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Abstract

The synthesis, characterisation and electrochemical performance of layered lithium manganese

oxide materials have been investigated in terms of their application as an intercalation cathode in

rechargeable lithium batteries. Non-stoichiometric LixMny02, stoichiometric LiMnCf (a-NaFe02

type) with doped forms, LixMn]_yMey02 and LiMni.yMey02 (where Me = Al, Mg, Li, Ni, Co),

were prepared by solid-state and solution synthesis routes coupled with ion exchange from

sodium precursors. These materials were investigated by X-ray and neutron powder diffraction,

as well as chemical and compositional analysis, SEM, TEM, surface area and galvanostatic

cycling measurements.

The structure and performance of non-stoichiometric materials is highly dependant on

the synthesis conditions and ion exchange process which determine the defect chemistry.

LixMny02 exhibits high capacities, 190mAhg"' at a rate of 25mAg~' (C/8) with good retention of

this capacity (fade rate of -0.1% per cycle). However, performance is hindered by a first cycle

charge capacity which is less than the subsequent discharge. This is a problem for lithium ion

cells which require a slight excess of Li on the first charge to form the SEI layer on the carbon

anode. The performance of LiMn02 is less dependant on synthesis conditions, exhibiting high

discharge capacities, ~200mAhg"' at 25mAg"' with minimal fade rate and essentially theoretical

charge capacity on the first cycle. Doping of layered materials was found to result in a reduction

in the initial dip and rise in capacity over the first few cycles, improved rate capability and first

cycle efficiency for non-stoichiometric materials as well as higher overall capacity >200mAhg_1.

Structural transformation from a layered to spinel-like configuration on cycling has been

investigated. Performance of the spinel-like material formed in situ is markedly superior to

directly prepared spinels, being attributed to the formation of a nanostructure able to

accommodate the lattice strain caused by the Jahn-Teller distortion.

Ball milling and variation in carbon and Kynar concentration were investigated as well as

the possibility of electrodes containing both stoichiometric and non-stoichiometric components,

to permit an excess of charge capacity on the first cycle in order to accommodate the irreversible

losses due to SEI surface layer formation when cycling against a carbon based anode.
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Chapter 1 Introduction

1.1 Introduction

The predecessor of all modern batteries was the "Voltaic pile", invented two centuries ago and

originally the only practical source of electricity. Modern batteries have come a long way from

this early device and may be divided into two basic groups. Primary batteries are used until they

are exhausted and then disposed of and secondary batteries may be recharged many times. The

overwhelming need for lightweight and compact sources of portable electricity has resulted in a

massive international effort into the development of radically new rechargeable sources.

Batteries are used in a wide variety of applications including personal stereos, watches and

calculators. The rapid growth in the personal electronics market (mobile telecommunications

industry, notebook PCs and PDAs) and the exciting new area of implantable medical devices

(e.g. liver pump and artificial heart) are driving the development of the electrochemical cells on

which they are heavily dependant. Advances in solid state research and electrochemistry are

helping to produce better batteries.

The finite nature of fossil fuel reserves and the environmental concerns from the waste

gas production associated with the burning of petrol in cars has led the automotive industry to

consider electrical power as a safer and cleaner alternative. The main areas of development have

been to tiy to produce a cheaper (via manufacturing process and raw materials), lighter, smaller

and more powerful yet a re-usable battery that is safe in the environment (the raw materials must

have low toxicity for final disposal).

An important factor governing the performance of a cell is the energy that can be stored

per unit weight and volume i.e. the gravimetric and volumetric energy densities. For electric

vehicles, batteries are required which can provide a high gravimetric energy density but in

implantable medical devices volumetric energy density is more important. It is the developing

industries that are setting out these new goals and in order to achieve them researchers have been

looking closely into the use of rechargeable Li-ion batteries. These lithium intercalation batteries

have the ability to store more than three times the energy compared with conventional nickel
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cadmium and nickel metal hydride (Ni-MH) rechargeable batteries of the same size and mass.1,2

This achievement alone is remarkable in an industry that conventionally measures improvements

on a scale of a few percent.

1.2 Rechargeable lithium batteries

The earliest lithium batteries were introduced in the 1980s and utilised a lithium metal anode.

Flammability was originally considered a problem due to the high reactivity of Li, although there

is still interest in these cells for electric vehicles because of the high gravimetric energy density.

During discharge and charge, the metallic lithium of the anode would dissolve into the electrolyte

as Li", or precipitate as metallic lithium. Repeated charge/discharge cycles would lead to the

formation of dendritic crystallites at the anode, eventually penetrating the separator and causing

short circuit.

Sony produced the first commercially successful rechargeable lithium ion battery in 1990

and is generally referred to as a rocking chair, swing or LION cell.3 A schematic of the cell can

be seen in Figure 1.1. The Sony cell is the first stage on the road to greatly improved sources of

portable electrical energy, however there is much scope and need for development. The device is

a classic example of intercalation chemistry in action with the transport of lithium ions between

two intercalation host materials.

Graphite LiCo02
Li+ conducting
electrolyte

Figure 1.1 Diagrammatic representation ofthe commercial Sony cell
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Constructed in the discharge state the cell consists of a LiCo02 positive electrode and a

graphite negative electrode, separated by a non-aqueous electrolyte. Charging involves the

diffusion of lithium ions out of the LiCo02, across the electrolyte and intercalation between the

carbon layers of the graphite electrode. Charge balance requires the equivalent number of

electrons to pass around the external circuit. Discharge reverses this process. LiCo02 is the most

commonly used material for the positive electrode in commercial rechargeable Li-ion batteries

and is discussed in more detail in section 1.5.3.1. Toxicity, safety concerns and relatively high

cost of the starting materials has driven forward the research into development of an alternative

cathode material.

1.3 Intercalation compounds

1.3.1 Introduction

The term intercalation was originally used to refer to the insertion of extra days into the calendar,

but has now been adopted in chemistry to describe "the reversible insertion ofguest atoms into a

solid host without inducing major disruption of the host material.'''' Although the Chinese were

using such a technique to create porcelain by the insertion ofmetal ions into natural minerals

such as quartz it was not until the nineteenth century and the experiments of Schaufhautl, that

intercalation as we know it today was first identified.4 Interest in intercalation developed rapidly

from the 1950s onwards. Most successful materials have an open framework structure either as a

layered arrangement or possessing channels for guest ion transportation. Intercalation science is

now a very diverse field and applicable in a range of areas. Guest species range in size from the

proton through larger cations to organic molecules. During the course of an intercalation reaction

the host material will always undergo a change to one or more of its characteristic properties, be

it electronic, chemical, or structural.

1.3.2 Dimensionality

Transition metal oxides and other potential lithium intercalation host materials may be of varying

forms. Their structures may be categorised according to the dimensionality, one, two or three,
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that the host allows the diffusion of guest ions. There are four types of host that are possible

based on this classification, Figure 1.2.

Figure 1.2 Host materials:
A) ID intercalation host.
B) Also ID host material but where host is strongly bonded in all directions.
C) 2D, layered host material, eg LiCo02.
D) 3D array oftunnels interconnected in three dimensions, e.g. LiMn204.

1.3.3 Ion sites

In a transition metal oxide host material, positive guest species such as Li will occupy sites

surrounded by negative oxygen ions positioning themselves spatially as far from the similar

positively charged transition metal species as possible.

The sites available for ions are dependent on the host's structure and a structure can

contain several different types of sites. Three types of sites lie between close packed oxygen

planes: octahedral, tetrahedral and trigonal prismatic, Figure 1.3. In an octahedral site the cation

is surrounded by six anions at the apices of an octahedron, Figure 1.3(a) and in a tetrahedral site

the cation is surrounded by four anions at the corners of a tetrahedron, Figure 1.3(b). Li+
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preferentially locates in one of these two environments. However, larger ions such as Na may

occupy trigonal prismatic sites, Figure 1.3(c) observed when one oxygen close packed layer is

located directly on top of another close packed layer. The size of an ion in a solid is an empirical

quantity; published ionic radii give a good indication of whether an ion can fit in a given site.

Figure 1.3 Possible sites for guest alkali metal ions (purple) located between close packed layers of
anions (red) : (a) octahedral lb) tetrahedral and (c) trigonal Prismatic.

The spatial arrangement of the guest ions can also form a lattice in one-, two- or three-

dimensions in a similar manner to that shown by the host as previously described. Figure 1.2.

1.3.4 Examples of 1-, 2-, and 3-Dimensional host lattices

1.3.4.1 1-Dimensional host, 3-Dimensional network of sites

This classification of host compounds consists of chains weakly bonded to one another, an

example being the series ofMo and Se compounds able to accommodate guest ions between their

chains ofMo and Se cubes. Figure 1.4. 5
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/ •'

Figure 1.4 Structure ofMo3Sej a 1-D host with 3-D network ofsite located between Mo/Se cubes.

1.3.4.2 3-Dimensional structure, 1-Dimensional tunnels

In many oxides the transition metals are octahedrally coordinated by oxygen and these octahedra

can join together in chains along one direction. These chains can then corner share with other

chains to form tunnels of varying dimensions as shown in Figure 1.5. When the chains are of one

octahedron in width the structure is denoted as 1 x 1 (Figure 1.5(a,b)), this is the structure

adopted by rutile Ti02. Other wider tunnels, e.g. 2x2 (Figure 1.5(c)) can be formed but are

unstable without ions occupying the tunnel, e.g. Ba is the tunnel cation stablising the Mn02

octahedral framework in BaMn8Oi6. Figure 1.5(d) shows an intermediate framework denoted as

2x1, this structural configuration is adopted by LixW02 which has been contemplated as a

potential anode material in electrochemical cells.6

Figure 1.5 1-D tunnel structure host materials based on (a) rutile-like chains, visible tunnels when
view from above with (b) 1 x I tunnels as in Ti02, (c) 2 x 2 tunnels as in BaMnf)/6 and
(d) 2 x 1 tunnels as in ramsdellite Mn02.

6



1.3.4.3 2-Dimensional systems : layered host, layers of sites for guests

Many two-dimensional layered host materials, such as the transition metal oxide bronzes

AxMy02, consist of close-packed anions in which the transition metals (M) are bound in

octahedral or trigonal prismatic sites between the two oxygen layers, see Figure 1.3(a) and (c).

These adjacent layers are only weakly coupled together and so various sizes of guest, i.e. alkali

metal cations (A), can be inserted between them in the Van der Waals gap, Figure 1.6. The type

of guest sites between these layers is illustrated previously in Figure 1.3. It is the position of the

transition metal oxide sheets (M02) that determines the site coordination of the alkali metal

cation. The most stable layered structures form when the transition to alkali metal radius ratio is

less than 0.9.7

Figure 1.6 Structural change ofP3 (left) to 03 (right) caused by gliding ofMn()2 sheets during ion
exchange.

The structure of these layered compounds is often described by the ABC notation, see

Figure 1.7 and Figure 1.3. Let us consider a close packed layer of atoms, with atoms at position

A, there are 3 possible positions for the next layer of atoms, either directly above the first layer

(also termed A), or located into the interstices of the first layer, at positions B or C. In this

notation a trigonal prism sandwich can be described as AbA, and octahedral sandwich as AbC,

where the uppercase letter denotes layers of oxygen and the lowercase that of the transition metal

atoms. For example the layered oxides LiNi02 and LiCo02 have the stacking sequence
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AbC(a)BcA(b)CaB where the oxygen lattice alone can be considered to be cubic close packed

ACBACB ( = ABCABC ).

Figure 1.7 Layered structures highlighting stacking sequences in A-M and M-O sheets.

Due to this type of close packing of the oxide lattice these layered materials can be seen

to be closely related to another set of intercalation host materials namely, the 3-Dimensional

spinel structure, see Figure 1.8.

A secondary common nomenclature8 often used to describe these layered structures is to

indicate the number of metal oxide sheets in the unit cell and the symmetry surrounding the guest



atoms. For example the oxygen stacking ofABBCCA is termed as "P3", ABCABC is termed

"03", and ABCBA as "02". Where the letters refer to the coordination of the alkali metal ions,

octahedral (O) or prismatic (P) and the number referring to the number ofMOy sheets within the

unit cell, see Figure 1.7.

One of the more common arrangements referred throughout this course ofwork is 03

(Figure 1.7b), possessing the oxygen stacking sequence ABCABC (often referred to as a-NaFe02

type). 03 is generally obtained from materials with high stoichiometry, little vacancies and small

ion size. The materials are highly stabilised as the A06 and M06 octahedra share only edges,

which minimises inter-cationic repulsions. The structure P3 has alkali metal ions co-ordinated in

trigonal prismatic sites between adjacent oxide layers (Figure 1.7a). This arrangement results in

higher repulsion between intra- and inter-layer cations causing an increase in the separation

distance, see Figure 1.6.

Transformation from P3 to 03 is feasible, even at room temperature, as they are related

only by a gliding ofM02 layers, relative to one another, Figure 1.6. This transformation can

occur when either the nature or number of guest ions changes within the structure i.e. during ion

exchange reaction or intercalation. This type of transition avoids kinetic barriers of defect

diffusion and extensive bond breaking. However, transitions of the form 02 to 03 or P2 to P3

are not observed at room temperature, as these would require the breaking ofmuch stronger M-O

bonds.

1.3.4.4 3-Dimensional systems

The arrangement of Li ions in LiMn204 (spinel) typifies a 3-Dimensional host structure for Li

intercalation.9'10 The structure, Figure 1.8, space group Fd3 m, consists of a cubic closed packed

array of oxygen anions (ABCABC). The manganese ions are located in half the octahedral sites

and the lithium in one eighth of the tetrahedral sites. Half the octahedrally coordinated

manganese is in the 3+ state (d4, t2g3, eg') and the other half in the 4+ state (d3, t2g3). Thus in the

LiMn204 framework Li ions can move uninhibited via the 3-Dimensional network of face sharing

tetrahedra and octahedra, Figure 1.8. A closer examination of lithium manganese oxide spinels

as an intercalation cathode material is discussed in Section 1.5.3.2.
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Figure 1.

1.4

Two diagramatic representation ofthe LiMf), spinel structure in different orientations:.
A) Showing ion sites, Lithium (0) is shown in the tetrahedral 8a sites, Manganese (0) is
shown in the octahedral 16d sites, Oxygen (0) is in the 32e sites and also shown are the
interstitial octahedral 16c sites (0).
B) Highlighting the 3-Dimensional network oftunnels within the structure and oxygen
sub-lattice stacking sequence.

Relating solid-state chemistry to intercalation cathodes

1.4.1 Voltage and chemical potentials

The free energy associated with the transfer of one mole of electrons around an external circuit

and lithium between two intercalation electrodes is equivalent to the difference in the chemical

potential of lithium in the two electrodes and given by the equation:

V = -

I cathode anode \
\ru ~ rlA )

nF
eqn. (1.1)

where V is the open circuit voltage of the cell, f""h"de and f"""'1' the chemical potentials

of lithium in the cathodic and anodic electrodes, respectively; n = 1 (since 1 e" is transferred per

Lif) and F is Faraday's constant. On discharging a cell Li is transferred from a high energy state

in the anode, with chemical potential , to a low energy configuration in the cathode with

chemical potential jUcl"'l""k . According to eqn. (1.1), in order to achieve a high cell voltage we
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want to select cathodic materials with a low fj.c"'hode. Furthermore, as the lithium concentration

in the intercalation compound increases during discharge the chemical potential will alter. The

^cathode jncreases (j/decreases) with increasing lithium concentration due to mutual repulsion

between intercalated Li+ ions.

The chemical potential // can be related to the concentration of intercalation ions by the

lattice gas model. This model describes how the lithium ions and electrons are distributed in an

intercalation host as given by the following equation:

/j=e±kT\og[xl(\-x)]+Ux eqn. (1.2)

where k is Boltzmann's constant, r. is the lithium site energy (energy required to put an

isolated ion and its electron into the lattice), U is the total interaction energy and x is the

fractional site occupancy." This equation shows how the chemical potential varies as a function

of lithium content (x). If intercalation leads to a conversion of the host material from one phase

of fixed composition to another then there is a constant change in chemical potential. This gives

rise to an L-shaped Fvs x curve. If however intercalation proceeds by a single phase transition

the resultant V vs x curve will have an S-shaped profile.

Li does not exist in intercalation compounds as Li atoms but as Li+ and e" thus the

chemical potential may be separated into the two components:

,.cathode . , cathode ✓ ,

Vu=MLi+ +Me- eqn (1.3)

The component corresponding to the chemical potential of the electrons peint is known as

the Fermi energy level, E$. Hence, the position of the Fermi level in the cathodic electrode will

ultimately affect the voltage of the cell (through the previous equations). To maximise the cell

voltage we therefore require a low Fermi level. In transition metal oxides the Fermi energy

(corresponding to the top of the valence band) is set by the position of the cation (/-levels. The

transition metal oxides with the lowest EF i.e. lowest (/-bands are Cr, Fe, Mn, Co and Ni. It is

therefore these transition metal oxide materials which are of prime interest for Li-ion cells as

these materials will exhibit the highest cell potential.
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It is convenient and normal practice to measure the potential of a positive intercalation

electrode against lithium metal (which has an invariant chemical potential). This allows for easy

determination of the chemical potential of the cathodic electrode.

1.4.2 Energy density

One of the most important factors governing the performance of a cell is the energy which can be

stored per unit weight and per unit volume, i.e. the gravimetric and volumetric energy density.

The charge that may be stored is related to the amount of lithium within the intercalation

electrode. The theoretical capacity is given by the equation:

Qt = xF eqn. (1.5)

where x is the theoretical number ofmoles associated with the complete discharge of the

cell and F is Faraday's constant.12 Since energy is stored in the form of lithium in the

intercalation electrodes the gravimetric and volumetric energy density of the positive electrode is

dependent on two separate factors; the electrode potential and the charge :

E = VeQ eqn. (1.6)

where E is the volumetric or gravimetric energy density, Ve is the electrode potential and

Q is the charge store per unit mass or volume of the intercalation compound. Energy densities

are conventionally expressed in terms ofW h kg"1 orW h 1" whereas capacity Q is expressed in

terms ofmAhg"1 or A h F1. From equations 1.5 and 1.6 it follows that the greater the charge

stored i.e. the larger amount of Li accommodated in the host, the higher the energy density. In

Li-ion cells it is the amount of Li that can be reversibly inserted between the cathode and anode

that is the more important criterion.

If the capacity to store lithium is high, then a high gravimetric energy density will be

assured provided the molar mass of the intercalation host is small. Such batteries are required for

electric vehicles where weight has to be kept to a minimum. A high volumetric energy density

will be obtained provided the molar volume is small which is more applicable for batteries in

implantable medical devices as these devices have to be made small enough to fit easily into the

body.
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1.4.3 Rate and kinetics

The rate at which a cell can be discharged or charged is an important parameter and is governed

primarily by the rate of transportation of Li ions during the de-/intercalation process.

Electroneutrality however, requires that the rate of diffusion of ions and charge compensating

electrons during insertion and removal from the host be equal. It is thus the combined diffusion

of Li+ and e" down a concentration gradient that is important. Although in most cases of

intercalation the rate limiting step is the mobility of the Li ions.

1.5 Electrochemical cell components

Generally, reachargeable Li-ion cells are composed of two electrodes acting as intercalation hosts

for Li+. The electrodes are separated by a non-aqueous electrolyte across which Li+ will diffuse

from one to the other on charge and discharge.

1.5.1 Anodes

1.5.1.1 Carbon based anodes

The most studied candidates for anode materials are carbonaceous materials. Carbons show an

almost infinitely large amount of structural modifications, ranging from highly crystalline

graphite to highly disordered amorphous carbons. They all exhibit different electrochemical

properties. The extent of lithium intercalation and the reversibility of the intercalation process

both depend on the structure, morphology, particle size and crystallinity of the carbonaceous host

material. Carbonaceous materials are categorised into three types; graphites, soft carbons and

hard carbons.

Of these, graphite has the most well-known and regular structure. The theoretical

capacity for graphite, corresponding to LiC6, is 372 mAhg"1.13 Other desirable properties

exhibited by graphite include a flat state of charge vs potential profile. This shows that the

potential of the lithium graphite matrix does not depend strongly on the stoichiometric ratio of

lithium to carbon thus the cell voltage does not significantly decrease during discharge.

Furthermore, the electrochemical potential of graphite vs Li/Li+ is low. The de-/intercalation of
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Li is highly reversible and although only electronically conducting parallel to the hexagonal sheet

graphite is still the material of choice in commercial cells.

For soft and hard carbons additional capacity over theoretical was found and several

models are proposed. In the case of soft carbons, Sato and others proposed that the Li atoms

intercalate and occupy nearest neighbour sites between each pair of graphite sheets.14 Yata et. al.

suggested that these carbons contain substantial hydrogen.15 Suggested models for intercalation

in hard carbons are the micropore-filling and the house of cards models.16'17

Disordered carbonaceous materials have been studies in Li-ion batteries. These are made

using two different types of inexpensive precursors: petroleum products (such as phenolic, epoxy

resins) or natural carbohydrates (sugar, starch or cellulose). These carbons usually have a

disordered structure composed of randomly stacked graphene sheets. Many of these samples

show evidence for a substantial number of nanoscopic pores (~5 - 10 A in radius). Pyrolysed

carbohydrates have reversible capacities as high as 640mAhg"', irreversible capacities of

140mAhg"' and show little hysteresis. These materials are advantageous over a graphite anode in

terms of cost, simplicity in processing and capacity.

