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Abstract

Lithium-ion batteries (LIBs) are receiving significant attention from both academia and

industry as one of the most promising energy storage and conservation devices due to their

high energy density and excellent safety. Graphite, the most widely used anode material, with

limitations on energy density, can no longer satisfy the requirements proposed by new

applications. Therefore, further improvement on the electrochemical performance of anodes

has been long pursued, along with the development of new anode materials. Among potential

candidates, Si and Sn based anodes are believed to be the most promising. However, the

dramatic volume expansion upon Li-intercalation and contraction upon Li de-intercalation

cause mechanical instability, and thus cracking of the electrodes. To overcome this issue,

many strategies have been explored. Among them the most efficient strategies include

introduction of a nanostructure, coupled with a buffering matrix and coating with a protective

film. However, although cycling life has been significantly increased using these three

strategies, the capacity retention still needs improvement, especially over extensive

charge-discharge cycles. In addition, more efforts are still needed to develop new fabrication

methods with low costs and high efficiency. To further improve mechanical stability of

electrodes, understanding of the failure mechanisms, particularly, the failure mechanisms of

Si and Sn nanomaterials is essential. Therefore, some of the key factors including materials

fabrication and microstructural changes during cycling are studied in this work.

Hollow Si nanospheres have proved to be have a superior electrochemical performance

when applied as anode materials. However, most of fabrication methods either involve use of

processing methods with low throughput, or expensive temporary templates, which severely

prohibits large-scale use of hollow Si spheres. This work designed a new template-free

chemical synthesis method with high throughput and simple procedures to fabricate Si hollow

spheres with a nanoporous surface. The characterization results showed good crystallinity and

a uniform hollow sphere structure. The substructure of pores on the surface provides

pathways for electrolyte diffusion and can alleviate the damage by the volume expansion

during lithiation. The success of this synthesis method provides valuable inspiration for

developing industrial manufacturing method of hollow Si spheres.
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3D graphene is the most promising matrix that can provide the necessary mechanical

support to Sn and Si nanoparticles during lithiation. 2D graphene, however, results in

Sn/graphene nanocomposites with a continuous capacity fade during cycling. It is anticipated

that this is due to microstructural changes of Sn, however, no studies have been performed to

examine the morphology of such cycled anodes. Hence, a new Sn/2D graphene

nanocomposite was fabricated via a simple chemical synthesis, in which Sn nanoparticles

(20-200 nm) were attached onto the graphene surface. The content of Sn was 10 wt.% and 20

wt.%. These nanopowders were cycled against pure Li-metal and, as in previous studies, a

significant capacity decrease occurred during the first several cycles. Transmission and

scanning electron microscopy revealed that during long term cycling electrochemical

coarsening took place, which resulted in an increased Sn particle size of over 200 nm, which

could form clusters that were 1 m. Such clusters result in a poor electrochemical

performance since it is difficult for complete lithiation of the Sn to occur. It is hence

concluded that the inability of Sn/2D graphene anodes to retain high capacities is due to

coarsening that occurs during cycling.

In addition to using forms of carbon to buffer the Sn expansion, it has been proposed to

alloy Sn with S, which has a low redox potential vs Li0/Li+. Therefore, another new anode

proposed here is that of SnS attached to graphite. The as prepared powders had a flower-like

structure of the SnS alloy. Electrochemical cycling and subsequent microstructural analysis

showed that after electrochemical cycling this pattern was destroyed and replaced by Sn and

SnS nanoparticles. Based on the electron microscopy and XRD analysis, it was concluded that

selective leaching of S occurs during lithiation of SnS particles, which results into nano SnS

and Sn particles to be distributed throughout the electrolyte or SEI layer, without being able to

take part in the electrochemical reactions. This mechanism has not been noted before for SnS

anodes and indicates that it may not be possible to retain the initial morphology of SnS alloy

during cycling, or the ability of SnS to be active throughout long term cycling.

To conclude it should be stated that the goal and novelty of this thesis was (i) the

fabrication of new Si, Sn/graphene and SnS/C nanostructures that can be used as anodes in

Li-ion batteries and (ii) the documentation of the mechanisms that disrupt the initial structural
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stability of Sn/2D graphene and SnS/C anodes and result in severe capacity loss during long

term cycling(over 100 cycles). These systems are of high interest to the electrochemistry

community and battery developers.
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CHAPTER 1

BACKGROUNDAND LITERATURE REVIEW

1.1 Development of battery technologies
Batteries are electrochemical energy storage and conversion systems that store electrical

energy in the form of chemical energy via redox reaction. This energy is released when

needed via the reverse redox reactions. The first battery cell was developed in the 19th century,

by Alessandro Volta, an Italian scientist. In 1836, a British scientist, John Frederic Daniel,

invented the Daniel cell, in which a compartment containing zinc and sulfuric acid solution

was used as the anode and another compartment containing copper and copper sulfate solution

was employed as the cathode. The Daniel cell was able to provide 1.1 V voltage, however, it

had a high resistance. In trying to deal with this issue, Callaud (a French scientist) invented

the gravity cell. In 1866 a French engineer, Georges-Lionel Leclanche invented the world's

first commercial primary battery. The Leclanche cell used Zn-Hg as the anode, carbon-MnO2

as the cathode, and NH4Cl solution as the electrolyte; it was improved in 1888 by Carl

Gassner who replaced the liquid NH4Cl electrolyte with an electrolyte paste. The resulting

Zn-C-MnO2 dry cell (known as Zn/C cell) is one of the most widely used configurations of

primary batteries in the 20th century. As Zn/C cells suffered from short shelf-life, large size,

and corrosion caused by NH4Cl, the, Ever Ready company used KOH as the electrolyte

(1949), giving rise to the development of alkaline cells, which produced a high energy density

of over 65 Ah/kg, which is at least 25% higher than that of Zn/C cells.

The development of secondary batteries has been progressing almost side-by-side as

primary batteries, with the first rechargeable battery being the lead-acid (Plane/1859), which

was successfully commercialized in 1882. In 1895 Ni-Cd cells were invented by Junger, and

in the 1970s M. Klein and J. E Stockel invented Ni-H cells, which led to the

commercialization of Ni-MH batteries in 1989. Aside from the lead-acid cells, which are

widely used in automobiles, Ni-MH and Ni-Cd have been replaced with current Li-ion

batteries that entered the market in the mid 90s.

Current lithium-ion batteries use a graphitic anode and Li-based alloy as the cathode. It is

the most promising secondary cell as lithium is the lightest metal with a density of only 0.53
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g/cm3. It is also one of the most electronegative metals, possessing the standard electrode

potential of -3.05V vs. Li/Li+, as well as a very high theoretical capacity of 3860 Ah/kg１.

Compared to other battery technologies in the past, lithium-ion batteries have many

advantages, e.g., high working voltage, large energy density, high power density, long shelf

life and a wide operating temperature range. Furthermore, lithium batteries are small in size,

giving them the potential to be used in small or portable electric devices.

Early commercial lithium batteries in the 1970s were mostly primary batteries with Li

metal as the anode, meaning they were not rechargeable. Due to relatively high costs and

short shelf life, applications of lithium primary batteries were severely limited. In the 1970s, it

was found by Steele that lithium secondary cells could be potentially available via reversible

reactions between layered TiS2 compounds and Li metal, namely, Li-TiS2 cell２. This was

verified by Whittingham in ~1976３,４, and commercialization was carried out by Exxon

Company, using a LiMoS2 cathode, providing a gravimetric energy of 61 Wh/kg. Moli Enegy

used a modified LiMoS2 cathode in 1980, further enhancing the gravimetric energy. However,

the Li-TiS2 cell suffered from several catastrophic drawbacks and it was not considered to be

a successful product. Firstly, the activity of Li metal caused reactions between the cathode and

organic electrolyte. Secondly, the uneven growth of lithium dendrites at the surface of Li

anode caused by the formation of a solid electrolyte interface (SEI) layer, which leaded to

electrical shorts and even explosions. Multiple characterizations, e.g., scanning electron

microscopy (SEM) and atomic force microscopy (AFM) have been applied to study and

verify the impacts of the SEI５,６. Several strategies were proposed to overcome the drawbacks.

For example, replacement of the Li metal with Li-based alloys or Li compounds could

effectively limit the growth of Li dendrites. A Li-Al alloy anode was tested and was proven to

be able to solve the dendrite issue７. Another strategy was replacing the liquid electrolyte with

an all solid polymer electrolyte. However, these strategies gave rise to new issues: (i)

Application of Li-based alloys and Li compounds resulted in large volumetric changes in the

anode materials, leading to fracture and pulverization, which was the main cause for the fast

decay in capacity. (ii) The all solid polymer electrolyte operated well at high temperatures, but
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performed poorly at low temperatures, due to the low diffusion coefficient of Li-ions in solid

substrates８.

A concept of "rocking chair batteries" was first proposed by Armand in 1980, suggesting

a new approach to develop lithium secondary batteries９. According to this approach, Li metal

or Li alloys were replaced by lithium-ion sources. During the charging and discharging

process lithium ions transfer between the cathode and anode, resulting in a cycling rocking

effect. Researchers also found that metallic oxides, LixMO2 (M=Ni, Co, or Mn), could be a

promising cathode candidate, while LiMoO2 could be used as anode material１０,１１,１２,１３. This

configuration was the prototype of modern lithium-ion batteries (LIBs). Further exploration

focused on improving the specific capacity and application of anode materials with a higher

lithiation potential. A series of materials, e.g., LixC6, coke/LiPF6, graphite were tested,

showing increasing energy density, and graphite was selected as the commercial anode.

1.2 Fundamentals of lithium-ion batteries

1.2.1 Working principle of lithium-ion batteries

A single LIB cell comprises of three core components, which are the cathode, anode and

electrolyte. During discharging, lithium ions move from anode to cathode, and are inserted

into cathode. During charging the reverse process occurs. The electrolyte provides a path for

directional transfer of Li-ions. Electrons are not allowed to transfer between the anode and the

cathode internally. The working principle of a typical Li-ion cell is shown in Fig. 1.114.

Although the configuration seems to be simple, in industrial manufacturing, more components

are involved (such as separators, current collectors). In addition to the active materials,

additives such as adhesives and conducting agents must be added to the anode and cathode to

ensure good internal conductivity and integrity. The active materials and the additives for

anodes or cathodes are well mixed respectively, and then coated onto a sheet of a metal-based

current collector. Copper is typically used as the collector for the anode, while aluminum is

used for the cathode. A highly isolating separator is necessary to construct a barrier to prevent

internal transfer of electrons, without affecting the ionic conductivity of Li-ions. Typical

separators are made of polypropylene (PP) or polyethylene (PE), or composite polymers. Cell
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reactions processes could be typically illustrated in terms of electrochemical reactions, for

which an example in a common commercial LiCoO2 based Li-ion cell is shown below.

Anode: 6C + xLi+ + xe- ↔ LixC6

Cathode: LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe-

The overall reaction: LiCoO2 + 6C ↔Li1-xCoO2 + LixC6 (3.6V)

Figure 1.1 Schematic illustration of the working principle of a single Li-ion cell consisting of

the cathode, anode and electrolyte. De-insertion of Li-ions from the anode and insertion of

Li-ions into the cathode occurs during discharging. For charging, the process is reversed. (taken

from [14])

1.2.2 Quantification of the performance of Lithium-ion batteries

The performance of LIBs is characterized by a couple of quantities. These quantities reflect

the intrinsic properties of the core components of a battery cell, therefore are important for both

research and industrial manufacturing. Among these quantities the energy density, or volumetric

energy density, is of the most importance, as it directly reflects the amount of the energy a cell

is able to store and deliver. The unit for this quantity is Watt-hours per liter (Wh/dm3). Another

similar quantity is the specific energy density, or gravimetric energy density, which is
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Watt-hours per unit of volume. The unit of specific energy is Watt-hours per kilogram( Wh/kg).

Specific energy density is a function of cell potential (V) and capacity (Ah/g or Ah/L). It should

be noted that the capacity gives a measure of the amount of electricity a cell can deliver, and is

closely related to the C-rate, which is the measurement of the charge/discharge rate. A higher

C-rate means a higher power output. The upper limitation of the C-rate for discharge could also

be characterized by the power density, which characterizes the rate at which the cell delivers

energy, and its unit are W/kg. In addition to the quantities introduced above, cycle life has

become one of the most critical quantities within the decades. It is defined as the number of the

full charge/discharge cycles a cell experiences before its capacity drops to 80%. As commercial

LIBs are typically required to possess a cycle life of over 1000, this quantity provides a

guideline for the development of new Li-ion cell systems. Shelf life, a quantity used for

characterization of the resistance to self discharge, is defined as the time a battery can be stored

inactive before the capacity falls to 80%.

1.2.3 Advantages and limitations of lithium-ion batteries

As one of the latest chemical energy storage systems, LIBs possess many outstanding

advantages compared to other battery technologies, e.g., lead-acid, Ni-MH and Ni-Cd. Firstly,

the energy density and the specific energy density of LIBs are much higher than other cell

systems, as shown in Fig. 1.215. This means that LIBs will be much smaller or lighter than other

batteries providing the same amount of energy, which further induces high flexibility of the

designing process. For instance, complex shapes of the battery could be achieved as a battery

module could consist of many small individual lithium-ion cells.
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Figure 1.2 Comparison of the different battery technologies in terms of volumetric and

gravimetric energy density. LIBs are superior in terms of both gravimetric and volumetric

energy density. It should be noted that although Li-metal cells have higher energy density, they

suffer from safety issues.(taken from [15])

Another advantage is that the cell potential of LIBs is much higher than other battery

technologies. While the cell potential of Ni-Cd and Ni-MH is around 1.2V to 1.25V, that of a

individual lithium-ion cell could be from 3.6V to 3.9V, depending on the electrode materials

applied. The high cell potential becomes preferable when high voltage is needed for driving

specific electric devices.

LIBs are safer compared to Li-metal cells, although the later possesses a higher energy

density. It has been mentioned that Li-metal cells suffer by the formation of Li dendrites, which

may cause an explosion or burning. LIBs have a low self-discharge rate, therefore a longer shelf

life, which means that electricity could be effectively stored and it slowly transferred when not

active. The monthly self-discharge rate of LIBs ranges form 3% to 9% of total capacity, while

that of Ni-Cd and Ni-MH batteries is over 20%. The operating temperature of LIBs typically is

from -20℃ to 60℃ , and not much capacity loss was observed within this range. Other
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advantages include fast charging/discharging rate, high charging efficiency, negligible memory

effect, and environmental friendly.

Although LIBs are believed to be the most promising power source, several limitations exist,

inhibiting wider application and better performance. The high internal resistance has long been

an issue that limits efficiency of LIBs. This issue arises from the liquid organic electrolytes

widely employed in LIBs, which have a much lower conductivity than the aqueous electrolytes

applied in Ni-Cd and Ni-MH batteries. Liquid organic electrolytes may also cause safety issues

if leaked or exposed to elevated temperature/heat, as they are very flammable. In addition,

liquid electrolytes are incompressibile, meaning specific capacity is limited. It is believed that

all solid state electrolytes could effectively address the issue. All solid-state electrolytes can be

divided into two classes based on their chemical composition. (i) Inorganic solid electrolytes,

have received significant attention due to their excellent mechanical stability, high conductivity,

wide operating temperature, and ease of manufacturing16,17,18. Prevailing inorganic solid

electrolytes are mostly metal-ion salts, such as Li10GeP2S12, Li2S-P2S5, and Li2S-P2S519. (ii)

Organice solid electrolytes, or more commonly, polymer electrolytes, have advantages of high

design flexibility, light weight, good chemical stability, high Li-ion diffusion coefficient20,21,22.

The conductivity that some macroporous polymer electrolytes could achieve is larger than 10-3

S/cm, which is sufficient for LIBs23,24,25. Several polymers have been studied as potential

candidates, such as polyethylene oxide (PEO), polyacrylonitrile (PAN), polyvinylidene fluoride

(PVDF) and poly (methyl methacrylate) (PMMA)26,27. However, the main limiting factor on

LIB performance are electrode materials, and hence the major focus by the electrochemical

community is to develop high capacity anodes for the next generation Li-ion cells.

1.3 Applications of Lithium-ion batteries
Fast growth of the market of electric devices, emergence of new energy harvesting

technologies such as solar cell and wind energy within the last decades proposed requirements

for better performance of LIBs, implying that improvement in energy density, cycle life, safety

and charging/discharging rate should be made. Electrode materials have long been the limiting

factor of LIBs’ performance, hence exploration of new electrode materials is necessary.
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Because of the superiority in energy density and specific energy density, LIBs have taken

over most tasks of rechargeable batteries (except for the those of lead-acid in gasoline-based

vehicles). Their use in portable electronic devices, is vital since these devices are specially

sensitive to volume and weight. LIBs have been long applied as the power source for

cellphones, MP3 players, digital cameras, laptops, and global positioning systems (GPS). The

performance of LIBs has been significantly improved, due to the constant growth of the

portable device market. For instance, duration of cellphones and laptops is a critical parameter

that most customers care about. Motivated by market demand, the capacity of LIBs has evolved

from around 500 mAh in 2000, to over 2000 mAh. The volume of LIBs nowadays has also

been reduced, and various shapes are available to fit the device design.

