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ABSTRACT
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Reliable ways of storing energy are crucial to support our modern way of life; lithium-ion batteries
provide an attractive solution. The constant demand for higher energy density, thinner, lighter and
even more mechanically flexible batteries has motivated research into new battery materials. Some
of these will be explored in this thesis.

The main focus is placed on the development of new anode materials for lithium-ion
batteries and the assessment of their electrochemical and structural characteristics. The materials
investigated are: natural Swedish graphite, SnB2O4 glass and intermetallics such as: Cu6Sn5, InSb,
Cu2Sb, MnSb and Mn2Sb. Their performances are investigated by a combination of
electrochemical, in situ X-ray diffraction and Mössbauer spectroscopy techniques, with an
emphasis on the structural transformations that occur during lithiation.

The intermetallic materials exhibit a lithium insertion/metal extrusion mechanism. The
reversibility of these reactions is facilitated by the strong structural relationships between the parent
compounds and their lithiated counterparts. Lithiation of a majority of the intermetallics in this
work proceeds via an intermediate ternary phase. The intermetallic electrodes provide high
volumetric capacities and operate at slightly higher voltages vs. Li/Li+ than graphite. This latter
feature forms the basis for a safer system.

Jet-milling of natural Swedish graphite results in decreased particle and crystallite size,
leading to improved performance; the capacity is close to the theoretical capacity of graphite. Jet-
milled graphite also shows an enhanced ability to withstand high charging rates.
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CHAPTER 1

SCOPE OF THIS THESIS

Energy sources are crucial to support our modern way of life; the current energy
needs are, however, very much dependent on nuclear and fossil-fuel power [1, 2].
The latter affects global warming and will eventually cause serious depletion of
natural resources. Consequently, there is a high incentive to find more efficient,
pollution-free and safe power sources; examples of advanced techniques include
fuel cells  [3] and solar cells [4]. Reliable methods for storing energy are just as
important and rechargeable lithium-ion batteries provide an attractive solution [5,
6]. There is a huge market for lightweight batteries with applications like cellular
phones, portable computers, medical devices, electric vehicles, etc. The Li-battery
technologies of today out-perform many other battery systems, like the Ni-MH
and NiCd batteries, because of their high energy and power density and design
flexibility in combination with their use of environmentally acceptable
constituents. Li-based battery chemistry is, however, relatively young. The
constant demand for higher energy density, thinner, lighter and even more
mechanically flexible batteries has motivated research into new cell configurations
and new battery chemistries. Some of these will be explored in this thesis.

The main focus of this thesis is on the development of new anode materials for
lithium-ion batteries and the assessment of their electrochemical and structural
characteristics. The techniques used to probe these properties are predominantly
in situ X-ray diffraction, Mössbauer spectroscopy and electrochemical methods
such as galvanostatic and potentiostatic cycling as well as cyclic voltammetry.
Differential Scanning Calorimetry (DSC) is also used to a smaller extent to probe
the thermal stability of graphite electrodes. The materials under study are: a
Swedish natural graphite (ppapers I and III), Cu6Sn5 (ppapers III and IIV), InSb
(ppaper V), Cu2Sb (ppaper VI), MnSb and Mn2Sb (ppaper VII) and SnB2O4 glass
(ppaper VIII).
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Some key issues addressed in this work relating to the development of these anode
materials are:
- What are the factors affecting the performance of natural graphite as an anode

material, and what is the effect of jet-milling?
- How is anode performance affected by the addition of carbon black (CB) to

the composite anode in terms of cycleability, irreversible capacity and thermal
stability?

- How does the structural relationship between the phases formed during the
cycling of intermetallic anodes affect their performance?

- Which intermetallic material combinations and structures are most favourable
to use in a lithium-ion battery context and what can be learnt for future anode
design?

- What are the factors controlling the cycleability of a tin-based glass?
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CHAPTER 2

INTRODUCTION

In 1800, Alessandro Volta was the first to describe the electric battery; he showed
how current was generated through chemical reactions of dissimilar metals
separated by an acidic, ion-conducting medium. One metal was oxidised and
reduction of hydrogen ions occurred at the other metal [7]. The basic principle of
his "Voltaic pile" (Fig. 2.1) has formed the basis for modern batteries. Batteries are
an efficient way to store electricity and make it portable – numerous different
battery types have since been developed. This chapter outlines the development of
lithium- and lithium-ion batteries; the materials studied throughout this work
(Chapters 5-7) are possible candidates as anodes for lithium-ion batteries.

Figure 2.1 An illustration of the Voltaic pile, consisting of alternating zinc and copper or silver
plates separated by "pasteboard" soaked in an acidic solution.

2.1  FUNDAMENTAL BATTERY CONCEPTS
A rechargeable battery (like the lithium-ion battery) is an example of a system in
which it is possible to convert chemical energy to electrical energy (the chemical
system is discharged) and then re-convert the electrical energy to chemical energy
(the chemical system is charged).

A battery comprises an anode, a cathode and an electrolyte. The anode (the
negative electrode in a galvanic cell) is the electrode where an oxidation process
occurs. The cathode is consequently the electrode where the reduction process
occurs. The electrolyte has to be an electronic insulator (to avoid short-circuiting)
but a good ionic conductor (to transport electrochemically active species).
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The free energy change, G, of a cell reaction is related to its electrochemical
voltage, E, by

G = -zFE   (1)

where z is the number of electrons involved in the reaction and F is Faraday’s
constant (96487 C/mol).

Several parameters characterize the performance of a battery; for example:
(i) gravimetric energy density (mWh/g), (ii) gravimetric capacity (mAh/g), (iii)
volumetric capacity (mAh/cm3), (iv) rate capability, (v) cycleability and (vi) self-
discharge characteristics. The gravimetric energy density (GED) of a battery in
mWh/g is given as:

 GED = E GC   (2)

where E is the operating voltage (in V) and GC is the gravimetric capacity (in
mAh/g). The latter is indicating the total quantity of charge involved in the cell
reaction. A reaction of compound A with z number of lithium ions and the
corresponding number of electrons can be represented as:

A + zLi
+
 + ze

-
  LizA   (3)

The theoretical gravimetric capacity, GC (in mAh/g), for compound A is given
by:

 GC = 
3.6

zF(1/M)
         (4)

where M is the molar mass of A and F is Faraday's constant.

These factors are all influenced by the chemistry of the system; thus making the
choice of battery materials crucial in designing a battery.

2.2  LITHIUM BATTERY DEVELOPMENT
Metallic lithium, being the lightest element existing in combination with having a
large negative electrode potential (-3.04 V vs. the Standard Hydrogen Electrode),
would be the ideal anode material from an energy density point of view. In the
beginning of the 1970's, studies on the reversible insertion of lithium in inorganic
hosts paved the way for the first lithium batteries where, for example, TiS2, V2O5

and MnO2 were used as cathode materials. However, this concept involved a
certain safety hazard, as the metallic lithium electrode exhibited dendritic growth
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in contact with a liquid electrolyte during cycling. This could eventually lead to
short-circuiting of the cell and thereby risk for explosion.

To circumvent these safety issues, several approaches were pursued in which either
the electrolyte or the negative electrode was modified. Ion-conducting polymers
were used in the first lithium polymer batteries, where dendrite growth could be
partially suppressed by the polymer electrolyte [8, 9]; the safety issues were still
not satisfactorily overcome. The replacement of the lithium negative electrode by
a second, carbonaceous, insertion host made possible the lithium-ion battery [10,
11]; the first of these was commercialized by Sony in 1990.