As lithium batteries are assembled in their discharge state all the lithium is present in the

positive electrode. On first charge, a layer is formed on the anode due to the reduction of

electrolyte. This surface film acts as an ionic conductor allowing Li+ ions to be transported;

though itself an electronic insulator thus preventing continuous reduction of the electrolyte. This

film is referred to as the solid electrolyte interface (SEI). The concept of the SEI provides an

explanation as to why lithium metal is stable in certain electrolyte systems and explains the

similarity of the surface films formed on carbon and lithium.18 The electrolyte reduction is an

irreversible process with a resulting loss of between 10 and 30 % of the overall capacity

depending upon carbonaceous material type. The irreversible lithium loss must be compensated

by additional cathode material.

1.5.1.2 Sn02 based anodes

Both crystalline and amorphous metal oxides have been considered as possible anode materials in

a secondary Li-ion battery.19"21 To date Sn02 based materials have shown the highest capacity to
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de-/intercalate Li, although the reversible capacity is obtained via a different mechanism. When

lithium is inserted into these materials formation ofmetallic tin by the following irreversible

reaction occurs:

Sn02 + 4 Li —>Sn + 2Li20

It is then metallic tin that reversibly intercalates Li by transforming into different lithium

tin alloys by the following mechanism:22-26

m Sn + n Li LinSnm (LiSn, Li7Sn3, Li5Sn2, Lii3Sn5, Li7Sn2, Li22Sn5)

The LiSn alloys formed are thought to be embedded in a Li20 matrix that plays an

important role in the cyclability of the material. These tin oxide materials are able to store more

than twice as much lithium as graphite. However, large volumetric changes that occur on lithium

insertion and removal causes internal damage to the electrode resulting in a loss of capacity and

rechargeability. Decreasing the size of the particles has shown to improve the cyclablity.20'27

Furthermore, preparation of nanostructured Sn-based anodes gives a capacity in excess of

700mAhg-1 and cycle number >1000.

1.5.1.3 Li4Ti5Oi2

The spinel structured titanate, Li4Ti5Oi2 is able to react reversibly with 3 Li's per formula unit as

shown by the reaction:28

Li4Ti5Oi2 3 Li ^ Li7Ti50i2

This results in a capacity of~175mAhg-1. On intercalation the a parameter of its cubic

lattice increases only slightly from 8.36A to 8.37A.28 Li4Ti5Oi2 is considered to be a "zero strain"

insertion compound.29 This property is appealing as an anode for rechargeable Li-ion batteries

because it translates to a long charge/discharge life. The lithium insertion potential of-1.5 V is

above the reduction potential ofmost organic electrolytes, consequently passivating films with

high resistance from the reduction of the electrolyte will not grow on the surface. However, the

use of titanate spinel as anode materials in Li-ion rechargeable batteries is limited by the modest

capacity. On comparison with other systems Li4Ti5Oi2 has a specific energy density close to that

of the NiCd system but lower than NiMH and current commercial Li-ion batteries.
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1.5.2 Electrolyte

1.5.2.1 Non-aqueous electrolytes

Because of the strong reducing power of lithium, the working potential for lithium ion cells are

commonly quite high, in some cases as high as 5V. Thus the main requirement for the electrolyte

is to have a wide electrochemical stability window. This rules out aqueous electrolytes such as

FLO. Of the non-aqueous alternatives only a few are liquids: liquids are most commonly

exploited due to their superior ionic conductivity at ambient temperatures.

The liquid electrolytes that fulfill the duel requirement of high lithium conductivity

(>10° S/cm) and a broad electrochemical stability window are mainly carbonates and esters;

carbonates being the most common choice due to their superior cycling behaviour. Propylene

carbonate has been used in Li-ion cells but problems arise due to co-intercalation of the solvent

causing exfoliation of graphite electrodes. As ethylene carbonate is solid at room temperature it is

mixed with other solvents albeit with ones with lower conductivity to produce a liquid working

electrolyte. Typically, mixtures of EC with dimethyl carbonate and diethyl carbonate as well as

PC on its own were used as battery electrolytes during this work

Table 1.1 Structure and properties ofsome solvents usedfor lithium battery electrolytes.29

Solvent name and
abbreviation

Structural
formula

Melting point
(°C)

Boiling point
(°C)

Dielectric

constant, e

Ethylene
carbonate, EC °Y

0
40 248 89.6

Propylene
carbonate, PC

0

/ K
Y

0

-49 240 64.4

Dimethyl
carbonate, DMC

H3C Y CH3
0 4.6 91 3.12

Diethyl carbonate,
DEC

.CL .Ck
C2H5^ Y 2H5

0 -43 126 2.82

1.5.2.2 Lithium salts

Soluble lithium salts are added to the solvent to act as charge carriers during the electrochemical

process. Good solubility and charge separation of the anion and cation are needed to obtain high
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conductivity. This is normally achieved by choosing bulky anions with low negative charge

density.30 Examples of salts used are LiCI04, LiAsF6, LiPF6, LiBF4, LiCF3S03 and LiN(S02CF3).

The salt used during this investigation and in commercial cells is lithium hexafluorophosphate,

LiPF6. It has proved to give high conductivity in carbonate based solutions and allows excellent

cycling properties at room temperature.

1.5.3 Cathodes

In order to use solid-state chemistry to design intercalation cathodes with improved performance

we must first understand the properties the intercalation solid should have and how these relate to

structure and composition. The key requirements are shown in Table 1.2 and highlight how

challenging it is to develop materials of technological value.

Table 1.2 Requirements for a positive electrode material.3'

1 Must be an intercalation host for lithium.

2 Sustain high rates of lithium intercalation and de-intercalation -» high cell discharge rates.

3 Highly reversible lithium intercalation —> many charge-discharge cycles

4 Low Fermi level —> high open circuit voltage.

5 Potential invariant with lithium content -» cell potential invariant with state of charge.

6 Capable of accommodating large quantities of lithium per formula unit —> high capacity.

7 Low formula weight —> high gravimetric energy density.

8 Low molar weight —> high volumetric energy density.

9 Avoid co-intercalation of the solvent.

10 Stable in contact with the electrolyte.

11 Adequate electronic conductivity.

12 Low cost.

13 Easily fabricated into composite electrode.

14 Environmentally friendly.

Several of these attributes have been discussed previously in Section 1.4. Obviously, the

cathode must be able to accommodate guest ions in the form of Li . For Li-ion batteries it is

preferred that the Li ions are contained in the as-prepared material as typically, these batteries
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are constructed in the discharge state. The electrode material must be stable in contact with the

electrolyte and able to form a stable interface. The interface formed must allow for facile transfer

of charge. The material should be electronically conductive so that the movement of electrons

through the electrode does not hinder the intercalation process. For economic reasons the starting

materials and the method ofpreparation should be low in cost. In addition, it is very important

that the starting materials, synthesis and final cathode material are environmentally benign.

1.5.3.1 Layered lithium cobalt and nickel oxide

Many intercalation compounds have been studied as possible positive electrodes for rechargeable

Li-ion batteries. However, the most common cathode material is that of the layered transition

metal oxide LiCoOa, as used in the original Sony cell. LiCo02 is still regarded as the material of

choice despite its expense because it is relatively simple to produce as a stoichiometric phase.

Synthesis involves the reaction of lithium hydroxide and cobalt carbonate at 850°C in air.32'33

Another commonly investigated transition metal oxide material for use as a positive electrode is

that of layered lithium nickel oxide, LiNi02. However, this material is more difficult to produce

without generating defect sites of alkali metal in the transition metal layers.34,35

Both these material have the same basic 03 structure as described earlier, see Figure

1.7b, where there is alternating layers of either Co06 or Ni06 with Li06 sheets. On discharging of

layered LiCo02 removal of lithium involves a change through three reversible phase transitions

resulting in lattice distortion. A final fourth phase transition results in an irreversible change

limiting the amount of lithium that can be extracted from the system to around only 0.5 Li per

formula unit. Layered LiCo02 in a practical battery design is able to deliver a capacity in the

region of around 130mAhg~' with good retention of this capacity.36

With LiNi02 as the cathode the open voltage is slightly lower due to the possession of

higher t2g orbitals18 and an available capacity of~140mAhg"'. However further removal ofLi
from the structure results in a reduction of the cyclability and causes exothermic decomposition

at elevated temperatures: A possible safety risk to the use of these types of batteries.34'35
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1.5.3.2 Manganese based systems

Mn is approximately 1% the cost ofCo and significantly more environmentally benign than

either Co or Ni. These are major advantages and explain the increased development of

manganese oxide based positive electrodes over the last 15 years. Primary areas of study have

been concentrated on LiMn204 spinel type materials and various layered manganese oxides. The

driving ambition is to be able to synthesise a layered LiMn02, analogous to the LiCo02, as such a

material would attain a theoretical capacity of 285mAhg"', far in excess of any other known

material to date.

1.5.3.2.1 Spinel

LiMn204 spinel, a 3-Dimensional intercalation host, the structure of which was discussed in

section 1.3.4.4, was one of the first manganese based compounds to be investigated as a cathodic

material in a Li-ion cell. LiMn204 spinel was originally synthesised by solid state reaction of

lithium carbonate and Mn203 at 850°C in air.38 Since then much work has been published on

optimising the structure, creating new synthetic routes and doping the system with other
i • 39-44

transition metal ions.

LiMn204 operates at 3V for lithium insertion into the interstitial octahedral sites, whereas

lithium insertion into the tetrahedral sites is at 4V. The higher potential is afforded by the

tetrahedral co-ordination as this site is the more stable for lithium ions. Though the manganese

spinel shows initial high capacities of~220mAhg"1, they do suffer from dramatic capacity fade to

around 100 mAhg"1 after a few cycles. This capacity fade has been attributed to many

mechanisms.45"46

Insertion of lithium into the structure beyond Li|for LixMn204 where 1 < x < 2, reduces

the Mn4+to Mn3+ and a continuous solid solution is obtained up until x = 1.1. After this point the

Jahn-Teller active Mn3+ is present in sufficient concentration to promote a cooperative distortion

resulting in a reduction in the crystal symmetry from cubic to tetragonal. At this point the cathode

exists as two phases: cubic LiMn204 and tetragonal Li2Mn204. As x increases above x = 1.1 until

x = 2 the tetragonal phase grows at the expense of the cubic phase. This is accompanied by an

anisotropic expansion (6.3%) of the unit cell. This large change in volume is too severe for
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tetragonal Li2Mn204 and LiMn204 to coexist within a single crystallite. This results in fracturing

of the particles leading to degradation of the particle-particle contacts essential for ionic and

electronic conductivity. Such structural damage has been proposed as an explanation for the

capacity loss on cycling for LiMn2C>4 cells.45

A further proposal to account for the capacity loss is dissolution of the spinel. At

voltages above 4V a disproportionation type reaction can occur.46

2 Mn3+ —» Mn4+ + Mn2+ (solution)

This results in the loss ofMn2+ to the electrolyte solution thus there is less Mn available to take

part in further de-/intercalation processes. The Mn lost to dissolution can occur either by the loss

of the framework i.e. both manganese and oxygen, or by Mn dissolution alone resulting in the

possible formation of inactive oxygen rich non-conducting surface layers.

Low temperature synthesis methods for manganese spinels results in non-stoichiometric

compositions, e.g firing at 200°C yields LiMn2044. This composition is in fact cation deficient,

Li0.9g[Mni 95n0.05]octO4 (□ = a vacant site). With the increased Mn4+ concentration (due to the

vacancies) a 20% increase in theoretical capacity over regular spinel is attained (180mAhg"'). Li

is now in both octahedral 16c and tetrahedral 8a sites. This material shows an improved overall

capacity and capacity retention leading to this material being considered seriously as a

competitive electrode material.46"48 Moreover, cyclability was further improved by replacing a

small amount of the Mn by Li, Lii+xMn2_x04 (x = O.l).45'49'50

As clearly illustrated previously, careful control of the composition has been shown to

improve the cycling performance. This enhancement is thought to be due to suppression of Jahn-

Teller by keeping the average Mn oxidation state greater than 3.5 at the end of the 4V plateau.

Such electrochemical stability can be exploited by use of doping the Mn sites with other elements

of lower oxidation state (Ni, Co, Cr, Fe, Al, Mg and others).39"44 However, Li is still the most

attractive since it introduces no new cations into the system and a small amount ofmonovalent

ion corresponds to a significant increase in the average Mn valence. Though dopants may not

take part in the actual redox process these solid solutions have been shown to reduce the

dissolution ofmanganese. Unfortunately, the capacity is reduced with increased dopant level.
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1.5.3.2.2 Orthorhombic UM11O2

Orthorhombic LiMn02 has a corrugated layered structure and is a 2-Dimensional host. The

material was first produced via high temperature solid state reaction of Li2CC>3 and Mn02.51 The

material is stable in air but prone to spinel impurities and stacking faults. It has been shown that

the production temperature of o-LiMn02 has a large effect on the resultant structure purity.

Synthesis at higher temperatures results in material with lower impurities. However, if an inert

atmosphere and/or a reducing agent is used to prevent the oxidation ofmanganese to Mn3+ during

the firing process, the firing temperature can be lowered.

On cycling, o-LiMn02 undergoes an irreversible conversion to a spinel-like material,

itself leading to the tetragonal compound, Lii+xMn204. Fortuitously, the in-situ spinel-like

material out performs classical spinel when cycled over a similar voltage range. Complete

conversion to spinel is considered to have been achieved when a maximum in capacity is

attained. Typically, capacities obtained have been in the range 160mAhg"' to 190mAhg"'.52'53

Although the electrochemically formed spinel-like phase is more tolerant to cycling there is still a

measurable capacity fade. Impedance spectroscopy has shown the presence of surface layer

formation which consumes electrolyte and material, a dissolution process similar to that seen in

classical spinel.53

The higher capacity attained for o-LiMn02 compared to spinel may be related to a

smaller crystal size. Attempts to reduce particle size even further by lowering synthesis

temperatures have only resulted in more spinel impurities and increased stacking faults.

This in-situ produced spinel differs from conventional spinel in both microstructure and

cation ordering. SEM investigations have shown as-prepared o-LiMn02 to be composed of

layered platelets of size varying from 5 to 20 pm in dimension.54 Use ofXRD shows that after

cycling a cubic spinel containing partial tetrahedral site occupancy is produced. High resolution

electron microscopy has revealed a surprising nanodomain structure within the single-crystalline

oxide particles. The cycling stability of the electrochemically produced spinel has been

attributed to the formation of these domains.55
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On completion of formation of the in-situ spinel the capacity decreases in a similar

manner to that of conventional spinel. Inclusion of dopants such as Al, Zn and Mg in o-LiMn02

have been used to try to suppress the onset of the co-operative Jahn-Teller distortion in an effort

to stem the capacity fade.56

1.5.4 Layered lithium manganese oxide cathodes

1.5.4.1 Undoped layered lithium manganese oxides

Layered structures with stoichiometry, LiMn02 do not readily form since spinel, LiMn2C>4 is the

more thermodynamically stable structure. However, layered lithium manganese oxide materials

can be prepared via ion exchange of a layered sodium phase. This so called "soft chemical"

method was used to synthesise layered 03 LiMn02.57 The sodium ions in a-NaMn02 (P3) were

exchanged for lithium by refluxing in hexanol at 160°C in the presence of excess LiBr. This

method formed the kinetically stable yet thermodynamically metastable layered LiMn02

material. This layered LiMn02 has reduced crystal symmetry (space group C2/m) compared to

its analogue LiCo02 (R3m) due to the presence of Jahn-Teller active Mn3+ species within the

structure.

Initial electrochemical studies of this LiMn02 exhibited a first charge capacity of

250mAhg"1. Unfortunately, subsequent cycling led to diminished capacities of 140mAhg"'. The

material proved structurally unstable to cycling, ultimately converting to a spinel-like form.58

Such a transformation is conceivable due to the similarity in the oxygen stacking of 03 layered

material and spinel, see Figure 1.8. The 03 structure consists of hexagonally close packed O-M-

O layers (M=cation) in the stacking sequence ABCABC. Transformation from layered to spinel

only requires a rearrangement of the cations within the unchanged oxygen sublattice.

The layered lithium manganese oxide material with an 02 stacking of the oxide layers

has also been investigated.59 This material was similarly obtained by ion exchange of its sodium

manganese oxide precursor (P2). The resultant LiMn02 02 material was shown to have a high

degree of stacking faults, observed by broadening of peaks in the XRD patterns.

On cycling a sustainable capacity of ~190mAhg_1 is achievable. This cycling stability is

attributable to retention of the layered structure. As the 02 structure has ACAB stacking of the
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oxide layers transformation to spinel during cycling can only be accommodated by

rearrangement of the oxygen lattice, requiring the breaking ofMn-O bonds. This is highly

unlikely to occur at room temperature.

Synthesis of 02 sodium phase material at high temperatures proved difficult to ion

exchange. More vigorous ion exchange treatments resulted only in materials that exhibited

inferior electrochemical performance with a capacity of ~1 OOmAhg"1.59

1.5.4.2 Doped layered lithium manganese oxides

1.5.4.2.1 Cobalt and nickel doping

LiCo02 and LiNi02 have already proven successful as cathode material in lithium ion batteries. It

may be possible to suppress the transformation of 03 LiMn02 to spinel by doping the Mn layers

with Co or Ni. Stable LiMn02 doped with a low percentage ofCo was obtained from ion

exchange of the equivalent sodium precursor. The conversion of doped 03 LiMn02 to spinel

during cycling was slowed.60 This additional stability is attributable to the fact that the co¬

operative Jahn-Teller distortion is suppressed on replacing high spin Mn3+ with Co3+.

Unfortunately, as the concentration ofCo is increased the cell capacity decreases. The optimum

doped level of 2.5% Co substitution on the Mn site realised a capacity of~200mAhg"'. It should

be noted that the compounds prepared as layered structures out performed the spinel compounds

with the same Mn : Co : O compositional ratio.

Similar doping systems have been investigated for 02 lithium manganese oxide

materials.61 At a doping level of 15% Co substitution, a capacity in the region of 150mAhg"' was

obtained.

Ni doping of 02 LiMn02 was achieved up to a concentration of one third site

occupancy.61 The material remained of the 02 type during cycling to give a reversible capacity of

~1 SOmAhg"1. This Ni doped species is thermodynamically stable compared to spinel and other

layered phases.

1.5.4.2.2 Aluminium doping

Doping of A1 in the LiCo02 system led to an increase in open circuit voltages and so

prompted studies of LixAlyMni+y02 solid solutions.62 LixAlyMn1+y02 where 0 < y < 0.05 was
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synthesised by co-precipitation reaction and high temperature firing under an oxygen

atmosphere. The firing temperature and oxygen partial pressure play a large role in determining

the crystal structure. At high temperature and partial pressures (1000°C, Po2= 1 0"7 atm.) a

monoclinic phase, similar to LiMn02 was obtained. At lower temperatures and partial pressures

(800°C, Po2= 10"10 atm.) increasing amounts of orthorhombic phase was detected by XRD. SEM

showed uniformly distributed aluminium and manganese throughout the crystalline oxide

particles for all levels of doping.

On cycling it was observed from the voltage profiles obtained that the LixAlyMnI+y02

material converts to a spinel-like compound reminiscent of LixMn204. The XRD pattern

confirmed this transformation as the reflections were indexed to cubic spinel. However, cycling

can be performed over both the 4V and 3V plateaus allowing a higher lithium fraction to be

inserted/extracted. This behaviour contrasts with spinel as cycling over both plateaus for spinel

results in large capacity losses especially in the 3V region. This cycling behaviour would suggest

that the substitution ofA1 suppresses the Jahn-Teller distortion. From TEM results it was

observed that the transformation to spinel occurred uniformly throughout the individual particles

and did not occur via a nucleation process.62

Cycling experiments for LixAlyMn!+y02 materials were carried out elevated temperatures

(55°C). Improvements in fade rate were obtained compared with similar materials cycled at room

temperature but also compared with undoped materials cycled at 55°C.

1.5.4.2.3 Chromium doping

Stable solid solutions ofCr doped lithium manganese oxides have been directly

synthesised. Crystallographic refinement ofXRD data of the produced LixCryMn1_y02, where

0 <y < 1, have been refined to the space group C2/m thus these materials are structurally similar

to layered LiMn02.63,64 Although, due to the substitution ofCr3+ by Mn3+ the Jahn-Teller effect

is diluted resulting in a decrease of the monoclinic distortion compared to the undoped material.

Cr is not as good a candidate for doping in these Mn systems due to it having a 3+ oxidation

state.
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All compositions of LixCryMni_y02 show a capacity loss during the initial cycle. This is

accompanied by a structural change from monoclinic to hexagonal arising from collapse of the

co-operative Jahn-Teller due to oxidation of the Mn3+ to Mn4+. This structural change during

charge proceeds initially by a first order phase transition and is an irreversible process. On

further lithium de-intercalation the reaction proceeds by a second order phase transition and the

structure remains hexagonal. The material shows stable capacities when the hexagonal structure

is maintained.

For chromium concentrations ofy < 0.5 in LixCryMni.y02 the phase change during

subsequent cycles is to a more spinel-like structure, similarly observed in orthorhombic and

layered forms of LiMn02. At low rates, the sustainable capacity for these Cr doped materials is

of the order of 150mAhg"', highlighting the need for further optimisation.

1.6 Aims

To investigate and fully characterise layered lithium manganese oxides as potential cathode

materials in rechargeable Li-ion batteries. To understand the influence of synthesis condition and

ion exchange on structure, morphology and electrochemical performance of these materials. To

determine the structural and electrochemical effect ofdoping the layered stoichiometric LiMn02

and non-stoichiometric LixMny02 materials with other transition metal ions.
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Chapter 2 Synthesis and experimental techniques

This chapter details the experimental procedures used for the synthesis of layered lithium

manganese oxide materials and the techniques employed in their characterisation.

