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Abstract

Recently, many developments in the electric & hybrid electric vehicles, and in the electronic devices,
have resulted in an increasing demand for high power and high energy density lithium-ion batteries.
The current commercial anodes based on graphite cannot meet the demand. Tin sulfide (theoretical
specific capacity: 665 mAh/g) has been predicted as a potential anode material. However, its poor
conductivity and large volume change during charge and discharge results in large irreversible
capacity, leading to poor cycle performance. On the other hand, graphene has emerged as a new
material with superior conductivity, good flexibility and extraordinary stability. In this work, we
prepared tin sulfides with tuned morphology and composition which is supported by and wrapped
with sulphur and nitrogen doped graphene (GSN). These nanostructures were prepared by
solvothermal synthesis followed by controlled heat treatment. The as-synthesized material was found
to be comprised of stannic sulfide (SnS,) crystals grown and wrapped with doped graphene.
Interestingly, the SnS, crystals are formed as ordered structure in the shape of hexagonal sheets. After
that heat treatment the hexagonal nanosheets of SnS, were transformed to rod-like structure with
chemical transformation to stannous sulfide (SnS). In terms of electrochemical performance, both
materials have first cycle charge/discharge capacities, which exceed the theoretical values. However,
the heat treated material is more durable, which was able to maintain a charge capacity of ~ 870
mAh/g for more than 100 cycles at the rate of 0.1 A/g. At a high current density of 0.5 A/g, it can also
keep 1500 cycles with a reversible capacity of ~ 550 mAh/g, which showed the longest cycle life
among tin based materials reported in the literature. Inspection of the results reveals that tin
sulfide/graphene based nanocomposites with improved energy densities and capacities than
commercial graphite can make a significant impact on the development of new batteries for electric

vehicles and portable electronics applications.

Additionally, incorporating a binder into the electrode structure is vital to achieving practical lithium-
ion battery performance, as it is used for improving stability. In this thesis, a new binder is introduced.
Polyacrilonitrile(PAN) as a binder with no conductive additives is applied in as-prepared
SnS,/G.After low temperature heat treatment which is beyond glass transition temperature, PAN
physically rearranges the construction of the electrodes. It is advantageous for volume expansion with
plasticity. Synergistic effects between doped graphene and PAN does contribution to significantly

enhanced cycling durability. Also, a new mechanism for chemical reaction during charge/discharge is



proposed due to the obtained twice higher capacity than the calculation based on traditional principle.
In terms of cycling performance and rate capability, SnS,/G/PAN with low temperature heat treatment
exhibits excellent results: there is a reversible capacity around 1200 mAh/g after 60 cycles without no
obvious decrease in capacity from the initial cycle at the current density 0.1 A/g; after 150 cycles, at a
higher current density of 0.25 A/g, the capacity is stable at 1000 mAh/g and the columbic efficiency
is still 100%.
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Chapter 1

Introduction to lithium ion batteries

1.1 Background of lithium ion batteries (LIBS)

In the last few years, there has been tremendous industrial and technological growth, directly sparking
the fast growing consumption rates of primitive energy sources like fuel. It has resulted in the whole
world falling into severe energy crisis and environmental issues. In this case, batteries as renewable
energy storage devices attract more and more attention as replacements of natural sources.[1, 2] LIBs
as energy storage devices with certain advantages have attracted researchers’ notice. Compared with
other batteries, like Ni-MH, Pb-acid batteries as shown in Figure 1, LIBs are provided with
characteristic merits: highest gravimetric and volumetric energy densities at the same scale.
Furthermore, it has lower rate of discharge ,rather technical maturity and smaller size (6.94 g/mol)[3],
which bring about convenience to humanity.[4, 5] It has been a long time since the first report on
LIBs(LIBs),which was published by M.S. Whitingham in 1976.[6] It was demonstrated that the
primary cell with lithium metal has a high theoretical capacity of 3860 mAh/g but unsafe. A
breakthrough happened in 1991 when Sony Company pushed off LIBs in commerce, which used
graphite as anode and LiCoO, as cathode and the operation voltage is 3.7 V, which delivered a
capacity and power around 150 Ah/kg and 200 Wh/kg.[4, 7] Since then, LIBs have evolved with new
material chemistry, nanotechnology, and polymer electrolytes with enhanced stability and higher

energy density.
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Figure 1 : Comparison of different types of batteries in terms of gravimetric and volumetric energy
density [3]

1.2 Current status of LIBs and next generation of LIBs

Renewable energy is essential resource for modern society for the over consumption of the fossil fuel,
leading to the energy and environmental crisis. Current renewable energy like solar and wind power
(Figure 2) is negatively impacted by the weather, which is intermittent and uncontrollable. LIBs as
energy storage devices come into sight which is suggested as a major application in the widespread
use of HEV and EVs in the future.

The first generation of LIBs uses LiCoO, as cathode and graphite as anode, which can store much
more energy than that of nickel or lead batteries. Later, due to the demand for higher energy density,
power density and lower cost energy storage devices, there are persistent achievements for the
electrode materials, like LiFeO,,[8] LisTisO1,[9].Yet, the investigations for improving the battery
performance still need more work on discovering the novel electrode material that is suitable for the

cycling with enhanced energy density and power density. For the next generation of LIBs, it is



necessary to develop low-cost, sustainable and greener LIBs with improving safety, reliability,

durability, energy density and capacity.

Bulk Generation

Figure 2 : Electricity storage applications the future customers [10]

1.3 The principle of lithium ion batteries

Recently, over growing concerns about environmental pollution and a lack of fossil fuel have
provoked a great demand for eco-friendly and renewable energy storage devices, which is important
3



for the advancement of portable electronics and for the future guidance of electric vehicle. LIBsas
one of secondary batteries, which means lithium ions moves between positive cathode and anode
when LIBs are discharging and charging, have developed rapidly over the last decades. As for a
complete LIB battery, it always contains an anode and a cathode, a polypropylene membrane
separator used for electrical insulation and an electrolyte of LiPFs dissolved in organic solution with
different ratios e.g. ethylene carbonate (EC), dimethyl carbonate (DMC). For example, in traditional
applications, LiCoO, and graphite are used for cathode and anode as shown schematically in
Figure 6.[36] It can be seen that Li* ions leave the anode and intercalate into the crystal
structure of the cathode material during the discharging process. However, during the
charging process, Li* ions move from LiCoO, to intercalate into the graphite due to the applied
electrochemical potential. Through the whole process, only Li* ions move between anode and
cathode. The following is the chemical expression of typical lithium ion batteries:
Anode: Li,Ce€—>XLi" +xe +Cs
Cathode: Li;., CoO, + X Li “¢<——> LiCo0;
Overall reaction: LixCgs +C00, €<—>C; + LiC00;
To identify a reliable lithium ion battery, there are several critical requirements as the following
shown:[37]

1. High energy and power density to meet the demand of the market

2. A high stability for a battery at a temperature range for operation conditions

3. The battery must have a long cycle life, which means the electrodes should be stable, at the

same time, providing reversible capacity with lowest losses.
4. The battery must be safe. It represents that the battery design needs to avoid leaking.

5. In terms of the cost of electrode materials, it should be low.
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1.4 The challenges for lithium ion batteries

These days, nanomaterial used for LIBs has attracted researchers’ sight due to the resistance of the
electrolyte and the intrinsic diffusivity of the lithium ions in the solid state, which limits the
application of LIBs. There are certain advantages and disadvantages for nanoelectrodes. By
employing nanomaterial, it provides high surface area contact with the electrolyte and short paths for
electron and lithium transportation. Meanwhile, compared with bulk material, nanomaterial may
bring new reactions and it offers a broader space for lithium insertion/de-insertion. Figure 4 shows
the comparison between bulk and nanostructured a-Fe,Os in terms of electrochemical performance.
The size of large Fe,O; particles is 1 to 2 um while that of nanoparticles is 20 nm. It can be easily
seen from the figure that 0.6 Li per Fe,Osare reacted reversibly with nanoscale structure while only
0.05 Li per Fe,O5 experiences a reversible process, which demonstrates that nanomaterials sometimes
undergo a reversible phase transition. Another prominent example is TiO,, which is limited by
electronic conductivity. Recent reports about enhancing the electrochemical performance are utilizing
nanostructures with conductive materials, which have exhibited favorable results with the specific
capacity of about 110 mAh/g at 30 C.[11]

Furthermore, except the merits that nanomaterials have exhibited, they also bring some problems in
LIBs application. Generally, the synthesis of nanomaterials needs a complex process and the high

surface area for nanomaterials result in unknown and unexpected reaction with electrolyte. At the



same time, the apparent densities of nanomaterials are always low, which bring high loading

electrodes’ fabrication problems.
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Figure 4: The comparison of bulk and nanostructured a-Fe203 with voltage—composition curves; the

capacity retention and scanning electron micrographs of both samples are shown in the insets.[2]

Based on the mechanism of lithium ion batteries, the reversible Li* moves from an oxide host as the
rechargeable cathode to carbon or buffered spongy silicon or tin as the anode host. During the first
cycle, there is a passivating layer forming on the anode, which is referred to as solid electrolyte
interphase (SEI) resulting from the reaction between the solvent of the electrolyte and lithium ions.
This results in the reducing of the capacity and low current efficiency due to irreversible loss of Li*
from the cathode. The formation process of SEI in different conditions is shown in Figure 5. From
the process, it can be known that the SEI formation is related to the anode potential and electrolyte

6



solvent. If the potential of graphite reaches nearly 0 V, there is a dangerous lithium metal deposition
on the graphite surface as process e shown. To control it effectively, adding active additives in the

solution is a good choice according to present published papers.[12-14]
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Figure 5: The mechanism of the formation of SEI and the comparison at different voltages[15]

At the same time, another challenge is that the new anode materials like Si, Sn, which show high
theoretical capacities, in practical operation, undergo the volume expansion resulting in the damage of
electrode and decrease of the specific capacities. Using silicon as an example, which has the highest
theoretical capacity (4200 mAh/g) among the known anode materials, the volume expansion during
charge / discharge process is around 420%. Figure 6 shows the electrodes’ degradation process. In
the process, the volume expansion of Si electrodes results in the material pulverization and
morphology change and volume change of the total electrodes, as well as the formation of SEI ,

which leads to electrochemical contact problems and final capacity fading .



ithiati Many Cycles
(a) Lithiation

(c)

@ siliconparticles [l Lithlated silicon SEl I Current Collector

Figure 6 :The degradation for the silicon electrodes [16]

