MmA h ¢!, 598 mA h ¢ and 210 mA h g for the first 50 cycles when cycled at a
current density of 0.1 A4 0.5 A g!, 1 Ag!and 5 A ¢ correspondingly.

Table 4.1: Summary of cycling performance of pytiteo-e..S and pyrite FeSat various

current densities.

Pyrrhotite FeixS Pyrite FeS»
Current Density (A g?) (Fe-S_T) (Fe-S_6)
01 [05]10|50(01]05]|10]5.0

,a—,:b Cycle 1 958 (1127|1072 | 746 [1199]1021 1007 | 852
ax.-C'.

5 <

éé Cycle2 | 761 | 800 | 799 | 515 | 810 | 768 | 749 | 432
S

o S

%OU Cycle 50 | 889 | 688 | 626 | 210 | 833 | 744 | 762 | 373
5 3

2 .8

S5 | Cyle100 | - | - | 784|207 | - | - | 775|429
< | Cyce2 |79 | 71| 75 | 69 | 68 | 75 | 74 | 5
53

TR

ia Cycle 50 | 93 | 61 | 58 | 28 | 69 | 73 | 76 | 44
52

=5

S = Cycle 100 - - 73 | 28 - - 77 | 50
Maximum Capacity
For The First 50 Cycles | 958 | 1127|1072 | 746 |1199 1021|1007 | 852

(mA h g
Minimum Capacity
For The First 50 Cycles | 627 | 636 | 598 | 210 | 773 | 722 | 712 | 339
(mA h g
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From Table 4.1, it can be observed that pyriteclea8ibits better cycling stability than
pyrrhotite FexS when cycled at higher current densities. Wheredyat a current
density of 0.5 A @, pyrite Fe$retained 73% of its initial discharge capacityhat 5¢°
cycle while pyrrhotite Fe.S only retained 61%. At a current density of 1A gyrite
FeS preserved 76% and 77% of its initial dischargeaciy at the 50 and 108 cycle
respectively while pyrrhotite &S only managed to maintain 58% and 73% of its
initial discharge capacity at the @nd 106 cycle correspondingly. Even when the
current density is increased to 5 A, gyrite Fe$ still retained 44% and 50% of its
initial discharge capacity at the 5@nd 108 cycle respectively whereas pyrrhotite
FerS only retained 28% of its initial discharge capaat both the 50and 108 cycle.
Although it can be seen from Table 4.1 that pyitboFa.xS retained a higher
percentage (93%) of its initial discharge capatiign pyrite Fe5(69%) at the 50
cycle, it is not difficult to observe from Figure5A that pyrite Fegexhibits a more
stable cycling performance with the discharge cipatthe range of 810 mA higt
5% for the 29to the 5@ cycle. On the other hand, pyrrhotite; k8 displayed a larger
difference with the discharge capacity in the raafjg58 mA h ¢ + 18% for the

to the 50" cycle.

To make lithium ion batteries that have high poasd can undergo fast charging, it is
essential for the electrode to have good rate dhtyablence, the cycling performance
of the two iron sulfide electrodes at numerousenirdensities were examined and the
results are depicted in Figure 4.7. From this fgut can be seen that the pyrrhotite
FeixS electrode (Fe-S)lexhibits fairly good cycling performance when @gtlat
varying current densities in a voltage window ddd — 3 V. When subjected to
galvanostatic cycling at a current density 0.17A@2 Ag, 0.5A g, 1A gl 0.2 A

g?l, and 5 A ¢, the pyrrhotite FeS electrode acheived a discharge capacity of around
660 mA h ¢, 660 mA h ¢!, 640 mA h ¢, 600 mA h ¢, 570 mA h ¢ and 200 mA h

g? respectively. Pyrite Fe§Fe-S_6), on the other hand, demonstrated an lester
cycling performance than the pyrrhotitel k8 electrode, where it attained a discharge
capacity of approximately 800 mA h'g740 mA h ¢, 730 mA h ¢}, 730 mA h ¢,

730 mA h ¢t and 390 mA h ¢ when charged and discharged at a current dendity 0
Agl, 02Ag,05Ag, 1AQgL 2Agl and 5 A d correspondingly. It is obvious
from Figure 4.7 that pyrite Fe8as a better lithium storage performance tharhpyite
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Fel.xS when subjected to galvanostatic charging anchdiging at varying current
densities from 0.1 — 5 Al

1400

—=—Fe-S_1
—=—Fe-S 6

1200

—
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400

Discharge Capacity (mAhg‘1

200 -+
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Figure 4.7: Cycling performance of the Fe-S_1 ae«SF6 electrodes at various current
densities between 0.001 and 3wg.Li/Li ).

To gain an insight into why pyrite Fe8xhibits better lithium storage performance i.e.
higher capacity and superior cycling stability thanrhotite Fe.S, it is essential to
understand the reaction between lithium ions amdehwo iron sulfide electrodes
during cycling. Hence, the galvanostatic dischdtgéon insertion) and charge (Li ion
extraction) voltage profiles for both electrodesewltycled between 0.001 and 3vg.(
Li/Li *) at a low current density of 0.1 Algs plotted and depicted in Figure 4.8. Cyclic
voltammetry (CV) of the pyrrhotite €S and pyrite Fefelectrodes (Figure 4.9) were
also performed under ambient temperature in a gelt@indow of 0.001 — 3 Wé.
Li/Li *) and at a scan rate of 0.2 mVt® understand the reaction between theidns
and the iron sulfide electrodes during lithiatioxdalelithiation process.
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From Figure 4.8, it can be seen that, when cyd@dlaA g! in the voltage window of
0.001 — 3 V¥s.Li/Li"), there is only one long plateau at 1.34 V forrpgtite FexS
and at 1.49 V for pyrite Fe$ the first cycle galvanostatic discharge cuiMas single
flat plateau is assigned to a couple of reactiamelving the reduction of iron sulfide
into iron, lithium sulfide and lithium-rich phasesjggesting that these reactions could
have occurred simultaneously due to the slow disfusf Li* into the iron sulfides at
ambient temperature i.€.30 °C. [43-46] For the pyrrhotite £S5 electrode, only one
plateau £ 1.82 V) that is associated to the oxidation ofd-ki>.xFeS (0< x < 0.8) is
observed in its first cycle charge curve. [33, @8]the other hand, pyrite Fe&hibits
two platforms at around 1.82 V and 2.48 V in itstficycle charge curve, which are
ascribed to the formation of LiFeS (0 < x < 0.8), Feg Li and S. [43, 47] It is
observed from Figure 4.8 that, unlike the firstleyehere they only have one discharge
plateau, both pyrrhotite €S and pyrite FeShave two discharge platforms in their
secondcycle, indicating that these two electrodes undexgdhange in their lithium
storage mechanism. From th& 20 the 50' cycle, the two iron sulfide electrodes
exhibit similar discharge profiles, suggesting tihaty undergo similar reactions during
discharging. There is no or little change in thecebde reaction for both iron sulfides
during charging as implied by the similar chargefipe as that for their respective
initial charging process. It is well-known that gaokation in LIB can occur due to a
delay in the transfer of lithium ions and electr@ghe interface between the active
material and electrolyte. [30, 44] From the voltatjgerence between the discharge
and charge plateaus in the voltage profiles forttbee iron sulfide electrodes (Figure
4.8), it can be seen that the pyrite Felectrode has a lower polarization and, therefore,
a better electron andLion transport at the interface between the actiagerial and

electrolyte than the pyrrhotite = electrode.
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Figure 4.8: Galvanostatic charge/discharge voltagéles of the (A) Fe-S_1 and (B) Fe-S_6
electrodes when cycled at a current density oPAO0gt between 0.001 and 3 V< Li/Li *).
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Figure 4.9: Cyclic voltammetry of (A) Fe-S_1 and &-S_6 electrode recorded under
ambient temperature in the voltage range of 0.08V~vs.Li/Li *) at a constant scan rate of
0.2mvV s.

