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ABSTRACT

Lithium (Li)-ion batteries have attracted wide attention for grid-scale energy storage
application in the last several years. The price of lithium-ion batteries is dramatically
constrained, however, by the extent of lithium sources. Therefore, sodium-ion batteries are
regarded as a substitute for lithium-ion batteries because of both the low cost associated with
the high natural abundance of sodium and the decent energy densities, which is similar to
those for Li. This Master's work on sodium-ion batteries can be mainly divided into two
parts: 1) synthesis of antimony-tin alloy materials for anode materials in sodium-ion
batteries; 2) synthesis and characterization of carbon-coated Graphene-SnO, (i.e.,
Gr-Sn0O,-C), carbon-coated Graphene-SnS (Gr-SnS-C) as anode materials for rechargeable

sodium-ion batteries.

Alloy-based materials were prepared by a simple and low-cost technique with the addition
of a reducing reagent. Firstly, polyacrylonitrile (PAN) was first dissolved into
N,N-dimethylformamide(DMF). Then, antimony chloride and tin chloride dihydrate were
added to the solution, followed by a simple electrospinning method. After carbonization,
SnSb alloy could be obtained. By this method, nanofibers with a diameter of 100nm
nanofiber could be obtained, which creates pathways for ion conduction. At the same time,
numerous factors that have an impact on performance and many comparisons were
investigated, for example, the selection of different binders, different electrolytes, etc. SnSb
alloy shows a relatively higher electrochemical performance than pure Sb and pure Sn. In
terms of the selection of binders, carboxymethyl cellulose (CMC) binders have higher
performance than PVDF. What is more, the composites which contain PAN also provide
higher capacity and better rate capability. After several comparisons, SnSb nanofiber which
uses CMC as binder and PAN in its solution was found to have the best electrochemical
performance (480mAh g after 100cycles) with the current density of 270mA g*. The
excellent electrochemical performance indicates that the SnSb alloy nanofiber could be a

very promising candidate as anode material for sodium-ion batteries.
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For carbon coated Graphene-SnS (Gr-SnS), firstly, Graphene-SnO; (Gr-SnO;) material was
prepared by an environmentally friendly and simple hydrothermal technique. Then,
carbon-coated SnO,/graphene nanosheets (Gr-SnO,-C) were also synthesized on the gram
scale via a similar hydrothermal method, followed by carbonization. In this method, the
obtained SnO, particles are uniformly distributed on the surface of the graphene and the
carbon coating layer, which can work together to effectively maintain the stability of the
structural arrangement, serve as good electronic conductors, and allows Na* access. In
addition, the surface carbon coating layer can effectively separate the SnO,/graphene sheets,
preventing aggregation during the charge/discharge processes. After sulfidation, the
Gr-Sn0O,-C was transformed to carbon-coated Graphene-SnS (Gr-SnS-C). The composite
provides quite good electrochemical performance, 680mAh g* at the current density of
90mAg™. This work reveals a new method to prepare carbon-coated metal oxide on
graphene, which could be used to prepare electrode materials with excellent electrochemical

performance for sodium-ion batteries.
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CHAPTER 1 INTRODUCTION

Recently, lithium (Li)-ion batteries have attracted wide attentions for grid-scale energy
storage application in the last several years.™ Their high cost, low stability, and safety issues
could be the main barriers, however, for their wide usage. As an alternative to the Li-ion
batteries, the Na-ion battery (SIB) has recently again attracted considerable attention for
large-scale energy storage in renewable energy and smart grid applications, because of both
the low cost associated with the high natural abundance of sodium and the decent energy
densities, which are similar to those for Li.!*® Given this similarity, many mature electrode
materials for the Li-ion chemistry have been investigated as drop-in replacements for Na-ion
batteries.’ Great efforts had been made on sodium ion batteries using this tactic, but without
good performance, simply because the Na ions have a larger radius than Li ions, which
triggers difficulties for rapid ion insertion and extraction, leading to poor cycling stability
and low capacity.l”? Only a few candidates are capable of reversible insertion/extraction for

Na ions.

In the field of sodium-ion batteries, there are many research areas and many methods to
enhance performance, such as synthesizing new anode and cathode materials for electrodes
with high capacity or creating different nanostructured materials. In this study,
nanostructured electrode materials with different morphology and particular structures, such
as mesoporous, shell, and nanofiber structures, have been synthesised to achieve better

electrochemical performance for sodium-ion batteries.

Chapter 2 presents a systematic review of lithium batteries and sodium batteries, including
the basic concepts of batteries (rechargeable batteries, lithium-ion batteries, and sodium-ion

batteries), the history of battery development, and a review of the recent literature on SIBs.
14



Chapter 3 describes all the experimental methods and chemicals used in this study in detail.
The fabrication procedures and techniques used for synthesizing the electrode materials are

also mentioned specifically.

Chapter 4 presents a series of impact factors that were investigated, such as the choice of
electrolyte, the choice of binder, and the choice of solution. From many comparisons, the
best choice of conditions can be selected for better electrochemical performance. It also
describes the facile synthesis of nanofibers which encapsulated tin-antimony alloy, by a very
simple electrospinning method. High capacity and good stability were achieved for SnSh

alloy anode in sodium-ion batteries

Chapter 5 reports the synthesis and characterization of carbon-coated graphene-SnS
composites with a special yolk-shell structure as anode material for sodium-ion batteries. As
the result of a two-step hydrothermal method, the graphene-tin/antimony-carbon (Gr-SnS-C)
composite, which contains both a carbon and a graphene layer, could deliver much higher

capacity and maintain good cycling stability.

Chapter 6 summarizes the general conclusions of this study

15



CHAPTER 2 LITERATURE REVIEW

2. 1 Introduction to Sodium-ion Batteries

2.1.1 General introduction to sodium-ion batteries.

With the development of the global economy and modern technology, the energy supply
plays a dominant role in our daily lives, which has generated the need for rechargeable
batteries with both high energy density and high rate capability. Lithium-ion batteries show
outstanding electrochemical performance among all the different rechargeable battery

systems, as shown in Figure 2.1.[
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Figure 2.1 Comparison of the different battery technologies in terms of volumetric and

gravimetric energy density.®!
16



As shown in Figure 2.2, the use of lithium-ion batteries has expanded rapidly and will
continue to increase, which will dramatically increase the price of Li-ion batteries because
of the relatively low natural abundance of lithium.® Due to the abundance of sodium, its low
price, greater safety, and the high similarity of both Li and Na insertion systems, sodium-ion

batteries are attracting more and more attention as the replacement for Li-ion batteries.!%

00
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Figure 2.2 Forecast expansion in demand for lithium-ion batteries. GWh = gigawatt hours."!

The sodium-ion battery was first researched in the late 1970s along with the research on
lithium-ion batteries.™ It did not receive much attention at first, mainly because of the
excellent performance of Li-ion batteries. While the lithium-ion battery technology is quite
mature, there are still many problems which cannot be solved, such as lifetime, safety, poor
performance at low temperature, and low abundance of Li, leading to the rapid development
of research on the sodium-ion battery. According to Table 2.1, it can be seen that Li is much
more expensive than Na.l*) Therefore, great efforts have been made in this area in order to

17



catch up with Li-ion technology, mainly in two directions, finding new materials which have

good electrochemical performance and synthesizing new nanostructures.

Atonic . .
Metal . Voltage/V Price/t Radium/A Abundance/%
weight/(g/mol)
Li 6.94 -3.043862 5000 0.69 0.00006
Na 22.99 -2.711166 150 0.98 0.0264

Table 2.1 Lithium versus Sodium characteristics.™*?!

2.1.2 Basic mechanism of sodium-ion batteries

In order to supply the needed voltage and enough capacity, a battery is often composed of
several cells, each of which include three main parts, a positive electrode (cathode), a
negative electrode (anode), and an appropriate electrolyte. The main reactions are the
transfer of sodium ions from the cathode to anode and back again through the electrolyte.

The principle of the sodium-ion battery is shown in Figure 2.3.

, S

discharge

Electraiyte

Figure 2.3 Schematic of diagram Na® extraction and insertion in rechargeable sodium-ion

batteries.
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In sodium-ion batteries, when the battery is discharged, Na* ions are transferred from the
anode and then inserted into the cathode through the electrolyte. When the battery is charged,

the process is reversed.

2.1.3 Basic concepts and principles

As mentioned above, a battery is often composed of several cells, which each include three
main parts, a positive electrode (cathode), a negative electrode (anode), and an appropriate
electrolyte. What is more, there is a separator between half cells allowing ions to flow and
preventing contact between different electrolytes. During the discharge process, reduction
occurs at the cathode, which leads to the acquisition of electrons, while oxidation occurs at
anode, which deprives it of electrons. To better analyze the electrochemical performance
and describe the battery system, some basic concepts and principles should be discussed as

follows:

(a) Potential

A standard cell potential can be determined by the potential difference between the anode
and cathode of the sodium-ion battery.

AG=-EF (2.1)
where AG = Gibbs free energy

F= Faraday constant (96485.3399C mol™)

E = Electrode potential

19



(A)

25

1.5

Voltage/V (vs. Na/Na*)

0.0 F

20t

1.0 F

05t

bl-h{{;&. @-Mn0

FeF yggiaV 104
F‘-%\":lm
NaTia{ P04

- Ti0 Nl o5
Numﬂl'
@ Moy

W HICo0

5 /M Se 9

¥ ey e
= .Nllg -

Casban-based materials ()
By + Metsl exideivalide materialy ()
Geganic + Fhosphosus-bused materialy. )

[ Ha¥a(Poy
@5ba0y

arbas black
Graphite ®5nC gshic

4 "V«M"w @5a5HiC
. ’H -
Cell gy M0

%

Phosphorus/C )

Carbon ﬁbﬂ.ﬂﬂh’h‘\‘lﬂmﬂ
1 L

1 1 1
0 500 1000 1500 2000

Specific capacity/(mAh-g-1)

(8)

Voltage/V{vs. Na/Na")

4.0

35

3.0

2.5

2.0

Oxide-bused matertals ()
Fhasphareifiouride-based materials

= i Nag VP03
My s VOPOFo g J
-

MaFe(ha

v .
BaVPOF & [ R b

MaiValPOyls Ha¥Mio Mo 30
ey g b O 1 iHal
PRl T e

Nl s s M /30 N

0a/ M Sy .\‘.if' 1hdna/ ol

D) marek

@ rviois
.\;\'m

0 50

100 150 200 250 300
Specific capacity/(mAh-g-")

Figure 2.4 Voltage versus capacity for anode (A) and cathode (B) materials. The output

voltage values for Na-ion cells or Na-metal cells are represented.