2.1 Synthesis of cathode materials

2.1.1 Synthesis of sodium phase by solid state reaction

It is unusual for solids to react with one another at any appreciable rate at low temperatures,

within a short time scale thus elevated temperatures must be utilised. This type of reaction with

powdered reactants is termed solid state reaction or "shake and bake" and is one of the most

widely used approaches. Two factors that affect the rate of reaction are the particle size and the

contact area between the reactants. The contact area may be maximised if grinding of the

reactants is carried out during the reaction. The initial stages of reaction are the most difficult as

there is usually a large difference in structure between the reactants and the products. The high

temperatures are thus needed to supply energy to bond break and bond form, in order to create

the final product.

Primarily, a solid state reaction was used in the synthesis of stoichiometric NaMn02

materials. The flow diagram in Figure 2.1 represents a typical synthetic procedure. The synthesis

route for the inclusion of dopants is also included.
Pure System Doped System

•N—
^ r^

^ Continued on next page
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Figure 2.1. Flow diagram showing typical synthesis ofpure stoichiometric NaMn02 and doped
NaMni.yMy02 system via solid state reaction.

2.1.2 Synthesis of sodium phase by solution reaction

Solution reaction was primarily used for the synthesis ofnon-stoichiometric NaxMny02 materials.

The thorough mixing of starting materials in solution favours higher reactivity due to a more

intimate mixing of reagents thus allowing for lower reaction temperatures in the synthesis. The

sodium phase is prepared by the use of a co-precipitation reaction whereby sodium carbonate and

manganese acetate solutions of the appropriate stoichiometric ratios are mixed. Once the

precipitate has formed the water is removed by the use of rotary evaporation followed by two

firing stages. Firstly, firing at 250°C decomposes the acetates. The second firing is carried out at

600°C for 4hours. Various firing temperatures in the range 450°C to 900°C and various firing

atmospheres were also studied (incomplete reaction of starting materials at temperatures

<450°C). A further annealing of the sodium phase material by heating in flowing argon at 450°C

was also considered. Annealing may be performed in an attempt to capture crystal structures

thermodynamically stable at higher temperatures. A flow diagram representing a typical non-

stoichiometric NaxMnyC>2 synthesis can be seen in Figure 2.2. Again, included here are the

synthesis routes for the inclusion of dopants into the system.
Pure System Doped System

^

•. /- <

▼ Continued on next page
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Figure 2.2 Flow diagram showing typical synthesis ofpure non-stoichiometric NaxMny02 and
NaxMni_vMy02 doped system via solution reaction.

2.1.3 Ion exchange using alcohol

Ion exchange offers a low temperature route to the synthesis of new materials. This approach is

generally known as Chemie Douce. Sodium ions in the NaMn02 materials were ion exchanged

for lithium ions by the route depicted in the flow diagram, Figure 2.3. Typically, 2.5g of sodium

phase was placed in a 200ml solution of LiBr (lOg) in alcohol. The mixture was refluxed, for

ethanol at 80°C and for hexanol at 160°C. In some cases ion exchange was carried out at room

temperature with complete exchange requiring >1 week. On the completion of ion exchange the

layered lithium manganese oxide materials are recovered by vacuum filtration and washed with

ethanol and H20. This ensures removal of any trace Na2C03 that may remain after the high

temperature synthesis of the sodium phase.
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Figure 2.3 Flow diagram showing typical synthesis ofstoichiometric LiMn02 and non-
stoichiometric LixMny02 materials by ion exchange in alcohol reflux or water/alcohol RT
exchange. Also applies for doped materials.
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2.1.4 Melt ion exchange

An alternative and faster approach to ion exchange is the use of a eutectic melt. A flow diagram

for a typical ion exchange carried out by this method can be seen in Figure 2.4.

Figure 2.4 Flow diagram showing typical synthesis ofstoichiometric LiMn02 materials by use of
eutectic melt.

2.1.5 Introduction of dopants

The introduction of dopants into lithium manganese oxide materials takes place during the

synthesis of the precursor sodium phase. The dopants that have been used include the transition

metal ions Co, Ni and Cu; Al, Mg, and Li were also substituted into the materials. The

concentration of dopant varied from 2.5 to 20 mole %. They are introduced into the system

usually as either metal nitrates, in the case of solid-state synthesis or metal acetates, in the case of

solution route. The incorporation of dopants was covered in the flow diagram Figures 2.1 and

2.2. The Li for Na ion exchange routes used thereafter are identical.

2.2 Characterisation techniques

The materials prepared in this work were characterised by a range of techniques which include

powder X-ray and neutron diffraction, chemical analysis by flame emission, atomic absorption
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and redox titration, surface area measurements, SEM, TEM and electrochemical analysis by

galvanostatic cycling.

2.2.1 Powder X-ray diffraction (XRD)

As powder XRD is one of the most versatile and powerful methods to investigate crystal

structure it is extensively used throughout this work.

2.2.1.1 Generation ofX-rays

X-rays are electromagnetic radiation with a wavelength of the order 10"'°m, which is in the order

of the distance between atoms. X-rays are generated by the bombardment of a metal by high-

energy electrons accelerated by a potential difference, typically up to lOOkV.

The modern X-ray tube is highly evacuated and contains an anode and a tungsten

filament connected to a cathode. Electrons are obtained from the filament by thermionic

emission. These electrons are accelerated by a potential gradient to the anode. On hitting the

target anode, either copper or iron metal the electrons penetrate deep into the lowest energy

levels of the metal. The lower energy electrons that are expelled results in the transition of

higher energy level electrons to the lower vacated levels. This transition is accompanied by

emission ofX-ray radiation.

The most intense lines ofX-ray radiation emitted from a metal anode result from 2p ->

1 s transitions, labelled Ka. For a Cu anode, Kai has a wavelength of a. = 1.5418 A and for Fe

Ka,] X — 1.936 A. Many other electronic transitions occur e.g. 3p —> 1 s but these emissions are

filtered out using monochromators.

Cu K«i radiation is able to excite electrons in manganese resulting in fluorescence. This

gives rise to a high background in the diffraction pattern. The longer wavelength ofFeKai does

not induce fluorescence and is thus the anode of choice for characterising the manganese oxide

materials in this work.
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Figure 2.5 STOE X-ray powder diffractometer with sample holder (inset).

2.2.1.2 Diffraction ofX-rays

X-ray photons diffract in a similar way to light photons so can be interpreted in a similar fashion

to optics. Max von Laue2 was the first to suggest that X-rays may be diffracted when passed

through a crystal as it was realised that their wavelength was similar to the separation between

lattice planes. The crystal is modelled as a stack of reflecting lattice planes of separation d and

the lattice planes are treated as semi transparent mirrors, Figure 2.6.

Figure 2.6 Reflection ofX-raysfrom lattice planes.3
Using the above model, the path length of two incoming rays differs by AB+BC. This

length however, is dependent on the incident angle, 9. Only when the length AB+BC is equal to

an integer number of wavelengths of the incoming radiation is there constructive interference (a

'reflection'). The angle the crystal must make to the incoming beam of X-rays for constructive

interference to occur is given by:

AB + BC = 2d sin 0 eqn. (2.1)

It follows that a bright reflection should be observed for the glancing angle that satisfies

Bragg's Law4:
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ri/1 = 2dsind eqn. (2.2)

The primary use of Bragg's Law is in the determination of the spacing between the layers

in the lattice for, once the angle <9corresponding to a reflection has been determined, d may

readily be calculated.

2.2.1.3 Powder diffraction

In a powder at least some of the crystallites will be orientated so as to satisfy the Bragg

conditions for each set of planes (hkl). For example, some of the crystallites will lie in such a

way that their (111) planes of spacing dm, will give a diffracting intensity at an angle 6, see

Figure 2.7. The ciystallites with this glancing angle will lie at all possible angles around the

incoming beam so that the beam lies on a cone of angle 26.

Figure 2.7 Cones ofreflectionsfrom powder X-ray diffraction3

Other crystallites will be orientated with different planes satisfying Bragg's law giving

rise to cones of different intensity and of different angles. As the crystals are arranged randomly

in all possible orientations in a powdered sample, each set of (hkl) planes will give rise to a

different cone. The intensities of the cones or reflections are monitored electronically as the

detector is rotated around the sample in a plane containing the incident ray. The information

recorded is then processed and stored by computer.

2.2.2 Crystal structure

2.2.2.1 Identification

The position and intensity of the peaks in a powder XRD pattern are characteristic of the

structure of the material. Comparison of the XRD pattern obtained with that of known patterns
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held in the PDF database5 can often allow a starting point in the assignment of a structure to the

prepared material. The standard pattern is used to assign Miller indices (hkl values) for each of

the diffraction lines in the manganese oxide XRD pattern. These Miller indices identify each

lattice plane in the structure. Using a refinement process, the lattice parameters of the unit cell

may be calculated from the positions of the diffraction peaks, when the pattern has been indexed.

2.2.2.2 Rietveld refinement

The Reitveld method6 is not an empirical method. A good structural model is required as the

method is a structural refinement and not a structural solution. This model is based on a known

structure, similar to the unknown. The calculated diffraction pattern from the model is fitted to

the unknown powder XRD pattern by continually changing the atomic positions, thermal

constants, occupancies and lattice parameters using a non-linear least squares technique. The

resultant difference between the observed and calculated patterns is given by the residual:

sy =Xw, (y, -ycif eqn. (2.3)
i

where w, = l/yt, with y, = observed intensity at the ith step and yci = calculated intensity

in the ith step. This residual has to be minimised.

Due to the powdered nature of the LiMn02 materials the peaks in the XRD pattern are

broad. The peak shapes can be modelled for refinement using a pseudo-Voigt function

containing both Lorentzian and Gaussian components. Many Bragg reflections can contribute to

the intensity of each peak. The overall intensities of the calculated pattern, yCj are a summation of

the background, ya and contributions from neighbouring Bragg reflections given by the following

equation:

yci = ybi + LkK f ~ 20K )PK A eqn. (2.4)
K

where S = scale factor, LK = Lorentz, polarization and multiplicity factors, | FK \2 = the

square of the magnitude of the structural factor calculated from the structural model, 0 =

reflection profile functions, PK = prefered orientation function, A= absorption factor and yh, =

background intensity at the ith step.
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The "best fit" of the calculated pattern to the observed pattern is given by the following

equation:

V,(obs)-y(calc)) ]Kp = \ ^, , „2 f ecin (2-5)

Since the numerator is being minimised in the refinement a low Rwp indicates a good fit.

Careful interpretation of the value of this criterion of fit is required as a global minimum as

opposed to a local minimum may have been obtained. Another criteria concerned with the

quality of fit is y2:

where R =

R,
(N-P)

1/2

'R-expected' eqn. (2.6)

where N = the number of observations, P = the total number of variables and yoi = the

observed intensity. A good fit is indicated by a y2 close to 1. Typical values of Rwp for lithium

manganese oxide materials is 2 to 3%, %2 < 5. These values are acceptable as an indication of a

good fit in these types ofmaterials.

2.2.3 Powder neutron diffraction

Neutrons have a mass of 1.660437x10"27kg and wavelengths of the order of atomic distances (0.5

to 3 A). This leads to applications in structural analysis via neutron diffraction. Although,

neutron and X-ray scattering factors are of the same magnitude a larger sample size for neutron

diffraction is required, this is owing to the lower intensity of the neutron beam. However, as

neutron interactions are weak they can penetrate deep into the sample allowing for probing of the

bulk rather than the surface, which is observed with X-rays.

2.2.3.1 Neutron scattering

In neutron diffraction, it is the nucleus of an atom that is responsible for the scattering of the

neutrons rather than the electron cloud in x-ray diffraction. The scattering power is not related to

atomic number and it is therefore easier to detect light atoms in the presence of heavier ones.

When a wave of unit amplitude strikes a nucleus of an atom in a solid, the nucleus is not free and

recoils. The scattered neutron amplitude, A, at a distance R from the nucleus is:
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A=b/R eqn. (2.7)

where b is the scattering factor, a complex quantity with dimensions of length.

Since the radius of the nucleus is so much smaller than the incident neutron wavelength,

b is independent of the scattering angle for an atom at rest (no polarisation factor). As every

isotope of every element has a different scattering factor the overall b is an average taken over

the abundance of all the isotopes. For most elements this scattering factor is positive, exceptions

include hydrogen, titanium and manganese.

Neutrons can be generated by nuclear fission. At ISIS pulsed neutrons are generated by

a beam of protons striking a target of heavy atom nuclei, usually depleted uranium or tantalum.

This process is known as spallation. At the spallation source the neutron beam is pulsed so that

neutrons with different speed, energy and therefore wavelengths can be discriminated against by

their time of arrival ("flight") at the detector. Different d spacings are measured at a fixed 6.

Ahk,=2dhk,sin0o eqn. (2.8)

To ensure the highest count rate there are banks of detectors at different scattering angles

allowing for access to a large number of <7-spacings.

The neutrons produced from the spallation process have a very high energy and have to

be slowed down before they can be used for neutron diffraction studies. This is achieved using

moderators, usually hydrogenous material. By the use of a series of beam guides the neutron

beam is directed to a number of different diffractometers and spectrometers where a variety of

experiments can take place. For the purposes of this work, data was collected on the high

intensity, medium resolution diffractometer, POLARIS and on the high intensity, high resolution,

general materials diffractometer GEM. Samples are placed in sealed vanadium cans in an

evacuated target chamber.

2.2.3.2 POLARIS

Polaris is a medium resolution powder diffractometer. The intense neutron flux and large

detector solid angle give rise to a high count rate allowing for very short experiment times or

small sample size. Samples where the volume is as small as ~lmm3 have been successfully
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measured. The sample position is 12m from moderator and the instrument has four banks of

detectors, two low angle, one at 90° and one back scattering, Figure 2.8.7

Figure 2.8

2.2.3.3

k
Picture ofPOLARIS neutron diffractometer at ISIS.

GEM

Figure 2.9 The GEM neutron diffractometer detector array.

2.2.4 Chemical analysis

The electrochemical properties of the manganese oxide compounds depend strongly on the

chemical composition. Hence, it is important to determine accurately the chemical composition

The general materials diffractometer is one of the first in a new generation constructed at ISIS.

GEM is a high intensity, high resolution diffractometer for use in the study of disordered

materials and crystalline solids.8 GEM has an incident path length of 17m, adjustable apertures

to create a beam ofmaximum dimensions 40 x 20 mm and zinc sulphide scintillator detectors

allow for a very wide range in scattering angle from below 5° to 170°, Figure 2.9.

GEM
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of these rather complex undoped and doped, stoichiometric and non-stoichiometric cathodic

materials.

2.2.4.1 Flame emission / atomic absorption spectrophotometry

Flame emission photometry was used for quantitative analysis ofalkali metal content (Na and

Li). The sample solution is converted into an aerosol by atomisation. The constituents of the

aerosol are reduced from ion species to atoms in the reducing flame. The energy of the flame

causes excitation of the alkali metal atoms to higher electronic states. These excited atoms revert

to the ground state by emission of light energy. The wavelength of light measured by the

detector is characteristic to each element. The intensity of an isolated wavelength is proportional

to the number of excited atoms, and thus the concentration of the analyte in the solution.

Atomic absorption spectrophotometry is utilised to analyse transition metal elements

because the flame has insufficient energy to excite transition metal atoms. A spectrum of light

with wavelengths tailored for the individual atoms present in the aerosol is passed through the

reducing flame. The ground state transition metal atoms absorb their characteristic wavelengths

of light on transition to the excited states resulting in an absorption line spectra. The decrease in

light intensity of the resonance lines is related to the concentration of the analyte.

In preparation for analysis, a mixture of hot acid (HC1) and peroxide (H202) was used to

dissolve a known amount of the manganese oxide material (~1 OOg). The solution was diluted

and transferred to a standard 1L flask.

For quantitative analysis, the instrument must be calibrated. A range of standard

solutions of known concentrations is used to generate an emission intensity vs. concentration

curve for each element e.g. for Li analysis in LixMny02, 5 standard solutions containing 0, 2.5, 5,

7.5 and lOppm of Li were used to generate the calibration curve allowing for determination of Li

content (~5ppm) in the unknown sample. Note: the sodium content was corrected for the

presence of any residual sodium carbonate by the subtraction of the NaC03 level determined by

carbon microanalysis.
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2.2.4.2 Oxidation state redox titration

The average Mn oxidation state was determined by the use of a potentiometric titration method

using a Mettler DL 40 RC autotitrator.9

The alkali metal manganese oxide powder A(MyMn,.y)02 dissolves in an aqueous

solution of ferrous sulphate Fe(II)S04 because the manganese, Mnn+ is reduced to Mn2+:

Half reactions : 1) Fe2+ -» Fe3+ + e"

2) Mnn+02 + 4H+ + (n-2)e" -> Mn2+ +2H20

Overall : MnO4" + 8HJ + 5Fe2+ Mn2+ +5Fe3+ +4H20

The remaining Fe2+ is back titrated with a standardised solution of potassium

permanganate thus allowing determination of the overall average manganese oxidation state

within the system.

2.2.5 BET surface area measurements

Powder lithium manganese oxide samples were submitted to The Catalyst Evaluation and

Optimisation Service at Edinburgh University for determination of surface area. Surface area

measurements were carried out using the Brunauer-Emmett-Teller (BET) method by employing a

Micromeritics Gemini 23670 instrument using N2 at 77K. All samples possess a surface area in

the range of 5 to 10 m2g"'.

2.2.6 Electron microscopy

Electron microscopes use a beam of highly energetic electrons for examination at very fine scale.

The images produced can give information on topography, morphology, composition and

crystallographic structure of the material.

2.2.6.1 Scanning electron microscopy (SEM)

SEM is a versatile tool capable of providing microstructural information over a wide range of

magnifications. SEM studies the texture, topography and surface features of powders. Features

up to tens ofmicrometers can be observed, and because of depth of focus, the resulting images

have a high three dimensional quality. Samples may require a thin layer coating of silver paint to

prevent build up of charge during the scan. Scanning electron microscopy was carried out using

a JEOL JSM-5600 instrument.
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Electron Gun

First Condenser Lens

Condenser Aperture
Second Condenser Lens

Objective Aperture

Scan Coils

Objective Lens

Sample

Figure 2.10 Scanning Electron Microscope (SEM)'"
1. Electron gun producing a stream of monochromatic electrons.
2. The stream is condensed by the first condenser lens (controlled by "course probe current knob").

This lens is used to form the beam and limit the amount of current in the beam. It works in

conjunction with the condenser aperture to eliminate the high angle electrons from the beam.
3. The beam is then constricted by the condenser aperture (usually not user selectable), eliminating

some high-angle electrons.
4. The second condenser lens forms the electrons into a thin, tight, coherent beam and is usually

controlled by the "fine probe current knob".
5. A user selectable objective aperture further eliminates high angle electrons from the beam.
6. A set of coils then "scan" or "sweep" the beam in a grid fashion (like a television), dwelling on

points for a period of time determined by the scan speed (usually in the microsecond range)
7. The final lens, the objective, focuses the scanning beam onto part of the specimen desired.
8. When the beam strikes the sample (and dwells for a few microseconds) interactions occur inside

the sample and are detected by various instruments.
9. Before the beam moves to its next dwell point these instruments count the number of interactions

and display a pixel on a CRT whose intensity is determined by this number (the more interactions
the brighter the pixel).

10. This process is repeated until the grid scan is finished and then repeated, the entire can be scanned
30 times per second.

2.2.6.2 Transmission electron microscopy (TEM)

High resolution TEM is a commonly used technique in structural characterisation of nano-scale

materials as it can provide structural information down to ~ 0.2nm spatial resolution. In most

inorganic crystalline materials, including ceramics, semiconductors and metals, the position of

groups of atoms can be resolved. Possible applications include the investigation of defects,

interfaces and grain boundaries. TEM can be used to simultaneously acquire high resolution

images (where a digital CCD camera is often used for image capture) and selected area

diffraction patterns from the same crystallite. The pattern of diffraction spots can be regarded as
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a 2D projection of the reciprocal lattice of the crystalline specimen. Information concerning the

crystal structure can be extracted from these patterns. Transmission electron microscopy was

1. Electron gun producing a stream ofmonochromatic electrons.
2. This stream is focused to a small, thin, coherent beam by the use of condenser lenses 1 and 2.

The first lens (usually controlled by the "spot size knob") largely determines the "spot size"; the
general size range of the final spot that strikes the sample. The second lens (usually controlled by
the "intensity or brightness knob" actually changes the size of the spot on the sample; changing it
from a wide dispersed spot to a pinpoint beam.

3. The beam is restricted by the condenser aperture (usually user selectable), knocking out high angle
electrons (those far from the optic axis, the line down the centre).

4. The beam strikes the specimen and parts of it are transmitted.
5. The transmitted portion is focused by the objective lens into an image.
6. Optional objective and Selected area metal apertures can restrict the beam; the objective aperture

enhancing contrast by blocking out high-angle diffracted electrons, the selected area aperture
enabling the user to examine the periodic diffraction of electrons by ordered arrangement of atoms
in the sample.

7. The image is passed down the column through the intermediate and projector lenses, being
enlarged all the way

8. The image strikes the phosphor image screen and light is generated, allowing the user to see the
image.

9. The darker the areas of the image represent those areas of the sample that fewer electrons were
transmitted through (they are thicker or denser). The lighter areas of the image represent those
areas of the sample that more electrons were transmitted through (they are thinner or less dense).
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2.3 Electrochemistry

Electrochemical measurements were used extensively in this work to investigate the LiMn02

materials as possible electrodes in rechargeable batteries. Galvanostatic cycling of these

materials allows evaluation of its performance as a cathode, but also gives an insight into its

structural, thermodynamic and kinetic characteristics.