2Feq_yS+2LiT +2e7~ —— LipFeSy + (1— 2x) Fe

Equation 4.1
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Feq_yS+2LiT +2e” ——— LipS + (1—x)Fe

Equation 4.2

Figure 4.9 shows the CV curve for the first fiveleg of the pyrrhotite keS and pyrite
FeS electrodes performed under ambient temperatuaeviitage window of 0.001 —
3V (vs.Li/Li*) and at a scan rate of 0.2 mV. $rom Figure 4.9A, it can be seen that
there are three reduction peaks in the first c@dleof the pyrrhotite FexS electrode.
The peaks centred at 1.58 V and 1.18 V are atatht the lithiation of pyrrhotite
FerxS according to the reactions stated in EquatioraddLEquation 4.2 respectively,
while that at around 0.58 V is mainly ascribed e formation of a polymeric
solid/electrolyte interphase (SEI) layer on thdae of the electrode. [48-51] A sharp
oxidation peak at around 1.91 V, which can be aasstto the delithiation process to
form LioxFeS where 0< x < 0.8 (Equation 4.3 and Equation 4.4) and arnch@.36

V which is attributed to the formation of Re&Equation 4.5) were also observed in the
first cycle CV of the pyrrhotite k&S electrode. [33, 47]

Fe + 2 LipS ——— LipFeSy + 2LiT +2e™

Equation 4.3

LipFeSy —— Lip_ FeSy + xLitT +xe” (0<x<0.8)

Equation 4.4

Lip_ FeSy ——— FeSy + (2—y)S + 2—-x)Lit +(@2-x)e”

Equation 4.5
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From Figure 4.9B, a reduction peak at around 1.3aVbe observed in the first cycle
CV for pyrite FeSwhich corresponds to the lithiation of pyrite F&f an intercalation
(Equation 4.6) and conversion (Equation 4.7) reactj52, 53] These initial lithiation
reactions are similar to that for & and result in the same final products — Fe and
Li>S. The reduction peak at approximately 0.62 V anfttst cycle CV for pyrite Fe$
like that at 0.58 V in the initial CV for k&S, is attributed to the formation of a
polymeric SEI layer on the surface of the electrdtdevas also observed that pyrite
FeS undergoes a similar oxidation reaction as pyrtada xS in the first cycle CV,
with the oxidation peak at 1.91 V correspondinghi® electrode reactions in Equation
4.3 and Equation 4.4 to formiFeS where 0< x < 0.8, and that at 2.47 V attributed
to the oxidation of LlixFeS to form Fe$ (Equation 4.5). [43, 45]

FeSy+2LiT +2e” ——— LipFeS;

Equation 4.6

LipFeSy +2Lit +2e~ ——— Fe+2LiyS

Equation 4.7

From the second cycle onwards, the subsequent @é<ior the pyrrhotite k&S and
pyrite FeS electrodes shared several similar peaks (Fig@e Both electrodes have
a reduction peak in the range of 1.8 — 2.0 V witah be assigned to the lithiation of
FeS to form LkFeS (Equation 4.8). [47] A reduction peak at around Y is also
present from the second to the fifth CV cycle fothbiron sulfide electrodes, where it
is associated to the lithiation ofold~eS and LeFeS to Fe and LiS (Equation 4.9 and
Equation 4.7). [30, 50, 52, 53] As with the firsiclke CV, both pyrite FeSand
pyrrhotite FexS have a sharp and obvious oxidation peak at aralsdV
corresponding to the electrode reactions in Equoadic8 and Equation 4.4 in their

second to fifth CV cycles.
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FeSy + (2—y)S + 2LiT+ 2e7 ——— LipFeS;

Equation 4.8

Lip_ ,FeSy + xLitT +xe™——— LipFeS,

Equation 4.9

Besides the similarities, there are several diffees between the electrode reactions
for these two iron sulfides during galvanostatiectiarging and charging cycling. For
pyrrhotite Fe.S, there is a reduction peak present at aroun® &@m its second to
fifth CV cycles which is not observed in that forrpe FeS. This peak, though slightly
shifted (by= 0.12 V) compared to the reduction peak in itd ixcle, is also essentially
ascribed to the formation of the SEI layer. Anothegjor difference between the CV
curves for these two electrodes lies in the oxitapeak at approximately 2.4 V. As
observed in Figure 4.9, this oxidation peak, whgkinked to the formation of FgS
(Equation 4.5), is present in the first five CV Igg for the pyrite FeSelectrode.
However, for the pyrrhotite k&S electrode, the intensity of this peak is found to
decrease largely from the first CV cycle to theosec CV cycle and, eventually, it
disappeared from the CV curve for the pyrrhotite&Seelectrode from the third cycle
onwards. In fact, the intensity of the peak (138.6-V) corresponding to the reduction
of Fe§ to form LbFeS (Equation 4.8) is much smaller in the reductioanstor the
pyrrhotite FeS electrode than for the pyrite EeSectrode. This shows that, while the
lithiation (Equation 4.8) and delithiation (Equatid.5) of iron sulfide (Fe$is very
reversible for the pyrite Fe®lectrode, this reaction is only reversible far tinst two
cycles of the pyrrhotite k&S electrode.

From the galvanostatic cycling of the iron sulfelectrodes in Figure 4.5, Figure 4.6
and Figure 4.7, it was found that pyrite Eeshibits better lithium storage performance
than pyrrhotite FeS. Since the nitrogen adsorption/desorption measeme shows

that the two iron sulfide samples have similar atefarea, where the & sample
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have a Brunauer—-Emmett-Teller (BET) surface ardsaf n? g' and the FeSsample
have a BET surface area of 14.2 git (Figure A.1), this difference in lithium storage
performance should not be due to the differencsuifiace area between these two
samples. From the analysis of the voltage profileSigure 4.8 and the CV curves in
Figure 4.9, it can be seen that the two iron selétectrodes generally undergo similar
electrode reactions during lithiation and delittuat However, it can be seen from the
CV curves that, while the lithiation and delith@atiof Fe$ is reversible for the pyrite
FeS electrode, this reaction has limited reversibiiityhe pyrrhotite FexS electrode.
Furthermore, the pyrite Fe®lectrode is found to have a lower polarizatioantthe
pyrrhotite FexS electrode, as shown by the smaller voltage diffee between the
discharge and charge plateaus in its voltage pofilherefore, this higher capacity and
superior cycling stability of pyrite FeSompared to R&S can be attributed to two

main reasons:

(2) The lower polarization and, therefore, better etectand LT ion transport at
the interface between the active material and regte at the pyrite FeS

electrode than the pyrrhotite & electrode.

(2) The reversible lithiation and delithiation of iraulfide (Fe$) during the

galvanostatic cycling of the pyrite Fe€lectrode.

4.4 Conclusion

In summary, pyrrhotite k&S and pyrite FeSwith good purity have been successfully
synthesized via a solution-based chemical syntimesibod. Pure samples of these two
iron sulfides were obtained simply by varying thelenratio between the anhydrous
FeCb and elemental S that were used as the startingriaatin the synthesis. From
the experiments, it was found that iron sulfideshsas FexS, FeS, F&u4, FeS or a
mixture of them will be formed under sulfur-limigrconditions i.e an Fe:S precursor
molar ratio of 1:1 or 1:2. Pure pyrite Egdhase can only be formed when excess S is

present in the reaction mixture i.e. an Fe:S psarumolar ratio of 1:4 or 1.6. A
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possible reaction pathway for the formation of gyerhotite Fe«S and pyrite FeS

from FeC}t and elemental S precursors was proposed.

The electrochemical properties of the as-synthdgerhotite FexS and pyrite FeS
were characterized and it was found that pyrite>Fe&ibits better lithium storage
capability than pyrrhotite keS. For the first 50 cycles, pyrite Fe&chieved a
discharge capacity of at least 773 mAh 22 mA h ¢, 712 mA h ¢ and 339 mA h
g! when cycled at a current density of 0.1 A @5 A g, 1Agtand 5A ¢
respectively. On the other hand, pyrrhotite f&attained a lower minimum discharge
capacity of 627 mA h§ 636 mA h ¢}, 598 mA h ¢ and 210 mA h ¢ for the first 50
cycles when cycled at a current density of 0.1 A@5 A gt, 1LAgtand5A ¢
correspondingly. The superior lithium storage perfance of pyrite FeSompared to
pyrrhotite FexS can be attributed to: (1) the lower polarizatiogtter electron and i
ion transport at the interface between the actiagenal and electrolyte at the pyrite
FeS electrode than the pyrrhotite & electrode and (2) the reversible lithiation and
delithiation of iron sulfide (Fe$ during the galvanostatic cycling of the pyriteSke

electrode.

This is a first attempt to study the effect of htdve number of sulfide ion in the
stoichiometry of an iron sulfide compound (a coswan-typed compound) i.e. Fe:S =
1:1 (FeS) or 1:2 (Fepaffects its lithium storage properties. It shobklhighlighted
that care was taken to ensure that the two irofideutompounds were synthesized
using the same precursors and surfactant to eltmiaay possible effect due to the
remaining surfactant on the as-synthesized pasticlée fact that the synthesized
FerxS and Fefparticles do not have any fanciful morphologiesderated the possible
effect of particle morphology on the lithium stoegmerformance of the two iron sulfide
samples and made this a fairer comparison sincentdrphology and surface area of
the iron sulfide particles have great impact onlitsum 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 synthasimn sulfides via a
solution-based chemical synthesis method (procedie&iled in Section
3.1.2). The as-synthesized powders were charaeterizsing X-ray
diffraction and field emission scanning electrorcmscopy to determine
their phase, purity, and morphology and particleesi Time-dependent
reaction was carried out to understand the formatraechanism of the
two tin sulfide phases. The effect of the tin tlusgtoichiometric ratio of
the as-synthesized tin sulfides on their lithiuorage properties is also
investigated and presented in this chapter. It feasd that SnSlisplayed
a higher capacity and better cycling stability th&nS after prolonged
cycling particularly at higher current densitiesathis is attributed to its
chemical and structural properties. As evidencedhayhigher discharge
capacity attained from the intercalation and corsien reaction
throughout the 100 cycles, more&is formed during the lithiation of SRS
thus providing a thicker layer to buffer the lang@ume change during the
lithiation and delithiation of Sn. This can resuft a reduction in the
pulverization and better capacity retention of éhectrode after prolonged
cycling, as verified by the slower alloying capgdading rate observed in

the Snelectrode compared to the SnS electrode.
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5.1 Synthesis and Characterization of Tin Sulfide &ticles and Their

Formation Mechanism

To obtain pure phases of the different tin sulfidesar different pots of reaction were
carried out with all parameters kept constant exdep the reaction time. The
experimental parameters and procedures were dktml&ection 3.1.2, where the
powder synthesized after a reaction time of 30 ®@nmin, 120 min and more than 12
hours are labelled as Sn-S_30, Sn-S_60, Sn-S_1@0SarS_Onight respectively.
Thereatfter, the as-synthesized powders were cleaizad using various techniques.