[13]

For sodium rechargeable batteries, most of the cathode and anode materials are represented

in Figure 2.4, in which the electrochemical potential and the typical sodium ion storage

capacities of both anodic and cathodic materials are summarized.[** The terms “cathode’ and

‘anode’ are defined in terms of the higher or lower potential electrode, respectively.

Therefore, the active materials discussed later will all be acting as cathode (with Na metal

anode) in a half cell, but actually, what they really are is determined by their potentials.

(b) Open circuit voltage (OCV)

Open circuit voltage is the voltage across the terminals of a cell or battery when no external

current flows. It is usually close to the thermodynamic voltage for the system.

20



(c) Discharging

Discharging is the operation which batteries deliver electrical energy to an external load.

(d) Charging

Charging is the operation in which the battery is restored to its original charged condition by

reversal of the current flow.

(e) Theoretical specific capacity

The theoretical capacity is a significant parameter used to evaluate the performance of active

materials. The theoretical capacity (Qrsc) can be calculated by the following equation:

_an 5
QTSC_ M ()

Where n is the number of moles of electrons transferred in the electrochemical reaction, F is
the Faraday constant (96485.3399 C/mol), and M is the molecular weight of the active
materials.

(F) Specific charge/discharge capacity (Q.or Qq)

(Qc or Qq) can be calculated by the total amount of charge transferred in the following

equation:

I Xt
Qc (orQd) = — (2.3)

Where | represents the current (mA), t is the time (h), and m is the mass of active materials.

21



So that Q. or Qq is in units of mA h g™.

(9) Specific energy

The specific energy can be described as the amount of energy that can be delivered in a
constant mass or volume. The terms specific energy (SE) is expressed in units of Wh/kg, and

energy density (ED) is expressed in units of Wh/L.

E—EXQ 2.4
~ 1000 (24)
ED_EXQXm 2t

1000 XV (2:5)

Where E is the voltage (V), Q is the specific capacity (mAh kg-1), m is the weight of the cell
(kg), and V is the volume of the cell (L).

(h) Power

Specific power (SP, expressed in watts per kilogram, W/kg) and power density (PD, in
watts per liter, W/L) is the ability of the cell to deliver power per unit mass and per unit

volume, respectively.

SE
ED

Where t is the discharge time (hours).

22



(i) Coulombic efficiency

Coulombic efficiency represents the ratio between the energy eliminated from a battery

during discharge compared to the energy used during charge. It is expressed as a percentage.

th
n= jtmgj x 100% (2.8)

(1) Rate capacity

The term charge/discharge rate or C-rate is usually used to represent the speed of charge and
discharge, which can be regarded as the fraction of the rated capacity of the battery that is
conveyed in ampere-hours (Ah). For instance, C/5 (0.2 C) means a full charge/discharge
(one cycle) would take 5 h. Namely, a larger denominator in the term rate means a longer

time to finish one cycle of charge/discharge.

(K) Short Circuiting

A short circuit is an electrical circuit that allows a current to travel along an unintended path,
often where essentially no (or a very low) electrical impedance is encountered. A large
current can cause rapidly increasing heat, sometimes causing damage to the wire's insulation

or a fire.

() Trreversible capacity

Irreversible capacity is a parameter to demonstrate the capacity loss after running each

cycle.
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For anode materials:

Trreversible capacity = n"'Qq4 - n™Q. (2.9)
For cathode materials:

Trreversible capacity = n" Q. - n" Q4 (2.10)

Irreversible capacity is a significant factor that can reflect the stability of the cells during

charge and discharge process.

2. 2 Cathode materials for Sodium-ion batteries

The cathode materials for sodium-ion batteries can currently be divided into three main
different types: (1) layered sodium transition metal oxides (NayMO,), (2) sodium metal
phosphates (NaMPQ,), (3) sodium metal fluorides (NaxMF3). Therefore, an introduction is

presented on each of the above three types of advanced materials.
2.2.1 Sodium transition metal oxide (NayMO)

In the 1980s, Delmas.et al. was the first to synthesize four different phases of sodium cobalt
oxide, 03, 0’3, P3, and P2 respectively.l* At that time, sodium cobalt oxide was attracting
great attention due to its high specific energy, 260Wh/kg and operating potential 2~3.5V (vs.
Na‘/Na), and quite good stability. Arienzo et al. used CosO, as the precursor for
hydrothermal synthesis of Nay7:C00,, with a capacity of 120, 105,and 80mAh g™ at the
current density of 5, 20, and 40mA g, respectively."® Later, Yabuuchi synthesized a new
P2-Nays[Fe12Mny2]O, compound which had better electrochemical performance (190mAh
gtat 13mA g in the first cycle).' Liu et al. creatively used NaV¢Oys as cathode because it

has excellent cycling stability and rate capability. When the current density was 20, 50, 100,
24



and 200mA g, the capacity was 142, 106, 92, and 78mAh g, respectively. After 30 cycles,
it still has the capacity of 62mAh g*, which is reasonably high for that time.'"! Figure 2.5
presents the structure of one type of Nag44,MnO,. In brief, sodium transition metal oxide has
become a promising material owing to the following reasons:

1) Easy to synthesize

2) Environmental friendliness

3) High potential and good cycling retention

[18]

Figure 2.5 the structure of Nag 44MnO,.

It still has certain limitations, however. Firstly, these kinds of materials suffer a dramatic
degradation of capacity when the voltage is high (above 4V). Secondly, the sodium ion has a
bigger radius than the lithium ion, which makes it harder to insert into or extract from the

transition metal oxide.

In order to overcome these drawbacks mentioned above, great efforts have been made.
Among all the various approaches, carbon doping was considered to be an effective way to
improve the performance of the cathode because carbon could separate the electrode
material and the electrolyte, which slows down the formation of the solid electrolyte
interphase (SEI) film. Furthermore, the carbon coating layer can increase the conductivity of
sodium ions. Ding et al. reported that carbon-coated NaCrO, (NaCrO,-C) had a higher

reversible capacity and better cycling stability than NaCrO,.') When the current density
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was 5mA g, the capacity of NaCrO,-C and NaCrO,was 116 and 106mA g, respectively.
After 40 cycles, the capacity dropped to 110 and 90mA g, respectively.

2.2.2. Sodium metal phosphates

Sodium metal phosphates can also be divided into three different types:

1)NaMPO, (M=Fe, Mn.....)
2)NaXM2(PO4)3 (M:V, Ti... )
3)NaMPO,F (M=Fe, Co, Ni, Mn....)

(1) NaMPO,

NaMPO, also receives great attentions for the cathode material in sodium-ion batteries
because LIMPO, is a well-known cathode material in lithium-ion batteries. NaFePO, which
have several advantages, good capacity (nearly 150mAh g%), non-toxicity and
environmental friendly, is regarded as one of the promising materials among all the

candidates. The typical equation is as follows:

xNaFeP04 — xNa® + xe™ + xFeP0s4 + (1 — x)NaFePOs (2.11)

xLiFeP04 — xFeP04 + xLi* + xe™ + (1 — x)FeP04 (2.12)

NaFePO,also has its drawbacks, however. There are only a few methods to synthesize this
material, and the methods are quite complex. Therefore, to find an easier way to synthesize
the NaFePO,is the most important aspect for improving the electrochemical performance.

The structures of NaFePO, and LiFePO,are shown in Figure 2.6.12"
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(a)NaFePO, (b) LiFePQO,

Figure 2.6 Comparison of structures of NaFePO, and LiFePO,.[?

(2) NaMo(POL)s (M=V, Ti....)

Na,M2(POy)s (M=V, Ti....) is a new material for Na* ion batteries, which has a special three
dimensional path for ion conduction. NazV,(PO,)s, with good cycling stability, rate
performance, and capacity, is regarded as the representative for this kind of material.*
Du et all reported that a cell which used NasV,(PO,); as cathode and
LiPFe-EC:DEC:DMC=1:1:1, where EC is ethylene carbonate, DEC is diethyl carbonate, and
DMC is dimethyl carbonate, as the electrolyte exhibits excellent cycling stability. When the
current density is 0.1C, the capacity of the first cycle can reach as high as 114.2mAh g*, and
97.4% of the capacity is retained after 100 cycles. What is more, it also has excellent rate
performance. With the current density of 0.1C, 0.5C, 1C, 2C, 5C, and 10C, the capacity is
114.2, 109.3, 107.0, 104.9, 100.5, and 84.4mAh g*, respectively. To get better
electrochemical performance, Hu et al. ® creatively presented a new type of carbon-coated
NazV2(PO,)s. This material, NazV,(PO4)s/C, can provide a voltage of 3.4V, which is much
higher than for most cathode materials for sodium-ion batteries. Furthermore, the reversible
capacity can reach as high as 100mAh g*, which is close to the theoretical capacity
(117mAh g™). The coulombic efficiency is calculated to be 98%, which is very high. After
80 cycles, the retention of capacity is 93% versus the first cycle capacity. In brief, this
environmentally friendly material, NayM,(PO,)s, seems to be a promising candidate for the

future.
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(3) NaMPO,F (M=Fe, Co, Ni, Mn....)