The following sections cover the fabrication of the composite cathodes, the assembly of

the cell and the electrochemical techniques used to probe the insertion and removal of lithium in

the manganese oxide materials.

2.3.1 Composite cathode construction

The composite cathode consists of the LiMn02 active material, Super-S carbon and Kynar Flex

2801 binder. These components are mixed in the weight ratio 85:10:5, in THF, overnight. The

slurry is cast at a height of -35 pm using the Doctor Blade technique onto a cleaned and abraded

aluminium foil surface, (0.05mm). The cast foil is dried under vacuum prior to pressing at -2

tons. Discs of diameter 13mm are cut from the foil. The active mass of the cathode material on

any given disc is determined by the subtraction of the average weight of a blank aluminium disc

of the same dimensions.

2.3.2 Cell construction

The electrochemical cells consist of the active cathode composite, the electrolyte soaked into a

separator and a Li anode. Two electrode cells are sufficient for galvanostatic cycling, as the

potential drop at the lithium anode is small compared with the cathode. These components are

assembled in an argon filled glove box, with oxygen and H20 levels < 10 ppm.

Several different cell housing constructions were used during this work depending on the

type of experiments to be carried out on the post cycled materials. A small amount of post cycled

material is sufficient for X-ray diffraction experiments but larger sample sizes are required for

neutron diffraction.
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2.3.2.1 Red can cell construction

The body of this cell is made from Teflon with stainless steel spriggets acting as current

collectors for the anode and cathode, Figure 2.12 and 2.13. A 13mm diameter freshly scored and

shiny lithium metal foil is placed on one sprigget and screwed to the Teflon body. A glass fibre

separator soaked in electrolyte is placed on top separating the lithium and active cathode disc. A

spring forces the components together. The cell body is inserted into the "red canister" and

connectors feed through the current collectors to the outside via air tight seals. The canister is

securely closed, hence sealed to air, ready for removal from the box.

Figure 2.12 Teflon cell capsule.

1. Can for holding cell capsule.
2. Connector from electrode to external terminal.
3. Sprigget end cap.
4. Teflon cell containing capsule.
5. Spring
6. Aluminium plug
7. Composite cathode electrode.

Fiber glass separators containing LiPF6 electrolyte.
9. Lithium metal Electrode - counter + reference
10. Sprigget End cap.
11. Connector from electrode to external terminal.

\

33"

Figure 2.13 Canisterfor containing electrochemical cell.

1. External connection from lithium metal counter electrode.
2. External connection from reference electrode, paired with above.
3. External connection from positive cathode working electrode.
4. Canister for containing the Teflon capsule (See Figure 2.14 above)

2.3.2.2 Coin cell construction

Coin cells are a convenient means ofmaking many cells quickly and inexpensively. They are

more akin to the commercially available cells. The coin cell kits were supplied by the National
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Research Council, Canada (NRC) (25mm in diameter by 2.5mm in height), an exploded view can

be seen in Figure 2.14.

To facilitate the recovery of a sufficient sample size of post cycled material for neutron

diffraction experiments two methods were employed. First, composite cathode material

(LixMny02/ Super-S/KYNAR carbon in weight ratio 80:10:10) was pressed to create a solid

pellet. A pellet can contain up to ~100mg of active material. These pellets were carefully

assembled in the coin cell housing and galvanostatically cycled. The electrochemical

performance attained using this pelletised cathode composite was similar to that shown by the

cathode composite discs, at low cycle number. However, on repeated discharging/charging the

capacity dramatically faded with the cell short circuiting due to fracturing of the pellet.

Figure 2.15 shows an alternative construction, a glass cell, designed and constructed in

St. Andrews. Here, both cathode and anode are placed in a bath of electrolyte. The cathode

composite, containing ~100mg of active material is slurried and cast onto a large area of

aluminium foil. The cathode foil is rolled into a cylinder to sit in the internal surface of the glass

cell. At the center a strip of Li metal is wound around a current collector to act as the anode.

The connectors allow external links to both electrodes through the sealing Teflon bung.

2. Cell sealing grommet.
3. Spring.
4. Spacer.
5. Lithium metal anode.
6. Glass fiber separators soaked in electrolyte.
7. Composite cathode disc.
8. Base.

Figure 2.14 Exploded view ofcoin cell.

Lid.

2.3.2.3 Glass cell construction
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Glass cell body.

External electrode connectors.

Teflon bung.

Electrolyte solution.

Lithium metal

wrapped anode.

Bottom projection

Figure 2.15 Schematic of "Glass cell

2.3.3 Galvanostatic cycling

During galvanostatic cycling a constant current (/) is applied to the cell and the potential is

recorded as a function of time (/). The total amount of charge passed per unit mass of electrode

material, i.e. the specific capacity C, during complete discharge (or charge) is given by:

C=I t/m eqn. (2.9)

The data collected from galvanostatic measurements are often displayed as cell voltage

(F) vs. specific capacity (C). The cyclability of the material is presented as the total charge or

discharge capacity as a function of cycle number. The cycling rate is given as C/N, where N is

the time in hours for a full discharge or charge (the so called C rate). Experiments are performed

on either a Macpile II Multichannel Cycler (Biologic, France) or a Maccor Series 4000 Battery

Test System (Maccor Systems Inc., USA). Galvanostatic cycling is the main electrochemical

technique used during the course of this thesis.
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Chapter 3 Preparation, structural characterisation and

electrochemical performance of

non-stoichiometric LixMny02

3.1 Introduction

Since the initial report of its synthesis, there has been a lot of interest in layered lithium

manganese oxides.1'2 LiMnC>2 has been successfully doped with ions such as Ni, Co and Al, with

the intercalation chemistry and the electrochemistry having been investigated1"10. Layered

lithium manganese oxide in either doped or undoped forms has an 03 structure, similar to

LiCo02, consisting of cubic close packed oxygen layers with alternative sheets ofoctahedrally

coordinated transition metal and alkali metal ions (see Figure 1.7(b)).

During investigation of doping it became clear that the compounds formed were deficient

in alkali metal and in transition metal ions compared to stoichiometric LiMn02.n'12 As a result

we have in some detail investigated the pure lithium manganese oxide materials system and have

shown that there are in fact essentially two compounds; stoichiometric LiMn02 and a range of

non-stoichiometric solid solutions LixMny02 (x ~ 2/3 and 0.9 < y < 1).

In this chapter we consider the effect of varying the synthesis conditions under which

NaxMny02 is made and ion exchanged to form LixMny02 on the structure, composition and

electrochemical performance of these non-stoichiometric LixMny02 materials. Due to the critical

nature of the synthesis condition on the preparation of the materials a short hand has been

employed to differentiate the non-stoichiometric NaxMny02 + LixMny02 materials. For example,

a non-stoichiometric LixMny02 material prepared from a Na phase fired at 600°C and then

quenched and ion exchanged by refluxing in ethanol at 80°C will be denoted LixMny02 600°C, Q,

ethanol 80°C.
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3.2 Structural and chemical characterisation of sodium phases

3.2.1 Preparation

It has been shown previously that non-stoichiometric layered sodium phases of the form

Nao.7Mn02+x, may be formed preferentially using only a very specific synthetic procedure.13

When the formula is rewritten in terms of oxygen composition, NaxMny02, x » 2/3 it clearly

shows that these materials are alkali and Mn deficient. The crystal structure ofNaxMny02 is P3

having ABBCC oxygen stacking where the transition metal ions are situated in octahedral sites

and sodium ions located a trigonal prismatic coordination environment (see Figure 1.7(a)).

Attempts to form solid solutions between this composition and NaMn02 failed, indicating the

existence of a two-phase region.

NaxMny02 was synthesised via a solution route as described previously in section 2.1.2

and flow diagram in Figure 2.2. The starting mixture had a Na : Mn ratio of x/y = 0.7. A range

ofNaxMny02 compounds were prepared by changing the firing temperatures from 450 °C to

900°C, using different firing atmospheres and cooling rates. The use of a further annealing step

involving heating of the fired sodium phase material in flowing argon was also studied.

3.2.2 Powder X-ray diffraction (XRD)

Figure 3.1 shows the powder XRD data collected for a series ofNaxMny02 materials synthesised

by solution reaction, fired in air for 6 hours before quenching to room temperature. For all firing

temperatures (450°C to 900°C) the patterns show that the material produced is a single phase

layered sodium manganese oxide on comparison with data in the literature.3"5 At lower firing

temperatures there is a reduction in the degree of crystallinity of the materials as suggested by the

broadening of the peaks. Materials fired at <650°C exhibit powder XRD patterns similar to a P3

material. However, materials fired at high temperatures >650°C, have powder XRD patterns

consistent with a P2 structure.
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Figure 3.1 Powder X-ray diffraction patterns for a series ofsodium phase materials, firing

temperaturesfrom 45ff'C to 900"C.

The effect of varying the firing atmosphere or cooling regime was carried out on

materials fired at 600°C. The Na phase materials produced are indistinguishable by XRD (data

not shown) due to the significant peak broadening. However once the material is ion exchanged,

differences in the XRD patterns become apparent, Section 3.3.2.

Although the XRD patterns for the sodium phases are not well defined, possessing broad

peaks, further analysis is still possible. Quenching from 600°C in air and slow cooling from

600HC in air synthesised two different Na materials. Their XRD patterns are shown in Figure 3.2

along with a pattern forNaxMn0 9725Coo o25C)2. and a simulated pattern of the material NajMn^Oy.

These patterns are included for comparison due to the fact that their structures have been fully

characterised^ The Co doped material is known to possess vacancies on the transition metal

site and have a P3 structure, whereas Na2Mn707 in addition, to possessing transition metal

vacancies they are also highly ordered resulting in an 03 structure.
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Scattering Angle 29 FeK t|/degrees
Figure 3.2 PowderX-ray diffraction patterns ofthe sodium phases:

(A) NaxMno.97sCo0.025O2,5
(B) NaxMnv02 quenchedfrom 600"C,
(C) NaxMnv02 slow cooledfrom 600f'C,
(D) A simulation ofNa2Mn307.

Comparing the "quenched" pattern. Figure 3.2 (b) with the two known patterns. Figure

3.2(a) and (d) reveals that the quenched material has a structure more closely resembling that of

the lightly Co doped material. On the other hand, the slow cooled material has a diffraction

pattern much closer to the Na2Mn307 simulation. Due to the presence of hkl dependent peak

broadening it is difficult to determine the degree of ordering of transition metal vacancies and

hence assign either a P3 or 03 structure to our materials. Most likely the sodium phases

synthesised here are probably an intergrowth of both P3 and 03 structures.

3.2.3 Chemical analysis

Chemical analysis for Na and Mn were carried out using flame emission and atomic absorption

spectroscopy, and the oxidation state ofMn was determined by redox titration as described in

Section 2.2.4. The results for the Na phase prepared using the most common synthesis

conditions (solution route, fired at 600°C, quenched in air) are shown in Table 3.1. These results

show that there is an alkali metal deficiency with a Na content ~ % and transition metal vacancies

of 10% in the material. Note: as there is no evidence of interstitial oxygen in layered alkali

transition metal oxides, the formula can be written in terms of full occupancy of the oxygen site,

i.e. Cb composition.
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Table 3.1 Chemical compositions and oxidation sate analysis results for NaxMnvQ2 600"C, Q.

Conditions Composition Average TM
oxidation state

No. of TM

vacancies

Na Phase, 600°C Q Na,j656Mn0902O2 3.71 + 9.8 %

3.3 Structural and chemical characterisation of lithium phases

3.3.1 Ion exchange

The sodium phases were ion exchanged to form the lithium phases by a variety of methods and

under a range of conditions as described and outlined in Section 2.1.3.and Figure 2.3,

respectively. Specifically the following ion exchange conditions were used in the presence of a 7

to 8 fold excess of lithium bromide (LiBr):

a) refluxing in hexanol at 160°C for up to 8hrs

b) refluxing in butanol at 120°C for up to 8hrs

c) refluxing in ethanol at 80°C for up to 8hrs

d) stirring in ethanol at 25°C for approximately one week

The hexanol reflux provides the most extreme conditions and the ethanol room

temperature exchange the mildest, hence the longer time required for complete ion exchange on

using the milder conditions. After ion exchange completion the LixMny02 material is recovered

by vacuum filtration and washing with water and ethanol. This washing stage is required in order

to remove trace unreacted Na^CCft that remains after the high temperature synthesis (chemical

analysis shows x/y < 0.7, Table 3.1).

3.3.2 Powder X-ray diffraction (XRD)

The diffraction data for LixMny02 materials synthesised by all ion exchange methods can be

indexed on a rhombohedral unit cell of space group R3 m, typical of phases with the 03 a-

NaFe02 type structure (see Figure 1.7(b)). The XRD pattern for NaxMny02 produced by firing in

air at 600°C then quenched along with the pattern obtained from the corresponding LixMny02

material after ion exchange in ethanol at 80°C, can be seen in Figure 3.3.
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Figure 3.3 PowderX-ray diffraction patterns for Na phase and its ion exchanged Li product. Also
shown here are the indexed peaks based on space group R3 m for the lithium phase
material.

On comparing the patterns the most notable feature is the shift to higher 20 of the most

intense peak in the NaxMny02 pattern. This reflection can be indexed as based on the space

group R3 m. The shift in the peak position from 5.6 to 4.7 A, in J-spacing is indicative of a

smaller interlayer distance as a result of ion exchange of the Na for Li ions (Li 0.76 A and Na

1.02 A). As shown in Figure 1.6 and 1.7, NaxMny02 material possess a P3 structure with Na'

ions in trigonal prismatic sites. On ion exchange the Na+ ions are removed and replaced with

smaller Li+ ions that locate preferentially in octahedral sites. This is accompanied by a

rearrangement of the oxygen sub lattice to an 03 type configuration.

Let us consider first varying the conditions under which the Na phase is produced and

then the effect of ion exchange conditions on the XRD patterns obtained from the LixMny02

materials.

For the range of sodium phase material produced by firing from 450 °C to 900°C, then

subsequently ion exchanged in ethanol by refluxing at 80°C for 8 hours, the corresponding XRD

patterns are displayed in Figure 3.4. For firing temperatures <600°C the ion exchange reaction is

complete as shown by absence of the high angle Na phase peak at 19° in 29. However, firing

temperatures >650°C result in Na phase materials which prove to be more difficult to ion

exchange (residual sodium phase peak is observed). Even repeated exchange using the reflux
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method (80°C) proved ineffective in removing all of the sodium ions. These experiments

highlight the difficulty encountered in ion exchanging the P2 type sodium phase (which

dominates above 650°C, see section 3.2.2) and why investigation has focused on the P3 materials

that give rise to 03 type lithium phases via a relatively easy ion exchange reaction.
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15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Scattering Angle 20FeKa| / degrees
Figure 3.4 PowderX-rcry diffraction patterns for lithium phase materials obtainedfrom sodium

phase compounds fired at a range oftemperatures, 450 to 900"C, and then ion
exchanged in ethanol at 80"C. (* = presence ofNaxMny02)

Figures 3.5 shows the XRD data for a range of lithium phases synthesised using various

firing and cooling conditions for the Na phase but under the same ion exchange conditions

(ethanol 80°C) Figure 3.6 shows the effect of varying the ion exchange conditions on a single Na

phase material (600°C, Q).
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Figure 3.5 Powder X-ray diffraction patterns for a variety ofLixMnv02 phases preparedfrom
sodium phases synthesised under a range ofdifferent conditions yet all ion exchanged in
ethanol at 80"C:
(A) Sodium phase quenchedfrom a firing temperature of450"C,
(B) Sodium phase slow cooledfrom a firing temperature of60(1'C,
(C) Sodium phase quenchedfrom afiring temperature of600"C,

Figure 3.6 Powder X-ray diffraction patterns for a variety ofLixMnf)i phases from a single sodium
phases source prepared by quenching in air, from 600"C then ion exchanged by:
(A) Stirring in ethanol at 25"C,
(B) Reflux ing in ethanol at 80"C,
(C) Refuxing in butanol at I20"C,
(D) Refluxing in hexanol at 160'C.

The diffraction patterns obtained for LixMny02 materials are much better defined than

those of the precursor sodium phase materials prior to exchange. Although all diffraction

patterns are very similar, slight differences are apparent. There are visible differences in half

height peak widths of hkI reflections a characteristic of structural disorder, see Section 3.3.6. The
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hkl dependent peak broadening appears to be most prevalent in the highly oxidised samples, e.g.

LixMny02, 600°C, slow cooled, Figure 3.5(b). Further structural disorder is apparent in the

materials where the sodium phase was synthesised at 600°C yet ion exchanged by different

methods, Figure 3.6. In these materials the intensities of the 108 and 110 reflections differ to a

greater extent in the highly oxidised samples. The difference is most pronounced comparing the

peaks at around 80 to 90° in 20 for materials exchanged in ethanol at 25°C and hexanol. In the

case of the material ion exchanged in hexanol there is almost a coalescence of both reflections.

This is indicative of the early stages of spinel-like material formation and loss of a well defined

layered structure.

A cubic spinel phase and a layered rhombohedral phase both possessing hexagonal close

packed anions are indistinguishable by XRD. An ideal cubic spinel possesses a c/a lattice

parameter ratio of 4.9. A layered 03 structure with perfect layering exhibits a da ratio of 4.9.21

A layered structure with distortion in the c direction results in a increased c/a and a seperation of

the 440 peak in cubic spinel into the 108 and 110 peaks (80 - 90° in 29) ofR3 m. The greater the

degree of layering the larger the amount of distortion (away from cubic spinel) and thus the larger

the da. Distortion can be measured by considering c/a ratio and the positions / relative

intensities of 108 and 110.

3.3.3 Chemical analysis

From Table 3.2 it can be seen that the total alkali metal content for LixMny02 materials is always

lower than 1, consistent with the previously observed Na deficiency in the precursor phase.

However, in all cases the results show that although most of the Na has been exchanged for Li,

always a small amount ofNa remains (~5 %) in LixMny02. The residual sodium concentration is

marginally larger than the amount obtained in the previously reported Co and Ni doped

materials.6'11 For NaxMny02 the transition metal vacancy content is close to 10%, Table 3.1.

However, after ion exchange the vacancy content in LixMny02 varies with the ion exchange

conditions.
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Table 3.2 Chemical compositions and oxidation state analysis residts for various LixMn02
materials svnthesised by a variety ofconditions.

Conditions Composition Average Mn
oxidation state

No. of TM
vacancies

450°C Q, Ethanol, 80°C Nao.0753Lio.505Mn0.93o02 3.69+ 7.0 %

550°C Q, Ethanol, 80°C Nao.0531 Lio.602Mn0.95602 3.50+ 4.4 %

600°C Q, Ethanol, 80°C Na<3 0696Lio.587Mno.95602 3.58+ 6.5 %

600°C Slow Cool, Ethanol, 80°C Nao.0468Lio,56lMn0.90902 3.73+ 9.1 %

600°C Ar Anneal, Ethanol, 80°C Nao.05844Llo.604Mn0.93602 3.57+ 6.4 %

600°C Q, Ethanol, 25°C N a<3.0678Lio.534Mno.94802 3.59+ 5.2 %

600°C Q, Butanol, 120°C Na00558Li0 776Mn<)909O2 3.49+ 9.1 %

600°C Q, Hexanol, 160°C Nao.iHsiLio.eosMn! 009O2 3.33+ 0%

Indeed, refluxing in hexanol at 160°C causes almost complete elimination of the

vacancies. This material also exhibits the lowest residual sodium content whereas the ethanol

refluxed material possesses a higher vacancy content and a higher residual sodium content.

These two factors i.e. vacancies and residual sodium are correlated. Vacancies on the transition

metal sites carry an effective negative charge. This charge will "pin" some of the sodium ions in

the vicinity of the vacancy causing a reduction in their mobility. The most aggressive conditions

of a hexanol reflux at 160°C causes a reduction in the host material, with an associated

elimination of the vacancies. Without these transition metal vacancies within the structure there

is less pinning of the sodium and thus the ion exchange process can near completion. Hence

under the less reducing conditions of ethanol reflux it is unsurprising that there is the presence of

a higher amount of residual sodium as there are more transition metal vacancies present.

Significant variations in average Mil oxidation state are observed for LixMny02 materials

and appear to be highly dependent on the synthesis conditions. The material synthesised at

450°C and then ion exchanged in ethanol at 80°C possesses one of the highest oxidation states,

3.68+. On the other hand, the material synthesised at 600°C then ion exchanged in hexanol has

one of the lowest average Mn oxidation states, 3.33+. It is apparent that the higher the reflux

temperature the more reducing the conditions and therefore the lower the average Mn oxidation
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state. Synthesis route involving slow cooling in air, or firing at lower temperatures are more

oxidising conditions which result in a LixMny02 materials with higher average Mn oxidation

states.

The data for butanol reflux at 120°C seemed at first sight anomalous. There are in fact

two reactions taking place throughout the duration of an ion exchange experiment, that of

intercalation of lithium and reduction of the transition metal oxide sub-lattice with elimination of

vacancies. For the higher temperature reflux of hexanol at 160°C it would appear that there is

substantial reduction of the transition metal oxide sub-lattice with essentially complete

elimination of the transition metal vacancies. For material refluxed in butanol at 120°C there

appears to be a higher level of lithium intercalation after the reduction of the host. It is likely that

the extra lithium in the host structure would become situated in the transition metal vacant sites.

This would mean that there are actually fewer vacancies on the transition metal sites than would

be the case if only manganese occupied the site exclusively. T he trends in oxidation state will be

correlated with the defect chemistry and crystal structure in the next section.