1.5 Tin based anode materials

Nevertheless, the current LIBs cannot satisfy the increasing demand for the applications of electronic
products and electric vehicles.[7, 17] The researchers from the world are discovering substitutive
materials in order to enhance the capacity and stability of LIBs. As for anode materials, commercially,
graphite with specific capacity of 372 mAh/g leads to the limitations of practical uses. [18] The
discoveries of new materials for LIBs are always continuing. Relative researches are mainly
concentrated on the anode materials. Si, Sn with high theoretical capacities are appeared into the
sight.[19-22] The materials during discharge/charge are both alloys and intermetallic compound,
which have been explored as negative materials for LIBs for decades. Here, tin based materials are
emphasized for the anode of LIBs. The specific capacity for tin based material is nearly two times
higher than that of graphite even though it has relatively lower specific capacity than that of Si.[23-

28] Based on tin based materials, there are still some challenges: the volume expansion and unstable



solid electrolyte interphase during charge / discharge process directly results in the degradation of the

electrodes, which brings adverse effect on the stability of the performance. [1, 15, 29]

Aimed at these problems, several approaches have been proposed: employing nanoscale tin based
material to reduce the volume expansion; recombining the conductive material with it such as
graphene, carbon nanotube.[30] Among tin based materials, tin sulfides have been a trend since they
exhibited lower volume expansion and better rate capability than Si or tin material.[19, 31] Until now,
several methods have been reported to optimize the structure of the tin sulfides, thus improving the
electrochemical performance in LIBs. For example, combing graphene with tin sulfides offers
accommodation for volume expansion during lithiation/delithiation.[32] By using hydrothermal
method, SnSx nanoparticles wrapped with graphene retained a capacity of 860 mAh/g after 150
cycles.[33] A solution method with chemical vapor deposition process was used to transform tin oxide
with graphene to SnS, directly by using H,S as the sulphur precursor and delivered an initial capacity
around 1600 mAh/g ,significantly exceeding the theoretical capacity.[34] A new solid — liquid — gas —
solid (SLGS) was reported by Junjie Cai, who has prepared porous SnS nanorods on carbon. It
suggested a novel hybrid nanostructure in energy storage devices.[35] The main concept on these
methodologies is using conductive material to improve the capacity and stability. However, it is
necessary to develop new concepts that decreases the cost and involves a novel design of the

electrodes with significantly improving the electrochemical performance.

1.6 Electrode materials for anode

Nowadays, the applications of LIBs have been used in various electronic fields. Clearly, the
requirements for acquiring the optimal electrodes’ materials are sharply increasing. As for cathode
materials, there are some limitations of new materials, which are confined by the mechanism of
intercalation/ insertion of Li" But for anode materials, the situation is quite different. The graphite is
widely used as anode material in commercial industry, which has a limited theoretical capacity of 372
mAh g forming LiC, composite. In addition to naturally occurring graphite material as anode, there
are some other materials like carbon nanotubes and graphene, which have exhibited improved
performance in lithium ion batteries. On the other hand, the explorations for tin, silicon and cobalt
based materials in the applications of LIBs as anodes have never stopped. According to chemical

reactions of negative materials with Li" ions, anode materials have been divided into three groups:



1) Intercalation/de—intercalation anodes. Example: Carbon based anodes such as graphite, etc.[38-40]
In this type of anodes, lithium is stored between the graphitic layers. The mechanism is followed by
the equation:[6, 41]

Li' + ¢ +6C +=5 LiCs

Commercially, graphite is employed as anode material in lithium ion batteries. Actually, it is a typical
layered structure, which contains graphene sheets stacking.[42] A schematic illustration of the
intercalation process is shown in Figure 7. From Figure 7(a), lithium ions intercalate into graphene
layers homogenously. And Figure 7(b) provides us an important phenomenon. The distance between
the adjacent lithium ions on the graphene planes at stage 1 is V3, which is professionally called

superlattice. [43-45]
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Figure 7: (a) Stage structure for lithium intercalation process; (b) Structure of stage 1 of lithium

2)Alloying/de-alloying anodes. It has been investigated that lithium can react with other elements
which can take shapes of intermetallic components. For example, lithium can react with tin, forming
Lis4Sn that related to a gravimetric capacity of 948 mAh/g.[11, 46-52] During the discharge /charge

process, Li" ions insert / de-insert into the material and form alloys as the following equation shown.



Figure 8 shows the morphology of silicon nanotubes and the electrochemical performance which is
from literature.[55] Si has the highest specific capacity as anode material (4200 mAh/g), which
corresponds to the formation of Liy4Si during charge / discharge process. It can be seen from

Figure 8 that the obtained specific capacity for silicon nanotubes is ~600 mAh/g , which is attributed
to the low conductivity for Si and large volume expansion and the formation of SEI during the charge

/ discharge process .
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Figure 8: (a, b) SEM and (c) TEM images of double-walled Si-SiOx nanotube (DWSINTSs); (d)
Electrochemical charge/ discharge cycling performance of DWSINTS electrodes.[55]

3)Conversion reaction anode: transition-metal oxides are the typical examples like Fe,0s;, CuO, etc.
[56-61] The mechanism can be explained by the following equation :

2MxOy +2y Li" +2ye —= 2xM +2y Li,O

12



Voltage / V vs. LilLi’

Figure 9: The illustration of conversion reaction.[15]

Our work is also focusing on the anode materials.[62] Recently, for anode materials, there are several
requirements to qualify them: high capability, good stability, and excellent security. Figure 10
displays recent anode materials with specific capacity. Compared with graphite; silicon, tin and etc.
have exhibited higher specific capacity than that of commercial one. Currently, they are treated as

potential anode materials for future applications in mobile electronics like laptops, mobile phones.
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Figure 10: Schematic illustration for specific capacities comparison between the different types of
anodes. [63]

And in Figure 11, it compares different anode and cathode materials with capacity and voltage. It can
be seen that the voltage of cathode is always higher than that of anode, which results in the cell
voltage. There are some potential materials whose voltage can reach more than 4.2 V, which is

beneficial for new types of LIBs system.
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Figure 11: Illustration of electrode materials and corresponding electrochemical reduction potentials

in current LIB technologies.[5]

1.7 Electrode for cathode material

Today, it is aimed to get cheaper, higher energy and more durable lithium ion batteries. Actually,
cathode materials cost nearly twice higher than that of anode materials. The sluggish mechanism of
Li* ions interaction with the cathode material has limited the number of cathode materials of
significant promise. Based on the structure, it is classified the most popular cathode materials in three
groups:

Layered structure: LiMO,, where M is Co, Ni, and Mn, etc and compound of Li, Ni, Co, Al, O,
Mn[64-67]; Orthorhombic structure (LiFePO,)[68-72]; Spinel structure (LiMn,0O,)[41, 45, 73-75].

These are discussed in detail as the following paragraphs.

1.7.1 Layered structure

Layered structure materials as cathode with a general formula LiMO,, where M is Co, Ni, Mn, etc

were discovered in 1980 by John Goodenough’s group. [76] In this structure, both lithium and cobalt
15



are octahedral coordinated by oxygen in alternating layers (Figure 12) where octahedrons are edge-
sharing. Lithium cobalt oxide is generally used in practical applications. And when the reaction
completely removes the lithium, the structure is reorganized as CoO,.[77] When lithium cobalt oxide
is charged to 4.2 V, the practical capacity is around 140 mAh/g while the theoretical capacity is
around 272 mAh/g, which demonstrates that there is half lithium ions providing reversible capacity.
Aimed at this phenomenon, there is one reasonable explanation: the phase transition and structure
change during discharge / charge process results in the degradation of the electrode material.

Figure 12: Layered structure of cathode material (LiMO,, where M is Co,Ni,Mn,etc).[78]

1.7.2 Orthorhombic structure

LiFePO, is the most common cathode material with orthorhombic structure .In this structure, each Li
and Fe is coordinated with 6 oxide ions in a octahedral structure and a tetrahedral structure of
PO,(Figure 13). Compared with LiCoO,, it exhibits lower energy density while it discharges with a
capacity of 170 mAh/g, which is even better than LiCoO,. Also, it offers longer cycle life and better
power density. To some extent, it is inherently safer. LiFePO, as a promising cathode material is
abundant and eco-friendly. The use of phosphates stops cobalt's cost and environmental concerns,
which particularly avoids care about cobalt entering the environment through improper disposal. The
key barrier to allow LiFePO,to be commercialized is intrinsically low conductivity. Reducing the

particle size, coating the LiFePO, particles with conductive materials like carbon have been
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commonly proposed to overcome this problem.[71, 79] Also, doping the results with cations of

materials such as aluminum, niobium is another trend to improve conductivity. [80]

Figure 13: Structures of orthorhombic LiFePO,(left) and quartz-like FePO,(right).[78]

1.7.3 Spinel structure

LiMn,0O, is a typical spinel cathode material. Particularly, the Li" ions occupy the interstitial space
which is defined by the Mn,0O, polyhedral frameworks with cubic closed packed structure (Figure
14).[53, 81-83] With LiMn,0, as cathode material, the battery always can obtain high rate capability.
The reason is that a three-dimensional framework provided by the spinel structure of LiMn,O, for the
insertion and de-insertion of Li" ions during discharge and charge of the battery is more advantageous
for lithium ions diffusion compared with two dimensional frameworks. However, the practical
capacity for LiMn,0O, is limited to 120 mAh/g, which is a little bit less than that of LiCoO, This is
because LiMn,O, based batteries are recommended to avoid discharging to 3V in case that they suffer
from deformation of their spinel structures. Furthermore, at higher temperatures, the LiMn,O, spinel
structure is inherently unstable in the Li-based electrolytes that are normally used in Li-ion batteries
which results in dissolution of Mn ions and further capacity loss.[84, 85] It is suggested that doping

transition materials like Ni, Fe, and Cu can improve the stability and cycling performance. [86-88]
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Figure 14: A typical spinel structure of LiMn,O4and Li[Ni 1, Mn3;,]O4[89]

1.8 Electrolytes for lithium ion batteries

To some extent, the performance of lithium ion battery is dominated by the electrolyte material and
its properties. The electrolyte is involved with battery’s safety, life, cost and power, which means that
it is an indispensable part of a battery. In fact, different batteries require different electrolytes, which
have an impact on the performance of a battery. Then the choice of electrolyte is a key issue. Alkyl
carbonate was considered as the most suitable electrolyte for LIBs 20 years ago.[15] Figure 15
illustrates the structure of the alkyl carbonates and the window limitation of the electrolyte for LIBs.
These days, another novel electrolyte is often used in lithium ion batteries, which is a mixture of
many solvents. For example, ethylene carbonate (EC) and either dimethyl carbonate (DMC), ethyl
methyl carbonate (EMC) or diethyl carbonate (DEC), and the lithium salt: lithium

hexafluorophosphate (LiPFs) is regard as standard electrolyte solutions for Li-ion batteries.
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Figure 15: (a) several choices for organic solvents for dissolving electrolyte The selection of

electrolyte solutions for Li-ion batteries.(b) The electrochemical windows of various solvent families

with tetra-alkyl ammonium (TAA) salts. (c) electrochemical windows of Li salt solutions in different

solvent families.[15]

1.9 Separators for lithium ion batteries

A separator is a porous membrane situated at the middle place between a battery’s anode and cathode,

whose function is to prevent electronic contact between the both electrodes, at the same time, allow

the flow of the ions in the presence of current in an electrochemical cell. Although there are not so

many changes in separator recently, it still occupies a critical role in lithium ion battery, which needs

to keep the positive and negative sides apart. Mostly, a separator consists of a polymeric membrane

forming from a microporous layer. The most significant characteristic of the separator is that it must

be strong enough to prevent the damage resulting from battery construction. And it directly comes in

contact with the electrolyte, so it also should be quite stable. A good separator can minimize the side
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effect on the battery during the discharge / charge process and it also makes a contribution to the

battery’s energy, power, cycle life and safety.