NaMPO,F (M=Fe, Co, Ni, Mn,...) with a high voltage (3.7V versus Na+/Na), relatively
high capacity (82mAh g%), and good ion insertion capability has been receiving great
attention. Among all these kinds of materials, NaxFePO,4F can be identified as the commonly
used material. Nazar et al.?* were the first to report that Na,FePO,F could be used as the
cathode material for a 3.5V (vs Li*/Li) hybrid sodium lithium battery. They explained that
this material can realize the insertion of only one sodium ion. During the charge and
discharge processes, the Na,FePO,F is transformed to NaFePO,F and reverses back to
Na,FePO4F. Langrock et al.”® reported a carbon-coated Na,FePO,F with decent cycling
performance. The capacity remains 60mAh g™ after 750 cycles at the current density of 1C,
which is mainly attributed to the carbon coating layer. Recham et al.?®! were the first to
synthesize super-small Na,FePO4F nanoparticles, whose size was only 2.5nm. This kind of
nanoparticle can not only dramatically increase the reversible capacity, but also improves
the cycling performance. Moreover, it can decrease the effect of voltage polarization.
Although NaMPO,F has excellent electrochemical performance, it also has its shortcomings.
The biggest problem is that it will obviously produce a gas including fluoride. At the same
time, the manufacturing technique for this material is very complex.?” Figure 2.7 shows the

crystal structure of Na,FePO,F.”%®!

Figure 2.7 Crystal structure of Na,FePO,F.1®!
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2.2.3 Sodium metal fluoride (NaxMF3)

Sodium metal fluoride has been developed rapidly in the past twenty years. Gocheva et al.
(29\were the first to synthesize NaMF5; (M=Fe, Mn, Ni) compounds by a simple mechanical
method. They proved that the NaMF; made from MF, and NaF could still be active at low
temperature. Under the conditions of 1.5V—4.0V and0.2mA cm?, NaFeFs still has a
reversible capacity of 120mAh g™, while NaMnF; and NaNiF; show poor electrochemical
performance and need some improvement. Okada et al. ¥ synthesized a series of metal
fluorides such as NaFeFs;, NaMnF; and NaNiF3, for systematic research. When the voltage
ranges from 1.5V-4.5V with a current density of 0.076mA cm™, the capacity of the first
cycle can reach 197mAh g*, which is outstanding among all the sodium materials.
According to the X-ray photoelectron spectroscopy (XPS) results, it was demonstrated that
the Fe?* and Fe* ions are transformed reversibly by reduction and oxidation. In addition,
Okada also did research on using the FeF; as the sodium-ion battery cathode. When the
upper voltage window was restricted to 2V (vs. Na‘/Na), the reversible capacity was
100mAnh g* following the reduction from Fe®** to Fe?*. When the upper voltage window was
kept at 0.85V, the Fe?* was transformed to Fe® with a high discharge capacity of 700mAh g™.
The material cannot be used directly as cathode, however, because, although the metal

fluoride has the capability for sodium insertion, it still keeps in the state lacking of sodium.

2. 3 Anode materials for sodium-ion battery

2.3.1 Carbon anode materials

Carbon is one of the most basic elements in nature, which has a large variety of complex
structures due to the different source, such as oil, pitch, coal tar, benzene, graphite, polymer
resins, etc., and different methods of preparation. Figure 2.8 shows various kinds of carbon

that are used in batteries.*?
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Soft Carbon Hard Carbon Graphite

Figure 2.8 Schematic diagram of the structures of three different types of carbon. 2

As is well known, carbonaceous-based materials are regarded as the most promising
materials for producing anodes in rechargeable lithium batteries, since they went into
widespread use by Sony Laboratories due to their low cost, environmental friendliness,
cycling stability and good capacity retention.®® Graphite compounds with a theoretical
capacity of 372mAh g tend to be outstanding among all the anode materials for lithium-ion
batteries. Graphite, however, seems not to be used as anode material for sodium-ion

batteries because the sodium ion has a larger radius than the lithium ion, which leads to

g, [34-36]

difficulties in the extraction from graphite, as shown in Fig. 2.
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Figure 2.9 Electrochemical profiles of graphite in lithium ion batteries (A) and sodium ion

batteries (B).*

Up to now, much effort had been made to modify the characteristics of carbon anode
materials. Alcantara et al.*”) used amorphous and porous carbon black as the anode for
sodium-ion batteries. The electrolyte they used wasNaClO4,-EC: DMC (1:1). The cathode
material was Nag7C0O,. The reversible capacity is nearly 200mAh g, which is acceptable.
Komaba et al.*¥ reported a cell whose coulombic efficiency could reach up to 90% in the
first cycle, and there was still a capacity of 220mAh g* after 100 cycles. This is mainly
because of improvement of the electrolyte and the change in the microstructure of the
carbon. Tang et al.®® mentioned a hollow carbon nanotube which was synthesized by a
hydrothermal method. This kind of materials exhibits excellent cycling stability and rate
capacity performance. The first discharge capacity is 537mAh g™ with a voltage ranged from
0~3V (vs. Na'/Na) and a current density of 50mA g*. Then in the first ten cycles, the

capacity drops dramatically.

After 100 cycles, the capacity remains 200mAh g*. When the current density is 0.2, 0.5, 1.2,

5 and 10 A g?, the capacity is 168, 142, 120, 100, 75 and 50mAh g* respectively. The

electrochemical performance of this material is excellent mainly because of the reasons

mentioned below:

1) The special hollow structure can protect the continuous conductivity of ions.

2) The contact surface between the electrode and electrolyte of this material is bigger than
in others, which provides much more locations for transferring ions.

3) The big layered structure makes sodium ions easier to transfer.

Cao et al." reported a hollow carbon nanowire for sodium ion batteries. When the current

density was 50, 125, 250, and 500mA g, the capacity was 252, 238, 216, and 149mAh g™,
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respectively. The electrochemical performance is quite good. Gotoh et al.*Y traced the
process by which sodium ions intercalate into the hard carbon. The principle can be

described as in Figure 2.10.14%

Figure 2.10 Representation of the behaviours of which sodium intercalates into hard

carbon.*2

In conclusion, the main way to improve the electrochemical performance of sodium-ion
batteries is to find an anode material which allows easier extraction of sodium ions.
Nowadays, the ways to synthesize the carbonaceous material for anode are quite

complicated.

2.3.2 Alloy based anode materials

Alloy anodes are regarded as promising anode materials for sodium-ion batteries due to their
safety characteristics and high capacity. [***¢! Sodium can alloy with many transition metals,
e.g., Si, Sn, Sh, P, Mg, Ge, and Zn. Obviously, not all the elements mentioned above have
been researched because of many factors, such as price, safety, and abundance. Alloy-based
anode materials include not only pure metals and alloys, but also their intermetallic

compounds, either in the crystalline or the amorphous state.
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Table 2.2 makes a comparison of the electrochemical properties of alloy anodes for

lithium-ion batteries. [*"]

Materials C Si Sn Sh Al Mg
Density(g/cm) 2.25 2.33 7.29 6.7 2.7 1.3
Theoretical specific Capacity(mAh g™) 372 4200 994 660 993 3350
Theoretical charge density (mAh cm™) 837 9786 7846 4422 2681 4955
VVolume change(%) 12 320 260 200 96 100

Table 2.2 Comparison of the theoretical specific capacity, charge density, density and

volume change of various anode materials for sodium ion batteries.*”)

Although many alloy-based materials can reaches high capacity, such as Na;sSn, (847 mA h
g™), NagSb (660mAh g?) and NasGe (1108mAh g*), alloy-based materials still have their
drawbacks.[*®%4 The alloy anodes have poor cycling stability due to their large volume
changes, as shown in the Table 2.2 during the sodium insertion and extraction. What is more,
the alloy anodes suffer from high irreversible capacity loss in the first cycle, which makes
them hard to use for practical applications. This is mainly because of:

(1) The formation of solid-electrolyte interphase (SEI) films

(2) Loss of active material

(3) Aggregation of alloy particles

(4) Reaction with surface oxide layers

Figure 2.11 presents TEM images of the formation of solid-electrolyte interphase (SEI)

films.
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Figure 2.11 Low and high magnification TEM images of the formation of solid-electrolyte

interphase (SEI) films after 80cycles at the 0.2C rate.[*®

From Figure 2.11, it can obviously be seen that the appearance of the SEI films accompanies
the charge and discharge process. In the formation of SEI films, the electrolyte is first
reduced so that it hinders the conductivity of ions. Extensive research has been carried out to
find alloy materials suitable for application. Baggett et al.®® reported a method for
synthesizing Cu,Sb nano-thin films for anodes in sodium-ion batteries. The voltage of this
material is 0.5V (vs. Na*/Na) with a reversible capacity of 250mAh g, and its theoretical
capacity is 323mAh g™. Even under the current density of 10C, the cell still can provide a
capacity of 226mAh g* in the initial cycle. Qian et al.b" %8 used a simple method to
synthesize the Sb/C compounds. The Sb/C material has excellent capability for extraction of
sodium ions. In the first cycle, the capacity is 610mAh g* with a current density of 100mA
g After 100 cycles, the capacity remains 94 percent of that of the first cycle. In addition,
the reversible capacity of the cell still can reach up to 309mAh g*, even under a current
density of 2000mAh g™. Xiao et al.’* also reported a SnSb/C nanocompound by using the
same method as Qian. The initial capacity was 544mAh g™, and it displayed reasonably
good cycling stability and rate performance. The capacity dropped gradually to 435mAh g*
after 50 cycles. The loss of capacity is mainly due to the volume expansion, which changes

the structure of the material.

2.4 Binders for the sodium battery

To prepare a battery cell, the active anode materials are mixed with conductive carbon
particles and a binder, which is normally from 5% to 15%. The conventional binder used for
alloy anodes is polyvinylidene fluoride (PVDF), a thermoplastic material with poor
elastomeric properties. Therefore, an alternative elastomeric binder to PVDF is urgently

required to accommodate the large volume changes of alloy particles.*” It has been proved
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that cross-linking polymers and an elastomer binder system can improve the cycling stability
of different alloy anodes.®™™ This concept was challenged, however, when sodium
carboxymethyl cellulose (CMC) binder came out. The CMC binder was more effective in
enhancing capacity rention,® and it suggests that there are other factors which play an
important role in addition to elastic elongation. The CMC binder seems to modify the
surface to promote the formation of a stable SEI passive layer. Lestriez et al.[*® reported that
the CMC led to a more homogeneous dispersion and better networking of the active material
and the conductive carbon, while Winter et al. [ believed that there is formation of strong
chemical bonds between the CMC binder and the active materials (Si), which improves the
reversibility for Si/C electrode prepared with CMC binder. The cohesive strength plays an
important role in the improvement. In addition, the usage of a polyamide-imide (PAI) binder
increased the coulombic efficiency of a Si-based electrode from 29% to 75% in the initial
cycle. At the same time, a polyacrylate (PAA) binder has shown better performance than
CMC binder.[®! The material using PAA binder exhibited excellent capacity retention and
rate capability. All these research works indicated that the selection of a binder system plays
a significant role in the performance of active materials. There is a still long way to go to

really understand the various binder systems.