2.3  THE LITHIUM-ION BATTERY
A commercial lithium-ion battery of today typically comprises a lithium-
containing transition-metal oxide as the cathode, e.g., LiCoO2 [12], LiMn2O4

[13] or LiFePO4  [14] and numerous variations thereof (for reviews of cathode
materials see, for example, [15, 16]), a carbon-based anode (an overview of anode
materials is given in Chapter 3) and an aprotic organic electrolyte containing a
dissociated lithium salt (for reviews see, for example, [17, 18]). The electrolyte can
be a liquid, a gel or a solid polymer. Liquid electrolytes are still amongst the most
exploited, due to their superior conductivity; examples of solvents include
Ethylene Carbonate (EC), Diethyl Carbonate (DEC), Dimethyl Carbonate
(DMC) and Propylene Carbonate (PC) with typically a LiPF6 salt. Polymers are,
however, highly attractive because of the reduced risk for leakage, mechanical
stability and easier handling. A schematic illustration of the lithium-ion battery is
shown in Fig. 2.2.

Figure 2.2 A schematic illustration of a lithium-ion battery during the charging process.
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In the lithium-ion battery, the lithium-containing transition-metal oxide
(cathode) supplies the active lithium. During the first step – the so-called
formation cycle (charging of the battery) – lithium-ions are transferred to the
anode; see Fig. 2.2. In this work, however, the anode materials are tested in "half-
cells" against a metallic lithium counter electrode. In this setup, the active material
works as a cathode and the lithium insertion is consistently referred to as discharge
throughout the text (although this would be the charging process in a "whole-
cell"). Also note that the given voltages refer to the Li/Li+ redox couple (-3.04 V
vs. the Standard Hydrogen Electrode).
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CHAPTER 3

ANODE MATERIALS FOR LITHIUM-ION BATTERIES

Extensive research is devoted to understanding and improving existing anode
materials in today's lithium-ion batteries; the most commonly used material is
graphite (for reviews see, for example, [11, 16]). Parallel to this, there is a great
incentive to find new electrode materials that can store more lithium or function
more safely than graphite. This chapter gives an overview of some of the anode
materials used today and some of the alternatives. There are, however, many other
possible approaches; space limitations do not permit a full description here.

3.1  GRAPHITE
There are numerous modifications of carbon that can be used as an anode material
e.g., natural and synthetic graphite, coke, carbon fibres, carbon nanotubes, etc.
The ability to accommodate lithium depends strongly on the morphology and
structure of the material as such. In this section, the properties of graphite will be
described.

The crystal structure of graphite was solved by Bernal in 1924 [19]. Its basic
building blocks consist of sp2-hybridised carbon arranged in layers (graphene
sheets). These honeycomb layers are arranged in an ABAB…. stacking for
hexagonal graphite (referred to as 2H). A schematic illustration of hexagonal
graphite can be seen in Fig. 3.1. A second polymorph of graphite also exists, i.e.,
rhombohedral graphite, with an ABCABC…. stacking (referred to as 3R). The
transformation energy between these stacking modes is very small and hence most
graphite materials contain both phases. The influence of the rhombohedral phase
content on the cycleability of natural graphite is explored in ppaper I.

Figure 3.1 A schematic illustration of hexagonal graphite (adapted from [16]).
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The synthesis of lithium-graphite intercalation compounds was first reported by
Herold in the 1950's [20]. At ambient pressure, a maximum lithium content of
one lithium guest atom per six carbon host atoms can be obtained, forming a LiC6

compound. This reaction corresponds to a gravimetric capacity of 372 mAh/g.
Intercalation occurs primarily through the edge planes (the prismatic surface in
Fig. 3.1) [21]; any intercalation through the basal planes occurs at defect sites
only. During intercalation of lithium into graphite, the stacking order changes
from ABAB…. stacking for hexagonal graphite to AA…. stacking for the
graphene sheets surrounding the intercalate layers. The rhombohedral stacking is
shifted in a similar manner. The intercalated lithium is accommodated in the van
der Waals gaps between two honeycomb carbon rings. During the intercalation
process, a number of discrete LixC6 phases are formed with lower lithium content.
This phenomenon is generally referred to as staging, and is a consequence of the
energetically favourable situation of having few, highly occupied van der Waals
gaps, rather than a random distribution [16]. The phases formed are generally
referred to as Stages I-IV, where the roman numerals indicate the number of
graphene layers between each lithium layer. Stage I consequently corresponds to
the LiC6 phase. Lithium intercalation has an effect on the graphite interlayer
spacing. The distance between the graphene layers increases by approximately
10% as the LiC6 phase is formed; this rather moderate volume expansion is highly
advantageous when used in a lithium-ion battery since electrode stability is
important.

Figure 3.2 The first cycle of a graphite/lithium cell cycled in a 1M LiPF6 EC/DEC (2:1)
electrolyte.

The first discharge and charge of a graphite/lithium "half-cell" can be seen in Fig.
3.2.  Lithium starts to intercalate at around 0.2 V vs. Li/Li+; the staging process
results in distinct plateaus for the two-phase regions and vertical regions when a
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single phase is present. During the first discharge, reactions due to electrolyte
reduction take place at a voltage around 0.8V vs. Li/Li+, as a Solid Electrolyte
Interphase (SEI) layer is formed on the graphite surface. This concept was first
introduced by Peled when studying metallic lithium electrodes in organic
electrolyte systems [22]. The SEI constituents have shown to be very similar on
lithium and graphite electrodes [23]. On graphite, the SEI acts as a passivating
layer preventing solvent co-intercalation but allowing lithium-ion transport;
solvent co-intercalation with lithium into graphite causes exfoliation of the
graphite sheets, and has a detrimental effect on its ability to further intercalate
lithium. The layer is also an electronic insulator, preventing further reduction of
electrolyte as cycling continues. SEI formation is an irreversible, charge-
consuming reaction; the irreversible capacity (marked in Fig. 3.2) associated with
this type of reaction is ~20%, depending on both the carbon material and the
electrolyte used. The morphology and composition of the SEI depends strongly
on the electrolyte. Typically, it is composed of a mixture of salt reduction
products (e.g. LiF) and solvent reduction products (e.g. Li2CO3) as well as
polymeric species.

Carbon-based anode materials are the most commonly used in today's commercial
lithium-ion batteries. A lot of money and effort is spent, however, on
incorporating safety devices into the battery; one reason for this is the inherent
safety risk associated with the anode material. Fully lithiated graphite reach
voltages close to that of metallic Li; the lithium within LiC6 would, from a
thermodynamic point of view, be approximately as reactive as metallic Li. There is
also a risk of Li plating at the carbon surface. Numerous studies have been made
in which the safety, and especially the thermal stability, of lithiated graphite
electrodes have been investigated [24-29].

3.2  METAL ALLOYS AND INTERMETALLICS
The first commercial cell using a metal alloy was already introduced in the 1980's
by the Japanese company Matsushita; this was based on Wood's metal
(Bi50Pb25Cd12.5 Sn12.5) [6]. Extensive studies have also been made on binary LixM
alloys, where M= Al, Sn, Si, Sb, Pb etc. [30, 31]. There are several advantages with
lithium-metal alloys; one major advantage is the high volumetric capacities.
Lithium-metal alloys also generally operate at a higher voltage vs. Li/Li+ than
graphite; this could lead to an improvement in safety (approximate insertion
voltages for some anode materials can be seen in Fig. 3.3).
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inactive matrix [39].