1.10 Binders for lithium ion battery

Binders are always used to attach the electrode composition together to prevent the electrode from
collision as Figure 16 shown. Actually, the binder is a significant part of a complete battery for
battery engineering determining the battery performance. One widespread binder is poly (vinylidene)
fluoride (PVDF) which has been used for both anode and cathode materials with good
electrochemical stability. N — Methyl -2 —pyrrolidone (NMP) is the best solvent for it even though
NMP is toxic. Today, there are also many other polymeric material as binder used for LIBs such as

polyacrinitrile (PAN), sodium carboxymethyl cellulose (CMC) and poly arctic acid (PAA).

/ Binder

Conductive
additive

Active

particle

Figure 16: Illustration of a small part of an electrode, including active particles, binder, and

conductive additives.

1.11 The structure of lithium ion battery (coin cells)

In general, the types of lithium ion battery cells can be divided into four; coin, clindrical, prismatic

and pouch forms, whose fundamental components are the same. We are focusing on coin cells
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(Figure 17). The most essential requirement for current collector of anode is that it cannot react with
lithium ions, and copper foil meets this condition. Also, aluminum foil is always used to act as current
collector for the cathode for it is easy to process. The electrodes made by combining active material
with binder (CMC, PAA, PVdF) and conductive additives (Super p) for the anode while the cathode
material is lithium foil in a half cell testing. In the electrode manufacturing process, active material
with binder and conductive additives is mixed with solvents (DDI water, NMP) in a grinder, then it
is used a doctor-blade to coat on the copper foil. The following steps contain drying, pressing and
weighing. The next step involves the electrodes ‘assembly: separation with the membrane, the

electrolyte injection into the battery, cathode material insertion and pressing.
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Figure 17: The structure of coin cell for lithium ion battery’s testing

21



1.12 Our work and goal

However, Graphite as negative electrodes (theoretical capacity: 372 mAh/g) cannot meet the demand
for high power and energy density LIBs increasingly in commercial industries. In this case, a series of
novel anode materials have been investigated, such as
Sn (993 mAh/g), SnS, (645 mAh/g), SnS (782 mAh/g) Fe,O; (1005 mAh/g), whose theoretical
capacities are several times higher than that of commercialized graphite. But they encounter a large
volume expansion while it is discharging and charging resulting in poor cycle performance and
severely confine their applications in industry. In order to solve this problem, many efforts have been
investigated. In general, the objectives of this thesis are listed as the following:

1. Develop controllable nanostructures of tin sulfides with improved capacity and durability.

2. Develop simple material synthesis and electrode fabrication for LIBs

3. Investigate novel anode material with enhanced electrochemical performance

1.13 Thesis outline

In this thesis, there are several chapters. In chapter 1, an introduction including the background and
literature review is included, which also provides the objectives of this thesis. In chapter 2, we
introduced a brief description of the characterization tools like SEM, TEM. In chapter 3, a novel
method of preparing SnS; via oxidizing stannous ions by graphene oxide is developed for the
synthesis of SnS, with doped graphene nanocomposites. Then SnS nanorods are formed by
controllable heat treatment of SnS, nanosheets. As anode material for LIBs, SnS with doped graphene
nanocomposites maintained discharge capacity of about 870 mA h/ g after 100 cycles at a charge—
discharge rate of 0.1 A/g. In chapter 4, it introduces a new binder with SnS, wrapped graphene
followed by low temperature heat treatment applied in LIBs as anode materials. In this section, a new

reaction mechanism is proposed. Summary and future work is shown in chapter 5.
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Chapter 2

Material characterization tools

2.1 Scanning Electron Microscopy (SEM)

A scanning electron microscopy is a type of microscopy to investigate the morphology and
composition of the sample. The general distribution of SEM instrument is shown in Figure 18. It can
be clearly seen that the electron beam through several condenser lens is offered a collision with the
sample and the signals which is produced by secondary electrons (SE), back scattered electrons
(BSE), characteristic X-rays are received by different types of detectors, which displays the images
related to the topography of the sample. SEMs have a variety of applications in industrial or scientific
fields. The instruments work fast. Further, the sample preparation is easy, which always costs less
than 5 minutes before placing it in the vacuum chamber. Nowadays, the resolution of SEMs can be
reached to nanometer scale for the technological advances in SEMs.
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Figure 18: The layout of the SEM.
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2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is the most powerful microscopy that provides
morphologic, compositional and crystallographic information about the samples. It produces high
resolution, two dimensional images that applying in industry and science. The general layout is
shown in Figure 19. The electrons through accelerated and collected along magnetic lens throw light
on the surface of the thin samples. Electrons collide with the atoms of the samples, which result in
three dimensional scattering. The scattering angle depends on the density and thickness of the sample.
It does contribution to displaying white and black pictures for the sample. TEM can provide higher
resolution than optic microscopy. Nowadays, the resolution of TEM can reach 2nm. Besides, modern

TEM instrument is always used to obtain color mapping, selected area electron diffraction.
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Figure 19: The layout of TEM.
Figure 20 shows high resolution images and SAED for Sn/C nanocomposites. It can be easily seen

how the material looks like and the crystal structure can be determined through the order of tin atoms.
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Figure 20: (a) Schematic diagram, (b) TEM image, and (c,d) high resolution images of the nano-Sn/C
composite particles. Insert: SAED image.

2.3 X- Ray Diffraction (XRD)

X-ray diffraction is a common analytical technique which is primarily used for phase and
composition identification of a crystalline material. Figure 21 exhibits the fundamental principle of
XRD based on Bragg’ equation. For a powder material, when the X-ray comes from the left part in
Figure 21 with certain wavelength, it is scattered by the lattice plane with separate interplanar

distance d. In fact, there are two X-ray paths: constructive interference and destructive interference
26



between the X-ray and lattice planes. When the interference is constructive, it means that the
diffraction waves are strengthened in some directions. Bragg’s equation is always used for describing
the relationship about the interference of scattered light: nA = 2d Sin8, where n is the half of the

diffraction angle, A is the wavelength, and d is the distance of adjacent lattice planes.

Figure 21: The schematic illustration of XRD principle.

For a complete power XRD instrument, the apparatus contains X-ray source, a stage for the sample, a
monochromatic and a detector as shown in Figure 22. It is clear from the figure that the X-ray source
is rotated from different angles with the sample in order to get ample information about the lattice
plane with various directions. And the X-ray is concentrated on the sample then the scatted light is

received by the detector, which provides relative information about the crystal.

Detector

Collimator Secondary

Monochromator

Collimator

X-Ray Tube
with Filter

Sample

Figure 22: Schematic diagram of power XRD instrument.
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2.4 Thermalgravimetric analysis (TGA)

Thermalgravimetric analysis is a method to measure the physical properties under thermal conditions
in selected gas atmosphere. It can provide the information about the degradation temperature,
melting points, boiling points and etc. The TGA instrument weighs the samples as it heats to a pre-set
temperature. From a certain temperature, the sample should have a degradation process, which results
in the loss of the total mass. The certain percentage of the composition of the sample can be acquired
by the mass change. In this thesis, TGA is used to determine the percentages of the graphene and tin

sulfides, which further figure out the theoretical specific capacity of the nanocomposite.

2.5 Raman

Raman is a useful tool to observe the vibrational, rotational mode of molecules. The principle of the
Raman spectroscopy is based on the Raman light scattering. When a laser collides with a molecule,
there are mainly two types of scattering as the following Figure 23 shown: elastic scattering and
inelastic scattering.
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Figure 23: The schematic diagram of the Raman scattering

It can be clear seen in Figure 23, previously, a molecule with characteristic vibrating frequency stays
on the energy state E2. It jumps to a higher visual state when a laser hits it with the energy hv.

However, the emitted photon with no change in energy is called Rayleigh scattering. More than 99%
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of the light is scattered in this way but a small amount of emitted photon has an energy change.

When the molecules decay to the energy state E1 or E3, which are named by inelastic scattering, it
refers to as Raman scattering. If it is back to E1 (hv1>hvi), it means that the emitted photon is more
energetic than the incident light. Conversely, if it comes to E3 (hv2<hvi), it is demonstrated that the
emitted photon is less energetic than the previous light. Also, it is well known that in terms of a
molecule, the basic requirement for Raman active is the change in bond polarizability as a bond
stretch. Raman spectrometer possesses the capability to be confocal image. As is shown in Figure 24,
laser reflects off a dichroic mirror onto sample while dichroic mirror allows the long wavelength to
pass. The Raman scattered light from the sample pass through the lens via a pin hole aperture , which
filters out stay light or the light with no Raman scattered process. The light goes through the dichroic
mirror to the beam splitter to partitions it with the detector and the visual ocular.
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Figure 24: The schematic of laser light operation process
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2.6 XPS (X-ray photoelectron spectroscopy)

XPS is a surface spectroscopic technique that is based on the photoelectric effect and is used to
measure elemental component and chemical or electronic state of each element. Figure 25 shows the
photoelectric mechanism that is related to XPS. When the sample is radiated by the incident X-ray,
the inner electrons with applied energy are stimulated to launch ejected photoelectron. Through this

process, the kinetic energy for the electrons are known and then the binding energy is acquired, which

are used for analyses the materials’ electronic states and the amount of the electrons.