2.5 Electrolyte for sodium battery

As with the binder mentioned above, the choice of electrolyte also has a significant effect on
the cycling stability and irreversible capacity of sodium batteries. The conventionally used
electrolytes for sodium-ion batteries can be mainly divided into two types:

(1) NaPFg dissolved in carbonates, such as ethylene carbonate (EC), dimethyl carbonate
(DMC), and diethyl carbonate (DEC).

(2) NaClO, dissolved in carbonates, such as ethylene carbonate (EC), dimethyl carbonate

(DMC), and diethyl carbonate (DEC).
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NaPFs seems to perform well under most conditions except for low temperature. The low
temperature performance is limited below -20°C. The high viscosity and transference of the
Na® ions in the electrolyte may be the main reason for the poor performance in sodium
batteries. The choice of electrolyte system plays an important role in the capacity and
cycling stability, but it also is critical for the safety of batteries. It is true that the NaPFg
—organic carbonate solution still has its drawbacks. The relatively narrow stability domain
requires the use of a high voltage cathode. The high vapour pressure and the flammability
obviously trigger concerns about safety and health, which can lead to serious manipulation
hazards.
Recently, much research has been done to improve the safety issues of sodium-ion battery
electrolyte, including:

(a) Creation of a redox shuttle which can protect from overcharge

(b) New additives for a stable SEI to enhance the thermal stability

(c) Shut-down separators to properly separate the electrolyte and other parts of the cell

to prevent thermal runaway
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CHAPTER 3 EXPERIMENT

3.1 Materials and chemicals.

The chemicals and materials used in this study for synthesis, characterization and test of

electrochemical performance are listed in Table 3.1 below with the details of suppliers.

Table 3.1 Chemicals and materials used in this thesis.

Material/Chemicals Formula Purity(%) | Supplier

Sigma
Polyvinylidenedifluoride(PVDF) | (CH,CF2)n N/A Aldrich,
Australia

Timcal,

Carbon black C Super P i
Belgium

Sigma
Sodium hexafluorophosphate NaPFg 99.99 Aldrich,
Australia

Sigma
Dimethyl carbonate C3HgO3 99+ Aldrich,
Australia

Sigma
Glucose C12H2,011 99 Aldrich,
Australia
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Hydrochloric acid

HCI

36.5

Sigma
Aldrich,
Australia

Sulphuric acid

H,SO4

98

Sigma
Aldrich,
Australia

Copper foil

Cu

N/A

China

Diethyl carbonate (DEC)

CsH1003

99+

Sigma
Aldrich,
Australia

Ethylene carbonate (EC)

C3H405

99

Sigma
Aldrich,
Australia

Tetraglyme

C10H2205

N/A

Sigma
Aldrich,
Australia

Pyrrole

C4HsN

98

Sigma
Aldrich,
Australia

Nickel foam

Ni

N/A

China

Acetic acid

CH3;COOH

99.7+

Sigma
Aldrich,
Australia
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Sigma
Aldrich,
Australia

Potassium hydroxide

KOH

98

Sigma
Aldrich,
Australia

Thiourea

SC(NH2)2

>95

Sigma
Aldrich,
Australia

Tin(I1) chloride dihydrate

SﬂCngHzO

96

Sigma
Aldrich,
Australia

Nitric acid

HNO3

69

Sigma
Aldrich,
Australia

Graphite

N/A

Sigma
Aldrich,
Australia

Aluminium foil

Al

N/A

China

CR2032 type coin cells

N/A

N/A

China

Lithium metal

Li

99.9

Sigma
Aldrich,
Australia

Sodium metal

Na

99.9

Sigma
Aldrich,
Australia
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Sigma
Aldrich,
Australia

Polypropylene separator

(C3H6)n

Celgard
2500

Sigma
Aldrich,
Australia

Milli-Q Water

H.O

5
ppb(TOC)

Millipore,
USA

Ethanol

C,Hs0H

Reagent

Q-store,
Australia

Pure methanol

C>Hs0H

99.95%
abosolute

Sigma
Aldrich,
Australia

1-methyl-2-pyrrolidinone
(NMP)

CsHgNO

99.5

Sigma
Aldrich,
Australia

Sodium dodecyl benzene
sulphonate

SDBS

N/A

Sigma
Aldrich,
Australia

Carboxymethyl cellulose

CMC

99.5

Sigma
Aldrich,
Australia

Sodium perchlorate

NaClO4

99.5

Sigma
Aldrich,
Australia
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Sigma
Aldrich,
Australia

Iron(I11) chloride

FeCI3

97

Sigma
Aldrich,
Australia

Propylene carbonate

C4H603

99.5

Sigma
Aldrich,
Australia

Aniline

CeH7N

99.5

Sigma
Aldrich,
Australia

3.2 Experimental procedures

The research work for this thesis was mainly focused on synthesizing new electrode

materials, and the outline of procedures is shown in Figure 3.1. They can be divided into

four parts:

(a) Experimental design (thinking about the possibility and feasibility)

(b) Preparation

(c) Physical and morphological characterization

(d) Electrochemical characterization

Nanostructured active materials for sodium-ion batteries were characterized by a series of
physical techniques, such as SEM/TEM and so on. Electrochemical measurements were

conducted on coin-type cell.
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Figure 3.1 Overview of experimental procedures.

3.3 Materials synthesis techniques

The methods which were used in the study are the suction filtration method, the

electrospinning method, and the hydrothermal method. The specific details are given as

follows:

3.3.1 Suction filtration method

Suction filtration (Figure 3.2) is a widely used technique that can provide superior filtration
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capability in the laboratory. Traditional filtration just offers a force which draws the liquid
through the filter paper, and suction filtration provides a pressure to push the liquid. In this

study, suction filtration was mainly used to obtain material which was diluted in a solution.

Figure 3.2 Schematic diagram of suction filtration.

3.3.2 Electrospinning deposition method (ESD)

The electrospinning deposition method (Figure 3.3) is a very simple technique which uses a
high charge to fabricate uniform fibres or tubes from a solution. It mainly includes three
parts: a voltage supply, an injection syringe, and a collector. Because of the voltage
difference, the fibres come out from the tip of the syringe and are collected on the collector.
It is only necessary to set several parameters, such as the voltage, the flow velocity of the

liquid, and the distance between needle and collector.
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Figure 3.3 Schematic diagram of electrospinning depositon method

3.3.3 Hydrothermal method

The hydrothermal method can produce various morphologies and characteristics of
crystallizing substances by using closed-system physical and chemical processes that
proceed in aqueous solution at high temperature above 100° C and high vapour pressure

above 1 atm.

There are many parameters in this method, such as the duration of the reaction, the
temperature, the pressure in the system, and the initial pH of the medium. Among all the
parameters, the temperature seems to be the most significant factor, which obviously
changes the morphologies and characterization of resulting substances. In my study, the
hydrothermal method was used several times, e.g. the synthesis of Graphene-SnO, (Gr-SnO5)
and the synthesis of Carbon-coated Graphene-SnO, (Gr-SnO,-C). Normally, the autoclaves,
which are shown in Figure 3.4, suffer from a high pressure, so it is important to keep the
autoclaves very tightly closed, and the solution volume should be controlled below 2/3 of

the volume of the autoclave for preventing boiling, a major safety issue.
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Stainless stee]

Teflon chamber

Figure 3.4 Schematic diagram of stainless steel antoclave.

3.4 Characterization and measurement methods

3.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) can be used for obtaining the atomic and molecular structures of a
crystal, where a beam of X-rays is diffracted by the crystalline atoms in a sample into many
specific directions.®® Usually, unknown substances are identified by powder diffraction, by
comparing the final diffraction data against a database of standards, based on the scattering
angles and scanning rates, as was the case in my work. For characterization of
heterogeneous solid mixtures, this method can also be used to determine the relative
abundance of crystalline compounds, and XRD can be coupled with lattice refinement
techniques. For instance, Rietveld refinement can provide structural information on
particular materials. Meanwhile, XRD also can determine the strains in crystalline materials.
A pattern unique to the crystal structure of a given compound results from the scattering

from all the different sets of planes. The diffraction condition from planes with spacing, d,
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can be described by Bragg’s law:

2dsing = ni (3.2)

where d is the distance between diffracting plans, 4 is the wavelength of the incident X-ray
beam, n is any integer, and @ is the angle of incidence experienced by the X-ray beam

reflection from the faces of the crystal.

The XRD devices used in this thesis were a GBC MMA diffractometer and a
BrukerD8-Advanced X-ray diffractometer, both in UOW. Both the XRD devices use Cu Ka
radiation, 1 = 1.5406 A.

3.4.2 Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is a kind of electron microscope which offers
images of the morphology of a sample by scanning it with a high energy beam of electrons.
The basic mechanism can be summarized as the interaction of high energy electrons with
atoms in the sample, which could scatter several different signals that can be detected and
provide information on the samples' surface topography and composition. The electron
beam is normally scanned in a raster scan pattern, and from each position, the beam builds
up the image by the interaction with the sample. The minimum size of the morphology that
can be obtained is 1 nm in high vacuum, in low vacuum, and (in environmental SEM) in wet
conditions. Energy-dispersive X-ray spectroscopy (EDX) is a particular analytical technique
used for the elemental analysis or chemical characterization of a sample, which depends on
the interaction of some source of X-ray excitation and a sample. Its characterization
capabilities originate to a large extent from the fundamental principle that each element has
a unique atomic structure, allowing unique set of peaks on its X-ray spectrum. To stimulate
the emission of characteristic X-rays from a specimen, a high-energy beam of electrons,

X-rays, or protons is directed onto the sample being studied. The morphology and structures
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of samples in this thesis were characterized with a field-emission scanning electron
microscope (FESEM, JEOL 7500). Elemental mapping was also conducted on the X-ray

spectrometers attached to the JEOL-7500F.