The newest important application of LIBs is in hybrid and electric vehicles (HEV and EV),

as fossil fuel are non-renewable and not environmentally friendly. Energy supplied by fossil

fuel is defined as a primary energy, since it is obtained directly from nature and it always

maintains the form of chemical energy. Defined as a secondary energy, electricity could be

generated from multiple primary energy sources, which could be either non-renewable or

renewable. Therefore it is an ideal candidate for energy delivery in the future. HEVs apply both

a combustion engine system and an electric engine system, providing satisfying performance

that is comparable with conventional gasoline vehicles. While EVs operate merely on an

electric engine system. The first application of LIBs in vehicles historically is the Prairie Joy

EV made by Nissan in 1997. The range of this vehicle was only around 80 miles, which is far

less than a commercial gasoline vehicle. Afterwards LIBs have been consistently improved to

meet the needs of HEVs and EVs, e.g., longer range and larger power output. A more recently

developed EV, the Tesla Model S, introduced in 2012 June by Tesla, can achieve a range of 270

miles, with excellent acceleration performance. Significant improvements in LIB technology is

the key factor for the fast growth of the HEV and EV market, and it is believed that the demand

will keep increasing within the next decades. Table 1.1 shows historical PEV sales within the

U.S. from 2010 to 201328. It has been predicted that the 10 year future U.S. Cumulative sales

(from 2013 to 2023) will go from 1.8 to 7.3 million vehicles29.
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PEV SALES PHEV BEV YEARLY

TOTAL

CUMULATIV

E SALES

2010 326 19 345 345

2011 7,671 10,064 17,735 18,080

2012 38,584 14,251 52,835 70,915

2013 49,008 47,694 96,702 167,617

Table 1.1 Historical Total U.S. PEV Sales. Note that 58% of the total sales occurred in 2013

(taken from [30])30.

LIBs also found their places in most power tools, especially those that are mobile or remote

controlled, e.g., robots, exoskeletons, unmanned vehicles, implant medical devices, etc.

LIBs are recently believed to be one ideal solution for large scale application of energy

storage system in the future. As a newly proposed technology, energy storage systems play as

an auxiliary for energy harvesting systems of renewable energy resources, aiming to increase

their efficiency and stability. Renewable energy resources such as solar energy, tidal energy and

wind energy, are highly unstable, as their energy output is inconsistent. Energy storage systems

store energy when the demand for power is low, and supply energy at peak demand.

Conventional energy storage systems mostly applied Na-S batteries, while LIBs are taking over

their roles. The percentage of LIBs in the market of energy storage systems reached 35% in

2014 and is still increasing at an annual rate of 10%31.

Aerospace engineering and aviation engineering are becoming the next fields where LIBs

can be widely applied. For exoatmosphere aircrafts such as spacecrafts and satellites, an energy

storage system is necessary, as their energy harvesting systems, which are typically solar cells,

are unable to provide a consistent energy supply. Because of LIB improvements in specific

energy density, operating temperature, shelf-life and cycle life, a shift from Ni-Cd and lead-acid

batteries to LIBs has started since 2000s. In particular, most exoatmosphere aircrafts are

extremely sensitive to payload, hence a significant enhanced specific energy density is highly
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desirable. Commercial LIBs designed for satellites became available in ~2002, and the number

of the companies that are getting involved in this field has been increasing since then. A

recently released Quallion LIB has distinguished performance, as its cycle life achieves 20000,

with a specific energy density of 105 Wh/kg and an energy density of 215 Wh/l32. For aviation

engineering, LIBs could be used to provide startup power for aviation engines, working power

for main computer systems, and emergency power when the combustion engine is disabled. The

787 dreamliner airliner made by Boeing was first equipped with LIBs 2005. The followed the

application of LIBs in the A350 made by Airbus in 2008. Since then the gate to aviation

engineering is open for LIBs33.

1.4 Cathode materials for Lithium-ion batteries

Figure. 1.3 Potential and capacity of different cathodes versus anodes.(taken from [34])

Fig. 1.3 shows the potential and capacity of some widely used cathodes versus that of

anodes34. Based on the working principles of LIBs, it could be deduced that the cathode

material must satisfy the following requirements:

(i) possess a much higher redox potential relative to the anode to ensure a large potential

difference, and thus to create a high output voltage;

(ii) be able to store large amount of Li-ions to ensure a high reversible capacity.
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(iii) during lithiation/delithiation, the structure of the cathode material must be able to retain its

original state

(iv) the change of the redox potential of the cathode material during lithiation/delithiation

should be minimized to ensure a stable and flat voltage platform

(v) possess a large heat transfer coefficient and excellent thermal stability. Specifically, any

phase transformation reaction within the cathode material should be avoided within the range of

its working temperature.

(vi) possess a high electric conductivity to reduce heat generation and polarization, and to

enable a high current density for applications where high power output is needed.

(vii) be environmentally friendly, non-hazardous and cheap.

1.4.1 Transitional metal oxide cathode materials

Transitional metal oxide cathode materials are typically divided into three classes based on

their crystalline structure or the dimensionality of the Li+ ion’s motion. The chemical formula of

transitional metal oxide cathode materials is typically written as LixMyXz, where Mn+ represents

the metal ion and X represents oxygen.

1.4.1.1 Layered transition metal oxides (LTMO)

This class of cathode materials are featured with two dimensional α-NaFeO2 rock salt

structure (space group R3m, No. 166), which is demonstrated in Fig. 1.435. The O2- ions are

cubic close packed, and the Li+ ions and Mn+ metal ions reside in the 3a position and 3b position

respectively, resulting in a layered O3-type structure on [111] direction.
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Figure 1.4 Layered structure which applies to LiTiS2, LiVSe2, LiCoO2, LiNiO2 and

LiNiyMnyCo1-2yO2, showing the Li+ ions between the transition metal oxide/sulfide sheets

(taken from [35]).

One of the most widely used LTMOs is LiCoO2, first proposed in 1980 by Goodenough et.

al.36, and commercialized in 1991 by SONY corp. Since the Li+ ion radius is much smaller than

that of Co3+ ions, the intercalation/de-intercalation of Li+ ions could take place rapidly, with a

diffusion coefficient of Li+ ions of 10-7 to 10-9 cm2/s, allowing high drainage rate. Li+ ions

intercalate and de-intercalate from the (111) planes of the cubic rock salt structure; the crystal

parameters are a=0.2816 nm and c=1.4056 nm. The theoretical capacity of LiCoO2 is 272 mAh

g-1 and the theoretical average potential versus Li/Li+ is 4.2V. The actual capacity is around

120-140 mAh g-1 and the actual average working voltage is around 3.7V considering

polarization and internal resistance. The charge/discharge curves of LixCoO2 cathodes at a

specific discharge rate, namely, C/24, is indicated in Fig. 1.537.
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Figure 1.5 Charge/discharge curves of LixCoO2 at C/24 discharge rate in the range 3.6-4.85V

vs. Li0/Li+. The sequence of the several phases is indicated as x varies from 1.0-0.05(taken from

[38]).

It is shown that various stages occur during the discharge process, which is accompanied by

changes in the cathode potential. It should be noted that when x>0.7, LixCoO2 suffers from the

low redox potential, which is featured by O3(II) and O3(I) stage in Fig. 1.5. It has been proved

that such a low potential is mainly caused by oxygen release, which becomes even more severe

at elevated temperature38. Delithiated Li0.49CoO2 becomes unstable at elevated temperature,

resulting in severe self-discharging, as indicated in Fig. 1.639. The decomposition of LixCoO2

when x≈0.5 could be described by the reaction formula below:

Li0.5CoO2 → 0.5LiCoO2 +
6
1

Co3O4 +
6
1

O2 ↑

Li0.49CoO2 could react with the electrolyte, and the reactions are exothermic, which causes

potential safety issues.
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Figure 1.6 DSC profiles of chemically delithiated Li0.49CoO2 with electrolyte for various

cathode weights in 3 μl electrolyte (taken from [40]).

In addition, dissolution of the metal ion in the electrolyte and decomposition of the

electrolyte has also become an issue, leading to irreversible capacity loss4041. To overcome those

issues, two strategies were exploited. The first one was to dope LiCoO2 with transition metal

ions such as Ar and Cr4243. Another recently proposed strategy which could significantly reduce

Co3+ dissolution and mechanical strain is the surface modification of LiCoO2 by metal-oxide

coating such as ZrO2, Al2O3, TiO2, etc.44,45. J-H. Shim et. al. investigated effects of MgO

coating on the structural and electrochemical characteristics of LiCoO246. Their study shows

that the MgO coating serves as a protective layer which prevents the active cathode material

from direct contact with the electrolyte and the dissulution of Co4+ ions, suppressing phase

transformation of LiCoO2. Furthermore, Mg2+ ions can diffuse from the MgO lattice into the

interior space of the LiCoO2 lattice, and also help suppress phase transformation. However,

more problems restrict application of LiCoO2. For instance, LiCoO2 is toxic and is hard to

recycle, and the manufacturing costs are high.

Fabrication methods of LiCoO2 cathodes have been widely explored and most of them

grouped in three types, which are solid-state fabrication method, sol-gel method and

hydro-thermal synthesis method. The solid-state method was widely applied in industrial
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manufacturing due to high throughput, and a typical flow chart is shown in Fig. 1.7 below47.

Figure 1.7 Flow chart of industrial-scale solid state manufacturing method (taken from [47]).

Another LTMO is LiNiO2, which has a similar crystal structure as LiCoO2. Application of

LiNiO2 as the cathode material was proposed in 1990 by Dahn et. al.48. Although the theoretical

capacity is as high as 275 mAh g-1, the actual rechargeable capacity is only 190~205 mAh g-1.

LiNiO2 has been considered as a more superior candidate for cathode to replace LiCoO2, since

the amount of Ni in the earth’s crust is higher than that of Co, and the manufacturing costs are

lower. The electrode potential is around 3.6V. However, a lot of issues were discovered as more

efforts were put into studies of LiNiO2. First of all, there is almost no stoichiometric formula of

LiNiO2, and it can be approximated as Li1-yNi1+yO2, which suggests excess Ni atoms in the

lattice structure. It was found that these Ni atoms reside in the lithium layer, which connects to

the NiO2 layer, resulting in a low lithium diffusion coefficient35. In addition, disorder commonly

exists in the lattice. Goodenough et al.49 and Bronger et al.50 found that for x>0.6 in LiNiO2

only partial cations are in orders, while some of the Li+ ions occupied the Ni3+ ions’ position and

some of Ni3+ ions occupied the Li+ ions’ position. It was also found that Li1-yNi1+yO2 oxides

containing Ni3+ were unstable so that the Ni3+ ions were likely to transfer to 2y Ni2+ ions and

(1-y) Ni3+ ions51. Disorder of cations in LiNiO2 structure impedes fast transfer of Li+ ions, and

this has been commonly believed to be one of the major issues, which cause irreversible

capacity fade of LiNiO2 cathodes.

Another issue with LiNiO2 is that when it was over charged, part of Ni3+ ions will be

oxidized and become Ni4+, which are thermadynamically unstable. Co-existence of Ni3+ and

Ni4+ ions causes oxidation of O2- ions, therefore formation of O2.
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The most common strategy used to address instability of Ni3+ ions is doping. There are a lot

of elements that could be doped into α-NaFeO2 structure. Among them Co elements received

lots of attention. The Delmas group52,53,54,55 and Zhecheva et al.56 demonstrated in their studies

that doping with Co elements resulted in formation of Co3+ ions, which can efficiently suppress

migration of Ni3+ ions to the Li+ site and increase ordering as the cobalt concentration increased.

Other studies have shown that when doped with Co element, irreversible capacity loss was

reduced54, and an even better performance could be obtained at elevated temperature57. It has

also been shown that doping with redox-inactive element such as Mg reduces capacity fading

during cycling58, with one example being LiNi1-yMgyO259. Subsequent studies showed that

further doping of LiNi1-xCoxO2 with Al element resulted in better structural stability, such as

reported for LiNi0.8Co0.15Al0.05O2 cathodes60,61.

As researchers kept exploring cathodes with better performance, LiMnO2 has become

another good candidate since the first study published in 1996 by Armstrong et al62,63,64. There

are two crystal structures depending on the fabrication method and components of the reactants,

which are orthorhombic (o-LiMnO2) and monoclinic (m-LiMnO2) respectively65. o-LiMnO2 is

rock salt structure in Pmnm space group and is different from layered structure oxides, while

m-LiMnO2 has the same layered α-NaFeO2 structure as LiCoO2. The theoretical capacity of

LiMnO2 is 285 mAh g-1. However, LiMnO2 is not thermodynamically stable and it starts to

partially transform to spinel LiMn2O466,67, which is more thermodynamically stable, especially

at elevated temperature(>150℃ ). Due to this issue LiMnO2 could not be synthesized by the

high temperature solid-state method, which applies for LiCoO2 and NaMnO2. Instead, other

fabrication methods, such as the ion exchange method and hydrothermo method were

applied69,70,71. In addition, during the charge/discharge cycling transformation of LiMnO2 into

LiMn2O4 also takes place. This is indicated by two plateaus on the charge/discharge curves at

3V and 4V respectively66, and it leads to a large decay of reversible capacity.

As Co, Ni, and Mn elements have a similar arrangement of valence electrons and atomic

radius, and more importantly, they can form solid solution at any ratio, electrochemists began to

combine them to form multielement oxides. LiMn1-yCoyO2 was fabricated via ion exchange

method with y≤0.5, and was electrochemically investigated by Bruce et al72,73. It was found that
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partial substitution of Mn atoms by Co, Ni, or Fe atoms could significantly increase the electric

conductivity of the LixMnO2 oxide74. In 1992, Dahn et al.75 reported LiNi1-xMnxO2(x≤0.5) as a

cathode material for LIBs and in another study later, they increased the reversible capacity to

160 mAh g-1 between 2.0-4.6V with optimized fabrication method, in which a temperature over

800℃ was required76. Makimura et al.77 reported a modified fabrication method which yielded

LiNi0.5Mn0.5O2 with a reversible capacity of 200 mAh g-1 between 2.5-4.5V without capacity

decay during the first 30 cycles. Compared to LiCoO2 and LiNiO2, LiNi0.5Mn0.5O2 has a

theoretical capacity of 274 mAh g-1, and it is more thermally and chemically stable. The

oxidation state of Mn is 4+, and that of Ni is 2+ based on XAS computational analysis78,79. Ceder

et al. 80 reported an irreversible capacity of 183 mAh g-1 at a discharge rate of 6C. They

fabricated LiNi0.5Mn0.5O2 via ion exchange method with a controllable degree of ordering of

Ni2+ and Li+ ions. Recently, ternary oxides in the form of LiCoxNiyMn1-x-yO2 which contain Co,

Ni, and Mn elements are receiving increased attention, considering some of the unique

advantages they have compared to previous transitional metal-oxides cathodes, which are: (i)

the presence of Co can significantly enhance the stability in lattice structure on

two-dimensional directions and can reduce disorder of cations; (ii) Ni can increase irreversible

capacity; (iii) Mn can improve the safety issues by suppressing phase transformation. The

theoretical capacity of LiCoxNiyMn1-x-yO2 is 160-225 mAh g-1, and the potential is around

2.5-4.6V. Ohzuku et al.81 first reported fabrication of LiCo1/3Ni1/3Mn1/3O2 which had a

rechargeable capacity of 150 mAh g-1 in 3.5-4.2V or 200 mAh g-1 in 3.5-5.0V. It was recently

reported that the rechargeable capacity could still maintain 160 mAh g-1 at a discharge rate of

20C82, which implied that LiCo1/3Ni1/3Mn1/3O2 could be a promising candidate for application in

EVs/HEVs.

1.4.1.2 Spinel structure

As Mn is non-toxic and abundant, and the costs for refining it are low, more focus is given on

Mn-based oxides. It was soon discovered that lithium manganese oxides could have multiple

phases, as shown in Fig. 1.883.
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Figure 1.8 Isothermal cross section of Li-Mn-O phase diagram at 25℃(taken from [83])

LiMn2O4 with the spinel structure as a cathode material was first proposed by Goodenough

et al.84 The crystal structure and the X-ray diffraction (XRD) spectrum of spinel LiMn2O4 is

shown in Fig. 1.9. In each unit cell there are 8 Li atoms, 16 Mn atoms and 32 O atoms. The

oxidation states of Mn atoms are 3+ and 4+, and the amounts of these two Mn ions are equal.

Li+ ions and Mn3+ and Mn4+ ions occupy the tetrahedral 8a sites and octahedral 16d sites in a

three dimensional arrangement, while 16c sites are left empty. During the lithiation/delithiation

process, Li+ ions migrate through the pathway along 8a-16c-8a85, as indicated by the

one-directional line comprised of Li atoms in Fig. 1.9.

Figure 1.9 Schematic illustration of the crystal structure and X-ray diffraction spectrum of

spinel LiMn2O4(taken from [38]). The green dots in the figure to the left represent Li atoms.



36

Because of the stable pathway for fast Lithium intercalation/de-intercalation, spinel LiMn2O4

has superior performance at high charge/discharge rates. In addition, the ratio between the layer

that contains Mn3+ cation and the layer without Mn3+ cation is 3:1. This ensures enough amount

of Mn3+ cations to stabilize the lattice structure of LiMn2O4 during de-lithiation86.

Spinel LiMn2O4 has a theoretical capacity of 148 mAh g-1, and there are two potential

plateaus, which are the 4.25V and 3.7V respectively87, as shown in Fig. 1.10.