@ CEjected Photoelectron
Incident X-ray

\ / Free Electron Level (vacuum)

/ Fermi Level

L2,L3

Ll

P’ A
‘\_/ K

Figure 25: The diagram on the photoelectric effect
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2.7 EDS (Energy —dispersive X-ray Spectroscopy)

EDS is a useful technique to elemental analysis and chemical composition analysis, which relies on
the interaction of the X-ray and the sample. Figure 26 demonstrates the principle of EDS. When X-
ray is focused on the sample, the inner electrons with energy are excited and form electron holes, then
the outer electrons fill the holes, which results in the energy difference between the outer shells and
inner shells released by the way of X- ray . Based on this principle, the spectrum is produced, which

provide the information about the number of the atoms and the composition of the samples.
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Chapter 3
Hybrid Tin Sulfide Wrapped with Dual Doped Graphene for

Enhanced Performance Lithium lon Batteries

3.1 Introduction:

Recently, the demand for an energy storage device with high power and high energy density is
dramatically increasing, due to the lack of fuel oil and severe environmental concern. Lithium ion
battery is widely considered as optimal replacement of natural resources due to its rapid development
in the area of electronic products and Eco-friendliness. Also, LIBs have exhibited excellent
performance with high gravimetric and volumetric capacity, low self- charge rate. However,
commercial graphite (372 mAh/g for LiCs) as anode material cannot keep pace with the quantity
demand for the energy device, which demonstrates that there should be a further investigation for
increasing the capacity, stability of LIBs to meet the requirements for various fields’ applications.
These days, metal chalcogenides have attracted a significant attention for researchers in the fields of
energy devices such as solar cell, lithium ion batteries, supercapacitors.[90-92] Among these
materials, layered metal chalcogenides have been developed in lithium ion batteries.[93] When the
size of metal chalcogenides decreases to nanometer scale, it can show unique physical and chemical
properties due to well- known quantum size effect and the large contact area which is beneficial to
energy devices.[94] However, tin sulfide is one of the best candidates as anode electrode materials for
next generation lithium ion batteries, because the specific capacity of tin sulfides is twice higher than
that of commercial graphite electrodes. The following Figure 27 demonstrates the crystal structure of
tin disulfide. Tin disulfide is a Cdl, layered structure and for unit cell, a=b=3.64 A, ¢=5.87A.[1, 95] In
terms of lithium insertion/deinsertion mechanism, there should be involved two steps: conversion and
lithium alloying reactions. During these steps, alloying /de-alloying process contributes to reversible
capacity.[30] Firstly, it is the lithiation process for tin sulfides followed by the formation of Li,S and
sold electrolyte interface, which leads to the initial irreversible capacity. Then, the step is related to
form a LixSn alloy, which contributes to reversible capacity.

Nevertheless, large volume changes for the alloy / de-alloy process during charging / discharging
result in mechanical degradation of the electrodes, eventually leading to poor cycle performance.
There are several methods to improve the electrochemical performance of tin sulfides. It has been

reported that incorporating tin sulfides into graphene, which provided tremendous improvements.
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Graphene, a 2D dimensional layer of sp?hybridized carbon atoms which also used in many field has
attracted more attention as a promising anode for lithium ion battery.[96] It is known that the nano -
cavities between the graphene nanosheets resulting from scrolling and crumpling makes great
contribution to the energy storage of LIBs.[97] Because its high conductivity and good stability,
nowadays graphene is always used for modifying other materials in order to get good performance.
Here, a solvothermal method was used for synthesizing tin disulfides is introduced. Graphene oxide
was employed as oxide precursor, which was used to oxidize tin stannous. Consequently, there was a
formation of sulphur and nitrogen dual doped graphene with improved electrical conductivity, which
is beneficial for enhancing rate performance. [98]

However, there are no publications about acquiring absolute SnS with dual doped graphene (GSN-
SnS) after annealing SnS, with graphene (GSN-SnS,) in lithium ion battery application, which
exhibited excellent electrochemical properties. To our best knowledge, the distinctive crystal structure
for SnS with large interlayer spacing (c=0.4330nm) assists the intercalation of lithium ions and
restrains the volume expansion during the charging / discharging process.[99]

In this work, a fancy tactic of preparing GSN-SnS, via heat treatment was developed to synthesisze
GSN-SnS. Tin sulfides with tuned morphology and composition were prepared which is supported by,
and wrapped with graphene , whose nanostructures were prepared by solvothermal synthesis followed
by controlled heat treatment. After heat treatment the hexagonal nanosheets of SnS, were transformed
to rod-like structure with chemical transformation to stannous sulfide (SnS). The acquired GSN-SnS
hybrid nanostructures showed unique properties in energy storage device for the good electrical
conductivity and ion transport. Additionally, for the electrode stability, the SnS retains a crystal
structure similar to the cubic tin after the convention process during the discharging /charging
process , which largely helped improving the electrochemical performance, while SnS, formed
amorphous tin.[95] Furthermore, the involved dual graphene with large surface area and flexibility
also makes great contribution to enhancing the high stability. In terms of electrochemical
performance, both materials have first cycle charge/discharge capacities which exceed the theoretical
values. However, the heat treated material is more durable, it was able to maintain a charge capacity
of ~ 870 mAh/g for more than 100 cycles and ~ 850 mAh/g after 200 cycles at the rate of 0.1 A/g.
Even at higher energy density 0.5 A/g , the annealing GSN-SnS showed long cycling performance ,
which continued 1000 cycles and kept a nearly 85% capacity retention compared with theoretical

capacity and after 1500 cycles , the capacity was still higher than 550 mAh/g .
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Figure 27: The crystal structure of tin disulfide

3.2 Experimental section

Materials: grapheme oxide (GO), Stannous chloride dehydrate (SnCl,.2H,0), thiourea (CS(NH,),),
ethylene glycol(EG) . All reagents were of analytical grade and used as received without any
purification process.

Synthesis of GSN-SnSx nanocomposites: graphene oxide (GO) was fabricated according to
previous literature procedures. To synthesize GSN-SnSx nanocomposites, a mixture of GO, ethylene
glycol, SnCl,.2H,0 and thiourea was prepared. Secondly, the above suspension was transferred into a
autoclave and heat the solution 10hours @ 100 °C and 10hours @ 200°C. After that, the autoclave
was cooled to the room temperature, and the products were collected and filtered. Then the products
were put into a freeze dry machine (Labconco Freezone 1, USA) for two nights and the material was
labeled as GSN-SnS,. After that, some of the material was brought into the furnace under the argon
atmosphere.In terms of the controlled heat treatment: the time was set from room temperature to
500°C for 2 hours followed by maintaining at the same temperature for 3 hours, which was labeled as

GSN-SnS. The reference experiments which only contained SnS,, SnS, and dual graphene (GSN)
34



were also acquired by the similar procedures.

Characterization and Electrochemical Measurement

X-ray diffraction (XRD) patterns were collected on using Ni-filtered Cu Ko radiation (A =1.5418 A).
The morphology of the nanocomposites was observed using a field emission scanning electron
microscope (FE-SEM, Zeiss Ultra Plus, UK) and high-resolution transmission electron micrographs
(HR-TEM, FEIPhilipsCM 300, USA).Thermal gravimetric analysis (TGA) was carried out to explore
the ratio of tin sulfides and graphene. X- Ray photoelectron spectroscopy (XPS) was also used to
confirm the composition of GSN-SnS x products.

Electrochemical Evaluation : The working electrodes were fabricated by mixing 60 wt % active
material, 20 wt% super P (as a carbon additive for conductivity enhancement), and 20 wt % CMC
(used as a binder,2wt % CMC (sodium carboxymethyl cellulose)and PAA(poly(acrylic acid), Sigma
Aldrich ) with weight ratio:1:1)in water and coated on copper foil . The electrodes were treated in
vacuum oven for 2 hours at 150 degrees and assembled in the gloves box (MBRAUN 10, USA)
Conventional two electrode coin cells were fabricated using lithium metal(Aldrich, USA) as the
counter electrode and LiPF¢(1 M) in ethylene carbonate/diethyl carbonate(EC/DEC, 3:7vol %) as the
electrolyte. The electrochemical performances of the prepared electrodes were characterized by cyclic
voltammetry (Versa Stat MC, Princeton Applied Research, USA) and galvanostatic charge—discharge
(Neware, China) tests between0.1 and 3 V vs. Li/Li".All of the specific capacities in this study were

calculated based on the mass of active materials (GSN-SnSx).

3.3 Result and discussion

The total synthesis processes were declared into two steps: firstly, it was the formation of GSN-SnS,
by solvothermal method. Subsequently, the schematic diagram is about the chemical transition from
GSN-SnS; to GSN-SnS shown in the Figure 28 (bottom part). As shown in the Figure 28 (top part) ,
it is clear that the GO sheets interacted with ethylene glycol through sonication .According to the
previous publications, the GO sheets is negatively charged and can attract Sn*" as the following
equation (1) shows.[100] Then, Sn*" is oxidized by GO and graphene is formed with EG as well.
(eqn2, 3).[101] At the temperature of 100°C, there is no change in thiourea. At higher temperature,
GSN-SnS; is produced (eqn6).

Sn* + GO— Sn*"/GO (1)

GO +SnCl, —» SnO, + HCI+G (2)

GO+EG —>G(3)
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CS (NH,),—/ no change ----100°C (4)
GO + Tu > G (5)
SnO, + G+Tu —» SnSy/G (6) ------- 200°C (6)

Sonication Thiourea

G-Sn02 GSN-SnS2

Ar

500 °C

AN
8nS2(S) ——— SnS(s)+ 1/x Sx(g)

Phase transition
SNS:2 nanosheets e Nanorods SNS

Figure 28: The schematic diagram of synthesizing process of GSN-SnS, and GSN-SnS.