A new approach to circumvent alloy expansion problem was first proposed by
Thackeray et al., where the aim was to find intermetallic systems with a strong
structural relationship between the parent binary electrode AB (A and B are
different metal atoms, where A typically is active towards lithiation and B is
inactive) and its lithiated LixAB and Lix+yA products. The first intermetallic system
studied in this respect was Cu6Sn5, with a nickel-arsenide type (NiAs type)
structure into which Li ions could be inserted to yield Li2CuSn with a lithiated
zinc-blende type structure [40]. A model for the phase-transition of Cu6Sn5 to
Li2CuSn was proposed in which half of the Sn atoms are displaced into interstitial
sites within the NiAs type structure to generate the lithiated zinc-blende structure
shown in Fig. 3.4.  The volume expansion of the copper-tin structure during this
reaction is approximately 59%. On further lithiation, all copper atoms are
extruded from the structure and tin is lithiated to finally form Li4.4Sn [41]. The
realization that the CuSn zinc-blende framework of Li2CuSn provides a three-
dimensional interstitial space for lithium led to the investigation of several
intermetallic compounds with the zinc-blende structure; one such example is InSb
[42]. This approach is further explored in Chapter 6 (ppapers III-VII), where the
structural transformations in lithiated intermetallic electrodes of NiAs and zinc-
blende type structures, as well as the Cu2Sb structure type, are probed by in situ X-
ray diffraction and Mössbauer spectroscopy.

leading to considerable extra weight in the battery. During subsequent cycling,
lithium alloys reversibly with Sn within the supporting matrix of the Li2O or glass.
This mechanism has been investigated further by several groups, especially
regarding the role of the glass network and the constituent atoms of the glass itself
[47, 48] and ppapers VIII, XX and XI. Recent work on nano-size particles of
crystalline metal oxides by Tarascon and co-workers has shown, however, that the
process of Li2O formation is indeed reversible when working on a nano scale [49].

 (a)  (b)

c

  b

a

a b

c

 = Cu

 = Sn

= Li
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CHAPTER 4

ANODE PREPARATION AND EVALUATION

4.1  MATERIALS SYNTHESIS/PREPARATION AND CHARACTERISATION
Woxna graphite from Tricorona AB (hereafter referred to as W) was used after
being purified to 99.8% and sieved to a particle-size smaller than 80 m. This
material was also used as starting material for jet-milling using an Alpine jet-mill
100 AFG at a rate of 22000 rpm. The particle-size distribution of these powders
was analyzed using a Malvern Mastersizer and the surface area using a standard
N2/He BET setup. These measures were all taken by the graphite supplier.

There are several techniques for synthesizing intermetallic compounds, e.g., solid-
state reactions, ball-milling, electrodeposition and precipitation methods. In this
work, we have only used ball-milling and solid-state reaction: ball-milling for
Cu6Sn5, Cu2Sb and InSb (ppapers III-VI) and solid-state reaction for MnSb and
Mn2Sb (ppapers VII). The ball-mill used was a Spex Certiprep 8000 with a
stainless steel container and ball. MnSb was synthesized by reacting stoichiometric
amounts of Mn and Sb metal powders at 800 C under argon for 25 h in alumina
crucibles. Mn2Sb was synthesised by the same procedure at 900 C.

The SnB2O4 glass (ppaper VIII) was made by mixing stoichiometric amounts of
SnO and B2O3 in a graphite crucible and heated for more than 6 hours under
argon atmosphere at 1000 C. The mixture was quenched onto a copper plate at
room temperature.

4.2  ELECTRODE PREPARATION
Measures were first taken to optimise the electrode compositions and the
manufacturing procedures. The graphite electrodes typically comprised 80 wt%
graphite, 10 wt% CB (Shewinigan black) and 10 wt% EPDM (ethylene propylene
diene terpolymer) rubber binder (ppapers I and III). The SnB2O4 electrodes (ppaper
VIII) comprised 82 wt% glass, 10 wt% CB (Shewinigan black) and 8 wt% PVdF
(polyvinylidene fluoride). The slurries were hand-mortared and coated onto
copper foil. Intermetallic electrodes made at Uppsala University used 90 wt%
active material with 5 wt% CB (Shewinigan black) and 5 wt% EPDM (ethylene
propylene diene terpolymer) rubber binder  (Cu6Sn5 paper III and IV).  The
slurries were ball-milled for 45 min and coated onto either a copper or a nickel
foil.
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Electrodes made at Argonne National Laboratory (InSb: ppaper V; Cu2Sb: ppaper
VI; MnSb and Mn2Sb: ppaper VII) used 84 wt% active material, 4 wt% CB
(acetylene black), 4 wt% graphite (Timcal, SFG-6) and 8 wt% PVdF. The slurries
were hand-mortared and coated onto copper foil.

4.3  BATTERY ASSEMBLY AND TESTING
A "coffee-bag" type cell (Figure 4.1) was used for most of the experiments, i.e., the
cell container consisted of a flexible polymer-coated aluminium foil. This type of
cell is thin and allows measurements to be performed in transmission mode;
especially suitable for the in situ XRD and Mössbauer experiments performed in
papers III-VIII. More details concerning the in situ XRD and Mössbauer
experiments can be found in Chapter 6. All cells were assembled in an argon-filled
glove-box (<5 ppm O2 and H2O). The cells consisted of a working electrode of the
active material and a lithium-metal counter electrode (Cyprus Foote Mineral),
separated by glass wool soaked in electrolyte. The electrolyte was in most cases a
2:1 solution of ethylene carbonate and dimethyl carbonate or diethylene carbonate
(Selectipur , Merck, Darmstadt, Germany) with 1M LiPF6 salt (Merck). All
components (salt, electrode and separator) were dried under vacuum prior to use.

Figure 4.1 The "coffee-bag" type cell used in this work.

Galvanostatic cycling was performed on a Digatron BTS-600 battery tester. In this
type of cycling, a constant current is applied and the voltage is monitored as a
function of time. The capacity of the active material (see section 2.1) during
discharge and charge, using different cycling rates, can be easily obtained.

Potentiostatic cycling was used in the in situ measurements to allow a slow
discharge, closer to equilibrium. In this technique, the voltage is changed step-wise
and the current is allowed to decay to some given value before the next step. These
measurements were performed on a MacPile II potentiostat.
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In both these electrochemical techniques the voltage curves were also used to
determine single- and multiphase regions. A first-order transition involves the
growth of one phase at the expense of the other. Since the compositions of the co-
existing phases do not change, the chemical potential is constant in this two-phase
region [50], as is the voltage. This is seen as a plateau in the voltage curve.

DSC measurements on deintercalated and fully intercalated CB and graphite
electrodes were carried out using a Mettler DSC 30, TA 4000 system (ppaper II).
The DSC samples were prepared by dismantling the cells in a glove-box and
punching out the electrode into standard round samples; these were placed in Al
crucibles. The current-collector was placed against the Al surface to ensure
minimum contact between the walls of the crucible and the carbon samples. The
same amount of current collector was used in the reference crucible. A typical
sample weight was 3 mg.
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CHAPTER 5

PERFORMANCE OF NATURAL GRAPHITE

In the family of carbons, natural graphite would be the best choice as an anode
material from an economic point of view. Natural graphites, from e.g. Brazil and
China have been tested as anode materials [51, 52]. We have studied natural
graphite from a Swedish mine (Woxna) and evaluated its performance as anode
material in a lithium-ion battery context.

Numerous parameters affect the electrochemical performance of graphite in a
lithium-ion battery: particle size, particle-size distribution, crystallite size, lattice
parameter, surface area, porosity, surface functional groups, impurities, etc.  [11,
53, 54] and ppaper IX. No one characteristic alone is responsible for the graphite
performance. Jet-milling, as well as ball-milling, has earlier proven to enhance the
capacity and rate capability of graphite [55, 56]. In this chapter, the effect of jet-
milling on the Woxna natural graphite is addressed. Furthermore, the influence of
a carbon black additive on the performance of composite graphite electrodes is
examined.