Figure 1.10 Typical discharge curve of LiMn2O4 in the range of 4V to 2V(taken from [87]).

The two potential plateaus imply two mechanisms for Li-ion intercalation/de-intercalation. It

has been proved that the 4.25V plateau was due to de-intercalaction of Li-ions from 8a sites of

the tetrahedral structure, while the 3.7V plateau was due to de-intercalaction of Li-ions from the

octahedral 16c sites. Typical fabrication methods include the solid-state method88, sol-gel

method89, template method90 and mechanochemical method91. Among these, solid-state

reactions were commonly used for industrial manufacturing.

The main issue with LiMn2O4 is that the rechargeable capacity fades as it undergoes more

cycles, and such fading exasperates at high temperature. This issue prevents LiMn2O4 from

wide commercialization. The capacity fading has been widely studied and was summarized to

be caused by three reasons:
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(i) Dissolution of Mn3+ into the electrolyte: The trace amount of water in electrolyte reacts

with LiPF6 , which is one common component of organic electrolytes, forming hydrofluoric

acid. In an acidic environment Mn3+ ions would likely disproportionate into Mn4+ and Mn2+

ions. The formulas for both reactions were given below:

LiPF6 + H2O → POF3 + LiF + 2HF

2Mn3+ → Mn4+ + Mn2+

In this way, Mn3+ ions in LiMn2O4 convert to Mn2+ ions, which can easily dissolute into the

electrolyte92. This is believed to be the major reason for large capacity fading of LiMn2O4. Xia

et al.93 reported that around 23% of the overall capacity loss was due to dissolution of Mn3+ at

room temperature, and this value went up to 34% when the temperature increased to 50℃. This

conclusion was supported by the study conducted by Benedek et al94. To address this issue, the

most effective way so far is to cover LiMn2O4 material with a surface coating layer, such as

MgO95, Al2O396, Li2O-B2O397, LiCoO298 and LiAlO299, to create a barrier layer between the

electrolyte and the LiMn2O4 particles. Another way is to reduce the surface area of LiMn2O4

particles, as this reduces the rate of dissolution of Mn3+ ions. However this also reduces the

contact area between LiMn2O4 particles and electrolyte, resulting in limitations in the high

charge/discharge rate.

(ii) Jahn-Teller effect: According to Jahn-Teller effect the eg orbit of Mn3+ ions might

dissociate into two energy states, which are dx2-y2 and dz2 respectively, resulting in the phase

transition of LiMn2O4 into tetragonal symmetry. Since the tetrahedral structure is low in

symmetry and it has much more disordering, the diffusion coefficient of Li+ ions will be

significantly decreased. To address this issue, doping with metallic ions such as Li, Co, Ni, Al,

Mg, Cr100,101.

(iii) Delithiated LiMn2O4 is unstable when fully charged in organic electrolyte, since the

high electronegativity of Mn4+ will cause decomposition of the electrolyte. To solve this issue,

some additives can be used to adjust the chemical stability of organic electrolytes.
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1.4.2 Phosphate cathode materials

Cathode materials with polyanions (XO4y-, X= S, So, P, As, Mo, W) have a higher redox

potential than transitional metal-oxides, due to the strong polarization between the O-X

covalent bond. Moreover, there will be fewer safety concerns considering the outstanding

chemical stability of phosphate-based materials. Two types of phosphate-based material have

been widely studied, which are Li3V2(PO4)3 with NASICON structure and olivine LiMPO4(M=

Mn, Fe, Co, Ni).

The Japanese NTT Corporation discovered an olivine structured compound in 1996. Then

LiFePO4 was investigated by Goodenough et al.102 in 1997. They studied the electrochemical

behavior of olivine LiMPO4 using LiClO4 as the lithium salt. The crystal structure of LiFePO4

is illustrated in Fig. 1.11. The olivine structure belongs to the orthorhombic crystal system with

the Pnmb space group. The cell parameters are: a= 6.008(3) Å, b=10.334(4) Å, c= 4.693(1) Å101.

Its theoretical capacity if 170 mAh g-1, and the redox potential is around 3.45V vs Li0/Li+.

Figure 1.11 Crystal structure of olivine LiFePO4, green particles in the figure represent Li+ ions.

(taken from [38])

However, LiFePO4 suffers from two issues, which have prevented it from

commercialization until today. First, its conductivity is very low (<10-9 S cm-1), because

electronic conduction mechanism cannot be easily activated without a continuous FeO6

edge-shared octahedral structure. Secondly, the PO4 tetrahedrons between octahedron layers
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restrain the lattice pathway, resulting in a slow Li+ ions transfer rate (DLi+= 10-14 cm2 s-1).

Therefore early studies didn’t consider LiFePO4 for applications where a high charge/discharge

rate was needed. Later in 2008, Delmas et al103investigated the lithiation/delithiation

mechanism of LiFePO4 and they found nano-sized LiFePO4 could possess a much higher Li+

ion diffusion coefficient due to increased diffusion paths (the surface area of active material was

significantly increased by introduction of nanoparticles). In addition, coating LiFePO4

nanoparticles with carbon significantly increased its conductivity, and could effectively prevent

agglomeration104,105,106. With these modification techniques, nowadays LiFePO4 can satisfy high

rate applications, and it possesses many advantages over other cathode materials, some of

which are:

(i) Excellent thermal and chemical stability within a wide temperature range. It doesn’t

react with most electrolytes, neither does it cause decomposition of the electrolytes.

(ii) Non-toxic and environmentally friendly, as it doesn’t contain heavy metal elements.

(iii) High reversible capacity and high working voltage.

(iv) Very stable structure; can maintain a flat voltage plateaus during discharging and has a

long cycling life.

At present, LiFePO4 has been put into industrial scale manufacturing. LiFePO4 based

cathode material is being applied for LIBs for EVs, especially heavy-duty EVs. Although there

are still some drawbacks, for example, bad electrochemical performance at low temperature,

low compact densities, low batch uniformity in industrial manufacturing, high manufacturing

costs, etc., LiFePO4 will be continuously improved and will be the dominant cathode material

for several years.

1.5 Anode materials for Lithium-ion batteries
Initially Li metal and Li-alloys were used as the anode material107. But as described

previously, they result in safety issues. Due to thermodynamic instability of the interface

between the Li metal and the electrolyte, Li atoms prefer to grow in a one dimensional way to
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form a very long first dendrite, which might penetrate the separator, causing short circuiting and

a fire hazard.

Based on the principles of LIBs and potential applications in the future, it has been widely

agreed that anode materials should satisfy the requirements below:

(i) Since the anode material is the electrode that gets oxidized its redox potential should be

as low as possible in order to form a large potential difference with the cathode, so that a

high voltage output could be provided.

(ii) The Lithiation/de-lithiation process shouldn’t cause irreversible structural changes.

(iii) It should be able to store or to combine as many Li+ ions as possible, to ensure a large

capacity.

(iv) Should be conductive and should have a high Li+ ion diffusion coefficient, which could

significantly reduce polarization, which is particularly preferable for high current

applications.

(v) As lithiation proceeds, the change in the redox potentialshould be as low as possible to

ensure a flat voltage plateau.

(vi) Should be thermally and chemically stable. It should not react with electrolytes within

its working voltage, and a thin and stable SEI layer should formed on it.

(vii) Should be cost efficient, abundant, non-toxic, and environmentally friendly.

Historically many elements and their composites have been explored as candidates for LIBs.

Some of them will be discussed separately as follows. However, the formation of the SEI layer

will be discussed first as it plays a critical role in determining the anode performance.

1.5.1 Solid electrolyte interface of anode

The SEI layer is actually the product of the decomposition reaction of electrolytes such as

ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate(DEC) and dimethyl

carbonate (DMC), formed mostly during the first charge/discharge cycle. Due to the potential

difference between the anode and electrolyte, the later becomes thermodynamically unstable,

and it might decompose into many species. The existence of the SEI remained controversial

until late the 1970s108, and the mechanisms were not well understood and firmly proved until
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the 1990s. Later, several mechanism were proposed by Peled et al. and Auburch et al109,110,

explaining how SEI formed and what its features were. With more characterization

technologies being available, powerful surface chemistry analysis methods such as X-ray

photoelectron spectroscopy (XPS), Raman spectroscopy, and Fourier transform infrared

spectroscopy (FTIR), and high resolution transmission electron microscopy (HRTEM)

equipped with energy dispersive spectroscopy (EDS), direct investigation of the SEI has

become possible, and has began to be clearly understood.

SEI formation could be due to either decomposition of the organic solvent or lithium salt,

or in some cases there might be parallel decomposition processes. Thus, the SEI contains both

organic and inorganic decomposition products. The SEI is typically passive/stable within the

full range of the LIB’s working voltage, and it has been proved that it plays three major roles in

electrochemical cycling which might significantly affect performance:

(i) SEI prevents further electrolyte decomposition, since it has a very low electric conductivity

(in some cases it could be seen as insulating) and it can block electron transport.

(ii) SEI provides efficient paths for Li ions transport.

(iii) SEI formation causes irreversible capacity loss111, because the decomposition of the

electrolyte consumes Li+ ion, and the decomposition reaction is irreversible within full range of

working voltage.

Based on these three roles, it has been widely agreed that a thin and uniformly formed SEI

layer is highly desirable for any anode material, as such an SEI layer results in minor capacity

loss, but could keep most of the electrolyte functional. Ideally, the SEI could increase cycle life

and prevent solvent co-intercalation112. However, the actual thickness of SEI layer ranges from

a few Å to several micrometers, and it depends on many factors113,114. Direct measurement of

SEI has been very difficult when its thickness is very small, however, electrochemical

impedance spectroscopy (EIS) provides a easy way to indirectly characterize the properties of

SEI115. The onset potential at which SEI formation begins varies depending on anode material

and electrolyte species, but it has been frequently proven that at around 0.8V vs Li0/Li+ SEI is

most likely to form,112,116. The components of the SEI are very complex and controversial, as

they also depend on many factors. Many studies have conducted compositional investigation of

SEI and reported a couple of components, such as (CH2OCO2Li)2117,118,119,120,
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ROCO2Li,116,118,122,123, Li2CO3106,124,125, ROLi116,126,127,128,129,130, LiF122,122,131, etc. The overall

reaction of SEI formation could be described as:

Li+ + (EC, DEC, LiPF6...) + e- → SEI ((CH2OCO2Li)2, ROCO2Li, LiF, Li2CO3...)

The reactions showing formation of some of the components of SEI are also described below:

(DMC) CH3OCO2CH3 + 2e- + 2Li+ → (CH3OCO2Li)2 + CH2=CH2

(DMC) CH3OCO2CH3 + e- + Li+ → CH3OCO2Li + CH3

EC + 2e- + 2Li+ → Li2CHO3 + CH2=CH2

2ROCO2Li + H2O → Li2CO3 + 2ROH + CO2

Li2CO3 + HF → LiF + CO2 + H2O

LiPF6 → LiF + PF5

However, the factors affecting the properties of the SEI haven’t been fully investigated, and

it is still hard to control some of its important properties. Therefore issues arise when the

properties of the SEI change during the cycling process. Firstly, the SEI layer might keep

growing until it reaches a large thickness. As mentioned above, the SEI is electrically insulating

and hence if its thickness becomes too large, a significant increase in impedance of the

electrode will be observed, which not only decreases coulombic efficiency of the cell, but also

causes heat generation. Although it has been reported that SEI thickness is larger at lower

potentials and is smaller at higher potentials132, parameters affecting SEI thickness haven’t been

systematically studied and well understood. Secondly, the SEI becomes thermodynamically

unstable at elevated temperatures. There are majorly two types of reactions that occur at

elevated temperatures133. The first one is the transformation of one SEI component into another

component. For example, ROCO2Li is likely to convert to Li2CO3. Another type of reaction

with SEI is that active anode material reacts with SEI or that electrolyte reacts with SEI, which

results in dissolution/decomposition of the SEI layer. Such reactions typically take place

between 120-140℃134. Thirdly, the properties of SEI could be significantly influenced by some

changes in the properties of the active anode material, since SEI layer resides on its surface.
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Considering that the properties of anode materials must be well understood first, detailed

discussion of the influence of the SEI will be presented separately for each anode material as

follows.

1.5.2 Carbonaceous anode materials

In 1990 Sony Cooperation developed an anode material based on petroleum coke carbon,

which was able to intercalate Li+ ions to form LixC6(0<x<1)135, since then carbon based anode

materials were rapidly commercialized and became the mostly widely used anode material.

Several advantages of carbon based anode material include:

(i) They have a higher specific capacity and a more negative redox potential than

chalcogenides, polymers and metal oxide anode materials136.

(ii) Excellent chemical stability in the organic electrolyte prevents side reactions during

electrochemical cycling.

(iii) Excellent electric conductivity and a high thermal coefficient.

(iv) Cheap, environmentally friendly, and non-toxic.

(v) Could be produced via multiple manufacturing methods.

There are many different types of carbon materials, and they can be classified based on their

crystal structure into two categories, which are graphitic carbon, and

non-graphitized/amorphous carbon. Graphite has two atomic arrangements, which are a

hexagonal crystal with ABABAB... stacking structure, and rhombohedral crystal with

ABCABCABC... stacking. The schematic illustration of graphite, non-graphitic carbon, and the

crystal structures for both are shown in Fig. 1.12137.
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Figure 1.12 Schematic illustration of crystal structures of carbonaceous materials, (a)graphite

carbon, (b)non-graphitized carbon, (c)hexagonal structure with ABABAB... stacking of graphite

and (d) rhombohedral structure with ABCABCABC...stacking. (taken from [138])

Graphitic carbon has been the major anode material for decades. The theoretical capacity of

graphite is 372 mAh g-1 133. The degree of lithium intercalation process varies depending on the

amount of defects (degree of crystallinity) and microstructure of graphite, and the

electrochemical reaction could be described by the formula:

LixCn  xLi+ + xe- + Cn (n=6)

Graphitic carbon with a high degree of crystallinity could intercalate one Li+ ion per six

carbon atoms reversibly. The Li intercalation process takes places in several stages, as

illustrated in Fig. 1.14138.

Figure 1.13 Schematic of different stages during lithium intercalation into graphite. (taken from

[139])



45

During intercalation, lithium atoms gradually occupy graphite layers. The sequence number

of each stage represents the number of the graphite layers between two layers that are

intercalated with lithium. For example, stage II means there are two graphite layers between

two lithiated layers. Eventually graphite layers with full lithiation form an AA stacking structure

as shown in stage I. The change of the potential of graphite with lithium intercalation at a

constant charging rate is shown in Fig. 1.15139. It could be seen that as lithium intercalation

proceeds, two-phase regions form during various stages. And as shown in the voltage versus

current profile with potentiodynamic method in Fig. 1.15(b), the peaks of currents at various

voltage indicate phase transformation.

Figure 1.14 Stage formation during lithium intercalation into graphite,(a)galvanostatic method

and (b)potentiaodynamic method.(taken from [140])

Several types of graphitic carbon have been used as anode materials, including natural

graphite, artificial graphite, mesocarbon-microbeats (MCMB), etc. Natural graphite has good

reversible capacity close to the theoretical value of carbonaceous material, due to the high

degree of crystallinity. There are two major issues with natural graphite. The first one is the bad

performance at low temperature, which is mainly attributed to the low diffusion coefficient of

Li+ ions. Another issue is the exfoliation process. This phenomenon has commonly occurred,
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and there are two dominant explanations for it. The first model was proposed by Besenhard et

al.111. They stated that at a specific potential solvent molecules also intercalated into the

graphene sheets of graphite, and the intercalation of the solvent molecules was irreversible. The

intercalated solvent molecules generated disordering and lattice distortion, leading to further

capacity loss. The schematic illustration of this model is shown in Fig. 1.1647. Whereas the

second model proposed by Aurbach140 stated that the capacity loss was due to the generation of

gaseous byproducts instead of disordering caused by inercalation of solvent molecules. The

gaseous byproducts created pressure and then cracks on the SEI layer, exposing fresh surface of

graphite, and continuous formation of SEI on fresh graphite surface lead to further capacity loss.

Based on their conclusion, SEI on graphite might become a problem when graphite experiences

exfoliation in PC, which is a commonly used organic electrolyte solvent 123. To address the

issues of natural graphite, the factors affecting electrochemical performance must be considered,

which are particle size of natural graphite, morphology, fabrication conditions and composition

of the electrolyte. Reduction of particle size of natural graphite has been proven to be an

effective way to improve electrochemical performance141. Three possible reasons might account

for the improved performance. The first one is that smaller particle size alleviates overpotential.

The second one is that the small particle size provides more exposed edges with dangling bonds,

which are able to contain more Li+ ions. The third one is that the small particle size allows a

much shorter diffusion distance for lithium intercalation so that the high rate performance is

significantly improved. Another way is to generate a thin film coating of organic compounds, or

other forms of carbon, on the surface of natural graphite with uniform coverage. The formed

coating could act as not only a barrier, which prohibits invasion of solvent molecules, but also a

buffering shell which restrains lattice strain and disordering formation. The thin film coating

could either be directly induced by adding thin film forming additives, or could be formed in a

coating process via multiple deposition technologies. The additives used to form thin film

coating include N2O, CO2, Sx2-, vinylene carbonate(VC) and Li disalicilatoborate salt142,143.
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Figure 1.15 Schematic illustration of the mechanism of graphite exfoliation in PC(left) and

EC(right). The black dots represent Li+ ions.(taken from [142])

Another widely used carbonaceous anode material is MCMB, which was first discovered in

1960s. Many studies have reported its properties as a promising candidate for LIBs144,145,146.