Here, the formation of GSN-SnS using the GSN-SnS, having prepared was emphasized for the
previous material shows better performance than the latter. The annealing process with 500 °C is used
to transfer chemically from GSN-SnS, to GSN-SnS .It is proposed that there is an exact reaction
happened in the furnace. The sulfur of SnS, under high temperature flees from the previous bond and
the power from the high temperature drives the composite to aggregate together, resulting in the rod

like GSN-SnS as the architecture shown in the Figure 28 (bottom part).
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Figure 29: (a) Raman spectroscopy for GSN, GSN-SnS, GSN-SnS;; (b) TGA for GSN-SnS

Figure 29(a) compares Raman spectroscopy of GSN-SnSx and GSN. In this Figure, it can be seen
that a peak at around 1583 cm (G band ) , which is related to the vibration of graphitic layers while
there is a peak at 1320 cm™(D band ) which means the defects and disorder of graphitic layers.[102]
The intensity ratio of D to G for GSN is determined as 1.18 and around 1.30 for GSN-SnSx.
According to the previous literature shown, the intensity ratio expresses the graphitization level and
defect degree of carbon based materials. Compared with GSN, it is clear that the ratio of Ip to Ig
increases slightly, which is mainly for the exfoliation of graphene and the insertion of tin sulfides into
graphene layers.[103]

In order to measure the content of graphene in the as- synthesized GSN-SnS material,
thermogravimetric analysis (TGA) was carried out from normal temperature to 800 degrees in air
(Figure 29(b) ) From the TGA curve , the main mass decreasing at the range from 450 degrees to 600
degrees was attributed to the removal of graphene. It can be calculated the graphene occupied around
27%.

Through XRD, the whole crystal structure of GSN-SnS, (JCPDS01-1010) and GSN-SnS (JCPDS39-
0354) were determined by XRD. As shown in Figure 30 (a) and (b), it is clear that the XRD patterns
of both materials are similar to that of hexagonal SnS, nanosheets and SnS nanorods. All the peaks of
GSN-SnS; are fully indexed to SnS,, which indicates the high purity of products. In comparison,
nearly all of the strong diffraction peaks in GSN-SnSx after annealing could be indexed to the
standard diffraction data of GSN-SnS. Therefore, the whole results showed that Sn*" is oxidized by
GO to form SnS, and heat treatment is an excellent method to react chemically to form pure GSN-

SnS with the structure of nanorods.
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Figure 30:(a) and (b) X-ray Diffraction pattern of GSN-SnS, and GSN-SnS nanocomposites.
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Figure 31 shows X-ray photoelectron spectroscopy (XPS) analysis for GSNS-SnS to determine the
element and valence. The survey spectrum is shown in Figure 31(a). The detected elements from the
sample are Cls, S2p, Sn3d, Ols and N1s.The peak for Cls is shown at 284.8 eV in Figure 31(b),
which represents the C-C group. It is related to the high conductivity of graphene. There are two
peaks for the Sn3d XPS spectrum spectroscopy (Figure 31(c)), which are corresponding to 3ds),,

3d 3. In terms of N1s (Figure 31(d)), there are three characteristic peaks: binding energy 398.9eV
for pyridinic, 400.1e V for pyrrolic, 401.5 eV for quaternary, which provides the direct evidence for
N doped graphene.[97] As for sulphur, there are two main peaks. At 162.15 eV, it is-S-Sn—group and
the S2p doublet corresponding to C-S-C which represents Sypa;, and Sapyso SPin orbit coupled peaks are
located at 163.98 and 165.18eV labeled as S3 and S4,which means sulphur doped graphene.[104] At
higher energy, the peaks named as S5 are related to oxygen bound to sulfur (-SOx).[104, 105]

Further, in Figure 31(d), it obviously showed the comparisons of two elements for GSN-SnS, and
GSN-SnS: S and Sn. In terms of both materials, the atom ratios for S to Sn are a little bit higher than
that of pure materials: SnS: 1: 1, SnS,: 2:1, which are confirmed by XRD already. These values
ulteriorly provide the information about the sulphur exceeding usage for the material synthesis, which

also confirm the XPS results that the there is a sulphur doping in graphene during the reaction process.

The general morphology and microstructure of both materials were shown in Figure 32(a), (b). It can
be seen that GSN-SnS, before annealing is nested in the graphene layers with the structure of
nanosheets while GSN-SnS after annealing is surround by the layers shown as nanorods. A rod-like
SnS is among the layers even after processing by sonication for TEM observation as shown in Figure
32 (c), which indicates the strong connection between the SnS and graphene. And in Figure 32(d), it
shows the STEM and color mapping of C, Sn, S, which further demonstrates the homogeneous and

highly efficient combination of graphene and SnS nanorods.
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Figure 32: (a) and (b) FESEM images of GSN-SnSx at the same magnification (c) HRTEM images of
GSN-SnS (d) STEM and color mapping of GSN-SnS.

Actually, graphene occupy rather significant role as supporter and morphology regulator during the
whole chemical reaction procedures, which is obtained from a reduction reaction of graphene oxide.
Graphene possess a layered structure with flexibility which offer accommodations for the tin sulfides
to embed and prevent crystal structures to grow disorderly and unsystematically. Figure 33 compares
the SEM images of pure GSN-SnS, (Figure 33(a)), GSN-SnS (Figure 33(b)), SnS, (Figure 33(c))
and SnS (Figure 33(d)). It can be noted that there is distinct change about the crystal structures’
formation under the condition of the presence and the absence of graphene. It is indicating that tin
sulfides are formed around the graphene layers and aligned in order which is beneficial for the
insertion/ deinsertion during charging/ discharging (Figure 33(a) and (b)). Figure 33(c) and (d)

introduces SEM images of tin sulfides without graphene, which shows the booming aggregation of tin
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sulfides nanosheets and the formation of messily bulk tin sulfide. It is suggested that graphene plays a

vital role in morphology modification.

(d)

Figure 33: The SEM images of different materials: GSN-SnS,, GSN-SnS, SnS,, and SnS.

The lithium storage performances were investigated by galvanostatic discharge and charge processes.
Figure 34(a) shows voltage profiles with a voltage range between 0.1 and 3V (versus Li*) of GSN-
SnS electrodes. It is demonstrated in Figure 34(b) that number of cycles with discharge and charge
capacity of the series products that were synthesized in this study. It is shown in Figure 34(a) that
there is a large irreversible capacity for the initial cycle. The formation of a solid electrolyte
interphase(SEI), conversion reaction of SnS with Li ion, which forms Sn and Li,S, and some
unexpected reactions during charging / discharging process are attributed to the charge capacity decay
for the first cycle.[106] According to the curves of the subsequent cycles, there is a sharply decrease
in the loss of the irreversible capacity, which indicates that most irreversible capacity occurrs in 1%
cycles. Remarkably , for the first cycle, GSN-SnS exhibits discharge and charge capacities of about
1630 and 1132 mA h /g, corresponding to a columbic efficiency of about 69.4% , which is due to the
decomposition irreversibly of SnS to metallic tin that is surround by an Li,S matrix and SEI
formation . Then, the cycle efficiency is maintained at around 97% when the cycles reaches to 200

cycles ( see Figure 34(b) ) .Figure 35 shows discharge / charge curves for GSN-SnS, SnS,, SnS, and
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GSN as comparison experiments. The initial charge capacities for GSN-SnS,, SnS,, SnS and GSN are
1050, 752, 629, 550 mAh/g which are lower than that of GSN-SnS.As expected, GSN-SnS, retains
lower capacity than that of GSN-SnS even though it still exceeds the theoretical capacity of SnS,
( 645 mAh/g). After more than 100 cycles, GSN-SnS can still obtain a reversible capacity of around
870 mAh/ g and even after 200 cycles, it is around 850 mAh/g while GSN-SnS, exhibits 700 mAh/g.
In comparison, the curves of cycling performances for SnS, and SnS are declining all the time
(Figure 34(b)). After 200 cycles, the capacities for SnS, and SnS are 200 and 300 mAh/g. This is
attributed to the fact that with no graphene as supporter, the particles were agglomerated to for larger
size (Figure 33), which provides less active sites for lithium insertion/ de —insertion process.
Particularly, GSN-SnS shows better cycling performances than that of other composites. It is
attributed to its theoretical capacity and a synergistic effect in the presence of doped graphene and tin
based materials.

Furthermore, in terms of improved electrochemical performances, graphene plays a key role that it
provides 2-dimensional electron pathway and large contact sites for tin sulfides. Graphene not only
provide buffer space for the large volume change of tin sulfides but also suppress the volume change.
In our work, the graphene is dual doped by sulphur and nitrogen (GSN), which acts as the attracter for
tin sulfides to keep the integrity for the electrodes. It is also assumed that GSN partially contributes to
specific capacity, but worth nothing. These roles of GSN can be directly supported by testing the
performance of only GSN (see Figure 34(b), Figure 35(d)). The initial cycle for graphene shows a
first charge capacity of 509 mAh/g. Subsequently, the cycles show reversible capacity at 300 mAh/g
for more than 100 cycles. Generally speaking, GSN-SnS, and GSN-SnS both demonstrate high
specific capacity and acceptable cycle stability, which can be attributed to the functions of dual doped

graphene in the composites.
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Figure 35: Galvanostatic discharge and charge curves of GSN-SnS,, SnS,, SnS, and GSN.

The rate permance along with cylce stability of GSN-SnS, andGSN-SnS were tested and shown in
Figure 36 and Figure 37. The test was conducted at the current densities from 100 to 1000mA/g with
10 cycles to investigate cycle stability. At current densities 0.1, 0.25 ,0.5 , 0.8, 1A/g, the capaities for
GSN-SnS are 1000 , 830 , 750 , 700, 620 mAh/g respectively while GSN-SnS, exhibits quicker
decrease in the capacity at higher current densities even though they are still better than that of SnS, ,
SnS , GSN, which show lower capacities as shown in Figure 38(a). It can be seen that at the highest
current densities 1000mA/g , the capacities for SnS, and SnS are only around 300 mAh/g even for
GSN , it is only 100mAh/g . Also , Figure 36(a) and Figure 37(a) show the curves for voltage
profiles for GSN-SnS, and GSN-SnS at different densities. Obviously , it is observed that the
decreasing trend based on reversible capacities for GSN-SnS is smaller than that of GSN-SnS, which
further expresses that excellent performances for GSN-SnS .

In order to know the stabilities for GSN-SnS, and GSN-SnS at higher current density , long cycles for

both materials at 0.5 A/g are obtained for 1450 cycles after rate capability testing (50 cycles in the top
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right corner) as shown in Figure 36, Figure 37. Clearly , the stability for GSN-SnS is prominent :
after 50 cycles , there is no obvious decrease in the capacity . After 1000 cycles , the capacity for
GSN-SnS is maintained at 600 mAh/g , subesenquently , until 1500 cycles , it is still more than 550
mAh/g . However , compared with GSN-SnS , GSN-SnS, reflects a worse stability and capacity :
after 500 cycles , it shows a sharp decrease in the capacity and until 1000 cycles , it is stable at around
200 mAh/g .