3.4.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is another microscopy technique in which a beam
of electrons is transmitted through an ultra-thin sample, interacting with the sample as the
beam of electrons goes through. From the interaction of the electrons transmitted through
the specimen, an image of the sample can be formed, which is magnified and focused on the
imaging device, such as a fluorescent screen, a layer of photographic film, or a sensor such

as a charge coupled device (CCD) camera.

Because of the small de Broglie wavelength of electrons, TEM can achieve a higher
resolution image than light microscopes, which allows the operators to examine fine detail,
even as small as a single column of atoms (thousands of times smaller than the smallest

resolvable object in a light microscope).

The TEMs used in this thesis were a JEOL 2011, operating at 200 kV, and a JEOL
JEM-2010 in UOW and NTU, respectively. Elemental mapping was performed on the X-ray

spectrometer attached to the JEM-2100F instrument.

3.4.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a measurement which
can detect changes in the physical and chemical properties of materials with increasing

temperature at a constant heating rate. In general, TGA is used to determine selected
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characteristics of materials that display weight loss or increase because of decomposition,
oxidation, or loss of volatiles. In this thesis, TGA was used to determine the carbon or
sulphur contents in carbon or sulphur composite materials. TGA was carried out in a

Shimadzu DRG-60 or a TA Instruments 2000 in flowing Nor in air.

3.4.5 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique for the study of the vibrations of chemical
bonds and the symmetry of molecules, commonly used in chemistry to identifymaterials.® In
a Raman spectrometer, a laser light interacts with molecular vibrations, phonons, or other
excitations, resulting in the energy of some laser photons being shifted up or down. The shift
in energy gives information about the phonon modes in the system. The Raman spectra in
this thesis work were collected on a JOBIN Yvon Horiba Raman Spectrometer model

HR800, employing a 10 mW helium/neon laser at 632.8 nm.

3.5 Electrode fabrication and cell assembly

3.5.1 Electrode preparation

A working electrode includes the active materials, a conductive agent (carbon black,
Super-P), and a binder (carboxymethyl cellulose (CMC), Sigma-Aldrich,) which are mixed
with N-methyl-2-pyrrolidinone (NMP) to form a homogeneous slurry, which was spread on
Cu foil (for the anode) or Al foil (for the cathode). Then, the prepared electrodes were dried
in a vacuum oven at 130° C for 3 hours or at 80° C overnight. Finally, the electrodes were
either pressed under a pressure of approximately 3000 kg cm for 8s or left without pressing,

depending on the materials. After that, the electrode was ready to be assembled into a test
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cell.

3.5.2 Cell assembly

The cell assembly was carried out in an Ar-filled glove box. 2032-type coin cells or
Swagelok-type cells were used with lithium foil as both the counter and reference electrode
and a porous polypropylene film as separator. The specific capacity was calculated based on
the mass of active materials in the electrode, and the electrolyte was added when the
electrodes were assembled on both sides of the separator. After assembly, the cells were
aged 24 hours beforeelectrochemical testing. A schematic diagram of the coin-type cell is

shown in Figure 3.5.

Top cap

<> Lithium foil

S— —— Separator

Working electrode

— Bottom cap

Figure 3.5 Schematic diagram of a coin-type test cell.
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3.6 Electrochemical measurements

There are various measurement techniques that are used to evaluate the electrochemical
performance in this research work, such as cyclic voltammetry, galvanostatic

charging/discharging, and electrochemical impedance microscopy.

3.6.1 Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV) is a unique technique that is used to evaluate the current which
develops in an electrochemical cell under conditions where the voltage is in excess of that
predicted by the Nernst equation. CV is performed by following the cycling of a working
electrode, and testing the resulting current. The potential of the electrode is varied linearly
with time, whereas the reference electrode is kept on a constant voltage, and the counter
electrode conducts electricity from the signal source to the working electrode. In the study,
the CV data were acquired on either an Ametek PARSTAT 2273 electrochemistry

workstation or a CHI 660 electrochemical workstation (CH Instrument).

3.6.2 Galvanostatic electrochemical testing

Galvanostatic electrochemical testing is a measurement technique that depends on

maintaining a constant current density. The cells can be tested for rate capability at

various current densities. In the study, a Land battery tester (China) was used.

3.6.3 Electrochemical Impedance Spectroscopy (EIS)

A common impedance spectrum for active materials consists of a low-frequency semicircle
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and a high-frequency linear tail. The semicircle represents the kinetic processes from the
charge transfer resistance and the double layer capacitance. The linear tail reflects the
solid-state diffusion of Li ions into the bulk of the active materials. In this thesis, EIS data
were collected on an Ametek PARSTAT 2273electrochemistry workstation or a CHI 660

electrochemical workstation (CHInstrument).

3. 7 Nomenclature and symbols used in the thesis

3.7.1 Nomenclature

Table 3.2 List of Abbreviations

List of Abbreviations

Abbreviation Full name

BET Brunauer-Emmett-Teller
PTFE Polytetrafluoroethylene
PVDF Polyvinylidene fluoride

TGA Thermogravimetric analysis
3D Three-dimensional

a.u. Arbitrary unit

SEI Solid electrolyte interphase
SEM Scanning electron microscopy
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MWCNT Multi-walled carbon nanotube

SIBs sodium ion batteries

NMP 1-methyl-2-pyrrolidinone

CCD Charge-coupled device

CNT Carbon nanotube

Ccv Cyclic voltammetry

TEM Transmission electron microscopy

SWCNT Single-walled carbon nanotube

DEC Diethyl carbonate

EC Ethylene carbonate

ECs Electrochemical capacitors

HRTEM High-resolution transmission electron microscopy
EDX Energy dispersiveX-ray spectroscopy

EIS Electrochemical impedance spectroscopy
EV Electric vehicle

HEV Hybrid electric vehicle

FE-SEM Field-emission scanning electron microscopy
XRD X-ray diffraction
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JCPDS Joint Committee on Powder Diffraction Standards
3.7.2 Symbols
Table 3.3 Symbols

Symbol | Name unit

20 Peak position of XRD °

C-rate Charged or discharged rate mA

Qc Specific charge capacity mAh g*

Qq Specific discharge capacity mAh g*

R Gas constant = 8.319 J Kt mol?

Ret Charge transfer resistant Q

SBET | Specific BET surface area m?g*

SE Specific energy Wh kg*

SE Electrochemically active surface area m?g*

SP Specific power W kg™

t Time hors

T Temperature Kor°C

n Coulombic efficiency %

y) X-ray wavelength A
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L Crystal size nm

m Active material weight g

N Avogadro's number = 6.022 x 102 mol™

P Equilibrium pressure P

Po Saturation pressure P

PD Power density wL?

Q Specific capacity mAh kg™
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CHAPTER 4 High Capacity and Excellent Cycling Performance of SnSb Carbon

Nanofibres for Sodium lon Battery Anodes

4. 1 Introduction

Lithium (Li)-ion batteries have attracted wide attention for grid-scale energy storage
application in the last several years. The price of lithium-ion batteries (LIBs) is dramatically
limited, however, by the store of lithium resources. Therefore, sodium-ion batteries (SIBs)
are regarded as a substitute for lithium-ion batteries because of both the low cost associated
with the high natural abundance of sodium and the decent energy densities, which is similar
to those of LIBs.*”" Great efforts have been made on sodium ion batteries, but without
good performance, simply because the Na ions has the larger radius than the Li ion, which
causes the difficulties for rapid ion insertion and extraction, leading to poor cycling stability
and low capacity."®% Only a few candidates are capable of reversible insertion/extraction

of Na ions.

Nowadays, alloy-based materials are attracting considerable attention because they usually
provided high gravimetric and volumetric specific capacity. Similar to Li, Na can also alloy
with many metallic elements, such as Si, Sn, P, Sn, Mg, and Zn, and their intermetallics.2¢!
Among all the candidates, transition metals such as tin (Sn), antimony (Sbh), and germanium
(Ge) are regarded as promising materials because of their high theoretical capacity of
847mAh g (NawisSns), 660mAh g (NasSh), 1108mAh g (NasGe) respectively.®°! Na
alloy reactions also have slightly higher thermodynamic potentials than that of Li, which
makes them safer. The large volume change during the sodiation, however, hinders efficient
conductivity of ions, leading to low capacity. The alloying reaction between the transition
metal and the sodium causes aggregation of metallic particles and electrode pulverization, as
well as the regeneration of the solid electrolyte interphase (SEI) film, which leads to rapid

deterioration in cycling stability.®>?%! To solve the problems, several strategies have been
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put forward to improve the electrochemical performance of sodium ion batteries. Among all
the strategies proposed, the use of nanostructure seems to be regards as the most efficient
way to improve the properties of energy storage materials. Hence, different kinds of
nanostructure have been proposed, such as nanoparticles (NPs), nanowires, nanofibers,
nanospheres, nanosheets, etc.!'%1%! The nanostructure can not only buffer the massive
volume changes and electrode pulverization during charge and discharge, but also improves
the ionic conductivity.?® Recently, Liu et al."%"! reported a single crystalline structure with
a capacity of 128 mAhg™after 1000 cycles. Xue et al.’®! proposed a simple nanofiber,

which showed excellent cycling stability with 97% capacity retention after 150 cycles.