MCMB has spherical lamellar structure and the particle size ranges from 1-40μm. Due to the

dense and smooth surface of MCMB, its packing density is very high so that side reactions with

the electrolyte during electrochemical cycling could be minimized. However, a small specific

surface area also means fewer diffusion paths for Li+ ions, therefore the charge/discharge rate is

not very high. The theoretical capacity of MCMB can be as high as 800 mAh g-1, which is

much higher than that of graphite. Different fabrication methods of MCMB have been widely

reported, including the solvent separation method, emulsification method, centrifugation

separation and supercritical fluid separatio. The electrochemical performance of a graphitic

MCMB is shown in Fig. 1.17147. The cycling performance of the graphitic MCMB is excellent,

as the initial specific capacity is around 330 mAh g-1, and capacity retention after 50 cycles

could reach over 95%.
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Figure 1.16 Electrochemical performance of MCMB, (a) charge/discharge curves and (b)

cycling behavior. (taken from [47])

It should be pointed out heat-treatment can significantly affect the structure of MCMB, as

the degree of graphitization varies depending on processing temperature. When the

graphitization degree is high, a much higher rechargeable capacity could be obtained. The

influence of heat-treatment wasn’t explored until 1995, when Mabuchi et al.143 found MCMB

heat-treated at 700℃ yielded a very high discharge capacity of 750 mAh g-1. Beyond 700℃,

higher heat treatment temperature from 800 to 2000℃ yielded much lower capacities from 480

to 170 mAh g-1. After 2000℃ , the capacity started to increase from 170 to 280 mAh g-1 at

2800℃ . Apparently the mechanism for lithiation/delithiation of graphite in which LiC6 is

formed couldn’t explain such high capacities, and they developed a new mechanism for lithium

intercalation into MCMB after heat treatment. They argued that the large amount of cavities

existing between MCMB lamellas could store Li+ ions and they used small angle x-ray

scattering to confirm the existence of the cavities.

Besides graphitic carbon materials, amorphous carbon has also received much attention.

Amorphous carbon doesn’t have long range order, and the carbon atoms possess sp2 and sp3

hybridizations. The amorphous carbon could be prepared at a temperature range of 500-1200℃.

Because of the low temperature, the degree of graphitization is very low, resulting in formation

of large amounts of graphite nano-crystals and amorphous areas. The specific capacity of

amorphous carbon typically is higher than 372 mAh g-1 as many cavities exist in amorphous
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region and they are able to store Li+ ions. However, amorphous carbon has disadvantages of

bad cycling performance and hysteresis in potential.

Another recently developed carbon material, carbon nanotubes (CNTs), have been

considered as one of the most promising candidates among all types of carbonaceous anode

materials. Since it was first reported in 1991 by Iijima et al.148, many researchers tried to

synthesize them and study their electrochemical properties. CNTs have sp2 hybridization and

they featured with a large surface area due to its one-dimensional morphology. Based on their

structure, they could be divided into single-wall carbon nanotubes (SWCNTs) and multiple-wall

carbon nanotubes (MWCNTs). Many fabrication methods have been reported including acid

oxidation149,150, ball milling151,152, chemical vapor deposition (CVD)153,154, etc. The specific

capacity of SWCNTs ranges from 300 to 600 mAh g-1 155,156, 157, and could be further increased

up to 1000 mAh g-1 with proper mechanical and chemical treatments158. Besides high specific

capacity, CNTs offer other advantages over graphite:

(i) High conductivity; the conductivity of SWCNTs is 106 S m-1 while that of MWCNTs could

be over 105 S m-1 159,160.

(ii) The large specific surface area providing more Li+ ion transport paths, and the small volume

significantly increases the diffusion coefficient of Li+ ions. The benefit in increased diffusion

coefficient could be estimated using the diffusion length, which could be described as:

τ =
Li

ion

D
L2

where Lion is the diffusion length and DLi is the diffusion coefficient of Li+ ions161. Lion

depends on the size of particles of the material. Fast Li+ ion transport offers high

charge/discharge rate, which makes CNTs-based anodes suitable for high current applications.

(iii) Excellent chemical stability.

(iv) Excellent mechanical properties. CNTs have high tensile strength and are flexible, so that

they can buffer induced strain during electrochemical cycling.

However, CNTs also have critical disadvantages, which prevent them from large-scale

manufacturing. First of all, except for enhanced Li+ ion transport rate, the large surface area also

causes more undesirable side reactions between active material and electrolyte, such as

formation of a large amount of SEI. This disadvantage is the major reason for the large
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irreversible capacity loss of most CNTs-based anodes. This disadvantage also causes the fast

drop in potential. Although this issue could be partially solved by adding other forms of carbon

material to create CNTs-based composites, more work is needed to optimize and stabilize

electrochemical performance. Another issue is that all fabrication methods for CNTs are very

expensive with low throughput, which essentially makes CNTs not suitable for

commercialization.

Besides CNTs, other nanostructured carbons have been reported and some of them showed

potential to be used as anode materials for LIBs. These include graphene nanosheets which

could reach a specific capacity of 1233 mAh g-1 at the first cycle162, and three-dimensional

porous carbon material which showed a specific capacity up to 2640 mAh g-1 163. However

these newly proposed nanomaterials have severe issues of high irreversible capacity loss and

very low coulombic efficiency, and the solutions for these issues still remain unsolved.

1.5.3 Tin based anode materials

1.5.3.1 Tin

Tin-based materials have been considered as a candidate for LIBs since Idato et al.164

reported their electrochemical properties. Later in 1996 Fuji Film Co. applied this new type of

anode material in their patent for their new LIBs. The mechanism of Li+ ions intercalation into

tin was studied and it was found that many different phases of LixSny existed, which included

Li7Sn3, LiSn, Li2Sn5, Li22Sn5, Li7Sn2, Li13Sn5 and Li5Sn2165,166. The schematic illustration of the

crystal structures of different Li-Sn alloys is shown in Fig. 1.17167.
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Figure 1.17 Schematic illustration of the crystal structures of different Li-Sn phases. (taken

from [171])

The electrochemical reaction of lithiation/delithiation of tin can be written as:

Sn + xLi+ + xe-  LixSn (0≤x≤4.4)

The highest theoretical capacity that could be achieved is 959.5 mAh g-1 for the Li17Sn4

phase163. However, pure Sn has rarely been used as an anode since a huge irreversible capacity

loss takes place due to the mechanical instability of the Sn substrate. The mechanical instability

is caused by the large volume expansion of Sn upon lithiation, which is around 298%. It should

be noted that volume expansion upon lithiation occurs not only for Sn, but also for Si. The

expansion causes Sn or Si to lose their mechanical integrity and to form a lot of cracks/fractures

in the electrode, as shown in Fig. 1.18168. It could be seen that the volume

expansion/contraction as litthiation/delithiation proceeds looks quite like the

humidification/dehydration process of soil.
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Figure 1.18 In situ micrographs of a Si-Sn thin film anode, (a)fresh sample, (b)after 1st

lithiation, (c)1 hour after first lithiation, (d) after complete delithiation and (e) after 2nd lithiation.

(taken from [172])

1.5.3.2 Tin oxide

Sn-based anode materials are often used in composite form. The reason is that the extra

element added can form a buffering matrix which can alleviate the Sn volume expansion. Such

an example is the SnO anode, which was developed by Fuji film Co.162 , and comprised of

particles with a diameter of 5-10 μm, providing a capacity of around 600 mAh g-1. The Li-ion

intercalation process for SnO is a bit different from pure Sn. During lithiation, Li+ ions first will
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react with O atoms, forming amorphous Li2O, which is more thermodynamically stable than

SnO169. This reaction is irreversible and it leads to a significant irreversible capacity in the first

cycle167. As more cycles are applied, the Sn particles start to aggregate into large clusters170,171.

The electrochemical reaction of the irreversible process could be described as below:

SnO + 2Li+ + 2e-  Li2O + Sn

In addition to SnO, another form of tin oxide, SnO2, has also been investigated as an anode.

The lithiation/delithiation mechanism is similar to that of SnO, and the electrochemical

reactions could be described as follows162,172:

SnO2 + 4Li+ + 4e- → 2Li2O + Sn

xe- + xLi+ + Sn  LixSn (0≤x≤4.4)

SEI layer also forms on the surface of SnO and SnO2 anodes. It is found in a study in which

EIS of SnO2 anode was conducted that before formation of Li2O, SEI layer first formed on the

surface of the material173. After SEI formation, Li+ ions diffuse through the SEI layer and react

with SnO2. It was also found that the crystal structure of SnO and SnO2 was distorted by

formation of Li2O. The components of SEI layer that formed with SnO and SnO2 were mainly

Li2CO3, ROCOLi2. While the SEI layer is beneficial for graphite if exfoliation could be avoided,

it becomes a problem for Sn oxides. Due to the huge volume expansion of Sn oxides upon Li+

ion intercalation, the brittle SEI layer on the surface of Sn oxides will fast lose its mechanical

integrity, exposing fresh Sn oxides inside. This leads to further continuous formation of SEI

layer, so that the thickness of SEI layer will become very large, reducing the specific capacity.

Although the Li2O matrix could somewhat buffer the volume expansion, its coverage is not

uniform and it fails to prevent continuous formation of SEI. Therefore more efficient strategies

must be proposed to solve the SEI problem. A widely used strategy is to introduce nanosized

SnO/SnO2 particles, which performed better in maintaining the mechanical integrity174,175. For

example, Sunkara et al.176 reported a hybrid structure comprised of SnO2 nanowires and Sn

nanoclusters. The capacity after 100 cycles could still achieve 800 mAh g-1. Lou et al.

conducted a lot of studies on nanostructured SnO2 anodes and some of them showed

outstanding electrochemical performance. They reported hollow SnO2 nanoboxes with a

capacity of 570 mAh g-1 after 40 cycles at a current rate of 0.2C177. Kim et al.178 fabricated

SnO2 nanowires with a diameter of 40-50nm and a length of around 1μm, and the capacity
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remained over 700 mAh g-1 after 50 cycles. However, most nanosized SnO/SnO2 anode

materials reported so far still experience continuous capacity fading upon extensive

electrochemical cycling, although the extent of fading has been alleviated compared to early

SnO/SnO2 anodes. A typical example of capacity decay is shown in Fig. 1.20179.

Figure 1.19 Cycling performance of SnO2 nanopparticles with a size of 15-20nm and

SnO2/polyaniline composite with the same type of SnO2 nanoparticles. Both materials showed

severe capacity decay over extensive cycles.(taken from [184])

1.5.3.3 Tin sulfide

SnS and SnS2 have also been considered as a promising form of Sn-based composite anode

materials. The idea of alloying Sn with S aims to form LixS, which can play a more efficient

buffering matrix which prevents mechanical instability of the SEI layer180. The electrochemical

reactions of SnS during cycling are similar to those of SnO and SnO2, and they could be

described as181:

xLi+ + SnS + xe- → LixS + Sn

xe- + xLi+ + Sn  LixSn (0≤x≤4.4)

Except for LixS, carbon materials have also been widely applied to serve as a buffering

matrix, due to good flexibility and toughness of the carbon. It was reported by Li et al.182 that

they fabricated SnS/C composite anodes in the form of thin films. The SnS particles with a size

of 5-6 nm were embedded into a carbon aerogel matrix, forming a thin film with a thickness of
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600nm. The composite thin film was further carbonized, and it showed excellent initial capacity

of around 1000 mAh g-1. Although the capacity decayed to ~500 mAh g-1 after 40 cycles, most

of the capacity loss occurred during the first cycle, which was attributed to the irreversible

reaction forming LixS. Fig. 1.21 shows the cycling performance of the SnS/C composite thin

film anode. Thin films, however, are difficult to use commercially as increasing the film

thickness results in fracture and continuous capacity decay. Hence, SnS nanoparticles are

examined as anodes as they can be mass produced, however a constant capacity decay is still

observed, as seen in Fig. 1.21(b)183.
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Figure 1.20 Cycling performance of (a)SnS/C composite thin film anode.(taken from [184])

and (b) SnS nanoparticles fabricated through mechanical milling; BM10, BM24, BM50, and

BM100 represent milling time of 10, 24, 50, and 100 hours, respectively.(taken from [188])

1.5.3.4 Tin-carbon composites

Although carbonaceous materials have lower specific capacities than Sn, they show much

less volume change(12%) upon lithiation/delithiation process, and the stability of their SEI

layer is better than that of Sn184. In addition, excellent mechanical properties(higher toughness

and ductility) and electrical conductivity make them potentially promising as active matrix for

electrode materials. Therefore, combination of carbonaceous materials with Sn-based componds

has been considered as a strategy to solve the issue of mechanical instability. Lee et al.185

fabricated Sn/C composites where Sn nanoparticles attaching on the surface of a synthetic

carbon matrix. However the specific capacity could not exceed 400 mAh g-1. Santos et al.186

fabricated similar Sn/C composite, which failed to prevent Cl, a corrosive element, from

presenting in the composite. Balan et al.187 prepared Sn/C composite using Sn nanoparticles.

However some Sn particles were detached from C matrix and this leaded to agglomeration of

Sn particles, thus fracture of the Sn clusters. To summarize, although the Sn/C composite

strategy provides benefits which might be theoretically effective in solving the issue of

mechanical instability of Sn-based compounds, the actual electrochemical performance of Sn/C

composites depends on complex parameters, which need to be further explored. Future efforts

are still being put into design of Sn/C composites using some recently developed carbonaceous

materials with even more unique advantages, including CNTs, amorphous carbon and

grapheme188,189,190,191.

1.5.4 Silicon based anode materials

In 1976 Sharma et al.73 observed for the first time that Si had the ability to form alloys with

Li at elevated processing temperatures. The Li-Si phase diagram was indicated in Fig. 1.21.

However, it was not until 2000 that Hong Li et al.192 observed the ability of nano-Si to react

with Li at room temperature which resulted into Si being considered as the most promising

candidate for anode materials so far, as it possesses a theoretical capacity of 4212 mAh g-1 and a
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low discharge potential of about 370 mv vs. Li0/Li+ 193. Si also can form multiple phases with

Li, which are Li12Si7, Li14Si6, Li13Si4 and Li22Si5194. The highest theoretical capacity is achieved

when Li22Si5(Li4.4Si) is formed. The alloying of Si is a two-step process which could be

described below195,196:

Step 1: Si(crystalline) + xLi+ + xe_ → LixSi (amorphous)

4LixSi (amorphous) + 4×(3.75-x)Li+ + 4×(3.75-x)e- → Li15Si4 (crystalline)

Step 2: Li15Si4 (crystalline) → Si (amorphous) + yLi+ + ye- + Li15Si4 (residual)

Figure 1.21 Lithium-silicon phase diagram. (taken from [74])

After Li-ions intercalation, the crystalline structure of Si is destroyed, leaving amorphous Si

and residual crystalline Li15Si4. Although Si possesses a very high specific capacity and low

potential, Si suffers from the same mechanical instability as Sn. It experiences a ~400% volume

expansion upon lithiation, and a subsequent contraction of the same extent upon de-lithiation.

There are mainly three failure mechanisms proposed for Si-based anodes, which are also true

for Sn-based anodes as well:
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(i) Pulverization of Si particles. As shown in Fig. 1.22(a), upon lithiation of Si particles their

volume significantly increases, inducing internal stresses. Since Si is very brittle, the stresses

cause cracking and pulverization of the Si particles, and thus poor electrical contact197,198,199.

(ii) Morphology and volume changes of the Si electrode. As shown in Fig. 1.22(b), volume

expansion and contraction during lithiation and delithiation creates much more inter-particle

space, leading to aggregation of Si particles and formation of large clusters of Si particles. The

increased interparticle spacing results in stress concentration, thus more severe cracking and

fracture takes place with continuous electrochemical cycling. Eventually this mechanism could

lead to peel-off of the entire electrode200.

(iii) Continuous SEI formation. Decomposition of organic solvents in the electrolyte is

thermodynamically favorable and it forms on the surface of Si particles,201, as shown in Fig.

1.22(c). However, the SEI layer is very brittle and it could not buffer the huge volume

expansion, thus it will be broken by the volume expansion of Si particles, or even peel off from

the Si particle surface. Loss of coverage of the SEI exposes inner Si surface to electrolyte,

leading to further formation of new SEI, and this process repeats until a very large thickness is

reached.
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Figure 1.22 Schematic illustration of the failure mechanisms of Si electrode, (a) pulverization

of Si particles, (b)morphology and volume change of Si electrode, and (c) continuous SEI

formation. (taken from [206])

The three mechanisms were believed to work together to lead the dramatic capacity decay

of Si anodes. The huge volume change is even more severe than Sn that it destroys mechanical

integrity and can cause over 90% capacity loss202. The mechanical instability impedes the

practical use of Si as anode for LIBs.