To determine the phase, crystal structure andpofithe as-synthesized powders,
XRD was carried out for Sn-S_30, Sn-S_60, Sn-S a2 Sn-S_Onight, and the
patterns obtained are presented in Figure 5.1. Engfigure, it can be seen that the
diffraction pattern for all four samples have shangl distinct peaks, suggesting their
good crystallinity even without any post-annealprgcess. The XRD pattern for Sn-
S_60 (Figure 5.1) can be matched to that for hexalgin disulfide (Sng phase with
lattice parameters, a = 3.6486 A and ¢ = 5.8992&PDS 023-0677), while that for
Sn-S_Onight can be matched to that for orthorhorimonosulfide (SnS) phase with
lattice parameters, a = 4.3291 A, b = 11.1923 A@rd.9838 A (JCPDS 039-0354).
No impurity peak was observed in both XRD pattedesnonstrating the good purity
of the as-synthesized Sn&nd SnS powders. It can be seen from Figure atlSh-

S 30 displayed a similar XRD pattern as that forSS60, indicating that these two
samples have the same phase and that the powdénexbiafter reacting for 30 min
contain Sng (JCPDS 023-0677) particles. However, presenceifdfaction peaks
which can be matched to an orthorhombieSerphase with lattice parameters, a =
8.864 A, b = 14.02 A and ¢ = 3.747 A (JCPDS 0149)64 also spotted in the XRD
pattern of Sn-S_30, indicating that the sample ihatacted for 30 min consists of a
mixture of two tin sulfide phases — a hexagonal.%&m8 an orthorhombic S8 phase.
From the XRD pattern of Sn-S_120, it can be seantlie powder obtained after a 2-h
reaction comprises of a mixture of particles wiglxdgonal Sn&and orthorhombic SnS
(JCPDS 039-0354) phase.
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Figure 5.1: XRD patterns of Sn-S_30, Sn-S_60, SI28 and Sn-S_Onight.
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FESEM was used to study the particle size and nobogly of the samples and how
they change when the reaction duration is variggurg 5.2 shows the FESEM images
of the samples that have been reacted for 30 MmirS(S0), 60 min (Sn-S_60), 120
min (Sn-S_120) and overnight (Sn-S_Onight). FromRESEM image of Sn-S_30, it
can be seen that the sample reacted for 30 minstemeainly of nanoplates with a
width of around 250 nm and thickness of about 25amu some granular particles.
Upon increasing the reaction duration to 60 min$SB0), hexagonal nanoplates that
are approximately 20 nm thick and 180 — 560 nm wigee obtained. The particles
formed after reacting for 120 min also comprisestiyoof hexagonal nanoplates that
are around 20 nm thick, but with a smaller widtlabbut 150 — 375 nm. After reacting
for more than 12 hours (Sn-S_Onight), granulanga#g with diameter in the range of

60 — 400 nm were obtained.

Figure 5.2: FESEM images of (A) Sn-S_30, (B) Sn& (€) Sn-S_120 and (D) Sn-
S _Onight.
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As explained in Section 4.2, sulfur exists as ogcta-S () rings in its normal state
and is unable to react directly with metal chloside form metal sulfide. [1, 2] Hence,
oleylamine is being used to activate the elemestddur, thereby increasing its
reactivity and enabling it to react with the metais. [3-5] In this reaction, as with the
synthesis of iron sulfides in Chapter 4, oleyanfinectioned as a solvent, a surfactant
and, at the same time, a reducing agent. [6, 7loAt temperatures such as room
temperature, sulfur exists mainly as alkylammonipolysulfides in oleylamine
solution. [8, 9] Upon heating to high temperatuires 240 °C, the hydrogen sulfide
(H2S), produced by the reaction of these polysulfaiesiwith the excess amine in the

solution, can react with the Brions from the SnGlto form tin sulfides. [9]

From the XRD results in Figure 5.1, it can be sewt, after 30 min of reaction, a
mixture of Sngand SpSz is obtained. Further increase of the reaction tion@0 min
yields pure Sngphase. This observation matches the speculatpmrtes] by Zhong et
al. when he prepared Sm8a a hydrothermal reaction using Sn foil as thep&cursor
and cysteine (H&CCH(NH)CH2SH) as the S precursor. [10] In his report, he psepl
that SnS (where Sn has an oxidation state of +Bj¢lwis first formed through the
reaction between $hand S, undergoes further oxidation to yield ;Sg (where Sn
has a mixed oxidation state of +2 and +4) and Be® (where Sn has an oxidation
state of +4). Upon further reaction, the $isSound to slowly decompose to form SnS,
yielding a mixture of these two phases after 2 badireaction. Such a decomposition
of metal sulfide and sublimation of sulfur have teeported in the literatures [11, 12]
and it should be highlighted that, although thecteon is carried out in inert i.e. argon
environment, the reaction setup is not fully enetb&nd escape of some gaseous
products like sulfur can occur through the conderae evident in the experimental

setup in Figure 3.1. After an overnight reactionSSvith good purity is obtained.

5.2 Electrochemical Properties

A series of electrochemical characterization wasex out according to the half-cell

configuration described in Section 3.3.1 to exanthreelithium storage properties of
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the as-synthesized SnS (Sn-S_Onight) and: $8&S_60). These two samples were
chosen for the study because of their good purhtickvallows better comparison on
the effect of how the number of sulfide ion in te®ichiometry of a tin sulfide
compound affects its lithium storage propertieshibuld be mentioned that care was
taken to ensure that the two tin sulfide compoundse synthesized using the same
precursors and surfactant to eliminate any posséflect due to the remaining
surfactant on the as-synthesized particles. Thetliat the synthesized SnS and $nS
particles do not have any fanciful morphologieslexaed the possible effect of particle
morphology on the lithium storage performance & tiwo tin sulfide samples. To
study the cycling performance of the as-synthestaedulfides, the assembled cells
were cycled galvanostatically between 0.001 and @s/Li/Li*) at various current
densities. Plots of the capacity of the workingcelede against the cycle number for

the cells cycled at a current density of 0.1-Aamd 1 A ¢ are depicted in Figure 5.3.

Based on the assumption that SnS, during its ditidation, will first undergo an
irreversible conversion reaction to form Sn angblfollowed by a reversible alloying
reaction between Sn with Li to form44dSn, SnS is calculated to have a maximum
theoretical initial capacity of 1140 mA ht@nd a reversible theoretical capacity of 781
mA h g'. From Figure 5.3, it can be observed that Sn-Sgi@mixhibits initial
discharge capacities of 1443 mA # gnd 1165 mA h 4 when cycled at a current
density of 0.1 A g and 1 A ¢ respectively, which are higher than its maximum
theoretical initial capacity. The reason for thisservation is mainly ascribed to the
formation of a gel-like solid/electrolyte interpleaéSEI) layer on the surface of an
electrode in a lithium ion battery made with allodrbonate-based electrolyte, as
mentioned in Section 4.3. [13] Another possiblesogafor this observation could be
due to the intercalation reaction between SnS lithium ions. [14, 15] It is known
that SnS has a layered structure where the layersomnected to each other along the
c-axis by weak van der Waal’s forces. This strugtuvhich is analogous to that of
graphite, allows lithium ions to get inserted itfte void spaces between the SnS layers

without causing any phase decomposition, hencegirg/another possible lithium
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Figure 5.3: Cycling performance of the Sn-S_Onaid Sn-S_60 electrodes at a current
density of (A) 0.1 A ¢ and (B) 1 A ¢ between 0.001 and 3 Vg, Li/Li *). Sn-S_Onight — D,
Sn-S_Onight — C and Sn-S_Onight — E refers to tbehdrge and charge capacities and
coulombic efficiency of Sn-S_Onight respectivelyile Sn-S_60 — D, Sn-S_60 — C and Sn-
S_60 — E refers to the discharge and charge césaaitd coulombic efficiency of Sn-S_60