3.3.4 Refinement of powder XRD patterns

The XRD data for all LixMny02 materials may be indexed on a rhombohedral unit cell in the

space group R 3 m, typical of phases with the 03 0c-NaFeO2 structure type. Evidently the

proportion ofMn '" is insufficient to promote a cooperative Jahn-Teller distortion, and therefore

the structure is not distorted in the same way as stoichiometric LiMn02 (monoclinic, space group

C2/m). This is consistent with the chemical analysis where average Mn oxidation state >3.5+.

The structural parameters of the layered lithium manganese oxide materials were determined

using the Reitveld method (see section 2.2.2.2). The structural parameters of the layered 03

structure, which is used as the starting model in the refinement, are shown in Table 3.3. In this

structure the lithium and manganese ions are in fixed positions : Li (3b) [0,0,0.5], Mn (3a)

[0,0,0], while oxygen ions occupy (6c) [0,0,0.25]. In refining the LixMny02 structures the

occupancy for all atoms were fixed initially at the values obtained from the chemical analysis,

Table 3.2. The lattice constants a and c and the z coordinate of the O site as well as the thermal
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parameters were allowed to vary freely. Parameters describing the background function and the

variation of the halfwidth of the pseudo-Voigt peaks with scattering angle were also refined. No

account was taken of any transition metal vacancy ordering or other complex ordering such as

residual sodium clustering. However, the small amount of residual sodium was included and set

initially at a value of~ 5%, consistent with the chemical analysis. Once a stable refinement was

obtained the fractional occupancies of lithium and manganese were allowed to vary in order to

verify that the refined occupancies agreed with the chemical analysis data, Section 3.3.3.

Table 3.3 Crystallographic parameters of03 model used in refining LixMnyO2
(space group R 3 m).

Atom Wyckoff
symbol

x/a y/b z/c Approx
Occupancy

Li/Na 3b 0 0 0.5 0.66/0.05

Mn 3a 0 0 0 0.95

O 6c 0 0 0.25 1

H0.67MnO2 450Q EtOH Ref Refinement
Lambda 1.9360 A, L-S cycle 363

Hist 1

Obsd. and Diff. Profiles

o
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X10E 2

Figure 3.7 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
LixMnv02 obtainedfrom Na phase fired at 456TC, quenched, then ion exchanged in
ethanol at 80"C, with difference plot below.
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Table 3.4 Reitveld refinement crystallographic results for x-ray datafor LixMny02 obtainedfrom
Na phasefired at 450"C, quenched, then ion exchanged in ethanol at 8(f'C.
a = 2.8458(3) A, c = 14.6290(14) A, / = 4.536

Atom Wyckoff
symbol

x/a y/b z/c Refined

Occupancy

Li/Na 3b 0 0 0.5 0.59(2)/0.052(3)

Mn 3a 0 0 0 0.93(2)

O 6c 0 0 0.25975(2) 1

The experimental and calculated XRD patterns as well as the difference plot of the

Reitveld refinement for LixMny02 material obtained from 450°C, Q, ethanol 80°C is shown in

Figure 3.7 A%2 = 4.536 shows a good fit of the data for these types ofmaterials. The fractional

occupancies obtained are in very close agreement with the chemical composition determined by

chemical analysis (Nao.o753Lio.505Mn0 930O2). Though it should be noted that the refined total alkali

metal content is marginally higher than that obtained by the compositional analysis. This is due

to the the poor scattering of X-rays by light cations.

li0.67Mn02 600C Quenched Ethanol Reflux Hist 1

2-Theta, deg X10E 2

Figure 3.8 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
LixMnv02 obtainedfrom Na phasefired at 600f'C, quenched, then ion exchanged in
ethanol at 80"C, with difference plot below.
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Table 3.5 Reitveld refinement crystallographic resultsfor x-ray data for LixMnv02 obtainedfrom
Na phasefired at 600"C, quenched, then ion exchanged in ethanol at 80"G.

a = 2.8611(3) A. c = 14.6896(13) A. /= 11.53

Atom Wyckoff x/a y/b z/c Approx
symbol Occupancy

Li/Na 3b 0 0 0.5 0.61 (3)/0.062(3)

Mn 3a 0 0 0 0.95(5)

O 6c 0 0 0.25914(2) 1

The Reitveld refinement fit for LixMny02 600°C, Q, ethanol 80°C material. Figure 3.8 is

not as good, with a yj = 11 -53. This is due to the greater asymmetry of the peaks and peak

broadening. However, the refined fractional occupancies shown in Table 3.5 are again in close

agreement with the chemical analysis results (Nao 0696fio 587M110 956O2).

The Reitveld refinement fit of y~ = 5.92 again shows that a good fit of the LixMny02,

600°C, Q, hexanol 160°C, data has been attained and refinement of the fractional occupancies are

similar to chemical analysis (Nao.o35iLio.608Mrii.oo9C)2). The reduction of transition metal

vacancies being coupled with low residual sodium ion content is confirmed by this refinement

data.

li0.67MnO2 600Q Hexanol Refinement Hist 1

2-Theta, deq X10E 2

Figure 3.9 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
LixMny02 obtainedfrom Na phasefired at 600"C, quenched, then ion exchanged in
hexanol at 160"C, with difference plot below.
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Table 3.6 Reitveld refinement crystallographic results for x-ray datafor LixMnv02 obtainedfrom
Na phasefired at 600"C, quenched, then ion exchanged in hexanol at I60"C.

a = 2.8877(5) A, c = 14.3568(20) A, y2 = 5.92

Atom Wyckoff x/a y/b z/c Approx
symbol Occupancy

Li/Na 3b 0 0 0.5 0.61 (3)/0.041(3)

Mn 3a 0 0 0 1.04(4)

O 6c 0 0 0.25742(4) 1

Although, all the materials have the same basic rhombohedral symmetry there is a large

variation in the lattice parameters depending on the synthesis conditions, Table 3.7. The material

where the Na phase was fired at 450°C then ion exchanged in ethanol at 80°C has the smallest a

parameter (2.8458A) and the material fired from 600°C then quenched before reflux in hexanol at

160°C has the largest (2.8877A).

Table 3.7 Lattice parameters and c/a ratios for non-stoichiometric LixMn02 materials.

Conditions a (A) c(A) c/a (A)

450°C Q Ethanol 2.8458(3) 14.6290(14) 5.1406

600°C Q Room Temp 2.8511(5) 14.6458(12) 5.1369

600°C Slow Cool Ethanol 2.8529(4) 14.5623(9) 5.1044

600°C 0 Ethanol 2.8611(3) 14.5896(13) 5.0993

600°C Q Butanol 2.8690(7) 14.4526(16) 5.0375

600°C Q Hexanol 2.8877(5) 14.3568(20) 4.9786

Consider first the influence of varying the Na phase synthesis conditions, all ion

exchanged by ethanol reflux. The largest a parameter is obtained for material quenched from

600°C and the smallest being obtained from the material quenched from 450°C. Furthermore the

material slow cooled from 600°C exhibits an a parameter somewhere between the previous two.

The a lattice parameter lies in the xy plane of the layer in LixMny02, and is directly linked to the

average Mn—O bond length governed by the average Mn oxidation state. These LixMny02

materials contain both manganese in the Mn' and Mn4' states, Table 3.2, the Mn' ionic radius

being significantly larger than Mn4', see Table 3.8. It would therefore appear that firing the Na
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phase at lower temperature (or slow cooling) causes a decrease in the amount ofMn1" /increase in

average oxidation state (Nao ovssLio.sosMn1 68+0.93o02 for 450°C ,Q and Naox^Lio^Mm1 58+0.956O2

for 600°C, Q). This results in a shortening of the Mn—O bond distance and hence a reduction in

the a parameter.

Table 3.8 Properties ofmanganese ions.'4

Ion Species Electronic Ionic Radius (A)
Configuration

Mn3+ High Spin : 3d4 0.64 A

Mn4+ 3d3 0.53 A

Let us now consider materials where the Na phases are prepared by the same method,

firing in air at 600°C, quenched, but ion exchanged by different methods. It is observed that the

largest a lattice parameter is obtained from the material prepared using the most reducing

conditions, i.e hexanol reflux at 160°C. This is in keeping with the fact that this LixMny02

material has the highest Mn1f content (Mn3 334 from Table 3.2). Alternatively, the least reducing

conditions (ion exchange in ethanol at room temperature) produced the smallest a parameter

(Mn3 586+). A similar trend is shown by the da ratios displayed in Figure 3.10.

Figure 3.10. Bar charts representing variations in the lattice parametersfor LixMnr02 phases
prepared under different condition:
(A) a lattice parameter determined by structural refinement.
(B) c lattice parameter / a lattice parameter ratio. The synthesis conditionsfor the
relevant sodium phase precursor is shown in brackets.
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3.3.5 Neutron diffraction

X-ray diffraction is not the best technique for determining the location of Li" because of the weak

scattering ofX-rays by such light ions. It is in fact surprising that the refinement using XRD data

produced Li+ occupancies that were in such good agreement with chemical analysis. Neutron

diffraction is a much better technique to determine structural parameters of lithium manganese

oxide materials as it is more sensitive to Li+ relative to the other elements.

Several non-stoichiometric FixMny02 materials were investigated using neutron

diffraction. These experiments were carried out at ISIS on POLARIS and GEM using conditions

as described previously in section 2.2.3.

Reitveld refinement of the data collected was carried out using the PRODD program

based on the Cambridge Crystallographic Subroutine Library (CCSL)15'6. Fits to the data were

obtained using a structural model based on the 03 structure, space group R3 m. During the

course of the refinement, the results from the chemical analysis were used to fix the fractional

occupancy values for the transition metal 3a sites. The Na content was also fixed from the

chemical analysis, however the fractional occupancy of the lithium on the 3b was allowed to vary

without restraint.

The results from refinement of LixMny02, 600°C, Q, ethanol 80°C material and

LixMny02, 600°C, Q, hexanol 160°C material are given Figure 3.11, Table 3.9 and Figure 3.12,

Table 3.10, respectively.
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From Figures 3.11 and Figure 3.12 it is shown that these two LixMny02 materials can be

fit to the rhombohedral R3 m model albeit the Rwp values obtained for LixMnyC>2, 600°C, Q,

ethanol 80°C shows there is an excellent fit of the data (R^ = 2.1%) and LixMny02, 600°C,

hexanol 160°C a reasonable fit (Rwp = 3.45%). This difference of fit may not be readily apparent

by visual inspection of the difference plots but note the different scale axes for Figures 3.11 and

3.12.

The refined fractional occupancy of lithium obtained from both data sets, Tables 3.9 and

3.10 are in reasonable agreement with those values of lithium content obtained from chemical

analysis. This data supports the proposed crystallographic structural model and the powder XRD

refinements.

1.0 1.5

d-spacing / A
"i j ' •

^ I! . . . i ,

Figure 3.11 Fitted neutron powder diffraction datafor LixMnv02 where the Na phase was fired at
600"G, quenched, then ion exchanged in ethanol (80"C). Observed data (*) and
calculatedpattern (-) shown, tick marks show position ofallowed reflections in R3 m,
lower boxed curves show difference / e.s.dplot.

Table 3.9 Fitted neutron powder diffraction structural parameters two Li,Mnl02 where the Na
phase wasfired at 600"C, quenched, then ion exchanged in ethanol (80'C).
Space group R3 m
a = 2.8608 (3) A, c = 14.5877 (18) A. Rexp 1.0%, Rwp = 2.1 %, Rp = 3.4 %.

Atom Wyckoff
symbol

x/a y/a z/c 0 iMI Occupancy

Li/Na 3b 0.0 0.0 0.5 1.0 0.69(2)/0.07

Mn 3a 0.0 0.0 0.0 0.76(3) 0.94

Ol 6c 0.0 0.0 0.26153(5) 0.74(1) 1
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Figure 3.12 Fitted neutron powder diffraction datafor LixMny02 where the Na phase was fired at

600"C, quenched, then ion exchanged in hexanol (160"C). Observed data (f) and
calculatedpattern (-)shown, tick marks show position ofallowed refections in R 3 m,
lower boxed curves show difference / e.s.dplot.

Table 3.10 Fitted neutron powder diffraction structural parameters for LixMnv02 where the Na
phase was fired at 600"C, quenched, then ion exchanged in hexanol (16(fC).
Space group R3 m
a = 2.8769 (6) A, c =

- 14.380 (18) A. Rexp 0. 7%, RwP = 3.4 %, R, . = 2.6%.

Atom Wyckoff x/a
symbol

y/a z/c Ifo Occupancy

Li/Na 3b 0.0 0.0 0.5 0.4(3) 0.67(2)/0.035

Mn 3a 0.0 0.0 0.0 0.64(11) 1

Ol 6c 0.0 0.0 0.26153(5) 0.48(1) 1

3.3.6 Stacking Faults - DiFFAX

Careful examination of the X-ray and neutron diffraction patterns reveals that there is significant

hkl dependent peak broadening. Such features are indicative of disorder. Specifically, it appears

that the 001 peaks are most affected suggesting stacking faults in the c direction.

The cause of this disorder is likely due to incomplete ion exchange, giving rise to distinct

layers of sodium and lithium within the structure. Given the large size difference ofNa and Li

cations (1.02 A and 0.76 A, respectively) they are most likely to sequence in different layers as

opposed to having mixing of the cations within one layer as this relieves lattice strain. Complete

layers containing Na and Li are highly probable. It has already been noted from chemical
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analysis results that residual sodium is present in LixMny02 materials, Table 3.2. The largest

amount remaining in LixMny02 materials ion exchanged in ethanol, it is these same materials that

exhibit the greatest degree of broadening in the XRD pattern.

The DiFFAX software allows for modeling of such disordering17. DiFFAX calculates

the diffraction intensities for simulated structures which possess planar stacking faults. For a

good simulation DiFFAX requires a good description of the peaks shapes for reflections

unchanged by the dis-ordering effect. The model contains Li ions occupying octahedral sites in

the layers and the Na ions in trigonal prismatic sites consistent with P3 structure of the precursor

Na phase. Calculated reflected intensities were obtained from a group of crystallites, each with

an individual distinct stacking sequences, though set so that one particular sequence was more

probable. Diffraction patterns were then calculated for various probabilities that a sodium layer

may occur. Figure 3.13 shows a plot of the simulated diffraction patterns obtained by increasing

Na content in the layer structure.
(003)

Figure 3.13 DiFFAX simulation results showing the effect of increasing Na content (from 0 to 20%)
in layered lithium manganese oxide materials.

Modeling was performed on the LixMny02, 600°C, Q, ethanol RT material as this showed

the highest degree of hkl dependent peak broadening in the diffraction patterns, Figure 3.6 (a).

As shown in Figure 3.14, the simulated pattern, which gave the best fit to the experimental data,

was the model containing 5% Na content in the layers i.e. 1 in 20 alkali metal layers would be

filled with sodium ions.
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A) Simulation with 5% Na

45 50 55 60 65 70 75 80 85 90

Scattering Angle 2 0/°

B) Raw data

45 50 55 60 65 70 75 80 85 90

Scattering Angle 2 0/°
Figure 3.14 DiFFAX generatedpattern containing 5% sodium in the model layer material (A) and

actual experimental data (B) for LixMnv02 materialfired 60(fC, Q, ion exchange in
ethanol at room temperature.

The diffraction patterns of the LixMny02, 600°C, Q, hexanol 160°C material, Figures 3.9

and 3.12, shows the least effect of hkl dependent peak broadening. This is consistent with the

chemical analysis data, which showed that these materials contained the lowest transition metal

vacancies and therefore least residual sodium content due to the more reducing ion exchange

conditions.

Another feature in the diffraction patterns that changes with ion exchange condition is

the relative intensities of the 108 and 110 reflections. The difference is more apparent in the

room temperature and ethanol reflux ion exchanged LixMny02 patterns than in the hexanol

patterns where there is near coalescence of the two peaks, Figure 3.6. This is another

manifestation of structural disorder, see section 3.3.2.

3.3.7 Particle morphology

The size of the LixMny02 particles plays an important part in influencing the electrochemical

performance. Large particle sizes may cause shorting problems across the separator and poor

intercalation kinetics, whereas small particles with large surface areas can give rise to fast

kinetics but also increased dissolution of particles into the electrolyte. The particle morphology

for non-stoichiometric layered lithium/sodium manganese oxides was investigated by scanning
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electron microscopy, (see Section 2.2.6.1). The surface areas were also measured using the BET

method, (see Section 2.2.5).

The SEM micrographs obtained for NaxMny02, 600°C, Q and LixMnyO?, obtained by ion

exchange (ethanol 80°C) of the previous material are shown in Figures 3.15 and 3.16,

respectively. Both materials are composed of large agglomerated particles with irregular random

surfaces and a wide distribution of shape and size. It is very difficult to identify any plate like

formations that are characteristic of layered materials. The ion exchange process appears to

break up the larger agglomerates observed in NaxMny02, producing many smaller particles in

LixMny02 materials. The results of the BET measurements show that the lithium material has a

surface area of ~10m2g"1. The agglomerate size, estimated from SEM micrographs, was on

average between 10 and 100p.m.

Figure 3.15 NaJAny02 600"C Quenched, magnification 120 and 2,200 times.
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Figure 3.16 LixMnvC>2 600°C Quenched, ethanol reflux at 80"C, magnification 120 times, and 7,000
times.

3.4 Electrochemical performance of

non-stoichiometric LixMny02

The electrochemical properties of a variety of non-stoichiometric LixMny02 prepared materials

have been investigated under galvanostatic cycling conditions. The effect of synthesis conditions

and the changes in structure occurring on cycling on the electrochemical performance have been

studied.

The LixMny02 materials were prepared for electrochemical testing as per the method

detailed in Section 2.3.

3.4.1 First cycle charge / discharge

Figure 3.17 shows a typical example of a load curve (variation in potential with state of charge)

obtained for the first cycle of a layered LixMny02 600°C, slow cooled, ethanol 80°C material.

The cell is cycled between the voltage limits of 2.5 and 4.6V at a current density of 25mAg"'.

The upper voltage limit has been chosen since there is little extra capacity beyond 4.6V and

because of the likelihood of degradation of the electrolyte (1M LiPF6 in PC) above this potential.

At high potentials transition metal oxides are excellent at providing a surface for the oxidation
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and decomposition ofmany electrolytes. The cell is first charged to 4.6V and then discharged to

2.5V.
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Figure 3.17
Capacity / mAhg

First cycle load curve for typical LixMnY02 cathode material (Na phasefired 600"C,
slow cooled, ion exchanged in ethanol at 80"C), rate of25mAg~', voltage range of2.5 to
4.6V.

To aid in the interpretation of the cycling data, it is often useful to generate an

incremental capacity plot of the data, where they-axis is the derivative ofx (the Li content or

state of charge) by the voltage, i.e. 6x1dV against voltage. Plateaus in the load curves then appear

as peaks in the incremental capacity plots. See Figure 3.18 for a typical example of an

incremental capacity plot obtained for a layered LixMny02 material. From this plot it is clearly

seen that there is a very large capacity attained in the 3 V region, capacity being equal to the

integral area under the curve, with a relatively small amount of capacity attained at higher

voltages.
1000

Figure 3.18

~i ■ 1 1 r

2.50 2.75 3.00 3.25 3.50 3.75 4.00 4.25 4.50

Potential / V
First cycle incremental capacity plotfor typical LixMnv02 cathode material (Na phase
fired 600"C, slow cooled, ion exchanged in ethanol at 80"C), rate of25mAg', voltage
range of2.5 to 4.6 V.
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Let us consider in more detail the first charge of a typical LixMny02, slow cooled 600°C,

Q, ethanol 80°C material. The open circuit voltage (OCV) is around 3.1V. From the chemical

analysis of this material we know that the composition of the cathode is Lio.56iMno.90902 and the

average manganese oxidation state is +3.73, fable 3.2. As the cell is charged, the removal of Li"

is balanced by oxidation of Mn3* to Mn4'. From the oxidation state analysis the proportion of

Mn * and Mn4 in the material can be calculated i.e.for LixMn3 AMn4 B02 the average Mn

oxidation state = 3A+4B/(A+B), for this LixMny02 A+B = 0.909. Flence the chemical

composition can be rewritten as Li0 56iMn4+0 24iMn4+0.666O2. During first charge therefore only

0.243 moles of Mn3* are available for oxidation and an equation representing the first charge of

the cell, assuming all Mn3" can be oxidised to Mn4+, may be represented thus:

Lio.56iMn3 o.243Mn' o.66602 —> Lio.3igMn4 0.909O2 + [0.243](Li + e )

The theoretical first charge capacity for this material is therefore calculated to be

68mAhg"'. (The theoretical capacity for removal of 1 mole of Li" from LiMn02 to give Mn02 is

280mAhg~') This figure is in good agreement with the observed first charge capacity obtained

from the cycling of this LixMny02, 600°C slow cooled, ethanol 80°C reflux material. A value of

55mAhg"' was achieved, see Table 3.11. At the end of charge all available Mn3" have been

oxidised to Mn4 and are now available for reduction.

Table 3.11 lists the experimental first cycle charge and discharge capacities, and the

Faradaic efficiencies (Qci/Qdi= first charge/first discharge), for a variety of LixMny02 prepared

materials.

From Table 3.11 the lowest first charge capacity and efficiency is observed for LixMny02

450°C, Q, ethanol 80°C and the highest first charge and efficiencies are obtained from the most

reduced materials, 102% being obtained from the LixMny02 600HC, 0, hexanol 160°C. This is

consistent with the fact that the more oxidising the synthesis conditions the higher the average

Mn oxidation state and therefore the lower the proportion ofMn3" available for oxidation,

resulting in a lower first charge capacity. As discussed in section 3.3.3 butanol reflux not only

causes Na to Li exchange but also some insertion of Li. As a result the material prepared in

butanol has the highest charge capacity.
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Table 3.11 First cycle charge and discharge capacities and efficiencyfor a variety ofLixMny02
materials prepared by different synthesis and ion exchange conditions.