Therefore, significant efforts were put into studies aiming to solve the issue. In theoretical

studies conducted by Aifantis et al.203,204,205, a useful strategy to maintain mechanical stability

and thus to obtain higher capacity retention is to reduce the size of the Si. Particularly,

nanosized Si anodes with various structures were believed to effectively alleviate cracks on

micro-scale, as fracture and deformation are less severe at the nanoscale, and it has been shown

that the fracture toughness of Si nanoparticles increases206. Therefore, Si thin films (STFs), Si

nanoparticles (SNPs), Si nanowires (SNWs), Si nanotubes (SNTs). Graetz et al. 207 fabricated

amorphous STF with a thickness of 100 nm using physical vapor deposition (PVD). A capacity

of 2000 mAh g-1 could be maintained for over 50 cycles.

It was found that both the thickness and fabrication methods affected the electrochemical

performance of SNTs, as reported by Maranchi et al.208, a higher capacity of 3500 mAh g-1 over

30 cycles could be achieved for SNF with a thickness of 250nm fabricated using radio

frequency magnetic sputtering. However in another study in which the same fabrication method

was used but the thickness of SNF was increased to 500nm, the capacity dropped to 1500 mAh

g-1 after 30 cycles209. SNPs have also been studied extensively. Mazouzi et al.210 fabricated

SNPs with various diameters, and coated them with carbon, and compared their performances.

An initial capacity of around 3500 mAh g-1 was obtained for SNPs with a diameter of 10nm and

20nm. It is worth noting that when coated with carbon, the 10nm SNPs showed almost no

capacity fading within first 40 cycles.

While early studies applied pure Si as the anode materials, combining Si with materials with

excellent buffering effects to form composites anode are considered to be one of the most

effective ways to improve electrochemical cycling performance. Carbon is a commonly used
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buffering matrix for Si, as it possesses good conductivity, chemical stability and flexibility.

Si-SiO2-C composites were proposed as SiO2 phase and C could play as buffering matrix, since

the Si nanoparticles are surrounded with SiO2 and C which can prevent them from interacting

when they are expanding and can also constrain their free expansion. As reported by Morita et

al.211, they fabricated Si-SiO2-C composites by embedding Si nanocrystals and amorphous

clusters into SiO2 matrix, and further mixing the Si-SiO2 composites with graphite powders.

The initial capacity is around 700 mAh g-1, and after 200 cycles the capacity could be retained

at around 620 mAh g-1. Except for simple mixing of nanosized Si materials with the buffering

matrix, some recent studies proposed interesting new designing strategies.

1.6 Motivation and objectives

1.6.1 Motivation for present work

One of the most promising Si anodes was developed by Yao et al.212 who fabricated silicon

hollow nanospheres with a diameter of around 500 nm, as shown in Fig. 1.23. This new

nanostructure yielded an initial capacity of 2725 mAh g-1, and it possessed excellent cycling

performance. After 700 cycles, the capacity was 1420 mAh g-1, which is still very high, and the

coulombic efficiency was 99.5%.
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Figure 1.23 Morphology of silicon hollow nanospheres, (a) SEM images, (b) TEM images and

(c) electrochemical cycling performance. (taken from [215])

Despite the promising electrochemical performance of these hollow nanospheres, the capacity

continuously decreases over 700 cycles. The noted agglomeration in the SEM and TEM images

makes the anode more prone to fracture, as during Li-insertion the agglomerated particles

experience higher internal stresses than particles spaced further apart. Additional research must

be therefore performed to further alleviate the stresses that occur during electrochemical cycling

of such Si hollow nanospheres.

In order to better illustrate the need for the present work it should be noted that although

significant work exists in fabricating and electrochemically cycling nanostructured anodes, the

effect that Li-ion insertion and de-insertion has on their morphology and structural integrity is

not studied to the same extent. Relatively few studies have performed detailed scanning and

electron microscopy analysis before and after electrochemical in order to observe the effect that

the active site (Si or Sn) particle size has in retaining the anode structural integrity upon the

Li-insertion and de-insertion process213,214. In the study of Aifantis et al.246, Sn/C nanocomposite

anodes, in which the Sn particles were attached on carbon, were examined by electron

microscopy before and after electrochemical cycling. The results, which are shown in Fig. 1.24

indicated that when the initial Sn particle size was ~50 nm a significant amount of Sn remained

attached on the carbon after eighty cycles (e.g. 20nm particles are seen after cycling in Fig. 1.24

(b)), while when the initial Sn particle size was 100nm, which coalesced to form larger particle
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clusters, fragments of Sn that were less than 20nm remained attached on the C as seen in the

Fig. 1.24 (d).

Figure 1.24 (a) 50nm Sn particles in carbon matrix, before cycling, (b) 50nm Sn particles in

carbon matrix, after 80 cycles, (c) 100nm Sn particles in graphite matrix, before cycling, and (d)

100nm Sn particles in graphite matrix, after 80 cycles. (taken from [258])

Motivated by the results of Fig. 1.24 that indicated that it is not only the material selection, i.e.

Sn/C, but also the Sn particle size that affects the mechanical stability of the anode, a gradient

enhanced damage model was employed to capture the damage that results in various Sn or Si

based nanocomposites during the volume expansion that occurs upon maximum lithiation234. It

was concluded in that study that from the various possible matrix materials considered

graphene provides the highest mechanical support, and therefore Sn/graphene or Si/graphene

anodes would be the most efficient from a mechanical point of view, and hence electrochemical.

These theoretical predictions are shown in Fig. 1.25 and were based on an assumption of a 100

nm active site(Sn/Si) inside a 1000nm unit cell matrix(carbon).
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Figure 1.25 Damage ratio in Sn/matrix nanocomposites. The Sn particle size is 100nm and the

matrix is unit cell is 1000nm. Damage ratio is an index that illustrates the extent of fracture

caused by volume expansion. (taken from [241])

Recent experimental studies have described the fabrication and electrochemical cycling of

Sn/graphene nanocomposites. When the graphene employed was 3D the experiments were in

agreement with the theoretical predictions as capacities as high as 794 mAh/g at (1/3 C) have

been achieved for 400 cycles215. However, when 2D graphene was employed a significant

capacity fade was observed as shown in Fig. 1.26 in the work by Bae et al216, and illustrated

below. It is anticipated that this capacity fade is due to microstructural changes that occur

during cycling, however, no studies have been performed on Sn/graphene anodes after

electrochemical cycling to determine the extent of Sn damage.



64

Figure 1. 26 Capacity fade observed for Sn/2D graphene anodes. (taken from [221])

1.6.2 Research objectives.

Based on this brief introduction and pervious motivation section it can be seen that

significant research is required before next generation anodes can be developed for Li-ion

batteries as there are many factors, such as microstructure, materials selection, solid electrolyte

interface formation, and mechanical degradation that affect their performance, the most

important being their mechanical degradation during electrochemical cycling. The performance

of electrode materials depends on their size, microstructure, configuration, however, the ability

to commercialize them is highly dependent on the ability to mass-produce active materials.

Hence, although high capacities can be obtained for some cases, e.g. the aforementioned Si

hollow nanospheres, it is not possible to commercialize them, as their fabrication technique

involved the use of templates, which are expensive to cast and could only be used for one time.

Other time consuming processing methods, such as CVD, which have been proposed are not

effective for mass production.

The present work hence aimed at developing efficient methods for fabricating Si and Sn

based anodes and also in trying to understand the continuous capacity fade that occurs in

metal-based anodes by analyzing their microstructure after long term electrochemical cycling.

Therefore in the sequence of the remaining chapters as follows:
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Ch. 2: A new method will be presented that allows the fabrication of Si-hollow nanospheres,

similar to those of Fig. 1.23, but with a porous shell. Although the Si-hollow spheres of Fig.

1.23 showed a high capacity retention at over 1000 mAh/g for 700 cycles, a significant capacity

decrease was observed throughout cycling as the starting capacity was 2500mAh/g. This

capacity fade can be reduced by allowing for a porous structure of the Si shell, as it can

alleviate the damage that results from the volume expansions.

Ch. 3: Based on the prediction of Fig. 1.25 Sn/graphene nanocomposites were fabricated and

tested as anodes. Although Sn/graphene anodes have been recently examined by

electrochemists, no information has been obtained on their mechanical integrity during the

Li-insertion and de-insertion process. The electrochemical performance will be examined and

will be followed by a morphology study of the cycled nanocomposites. The change in

micro/nano morphology will be associated with the electrochemical performance to examine

the most efficient microstructures. Various contents of wt% Sn will be considered to explore the

effect that Sn content has on anode performance.

Ch. 4: A new type of SnS/C nanocomposites will be fabricated and tested as anodes. Although

SnS anodes have been recently proposed, the mechanisms that gives rise to the observed

fragmentation of the SnS particles203,237,246 have not been elaborated and must be understood.

Electrochemical cycling and post-cycling morphology studies will be carried out to investigate

the relationship between micro/nano morphology and electrochemical performance, providing

hence information on the applicability of SnS/C materials as anodes.

The goal and novelty of this thesis was the fabrication of new Si, Sn/graphene and SnS/C

nanostructures that can be used as anodes in Li-batteries and the documentation of the

mechanisms that disrupt the initial structural stability of Sn/2D graphene and SnS/C anodes and

result in severe capacity loss during long term cycling(over 100 cycles). These systems are of

high interest to the electrochemistry community and battery developers.
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1.7 Characterization methods

1.7.1 X-ray diffraction (XRD)

X-ray diffraction is a method for characterizing the microstructure of crystalline materials.

It is an effective tool to examine phase transformations and any change in crystalline structure

that occurs during electrochemical cycling of anode materials. It can also be used to examine

the relative degree of crystallinity and to estimate the grain size. For grain size estimation, the

Scherrer Equation is used, which is written as:

τ =


sco

9.0

where τ is the mean size of the grains, λ is the wavelength of the X-ray source, β is the full

width at half maximum (FWHM) in radius, and θ is the Bragg diffraction angle. The incident

X-ray source is typically generated by Cu-Kα sealed tubes with a wavelength of 1.54178Å. The

data was typically collected from 5-80°. XRD was applied to characterize the crystal Si, Sn,

SnS, and C in the samples. The sample preparation for XRD technique is very simple. A small

amount of the powder sample (10mg for each sample in this work) was collected and was

placed onto the diffractometer and launch the automatic operation.

1.7.2 Fourier transformation infrared (FTIR)

FTIR is a surface chemical composition characterization method used to identify chemical

bonds of materials by producing an infrared absorption spectrum. When the incident infrared

wave is projected to the samples, absorption peaks corresponding to specific chemical bonds

will appear on the spectrum at various frequencies. The intensity and the position of absorption

peaks could provide qualitative and quantitative data. In this work, mid-range infrared ray was

used (2.5 -20μm). Enough powder samples were collected and were mixed with KBr, which

was used as the matrix. In this work 1% of the KBr amount of sample was taken and was

mixted with KBr. The powder mixture was grounded sufficiently to get smallest particle size to

avoid scattering of the infrared beam by large particles. Then the mixture was placed into a

7mm die to be compressed to make a pellet that fits the sample holder.
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1.7.3 Scanning electron microscopy (SEM)

SEM is a microscopic tool used to examine micro-morphology and microstructure of the

surface of materials, especially nanomaterials. An electron beam is generated and is focused by

magnetic field lenses and is projected by an accelerating voltage of 1-30 kV onto the sample

surface in a raster scan pattern. The electron beam interacts with sample atoms, creating

secondary electrons, back scattered electrons, and fluorescence X-rays, which are collected by

different detectors as feedback signals to generate high resolution microscopic images of the

sample surface. The large depth of field ensures the quality of the images including a large area.

It is also able to examine composition information if equipped with an energy dispersive

spectroscopy (EDS) detector. The SEM specimen was prepared by simply putting a small

amount of the powder samples onto the carbon tape glue attaching to the sample holder.

1.7.4 High resolution transmission electron microscopy (HRTEM)

TEM is another microscopy tool used to examine the morphology, microstructure and even

atomic arrangement of samples. The wave source that is used to generate feedback signals is

also an electron beam like in the SEM, but it is driven by a much higher accelerating voltage

(≥100kV). The image forming principle of the TEM is different from SEM, as electron the

beam transmits through the sample and is collected at object plane. The crystal structure of the

sample can also be identified if the signal is collected at image plane, where electron diffraction

patterns will be generated. HRTEM is able to reach a super high resolution of 0.1nm, which is

almost on the same magnitude of the lattice parameters of some crystals. Therefore HRTEM is

a powerful tool for imaging nanomaterials with very small size. The TEM is also able to obtain

composition information of samples with an EDS detector. The TEM specimen was prepared by

spreading small amount of the powder samples onto a carbon-laced TEM grid, and then using

two glass slides to compress the TEM grid to ensure solid attachment of the powder samples to

the TEM grid. Then the TEM grid was put onto the sample holder to perform characterization.

1.7.5 Energy dispersive spectroscopy(EDS)

EDS is a composition analysis tool. The EDS detector is typically equipped onto the SEM or

TEM. As an electron beam illuminates specimen atoms, incident electrons with sufficient

energy will interact with valence electrons of specimen atoms, and knock out valence electrons
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from various orbits. The following transition in energy state of other electrons releases

characteristic X-rays, which are collected by the EDS detector. An EDS spectrum is generated

as a plot of x-ray counts versus energy (keV). Energy peaks at various energies correspond to

various elements.

1.7.6 Thermogravimetric analysis (TGA)

TGA measures the changes in physical properties of materials as a function of temperature, and

provides information about chemical composition, thermo-stability of materials. The material

was heated with a constant heating rate. Physical phenomena like vaporization, sublimation or

adsorption/desorption could be reflected by the mass change. Some chemical phenomena could

also be detected. In this work, TGA was applied to examine chemical composition of the

as-prepared anode materials. A Perkin Elmer TGA7 analyzer was used and the heating was

performed from room temperature to 1000℃ under air atmosphere with a heating rate of 10℃

/min. Around 10mg of samples were taken for measurement. The temperature range should be

appropriately selected considering any possible physical/chemical transition of the samples

within the range. The

1.7.7. Electrochemical testing

Electrochemical testing in this work refers to the discharging/charging cycling test. The anode

materials were assembled into CR-2016 type coin cells as the working electrode with binders

and electrolytes which will be specified in the following chapters, and lithium foil was used as

the counter electrode. The separators were Celgard 2300. The coin cells were assembled in an

argon filled glovebox (Mikarouna, Superstar 1220/750/900) to prevent any humidity in the cells.

The cycling testing was carried out using Land CT2001A battery test system.
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Figure 1.27 CR-2016 type coin cell and argon filled glovebox.
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CHAPTER 2

FABRICATION OF SILICON HOLLOWNANOSPHERES

2.1 Introduction
The encouraging electrochemical performance of the silicon hollow nanospheres (SHNSPs)

shown in Fig. 1.23 motivated the present work of trying to develop similar Si particles but using

a method that can be more easily commercialized. However, it is not only the need to develop

an alternative method that motivated this work but also the continuously decreasing capacity

that was observed in the SHNSPs of Fig. 1.23208. Although after 700 cycles the capacity

remained over 1000 mAh/g, it significantly decreased from the initial capacity of 2500 mAh/g.

Although the Si nanospheres are hollow they are most likely still affected by the volume

expansions during lithiation; TEM images after cycling are not provided in this study so it

cannot be known precisely. A method to further alleviate the effects of volume expansion would

be to make the shell of the Si nanospheres porous, since it has been observed that porous Si

foams possess both a high capacity and high coulombic efficiency217. This preferred

performance of porous Si can be due to the higher surface area available for Li-ions to diffuse

through (and hence lithiate a larger portion of the Si) and also the ability of the porous structure

to withstand the volume expansions, as there is extra space to buffer the expansion.

The routes to synthesis of nanomaterials that have been developed include physical,

chemical and electrochemical methods, which could be summarized as:

(i) One step chemical synthesis218,219,220.

(ii) Adding nanocrystals and monophenylsilane(MPS) to supercritical tolune221.

(iii)Template replication method combined with a CVD process210,222.

However to the best of the author’s knowledge, not many studies have been dedicated to

fabrication of SHNSPs for anode material of LIBs, or have produced SHNSPs with a porous

surface. Based on the fabrication routes proposed as indicated above, it was found that

previously proposed methods either had low throughput, or involved expensive processing

techniques such as template forming, CVD, and PVD, or suffered from high processing

temperature. Herein, a novel synthesis method with simple procedures is presented. The

designing of this work was inspired by the study conducted by Y. Chen et al.223, in which silicon
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nanotubes were fabricated via a simple metathesis hydrothermal synthesis method. The

synthesis method herein utilized solid-state metathesis reactions, produced SHNSPs with

porous surface and with a diameter of 150-300 nm. The as-fabricated SHNSPs possess good

uniformity and crystallinity.