In this work, we demonstrate a simple approach to make a porous carbon nanofiber (CNF)
in which the alloy particles are uniformly distributed for rechargeable SIBs using
electrospinning and a thermal treatment process. In this way, the 1-D structure can not only
tolerate the massive volume change, but also creates pathways for Na ion conductivity.
Having researched various alloy-based elements, we finally chose the SnSb intermetallic
phase because of its high theoretical capacity and similarity to pure Sn. As a consequence,
the SNSbNP@C composite exhibits a high reversible capacity of 537.9mAh g and excellent
cycling stability for Na ion storage. After 70 cycles, the capacity remains 98% of the initial

capacity, which is about 500mAh g,

4. 2 Experimental

4.2.1 Sample preparation

0.65 g polyacrylonitrile (PAN) was first dissolved into 10ml N, N-dimethylformamide
(DMF). Then, 3mmol antimony chloride and 3mmol of tin chloride dihydrate were added to

the solution at 60°C with vigorous stirring for 24 hours. Finally, the obtained solution was
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prepared as the precursor solution for electrospinning. The precursor solution was loaded
into a plastic syringe connected to a blunt-tip needle, which was connected to a syringe
pump. A voltage of 15kV was supplied between the tip of the needle and the template for
electrospinning. The flow rate and distance between the needle and the collector were set to

be 0.8ml h™* and 15cm, respectively

The products collected after electrospinning were firstly put into an atmosphere-controlled
tube furnace and stabilized at 250°C for 10 hours with a heating rate of 2°C min™. Then,
the temperature was increased from 250°C to 600°C under argon(Ar)/hydrogen(H,)
atmosphere with a heating rate of 1°C min™ and maintained at 600°C for 12 hours. A

schematic diagram of the procedure is presented in Figure 4.1.

For dispersing agent comparison, 2g polyvinylpyrrolidone (PVP) was also dissolved into
10ml N, N-dimethylformamide (DMF) with the addition of 3mmol antimony chloride and
3mmol tin chloride dehydrate to obtain a solution. The other steps were the same as in the

method described above.

For comparison of various materials, 3mmol antimony chloride and 3mmol tin chloride
dihydrate were separately added into the PAN-DMF solution to see the difference in
electrochemical performance. The other steps were the same as in the method described

above.

For electrolyte comparison, different electrolytes such as EC, EC: DMC=1:1 and EC:
PC=1:1 with 5%FEC, were used to investigate the difference in electrochemical
performance following the same method. PAN-DMF solution was used with the addition of

3mmol antimony chloride and 3mmol tin chloride dihydrate.
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Figure 4.1 Schematic diagram of procedure.

4.2.2 Material characterization

The obtained samples were characterized using powder X-ray diffraction (XRD; GBC MMA
diffractometer) with Cu Ka radiation and a scanning rate of 2min™.  The morphologies of
the samples were observed by field emission scanning electron microscopy (FE-SEM; JEOL
JSM-7500FA) and transmission electron microscopy (TEM) which was conducted on a
JEOL-2010 transmission electron microscope (TEM), operating at 200 Kv with an energy
dispersive X-ray spectrometer (EDS). X-ray photoelectron spectroscopy (XPS) was
conducted on a VG Multilab 2000. The thermal properties of the samples were characterized
by thermogravimetric analysis (TGA; TA Instruments 2000) and heated from 40 to 900°C

with a ramp rate of 10°C min™.

4.2.3 Electrochemical measurements

The electrodes were prepared by mixing 80wt% as-prepared active materials with 10 wt%
carboxymethyl cellulose (CMC) binder dissolved in de-ionized water to form a
homogeneous slurry. 10 wt% Super P was also added. The electrode slurry was uniformly

pasted onto copper foil and dried at 90°C. Electrochemical cells (CR2032) containing the
58



active materials as working electrode, Na foil as the counter electrode, a glass microfiber
film as the separator, and 1M NaClO,4 which was dissolved in a 1:1 (v/v) mixture of ethylene
carbonate (EC) and, diethyl carbonate (DEC) with 5 wt% fluoroethylene carbonate (FEC) as
the electrolyte were assembled in a glove box (H,O, 0,<0.1 ppm, Mbraun, Ubilab, USA).
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were
conducted on a VMP-3 electrochemical workstation at a scan rate of 0.1 mV s*
Galvanostatic charge/discharge was conducted over a voltage range of 0.001-2V versus
Na/Na* at different constant current densities, which were based on the weight of the

samples, tested by a LAND (CT2001A) battery tester.

4. 3 Results and discussion

4.3.1 Stricture and morphologies

To characterize the final substances, X-ray diffraction (XRD) patterns and Raman spectra
were collected, as shown in Fig 4.2. All the diffraction peaks in the XRD patterns of the
SnSbNP@C-PAN and SnSbNP@C-PVP are almost the same, which index well with the
SnSb alloy (JCPDS no. 00-033-0118).[1°%1141 A small amount of impurity with peaks at 30.7°,
32.0°, 44.2° and 44.9° was attributed to metallic Sn (JCPDS no.00-001-0926).The XRD
patterns suggest that the final products can be divided into two parts, mainly SnSb alloy and

small amount of metallic Sn. Therefore the following formula is proposed.

Sn*t + Sb3t + C - Sn_Sh + xSn+ €0, 1 (4.1)

From the formula, the carbon plays a role in reducing Sn** and Sb*" into SnSb alloy and Sn.
The carbon dioxide released during the carbonization leads to the formation of pores around
the SnSb alloy particles, and it also triggers a decrease of content of carbon, which leads to

the reduced diameter of the carbon nanofibers. The SnSbNP@C was also characterized by
59



Raman spectroscopy [Figure 2(b)]. The carbon could be characterized by the graphitic-G
band at around~1350cm™and the disorder-induced D band at around~1580cm™. According
to the results, these two band peak at 1327.27 and 1575.76 cm™, respectively, corresponding
to the Raman curve of Carbon.5™"! The intensity ratio of the D band to G-band (lp/lg) of
the composite after carbonization is higher than that for the graphite oxide, indicating the

decrease in the average size of the sp2 domain after reduction.[*8 11
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Figure 4.2 XRD patterns (a) and Raman spectra (b) of SnSbNP@C-PAN and
SnSbNP@C-PVP composites.

SnSbNP@C-PAN,

Typical scanning electron microscope (SEM) images under (a) low and (b) high
magnification of fibers before stabilization at 250° C are shown in Figure 4.3. It can be
seen that carbon fibers have the features of smooth surface, uniform diameter of about
300nm and straight line structure. After heat treatment, the diameter of SnSbNP@C
decreases to nearly 100nm and the surface becomes relatively tough [Figure4. 3(c, d, €)].
The fibers are also uniformly distributed and show excellent flexibility. What is more, some
parts of the fibers gather together to form a flat surface which appears to have the

free-standing property, as shown in Figure 4.3(f).

60



100nm

Vit

Figure 4.3 SEM images of as-electrospun fibers (a, b) and SnNSbNP@C-PAN(c, d, e, and f)

SnSbNP@C-PVP,

Scanning electron microscopy (SEM) technique was also used. The results are shown in
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Figure 4.4. The fibers are also distributed uniformly and the diameter of the fibers is around
100nm which seems to be smaller than SnSbNP@C-PAN before stabilization at 250°C, as
shown in Figure 4.4(a) and (b). After heat treatment, the surface also becomes rough and the
diameter almost remains the same size [Figure 4.4(c) and (d)]. This is probably because the
content of carbon in PVP is less than in PAN. There are still a bit charging in this component,

which may be caused by the bad conductivity of ions in the surface.

100nm

Figure 4.4 SEM images of SnSbNP@C-PVP before heat treatment (a, b) and after heat

treatment (c, d).

In order to further confirm the presence of SnSh alloy, energy dispersive X-ray (EDX)
mapping was conducted. The results are shown in Figure 4.5. The colored points indicate the
presence of the respective element. The elements N and C are present due to the PVP/PAN

and DMF. From the Figure 4.5, it can be seen that the Sn and Sb are homogeneusly
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distributed on both SnSbNP@C-PAN and ShnSbhNP@C-PVP.

(a)

(b)

Figure 4.5 EDX mapping of SnSbNP@C-PAN (a) and SnSbNP@C-PVP (b)
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SNSbNP@C-PAN,

The transmission electron microscope (TEM) images shown in Figure 4.6 (a, b) clearly
display the distribution of SnSb alloy particles. Most of the particles, with an average size of
15nm are distributed within the carbon fibers and only a few particles have grown on the
surface of the fibers. To better confirm the composition of the particles, Point a [Figure 3(c)]
and Point b [Figure 3(d)] were selected for the EDX mapping. The results demonstrate that
Point a is composed of SnSb alloy with a ratio of Sn:Sb=75:25, as is Point b with a ratio of
92:8, respectively, which indicate that there are pure tin metal particles separated out on the
surface. The particles distributed on the surface are more likely to be tin metal because the

tin was easier to separate out during heat treatment than the antimony, which is consistent

with the XRD results mentioned about.

Figure 4.6 Low (a) and high (b) magnification TEM images, with corresponding EDX
spectra of Point a (c) and Point b (d).
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SNnSbNP@C-PVP,

TEM and element mapping were also investigated, as is shown in Figure 4.7. According to
the high resolution TEM image [Figure 4.7(b)], there are two sizes of particles that are
present in the fibers, while there are no particles on the surface. The average diameter of the
big particles is about 20nm, while the average size of the small particles is only 5nm. To
better understand the difference between these two size particles. Point C and Point D were
randomly selected to do the element mapping. The results demonstrate that both Points C

and D are composed of SnSb alloy in the ratio of Sn:Sb=55:45

Figure 4.7 Low (a) and high (b) magnification TEM images, and corresponding EDX

spectra of Pont C (c) and Point D (d).
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The results of thermogravimetric analysis (TGA) are shown in Figure 4.8(a, b). According to
the Figure 4.8, it can be concluded that the content of carbon in PAN is larger than that in
PVP. In these curves, there are mainly two stages: (1) The Sn and Sb metal is transformed to
oxide, in a process which runs from 70°C to 900°C. (2) The carbon burns, transforming to
carbon dioxide. The progress of the carbon burning can be divided into two parts also, as the
carbon first changes to carbon monoxide at about 350°C and then the carbon monoxide
changes to carbon dioxide. 350°C can be regarded as the starting point, which is also in

agreement with the results.
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Figure 4.8 TGA curves of SnSbNP@C-PAN (a) and SnSbNP@C-PVP (b).

4.3.2 Electrochemical characterization

Figure 4.9(a) presents cyclic voltammograms (CVs) of the electrodes. It can be observed
that there is a reduction peak at around 0.85V, which is mainly due to the irreversible
reduction of electrolyte to form the SEI films, and there is another large peak that appears at
about 0.25V due to the Na-Sn and Na-Sb alloying reactions to form NajsSn, and NasSh
alloy compounds during the initial cycle. Furthermore, the areas and positions of the peaks

remain the same for the following continuous scan after the activation process, indicating
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stable reduction/oxidation reactions.