Conditions First charge
(mAhg ')

First discharge
(mAhg1)

Efficiency
(%)

450°C Q, Ethanol, 80°C 29 136 22%

550°C Q, Ethanol, 80°C 57 159 36%

600°C Q, Ethanol, 80°C 103 159 65 %

600°C Slow Cool, Ethanol, 80°C 55 181 30%

600°C Ar Anneal, Ethanol, 80°C 87 177 49%

600°C Q, Ethanol, 25°C 71 182 39%

600°C Q, Butanol, 120°C 154 174 89%

600°C Q, Hexanol, 160°C 139 136 102%

For the LixMny02 materials discussed here the first charge capacity is generally lower

than that of the first discharge capacity, i.e. an efficiency <100%. Herein lies a major stumbling

block to the practicalities of these materials in rechargeable Li-ion batteries. In Li-ion cells an

excess of charge is required to form a solid electrolyte interface layer on the carbon based anode.

This SEI formation consumes —10-15% of the first charge capacity. Hence ,the efficiency for

the first cycle must be >110%. This value is clearly unachievable for pure non-stoichiometric

layered lithium manganese oxide materials. Investigation of stoichiometric material, (Chapter 5)

or using mixtures of stoichiometric and non-stoichiometric in mixed material electrodes (Chapter

6), have been performed to try and alleviate this problem.

3.4.2 Extended cycling

Figures 3.19 and Figure 3.20 shows there is a large variation in the electrochemical performance

obtained from materials whose Na phases are quenched from 600"C but ion-exchange conditions

are different and materials all ion exchanged by refluxing in ethanol at 80°C but the sodium firing

temperatures were different.
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Figure 3.19

Figure 3.20

Cycle number

Discharge capacity plots as afunction ofcycle numberfor various LixMny02 materials
where sodium phase prepared by a variety ofmethods then all ion exchanged by
refluxing in ethanol at 80"C, voltage limits of2.5 to 4.6V, rate 25 mAg'.
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Discharge capacity plots as afunction ofcycle numberfor various LixMnvC>2 materials
where sodium phase prepared byfiring at 600"C, quenching then ion exchanging by a
range ofmethods, voltage limits of2.5 to 4.6V, rate 25 mAg'1.

Although they all the possess the same basic layered crystal structure, the subtle

differences in the defect chemistry changes the electrochemical properties. First consider the

initial discharge capacity, the largest capacity of ~195mAhg"' is obtained from LixMny02 600°C,

Q, ethanol RT. The lowest discharge capacity is obtained from LixMny02 450°C, Q, ethanol

80°C, having a capacity to store lithium of ~145mAhg"'. The more oxidised materials, in

particular the material slow cooled from 600°C, possesses the highest fade. Similarly, variation

only in the ion exchange conditions results in large variations in the discharge capacity

performance, as shown in Figure 3.20 (all Na phase materials fired at 600°C, then quenched prior
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to ion exchange). This shows that the materials synthesised under the most reducing conditions,

i.e. refluxed in butanoi and hexanol, exhibit the best capacity retention and the lowest fade rate.

The more reducing the ion exchange conditions also results in a lower initial capacity with a

larger rise to reach a maximum in discharge capacity. It is also interesting to note for LixMny02

materials where the sodium phases were synthesised in the same way yet the ion exchange

conditions are different (differing amounts ofMn vacancies and average oxidation states), that

we observe a convergence of the discharge capacities on cycle numbers. This feature of the

electrochemistry will be discussed more fully in Section 3.4.5

3.4.3 Structural changes on cycling

On cycling it has been shown that layered lithium manganese oxides doped on the transition

metal site with a variety of cations (Co, Ni, A1 etc.)""7 converts to a spinel-like phase, these

related LixMny02 materials show similar behaviour. The cycling performance over the first 15

cycles is governed by this layered to spinel-like phase transformation. Conversion from a layered

to a spinel structure is theoretically possible as it would only require a migration of 'A of the Mn

ions in the transition metal layers to octahedrally coordinated sites in the lithium layers. Figure

1.7(b) and 1.8 also shows the similarity of the oxygen stacking in the two systems.

Evidence supporting conversion from layered to a spinel-like structure has been obtained

from powder XRD, Figure 3.21. The as-prepared material exhibits resolved 108 and 110 peaks

characteristic of layered materials. On cycling these converge to form a broad peak characteristic

of the transformation to a cubic spinel structure. The spinel-like nature of the LixMny02 material

after cycling is shown in Figure 3.22 due to the similarity of the two patterns. It is interesting to

note that the conversion to spinel has clearly begun in the as-prepared material obtained by reflux

in hexanol at 160°C, see Figure 3.6.
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Figure 3.21 X-ray Diffraction patterns for Li LixMny02 preparedfrom sodium phasefired at 60(fC,
quenched, followed by ion exchanged in ethanol at 80"C then charged/discharged at
25mAhg' for 40 and 70 cycles, compared to as prepared material. Observed coalescence
of 108 and 110 reflections consistent with transformation to more cubic structure.
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Figure 3.22 X-ray diffraction patterns for LixMny02 preparedfrom sodium phasefired at 600"C,
quenched, followed by ion exchanged in ethanol at 80"C then charged/discharged at
25mAhg1 for 70 cycles, compared to regular LiMn20, spinel.
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Figure 3.23 X-ray diffraction patterns after 70 cyclesfor two LixMnvC>2 materials preparedfrom
sodium phases quenchedfrom 600"C before ion exchanging under differing conditions,
after conversion to a spinel-like phase.

Although the materials convert on cycling to a structure, which exhibits a spinel-like

XRD pattern. Figure 3.23, it is not possible to determine if the cycled material is truly cubic

(LiMn204 space group Fd3 m) by Reitveld refinement because of the poor resolution of the

peaks.
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Refined c/a lattice parameter ratios for cycled LixMny02 material synthesised byfiring at
600"C and then quenching before ion exchanging by different methods

Figure 3.24

Figure 3.24 shows that the c!a ratio obtained from these cycled materials reduces on

cycling but remains higher than 4.9. For the layered structural model, space group R3 m, a da

lattice parameter ratio of 4.9 corresponds to a cubic unit cell. As shown in Figure 1.8, lithium

manganese oxide spinel has the same oxygen stacking as the layered LixMny02 material and a
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cubic lattice. Hence, description of the spinel structure in terms of the symmetry used for the

layered materials would correspond to a structure of cubic lattice and da = 4.9. Therefore, as the

da lattice parameter of cycled materials reduces on cycling yet never reaches a truly cubic

structure we refer to these cycled materials as being spinel-like.

This conversion to a spinel-like phase is substantiated by an evolution of a double 4V

redox process in the incremental capacity plots for a range of materials, Figures 3.26 to 3.28. For

comparison an incremental capacity plot of regular LiMn204 spinel cycled under similar

conditions is shown in Figure 3.25. When LiMn204 is cycled two characteristic sets of peaks

evolve in the incremental capacity plots in the 4V region. For cycled LixMny02 materials the

development of these two sets of peaks is slower in the materials that are more oxidised,

possessing a higher percentage of transition metal vacancies. For example the double 4V peaks

only become apparent after-30 cycles for LixMny02 600UC, slow cooled, ethanol 80"C, Figure

3.26. The LixMny02 600°C, Q, hexanol 160°C material shows some spinel-like character even on

the first cycle, Figure 3.28. By inspection of the rate of conversion to spinel, in terms of cycle

number required for the evolution of a double 4V process and the da ratios, see Figure 3.24 and

Table 3.7 and, it would appear that conversion to a spinel-like phase occurs faster for reduced

material which have a da ratio closer to a value of 4.9 when as-prepared.
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Figure 3.25 Incremental capacity plotfor regular LiMn2Ot spinel highlighting the distinct double
four volt peaks observed in the 4 V region.

80



500

400

300

200

100

0
a
-a-100

-200

-300

-400

Potential/V

Figure 3.26 Incremental capacity plotsfor LixMnv02 materials whose sodium phase was synthesised
by slow coolingfrom 600°C before ion exchanging in ethanol at 8(fC.
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Figure 3.27 Incremental capacity plotsfor LixMnv02 materials whose sodium phase was synthesised

by quenchingfrom 600°C before ion exchanging in butanol at 120t'C.
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Figure 3.28 Incremental capacity plotsfor LixMnv02 materials whose sodium phase was synthesised
by quenchingfrom 600°C before ion exchanging in hexanol at 160"C.
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3.4.4 Rate capability

An important practical characteristic of any rechargeable lithium battery is to exhibit good

discharge capacity at high current densities. To investigate this a range of LixMny02 materials,

synthesised by a variety of methods and ion exchange conditions, were subjected to

electrochemical testing at three charge/discharge rates of 25mAg~', lOOmAg"1 and 200mAg~'

(corresponding to, in terms of "C" rates to roughly C/7, 2C/3 and 3C/2, respectively) The results

of extended cycling for LixMny02 600°C, Q, materials ethanol RT, ethanol 80°C, butanol 120°C

and hexanol 160°C are shown in Figures 3.29 - 3.32.
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Figure 3.29 Discharge capacity plotted as aJunction ofcycle numberfor LixMnv02 whose sodium
phase synthesised by quenchingfrom 600"C then ion exchanged in ethanol at 25"C,
showing rate capability.
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Figure 3.30 Discharge capacity plotted as afunction ofcycle numberfor LixMny02 whose sodium
phase synthesised by quenchingfrom 600"C then ion exchanged in ethanol at 80"C,
showing rate capability.
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Figure 3.31 Discharge capacity plotted as a function ofcycle numberfor LixMnv02 whose sodium
phase synthesised by quenchingfrom 600"C then ion exchanged in butanol at I20"C,
showing rate capability.

Cycle Number
Figure 3.32 Discharge capacity plotted as a function ofcycle numberfor LixMnv02 whose sodium

phase synthesised by quenchingfrom 600"C then ion exchanged in hexanol at I60"C,
showing rate capability.

There is a large and noteworthy reduction in discharge capacity with increasing current

density when cycling over the first few tens of cycle numbers for all LixMny02 materials. The

poorest performance at high rate is observed for LixMny02 600°C, Q, ethanol 80°C material. The

best rate capability is observed for LixMny02 600°C, Q, ethanol RT. This phenomenon has been

attributed previously to the layered to spinel conversion occurring during the course of the initial

cycles18. The discharge capacities obtained over the first 20-30 cycles is not limited by the

theoretical capacities to insert lithium into LixMny02 materials but by kinetics. Cycling at higher
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rates we are unable to remove/reinsert lithium fast enough and therefore the capacity is lower

than when charge/discharging the cell at lower rates. On conversion from a layered material to a

spinel-like form there is a rearrangement of the ions in the structure and a resulting conversion

from a 2-Dimensional host to a 3-Dimensional framework structure. This framework has more

ionic diffusion pathways and therefore the kinetics of lithium insertion and removal from the

structure are improved. It is evident that the conversion to spinel of the more reduced materials

(hexanol 160°C) has a deleterious effect on the kinetics whereas the more oxidised materials

(ethanol 25°C) not only cycle well over the first few cycles, when the structure is predominantly

layered but also appears to accommodate the transformation to spinel in a relatively facile

manner.

At high cycle numbers and high current densities, again we see the lowest fade rate is

obtained from the more reduced samples, for example the material ion exchanged in ethanol at

room temperature exhibits a higher fade rate then the material obtained by refluxing in hexanol at

160°C.

3.4.5 Origin of capacity retention

After layered LixMny02 material converts to a spinel-like structure on cycling its performance is

markedly superior to regular LiMn204 when cycling over the same voltage range. A comparison

of the two is shown in Figure 3.33. The load curve for regular spinel is shown in Figure 3.34. It

is evident that the fade primarily occurs at 3V with capacity dropping repeatedly at this voltage

while the capacity is retained at 4V for spinel. In the past the fade at 3V has been attributed to a

two phase nature of the intercalation process.1'' LiMn204 contains 50% Mmwhich although

Jahn-Teller active (high spin, 3d4), 50% is insufficient to promote a co-operative Jahn-Teller

distortion. However, on Li insertion the 50% limit is exceeded resulting in a co-operative

distortion from cubic LiMn204 to tetragonal Li2Mn204, Figure 3.35. Previously it had been

assumed that this distortion leads to particle break up (electrochemical grinding) but this is not

the origin of the fade since it would result in equal loss at 3 V and 4V.I<; Instead it is strain

associated with the large anisotropic lattice expansion (13% anisotropy) that is the more likely

cause of the fade.
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Figure 3.33 Discharge capacity as a function ofcycle numberfor spinel material and LixMnv02
material.
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Figure 3.34 Charge/discharge load curve showing the change in potential as afunction ofstate of
chargefor Li lll7Mni>)i04 spinel, at a rate of25mAg'.

Mn3+ 3d4(FIS) - Jahn-Teller Active
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X-Mn02 < > LiMrbO <- —Li2Mn204
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cubic cubic distortion to tetragonal
phase phase symmetry

Figure 3.35 Schematic highlighting the problem ofmanganese being Jahn-Teller active causing
changes on phase on the removal and insertion oflithium.

Returning to the layered materials, a typical load curve as a function of cycle number is

shown in Figure 3.36. In contrast to Figure 3.34 the capacity retention is good both at 3V and

4V. Powder XRD confirms that on each cycle the layered material once converted to spinel-like
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structure still transforms between the cubic and tetragonal phases, Figure 3.37. As such the

material will undergo the same anisotropic lattice expansion on cycling attributed to the capacity

fade in regular manganese spinel. However, in these materials even with the phase change the

performance and capacity retention is superior on cycling compared to LiMn204. Investigation

of layered LixMny02 materials on cycling by the use of transmission electron microscopy showed

the formation of a nanostructure on cycling. This nanostructure that allows for the spinel formed

Capacity / mAhg '
Figure 3.36 Charge/discharge load curve showing the change in potential as a function ofstate of

chargefor LixMny02 whose sodium phase was fired at 600"C, quenched then ion
exchanged in ethanol at 80"C in ethanol, at a rate of25mAg'.
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Figure 3.37 X-ray diffraction patternfor LixMnv02 after charge/discharge 70 times stopped at the end
ofdischarge. Undistorted and Jahn-Teller distorted components highlighted by * and #
respectively.

On electrochemical cycling the LixMny02 material, composed of particles on the micron

scale, remains relatively intact but within the individual crystallites a mosaic of nanodomain
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forms. The domains can be seen directly by the use of high resolution transmission electron

microscopy. For cycled LixMny02 material, the domain walls where the antiphase domain

boundaries mark out individual nanodomains, are quite difficult to see in the bright field images

reproduced here, Figure 3.39 (though the fringes are very clear under the microscope). However,

in the Fourier filtered images these dark wall boundaries are significantly clearer and the mosaic

like nanostructure becomes much more visible. Figure 3.40. A TEM image of as-prepared

Li^Mny02 is shown for comparison with no visible nanostructure present, Figure 3.38. These

same features have been observed previously for Co doped layered lithium manganese oxides,

when cycled in a lithium ion battery20'21. Also shown for comparison are bright field and Fourier

filtered TEM images of cycled spinel material which show that there is no evidence of the

formation of a nanostructure on cycling, with no visible antiphase boundaries present, Figure

3.41 and Figure 3.42

Figure 3.38 Brightfield TEM image oflayered LixMnv02 material, as prepared.
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Figure 3.39 Brightfield TEM image oflayered LixMny02 material after cycling 70 time.

Figure 3.40 Fourier Filtered TEM image oflayered LixMnv02 material after many charge discharge
70 times, highlighting the domain wall boundaries (dark regions) and nanostructure.

Figure 3.41 Brightfield TEM image ofregular spinel after many charge/discharge cycles.
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Figure 3.42 Fourier Filtered TEM image ofregular spinel after many charge/discharge cycles.

From analysis of the TEM micrographs the domain size is ~60 A. As lithium is inserted

into these domains each domain is able to transform between the cubic and tetragonal phases

with the accompanying stresses and strains being accommodated at the domain wall boundaries.

Subsequent work by Goodenough et. al. has helped to confirm this. By mechanically grinding

regular spinel they generated a nanostructure material resulting in significant enhancement of the

electrochemical performance in the 3 V region".

3.5 Cuuclusiuiis

Non-stoichiometric LixMny02 materials were successfully synthesised by ion exchange of

NaxMny02 precursors. Variations in the synthesis method used for the sodium phase and

differing ion exchange conditions play an important role in determining the defect chemistry of

the final product, with significant difference in transition metal vacancies. These vacancies act to

pin Na+ ions resulting in a higher transition metal vacancy content and retaining more Na on ion

exchange. The LixMny02 materials were confirmed to exist in space group R3 m and possess an

03 type stacking sequence. Differences in the defect chemistry are reflected in variation in the

lattice parameters and hkl dependent peak broadening.

The electrochemical performance also proved very dependent on the synthesis and ion

exchange conditions. The best electrochemical performance was obtained from a LixMny02

material fired in air at 600"C, quenched, then ion exchanged in ethanol at 80°C. High discharge
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capacities were observed for this layered LixMny02 materials with capacities over 190mAhg"' at a

rate of C/8 (25mAg_l) with excellent retention of this capacity (0.08% per cycle). This

performance is much better than earlier results for stoichiometric LiMnCL and the most common

commercial cathode material. LiCo02. However, LixMny02 materials exhibit a significant

variation in discharge capacity over the first few cycles and the initial capacity value is lower

than LiCo02. Also, the first cycle charge capacity for LixMny02 materials is less than that the

subsequent discharge, a problem for use of these materials in Li-ion cells.

On cycling, all non-stoichiometric layered LixMny02 materials show a conversion to a

spinel-like phase involving the generation of a nanostructure. This nanostructure is able to

accommodate in the domain boundaries, the anisotropic expansion caused by the Jahn-Teller

phase transition occurring on cycling. Possessing the nanostructure allows for a high degree of

reversibility even with a phase change. This is in contradiction to conventional thinking that

intercalation must be accompanied by near zero expansion and that phase change should be

avoided.
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Chapter 4 Preparation, structural characterisation and

electrochemical performance of

stoichiometric LiMn02

4.1 Introduction

Since layered LiMn02 was first synthesized there has been much interest in such materials as

positive intercalation electrodes for rechargeable lithium batteries, especially when the materials

are doped with other ions.1"8 Actually, layered lithium manganese oxide may be separated into

two distinct classes possessing different symmetry, monoclinic stoichiometric LiMnCb and a

narrow range of solid solutions, non-stoichiometric in nature with a typical composition

Li2/2Mn09O2 and rhombohedral symmetry.9'10 The Bruce group and others have studied the non-

stoichiometric form without (Chapter 3) and with dopants, e.g. Co, Ni (Chapter 5)."'14 These are

able to deliver capacities in excess of 200mAhg"' at a rate of 25mAg"' with low fade, <0.08% per

cycle. However, alkali metal deficiency in the as-prepared material limits the capacity that may

be obtained on the first charge. Although this is not critical in cells containing lithium metal as

the anode, when cycling against graphite it does present a technological obstacle, as an excess of

capacity is required on the first cycle in order to form the solid electrolyte interface. Re¬

investigation of stoichiometric LiMn02 was considered due to initial examination demonstrating

a 11,1 charge capacity of nearly 270 mAhg"1, significantly in excess of the discharge capacity on

the first and subsequent cycles and therefore were suited for use with a carbon anode. The

influence of varying the synthesis conditions on the structure, composition and performance of

stoichiometric LiMn02 will be examined.

4.2 Structure and characterisation of sodium phases

4.2.1 Preparation

Preparation of stoichiometric lithium manganese oxide involved the initial synthesis of the

precursor NaMn02 phase, as described in detail in Chapter 2. This was carried out using a

variety of conditions including solid state reaction; between Na2C02 (Aldrich, 99.5+%) and
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Mn203 (Aldrich, 99%) in air and in argon at 720 °C for 18 h and by a solution route synthesis;

mixing Na2C03 with Mn(CH3C02)2-4H20 (Aldrich, 99%) in distilled water followed by rotary

evaporation at 70 °C, firing in air at 250 °C to decompose the acetates, then heating at 720 °C for

18 h. Materials obtained from the synthesis step were initially investigated by powder XRD.

4.2.2 Powder X-Ray diffraction (XRD)

20FeK„,/DegreeS
Figure 4.1 Powder X-ray diffraction patterns (FeKal radiation) for several NaMn02 phases

synthesized using a variety ofconditions:
(i) Solid state reactionfiring in Argon at 720"Cfor I8hrs.
(ii) Solid state reaction firing in Air at 720"Cfor IShrs.
(Hi) Solution route reaction firing in Air at 250 then 720"Cfor I8hrs.

Powder X-ray diffraction was carried out on a STOE STADI/P diffractometer operating in

transmission mode with a primary beam monochromator and position sensitive detector. FeKa]

radiation (1.936 A) was used to avoid problems with fluorescence encountered when

investigating manganese compounds with a CuKa] source. XRD patterns were obtained for the

range of stoichiometric NaMn02 materials prepared under differing conditions, to confirm

generation of single layered sodium phases, the results of which are shown in Figure 4.1. The

diffraction pattern's reflections match closely a simulated pattern of a-NaMnO?, obtained from

the PDF database, confirming the synthesis of layered stoichiometric NaMnO? for solid state and

solution route reactions. All materials appear phase pure, no un-reacted starting materials or side

reaction products are observed resulting in highly crystalline material with sharp well defined

reflections.
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Figure 4.2 Simulated diffraction pattern for a-NaMn02 compared to synthesizedNaMn02 prepared
by solid state reaction firing in Argon at 720"Cfor 18hrs.