In order to clarify the hybrid effect on the electrochemical performance of GSN-SnS; and GSN-SnS,
it is necessary to calculate theroratical capacities of nanocomposites . It is considered thetheroretical
capacity of SnS as 782 mAh/g and for graphene as 509 mAh/g (acquired from the maximum charge
capacity from Figure 34(d)). Based the TGA information, the mass ratio of SnS is considered as 73%
while the mass ratio of graphene is deducted from 100%, which is 27%. The theoretical capacity of

the mixture can be calculated by the following:

C theoretical for asn-sns =(C sns * Mass% of SnS) + (Cgraphene™ Mass % of Graphene) = 782* 0.73 + 509 *
0.27 = 707.43 mAh/g

The observed capacity for GSN-SnS is 600 mAh/g after 1000 cycles at 0.5A/g (as computed from

Figure 36(b)), it can be clearly demonstrated that the retention for GSN-SnS was around 85%, which

further confirmed the excellent stability of this material. On performing similar calculation for GSN-

SnS,, it is suggested the mass ratio of graphene is the same as that of GSN-SnS and the theoretical

capacity of GSN-SnS, is 645 mAh/g, then:

C theoretical for GSN-SnS2 = (C sns2 * mass% of SnS) + (CGraphene* mass % of Gr&ph@n@) = 645* 0.73 + 509

*0.27 = 607 mAh/g
For the reversible capacity observed in Figure 37, it is stable at 200 mAh/g after 1500 cycles based
on the current density 0.5 A/g, which means the capacity retention is only around 33%. It provides a
conclusion that GSN-SnS offers superior electrochemical properties than that of GSN-SnS,.
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stability.
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Figure 37:(a) and (b) Voltage profiles for GSN-SnS at different current densities followed by cycle
stability.

The cyclic voltammogram (CV) profiles of coin cells for GSN-SnSx as anodes for LIBs were

characterized for the study of electrochemical reaction mechanism. Figure 38(b, ¢, d) shows the CV

curves for GSN-SnS,, GSN-SnS and GSN nanocomposites. The Li" insertion/de-insertion mechanism

could be proposed as the following equations[ 107]:

SnSx+xLi +2e — Sn +xLi,S (equation 1)

Sn+xLitxe<— LixSn (0<x <4.4) (equation 2)

For Figure 38(b) and (c), for the first cycle , the peak in the cathodic scans at around 0.6-1.3V (a) is

corresponding to decomposition of SnSx to Sn and Li,S which may result in large irreversibility of

the electrode at the first cycle as shown in equationl, and the second dominant peak at around 0.05V

(b) is related to the formation of LixSn alloys as the following equation 2 shown.[34] And for GSN-
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SnS, and GSN-SnS, the X is different. The X for SnS, is 2 while SnS is 1, which explains that why
SnS, has a lower capacity than SnS.

During the anodic process, at the peak about 0.5 V(c), Sn-Li encountered a delithiation process .1t is
clear that there is another anodic peak at about 1.8 V, which is suggested that lithium intercalation of
the GSnSy layers without phase decomposition.[108] During the continuing two cycles, there is no
obvious loss of the area in the CV testing, indicating the good stability of the electrodes. As shown in
Figure 38(d), for the first cycle scanning of GSN, there are two reduction peaks on the cathodic side:
0.6 V, 0.1 V. At 0.6 V, it is related to the formation of solid electrolyte interphase (SEI) which
corresponds to the large irreversible capacity for the first cycle. At 0.1 V, it is forming the lithium

alloys. For anodic side, at 0.2 V, the peak is related to the separation of lithium alloys. [98]
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Figure 38 :( a) Rate capabilities for SnS,, SnS, GSN; (b) (c) (d) the CV testing for GSN-SnS, GSN-
SnS,, and GSN.

To explain why GSN-SnSx nanocomposites have different features, electrochemical impedance

spectroscopy (EIS) measurement for coin cells were obtained as Nyquist plots shown in
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Figure 39.Compared with GSN-SnS; nanosheets, the after annealing material shows lower charge

transfer resistance and SEI resistance.
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Figure 39: EIS of both materials in a frequency range of 1 x 10 to 1 x 10 "Hz and at the amplitude of
10mV.

By combing the cyclic voltammogram illustrated in the Figure 38, the mechanism of GSN-SnS, and
GSN-SnS during the discharging and charging process were explained further. During the discharging
process, at the voltage point around 1.3 V, the SnS is reduced to sulphur through a conversion
reaction, which is consistent with the charging / discharging profile as shown in the Figure 40(a) ,
where there is a plateau at that voltage point . For the next step, it is the reversible reaction about the
lithium ions with as formed tin. As shown in the Figure 40, the only differences for the discharging /
charging process of two batches of materials are the conversion reaction. Alpha tin with face centered
structure is produced when the material is SnS while that is beta tin when the material is SnS,.
According to the literature, it can be known that alpha tin can retain crystallinity when lithiation
process happens which shows better performance for lithium storage while beta tin is amorphous

during charging / discharging process. [95]
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Figure 40: The schematic diagram of lithiation process for both materials.

Also, in this work, we investigated and optimized the electrode fabrication process by using the
highly crossed — linked binder (sodium carboxymethyl cellulose and poly acrylic acid).

According to the Figure 41, it can be seen that there is a condensation reaction between the binders at
150 degrees, which forms a cross — linked structure for the electrodes that is beneficial for improving
the stability of the batteries for the polymer binder shows high mechanical resistance to strain and no

swelling in commercialized electrolytes which will result in no large movement.[109]
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Chapter 4
Conjugate polyacrylonitrile: a binder and conducting medium for
highly stable anode material for lithium ion batteries based on

SnS,/Graphene nanocomposites

4.1 Introduction

The excessive consumption of natural fossil fuel leads to a vital role as renewable energy storage
devices for applications in electric vehicles, portable laptops. Traditionally, graphite is employed as
anode material with 372 mAh/g, which cannot satisfy tremendous demand for the advance of new
technology. In terms of lithium ion battery, nowadays, it requires a new type of anode electrode
materials with high energy density, reliable safety as well as low fabrication cost for practical
development.[3, 110-113] Based on the high theoretical capacity of 645 mAh/g, tin disulfide is one of
the best candidates. However, there are two main challenges for tin disulfides: the formation of Solid
electrolyte interphase resulting low columbic efficiency for the first cycle and large volume
expansion leading to rapid capacity loss during charging / discharging process.[114]

To confine volume expansion, an effective method to tailor the nanostructure and buffer the
mechanical strain is combing SnS, with conductive matrix.[115, 116] Graphene with large surface
area,[117] superior mechanical strength and excellent electronic transport[118, 119] is considered as
an ideal conductive supporter for tin disulfides. It can be used for modifying the size of tin disulfides,
which prevents tin disulfides from aggregation that has a negative effect on the lithium transport and
reduce the active sites for lithium utilization.[114] It has been reported that SnS, nanostructures with
graphene has shown improved electrochemical performance.[120, 121] These nanocomposites are
intending to enhance batteries’ cycle stability and improve the current efficiency.

Further, polymeric binder is likely to be significant in the design of electrodes ‘fabrication. In fact,
polymeric binder after heat treatment either carbonization or curing can rearrange the electrode
surface, which is supposed to provide an elastic accommodation for volume expansion leading to
improve the stability. Additionally, the covalent linkages between the binder and the active materials
can ease the mechanical damage resulted from volume expansion. It has been reported that this
tragedies are used to maintain the electrodes integrity for tin based materials.[122] A recent report
shows by using polyvinylpyrrolidone (PVP) as carbon precursor to synthesis uniform Sn/ C

composites performing high rate capability.[123] A facile solid state reaction for successfully
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synthesizing SnS,/C has provided a unique concept to exert the function of polymer fully.[124]
Actually, these processes are sophisticated and tedious for the synthesis of active materials and until
now, there is not a highlighted electrochemical performance for tin disulfides based on this
methodology. Instead, it may lead to excessive cost for the preparation of electrodes.

In this work, a safe and economical method is presented for post — treatment of SnS, /G made by
solvothermal method to achieve high performance. The low temperature heat treatment (LTHT)
engineers the electrode structure, which has the following advantages: the curing of polymer provides
the conductive addictive; the heat treated electrodes are attributed to the enhanced electrode integrity.
To our knowledge, polyacrilonitrile (PAN) is a conductive polymer and the glass transition
temperature is 90 degrees. After this temperature, there is an improvement in elasticity of PAN,
which is useful for lithium ion batteries. Also, the mechanical rearrangement for the electrodes after
heat treatment leads to a more compact structure, which effectively reduces the access of electrolyte
to electrode’s voids. To some extent, it eases the negative effect of SEI, which makes a contribution
to the improvement of cycle efficiency for the first cycle. In this report, the composites for SnS,/G
with polymer binder after LTHT exhibits improved performance: after 150 cycles, at current density
of 0.25A/g, the capacity is stable at 1000mAh/g and the coulombic efficiency is still 1200%.

Also, a new reaction mechanism is proposed. Normally, the reaction for SnS, during charging/
discharging process is two steps: SnS, +2Li <€>2 Li,S +Sn (1) Sn+Li <>Lis,Sn (2).[107] It is
reported that the first step contributes to irreversible capacity while the second step is attributed to
reversible capacity. However the reversible capacity of SnS,/G is twice higher than the calculation
based on the traditional reaction mechanism of SnS, (the theoretical capacity is 645mAh/g). Then, it
is believed that the content of Li,S in the first step also provides reversible capacity. It is confirmed

by cycling voltammetry (CV).

4.2 Methods

4.2.1 Preparation of SnS,/G

Graphene oxide (GO) was fabricated according to previous literature procedures. To synthesize
SnS,/G nanocomposites, a mixture of GO, ethylene glycol, SnCl,.2H,0 and thiourea was prepared.
Secondly, the above suspension was transferred into an autoclave and heats the solution 10hours @

100 °C and 10hours @200°C. After that, the autoclave was cooled to the room temperature, and the

54



products were collected and filtered. Then the products were put into a freeze dry machine (Labconco

Freezone 1, USA) for two nights and 1 the material was labeled as SnS, /G.