5.1 JET-MILLING OF NATURAL GRAPHITE
Jet-milling of the Woxna graphite resulted in four main effects: 1) reduced particle
size; 2) increased surface area; 3) decreased crystallite size; and 4) increased
amount of rhombohedral (3R) phase content (ppaper I). These effects are
summarised in Table 1, where W denotes the as received graphite and A1 the jet-
milled graphite.

Table 1 Structural and surface characteristics of the as received (W) and jet-milled graphite (A1).
Sample d(002) [Å] Lc(002) [Å] La(100) [Å] Surface area

[m2/g]
Amount 3R
[%]

W 3.3524(3) 581 >1000 3.77 15

A1 3.3546(4) 475 >1000 10.91 40

Each carbon grain is made up of crystalline regions, where La and Lc are the
crystallite sizes in the a and c directions. In the milling process, the particles are
accelerated towards one other in a jet stream of air. This technique should
promote cleavage mainly along the basal plane of the particle. A1 has indeed a
lower Lc-value compared to W; the La parameter is not measurably affected.
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Particle-size analysis of the A1 powder, however, shows an even distribution,
ranging predominately up to 25 m. SEM pictures of raw and jet-milled graphite,
shown in Figs. 5.1a and b, respectively, indicate that the particle size has
decreased, but that the particle shape is retained and hence that the particles are
most likely split also perpendicular to the basal planes. There is a very small
increase in d spacing after jet-milling, indicating that this is a more gentle process
than, for example, shock-type planetary ball-milling, which has proven to increase
the amount of defects dramatically and thereby the interlayer spacing [55].

  (a)    (b)
Figure 5.1 SEM pictures of raw Woxna graphite (a) and jet-milled graphite (b).

Cycling W and A1 shows that jet-milling has a positive effect on capacity; A1
delivers a reversible capacity of around 365 mAh/g after 25 cycles compared to
340 mAh/g for W (ppaper I). This is in agreement with earlier reports on the effect
of jet-milling of graphite [56]. The improved capacity can be attributed both to
the reduction of particle and crystallite size, and to the increased amount of 3R
phase. The latter leads to more phase boundaries between the 3R and 2H phases
and thereby more available sites for lithium-ion intercalation [57]. The ability of
the material to withstand an increased current density and then regain its capacity
is dramatically improved for the jet-milled material A1 compared to W (ppaper I);
the reduced particle size of A1 is the main reason for its enhanced kinetic
properties.

The first-cycle irreversible capacity (the difference between charge consumed and
released during the first cycle) is 17% for W and 25% for A1. The irreversible
capacity is mainly attributed to reduction of electrolyte species during the
formation of a Solid Electrolyte Interphase (SEI). This process takes place
predominantly at the edge-sites of the graphite flakes [58]; the SEI composition is
also different on graphite edge-planes and basal planes [59]. As the surface area is
increased on milling the powder, more edge-sites become available for reactions of
this type resulting in a higher irreversible capacity. Earlier studies have shown a
strong correlation between surface-area and irreversible capacity [58, 60].
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However, since lithium-ion intercalation takes place via the edge-sites, a large
number of edge planes is advantageous from a capacity point of view.

5.2 INFLUENCE OF A CARBON BLACK ADDITIVE ON GRAPHITE
ANODES
Composite electrodes comprise some active material, carbon black and a binder
(usually a polymer). The latter is added to help counter volumetric change and
ensure adhesion to the current-collector. Carbon black helps improve the
electronic conductivity between the active particles. These components all play a
role in the performance of the composite electrode; this is investigated in ppaper II.

Electrodes consisting of 90% CB and 10% binder were manufactured, to probe
the influence of carbon black (CB). These were found to cycle well, with a
reversible capacity of around 180 mAh/g for at least 10 cycles. This is
approximately half of the capacity of graphite. The first-cycle irreversible capacity
is as high as 65% however. The surface area of CB is substantially higher than that
of W (80 and 4 m2/g, respectively). A high irreversible capacity is thus expected as
the sites available for electrolyte decomposition are increased (see previous
section). A clear correlation between the amount of CB in the composite anode
and its irreversible capacity was verified (ppaper II). Thus, the major negative effect
of adding CB to composite anodes is on their first-cycle irreversible capacity.
During subsequent cycling, CB is not "inactive" but intercalates lithium
reversibly, though with a lower capacity.

The thermal stability of battery materials is an important safety-issue, typically in
portable applications. Several studies have probed the thermal stability of
carbonaceous anodes [24-29]. We have used DSC to study the influence of CB on
thermal stability of anodes in two electrolyte systems, namely 1M LiPF6 in
EC/DMC (2:1) and 1M LiBF4 in EC/DMC (2:1). A typical DSC trace of a fully
intercalated CB electrode using the LiBF4 electrolyte can be seen in Fig. 5.2a. The
corresponding measurement on a fully intercalated CB electrode using the LiPF6

electrolyte can be seen in Fig. 5.2b. The exothermic reactions in the 60-140 C
range are due both to decomposition of the SEI layer and reactions involving the
lithiated carbon. For deintercalated samples, the exothermic peak in this range is
much smaller, and due only to decomposition of the SEI layer (ppaper II). These
reactions are very similar to those observed on composite graphite electrodes
(ppaper II and reference [29], where an extensive study of these reactions has been
reported). The onset temperature for the SEI layer decomposition is higher when
a LiPF6 electrolyte is used (~110 C) than with the LiBF4 electrolyte (~60 C), both
for CB (see Figs. 5.2a and b) and graphite electrodes. The reactions involving SEI
layer decomposition are accompanied, however, by more heat evolution for CB
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than for composite graphite electrodes. This is due to more SEI formation on the
high surface-area CB.

(a) (b)
Figure 5.2 DSC trace of CB electrodes in a 1M LiBF4 EC/DMC (2:1) electrolyte; fully

intercalated (a) and in a 1M LiPF6 EC/DMC (2:1) electrolyte; fully intercalated (b).

CB is also added to electrodes comprising other active anode materials than
graphite (PPapers III-VII); the effect on capacity and thermal behaviour can be
expected to be the same as in the composite graphite electrodes when used in the
same voltage region.
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CHAPTER 6

STRUCTURAL TRANSFORMATIONS
IN LITHIATED INTERMETALLIC ANODES

This chapter concerns the structural transformations occurring in lithiated
intermetallic materials. The importance of structural compatibility between the
starting material and its lithiated counterparts is discussed and special emphasis is
placed on the electrochemical characteristics and performance, reversibility and
stability. The structures discussed herein are divided into groups defined by the
structure of the starting material; i.e., NiAs, zinc-blende and Cu2Sb type
structures. Most of the compounds belong to a family of antimonides, some of
which are potentially toxic [61]. From an environmental point of view, this is not
ideal, if used in large scale. The aim is, however, to generate a better
understanding of the processes occurring in these materials and possibly provide
model systems for related structures.  The two main techniques used to probe the
structures formed during electrochemical charge and discharge are described
initially.

6.1 IN SITU  X-RAY DIFFRACTION AND MÖSSBAUER SPECTROSCOPY
X-ray diffraction (XRD) has been used since the beginning of the last century for
fingerprint characterisation of crystalline materials and for determination of their
atomic structures. The electrons of atoms scatter X-rays and the scattered intensity
can be measured as a function of scattering angle. Structural information can be
derived from these intensities.