correspondingly.
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storage route which was not accounted for durirggdhlculation of the theoretical
capacity of SnS. As observed from Figure 5.3, & mgial discharge capacity of 1434
mA h g, which is also higher than the maximum theoretic#ial capacity of Sns
(1230 mA h ¢), was achieved by Sn-S_60 when cycled at a cudemsity of 0.1 A
g? due to the same reasons as for the Sn-S_Onigtitaale. It should be noted that
SnS, like SnS, also has a layered structure and, hdraea possibility for lithium
storage via intercalation reaction. When cycledl Atg?!, Sn-S_60 delivered an initial

discharge capacity of 1112 mA H.g

From Figure 5.3A, it can be seen that, when cyaled current density of 0.1 A'lg
both Sn-S_Onight and Sn-S_60 experienced a hugefdym their initial discharge
capacities of 1443 mA h'gand 1434 mA hgto reach a discharge capacity of 1024
mA h g' and 1011 mA h-§at their second cycle respectively. Similar obaton was
also made for the two tin sulfide electrodes cyglt 1 A g~. This large decrease in
discharge capacity from the first to the secondlecys attributed mostly to the
irreversible conversion reaction between tin seidnd lithium to form Sn and2S
which only took place during the first dischargecleyand not during subsequent
cycling. Another reason for the much lower discleacgpacity in the second cycle
compared to the first would be the absence of thé fS8rmation reaction which

typically only takes place during the first cycle.

The discharge capacity of Sn-S_Onight is obsergatketrease slowly from its initial
reversible discharge capacity of 1024 mA-h(g8" cycle) to 630 mA h ¢ at the 48
cycle when cycled at a current density of 0.1ABigure 5.3A). From the 40to 100"
cycle, the discharge capacity of Sn-S_Onight remily constant with a difference
of not more than 6% between the maximum and minirdistharge capacity attained
in this cycle range. At the 10G&ycle, Sn-S_Onight delivered a discharge capadity
620 mA h g* when cycled at 0.1 A-gfrom 0.001 — 3 V, retaining about 60% of its
initial reversible discharge capacity. Figure 5s3%ws that Sn-S_60 also exhibits good
cycling performance, achieving an initial reversiischarge capacity of 1011 mA h
g! at the 29 cycle, which gradually decreases to 728 mAlragthe 2 cycle. From
the 20" to 100" cycle, the discharge capacities of Sn-S_60 stitg gonstant with a
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difference of less than 10% between the maximumramimum discharge capacity
attained in this cycle range. After subjecting @0 lgalvanostatic discharging and
charging cycles, Sn-S_60 retained about 70% aiitial reversible discharge capacity,
delivering a discharge capacity of 708 mA+h g

To study the cycling capability of SnS (Sn-S_Onjgintd Sng(Sn-S_60) at fast rates,
the battery cells were subjected to galvanostdtazging and discharging at a higher
current density of 1 A-§and the results are presented in Figure 5.3B. Fnisrfigure,

it can be seen that Sn-S_Onight delivered an Initlscharge capacity of
1165 mA h ¢ and a discharge capacity of 774 mA-hag the 29 cycle, exhibiting an
irreversible capacity of 391 mA h'gThe discharge capacity of this sample slowly
decreases from the®cycle to the 100 cycle. Eventually, Sn-S_Onight displayed a
discharge capacity of 361 mA H @t the 108 cycle, retaining only 47% of its initial
reversible discharge capacity. As shown in FiguBB5Sn-S_60 also demonstrated
good cycling performance, with an initial dischaoggacity of 1112 mA h-jand an
initial reversible discharge capacity of 856 mA-h gorresponding to an irreversible
capacity of 256 mA h-§ The discharge capacity of Sn-S_60 gradually desa®from
the 299to the 3@ cycle (495 mA h g), thereafter it remains fairly constant from the
30" to the 108 cycle, with a difference of less than 1@0%ween the maximum and
minimum discharge capacity value achieved in thdecrange. After undergoing 100
charging-discharging cycling, Sn-S_60 delivered &scltarge capacity of
506 mA h d', keeping 60% of its initial discharge capacity.

From Figure 5.3, it can be observed that S(fh-S_60) and SnS (Sn-S_Onight)
exhibits similar cycling performance for the fisd cycles when cycled at a current
density of 0.1 A g and 1 A ¢. After prolonged cycling i.e. > 50 cycles at lowrent
densities, SnSis found to display slightly better cycling statyilthan SnS. At a low
current density of 0.1 A§ SnS managed to retain 70% of its initial reversible
discharge capacity at the ¥00ycle while SnS only retained 60%. When the curren
density is increased, SniS found to demonstrate an even better cyclingilgathan
SnS after prolonged cycling. At a high current dgnsf 1 A gt, SnS preserved 60%
of its initial reversible discharge capacity at i€" cycle while SnS only managed to
keep 47%, as shown in Figure 5.3B. It can alsolis®wed from the plots in Figure

5.3 that Snsnot only retained a higher percentage of itsahieversible capacity after
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100 galvanostatic charging-discharging cycles,|gb alelivered a higher discharge
capacity of 708 mA h -‘§ and 506 mA h g compared to 620 mA h-gand
361 mA h ¢ attained by SnS when cycled at a current denéilyloA g and 1 A ¢
correspondingly.

To make lithium ion batteries that have high poawmd can undergo fast charging, it is
essential for the electrode to have good rate dhtyablence, the cycling performance
of the two tin sulfide electrodes at numerous aroensities were examined and the
results are presented in Figure 5.4. From thisréigit can be seen that the SnS (Sn-
S _Onighj electrode exhibits similar cycling performancetlas Sn$ electrode (Sn-
S_60) when cycled at low current densities of 0.47A0.2 Agtand 0.5 Ad in a
voltage window of 0.001 — 3 V. Upon subjecting the tin sulfide electrodes to
cycling at higher current densities of 1 A, @ A g*and 5 A d., it became very obvious
that Sng has more superior lithium storage and cycling greniince than SnS. This
observation is in consistent with that mentionedieyain this section. When subjected
to galvanostatic cycling at a current density 0.4 0.2 A g*, 0.5 A g, 1 A g4,

2 A gt and 5 A d, the SnS electrode obtained a discharge capdatpand 851 mA
hg!, 700 mA h d, 620 mA h ¢, 341 mA hd, 148 mA h ¢ and 61 mA h g
respectively. Sn& on the other hand, demonstrated a better cyplarfprmance than
the SnS electrode, where it attained a dischargeactty of approximately
875 mAh g, 689 mAhd,575mAhd,491 mAhd, 413 mAh d¢ and 235 mA h
g! when charged and discharged at a current dengit% @, 0.2 Ag*, 0.5A g, 1 A

g?l, 0.2 Agh and 5 A ¢ correspondingly.
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Figure 5.4: Cycling performance of the Sn-S_Onajid Sn-S_60 electrodes at various

current densities between 0.001 and 3 V (vs. Di/Li

To gain an insight into why Sa$8xhibits better lithium storage performance iighbr
capacity and superior cycling stability than Sni@rgbrolonged cycling particularly at
higher current densities, it is essential to urtdeus the reaction between lithium ions
and these two tin sulfide compounds during cyclidgnce, cyclic voltammetry (CV)
of the SnS and Sa®lectrodes (Figure 5.5) were performed under ambéenperature
in a voltage window of 0.001 — 3 \W<. Li/Li*) and at a scan rate of 0.2 mV¥ ®
comprehend the reaction between thé ibns and the tin sulfide electrodes during
cycling. The galvanostatic discharge (Li ion ingeT} and charge (Li ion extraction)
voltage profiles for both electrodes when cyclethleen 0.001 and 3 W$.Li/Li*) at

a low current density of 0.1 A'gand a high current density of 1 A gre also plotted
and depicted in Figure 5.6 and Figure 5.7.