4.2.2 Electrode fabrication

Electrodes for lithium ion battery testing were fabricated by using as- prepared active materials. The
working electrodes contain 70% SnS,/G and 30% polyacrylonitrile (PAN) as a binder. The slurry is
mixed by grinding for 30 minutes then coated on Cu foil. The average mass loading of SnS,-G on the
electrodes is around 0.8 mg. The electrodes were dried in convection oven at 333K for 1 hour, which
were followed by the vacuum oven at 353K for overnight. Then electrodes were dealed by heat
treatment as the below shown. More reference experiment was prepared with only graphene and PAN

as the same ratio.

4.2.3 Low temperature heat treatment

Electrodes were placed in vacuum oven and kept at temperature at 80 degrees, 150 degrees for 5
hours. And a batch of electrodes were heated up to 500 degrees for 2 hours then followed by holding
for 3 hours in the furnace under the gas flow of 140 SCCM Ar. And they are named by
SnS,/G/PAN/80° C, SnS,/G/PAN/150° C SnS,/G/PAN/500° C.

4.2.4 Electrochemical measurements

2023- Type coin half cells were fabricated in an argon filled glove box and lithium metal as counter
electrode. The separator for separating the two electrodes was made from polypropylene. And LiPF,
(1 M) in ethylene carbonate/diethyl carbonate (EC/DEC, 3:7vol %) was employed as electrolyte. The
voltage range for Galvanostatic charge/ discharge test was 0.1 to 3 V versus Li’ /Li with different
current densities based on NEWARE BTS — CT 3008 (Newware Technology ,Ltd .,Shenzhen , China)
. Cyclic voltammetry (CV) were performed on VMP3 potentiostat / galvanostat (Bio-Logic LLC,
Knoxville, TN) by using the voltage range from 3 to 0.1 V at a scanning rate 0.1 mV/s.

4.2.5 Material Characterization

X-ray diffraction (XRD) patterns were collected on using Ni-filtered Cu Ko radiation (A =1.5418 A).
The morphology of the nanocomposites was observed using a field emission scanning electron
microscope (FE-SEM, Zeiss Ultra Plus, and UK).Thermal gravimetric analysis (TGA) was carried out

to explore the ratio of tin disulfides and graphene.
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4.2.6 Results and Discussion

The synthesis process of SnS,/G is based on solvothermal methodology by employing graphene oxide
as oxidizer. It consists of two steps: at lower temperature, it is the formation of SnO,/G and there is a
transformation from SnO, to SnS, at higher temperature.

In order to confirm the component of the composites for the pre -synthesized materials and the
electrodes combing SnS,/G with PAN followed by heat treatment at different temperatures, XRD
results are teste and shown in Figure 42. Figure 42(a) represents the peaks for SnS,/Gcan be indexed
to hexagonal SnS, (JCPDS No. 01-1010), which indicates that the pure SnS, has been obtained. After
heat treatment at 80, 150 degrees, the XRD of the electrodes (Figure 42b, c) expresses the active
material in the electrodes is SnS, with no change. Figure 42(d) introduces the analysis of XRD after
500 degrees. It is observed that the peaks is mainly matched with that of SnS (JCPDS No. 39-0354),
which means there is a chemical reaction between SnS, and SnS.

To verify the morphology of SnS, /G, the SEM image in Figure 43(a) illustrates that hexagonal SnS,
nanosheets are wrapped with graphene layers. The SEM images in Figure 43(b, ¢, d) show the
surface morphology of the electrodes with heat treatment at various temperatures with the same
magnification. It can be observed that SnS,/G/PAN/150 °C in Figure 43(c) shows the large
microparticles of graphene sheets (2~ 7 micrometer) sandwiching the SnS, particles with limited
interfacial voids (Figure 44), which restricts the entrance of the electrolyte to the inner of the
electrodes and then minimize the SEI formation. It is advantageous for the improvement of the
columbic efficiency for the first cycle. The graphene sheets enhance the conductivity and render them
elastically, which result in combonding the stress for the volume expansion during lithiation and
delithiation. Consequently, this leads to more stable and higher reversible capacity. In comparison, it
is clear that the structure of SnS,/G/PAN/80 °C electrodes is not compact as SnS,/G/PAN/150 °C,
which is attributed to the lower temperature heat treatment. In terms of SnS,/G/PAN/500 °C, PAN is
totally carbonization and partially thermal degradation at high temperature, which does not provide
elasticity for the electrode. And at 500 degrees, there is a chemically phase transition from SnS, to
SnS based on XRD, which deepens the collapse of the electrodes. As shown in Figure 43(d), the
electrode breaks down with disorder voids, which provides opportunities for the formation of SEI. It
is predicted that SnS,/G/PAN/500 °C has worst durability while SnS,/G/PAN/150 °C has the best
stability.

56



—
Q
—

Intensity(a.u.)

—
o
S—

Intensity (a.u.)

—
(2)
—

Intensity (a.u.)

(

&

Intensity(a.u.)

Figure 42: XRD analysis of SnS,/G, SnS,/G/PAN/80°C, SnS,/G/PAN/150 °C, SnS,/G/PAN/500°C.
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Figure 43:( a) SEM micrographs for SnS, /G active materials; (b) (c) (d) SEM images of the electrode
surfaces before and after heat treatment (80, 150, 500 degrees).
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Figure 44: (a) and (b): Schematic of electrode surface before and after LTHT.

The content of SnS, in nanocomposites was determined by TGA, which was performed in air from
room temperature to 800 degrees (Figure 45). It can be observed that there are two main sharp
decreasing temperature regions. One is from 200 to 450 degrees, which is attributed to the oxidization
of SnS,. It is all known that there is a 17.5% loss in weight. The range from 450 to 800 degrees is
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mainly due to the decomposition of graphene. It can be finally calculated that graphene is occupied
19.5%. The remaining SnS, is deducted by 100%, which is 80.5%, respectively. It can be suggested

that there is a high weight percentage of tin disulfides nanosheets as active material in the composites.
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Figure 45: TGA analysis of SnS,/G.

In order to demonstrate the potential application of SnS,/G prepared by graphene oxide and stannous
chemicals, a round of electrochemical testings was utilized to determine the performance in lithium
ion batteries. SnS,/G was dispersed as active material and PAN as binder, which was deposited on a
copper current collector followed by controllable heat treatment. Then, the coin cells were assembled
in glove box, which were tested on galvanostatic charge/discharge cycling, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS).

Figure 46 introduces the voltage profile for SnS,/G/PAN with heat treatment (80 °C, 150 °C, 500 ° C
and graphene/PAN with heat treatment (150°C) at low current 0.1A/g and a voltage range of 3 to 0.1
V. In Figure 46(b) (SnS,/G/PAN/150 °C), there is a plateau at 1.3 V, which corresponds to the
expected behavior of the formation of metallic tin and lithium sulfide. The discharge capacity for the

first cycle is 1517mAh/g with a columbic efficiency of 79%, which is attributed to the formation of
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solid electrolyte interphase (SEI) even though it has shown a high reversible capacity. In comparison,
Figure 46( a, c, d) illustrates the voltage profiles for SnS,/G/ PAN/ 80 °C , SnS,/G/ PAN/ 500 °C,
Graphene/ PAN/ 150 °C , which shows that the first cycle discharge capacities and columbic
efficiencies are 1273 mAh/g and 79% , 1461 mAh/g and 79%, 657 mAh/g and 71% , respectively
.The cycle test is depicted in Figure 47(a) at a low current density 0.1 A/g for SnS,/G/PAN with heat
treatment (80 °C (reference), 150 °C, 500 ° C ) and graphene /PAN (150°C) .

It is clearly observed that the capacity for SnS,/G/PAN/150 °C maintains at 1200 mAh/g after 60
cycles and there is no apparent shaking in the capacity change for the 60 cycles with a columbic
efficiency of 100% except for the first cycle, which is attributed to the functionality of graphene and
PAN with low temperature heat treatment. Graphene layers with flexibility provide enough space for
volume expansion of SnS,/G and electron pathway. In addition, PAN with a low temperature heat
treatment which is higher than glass transition temperature, is soften and flowing in the electrodes
when the temperature reaches 150 ° C, which results in a physical change in the interior electrode that
the binder distribution is more homogenous. After cooling down, the curing of PAN leads to a more
plastic polymer. The whole process is beneficial to maintain the integrity of the electrode, which
further improves the cycling stability. In Figure 47(a), the curve for SnS,/G/PAN/500 oC as
reference also shows high capacity after 60 cycles with 1000 mAh/g while it is not a straight line. At
500 degrees, there is a partially — pyrolyzing the PAN binder, which has a negative effect on the
battery stability. Further, graphene does as small contribution to the total capacity even though it was
stable at 230 mAh/g from Figure 47(a). As shown in Figure 47(b), a higher current density 0.25A/g
for SnS,/G/PAN with different temperature heat treatments was tested. SnS,/G/ PAN/ 150 °C still
exhibits superior cycling performance in terms of capacity and durability than that of SnS,/G/ PAN/
80 °C, SnS,/G/ PAN/ 500° C. Obviously, after 14 cycles, the reversible capacity for SnS,/G/ PAN/
150 °C is retained at ~ 1020mAh/g and after more than 150 cycles, there is no remarkable loss in
capacity. Even after 250 cycles, the capacity loss compared with 1020mAh/g is 120mAh/g and the
columbic efficiency for SnS,/G/ PAN/ 150 °C is close to 100% except for the first cycle. For SnS,/G/
PAN/ 80 °C, it is a decreasing curve, which remains a capacity of 320mAh/g. It demonstrates the
structure of the electrode for SnS,/G/ PAN/ 80 °C is a challenge for lithium insertion / de-insertion at
high current density. Even though the cycling capability of SnS,/G/ PAN/ 500° C is better than that of
SnS,/G/ PAN/ 80 °C, it leads to a declining in the capacity and stability. After 100 cycles, the
capacity is 700 mAh/g, while after 250 cycles; it decreases to 643 mAh/g which is still higher than
that of SnS,/G/ PAN/ 80 °C. After 300 degrees, PAN begins to carbonize and there is a phase
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transition chemically from SnS, to SnS. Until 500 degrees, the carbonization of PAN is completely
finished and there is partial thermal decomposition, which represents the destruction of the elastic
network structure. Also, there is a formation of SnS at 500 degrees. Both leads to the breakdown of

the electrodes, which explains the instability of the battery.
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Figure 46 : (a) (b) (c) (d) Voltage profiles for coin cells containing SnS,/G/PAN with heat treatment
(80 °C (reference), 150 °C, 500 ° C and graphene/PAN with heat treatment (150°C, reference) cycled
at 0.1A/g .
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Figure 47:(a) and (b) The comparison sof the cycle capability of SnS,/G/PAN with heat treatment

(80 °C (reference), 150 ° C, 500 ° C and graphene/PAN with heat treatment (150°C, reference) at
0.1A/g and 0.25 A/g.