2.2 Experimental Section

2.2.1 Materials and Synthesis

Liquid SiCl4(≧ 99%, ACS reagent), HCl(37%, ACS reagent) were purchased from Sigma

Aldrish. Zn powders(≧99%, particle size 1-10μm, AR) were puchased from Aladdin Chemistry

Co. Ltd. All reactants were used as obtained. The mixture of 3 mL of SiCl4 and 15 g Zn powders

was loaded to a 316L stainless steel reaction autoclave with a 30 mL capacity. The SiCl4 was the

Si source and Zn powders were the reducing agent. Zn powders also acted as the metallic solvent

due to its low melting point (419.58 °C) compared to the higher reaction temperature and its good

solubility (soluble in both acid and alkali solutions). It is expected that during the heating process

the higher density of liquid Zn (ρ=7.14 g/mL) will lead to a higher buoyancy which will help

separation of solid reaction products(Si) from raw materials according to the Archimedean

principle. Before the autoclave was sealed and heated, degasification was done by allowing N2 to

flow through the autoclave chamber for sufficient time to prevent side reactions such as oxidation

caused by the oxygen in the air. Then the autoclave with reactants was sealed carefully and heated

to 530°C in an electric oven for 8 h to ensure sufficient reaction. Then the autoclave was cooled

down to room temperature and was unsealed to collect the reaction products. The reaction

products were washed with hydrochloric acid (HCl) and deionized water (DI water) for several

times to completely remove residual reactants and impurities. Then the washed products were

dried for 10h at 50°C in vacuum.

2.2.2 Characterization

XRD was used to perform crystal characterization. A Philips X’Pert MPD diffractometer

with Ni filtered CuKα radiation (V= 40 kV, I =50 mA) at a scanning rate of 4°/min was used.

The micro-morphology of Si nanostructures was examined using a Hitachi H-800 TEM and a

JEOL JEM-2100 HRTEM. Carbon-laced TEM grid was used to prepare samples for TEM

imaging. Molecular structure characterization was examined using FTIR with a Bruker
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VERTEX 70 spectrometer and 2mg of the as-prepared sample was used. Surface porosity was

examined using nitrogen adsorption and desorption isotherms obtained at 77K through a

Quadrasorb SI sorption analyzer. The specific surface area was calculated based on the

Brunauer-Emmett-Teller (BET) model and the pore size distribution of the mesopores which

might possibly appear on the surface of the silicon nanospheres was calculated from the

desorption data through the use of the Density Functional Theory (DFT) method. The details of

the DFT theory model for calculating the pore size distribution was introduced elsewhere.224

2.3 Results and Discussion
Fig. 2.1 shows the XRD results of the as-prepared sample. It is seen that the strong peaks

denote face-centered cubic Si (space group Fd-3m) with a lattice constant of a=5.438 Å, which

is consistent with the JCPDS card No. 27-1402 within experimental error. The several weak

background peaks are due to the existence of residual Zn and SiO2 from the native oxidation

layer of Si. The relative intensity of these peaks indicates that the content of residual Zn is very

low.

Figure 2.1 XRD pattern of the as-prepared SHNSPs. The 111, 220, 311, and 400 peaks

correspond to Si.
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Figure 2.2 FTIR spectrum of as prepared products

The structural information at the molecular scale was characterized using FTIR is illustrated

in Fig. 2.2. Three peaks are observed, which are located at 459.51, 798.26 and 1080.22 cm-1

respectively. These peaks correspond to the characteristic peaks of Si-O-Si bond, Si-O-Si

symmetric stretch, and Si-O-Si anti-symmetric stretch. Another peak located at 940.24 cm-1

corresponds to the Si-O-H stretch225. In addition the peak at 1629.80cm-1 can be attributed to

the hydroxyl groups that are bound to the surface of the Si, according the Si-OH vibration

mode226.
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Figure 2.3 TEM images of the as-prepared products.

(a), (b), (c), and (d) showed the general view of the agglomerated silicon hollow spheres.

(e) illustrates the selected area electron diffraction(SAED) pattern of a selected area in

(a)~(d)

(f) the HRTEM image of the surface of a silicon hollow sphere, and (g) the EDS

spectrum obtained from figure (f).

Fig. 2.3 shows TEM and HRTEM images of the as-prepared products. Based on the

micro-morphology examination of 10 TEM images, Image J software was applied to measure

the particle diameter. The results showed that the SHNSPs have diameters from 150-300 nm,

and show agglomeration without losing the hollow spherical structure. The contrast between the

dark edge and the relatively bright center area indicates the hollow nature. The SAED patterns

obtained from the areas within SHNSPs show face-centered cubic Si crystal structure. The

TEM images shown in Fig. 2.3(d) reveals the thickness of the wall of a SHNSP, which is about

13 nm. The lattice space of 0.31nm is observed, which well matches the interplanar spacing of

the (111) plane of Si. The EDS spectrum shows that the major chemical composition of the

hollow spheres is Si and O. The Cu and C signals come from the carbon-laced TEM grid. The O

is believed to be from the native oxidation layer of SiO2, which formed in the air when the

as-prepared sample was taken out of the reactor. It should be noted that the contrast is

non-uniform throughout an entire SHNSP, indicating that there might be subtle substructures

existing, such as mesopores. Therefore further characterization is needed to examine possible

existence of substructures.
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Figure 2.4 (a) Nitrogen adsorption/desorption isotherms and (b) DFT pore-size distribution

curve determined from the nitrogen desorption isotherm on the obtained SHNSPs.

Nitrogen adsorption/desorption analysis was used to examine possible existence of

substructures, and the results are shown in Fig. 2.4(a). The isotherms show a hysteresis

characteristic of the type II isotherms, which indicates the existence of mesopores in the

as-prepared products227. The pore size was calculated using a DFT method and the distribution

of pore size was estimated, as shown in Fig. 2.4(b). The two peaks located at 2nm and 5nm

indicate the major distribution of the pore size. In addition, the BET surface area of SHNSPs
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was estimated to be 193.498 m2/g using nitrogen adsorption/desorption results. The existence of

the mesopores demonstrated by nitrogen adsorption and DFT pore-size calculation well

explains the non-uniform contrast on the SHNSPs in the TEM images and the pore-like

morphology.

Herein, we also present a simple but robust mechanism for the formation of SHNSPs using

the SSM reactions. At the first stage of the fabrication process, the liquid SiCl4 rapidly

vaporized when the temperature reached the boiling point of SiCl4, which is 57.6°C, resulting in

an increase in the pressure inside the autoclave, which was estimated to be about 12 MPa. As

the temperature kept increasing to 419.5°C, another phase transformation, which was the

melting of solid Zn, started to take place. Due to the high pressure an increasing amount of

SiCl4 dissolved into the liquid Zn. The SiCl4 vapor entered the liquid Zn through the liquid-gas

interface and it was able to form spherical cavities in the liquid Zn due to the surface tension.

The high Laplace pressure that resulted from the surface tension of the liquid-gas interface

allowed the SiCl4 vapor cavities to achieve a nanoscale size. Since the temperature was much

higher than the liquid-vapor critical temperature (235°C) of SiCl4, the SiCl4 vapor cavities were

able to exist stably. As the temperature further increased to 530°C, the redox reaction between

Zn and SiCl4 was fully activated at the spherical liquid-gas interface. The process is

schematically illustrated in Fig. 2.5(a).
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Figure 2.5 Schematic illustration of (a) formation mechanism of the SHNSPs, and (b) the

layered configuration indicating the buoyancy effect.

The Si formed according to the following chemical metathesis reaction:

SiCl4(g)+2Zn(l)→Si(s)+2ZnCl2(l)

= -16.3 kcal/mole (at T=823K)

The accumulating Si layer became dense and uniform, and eventually attained a hollow

structure when SiCl4 inside the cavity was completely consumed. The Si layer and ZnCl2,

together, prevented further reaction between Si and ZnCl2, although the reaction might still take

place at a low rate, considering the porosity of the Si layer, which provided paths for SiCl4. The

densities of Si, ZnCl2, and Zn are 2.33, 2.907 and 7.14 g/mL respectively, therefore the

multi-shell Si-Zn nanoparticles floated upwards into the liquid ZnCl2 due to the buoyancy

which resulted from the difference in density, as shown in Figure 2.5(b). The buoyancy effect

provided by ZnCl2 separated the Si-Zn nanoparticles and prevented them from clustering,

maintaining the nano-size of the particles. Then the ZnCl2 and the solidified Zn that remained

around the Si shell were removed by washing with hydrochloric acid and DI water, leaving the

Si hollow nanospheres.
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2.4 Conclusion
A simple template-free metathesis reaction between SiCl4 and Zn at 530 °C was utilized to

prepare SHNSPs. The as-prepared SHNSPs have a diameter ranging from 150 to 300 nm, and

have mesoporous surface structure with a pore size of 2nm to 10nm. Zn played the role of a

metallic solvent providing buoyancy and surface tension, inducing the hollow nanosphere

configuration. SiCl2 provided the Si source to form crystal Si nanospheres. Micro-morphology

analysis was carried out using TEM, and a high surface area of 193.498 m2/g was achieved. The

hollow nanosphere structure with mesopores is promising for various applications including

anodes for Li-ion batteries, where porous structures enhance Li-ion transport and thus a higher

charge/discharge rate, and can also accommodate the volume expansions. However, before they

can be tested as anodes a fabrication technique is being explored that will allow for efficient

coating of the Si nanospheres by a matrix (e.g. carbon) in order to avoid their agglomeration

and prevent the Si particles from interacting upon their volume expansion. Quantitive

investigation of impurities, e.g., Zn and ZnCl2 residual must be carried out as the future work.

Furthermore, the parameters which can influence properties of interest, such as particle size,

wall thickness and porosity, will be further explored.
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CHAPTER 3

TIN-GRAPHENE NANO-COMPOSITESASANODE MATERIAL FOR LITHIUM ION
BATTERIES

3.1 Introduction
Due to the severe volume expansion upon lithiation, pure Sn has rarely been used as anode

material for LIBs. Instead, composites comprised of Sn and other buffering materials have been

widely studied as promising candidates. Except for materials selection, another critical

parameter in the design of promising anodes is the introduction of microstructure which can

help accommodate the volume expansion upon lithiation and delithiation. As a previously

applied anode material, the carbon family possesses outstanding electrochemical and physical

properties, and is therefore widely used as a matrix to support Sn nanoparticles. The matrix can

play the role of a protecting shell and provides sufficient free space for accommodating the

expansion/contraction process of Sn material due to the high elongation. In addition, the carbon

matrix provides extensive paths for electron transport, due to the high conductivity, and the

small thickness of the SEI layer on the carbon surface. Previous studies investigated the

possibility of using various forms of carbon as composites component, for instance, carbon

micro/nano-particles, CNTs, natural graphite, and graphene228,229,230,231,232, and as mentioned in

the introductory chapter, theoretical considerations have predicted that graphene is the most

promising matrix that allows for highest mechanical stability in Sn or Si based anodes.

Graphene is a two-dimensional material comprised of sp2 hybridized C-C bonds. The

honeycomb network structure of single layered graphene extends on a plane. The unique

properties of graphene, for example, large surface area and mechanical strength make it

preferable for applications in supercapacitors, nanoelectronics, and electrodes of chemical

energy storage devices233,234. As an anode material for LIBs, it has been reported that the

theoretical capacity of graphene could reach 744 mAh g-1 , with formation of Li2C6235. The

much larger theoretical capacity compared to graphite is due to the extra intercalation sites

provided by the spacing of the graphene sheets. Furthermore, it was proposed that the

mechanical damage caused by the volume change of some metal-based anodes upon

lithiation/delithiation could be suppressed by graphene due to its high flexibility and toughness,
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allowing for a better retention of mechanical integrity of electrodes236. Therefore, lots of efforts

were put into fabrication of graphene and application of graphene as anode materials for LIBs.

Recent studies have shown the Sn/graphene nanocomposites allow for a high capacity retention.

Particularly, it has been shown that Sn particles that were around 100 nm in diameter that were

attached on 3D graphene gave a capacity of 400 mAh/g after 4000 cycles and a coulombic

efficiency of 32%213. In order to be able and increase the coulombic efficiency we must

understand the effects that lithiation has on the microstructure of Sn/2D graphene anodes. We

anticipate that this will also allow us to understand why 2D graphene is not an efficient

buffering matrix like 3D graphene, since severe capacity fade is observed in Sn/2D graphene

anodes as shown in Fig. 1.26 in Chapter 1241.

Herein, we present a study in which a chemical synthesis method is employed to prepare Sn/2D

graphene nanocomposites (referred to as Sn/GC). The Sn content was either 10% or 20% and

the electrochemical performance between the two cases was compared. Electron microscopy

was performed before and after cycling in order to observe the change in microstructure due to

the volume expansion/contraction that occurs upon lithiation/de-lithiation.

3.2 Experimental

3.2.1 Materials fabrication

99.9 wt.% ethylene glycol was purchased from J.T. Baker, the NaBH4 solution(> 96 wt.%)

and the ethanol(99.9 wt.%) were purchased from Merck, and the SnCl2·2H2O (99 wt.%) was

purchased from Fluka, and graphene nanoplatelets with a size of around 500 nm were obtained

according to the process presented by Wu et al.237. Firstly, degasification was carried out by

bubbling the enthylene glycol solution with N2 gas using the degasification setting up shown in

Fig. 3.1. Then SnCl2·2H2O was added into the enthylene glycol to form a solution, which was

stirred sufficiently to ensure complete mixing. Secondly, the graphene which plays as the

carbon precursor was added into the solution and the mixture was sonicated for 2 hours to

ensure uniform distribution. NaBH4 was added into the mixture after sonification to promote

formation of solid Sn. The reaction process took an hour, and the solution was sonicated for 2

hours again after the reaction. The solid precipitate was collected using centrifugation and was

washed using ethanol. The drying process was carried out at 70°C in vacuum for 2 hours. The
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as-prepared products came as powders. The content of Sn was controlled to be 10 and 20 wt.%,

respectively. The labeling of the samples was indicated in Table 3.1 below:

Table 3.1 Labeling of the Sn/GC composites.

10 wt.% Sn 20 wt.% Sn

Sn/graphene 10Sn/GC 20Sn/GC

To examine the effect of Sn content, Sn/graphene composites with 10 wt.% (10Sn/GC) and

20 wt.% Sn (20Sn/GC) were prepared. To prepare 1 g of 10Sn/C, 0.19 g of SnCl2.2H2O was

dissolved in 100 ml ethylene glycol and then 0.9 g of graphene was added to the solution. 0.096

g of the reducing agent NaBH4 was added to the mixture. The processing time was set to be 1

hour to allow sufficient reaction. The precipitate was filtered and washed with ethanol and dried

in an oven overnight. To prepare 1 g of 20Sn/C, 0.38 g of SnCl2.2H2O were dissolved in 200 ml

ethylene glycol and 0.8 g of graphene was added to the solution after that. Again 0.096 g

NaBH4 were added to the mixture and the reaction was complete after 1 hour. As before, the

precipitate was filtered and washed with ethanol and dried in an oven overnight.

Figure 3.1 N2 bubbling set up.
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3.2.2 Characterization

The as-prepared samples were characterized using a Bruker AXS diffractometer to obtain

XRD results. The scanning rate was 0.04°/s and the range of 2 angle was from 10° to 80°.

Micro-morphology was obtained using a JEOL JEM-6335FE SEM and a Hitachi S4800

FESEM. The nano-morphology was obtained using a JEOL JEM-2010 TEM and a Philips

CM200 TEM. EDS was used to identify the elements within the areas of interest and to obtain

compositional information. Thermogravimetric analysis was conducted using a Perkin Elmer

TGA7 analyzer. Around 10mg of powder sample was measured. The heating range was from

room temperature to 1000℃, and the heating rate was 10℃/min.

3.2.3 Electrochemical cycling

The as-prepared Sn/GC composites were used as the working electrode to assemble a

CR2016-type coin cell, with lithium foil acting as the counter electrode. The Sn/GC composites

were added into electrolyte to form a slurry, which was then coated on Cu-foil which was the

current collector. The composition of the slurry was 90 wt.% of Sn/GC, 10 wt.% of

polyvinylidene fluoride (PVDF) which acted as the binder, and 1-methyl-2 pyrrolidinone (NMP)

as the solvent. The electrolyte was 1 M LiPF6 solution in ethylene carbonate–diethyl carbonate

(EC–DEC= 1 : 1, v/v) and Celgard 2300 was used as the separator. The galvanostatic

charge–discharge tests were performed in a battery test system (Land CT2001A, Wuhan Jinnuo

Electronic Co. Ltd.) at a constant charge/discharge rate of 50 mA g-1 in the potential range from

0 to 2.5 V versus standard potential of Li0/Li+.

3.3 Results and Discussion

3.3.1 Microstructure prior electrochemical cycling

The XRD results of the Sn/graphene, composites with 10 wt.% of Sn and 20 wt.% of Sn

were shown in Fig. 3.2 and Fig. 3.3 respectively. It was shown that all carbons contained

rhombohedral structure, which corresponded to JCPDS card No. 26-1079, and Sn in all samples

corresponded to the patterns shown by JCPDS card No. 4-673.
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Figure 3.2 XRD results of 10Sn/GC composite.

Figure 3.3 XRD patterns of 20Sn/GC composite.

The average crystal size of Sn could be estimated using the two Scherrer equations below:
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where τ is the mean size of grains, λ is the wavelength of the X-ray source, β and βr are the full

width at half maximum (FWHM) in radius, and θ is the Bragg diffraction angle. The incident

X-ray source is 1.5406Å, and the constant k was taken as 0.94238. The measured full width at

half maximum (τ) and 2  of graphene from the XRD patterns are listed in Table 3.2. The

average carbon particle size (τ r) can be obtained from Equation (2) for graphene, and was

found to be equal to 7.44 nm.

Sample type 2 (°)  r(x10-3)  (nm)

Graphene (10Sn/GC) 26.603 20.00 7.44

Table 3.2 The measured full width at half maximau (Br), 2, and the calculated particle size (L)

for 10Sn/GC from XRD.