In situ XRD in this context refers to diffraction studies involving a lithium-ion
battery as lithium ions are inserted or removed. A schematic of the experimental
setup is shown in Fig. 6.1. The use of thin "coffee-bag" type cells (described in
Chapter 4) enables the measurements to be performed in transmission mode [62,
63]; this has several benefits. The measurements are performed directly on the
same type of battery used for cycling and no special cell components have to be
used; in reflection mode a beryllium window is often necessary [64]. Furthermore,
the entire bulk of the electrode material is probed during the measurements. One
drawback, however, is that all of the polycrystalline cell components, typically the
current collectors, contribute to peaks in the diffraction pattern. The lithium-ion
battery is connected to a potentiostat and charged/discharged in potentiostatic
mode to a selected voltage and the cell allowed to equilibrate prior to the
diffraction study (ppapers III-VII).
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No refinements of the structures were made; the in situ diffraction data are used
only to identify the phases present at the different voltages by matching the XRD
patterns with existing structural data from databases and references. Based on this
structural information, speculations on the possible transformation scenarios are
given based on the structural similarities of the phases formed.

Figure 6.1 A schematic illustration of the in situ XRD setup.

Mössbauer spectroscopy is concerned with transitions in the atomic nuclei. The
sample is irradiated by a source, which emits a monochromatic beam of -rays. -
emission is associated with a change in population of the energy-levels in the
nuclei of the source. When an atom is bound to other atoms in a crystal, its recoil
momentum is transferred to the whole crystal. A resonance effect occurs when
nuclei of the same isotopes emit and absorb a "recoil-free" photon. This is referred
to as the Mössbauer effect. The Mössbauer experimental setup can be seen in Fig.
6.2. The source is a radioactive isotope, which is moved back and forth with a
constant acceleration. There are around 50 suitable Mössbauer isotopes known
today; the two most widely used are 57Fe and 119Sn. The measurements in ppapers
III and VVIII are performed using a Ca119SnO3 source. The absorber is the lithium-
ion battery itself, which has been discharged and charged to some selected voltage
prior to measurement. A typical measurement takes 4-6 days because of the small
amount of active material on the electrodes; the battery is then discharged/charged
once more, and a new Mössbauer measurement performed.

Figure 6.2 Experimental setup for the Mössbauer measurements.
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6.2  NiAs AND ZINC-BLENDE TYPE STRUCTURES 
The NiAs structure can be described as a hexagonal close packing of anions with
cations occupying octahedral interstices. The high-temperature structure of -
Cu6Sn5 adopts a NiAs structure type; the low-temperature modification, ´-
Cu6Sn5, studied by several groups [65, 66], has a hexagonal, five-fold
superstructure.  In a recent analysis, the ´-Cu6Sn5 superstructure was described as
having a monoclinic cell (shown in Fig. 6.3) belonging to the NiAs-Ni2In
structure group [67]. The ´-Cu6Sn5 material used in this work (ppapers III and
IV) is hereafter referred to as Cu6Sn5. MnSb, studied in ppaper VII, also belongs to
the NiAs structure type [68].

The zinc-blende structure is made up of a face-centred cubic (fcc) array of anions
with cations in half of the tetrahedral sites. This structure type is present in several
of the intermetallic systems of interest in this work. During lithiation of Cu6Sn5, a
lithiated zinc-blende structure is formed, Li2CuSn [69], where Sn forms an fcc
framework with Cu in half of the tetrahedral sites and Li in the remaining
tetrahedral sites and all of the octahedral sites (ppaper III). An isostructural
Li2CuSb phase (also [69]) is formed on lithiation of Cu2Sb (ppaper VI). The InSb
compound, studied in ppaper V, has a zinc-blende type structure comprising an Sb
fcc framework with In occupying half the tetrahedral sites [70].

Figure 6.3 The unit cell of ´-Cu6Sn5.

6.2.1 Cu6Sn5

The mechanism for lithium insertion in Cu6Sn5 was first proposed by Thackeray
et al.  [40] and further explored by Larcher et al. [41]. In this work, a combination
of in situ XRD and Mössbauer spectroscopy measurements (ppaper III) with first-
principles calculations (ppaper IV) has been used to gain further information about
the structural changes occurring in Cu6Sn5 electrodes during lithium
insertion/extraction.

a

b

c

Cu

Sn
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Figure 6.4 A voltage profile for the first discharge and charge of a Cu6Sn5/Li cell in a 1M LiPF6

EC/DMC 2:1 electrolyte, where x refers to the number of Li which have reacted with
Cu6Sn5, per formula unit.

A voltage profile for the first discharge and charge of a Cu6Sn5/Li cell can be seen
in Fig. 6.4, where I-VI indicate approximate voltages at which a combination of
techniques have provided information regarding the mechanism of lithium
insertion. The first reactions  (from I to II) involve reduction of tin oxides present
in the sample and possibly electrolyte decomposition at the electrode surface,
similar to that observed on lithium and graphite electrodes (ppaper II). These
reactions are not reversible on charge and contribute to the irreversible capacity
(~32% in this cell).

The total valence charge density in the (102) plane of the monoclinic Cu6Sn5 cell
can be seen in Fig. 6.5. First-principles calculations (ppaper IV) show that regions
A, B and C have minimum electron density. It was found that it is energetically
favourable for the first two lithium ions to enter at site A with a possible
concomitant extrusion of the CuA atoms (region between II and III in Fig. 6.4).

The gently sloping plateau at around 0.4 V (III to IV) involves a phase
transformation from Cu6Sn5 to a cubic lithiated zinc-blende structure, Li CuSn
(0< 2), which, at IV, is most likely lithium deficient. In situ XRD data show
that, between IV and V, the Li CuSn peaks are shifted towards lower 2  values as

 approaches 2, indicating a solid-solution of lithium within the structure,
accompanied by a gradual expansion of the cubic cell axis (ppaper III). The total
(ideal) reaction to point V can therefore be described by:

10Li + Cu6Sn5   5Li2CuSn + Cu                    (6)
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Figure 6.5 Total valence charge density per 0
3a in the Cu6Sn5 (102) plane in the monoclinic unit

cell (seen in Fig. 6.3).

This process most likely involves displacement of half of the Sn atoms into
neighbouring Sn chains (Sn2 moves into the Sn3 chains in Fig. 6.5) as well as a
shear of the Sn chains to form the cubic Li2CuSn structure (see also Fig. 3.4).

In the Li2CuSn structure, all interstitial sites are occupied, and further lithiation
must lead to structural rearrangements and/or metal extrusion. It was found that
the remaining Cu atoms are extruded (between V and VI in Fig. 6.4); Mössbauer
data at 0 V indicate a phase resembling Li4.4Sn (ppaper III), consistent with earlier
reports [41]. This reaction can be represented as:

xLi + Li2CuSn   Li2+xCu1-ySn + yCu     (0<x<2.4; 0<y<1) (7)

The average voltage for the Cu6Sn5-Li2CuSn transformation is calculated to 0.378
V (ppaper IV); in good agreement with the experimental voltage profile (Fig. 6.4),
where the plateau at ~0.4 V corresponds to this first-order phase transformation.