Figure 5.5 shows the first five cycle CV for theSS{sn-S_Onight) and Spn-S_60)
electrode recorded under ambient temperature indhage range of 0.001 — 3 Vg,

Li/Li *) at a constant scan rate of 0.2 mV Brom Figure 5.5A, it can be seen that there
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is only one obvious reduction peak at 0.85 V infitgt cycle CV for the SnS electrode.
This peak is related to the reaction between SaS.grto form Sn and LIS (Equation
5.1). [16] The alloying reaction between Sn and(ferward reaction in Equation 5.3)
is represented by the broad reduction band fror@ 8.6 V in the first cycle CV in
Figure 5.5A. [17-19] As suggested by the highenttieeoretical initial discharge
capacity of Sn-S_Onight when cycled at 0.1-Aamd 1 A ¢* (Figure 5.3), SEl layer is
formed during the initial discharge of the Sn-S_gbielectrode. Since the formation
of this layer typically occurs at a potential o1 2 V, the reduction peak resulting from
this reaction is deemed to be overlapped by thase the conversion and alloying of
SnS with Lt. [16, 17] Two oxidation peaks were observed infitst cycle CV for the
SnS electrode where the peak at 0.67 V is asctibéte de-alloying reaction to form
Sn and Lf (reverse reaction in Equation 5.3), and that 87 M is attributed to the
formation of SnS from Sn (Equation 5.4). [19] Altlgh the conversion reaction
between tin sulfides like SnS and Sn&th lithium were typically assumed to be
irreversible in the determination of their theorati capacity, a close examination
through the literature shows that the partial rensgity of this reaction has been
observed by several research groups when the ypattis were cycled from 0 V to

2 V. In fact, an oxidation peak at around 1.9 V haen noticed by both Tao et al. and
Tripathi et al. in the first cycle CV of their Sefctrode where they also attributed this
peak to the partial reformation of SnS. [19, 20]

It is noteworthy to mention that the reaction betwé.i* and tin sulfides i.e. SnS or
SnS to form Sn and LS (Equation 5.1 and Equation 5.2) have been shovatdur
via several steps, resulting in multiple reductpmaks in the CV curves for some tin
sulfide electrodes, like that reported by Kim et[&4], Sathish et al. [21] and Liu and
coworkers. [22] However, only one reduction pedltneg to the decomposition of
SnS into Sn and b$ is observed in the first cycle CV curve in Figir&A, suggesting
that these reactions could have occurred simultastgaluring the first lithiation
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process due to the slow diffusion of linto the SnS electrode at ambient temperature.
Likewise, although the formation of44Sn from Li* and Sn has been found to actually
take place progressively through a series of reastwhere the lithiated Sn (Sn)
with different amounts of lithium content (0 <4.4) are formed at different potential
[18], only one broad reduction band relating toaleying of Sn with Lt is observed

in the first cycle CV in Figure 5.5A. This couldsalbe due to the slow diffusion of*Li
into the electrode at ambient temperature, thecaloging the formation of $$n with
different amounts of lithium content to occur comreutly, hence resulting in one broad

reduction band in the CV of the SnS electrode atst& a series of reduction peaks.

SnS+ 2Lit + 2e” ——— Sn+ LipS

Equation 5.1
SnSy + 4Lit+4e” ——— Sn+ 2LipS
Equation 5.2
Sn+xLitT +xe” «——— Li.Sn (0<x<44)
Equation 5.3

The single reduction peak (0.85 V) that denotesehetion in Equation 5.1 in the first
cycle CV for the SnS electrode is split into twake(1.31 V and 1.14 V) in the second
cycle (Figure 5.5A), suggesting a faster diffusodii* into the electrode which allows
the series of reactions leading to the decompaosdfd&nsS to take place via a stepwise
manner. In the voltage range of 0.75 — 0 V, a nurabbumps and peaks (0.65 V, 0.27

V and~ 0 V) relating to the formation of £$n from Sn and Li(forward reaction in
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Equation 5.3) are observed in the second cyclectemuscan for the SnS electrode.
The de-alloying process of iSn (reverse reaction in Equation 5.3) is represebye
numerous peaks (0.56 V, 0.65 V, 0.75 V, 0.81 V ar#B V), showing its discrete
nature. [19] The oxidation peak at 1.89 V in theosel cycle CV of the SnS electrode,
like the peak at 1.87 V in the first cycle, is adgtributed to the formation of SnS from
Sn (Equation 5.4). The CV curves for the subseqogeles are similar to that for the
second cycle, indicating that the SnS undergo amelectrode reactions from the
second lithiation-delithiation cycle onwards.

Sn+ LipS ——— SnS+ 2Lit + 2e~

Equation 5.4

Sn+ 2LipS ———— SnSy + 4LiT+ 4e”

Equation 5.5

When the Sn-S_60 electrode undergoes its firstiatibn, reduction peaks
corresponding to the decomposition of o Sn and LiS can be spotted at 1.75 V,
1.51 V and 1.15 VHFigure 5.18). From the discussion two paragraphs ago, tlaistien
(Equation 5.2) have been reported in the literatareccur via several steps which,
according to Kim et al., involves the following otians: (1) Sng+ y Li* +y e —
LiySnS, (2) Liy'SnS + (x-y) Li* + (x-y) € — LixSnS, and (3) LiSnS + (4-x) Li* + (4-

X) € — Sn + 2 LpS where 0 <y < x 2. [14] It should be highlighted again that both
SnS and Snfhas a layered structure and, hence, can allowapantercalation of Lf
into and out of the void spaces between the Si&h8rlayers, forming LISnS (0 < x

< 2) without resulting in any phase decompositione &lloying reaction between Sn
and Li* (forward reaction in Equation 5.3) is represerigdhe broad reduction band

from 0.8 — 0 V in the first cycle CV in Figure 5.5R3, 24] As discussed previously,
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SEl layer is formed during the initial dischargetloé Sn-S_60 electrodes when cycled
at 0.1 A ¢ and, like for the SnS electrode, the reductionkpesulting from this
reaction is deemed to be overlapped by those fr@enecdnversion and alloying of SnS
with Li*. [17, 25] Similar to the SnS electrode, two oxiolatpeaks were observed in
the first cycle CV for the SnSelectrode where the peak at 0.51 V is attributethé
de-alloying of LiSn (reverse reaction in Equation 5.3), and that&Q V is related to
the reaction between Sn and&.i(Equation 5.5). [15, 19, 26, 27]

In the second cycle CV for the Sn&8ectrode (Figure 5.5B), the three reduction peaks
corresponding to the electrode reaction in Equdii@ns depicted as one peak centred
at 1.32 V, suggesting that these discrete reactioogld have taken place
simultaneously during the second lithiation. In viefage range of 0.8 — 0 V, a number
of bumps (0.58 V, 0.28 V are0.1 V) relating to the formation of lithiated St {Sn)
(forward reaction in Equation 5.3) are observethensecond cycle reduction scan for
the Sn$ electrode. In the second cycle oxidation scan,déléhiation of LiSn is
represented by two peaks that are centred at 0.&88dV0.66 V, instead of only one
peak in the first cycle. The oxidation peak at A& the second cycle CV of the SnS
electrode is attributed to the formation of Sf®m Sn (Equation 5.5). It can be seen
from Figure 5.5B that the CV curves for the thialrth and fifth cycles are similar to
that for the second cycle, indicating that the Sm&lergo similar electrode reactions

from the second lithiation-delithiation cycle onwasar

From the CV curves for both SnS and Sekectrodes (Figure 5.5), it can be seen that
the peak at around 1.9 V in the oxidation scanthode in the range of 1.1 —1.32 V in
the reduction scan exists for all the five cycEswing that the conversion reaction
for both tin sulfide electrodes is reversible wiograled from 0.001 — 3 V. However,
the reversibility of this conversion reaction isselved to decrease with increasing
cycle numbers as indicated by the drop the peasities for the oxidation peak at
about 1.9 V and the reduction peaks in the randelof 1.32 V as cycling proceeds. It
is also noted that, although both tin sulfides wgdesimilar electrode reactions during
lithiation and delithiation, more peaks are obsdrue the CV curves for the SnS
electrode than the Sp8lectrode from the second to the fifth cycle. Tduggests that
the SnS electrode could have better conductivity, fience, faster lithium diffusion

into it, enabling the series of electrode reactimnske place via a stepwise manner. In
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fact, the polarization in the SnS electrode, agrd@hed by the voltage difference
between the oxidation and reduction peaks correfipgrio the conversion reaction, is
found to be slightly lower than that for the Sre$ectrode, further suggesting a better
electron and Li transport at the active material/electrolyte ifaee for the SnS
electrode. It should also be mentioned that Sni§@svn to have a higher intrinsic
electrical conductivity (193 — 8.3 mS dinthan Sn& [22, 28]