Figure 4.9(b) shows the voltage profiles of SnNSONP@C-PAN electrode for the 1%, 2™, and
20" cycles between 0and 2V at the constant current density of 50mAg™. There is a slope
between 1.5V and 0.6V because the first discharge process corresponds to the reduction of
SnSb alloy granulesto surface oxide compound. The initial discharge/charge capacities are
768.4mAh g and 530.2mAh g, respectively, corresponding to an initial coulombic
efficiency of 69.0%. After 20 cycles, the electrode still has the discharge capacity of
522.2mAh g, indicating its excellent electrochemical reversibility. The irreversible capacity
(238.2mAh g') is mainly related to the decomposition of electrolyte. The cycling
performance is shown in Fig. 4.9(c).The SnSbNP@C-PAN compound has the highest
capacity. As is well known, super P provides a stable reversible capacity of 172mAh g™.
With 20 wt% super P in the composite, it may contribute 31.4mAh g*in capacity. Thus,
there is 498.8mAh g* capacity contributed by the alloy. For a 50%:50% SnSb alloy, the
theoretical capacity can be calculated, nearly 753mAh g according to NasSb (660mAh g)
and NaysSn, (847mAh g), and an 80 wt% SnSb alloy can be assigned a theoretical capacity
of 602.4mAh g*. Therefore, the reversible capacity from the alloy is up to 82.8% of the
theoretical capacity, which is quite high. In addition, the reversible capacity remains at about
450mAh g* after 90 cycles. The capacity retention was 84.9%, which indicates excellent
cycling stability. The SnSbNP@C-PVP compound provides an initial capacity of 460.2mAh
g, After 90 cycles, the capacity drops to 366.9mAh g™. The fact that SnSbNP@C-PAN
compound provides a higher capacity and better cycling performance may be attributed to
the following reasons: there is a more uniform distribution of the SnSb alloy particles in the
nano-carbon fibers; and the flexible structure may buffer the volume expansion generated

during cycling.

As the SnNSbNP@C-PAN compound exhibits the best electrochemical performance, it was

selected to do rate cycling tests. The rate capability, which is another important parameter
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for batteries, was also tested [Fig 4.9(d)].A series of different current densities(30mA g,
90mA g*, 270mA g*, 810mA g, 2430mA g, and 7290mA g*) were used. There is almost
no capacity loss for SnSbNP@C-PAN composite electrode using caboxymethyl cellulose
(CMC) as a binder after changing the current density from 30mA g* to 7290mA g*, and
back to 30mA g* in 70 cycles, which demonstrates the excellent cycling stability and rate
performance. In addition, the compound still has a capacity of nearly 230mAh g™ at the high

current density of 2430mA g, also indicating excellent rate performance.
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Figure 4.9 (a) CV curves of SnSbNP@C-PAN for the first 6 cycles;(b) galvanostatic
charge/discharge voltage profiles for the 1%, 2" and 20" cycles of SnSbNP@C-PAN
electrode at a current density of 55mAg™;(c) cycling performance of the various electrodes
at a current density of 55mAg’;(d) rate capability of the SnSbNP@C-PAN electrode at

various current rates from 30mAg™ to 7290mAg™.
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To obtain better electrochemical performance, three main types of electrolytes were selected.
The active material was the SnSbNP@C-PAN composite with the CMC binder. The cycling
performances in the three types of electrolytes are shown in Figure 4.10. The results
illustrate that the electrode which uses electrolyte with FEC has the larger capacity than the
one without FEC. This is mainly due to the FEC, which has been confirmed to have an
effect on preventing the formation of SEI films.'2*%! |n addition, 5%FEC seems to be

more suitable than 10%FEC, according to the results in Figure 4.10.
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Figure 4.10 Cycling performance of SnSbNP/C-PAN in three different types of electrolytes.
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4.4 Conclusions

By using a very simple electrospinning technique and thermal treatment, SnSh nanoparticles
are firstly embedded into carbon fiber, and then the pores appear due to the evolution of
carbon dioxide gas during thermal treatment. The porous carbon nanofibers, being
1-Dnanostructures, can tolerate the massive volume change during the charge/discharge, and
they also create pathways for the conduction of sodium ions which solves the problem that
sodium ions are harder to conduct than Li ions because of the large size of their radius. The
electrochemical results show that SnSbNP@C-PAN composite provides a capacity of
530mAh g in the initial cycle, which is better than those of the SnSbNP@C-PVP
composite, pure Sb@C, and pure Sn@C. The rate performance of SnSbNP@C-PAN
compound is also excellent, even under the condition of high current density (2430mA g™).
Furthermore, NaClO, in EC: PC (1:1) with 5%FEC turns out to be the best selection of
electrolyte for this material. The FEC plays a significant role in preventing the formation of
SEI films, which may trigger the consumption of electrolyte. In conclusion, the SnSb alloy
seems to be a promising material that shows high capacity and excellent rate performance as

an anode material in sodium-ion batteries.
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CHAPTER 5 Synthesis of Tin Sulfide yolk-shell structure with Good Electrochemical

Performance in Sodium-ion Batteries

5.1 Introduction

Wide-scale implementation of renewable energy has evoked urgent requirements for the
growth of inexpensive and efficient energy storage.?”) Lithium-ion batteries with the merits
of high energy density, long cycle life, environmental friendliness, and no memory effect
have been widely used in portable electronic devices.'”®! There are also many problems
occurred in lithium-ion batteries, however, such as relatively short lifetime, poor
low-temperature performance, and high cost.[*?**®! Furthermore, the increasing demand for
Li commodity chemicals will dramatically drive up prices.**® *¥1The sodium-ion batteries
(SIBs) were proposed as a substitute for lithium-ion batteries (LIBs) for grid-scale energy
storage due to the high natural abundance of sodium and the similarity between sodium and
lithium. Among the various active materials, tin (Sn) is a promising material with a high
theoretical capacity of 847mAh g (Na;sSn,). The main barrier for the use of Sn as an anode
material, however, is the volume expansion during sodiation. The alloying reaction between
Sn and NajsSns may cause aggregation of Sn particles and electrode pulverization due to the

regeneration of the solid electrolyte interphase (SEI) film.

Recently, metal sulphides have been recognised as promising materials because of their high
theoretical capacity. A series of metal sulphides, such as NiS, MoSs, CoS, WS,, and SnS,
has been investigated for Na-ion battery anode materials.l'*® **1 Among all the metal
sulphides mentioned above, SnS has a unique layered Cdl,-type structure, which is a
sandwich-like structure with the tin atoms between two layers of hexagonal close-packed
sulphur atoms.[* This crystallographic feature is suitable for the intercalation of Na ions

and can compensate for volume change.
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Graphene (Gr), a two-dimensional aromatic monolayer of carbon atoms, has received
enormous interest as a promising anode material in energy storage applications due to its
excellent electrical conductivity, high specific surface area, and structural flexibility.[44%
In addition, graphene can be used to host nanostructured electrode materials for energy
applications.[**¢*®! For example, Lee et al. reported the fabrication of graphene with SnS,
which gives a reversible capacity of nearly 650mAh g™ in sodium-ion batteries. Guo et al.
reported a further fabrication of carbon-coated graphene with SnO,, which shows excellent

rate performance and cycling stability. The graphene sheets and the amorphous carbon

coating layer keep the SnO; particles wrapped up in the gaps.

Herein, we firstly followed the hydrothermal method of Zhang ™°! to obtain the
carbon-coated graphene SnO, (Gr-SnO,-C). After we obtained the compound, we creatively
used a simple one-pot method to accomplish the sulfidation to get Gr-SnS-C. What is more,
the yolk-shell-structure can be obtained by this method. As it is well known, the yolk —shell
structure has drawn great attention with its unique distinctive cores, voids, and shells due to
its potential application in various fields such as catalysis, nanoreactors, gene delivery as
well as its intriguing properties. %% As a result, the Gr-SnS-C might be expected to
exhibit synergistic properties and display excellent electrochemical performance with large

reversible capacity and good cycling performance for sodium-ion batteries.

5.2 Experimental

5.2.1 Sample preparation

Firstly, the graphite oxide was synthesized by a modified Hummers’ method. [ 15 22
Graphene oxide (GO) layers were exfoliated from the graphite oxide by using

ultrasonication. Tin oxide was grown onto the graphene oxide sheets by a previously
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reported hydrothermal method. In this study, 100mg graphite oxide was dispersed into
dispersed into 50ml ethanol with ultrasonication for 1.5h to obtain a solution which was
marked as solution A. 0.25g tin chloride dihydrate was dissolved in 20ml ethanol to yield
the solution B. After mixing solutions A and B, the resultant solution was then transferred to
an autoclave, which was kept in an oven at 160° C for 10h. The resultant product was
separated and washed several times by centrifugation with de-ionized water after the
autoclave was cooled down. Then, the products were dispersed in 20ml de-ionized water
following an ultrasonication of 15min. After the ultrasonication, 0.3g glucose was added
into the solution following a severe stirring for 20min. Then, it was transferred to an
autoclave and kept in an oven at 160° C for 10h. The product was obtained by
centrifugation with several washings in de-ionized water after the autoclave was cooled
down. The resultant composite was dried at 70° C under vacuum conditions for 24h,
followed by heating in a tube furnace under Ar atmosphere at 500° C for 5h, yielding

carbon-coated graphene tin oxide (Gr-SnO,-C).

Next, the obtained Gr-SnO,-C was transferred into a larger alumina boat with a glass cover.
An excessive amount of thiourea powders was loaded into the vacant space in the boat. The
loaded boat was put into a tube furnace for heating. When the temperature increased to 350°
C, the thiourea powder was melted, which produced hydrogen sulfide gas. The flow rate of

air, which was used as the carrier gas, was 5 L min™. The final product was Gr-SnS-C.