The rate capabilities of SnS,/G/ PAN/ 80 °C, SnS,/G/ PAN/ 150 °C, SnS,/G/ PAN/ 500 °C are shown
in Figure 48, Figure 49, and Figure 50. Figure 49 reveals the excellent kinetics of SnS,/G/ PAN/
150 °C electrodes at different currents up to 1A/g. The capacities for SnS,/G/ PAN/ 150 °C at current
densities 0.1 A/g, 0.25 A/g, 0.5 A/g, 0.8 A/g, and 1 A/g are 1207, 1085, 992, 919, 880 mAh/g,
respectively. Moreover, the curing structure enables a high current cycling, where a capacity of about
830 mAh/g after 100 cycles and 650 mAh/g after 200 cycles. On the other hand, the similar electrodes
by replacing the heat treatment temperature 80 degrees and 500 degrees gives rate capability as
comparisons are shown in Figure 48 and Figure 49. For SnS,/G/ PAN/ 80°C, the capacities at 0.1
Alg, 0.25 A/g, 0.5 Alg, 0.8 Alg, and 1 A/g are 1000, 957,917,880,850 mAh/g, which is lower than
that of SnS,/G/ PAN/ 150°C. And SnS,/G/ PAN/ 500°C provide a more significant distinction.

Figure 50 introduces the capacities at 0.1 A/g, 0.25 A/g, 0.5 A/g, 0.8 A/g, and 1A/g are 948, 802,
632,500, 415mAh/g and in the following cycles, the capacity fades sharply to be stable at around 300
mAh/g.

Figure 51 shows the curves for cycling capability at even a higher current density 1.2 A/g after 10
cycles at 0.1 A/g for SnS,/G/ PAN/150°C and SnS,/G/ PAN/500°C. It can be concluded that after 200
cycles for SnS,/G/PAN/150°C the capacity reaches to 600 mAh/g while for SnS,/G/ PAN/500°C, it is
only 200 mAh/g, which is attributed to the degradation of the electrode structure leading to the
instability in SEI structure.
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Figure 48: (a) (b) Rate capability of SnS,/G/PAN with heat treatment (80 °C (reference),) followed by
cycling capability.
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capability.
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Figure 51: Cycling capability of SnS,/G/PAN with heat treatment (150 °C, 500 ° C) at high current
density after 10 cycles at 0.1 A/g for SnS,/G/PAN.

To understand the real battery performance of SnS,/G, it is necessary to calculate the theoretical
capacity for these hybrid composites. Firstly based on the traditional reaction mechanism, the
theoretical capacity of SnS; is 645 mAh/g. Also, the capacity for graphene is considered as

457 mAh/g, which is estimated from the maximum charge capacity from Figure 47d .The percentage
of graphene is 19.5% from TGA and SnS; occupies 80.5%. Then the theoretical capacity for SnS,/G

is obtained as the following shown:

C theoretical for sns2/c = (C sns2 * Mass% of SnS,) + (Ceraphene™ Mass % of Graphene) = 645* 0.805 + 457*
0.195= 608 mAh/g
However, the theoretical capacity is less than the observed ones (stable charge capacity observed in
Figure 47) which are almost twice higher than this value: 1200 and 1020 mAh/g. It is pointed to a
new reaction mechanism. Previous literature has shown that Li,S are active in electrochemical
performance.[125, 126] In this case, taking Li,S into consideration, there should be a reversible
capacity for Li,S which represents a theoretical capacity for SnS, of 1231 mAh/g. [107, 127]Builted
on this principle, there are increase in the theoretical capacities for SnS,.[33] The theoretical capacity

for SnS,/G is the below shown:

C theoretical for sns2ic = (C sns2 * Mass% of SnS;) + (Caraphene™ Mass % of Graphene) = 1231* 0.805 +

457* 0.195= 1079 mAh/g
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This value gives a reasonable explanation for higher charge capacities of SnS, /G than traditional
theoretical capacity. And it is proposed that the sulphur in SnS,/G/PAN/150°C is totally reversibly
reacted with lithium ions during the charging/discharging process (Figure 47).

To further approve the new mechanism for chemical reactions, cyclic voltammetry for
SnS,/G/PAN/150°C is used to explain the detailed procedure for lithium insertion and de- insertion as
shown in Figure 52. During the first cycle, there are two reduction peaks at 1.26 V, 0.1 V. At 1.26 V,
it is attributed to the decomposition of SnS,, the formation of Li,S. At 0.1 V, it means the alloy of
lithium ions with metallic tin and the lithium storage for graphene layers. During the anodic sweep,
the peak at 0.5 V represents the delithtiation of lithium alloy .There are another two peaks at 1.8, 2.2
V. The peak at 1.8 V is proposed the delithtiation of lithium sulfide and at 2.2 V, which is assigned
the transformation from lithium sulfide to poly sulfides. These five peaks (two cathodic peaks and 3
anodic peaks) are unchanged from the second cycle,which is suggested the good stability of
SnS,/G/PAN/150 °C. The peak at 1.8 V in the anodic side is believed the delithiation of lithium
sulfide and there is no loss in current compared with the first cycle, which confirms the proposal that

the total sulphur in SnS,/G/150 °C contributes to the reversible capacity.

67



0.15
0.10
0.05
0.00

:0.05

20.10

0.15

-0.20

0.25h

030 ® (@)

(c) (d)

SnS,/G/PAN/ 150°C

Current (mA)

g1 cycle
=2 cycle
=—b= 3 cycle

2.0 2.5 3.0

0.5 1.0 1.5

Potential vs Li/Li* (V)

Figure 52: Cyclic voltammetry testing for SnS,/G/PAN/150°C in a voltage range from 3 to 0.1V vs.

Li/Li" at a scanning rate 0.1mV/s.

To understand the reason that the high rate capability of SnS,/G/PAN/150°C, Nyquist plots were

tested in a frequency range 1 x 10 to 1 x 10 Hz and at the amplitude of 10mV/ after finishing 10
cycles with voltage 2.4V. It is shown in Figure 53, at high frequency range, there are two semicircles
for SnS,/G/PAN/150°C and SnS,/G/PAN/500°C electrodes, which suggests the charge transfer
resistance (Rct) and SEI resistance (Rsg). In the low frequency range, the inclined curves are clearly
observed, which demonstrates the Warburg impedance. It can be seen that the radius of
SnS,/G/PAN/150°C is smaller than that of SnS,/G/PAN/500°C, which indicates lower Rct and Rgg, of
SnS,/G/PAN/150°C. This result matches the rate capabilities trend between these two types of

electrodes.
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Figure 53: Electrochemical impedance spectroscopy (EIS) plots for SnS,/G/PAN/150°C

andSnS,/G/PAN/500°C in a frequency range 1 x 10 to 1 x 10 Hz and at the amplitude of 10 mV/
after finishing 10 cycles with voltage 2.4 V.

Conclusion:

In this work, graphene is commonly used to improve the stability of SnS, nanostructures and PAN is
unitized to optimize the electrode structure. Three temperatures for heat treatment are applied in the
as- prepared electrodes: 80 degrees (normal drying temperature as comparison), 150 degrees (higher
than the glass transition temperature PAN), 500 degrees (the temperature after carbonization of PAN
and the phase transition temperature for SnS; to SnS). It is observed that SnS,/G/PAN/150°C shows
excellent electrochemical performance for the cooperation between PAN and graphene, which
enhance the stability, and the function of sulphur in composites, which contributes to high capacity.
More importantly, a unique reaction mechanism links the LIBs and lithium sulphur batteries, which

open a new time for the investigation of metal sulfides material.
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Chapter 5

Summary and Future work

5.1 Summary for tin based materials

Tin sulfides with graphene were prepared to investigate the electrochemical performances as
anodes in lithium ion batteries. Initially, tin ion precursors were oxidized by graphene oxides and
transferred to tin disulfides nanosheets. After that, it was annealed at controllable temperature to
obtain tin sulfide nanorods chemically. In terms of initial capacity, cycle stability and rate capability,
GSN-SnS demonstrates the best performance which is superior to the conventional graphite. It is
observed that GSN-SnS shows around 1500 cycling performance which is considered as the longest
cycles for tin sulfide materials compared with published papers. At the same time, the promising
performance for GSN-SnS is attributed to the graphene layer, which provides the space for volume
expansion. With the remarkable rate capability and cycle stability, the GSN-SnS composite is referred
as highly promising anode electrode materials for next generation lithium ion batteries.

Additionally, the second work is focused on the design of the electrode based on the SnS,/G
synthesized by solvothermal method. Binder plays a significant role in this project. PAN works as
polymer binder and conductive addictive, which mixed with active material followed by different
temperature annealing. It is seen that SnS,/G/PAN/150°C with the rearrangement of the electrode
exhibits the optimal performance, which is stable at 1200 mAh/g at 0.1 A/g and 1020 mAh/g at 0.25
Alg. It is attributed to the advantages of the flexible graphene. Also, the recombination of PAN with
SnS;, provides a beneficial room for the electron path. Moreover, from this study, a new mechanism is
proposed and proved, which creates a bridge between lithium ion battery and sulphur battery. It also

benefits the research on the reaction principle on metal chalcogenides as anode materials.

5.2 Future work

For future work, it is suggested as the following:

1. Interms of tin based material, it is meaningful to propose tin nanoparticles as anode for LIBs
due to a high theoretical capacity for tin .Tin nanoparticles (<10nm) will decreases the
negative effect on the large volume expansion, resulting in the enhanced stability.

2. For the research on the anode material, silicon is more interesting in practical applications for
the highest theoretical capacity. Nevertheless, silicon has low conductivity, large volume

expansion and the formation of SEI, which leads to a capacity fading. It is proposed that
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combining commercial silicon nanoparticle with carbon nanotubes and cyclized PAN, which
may introduce a robust new design for silicon electrodes.

Sulphur batteries are popular as cathode materials with the highest theoretical capacity, which
is the optimal choice for cathode materials in silicon based batteries. There are three
challenges for sulphur as cathode: low conductivity, the dissolution of sulphur in electrolyte,
large volume expansion. It is suggested that synthesizing sulphur with conductive material.
Then lilitiating the silicon electrode, assembling into full battery will lead to a jump in the
improvement in the energy density.
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