The galvanostatic charge/discharge voltage prditeboth tin sulfide electrodes when
cycled at a current density of 0.1 Agnd 1 A ¢ between 0.001 and 3 W Li/Li*)
are plotted and presented in Figure 5.6 and Figuieespectively. From Figure 5.6A,
it can be seen that, when cycled at 0.1*Argthe voltage window of 0.001 — 3 V, there
is only one plateau (1.21V) in the first cycle galestatic discharge curve for SnS
which is associated to the reaction between SnS. @rab stated in Equation 5.1. [19]
According to the first cycle CV for the SnS eledeadn Figure 5.5A, the gentle slope
from about 0.7 — 0 V in the first cycle dischargefie for the SnS electrode can be
associated to the alloying reaction between SnLah(Equation 5.3). In its first cycle,
SnS attained a discharge capacity of 1443 mA h @ charge capacity of
1008 mA h ¢ and, therefore, a coulombic efficiency of 69.9%ewhcycled at
0.1 A g. This low coulombic efficiency is largely attrilmat to the “lost” of lithium
ions for future lithiation and delithiation procetige to the irreversible formation of the
SEl layer. In the second cycle, the SnS electratidbded a discharge capacity of 1024
mA h g, a charge capacity of 941 mA H gnd a high coulombic efficiency of 92.0%.
From the second to the 10@ycle, the SnS electrode achieved an average robido
efficiency of about 96.5% when cycled at a curdansity of 0.1 A g (Figure 5.3A).
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Analysis of the discharge profile for the Snéectrode (Figure 5.6B) shows the
presence of two obvious plateaes1(86 V andx 1.33 V) in its first cycle, which are
associated to the decomposition of Sm# Sn and LiS (Equation 5.2). Similar to the
SnS electrode, a gentle slope from about 0.7 — I8 Wbserved in the first cycle
discharge profile for the Sa&lectrode which can be related to the formatiohigbn
from Sn and Li (Equation 5.3). From Figure 5.6, it can be seantthe voltage profiles
for the two tin sulfide electrodes have similar @drom the second cycle onwards,
suggesting that these two electrodes undergo siralictrode reactions from the
second to the 100cycle which is in consistent with the CV resultsits first cycle
when cycled at 0.1 A§ SnS attained a discharge capacity of 1434 mAthaycharge
capacity of 973 mA h-§and, hence, a coulombic efficiency of 67.8%. Athulie SnS
electrode, this low initial coulombic efficiency 67.8% is a result of the irreversible
formation of an SEI layer. At the second cycle,3m& electrode exhibited a discharge
capacity of 1011 mA h-Y a charge capacity of 916 mA H gnd a high coulombic
efficiency of 90.6 %. From the second to the".0gcle, the SnSelectrode achieved
an average coulombic efficiency of about 97.0% wbrled at a current density of
0.1 A g* (Figure 5.3A).

When the current density is increased to 17Aijcan be seen that the shape of the
voltage profiles for the SnS and Sreédectrodes (Figure 5.7) are somewhat analogous
to their respective voltage profiles when cycle@.atA g (Figure 5.6) except for the
first cycle galvanostatic charge profile for theSzelectrode. During its initial charge
at 1 A g%, a short plateau, which could be related to the&ion of polysulfides from
Li2S, is observed at around 2.4 V for the SelSctrode. [29-31] It should be mentioned
that this oxidation reaction (at2.4 V) is only observed in the first cycle galvatatic
charge profile for the Sa®lectrode when cycled at a current density of¢'And are
not present in the other voltage profiles (Figu@dnd Figure 5.7) and CV (Figure 5.5)
for the tin sulfide electrodes. From Figure 5.7Acan be seen that, when cycled at
1 A g%, the SnS electrode exhibited a discharge capatityl65 mA h ¢, a charge
capacity of 704 mA h-§and a coulombic efficiency of 60.4 %. At the sataycle,
the SnSlectrode displayed a discharge capacity of 774mgA, a charge capacity of
703 mA h gt and a high coulombic efficiency of 90.8%. From seeond to the 160

cycle, the SnS electrode achieved an average cbidoefficiency of about 97.1%
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when cycled at a current density of 1 A ¢Figure 5.3B). For the Sa%®lectrode, an
initial discharge capacity of 1112 mA ht,gcharge capacity of 717 mA higand
coulombic efficiency of 64.4% are attained whenlegiat a current density of 1 Alg

A discharge capacity of 856 mA htgcharge capacity of 717 mA htgnd coulombic
efficiency of 83.7% are achieved in its second ey€n the average, a coulombic
efficiency of 97.0% is attained by the SreSectrode from the second to 106ycle
(Figure 5.3B).

From the CV curves in Figure 5.5, it can be obsdthat the electrode reaction for both
tin sulfides can be generally divided into two s&mts: (1) the decomposition of SnS
(y =1 or 2) into Sn and k$ and (2) the alloying of Sn with L.to form LkSn where
the former reaction takes place at a voltage 6f8 V and the latter at a voltage of <
0.8 V. Hence, the discharge capacity attained bgehwo tin sulfide electrodes can, in
broad, also be divided into two main portions wilik discharge capacity obtained in
the voltage range of 3 — 0.8 V attributed to thencalation and conversion reaction,
and that in a voltage range of 0.8 — 0 V accredipethe alloying reaction. A summary
of the discharge capacity obtained by the two tilfide electrodes in the second},5
50" and 10 cycle due to the two main reactions are tabulatetpresented in Table
5.1. It should be mentioned that the initial diggeacapacity for both tin sulfide
electrodes were not tabulated in this table becatifee occurrence of SEI formation
during their first lithiation, as indicated by théow initial coulombic efficiency of <
70 %, which will contribute to additional dischargapacity in the voltage range of <
1.2 V and provide inaccurate distribution of digg®a capacity to the two main
reactions. It is assumed that from the second oywheards, all the discharge capacities
attained are due to either the reversible inteticalaand conversion reaction or the
reversible alloying reaction since both electragdisplayed high coulombic efficiencies
from the second to the 1®@ycle, indicating the negligible presence of imesible
reaction during these cycles.
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Table 5.1: Tabulation of discharge capacities douted by different reactions for the SnS
(Sn-S_Onight) and Sa$Sn-S_60) electrodes at various cycles and cudemsities.

Discharge Capacity (mA h g‘l) for Discharge Capacity (mA h g'l) for
SnS Electrode Due to SnS, Electrode Due to
Current | Cycle
Density | Numb : .
ensity | Number Intercalal]fm 3 Alloying —_— Interca]au(.)n 2 Alloying —
Conversion ~08-0v)| G-ov Conversion (>08-0V)| G-0V)
(3-08V) (=0- (3-0.8V) ’
2 264 760 1024 424 587 1011
T:ED 5 254 706 960 322 592 874
g 50 99 517 616 133 546 679
100 111 510 620 135 572 707
2 208 566 774 342 514 856
"o 5 192 543 734 283 484 768
<
— 50 58 401 459 92 374 466
100 50 311 361 117 381 498

As shown in Table 5.1, most of the discharge capatiained by both electrodes are
due to the alloying reaction between Sn ang &specially as the cycling proceeds.
When cycled at 0.1 A-Y the alloying reaction contributed to 74.2%, 73,68.9%
and 82.2% of the total discharge capacity delivéxgthe SnS electrode at the, 5",
50" and 106 cycle respectively. For the Sn8lectrode cycled at 0.1 Alg58.0%,
63.1%, 80.4% and 80.9% of the total discharge dégpachieved at the"?, 50, 50"
and 108 cycle was attributed to the storage of lithiumsiema alloying reaction. From
Table 5.1, it can also be seen that, the combinaifointercalation and conversion
reaction yielded a discharge capacity of 208 mAlragd 50 mA h g at the second
and 108 cycle respectively for the SnS electrode cycled & g. A discharge
capacity of 566 mA h-§and 311 mA h g were obtained by the alloying reaction at
the second and 10Qycle correspondingly when the SnS electrode waked at 1 A
g. Similar decrease in the capacity attained byatluging reaction and a combination
of intercalation and conversion reaction can beeptesl in both electrodes as the
cycling proceeds via a current density of 0.1 Aand 1 A ¢. This matches the

observation from Figure 5.5 where the peak intessior the oxidation peak at about
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1.9 V and the reduction peaks in the range of ILB2 V decreased as cycling proceeds,
indicating a decline in the reversibility of thens@rsion reaction for the two electrodes.
It can also be seen that, for both tin sulfide teéetes, the discharge capacity achieved
by the combination of both intercalation and cosigr reaction decreases at a faster
rate than that by the alloying reaction, showing bletter reversibility of the alloying
reaction as the electrodes are cycled from thensktm 100" cycle. In fact, taking a
look at the SnS electrode cycled at 1 A @ can be seen that, at the T0fcle, a
discharge capacity of 50 mA h'gand 311 mA h § were contributed by the
combination of intercalation and conversion reactand by the alloying reaction
respectively, which corresponds to 24.0% and 54d3%e discharge capacities of

these reactions delivered at the second cycle.