The mechanism of the formation of Sn/GC composites could be described in a similar

manner as the one proposed by Adpakpang et al. for the formation of SnSb/C composites239.

The redox reaction of NaBH4 with SnCl2·2H2O in ethylene glycol solvent lead to the formation

of Sn phase. The Sn2+ ions were reduced from a 2+ oxidation state to 0 state, which existed in

the form of Sn nano-crystals, while B3+ ions in NaBH4 were oxidized to B7+ ions in NaBO4. The

redox reaction was illustrated below:

NaBH4 is the reducing agent as its standard reduction potential ( E0 = -1.24 V) is lower than

that of Sn2+/Sn, which was E0 = -0.14V .
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Figure 3.4 shows the SEM images of the Sn/graphene samples with various wt.% of Sn; the

figure also indicates that most of the metal particles are quasi-spherical in shape. It was

observed that the Sn particles were well dispersed on the surface and the average particle size

was 46.64 nm and 46.36 nm for the 10wt% and 20wt% samples respectively. The standard

deviation of 10Sn/GC and 20Sn/GC was 43.24 nm and 38.10 nm, respectively. It is also shown

in Fig. 3.4(b) that Sn particles aggregate to form larger clusters in the 20wt% sample than in the

10wt% case. The size of the clusters of 10Sn/GC was mostly below 200nm, while that of

20Sn/GC ranged from 100nm to 400nm, which is much larger than an isolated particle. A

higher Sn concentration results enhanced aggregation of Sn nanoparticles and formation of

more clusters with larger size.

Figure 3.4 SEM images of (a) 10Sn/GC composite and (b) 20Sn/GC composite

The particle size histograms of the 10 wt.% and 20 wt.% Sn on graphene were illustrated in

Fig. 3.5. The particle size was measured using ImageJ software. For each type of sample, the

data was collected from over 100 particles from 3 SEM images taken in different areas.

Graphene provided an abundant area for the Sn particles to be deposited on, and, therefore,

small Sn particles were well dispersed onto its surface.
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Figure 3.5 Particle size histograms of 10%Sn/GC and 20%Sn/GC composite.

No. Ratio of Elements Type of Carbon Particle Size
(nm)

%Elements
(%wt)

Sn C

1

2

10Sn : 90GC

20Sn : 80GC

Graphene

Graphene

46.64

46.36

10.77

18.15

89.23

81.85

Table 3.3 Elemental measurement by EDS technique of all samples.

The number and the content of elements contained in each sample was measured using

energy dispersive spectroscopy (EDS). In order to get the figures to be representatives of the

elemental amount, for both 10Sn/GC and 20Sn/GC, 5 samples were measured respectively. In

addition, measurements were performed in 5 random areas in each sample. The EDS results

showing the weight percentage of Sn and C were summarized in Table 3.3. It was found that the

20Sn/GC contained 18.15 wt% of Sn while the 10Sn/GC contained 10.77 wt% of Sn. It should

be noted that although multiple measurements were taken to get mean values of elemental

percentage, the EDS results could only reflected localized compositional information and they

cannot be used to describe the actual amount of Sn.
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For obtaining more precise information regarding the composition, thermogravimetric

analysis (TGA) was conducted on a Perkin Elmer TGA7 analyzer from room temperature to

1000℃ under air atmosphere with a heating rate of 10℃/min. Around 10mg of samples were

taken for measurement. The TGA data of the 10Sn/GC and the 20Sn/GC samples is illustrated

in Figure 3.6. The 81.04% and 90.05% of weight loss of 10Sn/GC and 20Sn/GC was due to the

phase transition of carbon into CO2 between 250℃ and 650℃ . The Sn percentage for each

sample is listed in Table 3.4 below, which was in agreement with the EDS results.

Figure 3.6. TGA analysis profile of the 10Sn/GC sample (top) and the 20Sn/GC sample

(bottom).
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Sample Percentage of Sn

10 wt.%Sn/GC 9.95

20 wt.%Sn/GC 19.96

Table 3.4 TGA results of Sn/GC Composites.

Figure 3.7 shows the TEM images and the selected area diffraction (SAD) patterns of the

10Sn/GC and 20Sn/GC composites. As was the case in the SEM images, TEM also illustrates

that the Sn particles are quasi-spherical with a diameter of around 20-200nm. The particle size

observed from TEM images agrees with the particle size observed from SEM images. The SAD

patterns indicated the bright rings as the carbon phase and the diffuse rings as the Sn particles.

Particularly, the bright spot patterns, which are a result of the large particle size of carbon, and

the diffuse rings and the less bright ring patterns are a result of the small particle sizes of Sn.

These TEM results are in good agreement with those from XRD and SEM.
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Figure 3.7 (a)TEM image of 10Sn/GC, (b) TEM image and (c) SAD patterns of 20Sn/GC

material.

3.3.2 Electrochemical cycling

The above results show that the Sn particles in both 10Sn/GC and 20Sn/GC have fine mean

particle sizes (~46nm), which is preferred as smaller particles can better withstand the volume

changes during the lithiation-delithiation process according to theoretical predictions in

Dimitrievic et al.’s work234, and experimental work by Whitehead et al.240. Furthermore, based

on theoretical predictions the most promising carbon to be used as a matrix is graphene, hence

the Sn/GC anodes were electrochemically cycled. Fig. 3.8 shows the charge–discharge curves

of the 10Sn/GC and 20Sn/GC materials and the voltage-capacity curves of 20Sn/GC. The first

cycle of the 10Sn/GC material gives 635.1 mAh/g discharge capacity and 266.1 mAh/g charge

capacity. The discharge capacity decreases in the course of several cycles, and then remains

constant at 228.5 mAh/g after 20 cycles, Fig. 3.8(a).

100 nm

Sn (220)

Sn (112)

Sn (312)

C (003)Sn (200)

C (012)

b) c)



91

Figure 3.8 Specific capacity vs. cycle number of (a) 10Sn/GC and (b) 20Sn/GC, (c)

voltage-capacity curve for the first three cycles for the 20Sn/GC. The discharge and charge

current density is 50 mA/g.

In contrast, for the 20Sn/GC material, the discharge capacity dropped drastically from

1081.6 mAh/g to 690.8 mAh/g in the second cycle, and faded to 394.1 mAh/g in the 20th cycle.

After that, it decreased slowly and remained constant at approximately 255 mAh/g after 120

cycles. Although the capacity of the 20Sn/GC material was initially higher than that of the

10Sn/GC material, it gradually decreased, while the capacity of the 10Sn/GC material remained

rather stable. The capacity response for both nanocomposites is highly improved over that

observed for other Sn/2D graphene anodes, such as some of those presented in Fig. 1.26.
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3.3.3. Microstructure after electrochemical cycling

It is interesting that although both anodes had the same materials selection their

electrochemical response was different. Although the average particle sizes in both samples

were similar, the standard deviation in particle size for the 20Sn/GC was less than that of the

10Sn/GC, which indicated along with the SEM image (Figure 3.4(a)) that the distribution of Sn

was more uniform in the 20wt% sample. In order to understand the difference in performance

between the two anodes we try to compare differences in their microstructure as that is the only

variation between them. Increasing the Sn content had a two-fold effect: (i) There was more Sn

present in the sample and hence particles could be spaced closer together to form aggregated

clusters as shown in Fig. 3.4(b). Closer spaced particles could result into interaction among

them during the volume expansion and therefore increase the amount of Sn damaged during

cycling which could lead to less material available for reacting with Li241. (ii) In the FESEM

images in Fig. 3.4 it can be seen that the Sn nanoparticles formed larger clusters in the 20Sn/GC

samples. Larger Sn particles fracture more severely as seen in Fig.1.24, which results in a

greater capacity loss. The aforementioned observations, suggest that the 10Sn/GC anode

microstructure was less prone to fracture and can therefore explain its higher capacity retention.

Although the above observations on the initial microstructure provide insight towards the

better electrochemical performance of the 10Sn/GC anode, to fully understand the effects that

lithiation had in the structural stability of the anodes the cycled cells were opened and examined

using both SEM and TEM. Particularly, the coin cells were disassembled and the 10Sn/GC and

the 20Sn/GC samples were removed. Before imaging the samples were washed using 1:1 by

volume mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) to remove the

electrolytes. The results are illustrated in Fig. 3.9. Three major changes in the microstructure

could be observed for the Sn/GC composites after electrochemical cycling: (i) The first one is

the severe particle agglomeration/aggregation, as shown in the SEM images (Fig 3.9 (a)&(b)).

After cycling the Sn nanoparticles aggregated to form larger clusters, with a size between 200

nm to 1μm, which is significantly larger than the clusters observed in the as prepared

microstructure in Fig. 3.4, in which they were around ~100-300nm. Such

agglomeration/aggregation is known as electrochemical coarsening and is commonly observed
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in electrode materials due to ion transport. It has been reported for Sn-based anodes

(Sn3O2(OH)2242 and SnO/SnO2168,243), and was believe to be one of the major reasons for

continuous capacity fade 168,244
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Figure 3.9 SEM images of (a)10Sn/GC, (b) 20Sn/GC after electrochemical cycling, (c)

EDS mapping of Sn and elements found in SEI layer, (d) TEM image of 10Sn/GC after cycling

showing SEI layer, (e) TEM 20Sn/GC after electrochemical cycling, (f) TEM image of

10Sn/GC after cycling.

(ii) This coarsening phenomenon is also observed in the TEM images for the 10Sn/GC anode,

since in Fig. 3.9 (c) it is seen that individual Sn nanoparticles that were ~100nm coalesced to
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form a cluster that was ~500nm in length. In the pre-cycling 10Sn/GC anode no clusters of

nanoparticles were observed in the TEM images but individual particles with a maximum size

of ~180 nm were noted. It should be noted that no particles less than 50 nm were observed after

cycling, however, it is important to emphasize that the Sn still remained attached on the

graphene surface as Fig. 3.9 (e) illustrates. In the 20Sn/GC anode the TEM images also denote

coarsening of nanoparticles but in this case the individual Sn nanoparticles that form the cluster

are 2-10 nm, which are significantly smaller than the as prepared microstructure where the Sn

nanoparticles ranged between 20-180 nm. This suggests that the Sn particles fractured and then

aggregated during cycling. This could be attributed to the fact that the 20Sn/GC was comprised

of closely aggregated Sn particles that were more prone to fracture during the volume

expansion of Sn upon lithiation, as reported earlier by Aifantis et al.246 (iii) In addition to

coarsening, another microstructural change was the formation of SEI layer on the surface of the

Sn nanoparticles of the 10Sn/GC. In Fig. 3.9(d) it can be seen that the SEI layer had a rough

surface morphology and completely covered the Sn nanoparticles, with its thickness being

~20-30 nm. The existence of SEI species was further documented by the EDS results in Table

3.5 below, which shows a high content for both C and O. The high C/O content should be

mainly due to SEI formation since oxidation of the electrolyte and salt in the air would only

result in a minor increase of C/O. Based on Table 3.5 it can be concluded that SEI was present

in the 20Sn/GC samples, but it did not exist in a continuous layer that could be observed with

TEM as for the 10Sn/GC sample. If the SEI layer cannot maintain a uniform and stable

coverage over the Sn nanoparticles, it can fracture and hence lead to new SEI formation. The

thin and uniform SEI layer observed for the 10Sn/GC could allow for a better capacity retention

during electrochemical cycling as it would protect he Sn particles from chemical attack by the

electrolyte.

%Elements(% wt.)

C O Sn
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10Sn/GC 39.56 52.91 7.53

20Sn/GC 32.66 50.95 16.39

Table 3.5 EDS results of 10Sn/GC and 20Sn/GC after electrochemical cycling. The data

from 10 various points from 4 samples was averaged to give this table.

3.4 Conclusion
The focus of this chapter was to examine the electrochemical performance of Sn/graphene

nanocomposites and their microstructural changes upon extensive Li-insertion and de-insertion.

Electrochemical cycling showed that for 20wt% and 10wt% Sn/GC anodes their capacity

stabilized at ~255 and ~230 mAh/g after 20 cycles and remained at that value for 120 cycles.

Although the capacity of the 20Sn/GC anode stabilized at a higher value it experienced a

greater capacity loss as it had a higher initial capacity. Electron microscopy on the cycled

anodes revealed that significant electrochemical coarsening took place during cycling, and

hence the significant capacity fade could be attributed to this. A continuous thin SEI layer

formed on the 10Sn/GC sample, which could act as a protective layer resulting in a less drastic

capacity fade than that observed for the 20Sn/GC for which the SEI layer was not visible with

TEM. This suggests that increasing the Sn content does not improve long term cycling. Instead

the Sn particle size must be further reduced so as to better withstand the volume changes during

cycling. The coarsening observed herein is most likely the reason why 2D graphene is not an

efficient buffering matrix. Other anodes that used a similar microstructure as the one herein also

showed a significant capacity fade (Fig. 1.26 in Chapter 1), however they did not perform post

cycling microscopy. Hence, this study allows an explanation as towards the failure of such

anodes. A further study would need to perform post cycling microscopy on the promising

Sn/3D graphene anodes to verify if indeed coarsening is inhibited in those cases, as 3D

graphene has shown to be a promising matrix for anodes. Furthermore, this study illustrated that

addition of Sn to increase the anode capacity is not efficient but instead the particle size must be

controlled.
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CHAPTER 4

TIN-MONOSULFIDE-GRAPHITE NANO-COMPOSITESAS ANODE MATERIAL
FOR LITHIUM ION BATTERIES

4.1 Introduction
Sn-based materials have attracted significant attention for use as anodes in Li-ion batteries

since they allow for a higher theoretical specific capacity than that of graphite. However, Sn

suffers from severe volume expansions as high as 298% during lithiation, resulting in fracture

and rapid capacity decay after several charge-discharge cycles. In order to alleviate the high

volume expansions, Sn is rarely used in its pure form but rather as an oxide- SnO2, or as an

alloy such as SnSb or SnS180,239,245,246. To further increase mechanical stability the size of the

Sn-based particles are reduced to the nanoscale and embedded or attached on a carbon

matrix173,172.

The maximum initial capacity of Sn or SnO2 anodes cannot exceed 990 mAh/g, however,

that of SnS anodes is greater than 1000 mAh/g, which however, significantly decreases during

cycling, as is the case for all Sn-based materials. For example, SnS nanoparticles (5-6 nm)

embedded in a carbon matrix, experienced a capacity loss of ~500 mAh/g (from 1000 mAh g-1

to 530 mAh g-1) after 40 cycles, while SnS single phase alloy anodes in the form of

micro-flakes showed an initial capacity of 1085 mAh g-1 which dropped to ~550 mAh g-1 after

45 cycle247. Furthermore, SnS nanorods (50-200nm in diameter) embedded in carbon gave an

initial discharge capacity of 1538 mAh g-1, which decreased to 466 mAh g-1 after 50 cycles.

The capacity drop observed during the first cycle has been attributed to the formation of

Li2S, which forms irreversibly. However, the mechanism that gives rise to the continuous

capacity fade over long term cycling has not been explored.

Based on the severe fracture observed for Sn/C and SnO2/C nanocomposites during

cycling248, it is of interest to examine if material structure mechanical instability can be

correlated to the long term capacity decay observed in the aforementioned SnS-based anodes245.

The present article focuses on examining the morphological changes that SnS/C nanopowders

undergo during electrochemical cycling by performing field emission scanning electron
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microscopy (FESEM) and transmission electron microscopy (TEM) prior to and after long term

cycling. The particular microstructure considered is that of nanopowders comprised of

flower-like nanoscale SnS alloy attached on carbon. Such flower-type active materials have not

been cycled before, and although similar SnS microstructures have recently been fabricated249,

they were significantly larger and their ‘flower-petals’ were much denser. In order to examine

the effect of the carbon substrate both artificial graphite and microcarbon-microbeads were

considered as the matrix, while the SnS content was either 10% or 20%.

4.2 Experimental Procedure

4.2.1 Materials fabrication

The SnS/C nanopowders were fabricated using either artificial graphite (AG) or

microcarbon- microbeads (MCMB) as the matrix, as both have very good electrochemical

properties. The synthesis of the composite SnS:C material was carried out using electroless

deposition similar to processes reported by Adpakpang et al.237. In the experimental process,

SnCl2∙2H2O (99.9%, Fluka) and NH2CSNH2 (99.0%, Merck) were used as the metal-ion

precursors, while AG or MCMB were used as the carbon precursors. Composite materials with

two different amounts of SnS were produced. The solution used to make 10%Sn 10%S was

composed of ethylene glycol, dissolved SnCl2∙2H2O, dissolved NH2CSNH2, and AG or MCMB.

This solution contained the inorganic materials in the proportion of 0.1g of Sn atoms and 0.1g

of S atoms for every 0.8 of C atoms. Similarly, the 20%Sn 20%S was fabricated in the same

manner but with a higher proportion of Sn and S atoms; 0.2g of Sn atoms and 0.2 g of S atoms

for every 0.6g of C atoms. The metal ion precursors were refluxed with carbon in 100ml

ethylene glycol (99.9%, J.T. Baker) at 200°C for 8 hours. The precipitate obtained was collected

by centrifugation and washed using ethanol. Finally, the product was dried at 70°C for 2 hours

to obtain the final powders.