4.3 Structure and characterisation of lithium phases

4.3.1 Ion exchange

NaMnCL phases were subjected to ion exchange using the following four variations in conditions.

1. refluxing in a seven-fold excess of LiBr and ethanol at 80 °C for approx. 4 weeks.

2. refluxing in a seven-fold excess of LiBr and butanol at 120 °C for approx 2 weeks.

3. refluxing in a seven-fold excess ofLiBr in hexanol at 160 °C for approx. 1 week.

4. ion exchange in molten LiBr/KBr (40:60 mole ratio) at 400 °C for 4 h in air using a

five-fold excess of the molten salt.

The exchanged lithiated materials were recovered by filtration, washing with FLO and ethanol,

before further characterization.

4.3.2 Powder X-Ray diffraction (XRD)

Layered stoichiometric LiMn02 materials were synthesized by ion exchange from the

corresponding NaMn02 phases prepared by solid-state reaction or solution route. No significant

differences in the x-ray diffraction patterns for LiMn02 material prepared from the different

sodium precursors were prominent, see Figure 4.3. Changing the ion exchange conditions from

ethanol reflux at 80°C through butanol reflux at 120°C to hexanol reflux at 160°C and melt

exchange at 400°C also produced no significant change in the diffraction patterns of LiMnC^, see

Figure 4.4, although the milder ion exchange conditions did result in a small amount of residual

— Simulation a-NaMn02
— Synthesised NaMn02

A ■ I- i

i ■rrL.ii
i 1 1 1 1 1 ' 1 1 1 1 r
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NaMnC>2 phase, apparent as a small peak at around 20 ° in 29 highlighted by a * (above the [001]

reflection).

Figure 4.3

Figure 4.4

ii) Solid State Air
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20FeK„l '
PowderX-ray diffraction patterns (FeKal radiation) for several LiMn02 phasesformed
from NaMn02 prepared by various methods then ion exchanged by refluxing in hexanol
at 160°C:
(i) Solid state reaction firing in Argon at 720°Cfor 18hrs.
(ii) Solid state reaction firing in Air at 720°Cfor 18hrs.
(iii) Solution route reaction firing in Air at 250 then 720°Cfor 18hrs.
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PowderX-ray diffraction patterns (FeKal radiation) for several LiMn02 phases formed
from NaMn02 prepared by solid state reaction, fired in argon at 720 °C, then ion
exchanged under various conditions:
(i) Refluxing in ethanol at 80 °C.
(ii) Refluxing in butanol at 120 °C.
(iii) Refluxing in hexanol at 160 "C.
(iii) Eutectic melt exchange, LiCl/KCl at 400 "C in argon.

Close examination revealed that in all the diffraction patterns of the lithium phases slight

variations in the peak widths and relative intensity of the [20-2] reflection relative to others

within the same diffraction pattern could be identified. The [20-2] planes are perpendicular to the

long axis bonds of the Jahn-Teller distorted [Mn1fQ6] octahedron, and the spacing of these planes
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corresponds to the length of these long axis Mn-0 bonds, a reflection of average oxidation state.

There may be site to site variations in the Jahn-Teller distortions and these could explain the

slight broadening in the [20-2] reflection. Ammundsen et al have observed similar effects when

doping LiMn02 with Al and Cr causing disorder perpendicular to the [20-2] plane, altering

average site enviroment with increase bond length and atomic displacement.x

4.3.3 Chemical analysis

Compositions of the various stoichiometric phases synthesized by a range of methods and ion

exchanged by different means were determined by flame-emission, in the case of lithium and

sodium, and atomic absorption in the case ofMn. Oxidation states for all samples were

determined by redox titration using ferrous ammonium sulfate/KMnO^'^

Table 4.1 Compositions, oxidation states and transition metal vacancy concentration for various
Lihint)^ materials.

Preparative Conditions Calculated

Composition
Average Mn
oxidation state

No. of TM
vacancies

Solid Sate 720°C in Argon,
Hexanol reflux (160°C)

Nao.o2ooLio.914Mno.99102 3.09+ 0.92%

Solid Sate 720°C in Argon,
Butanol reflux (120°C)

Nao o422Lio.885Mn0 987O2 3.11 + 1.30%

Solid Sate 720°C in Argon,
Ethanol reflux (80°C)

Nao.o44iLio.907Mni 005O2 3.03+ -0.46 %

Solid State 720°C in Argon,
Melt Exchange

Na<).0152L io.987Mno.956o02 3.01 + 4.11%

Solid State 720°C, Air,
Hexanol (160°C)

Nao.0386L;o.843Mn0.98502 3.08+ 1.48%

Solution Route 720°C, Air,
Hexanol (160°C)

Naoo895Lio.79iMni on02 2.99+ -0.11%

The overall chemical compositions and average transition metal oxidation states for the

range of LiMn02 compounds are shown in Table 4.1. All materials show successful exchange of

sodium for lithium, with resultant material being primarily of near stoichiometric character, Li

and Mn content ~1. However, the compositions of the materials ion exchanged under different

conditions show a trend in the amount of residual sodium. The milder ion conditions result in a

greater proportion of sodium. Since such mild conditions result in a small amount of un-reacted
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NaMnCX phase, it is likely that at least some of the residual sodium is present in this un-reacted

phase rather than occurring within the main LiMnCb phase. This has been confirmed by the

powder x-ray diffraction experiments. The near stoichiometry of all the materials results in an

average manganese oxidation state of around 3+. Interestingly, the material obtained from the ion

exchange ofNaMnO? by the eutectic melt process appears to have a small proportion of

vacancies in the transition metal sites, see Table 4.1.

4.3.4 Refinement of powder XRD patterns

Crystallographic data were obtained for a range of stoichiometric LiMnCL material prepared from

different sodium phases and ion exchange methods by the refinement of powder x-ray diffraction

patterns. Refinement was carried out based on the monoclinic space group C2/m using the

starting model presented in Table 4.2. During refinement the lattice constants, x and z

coordinates ofO and thermal parameters were allowed to vary. Where possible the site

occupancies were initially set to values obtained from chemical analysis. The occupancy of Mn

and Li sites were allowed to vary when refining the data as well as parameters describing the

background function. Refined patterns and the difference plots for example materials are shown

in Figures 4.5 to 4.9. Lattice parameters extracted by refinement of the powder X-ray diffraction

data are presented in Table 4.3, summary graphs of which are shown in Figure 4.10 to 4.12 for

the a, b and c lattice parameters respectively.

Table 4.2 Crystallographic details ofthe stoichiometric lithium phase, space group C2/m.

Atom Wyckoff xla y/b z/c Approx
Symbol Occupancy

Li 2d 0 0.5 0.5 1

Mn 2a 0 0 0 1

O 4i 0.27 0 0.77 1
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Figure 4.5 Comparison ofexperimental (+) and calculated (—) x-ray diffraction patterns for
structural refinement ofLiMnO: synthesised by solid state reaction in argon at 720"C
followed by ion exchange in Hexanol at 16(4'C, with difference plot below ( ).
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Figure 4.7
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Comparison ofexperimental (+) and calculated (--) x-ray diffraction patterns for
structural refinement ofLiMn02 synthesised by solid state reaction in argon at 720"C
followed by ion exchange in Ethanol at 8ff'C, with difference plot below (—).
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Comparison ofexperimental (+) and calculated (—) x-ray diffraction patterns for
structural refinement ofLiMn02 synthesised by solid state reaction in argon at 720"C
followed by melt ion exchange at 40ff'C, with difference plot below ( ).
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Figure 4.8 Comparison ofexperimental (+) and calcidated ( ) x-ray diffraction patterns for
structural refinement ofLiMn() > synthesised by solid state reaction in air at 720"C
followed by ion exchange in Hexanol at 160'C, with difference plot below (—).

LiMn02 Solution Route Air 720 Hex Ref

Lambda 1.9360 A, L-S cycle 446 Obsd. and Diff. Profiles
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Figure 4.9 Comparison ofexperimental (+) and calculated ( ) x-ray diffraction patterns for
structural refinement ofLiMn02 synthesised by solution route in air at 720'Cfollowed by
ion exchange in Hexanol at 160'C, with difference plot below ( ).

Table 4.3 Lattice parameters for various LiMn02 materials obtained by structure refinement using
a model with space group C2/m.

Synthesis Conditions for Na Phase then ion
exchanged

a b c P

Solid State 720°C in Air,Hexanol (160°C) 5.4493(6) 2.8076(4) 5.4001(4) 116.083(8)

Solution Route 720°C in Air, Hexanol (160°C) 5.4457(5) 2.8092(3) 5.3979(4) 115.964(6)

Solid State 720°C in Ar, Hexanol (160°C) 5.4635(6) 2.8225(3) 5.4218(4) 116.081(6)

Solid State 720°C in Ar, Butanol (120°C) 5.4510(5) 2.8225(3) 5.4121(4) 115.873(6)

Solid State 720°C in Ar, Ethanol (80°C) 5.4494(6) 2.8165(8) 5.4082(2) 116.019(7)

Solid State 720°C in Ar, Melt Exchange 5.4502(5) 2.8087(3) 5.3953(3) 116.207(6)
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Figure 4.10 Graphical representation ofthe refined a lattice parameters for a series ofsynthesized
layered LiMn02 materials.

b
Sid. St., Ar, HexOH

Sid. St., Ar, ButOH

Sid. St., Ar, EthOH

Solution, Air, HexOH
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Figure 4.11 Graphical representation ofthe refined b lattice parameters for a series ofsynthesized
layered LiMn02 materials.

c

Sid. St., Ar, HexOH

Sid. St., Ar, ButOH

Sid St., Ar, EthOH

Solution, Air, HexOH

Sid. St., Ar, Melt
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Figure 4.12 Graphical representation ofthe refined c lattice parameters for a series ofsynthesized
layered LiMn02 materials.
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Although the refined lattice parameters are very similar for all preparative methods,

trends are observed. In terms of variation in ion exchange condition we see that increasing

reflux temperature from ethanol (80°C), through butanol (120°C)to hexanol (160°C) results in an

increase in all three lattice parameters and unit cell volume. Synthesis of sodium phases in air

results in decreased unit cell volume compared the equivalent material fired under argon. The

material ion exchanged by the use of eutectic melt has consistently smaller lattice parameters

than LiMnO? obtained by alternative reflux methods.

4.3.5 Neutron diffraction

Because Li is a weak scatterer of x-rays, refinement was carried out using powder neutron

diffraction data collected on the POLARIS diffractometer at the ISIS facility. The Na occupancy

was fixed at the value obtained by chemical analysis. The Li and Mn occupancies were varied

along with the O position parameters. Occupancy of Li and Mn on each others site was also

investigated. A model based on space group C2/m was used. The observed and calculated

patterns are shown in Figure 4.13, the crystallographic details obtained are in Table 4.4.

The refined occupancies of the transition metal (2a) and alkali metal (2d) were found to

be 0.98(4) and 0.92(4) respectively, this is in excellent agreement with the values derived from

chemical analysis of 0.99 (Mn) and 0.91 (Li). However the refinement process highlights

apparent minimal amounts of ionic mixing with some Li situated on Mn transition metal sites and

some Mn located in the alkali layers on the Li metal sites. Better fitting was obtained with co-

occupancy of 2a and 2d sites, fraction occupancy for Li and Mn were allowed to vary freely.

Table 4.4 Fitted neutron powder diffraction structural parameters for as prepared stoichiometric
LiMnOi synthesised by solid state reaction in argon at 720"C then ion exchanged by
refluxing in hexanol at 16(fC.

Space group C2/m
a = 5.447(2) A, b = 2.8085(1) A. c = 5.399(2) A, P = 116.069(8)°
Rexp= 0.9%, Rwd= 3.47%, Rp =5.79% (y2 ' 14.8)

Atom Wyckoff x/a y/a z/c Occupancy
symbol

Li'/Mn2 2d 0 0.5 0.5 0.844(4) / 0.073(5)

Mn'/Li2 2a 0 0 0 9.15(5) / 0.05(4)

O' 4i 0.2727(5) 0 0.7705(3) 1
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d-spacing / A

t5 :mI
Figure 4.13 Fitted neutron powder diffraction datafor as prepared stoichiometric LiMnC>2

synthesised by solid state reaction in argon at 720°C then ion exchanged by refluxing in
hexanol at 160"C. Observed data shown by dots (•), calculated pattern depicted by solid
line (—j, tick marks show positions ofallowed reflections in C2/m. lowed boxed curves
show difference/ e.s.d. plot.

4.3.6 Particle morphology

The size and morphology of particles obtained from a range of stoichiometric LiMnCF materials

synthesized by a variety of methods were investigated by scanning electron microscopy, carried

out using a JEOL JSM-5600. For all stoichiometric materials the particle morphologies are very

similar, regardless of preparative conditions, consisting mainly of agglomerates of needle shaped

crystallites. The particle size distribution is narrower than that observed in the non-stoichiometric

LixMny02 materials, particularly for the materials synthesized by solid-state reaction. The

agglomerate size from SEM for stoichiometric LiMn02 can be estimated to be around 25pm,

slightly smaller than for the non-stoichiometric materials.

The surface areas of the particles were determined by the BET method using a HIDEN

Isochema IGA. BET measurements indicate that all the materials prepared in this work by

differing synthesis methods and ion exchange conditions exhibit surface areas within the range 3

to 9 m2g~', with the smallest surface area being associated with the melt exchange material.

Scanning electron micrographs, at low and high magnifications, of a stoichiometric

LiMn02 material whose sodium phase was prepared by solid state synthesis and then ion

exchanged by the use of a eutectic lithium/potassium chloride melt are displayed in Figures 4.14

and 4.1 5. The surface area measurement results are displayed in Table 4.5.

102



Table 4.5 Surface area measurements for a series ofstoichiometric LiMn02 materials.

Sample Description Surface Area

LiMn02 Solid State 720°C Argon - Hexanol Reflux 6.642 ± 0.074 m2g'

LiMn02 Solid State 720°C Air - Hexanol Reflux 9.605 ± 1.503 m2g"'

LiMn02 Solution Route 720°C Air - Hexanol Reflux 4.847 ± 0.237 m2g 1

LiMn02 Solid State 720°C Argon - Melt Exchange 2.752 ± 0.025 m2g'

Figure 4.14 Scanning electron micrographs ofa LiMnOi powder prepared by solid-state reaction at
720"C in argon then ion exchanged by the use ofa eutectic melt at lower magnification
(*1000).

Figure 4.15 Scanning electron micrographs ofa LiMn02 powder prepared by solid-state reaction at
720'C in argon then ion exchanged by the use ofa eutectic melt at higher magnification
(*4500).
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4.4 Electrochemical performance of stoichiometric LiMn02

4.4.1 Introduction

In order to evaluate electrochemical performance, composite electrodes were constructed,

according to Chapter 2, slurrying active material, carbon and Kynar (in weight ratios 85:10:5) in

THF, casting on Al foil. Electrodes were incorporated into an electrochemical cell with a lithium

metal counter electrode. Electrolyte of a 1 molal solution of LiPF6 in EC/DEC (V/V 1:2) was

used. A MACCOR battery cycler was employed to carry out the electrochemical measurements.

4.4.2 Previous results from literature

Initial reports on stoichiometric layered LiMn02 showed that it was possible to remove almost all

lithium during the initial charge process, delivering a capacity close to 270mAhg"1, twice the

practical capacity of the current commercial electrode material, LiCoCb.1 The subsequent

discharge capacity was significantly less and indeed, on subsequent charge-discharge cycling, the

amount of charge delivered is comparable to LiCo02, see Figure 4.16.
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Figure 4.16. Discharge capacity as afunction ofcycle numberfor early layered LiMn()2 electrode
material material. Potential limits of2 to J. 7 V, rate C/2.

Results from the investigation of non-stoichiometric LixMny02 materials have shown that

the synthesis conditions and subsequent ion exchange play a great role in determining the overall

defect chemistry and the overall performance of the material in a lithium battery, this may also be

true for the stoichiometric LiMn02 compounds synthesized by a variety of methods.
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4.4.3 First cycle charge / discharge

The results of the first cycle practical charge and discharge capacities for a range of layered

stoichiometric LiMn02 materials, synthesized and ion exchanged under different conditions, are

shown in Table 4.6. For all stoichiometric LiMnCT materials, irrespective of the synthesis

method used, the practical 1st charge capacity is largely in excess of the 1st discharge capacity.

Efficiency (Qci/Qd,) values higher than 160% are obtained for ail LiMnCT materials, in some

cases closer to 200%, much greater than the 110% required if the materials were ever to be used

in a Li-ion battery cycling against a carbon based negative electrode.

Table 4.6 Is' Cycle charge, discharge and efficiencies ofa range ofstoichiometric LiMn02
materials, potential limits 2.5-4.6V, 25mAg~'.

Sample Description 1st Charge
(mAhg1)

1st Discharge
(mAhg1)

Efficiency
(%)

LiMn02 Solid State 720°C Argon - Hex Reflux 283 170 167

LiMn02 Solid State 720°C Air - Hex Reflux 277 133 208

LiMn02 Solution Route 720°C Air - Hex Reflux 250 153 163

LiMn02 Solid State 720°C Argon - Melt Exchange 234 119 196

4.4.4 Extended cycling

Once the 1 st charge/discharge cycle had been completed the performance was evaluated over an

extended period of multiple galvanostatic cycles with voltage limits of 2.5 and 4.6 volts at a rate

of 25mAg~'. Stoichiometric LiMnCL materials synthesized under a variety of different conditions

and ion exchange methods all showed very similar electrochemical performance and behaviour.

Typical charge discharge load curves for stoichiometric LiMn02, in this case synthesised by

solid-state reaction in argon and then ion exchanged in hexanol at I60°C are shown in Figure

4.17. Again, highlighted well by the load curves, is the amount of charge removed on the first

cycle being significantly larger than amount that is subsequently reinserted into the electrode. If

we compare this with the analogous load curves for non-stoichiometric LixMny02 material

synthesized by the solution route method, then ion exchanged in ethanol at 80°C , see Figure

4.18. we can see that the first cycle charge capacity for this material is substantially less than that
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of the first cycle discharge capacity (the chemical analysis of this materials gave a composition of

Na0.069Li0.59Mn0.94O2, see Chapter 3).

dQ / mAhg"
Figure 4.17 Variation ofpotential with state ofcharge on cycling at 25mAg~' and 30 "Cfor

stoichiometric LiMnOifor which the sodium phase was synthesised by the solid state
method at 720 °C in Ar, then excharged in hexanol at 160 "C. The curves correspond to
different cycle numbers, as shown in the figure.

dQ / mAhg'
Figure 4.18 Variation ofpotential with state ofcharge on cycling at 25mAg~' and 30 "Cfor non-

stoichiometric LixMnv02for which the sodium phase was synthesised at 600"C, quenched
then exchanged in ethanol at 80"C. The curves correspond to different cycle numbers, as
shown in the figure.

It should also be noted from the charge/discharge plots that for stoichiometric LiMn02

material, Figure 4.17, the shape of the voltage curve on the first cycle differs greatly from the

shape on subsequent cycles. Such an occurrence is typically associated with material undergoing

a structural transformation as cycling progresses, already known to occurs for layered lithium

manganese oxides converting to a spinel-like material. After multiple charge/discharge cycles

the load curves develop a prominent plateau at around 3V and another at around 4V which

possesses a well defined step, these being highly characteristic of the spinel structure. The
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discharge capacities as a function of cycle number increase in value until the plateaux are

developed to their largest extent. The discharge capacities after this point, where we can say that

the material has converted to spinel, then fade at more or less constant rate. It is also interesting

to note, by comparing Figure 4.17 and 4.18, that on conversion to spinel, the stoichiometric

material forms a spinel with roughly equal proportions of 3V and 4V capacity whereas the non-

stoichiometric material forms a spinel with higher 3V capacity compared with that of 4V. This

suggests that the two spinel phases are different. The spinel formed from stoichiometric LiMn02

develops a load curve reminiscent of a spinel in which the 16d site is overwhelmingly occupied

by Mn. Whereas the non-stoichiometric materials load curves are like those of a non-

stoichiometric spinel with Li on the Mn site, or Mn vacancies, i.e. LixMn1.yDy02- Such spinels

have been prepared directly and their load curves are shown for comparison in Figure 4.19. As

the non-stoichiometric spinel was further in oxidation state, larger proportion ofMn4 , the 4V

capacity reduces further until all the capacity is at 3V.

dQ / mAhg"'

Figure 4 19 Variation ofpotential with state ofcharge on cycling at 25mAg' and 30 "Cfor regular
high temperature LiMn2Oj and LixMni_vnvC>2 spinel showing variation in the relative
proportions of3 and 4 V capacities. The curves correspond to cycle number 5.

The incremental capacity plots for all stoichiometric LiMnCF materials are broadly

similar, a typical example being shown in Figure 4.20 for LiMnCT synthesised by solid state

reaction in argon at 720°C and then ion exchanged by refluxing in hexanol at 160°C. We can see

very clearly the development of the 4 volt process, again highly characteristic of spinel

formation. Stoichiometric LiMnOi material recovered after many charge/discharge cycles was
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subjected to powder x-ray diffraction which confirmed the presence of spinel in the cycled

electrode material, see Figure 4.21.
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-400

Figure 4.20 Incremental capacity plots for cycling at 25mAg~' and 30 °Cfor stoichiometric LiMnC>2
for which the sodium phase was synthesised by the solid state method at 720 "C in Ar.
then excharged in hexanol at 160 °C.. The plots reveal the formation ofa double 4 V
process on cycling that is characteristic ofspinel.
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Figure 4.21 X-ray diffraction patterns (FeKal radiation) for :
(i) LiMnf)4 spinel prepared by high temperature solid state reaction.
(ii) LiMnOj prepared by solid state reaction in argon at 720>'C then ion exchanged

in hexanol at I60aC after 25 charge/discharge cycles. 25mAg'. showing the
formation ofa spinel-like structure.