From Table 5.1, it can be observed that the diggheapacity attained by intercalation
and conversion reaction is higher for the Sel8ctrode compared to the SnS electrode.
During the second cycle at a current density ofg'Athe intercalation and conversion
reaction yielded a discharge capacity of 342 mAlHag the Sngelectrode, but only
achieved a discharge capacity of 208 mA hfgr the SnS electrode. This is in
consistent with the calculation made based oneéhetion stated in Equation 5.1 and
Equation 5.2, where SnS is determined to havedpalility of achieving a theoretical
capacity of 355 mA h-gwhile SnS can attained a higher theoretical capacity of 585
mA h g! via conversion reaction. As predicted by the loweoretical alloying
reaction (Equation 5.3) capacity of Sn(845 mA h @) compared to SnS (781 mA h
g?), SnSis observed to obtain a lower discharge capacityNoying reaction initially
(581 mA h ¢ at the second cycle at a current density of Ogit)Acompared to the SnS
electrode (760 mA h-yat the second cycle at a current density of OgitAHowever,
as cycling proceeds, it can be seen from Tabl¢hatlthe alloying discharge capacity
achieved by the Sn%lectrode fades at a much slower rate than theef$rode.
When cycled at 0.1 A'f the SnSelectrode retained 97.5% of its second cycle allpy
discharge capacity of 587 mA H gt the 10® cycle, while the SnS electrode only kept
67.0% (of 760 mA hg). At a higher current density of 1 Algthe Sngelectrode still
retained a 74.2% of its second cycle alloying disgh capacity (514 mA hy
compared to the 54.9% retained by the SnS elec(&@iE mA h ¢). Eventually, the
SnS electrode (572 mA h'gat 0.1 A ¢t and 381 mA hgat 1 A g') exhibits a higher
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alloying discharge capacity than the SnS elect(6d6 mA h ¢' at 0.1 A ¢ and 311
mA h gt at 1 A g%) at the 100 cycle.

As observed from the galvanostatic cycling of ihestilfide electrodes (Figure 5.3 and
Figure 5.4), Sngdisplayed a higher capacity and better cyclingistathan SnS after
prolonged cycling particularly at higher currennhdigies. It can be seen from the CV
curves (Figure 5.5) that both tin sulfide electmdedergo similar electrode reactions
during the lithiation and delithiation process. rigen adsorption/desorption
measurement shows that the two tin sulfide santpes similar surface area, where
the SnS sample have a Brunauer—-Emmett-Teller (BHiface area of 10.02g* and
the SnS sample have a BET surface area of 13%0grh (Figure A.2). In fact, the
presence of more redox peaks in the CV curveshi®iSnS electrode (relating to the
same conversion and alloying reaction as thatfe/3n$ electrode), together with its
slightly lower polarization, suggests that SnS add&etter electron and ‘Liransport at
the active material/electrolyte interface than SnBherefore, the superior lithium
storage performance of the Sn8ectrode is likely a result from its chemical and

structural properties and should not be due teld@stronic and ionic conductivity.

From Table 5.1, it was found that the dischargeaciy attained by the intercalation
and conversion reaction is higher for the Sel8ctrode compared to the SnS electrode
and, although a lower alloying discharge capaciag \witially observed in the SpS
electrode, it was found that this capacity will eteeally be higher than that attained by
the SnS electrode as cycling proceeds due to aeslalloying capacity fading rate in
the Sn$ electrode. Hence, the higher discharge capacgplaljed by SnSafter
prolonged cycling can be attributed to its highegpacity attained by both the alloying
reaction and a combination of the intercalation aodversion reaction. It has been
proposed in many literatures that theS.formed from the reaction between the tin
sulfides and lithium ions can act as a matrix tlidsithe large volume change during
the lithiation and delithiation of Sn, thus redugithe pulverization of the electrode.
[15, 32-36] As evidenced by the higher dischargpacdy attained from the
intercalation and conversion reaction throughoet10 cycles, more £$ is formed
during the lithiation of Sn& thus providing a thicker layer to buffer the kangplume
change during the lithiation and delithiation of $his can result in a reduction in the

pulverization and better capacity retention of ¢hectrode after prolonged cycling, as
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verified by the slower alloying capacity fadingeatbserved in the Sp®lectrode

compared to the SnS electrode.

53 Conclusion

In summary, SnS and Sn®ith good purity have been successfully synthekiza a
solution-based chemical synthesis method. Purelsaropthese two tin sulfides were
obtained by simply varying reaction time. From theeriments, it was found that
SnSs (where Sn has a mixed oxidation state of +2 anyg which is first formed
through the reaction between?Sand %, undergoes further oxidation to yield SnS
(where Sn has an oxidation state of +4). Upon &urteaction, the SnSs found to
slowly decompose to form SnS, yielding a mixturg¢hefse two phases after 2 hours of

reaction and pure SnS phase after an overnightioeac

The electrochemical properties of the as-synthds&es and SnSvere characterized
and it was found that Se8isplayed a higher capacity and better cyclingibta than
SnS after prolonged cycling particularly at higharrent densities. When cycled at a
current density of 0.1 A SnS exhibited an initial discharge capacity o434nA h
g?! and a discharge capacity of 1024 mA-hand 620 mA h g at the 29 and 106
cycle. When the current density is increased to ¢'Aa discharge capacity of 1165
mA h g!, 774 mA h ¢ and 361 mA h g was attained at the first, second and®100
cycle correspondingly. For the Sn&ectrode, an initial discharge capacity of 1434 m
h g* and discharge capacities of 1011 mA-h(g" cycle) and 708 mA h-f (100"
cycle) were delivered when cycled at a current igi$ 0.1 A g*. When cycled at 1
A g1, SnS achieved an initial discharge capacity of 1112 m&'hand discharge
capacities of 856 mA h'gand 506 mA h g at the second and 10@ycle respectively.

Since the SnSelectrode has poorer electronic and ionic condiigtthan the SnS
electrode, its superior lithium storage performaiscattributed to its chemical and
structural properties. As evidenced by the highsclthrge capacity attained from the
intercalation and conversion reaction throughoatX00 cycles, more £$ is formed

during the lithiation of Sn& thus providing a thicker layer to buffer the kangplume
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change during the lithiation and delithiation of $his can result in a reduction in the
pulverization and better capacity retention of ¢hectrode after prolonged cycling, as
verified by the slower alloying capacity fadingeatbserved in the Sp®lectrode

compared to the SnS electrode.

This is a first attempt to study the effect of htlve number of sulfide ion in the
stoichiometry of a tin sulfide compound (a convemsand alloying-typed compound)
i.e. Sn:S = 1:1 (SnS) or 1:2 (SH&ffects its lithium storage properties. It shobkl
highlighted that care was taken to ensure thattwleetin sulfide compounds were
synthesized using the same precursors and surfaotafiminate any possible effect
due to the remaining surfactant on the as-syntbdsparticles. The fact that the
synthesized SnS and Sn@articles do not have any fanciful morphologiesderated
the possible effect of particle morphology on tilium storage performance of the
two tin sulfide samples and made this a fairer canmspn since the morphology and
surface area of the tin sulfide particles have tgregact 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 thssaitation and
highlighted the conclusions obtained. It is foundhis dissertation that
for both iron and tin sulfides, despite storinghiitm ions via slightly
different mechanisms, the compound with a highHidsuion content in
its stoichiometry i.e. FeSand Sng exhibits better lithium storage
performance than its counterpart with lower sulfida content i.e. F&S
and SnS when prepared in a half-cell configuratiad cycled in a voltage
window of 0.001 — 3 V. For the pyrite ReSectrode, which undergoes
intercalation and conversion reaction during cydljrihe superior lithium
storage performance is attributed to its better daactivity and
reversibility of the lithiation and delithiation ¢feS. On the other hand,
the Sng electrode, which undergoes conversion and alloywaction
during cycling, displayed a better lithium storagerformance due to its
ability to form a thicker LIS layer which provides better buffering for the
large volume change in the Sn particles duringrth®oying reaction, thus
maintaining structural integrity of the electrodenda result in slower
capacity fading. Based on these findings and camhs, possible future

work has been recommended.
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6.1 Conclusion

In view of the poor capacity retention and cyclipgrformance resulting from the
dissolution of polysulfides into the organic eletyte, more study needs to be carried
out to find approaches that can be undertaken torawe the lithium storage
performance of metal sulfide electrodes. Therefthrig, thesis aims to gain an insight
into how the amount of sulfide ion in the stoichitny of a metal sulfide compound
affects its lithium storage properties, with theds placed on two metal sulfide systems,
namely, iron sulfides (intercalation-conversion digomaterial) and tin sulfides

(conversion-alloying anodic material).

To investigate the effect of how the amount ofidelfion in the stoichiometry of an
iron sulfide compound affects its lithium storageperties, pyrrhotite k&S and pyrite
FeS with good purity have been successfully synthekvza a solution-based chemical
synthesis method. Pure samples of these two irtiidessi were obtained simply by
varying the mole ratio between the anhydrous Fa@dl elemental S that were used as
the starting materials in the synthesis. From tkgegments, it was found that iron
sulfides such as k&S, FeS, F&4, FeS or a mixture of them will be formed under
sulfur-limiting conditions i.e an Fe:S precursorlaraatio of 1:1 or 1:2. Pure pyrite
FeS phase can only be formed when excess S is prigstit@ reaction mixture i.e. an
Fe:S precursor molar ratio of 1:4 or 1:6. A possitlaction pathway for the formation
of the pyrrhotite FexS and pyrite FeSfrom FeC} and elemental S precursors was
proposed.