)
Hydrothemal

Figure 5.1 Schematic diagram of the experimental procedure.
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5.2.2 Materials Characterization

The crystal structure of the as-prepared sample and the powders were investigated by X-ray
diffraction (XRD; GBC MMA diffractometer) with Cu Ka radiation at a scanning rate of
2min. Raman analysis was performed with a Jobin Yvon HR800 Raman spectrometer.
X-ray photoelectron spectroscopy (XPS) experiments were carried out on a VG scientific
ESCALAB 2201XL instrument with the Al Ko X-ray radiation. The morphological
characteristics of the samples were investigated by field emission scanning electron
microscopy (FE-SEM; JEOL JSM-7500FA). Transmission electron microscope (TEM)

images were collected on a JEOL 2011 200kV instrument.

5.2.3 Electrochemical measurements

The electrodes were prepared by mixing 80wt% as-prepared active materials with 10wt%
carboxymethyl cellulose (CMC) binder dissolved in de-ionized water to form a
homogeneousslurry. 10wt% Super P was also added. The electrode slurry was uniformly
pasted onto copper foil and dried at 90° C. Electrochemical cells (CR2032) with the active
materials as working electrode, Na foil as the counter electrode, a glass microfiber film as
the separator, and 1M NaClO,dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) with 5 wt% fluoroethylene carbonate (FEC) as the electrolyte
were assembled in aglove box (H,0, 0,<0.1 ppm, Mbraun, Ubilab, USA). Electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) were conducted on a VMP-3
electrochemical workstation at a scan rate of 0.1 mV s™.Galvanostatic charge/discharge was
conducted using a LAND (CT2001A) battery tester over the voltage range of 0.001-2V
versus Na/Na" at different constant current densities, which were based on the weight of the

samples.
74



5.3 Results and discussion

5.3.1 Structure and morphology

X-ray diffraction (XRD) measurements were used to confirm the formation of SnS, and
typical XRD patterns are presented in Fig. 5.2. The diffraction peaks of the XRD patterns
for all the products prepared correspond to SnS. It can be seen that there are still some SnO,
peaks in the resultant according to Figure 5.2. The subsequent compounds are compounds
are a mixture of SnS and SnO,. It is very difficult to make an identification of the graphene
peaks and carbon peaks in the powder diffraction patterns due to the following reasons:

(1) The graphene content in the sample is quite low (about 10 wt% )

(2) The graphene sheets shows the features of disordered stacking, while the carbon also

exhibits disorder.
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Figure 5.2 X-ray diffraction (XRD) patterns of subsequent compounds
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Figure5.3 presents the Raman spectra of Gr-SnO,-C and Gr-SnS-C. The peak at around
1575 cm™ (G band) is related to the vibrations of sp’-bonded carbon atoms in a
2-dimensional hexagonal lattice. In addition, the peak at 1341 cm™ (D band) may be related
to the defects and disorder in the hexagonal graphitic layers. The intensity ratio of the
D-band to the G-band of SnS-GO-C was a bit higher than the ratio for SnO,-GO-C, which
indicates a reduction in the average size of the sp? domains after sulphidation. The
enhancement could be due to several reasons, such as the amorphous carbon coating, the
presence of SnS nanoparticles which were loaded on the graphene sheets, and the exfoliation

of the GO.

--—--5nS-GO-C
~eme-- SN0 _-GO-C

Intensity (a.u.)
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Raman Shift (cm™1)

Figure 5.3 Raman spectra of Gr-SnO,-C and Gr-SnS-C.

Typical scanning electron microscope (SEM) images of Gr-SnS-C and Gr-SnO,-C are
shown in Fig.5.4. It can be seen that both Gr-SnS-C and Gr-SnO,-C have unique
morphology. The nanoparticles are uniformly distributed on the graphene sheets. The
average diameter of the large, thin sheets is approximately several hundred nanometers.
Furthermore, the high resolution TEM image [Figure 5.4(e)] clearly exhibits a lattice

spacing of 0.29nm. This corresponds well with the (101) planes of orthorhombic SnS.
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Figure 5.4 Low (a) and high (b) magnification SEM images of Gr-SnO,-C composite; low
(c) and high (d) magnification SEM images of Gr-SnS-C composite. (¢) HRTEM image of

the SnS-GO-C composite.

5.3.2 Electrochemical characterization

The electrochemical behaviour of the composites was initially characterized by cyclic
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voltammery (CV). The curves are very similar to what has been reported. According to the
literature, a peak occurs at about 1.1V that could be attributed to the formation of a solid
electrolyte interphase (SEI) layer. In addition, a broad peak at around 0.6V could be due to
the conversion and alloying reactions at a scanning rate of 0.1mV s™ in the potential range of
0.001-1.0V. The basic reversible reactions of the composites during the charge and
discharge processes are shown in Equations (5.1) and (5.2). The formula for the formation

of SnS is shown in Equation (5.3).
SnS + 2Na* + 2e” & Na,S+Sn (5.1)
4Sn + 15Na* + 15e~ & Na;sSn, (5.2)

SnO, + Thiourea+ H, —» SnS + H,S + H, + H,O  (5.3)

With the operating voltage ranging from 0.01V to 2.5V, the initial discharge (sodiation)
capacity was 904.7mAh g™ at a current density of 30mA g*. The irreversible capacity loss
in the initial cycle was about 300mAh g™, mainly due to the formation of SEI films, and the
corresponding coulombic efficiency was 67.3%, as shown in Figure 5.5(a). Figure 5.5(b)
presents the cycling performance of the Gr-SnS-C composite and Gr-SnO,-C composite
electrodes at a current density of 30mA g*. The Gr-SnS-C electrode delivered a discharge
capacity of 673.1mAh g* after 70 cycles with approximately 100% coulombic efficiency.
For comparison, the Gr-SnO,-C electrode also provided a capacity of 533.2mAh g™ after 70
cycles, which represented excellent cycling performance. The capacity retention of the

Gr-Sn0O,-C electrode was about 98.2%.

To further confirm the electrochemical performance of the Gr-SnS-C composite for SIB
applications, the rate capability, which is regarded as an important performance indicator for
grid-scale electricity storage and electric vehicle applications, was also investigated. The
results are shown in Figure 5.5(c). The current density began at 30mA g* and was increased

to 7290mA g™ step by step. When the current density was 30mA g, the reversible capacity
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of the the Gr-SnS-C and Gr-SnO,-C was 645mAh g and 580mAh g™ respectively. What is

more, as the current density increased to 7290mA g, the Gr-SnS-C composite still provided

a capacity of nearly 300mAh g, which represents excellent rate performance. The good rate

performance may be due to its unique structure. The porous yolk-shell structure may reduce

the diffusion of sodium ions, which leads to better capability for sodium ion insertion. The

large volume between both the shell and the core and the carbon layer and the graphene

layer also can easily allow the electrolyte into the microspheres, which can improve the

performance of the Gr-SnS-C composite.
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Figure 5.5 (a) Galvanostatic discharge-charge profiles for Gr-SnS-C electrode at a current

density of 30 mA g™. (b) Comparisons of Gr-SnS-C electrode and Gr-SnO,-C electrode for

cyclic performance. (c) Comparisons of Gr-SnS-C electrode and Gr-SnO,-C electrode for

rate performance.
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5.4 Conclusions

Gr-SnS-C material was prepared by an environmentally friendly hydrothermal method and a
simple heat-treatment process. It includes carbon layers and graphene layers, which can
endure the large volume changes during the charging and discharging processes. When
tested in sodium-ion batteries, the Gr-SnS-C electrode presented dramatically improved,
excellent cyclic stability and rate performance compared with the recently reported
graphene@SnS composite.®®Furthermore, Gr-SnS-C electrode also exhibits higher capacity
and rate stability than the Gr-SnO,-C electrode. Even at high current density, the Gr-SnS-C
electrode still shows superior electrochemical properties, which may due to its unique
structure. The graphene layer and the carbon coating layer can most importantly buffer the
large volume changes, which make the structure totally stable. What is more, the yolk-shell
structure not only has the function of preventing the diffusion of sodium ions which leads to
the good conductivity, but also has the same function as the graphene and carbon coating

layers.

In general, the Gr-SnS-C material synthesized by the two-step method seems to be a
promising material which can be used in various applications, such as the gas sensors,
nanoreactors, solar cells, etc. Furthermore, more carbon coated metal sulphides which are

synthesized by the same method can be investigated due to the very interesting structure.
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CHAPTER 6 CONCLUSIONS

All the investigations on electrode materials for sodium-ion batteries have been
discussed above. Basically, the core part of the work is to design advantageous
structures and morphologies by using various methods to enhance the electrochemical
performance for practical applications of SIBs. In brief, synthesis of nanostructures and
conductive additives normally have the following merits: reduction of the diffusion
length of ions and electrons to short pathways, high surface area to increase the amount
of reactive sites and electrode-electrolyte interface, conductivity improvement, and
alleviation of structural variation. Therefore, in this thesis, the electrochemical
properties of tin-antimony alloy nanocomposites and carbon-coated graphene@tin

sulfide as alternative anode materials for sodium ion batteries have been investigated.

For the SnSb alloy composites, a series of similar materials have been synthesized for
systematic research. For example, pure Sn, pure Sb, etc. were synthesized as reference
samples to confirm the improvement of electrochemical performance for the alloy system.
In addition, the selection of electrolyte was also investigated. There are three different
common types of electrolyte that were used in the work. Through comparison, the best
electrolyte was selected, which could then be used in the following step for intensive
research. At the same time, two different solutions, of PVP and PAN, were also investigated
to select the right one for better electrochemical performance. Finally, under all the best
conditions, the SnSb alloy composite exhibits the best electrochemical performance, which

suggests that it may be a promising material in the future.

For the Gr-SnS-C, the design is normally based on what has been recently reported, due to
its many benefits mentioned above. The process can be demonstrated as a two-step method,

which is very simple and environmentally friendly. The results show that both the Gr-SnS-C
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material and the Gr-SnO,-C exhibit excellent rate capability, even under very high current
density, although the Gr-SnS-C presents a higher capacity (nearly 650mAh g*) than the
Gr-Sn0,-C (580mAh g™) due to its unique structure. The yolk-shell structure can tolerate
the large volume changes during the charging and discharging processes. The excellent
cycling performance and rate performance means that this material can be used in various
applications, such as sensors, solar cells, etc. Therefore, this material will be regarded as a

promising material in the future.
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