4.2.2 Electrochemical cycling

Electrochemical tests were performed using a CR2016-type coin cell. An assembled coin

cell was composed of lithium as the counter electrode and the working electrode consisted of

85% active material, 5% super P carbon black and 10% polyvinylidene fluoride (PVDF)

deposited on a copper foil, which was the current collector. Coin-type cells were assembled in
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an argon-filled glove box (Mikarouna, Superstar 1220/750/900) with 1 M LiPF6 solution in

ethylene carbonate–diethyl carbonate (EC–DEC= 1 : 1, v/v) as the electrolyte and Celgard 2300

as the separator. The galvanostatic charge–discharge tests were performed in a battery test

system (Land CT2001A, Wuhan Jinnuo Electronic Co. Ltd.) at a constant current density of 50

mA g-1 in the potential range from 0 to 2.5 V.

4.2.3 Microstructure Analysis

The morphology and element analysis of the SnS/C before and after cycling was examined

using a Hitachi S-4800 scanning electron microscope (SEM) and a Philips CM200-FEG

transmission electron microscope (TEM).

4.3 Results and Discussion

4.3.1 Morphology prior to cycling

Performing TEM on the as prepared powders (Fig. 4.1) revealed that the initial

microstructure was that of SnS alloy flower-structures consisting of multiple

nanofiber/nanorod-like petals that attached on the graphite surfaces. The TEM images shown in

Fig. 4.1 indicate that there exists a fine difference in size based on the SnS content as for the

10%SnS powders the petal-like structures had a fiber diameter of 5-25nm, while for the

20%SnS nanopowders the diameter was 10-60nm. Performing EDS throughout twenty areas in

the samples revealed the %content of the Sn and S that was present in the final product. In

Table 4.1 it is seen that the %Sn was significantly higher (~23-33%) than the %S (3-9%). For

simplicity when referring to the different SnS content powders the initial wt% that was added to

the solution is referred to. The particle size was measured and averaged by counting 200

particles for each sample using Image J software.
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Figure 4.1 The TEM images of the uncycled samples, (a) the 10Sn10S/Carbon composite and

(b) the 20Sn20S/Carbon composite.
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Figure 4.2 The SEM images of the uncycled samples, (a) the 10Sn10S/AG composite, (b) the

10Sn10S/MCMB composite, (c) the 20Sn20S/AG composite, (d) the 20Sn20S/MCMB

composite.
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No. Ratio of Elements Type of Carbon Particle Size

(nm)

%Elements (%atom)

Sn C S

1

2

3

4

10Sn : 10S : 80AG

10Sn : 10S : 80MCMB

20Sn : 20S : 60AG

20Sn : 20S : 60MCMB

Artificial Graphite

Mesocarbon Microbead

Artificial Graphite

Mesocarbon Microbead

254.33

494.35

411.34

559.91

3.04

3.50

3.71

5.34

95.48

94.17

92.16

89.09

1.48

2.34

4.13

5.57

Table 4.1 EDS analysis before cycling to determine the Sn and S content.

In Fig. 4.2 it can be seen that the particle size of the SnS/C composites depended on the

carbon matrix as adding the same %SnS resulted in different particle sizes. Particularly, the SnS

particle size was ~1μm and ~400nm, when AG and MCMB were employed, respectively (for

the 10%SnS case). The FESEM images in Fig. 4.2 suggest that increasing the SnS content did

not significantly affect the SnS particle size as it was seen to be ~1.5μm on AG and ~400nm on

MCMB, for the 20%SnS case. However, the TEM images illustrated size effects at the

nanoscale.

Fig. 4.3 summarizes the XRD data, which indicate that all samples contained only SnS

alloy, and no pure Sn or S phases were present. Estimation of the crystal size was carried out

using the full width at the half maximum (FWHM) of the SnS peaks, and Scherrer’s equation. It

was found that the crystal size of SnS for all nanopowders before cycling was ~10nm,

indicating that the difference in particle size observed between the FESEM and TEM images

for the different samples was due to agglomeration.
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Figure 4.3 XRD of the SnS/carbon composites.

4.3.2 Electrochemical cycling

Fig. 4.4 (a) illustrates the electrochemical response of the samples examined. It is seen that

the lower SnS content samples had an initial capacity of over 600mAh g-1, which reduced to

~295 and ~270 after 120 cycles (for artificial graphite and MCMB, respectively), which is

approximately the capacity of the pure carbon bases. The higher SnS content samples showed a

higher initial capacity of over 700 mAh g-1, but a greater capacity decrease during cycling,

which reached ~100mAh g-1 and ~130mAh/g after 120 cycles (for artificial graphite and

MCMB, respectively). Fig. 4.4 (a) is extended to 200 cycles to show the severe capacity fade. It

is seen that after the 100th cycle the capacity for all anodes considered (even 10SnS, which is

the most efficient) drops below that of artificial graphite. To better illustrate this Fig. 4.4 (b)

plots together the voltage-capacity curves of the first three and 100-103 cycles for 10SnS/AG.

The curves after long term cycling are almost coincident with those for pure AG, further

suggesting that SnS does not participate in the reaction with continuous cycling.
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Figure 4.4 (a) Discharge-charge cycling performance of the different samples SnS/C samples.

Figure 4.4 (b) Voltage-capacity plots for the first three cycles of the 10SnS/AG (green),
100-103 cycles for 10SnS/AG (red) and first 10 cycles of pure AG.

Fig. 4.4 (c), shows more clearly the voltage capacity curves corresponding to the capacity

degradation. The second discharge for 10SnS is compared with the 100th discharge of 10SnS
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and with the pure AG carbon discharge. Although the 100th discharge curve for 10SnS is not

exactly coincident with that for pure AG it is clear that much of the voltage and capacity

associated with the SnS compound has faded. It is also seen that the degradation of the

voltage-capacity curve in the 100th cycle for the 20SnS material appears to be significantly

more extreme.

Fig. 4.4 (c) Comparison of discharge curves are various cycles of the SnS/C composites with
artificial graphite.

4.3.3 Microstructure after electrochemical cycling

The severe capacity fade observed herein is similar to previous studies in which pure Sn

was attached on carbon246. In those studies the capacity fade was shown to be due to the severe

fracture of Sn particles due to the volume expansions/contractions that occurred during

electrochemical cycling. Furthermore, in Chapter 3 a higher capacity fade was observed for the

higher Sn content Sn/GC anode, which is consistent with the higher capacity fade in the

20Sn20S materials herein. To examine the relationship between capacity fade and structural

stability post mortem SEM and TEM were performed.

The button cells were opened in a fume hood and the anode was removed and dipped in a

1:1 by volume mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) for 30 sec to

remove electrolyte residue, and was then dried using argon. Powders were then scraped onto (i)

a standard SEM sample holder covered by a piece of conductive carbon tape, and (ii) a TEM
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carbon lacy grid. X-ray diffraction (XRD) was performed using Philips X’Pert MPD

diffractomerter.

The XRD characterization of the SnS/C nanopowders after cycling is shown in Fig.4.5.

Prior to cycling pure Sn was not detected, however, after electrochemical cycling Sn metal was

present. Based on the XRD characterization, the grain size of SnS alloy was estimated (using

the Panalytical X’ Pert Plus software) to be ~11 nm, after cycling. This suggests that the crystal

size remained nanoscale during cycling.

Figure 4.5 XRD of the SnS/carbon composites after cycling.
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Figure 4.6 (a) 10Sn10S/AG, (b) 10Sn10S/MCMB, (c) 20Sn20S/AG and (d) 20Sn20S/MCMB.

These images were taken for the electrochemical testing at the constant current.
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Figure 4.7 (a)(b)10Sn10S/AG composite after 120 cycles and (c) corresponding EDS results.

The cracks surrounding the SnS particles are clearly shown, as well as some areas in which

delamination occurred.

Figs. 4.6 and 4.7 illustrate that after Li-insertion and de-insertion the flower-like structure

of the SnS particles was ‘destroyed’ for all samples examined. Instead of flower-like SnS

particles spherical particles with diameters that started from ~500nm and exceeded 3μm were

observed. It is seen that the interface between these particles and the carbon matrix was

severely damaged, and they delaminated into the electrolyte as seen in Fig. 4.7. Significant

cracks were also observed in the graphite matrix. Particularly, in some cases such as in Fig. 4.7,

the SnS particle detached from the C substrate without substrate cracking. An initial hypothesis

may suggest that the severe volume expansions during cycling resulted in agglomeration of the

fibers of the ‘flower-like’ structures seen in Fig. 4.2, and subsequent coarsening produced the

large spherical particles of Figs 4.6-4.7. Coarsening is commonly observed in electrode

materials due to ion transport and has been reported for Sn-based anodes (Sn3O2(OH)2250 and

SnO/SnO2241) and was illustrated in Chapter 3 for the Sn/2D graphene anodes. An alternative

explanation to coarsening is that the large particles of Figs 4.6-4.7 were salts, which resulted

from the decomposition of the electrolyte on the anode surface. Performing EDS mapping as

seen in Fig. 4.8 on the area of Fig. 4.6(d) indicates that indeed these large particles are not

SnS-rich, but instead contain higher contents of O and F. Hence they are not a product of

coarsening but SEI. Furthermore, Table 4.2 shows the EDS element analysis inside the particle

and inside the adjacent matrix, which again supports the conclusion that the SnS was distributed

throughout the whole anode surface and not localized inside the large particles. Hence, it can be

concluded that the initial flower-like morphology of the SnS particles was completely

obliterated during cycling and the SnS was dispersed as nanoparticles, across the electrode or

delaminated in the electrolyte (which then dried on the electrode). It should be noted that

similar EDS mapping was obtained for all anodes (six areas were examined for each anode) but

is not presented herein to save space.
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Figure 4.8 (a)-(g) EDS mapping of 20Sn20S/MCMB cycled at constant current.

Sample Area %Elements(%atom)

Sn C S O F P

20Sn20S
MCMB

Inside particle 1.25 37.79 0.66 37.73 22.07 0.50

Adjacent
matrix

1.75 45.45 1.52 29.60 19.40 2.28

Table 4.2 EDS analysis after cycling of the area inside the particles and inside the adjacent
matrix.

Fig. 4.9 further illustrates that the SnS nanofibers failed to maintain their original flower-like

shape, and documents their fragmentation into very fine spherical nanoparticles ~2-10nm, after

120 cycles. These TEM images of nanoparticles distributed throughout the anode are in
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accordance to the FESEM-EDS mapping shown in Fig. 4.8, which shows that the SnS was

distributed throughout the anode surface. Again it is noted that similar TEM images were

obtained for all anodes (six areas was examined for each anode) but are not presented herein to

save space and avoid repetition. This particle size is consistent with the XRD peak broadening

determination of crystallite size. The SAED pattern indicates SnS and Sn phase, however, no C

rings were observed suggesting that the area with light contrast surrounding the nanoparticles

was not the initial carbon particle substrate but SEI or electrolyte residue. The high

concentrations of F, O, C and P (in Table 4.2), together with the observed isolated SnS particles

suggest that the material coating the surface is electrochemically inactive. Such an

electrochemically inactive coating could contribute to the capacity and voltage loss due to an

increase of the internal resistance.
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Figure 4.9 HRTEM images and EDS results of the SnS/C composite anodes after 120

charge/discharge, (a)10Sn10S/AG, (b) 10Sn10S/MCMB, and (c) EDS results for 10SnS/AG.

The experimental results are interpreted as showing that the SnS structure in Figs 4.1 and

4.2 was transformed into a nanoscale particulate spread across the electrode surface, during

electrochemical cycling. A possible mechanism should consider that metallic Sn is formed

during the cycling process, as both the post cycling XRD and SAED indicate. It is noted that

previous studies have described the irreversible formation of soluble S-Li compounds178,251. A

reaction of the type
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SnS + 2Li+ + 2e- → Sn + Li2S.

could lead to the selective leaching of S from the SnS into the electrolyte and the disruption of

the nanocrystalline SnS flower microstructure. The dissolution of Li-S compounds into the

electrolyte may then explain the absence of S or Li2S in the XRD178,249. As support for this

argument, other investigators have invoked that the solubility of the Li-S compounds in Li-ion

cells contributes to loss of structural integrity of the active particles252,253,254.

Although the volume change of Sn due to lithiation leads to significant material stresses,

the length scale of the observed nanoparticles (2-10 nm in Fig. 4.9) is apparently less than the

critical size for fracture during cycling255. In the study by Aifantis et al.253 it was shown that Sn

nanoparticles that were ~20nm did not fracture significantly during cycling. This does suggest

that an alternative mechanism, or at least an additional driving force, is required to explain the

pulverization of the active SnS flower structure. The mechanism proposed here that selective

leaching of S from the nanocrystalline SnS results in the development of free nanocrystalline

powder is similar to that described in Wang et al.’s work252, in which selective leaching from

Pt-based alloy produced nanoparticles for catalytic applications.

The free nanocrystalline powder as observed in the TEM images (Fig. 4.9) is electrically

isolated from the electrode, resulting in a loss of capacity consistent with what has been

observed. Although such a mechanism has not been explicitly reported before the present

results can be related to recent microscopy observations256, which showed that an initial

microstructure of SnS nanorods (~350nm long and 50nm wide) coated by graphene-oxide were

replaced by ~5-20nm nanoparticles after 50 cycles. It was not stated in Tripathi et al.’s work254

however, if those were Sn or SnS particles and SAED was not performed to indicate if the

particles were still coated by carbon. It should be noted that the post-cycling TEM images

depicted therein were very similar to the present ones.

4.4 Conclusions
The microscopy observations herein indicate that the significant capacity fade observed in

nanostructured SnS/C anodes is attributed to the disruption of the initial SnS microstructure

which was localized in spherical flower type structures and attached to a carbon matrix, either
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artificial graphite or MCMB. SEM and TEM images after cycling illustrated dispersed

nanocrystalline Sn and SnS particles within the electrolyte and/or SEI after cycling. This

dispersion of the electroactive material into the SEI layer or electrolyte may be correlated with

the loss of electrochemical capacity due to electrical isolation from the current collector. The

microstructure observations are in accordance with the electrochemical cycling results which

indicate that after 120 cycle the capacity had dropped to that of the pure carbon matrices,

suggesting the SnS was not participating into the reactions. A mechanism for this resulting

nanostructure is proposed based on the selective dissolution of Li-S species from the SnS

particles, leading to pulverization of SnS to nanocrystalline powders. This work suggests that

SnS anodes will be difficult to implement, as it is very difficult to retain their initial

microstructure and chemical bonding.
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CHAPTER 5

CONCLUSIONAND FUTUREWORK

Chapter 3 described a novel chemical method for fabricating hollow silicon nanospheres

based on the metathesis reaction between SiCl4 and Zn. Zn plays as the reactant and solvent.

The coupling effects between the buoyancy, surface tension, and diffusion of ZnCl2 are

responsible for the formation of the hollow structures, with a high production rate and quality.

Characterization of the resulting powders was performed using X-ray diffraction, transmission

electron microscopy and Raman spectroscopy, which indicated that the diameter of the spheres

ranged from 150 nm to 300 nm, and the surface area was 193.498 m2/g. In addition to being

hollow their surface contained mesopores, which allow for a higher surface that can aid the

Li-insertion process for also alleviate the volume expansions and hence fracture. Before,

however, these materials can be tested as anodes a fabrication method is being explored that

will allow coating their surface with a matrix, such as carbon, in order to avoid the observed

agglomeration. Agglomeration results in more severe fracture during lithiation and hence

reduced capacity retention. Another important future work needed is to quantitively examine

the impurities contained in the as prepared samples, e.g., the content of Zn residual, which

might have influences on electrochemical cycling performance.

Chapter 4 presented a chemical method to fabricate Sn/grapheme composites with Sn

content of 10 wt.% and 20 wt.% respectively. The Sn existed as nanoparticles with

quasi-spherical shape and a size of about 46 nm that could form clusters of 100-300nm.

Electrochemical cycling experiments showed that for both the 20wt% and 10wt% Sn/GC

materials their capacity stabilized at ~255 and ~230 mAh/g after 20 cycles and remained at that

until 120 cycles. This performance was better than other Sn/2D graphene anodes, but still

suggested microstructural changes during cycling. Performing electron microscopy on the

cycled anodes illustrated that severe electrochemical coarsening took place, which resulted in

Sn clusters up to 1 m. This observation is very important as it can explain why 2D graphene is

not an efficient matrix for providing microstructural stability in Sn/C anodes. Sn particle sizes

over 100 nm, cannot cycle well as they do not allow for deep lithiation and hence not all Li

reacts with the anode active sites.



116

Chapter 5 related the electrochemical stability SnS/C nanocomposites to the effects that

lithiation has on their microstructure. A new type of SnS/C nanocomposite was examined and a

unique pulverization mechanism was revealed, which included selective leaching of the S upon

lithiation that gave rise to nano SnS and S particles that were dispersed in the electrolyte or

solid electrolyte interface layer and became electrochemically inactive. This is a very important

observation as it indicates the inability to use SnS alloy as an anode as its chemical and

morphological structure cannot be retained upon lithiation.

Overall, this work presented three simple and novel fabrication methods for Si,

Sn/grapheme and SnS/C composites, which served as anode materials for LIBs. For

Sn/graphene and SnS/C composites, extensive post cycling analysis was carried out, which

provided new and important microscopy documentation regarding the mechanisms that disrupt

the initial promising anode microstructure.
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