Reactions 6 and 7 are reversible on charge when using a Cu current collector to
support the Cu6Sn5 electrode. Using a Ni current collector, the Cu6Sn5 structure
does not reform on full charge (when using a slow charging rate). This is believed
to result from reactions between the extruded Cu and the Ni current collector,
which inhibits a large percentage of the extruded Cu to be reincorporated into the
structure. Capacity data of cells cycled either to 0.20 or 0.01 V on both Cu and
Ni current collectors are shown in Fig. 6.6. The capacity is significantly lower and
declines more rapidly when a Ni current collector is used; this is due to the
extruded Cu having reacted. In both cases, however, the capacity is considerably
improved when the lower voltage limit is raised to 0.20 V, consistent with earlier
studies [40, 41]. This can be explained by the reversibility of the Cu6Sn5-Li2CuSn
transformation (at voltages >0.2 V; reaction 6) being favoured by the relatively
easy interchange between the two structures; the large structural rearrangements
that occur on lithiation to 0 V (reaction 7) give rise to a poorer cycleability.
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Figure 6.6 Capacity vs. cycle number for Cu6Sn5/Li cells cycled to 0.01 V and 0.20 V using
(a) a Cu current collector and (b) a Ni current collector.

6.2.2 InSb
The realisation that the “CuSn” zinc-blende framework of Li2CuSn provides a
good host for lithium insertion/extraction initiated studies of the semiconductor
InSb [42], which has a zinc-blende type structure  (shown in Fig. 6.7a).

A combination of in situ XRD (ppaper V) and EXAFS (Extended X-ray
Absorption Fine Structure) [71] studies provide detailed information on the
mechanism of lithium insertion in InSb. Lithium insertion in InSb can be
described by a    Lix+yIn1-ySb situation (0 x 2; 0 y 1), where x refers to Li in
interstitial sites in the zinc-blende framework and y to substituted Li at In sites
and correspondingly to the amount of In extruded from the structure. When y=1,
all In is extruded and a Li3Sb phase is formed, shown in Fig. 6.7b. During the
InSb-to-Li3Sb transformation, the Sb fcc-framework expands by only 4.4 %. A
slightly different reaction scenario has been proposed in [72].

In contrast to the other compounds studied throughout this work, both elements
in InSb are electrochemically active with lithium; on further discharge, In is also
lithiated. These processes are, to a large extent, reversible on charge. EXAFS data
indicate, however, that a considerable amount of In is not reincorporated into the
Sb framework (~40%) [71]; In peaks are also visible in the XRD patterns on full
charge (ppaper V).

Figure 6.7 The InSb structure (a) and the cubic Li3Sb structure  [73] (b). Grey atoms represent
Sb, white In and black Li.

6.2.3 MnSb
A voltage curve for the first discharge and charge of a MnSb/Li cell can be seen in
Fig. 6.8a. During the first discharge (A to D), two distinct, slightly sloping,
plateaus are visible at ~0.8 and 0.6 V, indicative of two first-order
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transformations. During the subsequent charge (D to I), the voltage curve
indicates a slightly more complex process.

At point A in Fig. 6.8b, the X-ray data of the starting electrode show characteristic
peaks of MnSb. The additional peaks at ~29 and 42  in 2  provide evidence for a
small amount of unreacted Sb in the starting material. At point C, which
coincides with the end of the first major voltage plateau, MnSb has transformed
fully into LiMnSb. The second major plateau at approximately 0.6 V corresponds
to a LiMnSb-to-Li3Sb transition, as is evident by growth of Li3Sb peaks at the end
of discharge (point D). No peaks from extruded Mn are visible in the diffraction
pattern at this point. The strongest Mn peak, at 43 , is, however, overlapped by
peaks from cell hardware. It is also possible that the extruded metal reside in the
grain boundries as small clusters, not detectable by XRD.

Fig. 6.8c shows that during the subsequent charge from 0 to 1.5 V more
transitions occur than during discharge.  Although all of the processes that occur
during charge could not be identified, the in situ data provide the following
information about the major structural transformations:  1) Between points D and
G, the Li3Sb products that are derived independently from both the Sb impurity
phase in the starting electrode and the MnSb electrode component transform back
to Sb and LiMnSb, respectively, the Li3Sb to Sb transition occurring in regions in
which there is no Mn in intimate contact with Li3Sb particles.
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(b)

(c)

Figure  6.8 Voltage curve for the first discharge and charge of a MnSb/Li cell (a). The corresponding in
situ XRD data on discharge (b) and charge (c).

2) The gradual shift of the Li3Sb peaks toward those of LiMnSb indicates a solid
solution, Li1+2xMn1-xSb (0 x 1), between these two compositions.  At point E, the
marked decrease in intensity of the Li3Sb (200) peak at ~27  2  is also consistent
with the substitution of Li by Mn in the structure.  3) The plateau between points
G and H corresponds to the regeneration of the MnSb structure from LiMnSb.
4) The final process that occurs between points H and I could not be identified;
however, it is clear from the presence of residual LiMnSb at point I that the
lithium is not completely extracted from the electrode structure at 1.5 V.  With
the above information, the reaction of lithium with MnSb can be summarized as
follows:

MnSb + Li   LiMnSb (8)
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LiMnSb + 2xLi  Li1+2xMn1-xSb  +  xMn  (0 x 1) (9)

During the first transformation (8), the NiAs type MnSb structure transforms to
the slightly distorted anti-fluorite type LiMnSb structure, which comprises a face-
centred Sb array with Mn in half of the tetrahedral sites (in one layer) and Li in
the remaining tetrahedral sites [69]. On further lithiation, the face-centred Sb
array of LiMnSb undergoes small distortions to form the perfect fcc Sb array of
Li3Sb. During this transition, the inserted lithium replaces the tetrahedrally
coordinated Mn atoms and occupies all the remaining octahedral interstitial sites.
On charge, these reactions are reversible. LiMnSb is gradually formed from Li3Sb,
which indicates a solid solution between these phases (reaction 9); MnSb is
formed on top of charge. A full description of these transformations is found in
paper VII.

MnSb electrodes provide a rechargeable capacity of around 335 mAh/g when
cycled between 0-1.5 V. This corresponds to 74% of the theoretical capacity (454
mAh/g). Based on an average density of 5.44 g/cm3 for a MnSb/Li3Sb electrode,
the practical volumetric capacity is 1822 mAh/cm3, which is 2.2 times that of
graphite.

6.3  Cu2Sb TYPE STRUCTURES
The crystal structure of Cu2Sb was first solved by G. Hägg and coworkers in 1935
[74]. It has a tetragonal space group (P4/nmm) and can be visualised as consisting
of Cu layers with alternating layers of Cu and Sb (Fig. 6.10a); the Cu and Sb
atoms are arranged in discrete columns down the a axis of the unit cell. Its possible
use as an anode material is studied in ppaper VI. Mn2Sb – explored in ppaper VII –
adapts the same structure-type [75].

6.3.1 Cu2Sb
A voltage profile for the first discharge and charge of a Cu2Sb/Li cell can be seen
in Fig. 6.10a, where the letters A-J indicate the voltages at which XRD
measurements were recorded in situ. The corresponding diffraction patterns are
shown in Fig. 6.10b.
                  
Section I involves irreversible reactions, including reduction of antimony oxides,
Sb2O3 and Sb2O4 (detected in Mössbauer spectroscopy measurements  [76] but
not by XRD) and possible electrolyte decomposition. At the end of section II, the
Cu2Sb peaks are replaced by new peaks at around 25, 41 and 48  in 2  which, on
further discharge to 0.7 V, are slightly shifted towards lower 2  values in section
III. Sections II and III correspond to an electrode system LixCu2-ySb (0<x 2,
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0 y 1) with the end member Li2CuSb at x=2 and y=1. This phase is isostructural
with the Li2CuSn phase, described in section 6.2.1, and shows a similar solid-
solution behaviour of lithium within the structure. Further discharge to 0.41 V
(section IV) involves a two-phase transformation from Li2CuSb to Li3Sb with the
concomitant extrusion of Cu. These transformations are completely reversible on
charge (sections V-VII).