The electrochemical properties of the as-synthdsmerhotite FexS and pyrite FeS
were characterized and it was found that pyriteoFe&ibits better lithium storage
capability than pyrrhotite keS. For the first 50 cycles, pyrite Fe&chieved a
discharge capacity of at least 773 mAh 22 mA h ¢, 712 mA h ¢ and 339 mA h
g! when cycled at a current density of 0.1 A @5 A g, 1Agtand 5A ¢
respectively. On the other hand, pyrrhotite fSeattained a lower minimum discharge
capacity of 627 mA h§ 636 mA h ¢}, 598 mA h ¢ and 210 mA h g for the first 50
cycles when cycled at a current density of 0.1°'A@5 A g, 1Agtand5A ¢
correspondingly. The superior lithium storage perfance of pyrite FeSompared to
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pyrrhotite FexS can be attributed to: (1) the lower polarizatiogtter electron and i
ion transport at the interface between the actiagenal and electrolyte at the pyrite
FeS electrode than the pyrrhotite & electrode and (2) the reversible lithiation and
delithiation of iron sulfide (Fe$ during the galvanostatic cycling of the pyriteSke

electrode.

SnS and SnSwith good purity have been successfully synthekiza a solution-based
chemical synthesis method to investigate the etiehbw the amount of sulfide ion in
the stoichiometry of a tin sulfide compound affattdithium storage properties. Pure
samples of these two tin sulfides were obtaineditmply varying reaction time. From
the experiments, it was found that:Sn(where Sn has a mixed oxidation state of +2
and +4), which is first formed through the reactlmetween Stt and $, undergoes
further oxidation to yield SnSwhere Sn has an oxidation state of +4). Uporhéurt
reaction, the SnSs found to slowly decompose to form SnS, yieldagixture of

these two phases after 2 hours of reaction and§nephase after an overnight reaction.

The electrochemical properties of the as-synthds&es and SnSvere characterized
and it was found that Se8isplayed a higher capacity and better cyclingibta than
SnS after prolonged cycling particularly at higharrent densities. When cycled at a
current density of 0.1 A SnS exhibited an initial discharge capacity o434nA h
g?! and a discharge capacity of 1024 mA-hand 620 mA h g at the 29 and 106
cycle. When the current density is increased to ¢'Aa discharge capacity of 1165
mA h g!, 774 mA h ¢ and 361 mA h g was attained at the first, second and®100
cycle correspondingly. For the Sn&ectrode, an initial discharge capacity of 1434 m
h g* and discharge capacities of 1011 mA-h(g" cycle) and 708 mA h-f (100"
cycle) were delivered when cycled at a current igi$ 0.1 A g*. When cycled at 1
A g1, SnS achieved an initial discharge capacity of 1112 m&'hand discharge
capacities of 856 mA h'gand 506 mA h g at the second and 10@ycle respectively.

Since the SnSelectrode has poorer electronic and ionic condiigtthan the SnS
electrode, its superior lithium storage performaiscattributed to its chemical and
structural properties. As evidenced by the highsclthrge capacity attained from the
intercalation and conversion reaction throughoatX00 cycles, more £$ is formed

during the lithiation of Sn& thus providing a thicker layer to buffer the kangplume
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change during the lithiation and delithiation of $his can result in a reduction in the
pulverization and better capacity retention of ¢hectrode after prolonged cycling, as
verified by the slower alloying capacity fadingeatbserved in the Sp®lectrode
compared to the SnS electrode.

It is found in this dissertation that for both iremifides (intercalation-conversion anodic
material) and tin sulfides (conversion-alloying ditomaterial), the compound with a
higher sulfide ion content in its stoichiometry iF@S and Snsexhibits better lithium
storage performance than its counterpart with losudfide ion content i.e. k&S and
SnS when cycled in a voltage window of 0.001 — Fut the pyrite FeSelectrode,
which undergoes intercalation and conversion reacturing charge-discharge cycling,
the superior lithium storage performance is attaduto its better conductivity and
reversibility of the lithiation and delithiation dfeS. On the other hand, the SnS
electrode, which undergoes conversion and alloy@agtion during charge-discharge
cycling, displayed a better lithium storage perfante due to its ability to form a
thicker LS layer which provides better buffering for thegawvolume change in the
Sn particles during their alloying reaction witthlum ions, thus maintaining structural

integrity of the electrode and result in slowerafy fading.

6.2 Recommendations for Future Work

6.2.1 Evaluation of Lithium Storage Performance irFull Cell Configuration

The electrochemical properties of the as-synthdsimn and tin sulfides reported in
Chapter 4 and Chapter 5 were evaluated based alfreeli configuration. It should be
pointed out that, in such configuration, lithiumlfe used as the counter electrode. In
other words, lithium is added in huge excess coegpao the metal sulfide active
materials and, hence, during the cycling of thess,cthe supply of lithium ions is
assumed to be unlimited. As a result of this indéirsupply of lithium ion in a battery
half-cell, the occurrence of irreversible electrodactions such as the formation of the

solid/electrolyte interphase (SEI) layer, whichlwdduce the amount of lithium ions
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available for other electrode reaction in the aides not have much adverse effects on

the lithium storage performance of the electrodeseu evaluation.

However, in a commercial lithium ion battery, thgpgly of lithium ions is limited and
will depend on the amount of lithiated compounds LiCoQ used at the counter
electrode. Due to this finite supply of lithium Bm a full battery cell, the presence or
absence of irreversible electrode reactions wilehgreat impact on the overall capacity
and cycling stability of the battery cells. Fromethalvanostatic cycling of the iron
sulfide and tin sulfide electrodes (Figure 4.5,ufgy4.6 and Figure 5.3), it can be seen
that a layer of SEI is formed in almost all theiitial discharge. Therefore, it is
anticipated that the lithium storage performandébve different in a battery with full-
cell configuration compared to that with a halfta@nfiguration. Since commercial
lithium ion battery employs a full-cell configurati and the study of these metal sulfide
materials are for potential application as anodéerras in commercial lithium ion
battery, there is a need to investigate the lithgtarage performance of the iron and
tin sulfides in a battery with full-cell configuran.

6.2.2 Study on Other Binary Metal Sulfide Systems

This thesis focuses on the study of two metal dalBystems: (1) iron sulfide (B
and Fe® and tin sulfide (SnS and Sf)Swhere the former system will undergo an
intercalation followed by conversion reaction ahd katter will undergo a conversion
followed by alloying reaction with lithium ions. Tough the analysis of their
electrochemical properties, it was found that fathbiron and tin sulfides, the
compound with a higher sulfide ion content in itsichiometry i.e. FeSand Sn%
exhibits better lithium storage performance tharcdunterpart with lower sulfide ion
content i.e. FexS and SnS when cycled in a voltage window of 0:081V. However,
this superior lithium storage performance of Fa&d SnsSwere attributed to different
reasons due to their different lithium storage na@ctm. For the pyrite Fe®lectrode,
which undergoes intercalation and conversion reacturing charge-discharge cycling,
the superior lithium storage performance is atteduto the reversibility of the
lithiation and delithiation of FgS On the other hand, the Sn8lectrode, which
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undergoes conversion and alloying reaction durirayge-discharge cycling, displayed
a better lithium storage performance due to ithtgid form a thicker LS layer which
provides better buffering for the large volume dam the Sn particles during their

alloying reaction with lithium ions.

To obtain a more general trend on the effect of itbmber of sulfide ions in the
stoichiometry of a metal sulfide compound on itsilim storage properties, it will be
necessary to investigate the electrochemical ptiegesf other metal sulfide systems.
Hence, it is proposed to extend the study to nwitbilde systems like cobalt sulfides
and copper sulfides which are analogous to thestdfide (intercalation-conversion)
system, and also to germanium sulfides which islogoais to the tin sulfide
(conversion-alloying) system. This will enable @®hers to gain more understanding
on the effect of sulfide content on the lithiumrsaige properties of metal sulfide
electrode and the science behind these differemicagcent years, a lot of research
effort has also been placed on sodium ion battefié®re have been literatures
reporting on the sodium storage properties of mstdfides and it will also be
interesting to study on the effect of the numbesuwifide ions in the stoichiometry of a

metal sulfide compound on its sodium storage pitogser

6.2.3 Study on Structural Changes During Cycling

It is found in this dissertation that, for tin Sdés (conversion-alloying anodic material),
SnS exhibits better lithium storage performance thas Svhen cycled in a voltage
window of 0.001 — 3 V. This is attributed to itsilap to form more LbS during
lithiation which provides better buffering for ttegge volume change in the Sn particles
during their alloying reaction with lithium iond)us maintaining structural integrity of
the electrode and result in slower capacity fad&gLi>S is highly hydroscopic and
unstable in air, it will be very difficult to obser the structural changes of the electrode
during lithiation and delithiation via ex-situ tagfues. Henceforth, it is suggested to
carry out in-situ studies i.e. in-situ SEM and/d&M to observe how the structure of

the materials and electrode changes during litimagind delithiation.
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Figure A.1: Nitrogen adsorption/desorption isothdom(A) Fe-S_1 and (B) Fe-S_6.
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