                               (a)

(b)

Figure 6.10 Voltage profile of a Cu2Sb/Li cell (a) and in situ XRD patterns of the cell at selected
voltages (b).

The Cu2Sb structure can be seen in Fig. 6.11a, Cu is represented by dark grey and
Sb by white atoms. The Sb atoms form a face-centred, slightly distorted cubic
array; this is marked in the figure by the light grey Sb atoms. During the first
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phase transformation from Cu2Sb to Li2CuSb, the Sb atoms undergo small
displacements to create the perfect fcc Sb array of Li2CuSb. The Li2CuSb structure
is shown in Fig. 6.11b, where the black atoms represent Li (Cu and Sb as in Fig.
6.11a). The first transformation involves extrusion of 50% of the Cu atoms; the
remaining 25% remain in their original positions and 25% are displaced. This
process corresponds to a volume expansion of the Sb framework of ~25%. The
second phase transformation from Li2CuSb to Li3Sb is described in Figs. 6.11c-d,
where the remaining Cu atoms are replaced by Li. This involves a ~13% volume
expansion of the Sb framework, giving a total volume expansion of 42%. The
extruded Cu, however, accounts for 25% of the electrode volume on complete
discharge, but has the benefit of providing good electronic conductivity in the
electrode at all states of charge.

Figure 6.11 Schematic illustration of the structures formed during the electrochemical
transformation of Cu2Sb to Li3Sb: Cu2Sb (a), with the distorted fcc Sb array
highlighted; Li2CuSb [110] projection (b), with the fcc Sb array highlighted; Li2CuSb
[001] projection (c), and Li3Sb (d). White atoms represent Sb, dark grey Cu and
black Li.
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A Cu2Sb/Li cell delivers a gravimetric capacity of around 290 mAh/g (Fig. 6.12)
which is close to the theoretical capacity of 323 mAh/g, reflecting a high
utilisation of the electrode; the cycling stability is also excellent. The practical
volumetric capacity (based on an average density of 6.60 g/cm3) is 1914 mAh/cm3.

Figure 6.12 Capacity of a Cu2Sb/Li cell, cycled with a current density of 0.2 mA/cm2 in a 1M
LiPF6 EC/DEC electrolyte.

6.3.2 Mn2Sb
Mn2Sb electrodes show a direct transformation to Li3Sb on the first discharge.
Lithiation does not proceed via the ternary LiMnSb phase as for MnSb (section
6.2.3). The subsequent charge involves a Li1+2xMn1-xSb (0 x 1) situation similar to
that described for the MnSb system. On full charge, the electrode is not able to
reform Mn2Sb, but remains as MnSb. The subsequent cycling is very similar to
that of the MnSb electrodes, although with a lower capacity (~250-300 mAh/g) as
a result of the extra Mn present in the electrode.

The inability of Mn2Sb to form LiMnSb, which is thermodynamically favourable,
is somewhat surprising. However, the transformation may be more difficult to
achieve than the MnSb-LiMnSb transformation, both from a kinetic and
structural point of view.

6.4  STRUCTURE – ELECTROCHEMICAL PROPERTIES OF
INTERMETALLIC ANODES
In situ XRD and Mössbauer data in combination with electrochemical
observations provide a general picture of the transformations in these intermetallic
electrodes, although all processes are not fully understood. The intermetallic
systems described above operate by a lithium insertion/metal displacement
mechanism. For the general intermetallic compound AB, where A is the active
metal and B is the inactive metal with respect to lithium (in this work A=Sn, Sb
and B=Cu, Mn), the lithiation process can be described by:
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ABz   +  xLi    LixABz                       (10)

LixABz  +  yLi    Lix+yA  +  zB          (11)
where the first reaction describes the formation of a ternary phase (this could also
possibly involve extrusion of metal B), and the second reaction describes a full
extrusion of B to form the fully lithiated Lix+yA phase. Lithiation of Cu6Sn5, Cu2Sb
and MnSb proceed via a ternary phase, as described by  (10), followed by a full
extrusion of the inactive metal, as described by (11). Lithiation of Mn2Sb proceeds
directly by (11). The ease with which these reactions proceed depends strongly on
the structural resemblance between the parent AB compound and its lithiated
products. In the case of InSb, lithiation proceeds by the same mechanisms, but the
displaced In metal is also active with respect to lithium and is thus lithiated.

When lithium is removed from the Lix+yA structure during subsequent charge,
reactions (10) and (11) are reversible for the intermetallic systems studied in this
work (except in the case of Mn2Sb, which forms MnSb on full charge). This
behaviour, where the parent AB structure is reformed on charge, is quite unique.
In many other intermetallic electrode materials, the subsequent cycling proceeds
by the reversible lithiation of A in a matrix of B. This has been shown, for
example, for FeSb2  [77] and Fe-Sn phases [78]. Another scenario is amorphisation
of the structure during the first discharge, as observed, for example, in the case of
CoSb3  [77, 79] and CrSb2 [80]. The ability of the lithiated materials studied in
this work to reform the structure of the starting compound is strongly related to
similarities in their structures; the sublattice of the active element A has the same,
or a closely related structure in the AB, LixABz and Lix+yA compounds.

For the reactions to be reversible lithium must be mobile within the host
framework and the metals that are extruded on discharge must be reincorporated
on charge. That this can happen depends strongly on the lithium and metal
mobility within the host, the reactivity of the extruded metals and their morphology.
The Sb fcc framework, significant for all the intermetallic Sb compounds studied
in this work, provides an appropriate three-dimensional host for lithium and
metal atoms with easily accessible diffusion paths; the chemical diffusion
coefficient of lithium in Li3Sb is 5 10-5 cm2/s [81]. Li4.4Sn (the end product during
lithiation of Cu6Sn5) show an even higher lithium diffusion coefficient: 1.9 10-4

cm2/s [82]. HRTEM studies on cycled InSb electrodes have shown the growth of
long whiskers of the extruded In [83], which may limit the amount of In that can
be reincorporated on charge. The aggregation of In whiskers results in distinct In
peaks in the in situ XRD patterns (Fig. 6.7a). It is more difficult to observe
extruded Cu and Mn (Fig. 6.10b, ppapers III and VVII). Although this situation is
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compromised by overlapping peaks from the cell packaging, the most likely
explanation for the difference is that Cu and Mn are extruded as small particles in
the grain-boundaries, similar to what was observed when Fe was extruded from
lithiated FeSn2 [84].

The reactions described above are studied during the first discharge and charge.
The structures of the Cu6Sns (ppaper III), MnSb and Mn2Sb (ppaper VII) systems
were also studied after 20-25 cycles, to further investigate the electrochemical–
structural stability on extended cycling. The results indicate that, on full charge
and after extended cycling, not all the electrode material is regenerated to its
original structure, but that some remains in the intermediate ternary phase. This
indicates that some of the gradual capacity loss in these systems on cycling can be
attributed to parts of the electrode material gradually becoming inactive. These
processes are strongly dependent on the choice of voltage interval used during
cycling.

All intermetallic systems studied in this work, experience irreversible capacities
during the first cycle, typically around 30%. The ball-milled Cu6Sn5 and Cu2Sb
samples have been shown to contain amorphous oxides (ppaper III and [76]),
which are reduced during the first cycle. This may also be true for the other
compounds. However, these reactions are unlikely to be able to account for all the
irreversible capacity. The formation of an SEI has been studied extensively on
carbon and lithium anodes (see Chapter 3). The surface chemistries of Li- alloys is
less explored. Recent studies on Sn-Sb-Cu alloys in a 1M LiPF6, EC:DEC 1:1
electrolyte have shown that an SEI layer was formed, with LiF and Li2CO3 as the
main constituents along with a small amount of polymeric species [85]. This is
very similar to the layer formed on graphite and Li in the same electrolyte system.
The authors also claim a thickening of the SEI layer during subsequent cycling.
This seems likely, since the large volume changes that occur in these systems
would expose new, active metal surface. In this work, however, the capacity plot
of, for example, Cu2Sb (section 6.3.1; Fig. 6.12) shows very small differences
between the charge and discharge capacities on continuous cycling; both are also
very stable. This does not indicate that a charge consuming reaction, like the
formations of an SEI, is continuously taking place.
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CHAPTER 7

LITHIATION OF A TIN-BASED GLASS

An SnB2O4 glass was cycled within two different voltage ranges: 0.01-0.8 V and
0.01-1.0 V (ppaper VIII). The capacity plots are shown in Fig. 7.1. A substantial
irreversible capacity loss (~50%) occurs for the first cycle for both of the voltage
ranges. On further cycling, the cell cycled between 0.01-0.8 V shows stable
cycling behaviour with a capacity of around 530 mAh/g. The cell cycled over the
0.01-1.0 V range, however, shows a constantly decreasing capacity during cycling;
the capacity loss between the 2nd and 25th cycle was 3% and 23%, respectively, for
the two voltage regions. Similar voltage region dependence has earlier been
observed in a Sn2BPO6 glass [45].

Figure 7.1 Capacity vs. cycle plot for SnB2O4/Li cells cycled in two different voltage regions,
using a 1M LiPF6, EC/DMC 2:1 electrolyte. The inset shows the full capacity of the
first cycle.

The lithium insertion/extraction process in the SnB2O4 glass electrode was
investigated by in situ 119Sn Mössbauer spectroscopy and infrared spectroscopy
(ppaper VIII). The results indicate that, during the first cycle, the glass network is
disrupted, resulting in a large irreversible capacity. During the subsequent cycling,
however, the network undergoes predominantly reversible changes within both
voltage ranges.
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119Sn Mössbauer data (ppaper VIII) show that during the first cycle lithium alloys
reversibly with tin to form Li4.4Sn at full discharge, similar to what was observed in
the Cu6Sn5 system (section 6.2). However, the Mössbauer shifts for the lithium-
tin alloy are affected by the proximity of oxygen in the glass network, indicating
that the alloys are coordinated or bound to the network.

119Sn Mössbauer data on cells cycled 25 times over the two voltage regions show
that, on full charge, Sn experiences an increase of lithium in its closest
environment for the 0.01-1.0 V cell. This indicates that some lithium is trapped
irreversibly when cycled in this voltage range. This may explain to some extent
why the capacity declines on cycling.

In contrast to Cu6Sn5 (section 6.2), the higher voltage limit is more significant for
good capacity retention in SnB2O4. The detrimental effects of volume expansion
and structural rearrangement on forming Li4.4Sn, as in the Cu6Sn5-Li2CuSn-Li4.4Sn
system, is not evident on lithiation of the SnB2O4 glass. The reversible lithiation of
Sn seems to be facilitated by the glass network.
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CHAPTER 8

SUMMARY OF RESULTS AND FUTURE PERSPECTIVES

This work has provided some insights as to improve the anode performance of
natural graphite. Some general conclusion can be drawn:

- Natural Woxna graphite delivers a high capacity – close to the theoretical
capacity of graphite.

- Jet-milling of graphite decreases its particle and crystallite size. This has the
effect of enhanced its capacity and rate-capability. An increase in the amount
of rhombohedral phase content was also observed.

- Adding carbon black to composite anodes affects the irreversible capacity
because of its high surface area. It results in a larger amount of SEI-layer
formation on the carbon black than on the graphite. This, in turn, affects the
thermal stability.

The lithiation mechanism and cycling behaviour of a tin-based glass has also been
studied. The glass provides a high capacity, but this is also accompanied by a high
irreversible capacity. The cycling stability seems to be facilitated by the glass
network and is greatly influenced by the voltage intervals used for cycling.

Reaction mechanisms for the lithiation processes in a new class of intermetallic
anodes have been surveyed extensively in this work. Several important phenomena
and general trends have been observed:
- The intermetallic electrodes studied, all operate by a lithium insertion/metal

displacement mechanism with the eventual extrusion of the "inactive" metal.
- All systems except Mn2Sb form an intermediate ternary phase on lithiation;

this is shown to favour the reversibility of the reactions.
- The volume expansions occurring in the binary intermetallic systems are

substantially lower than on single-metal lithiation.
- The Sb face-centred framework present in most of these systems provides a

suitable host for the reversible accommodation of lithium and metal atoms.
- The intermetallic electrodes deliver high volumetric capacities - around twice

that of graphite; attractive for small-battery applications.
- The intermetallic anode systems operate at voltages ~0.2-1.0 V vs. Li/Li+. This

forms the basis for a safer system. The drawback is, however, that this results in
a lower overall cell voltage.
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Research into this class of intermetallic anode materials is still in its early days;
there are many aspects and new material combinations that remain to be
exploited. Some of these are suggested below:

- These intermetallic anode materials have only been tested against metallic
lithium counter electrodes. Further studies are needed on “whole cells”, where
the intermetallic anode material is cycled against a lithium-containing
transition metal oxide.

- These anode materials could work more safely than graphite, since they
operate at higher voltages. However, safety testing and especially studies of the
thermal stability is crucial in this respect. It is also worth noting that the
choice of the constituent compounds is critical; for example, the In extruded
from InSb has a very low melting point (156 C) compared to extruded Cu or
Mn.

- Several question marks remain in determining the exact mechanism of these
compounds. In this work, in situ XRD and Mössbauer spectroscopy
measurements have been used in combination with electrochemical
measurements to ascertain the mechanisms of lithium insertion. First-principle
calculations were only used to a small extent in this work; more information
can be gained from "theory" in this context. First-principles calculations on
cathode materials have shown its value in relation to experimental data, where
the parameters affecting intercalation voltages in LiMO2 (M= e.g. Ni, Co, Mn)
cathodes [86], and migration mechanisms and activation barriers were
calculated for LixCoO2 [87]. Several other experimental tools are available for
these types of material, some of which have already been discussed briefly, e.g.
EXAFS and HRTEM. Other techniques beneficial to use in studying these
systems include, for example, NMR spectroscopy and neutron diffraction.

- The scope of this thesis has been to investigate the bulk properties of these
materials; their surface chemistries remain virtually unexplored. It is crucial to
understand and reduce their first-cycle irreversible capacities. Detailed XPS
and FT-IR studies in combination with, for example, impedance spectroscopy
would be of great importance in understanding the surface reactions and
irreversible reactions taking place in these systems.

- The results presented in this work provide only one piece in "the big anode
puzzle". The real challenge lies in finding new material combinations
(especially to replace Sb) with higher capacities, smaller volume expansions
and high reversibility. The use of , for example, Si as the active element would
be attractive from a capacity point of view. An interesting analogy in the use of
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an oxide can be found in a recent study of lithium insertion/cobalt
displacement in -CoO, having a zinc-blende type structure, to form the anti-
fluorite Li2O phase [88].  Surprisingly, this process is reversible, which is
explained by an ion-exchange mechanism between Co2+ and Li+ within an fcc
oxygen framework.  Other examples come from Nazar and co-workers who
have recently investigated metal phosphides, and demonstrated a metal
extrusion/dispersion behaviour in CoP3  [89] and a lithium insertion
behaviour in MnP4   [90].
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