Extended cycling data for a series of stoichiometric LiMnCh materials where the Na

phases were synthesised under differing conditions and ion exchanged by a variety of methods

are shown in Figure 4.22. For all materials we again observe the large excess of 1st cycle charge

capacity though after a handful of cycles the Faradaic efficiency tends towards 100% i.e. charge

and discharge capacities are equal. For all stoichiometric LiMnCF materials we see a slow and

prolonged rise in capacity over the first few 10's of cycles, this being associated with the
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conversion of the layered structure to that of a spinel-like configuration. The emergence of a

double 4V process and the development of a plateau in the 3V region observed in Figure 4.17

occurs over a very similar cycle number range.

300-|
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X c □ d : Sol id State Ar, Hexanol (160°C)
® c O d :Sol id State Air, Hexanol (160°C)
V c ★ d :Solution Route Air, Hexanol (160°C)
O c ♦ d :Sol id State Ar, Melt Exchange

Figure 4.22
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Cycle Number
Charge (c) and discharge (d) capacities as a function ofcycle number, at a rate of
25mAg', for LiMn02 prepared under a variety ofconditions, potential limits =2.5-4.6
V. Note, charge capacities >10 cycles = discharge capacities, so emittedfor clarity.

Although we compared the slope of the load curve for stoichiometric and non-

stoichiometric phases and how this evolves on cycling we did not compare the capacity variation

with cycle number in any detail. Though all materials follow the same general trends, there is a

slight variation in the overall capacities obtained from the range of differently synthesised

stoichiometric LiMnOi materials but we could not determine the reason for this. Let us consider

the two materials with the greatest difference, that of the material ion exchanged by the use of

hexanol reflux at 160°C versus the same sodium phase but ion exchanged by the use of a eutectic

melt. As described above, both exhibit almost identical powder x-ray diffraction patterns, lattice

parameters, chemical composition and surface areas. It is also interesting to note, in Figure 4.22,

that at very high cycle numbers the observed differences in the electrochemical behaviour of the

different stoichiometric LiMn02 materials is reduced in most cases as the materials convert more

fully to the spinel-like form.

Comparison between stoichiometric LiMn02 material and two non-stoichiometric

LixMny02 materials prepared by ion exchange of non-stoichiometric sodium phase (composition

Nafl5iMn09o02) by stirring in ethanol at 25°C and in hexanol at 160°C in the presence of a 7 fold

excess of lithium bromide is made in Figure 4.23. The stoichiometric material show a greater
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variation in discharge capacity during the early cycles than do the non-stoichiometric materials.

Within the non-stoichiometric materials, the compound prepared at 25°C shows less variation in

capacity in the early cycle numbers than does the material prepared at 160°C. The non-

stoichiometric phase prepared at 25°C transforms slowly to spinel as shown by the slow evolution

of the double 4V process (see Chapter 3). The 160°C material exhibits spinel-like 4V behaviour

within the first cycle. It must therefore appear that slow conversion to spinel results in good

capacity. However, this is not the case since the stoichiometric LiMnCT phase also convert

slowly to spinel but exhibit significant capacity change. The origin of the difference lies

elsewhere. Detailed studies of the structural transformation to spinel using a combination of

neutron diffraction and solid state NMR are described later in this chapter. These studies

conclude that for stoichiometric LiMn02 the transformation occurs as a two phase reaction

whereas for non-stoichiomctric it occurs by a single phase process.
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Figure 4.23 Charge (c) and discharge (d) capacity as a function ofcycle number, at rate of25mAg',

for LiMnOi where the Na phase was prepared in argon and air at 720"Cprior to ion
exchange in hexanol at 16(fC compared to non-stoichiometric LixMnv02for which
sodium phases where synthesised at 600f'C in air then quenched before ion exchanging in
ethanol at 25"C and hexanol at 16(1'C. Note, charge capacities >10 cycles = discharge
capacities, so emittedfor clarity.

After conversion of the layered stoichiometric LiMn02 material has been completed all

stoichiometric materials, irrespective of the method of synthesis and ion exchange, exhibit very

similar rates of capacity fade corresponding to around 0.13% per cycle. This is also very similar

to the rate of fade of capacity for non-stoichiometric LixMny02 materials, which were found to be

around 0.12% per cycle.
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4.4.5 Structural changes on cycling

Regular spinel, LiMn204, cycled over the composition range which includes both three and four

volt plateaux shows dramatic capacity fade, as shown by the load curves in Figure 4.24, primarily

associated with the 3V plateau. The origin of this fade lies in the co-operative first order Jahn-

Teller driven phase transformation between cubic LiMn204 and tetragonal Li2Mn204 which

occurs each time the material is cycled over the 3 volt plateau. It has been suggested that the

volume expansion on transformation between the cubic and tetragonal phases results in particle

break up leading to isolation from the electrode and hence loss of capacity. If this was correct we

would expect to see fade occurring equally in both 3V and 4V regions but this is not observed.

Layered Li-Mn-O materials undergo a conversion on cycling from a layered to a spinel structure

yet demonstrate superior capacity retention to that of regular LiMn204 not due to suppression of

the Jahn-Teller driven phase transition (XRD indicates the compound transforms between cubic

and tetragonal spinel phases on each cycle). It has been shown, Chapter 3, that for non-

stoichiometric LixMny02 materials the layered to spinel transformation induces a nano-structure

composed of a mosaic of nano-domains within the micron sized particles of the material.

Capacity / mAhg '

Figure 4.24 Variation ofpotential with state ofcharge on cycling lithium doped Li/mMnL9304 spinel
prepared by high temperature solid state reaction.

Domain structure generation through cycling does not occur in regular LiMn204 spinel.

On cycling the transformation in spinel from cubic to a tetragonal structure results in strain at the

moving phase boundary. Nano-domain structures can accommodate the associated strain when

entire domains switch between cubic and tetragonal phases with strain being accommodated by
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slippage at the domain wall boundaries leading to a more facile 2-phase intercalation reaction.'6 '7

Like the non-stoichiometric LixMny02 we observe by TEM the generation of a nano-domain

structure on cycling in the case of stoichiometric LiMn02 materials, see Figures 4.25 to 4.28.

Figure 4.25 High resolution transmission electron micrograph. Brightfield image images ofas-
prepared stoichiometric LiMn02, 720°C Ar, ion exchanged in hexanol, 160"C.

Figure 4.26 High resolution transmission electron micrograph. Fourier filtered images ofas-
prepared stoichiometric LiMnO:, 720"C Ar, ion exchanged in hexanol, I60"C.
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Figure 4.27

Figure 4.28 High resolution transmission electron micrograph. Fourier filtered images ofa LiMnO?
phase after 100 cycles, showing conversion to a nanostructured spinel-like material and
highlighting growth in the domain size on cycling.

Within the non-domain structure the individual domain sizes for stoichiomertic LiMnC)2

and nonstoichiometric LixMnY02 materials are very similar (~50 to 60A), see Chapter 3.10 The

domain size appears to remain constant on cycling for the non-stoichiometric LixMny02 materials

whereas the stoichiometric LiMn02 materials demonstrate a small yet significant growth from

50A at cycle 15 to 70A at cycle number 100. The average domain size for Co doped non-

High resolution transmission electron micrograph. Fourierfiltered images ofa LiMnOi
phase after 15 cycles, showing conversion to a nanostructured spinel-like material.
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stoichiometric material is also around 50-60A and does not change with cycle number.11 Non-

stoichiometric LixMny02 and LixMni_yCoy02 compounds convert to spinel faster than

stoichiometric LiMn02 material without proceeding through a well defined two phase region.

This may be responsible for the lack of domain growth for non-stoichiometric material.

The formation of a nano-structure has presented an interesting way of reducing the fade

rate of spinel materials cycled over the 3 volt plateau rather than attempting to reduce or

eliminate the Jahn-Teller distortion. The nano-structure effectively accommodates strain

permitting good cyclability.

4.4.6 Rate capability

The material with superior performance at lower rate electrochemical testing, prepared by solid

state reaction in argon and ion exchanged in hexanol, was evaluated for rate capability. LiMn02

material was subjected to increasing current densities from 25 to 200mAg~i, the results of which

are displayed in Figure 4.29. For stoichiometric LiMn02 material the variation in discharge

capacity with cycle number over the first few 10's of cycle numbers is strongly dependent on the

cycling rate. It should be noted that even with increasing rate the first cycle charge capacity is

still greatly in excess of the first cycle discharge capacity. Increasing current density results in a

higher cycle number required to reach a maximum in capacity. After approximately 150 cycles

the capacities at all rates tend to converge and thereafter demonstrate similar fade rates.

■ 25mA/g
■ 50mA/g

20-
■ 100mA/g
■ 200mA/g

U -j 1 1 1 r 1 . 1 . 1 1 1 1 1 1 1 1 1—i—

0 20 40 60 80 100 120 140 160 180 200

Cycle Number

Figure 4.29 Discharge capacity as aJunction ofcycle number at rates of25, 50, 100 and 200 mAg'
for stoichiometric LiMn02 prepared by solid state reaction in argon then ion exchanged
in hexanol at I60"C.
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The poor rate capability is reflected in low capacities at high rate for the first few 10's of cycle

numbers, indeed the overall rate capability is inferior to non-stoichiometric LixMny02 material

and much lower than doped non-stoichiometric materials, see Chapter 5. The poor rate capability

of the stoichiometric material in the first few 10's of cycle numbers may be associated with the

two phase nature of the transformation. The poor kinetics of the process leads to a large drop in

voltage at high current rates.

4.5 Structural evolution studied by NMR

and neutron diffraction

4.5.1 Introduction

Previously, intercalation reactions involving species such as lithium and transition metal oxides

were considered to entail guest ions being inserted / removed with the host structure undergoing a

change of structure. It has now been shown that typically these reactions are not continuous solid

solutions covering large composition ranges but alternatively go through a series of different

phases as the guest species are intercalated / deintercalated. The physical properties and

therefore the ultimate cycling performance of the material is affected greatly by such structural

changes. The purpose of this section is to investigate the structure and phase transformations

going from layered to spinel occurring on cycling LiMn02 by the use ofmagic angle spinning

NMR and powder neutron diffraction. The stoichiometric LiMn02 materials were prepared and

cycled at the University of St. Andrews. Neutron diffraction was carried out on the GEM

instrument at ISIS, Rutherford Appleton Laboratory in Oxford, structural refinement was carried

out using the PRODD software. NMR experimentation was performed by the Clare P. Grey

research group at Stony Brook, New York.

Lithium NMR experiments were performed at operating frequencies of 29.47 and 77.79

Mhz for 6Li and 7Li respectively, on a CMX-200 spectrometer. Spectra with a spinning

frequency of less than 20kHz were acquired with a Chemagnetic probe equipped with a 3.2mm

rotor, while frequencies of 40kHz were achieved by using a fast MAS, 2mm probe. Spectra were

acquired with a rotor synchronized echo sequence (90°-x-l 80°- x-acq.), where x = l/vr. tx/2 pulse
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widths of 2.8 ps for 6Li and 2.1 ps for 7Li were used with a pulse delay of 0.2 to 0.5 s.

Experiments with no temperature control were carried out between 70 and 80°C. 7Li is

significantly higher in sensitivity allowing for spectra to be collected from a wide range of

materials. Some materials were probed using 6Li MAS NMR due to higher resolution typically

being obtained for this isotope.

4.5.2 As prepared stoichiometric LiMnCh material

A neutron powder diffraction pattern for as-prepared LiMn02 was shown previously in Figure

4.12 along with the refined structural parameters and occupancies. Though essentially

stoichiometric in both alkali metal and transition metal ion composition, it does show a slight

degree of ion mixing with Li on octahedral sites in the Mn layers and Mn on octahedral sites in

the Li layers, to the order of around 5 to 10%.

The 7Li MAS NMR of the as-prepared material is consistent with the proposed structural

model for LiMn02, see top spectra Figure 4.32. There is a dominant resonance at 133ppm, which

can be assigned to Li in the monoclinically distorted layered phase. Three further weak

resonances are seen at -2 (diamagnetic impurities such as lithium carbonate), 41 (orthorhombic

phase of LiMn02) and 86 (tentatively assigned to defects in layered material, results in local

environments for Li that are intermediate between the layered and orthorhombic phases).

4.5.3 Structural considerations

The incremental capacity plots for LiMn02 were shown in Figure 4.20. On first extracting Li

from LiMn02 a two-phase region exists between rhombohedral Li0 5Mn02 and monoclinic

LiMn02, associated with a peak at 3V. The peak at 4V is taken to indicate tetrahedral Li but this

interpretation may be too simplistic. The transformation from layered to spinel requires only

25% ofMn to migrate to octahedral sites in the Li layers with Li being displaced to tetrahedral

sites. Mn can easily migrate through a common face into empty tetrahedral sites in the Li layers

when the lithium content is reduced to 50% (Li0 5Mn02). It is easy for the rest of the Li+ ions in

the Li layers to avoid the three octahedral sites in these layers that share faces with the now

occupied tetrahedral site. Mntet with 3 vacant Lioc, sites in the alkali metal layer constitutes a

defect in the layered structure. A Li ion can then be displaced due to the vacant Mn06 site in the
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TM layer from Lioct through a shared face to the adjacent Litet in the Li layer as there is no longer

unfavourable face sharing interaction with a Mn ion. Therefore Li and Mn may occupy

tetrahedral sites forming a more complex structural defect.

Other groups have studied the layered to spinel transformation via computational

methods proposing a 2 stage process.18 Firstly, the displacement of Mnoct to Mn,et in adjacent

alkali metal layer with a Li^t migrating to a Litet in the other adjacent layer which shares a face

with the now vacant Mnoct. Each pair of Litet and Mntet form a so called "dumb-bell" with empty

Mnoct between, this structure being referred to as "splayered". The second stage is thought to

involve a correlated rearrangement ofLi and Mn to form the spinel phase. The first stage has

been shown to be facile and the second energetically demanding, involving both nucleation and

growth of the spinel framework structure. Investigated here experimentally is the possibility of

tetrahedral site occupancy within the layered phase though not restricting to a model of equal

proportions of Litet and Mntet site occupancy. The use of the term "splayered" refers to the

presence ofMntet and Li may be present as Lioct or Li()Ct + Litet.

4.5.4 First cycle

4.5.4.1 First cycle neutron diffraction

Material charged from OCV to 4V was subjected to neutron powder diffraction, see Figure 4.30.

Refinement was based on a normal layered structural model, rhombohedral cell, R3 m. Allowing

site occupancies to vary freely gave a reasonable fit, however introduction of Lite, in 6c sites

(with refined occupancy) gave a reduction in yp- of 10%. Final refined structure parameters with

Lioct(3b), Mnoct(3a) and Litet(6c) sites, are shown in Table 4.7.
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Figure 4.30 Neutron powder diffraction patternfor stoichiometric LiMn02 on first charge to 4.0V.

Table 4.7 Refined crystallographic parameters for stoichiometric LiMn02 on first charge to 4.0V.
Splayered modelfit.

a = 2.8701(5), c = 14.6134(17) A.
Re = 1.12%, Rwp = 2.08%, Rp = 2.31%, x2 = 3.45

Atom Wyckoff x/a y/b z/c Occupancy
symbol

Lil 3b 0 0 0.5 0.37(2)

Li2 6c 0 0 0.1134(14) 0.160(9)

Mnl 3a 0 0 0 0.95(2)

Oi 6c 0 0 0.26248(12) 1

All tetrahedral sites whether in the Li or Mn layers in R3 m are equivalent.

Transformation to spinel is unlikely to involve the tetrahedral sites in the Mn layers because of

unfavorable repulsion with Mnoct, thus observed tetrahedral 6c site occupancy will be confined to

the tetrahedral sites in the lithium layers. Scattering on the tetrahedral 6c site indicates that the

transformation has begun on the first charge. Neutron diffraction measures total site scattering

and cannot discriminate individual occupancies if that site is occupied by more than one ion type.

Therefore we cannot say from the 6c occupancy alone how much of this is due to Li and how

much Mn. However, the source of the 6c Mn must be from the 3a site and ifwe assume all the

0.05 Mn vacancies are due to Mn transfer to 6c, then there is no evidence for 1:1 Li:Mn ratio in

tetrahedral sites as suggested by Reed et al.18

Lioct and Litet are both present in the material charged to 4V. Usually the higher energy

Lioc, (3V) would be removed entirely before Litet(4V), however Li is removed at 4V while Lioc, is

present. When transformation to spinel has begun, ifMn had migrated to 3b sites in Li layers,

118



then Lioct will be less mobile resulting in favoured deintercalation of Litet. However, Figure 4.17

shows only a minimal amount of Li extracted at 4V being reinserted on discharge. It is highly

likely that the voltages observed on the first cycle are associated with the energetics involved in

the rearrangement of ions taking place inside the material rather than individual site energies,

thus the 4V peak does not simply arise through Li removal from Litet.

Material charged to 4.6V then discharged to 3.0V was also subjected to neutron powder

diffraction, see Figure 4.31. Attempted fitting of a layered model alone was less effective than

when Litet site occupancy was introduced, giving a 14% improvement in fit. Occupancies of 3a,

3b and 6c sites were varied, the crystallographic parameters obtained are shown in Table 4.8. A

similar refined structure is obtained to that on the first charge described above where no discrete

spinel phase detected. The refined structures are consistant with a single layered phase

composed of a random distribution of Litet and Mn,et.
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Figure 4.31 Neutron powder diffraction pattern for stoichiometric LiMn02 on first discharge to 3.0V.

Table 4.8 Refined crystallographic parameters for stoichiometric LiMn02 on first discharge to
3.0 V. Splayered modelfit.

a = 2.9001(7). c = 14.5703(24) A.
Re = 2.30%, Rwp = 2.93%, Rp = 2.42%, ^ = 1.62

Atom Wyckoff
symbol

x/a y/b z/c Occupancy

Lit

Li2

Mnl

Ol

3b

6c

3a

6c

0.5

0.123 (2)

0

0.2612(2)

0.30(3)

0.209(12)

0.95(2)

1
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4.5.4.2 First cycle NMR results

Results of the first cycle NMR are shown in Figure 4.32, consistent with transformation from a

layered monoclinic to rhombohedral structure on charging. Charging to 4.6V gives only a weak

signal at 640 ppm due to the small amount of Li that remains in the material, this resonance shifts

slightly to a higher frequency of 670 ppm on discharge to 3.5V, the resonance due to monoclinic

LiMn02 then starts to emerge. The resonance at 640 - 670 ppm are assigned to environments in

the lithium layers of LixMn02 near manganese with an average oxidation state of +3.5. Based on

earlier work in the literature, similar hyperfine shifts of between 500 and 900 ppm are expected

for Litet and Lioct sites in layered materials and manganese oxidation states of 3.5 and above, i.e.

in environments near manganese that have not undergone as Jahn-Teller distortion. Discharge to

3.0V results in the broad peak shifting further to higher frequencies and the monoclinic LiMnCL

peak continues to grow in intensity.

Intensity (a.u.)

2000 1500 1000 500 0 -500 -1000 -1500 -2000

Chemical shift (ppm)

Figure 4.32 As-prepared andfirst cycle NMR resultsfor stoichiometric LiMnOi, resonance shifts
marked, remaining peaks are spinning sidebands, (large peak at 0 ppm due to Li salt in
electrolyte.)

There is good overall agreement between the NMR and the neutron data, both indicate

the transformation to a layered rhombohedral structure on charging, which remains on discharge.
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At first sight the NMR data suggest the presence of some monoclinic LiMn02 phase at 3.5 V

whereas the diffraction data do not. This may be understood by recalling that NMR is a local

probe, the peak at 133 ppm indicates that locally some Li+ are surrounded by Jahn-Teller

distorted Mn31 ions in an otherwise rhombohedral phase. Even at lower voltages than 3V

monoclinic LiMnCb may form as a discrete phase. There is some evidence of this in the XRD

patterns ofmaterials at deep discharge. The diffraction indicates direct evidence of Litet on the

first charge as described above. The NMR peaks at 640 and 670 ppm for charged and discharged

phases respectively are broad and could well embrace octahedral and tetrahedral Li+

environments.

4.5.5 Extended cycling

4.5.5.1 Extended cycling neutron results

Ifwe first consider the electrochemical data presented as an incremental capacity plot for

stoichiometric LiMn02, shown in Figure 4.17, there is the prominent emergence of a double 4V

process characteristic of spinel. We can also see by examination of these redox peaks that the

replacement of the splayered phase by spinel goes via a two phase reaction because we observe a

decrease in the reduction peak at around 3.85 V as the two peaks at 3.9 and 4.1 V increase. Cells

were cycled 5, 15, 25, 50 and 92 times stopping on charge at 3.5V from which neutron diffraction

and Li NMR data were collected. The neutron diffraction patterns for these cells are displayed in

Figures 4.33 to 4.37. Refinement of the material recovered after 5 cycles once again provided a

better fit with the splayered structural model. Further improvement was achieved by the

inclusion of a secondary fixed LiMn204 spinel phase, resulting in a reduction of %2 by ~V3. The

crystallographic details obtained from the two-phase refinement are shown in Table 4.9. Refined

data for the splayered phase shows vacancies on the Mn 3a site in harmony with TM

displacement forming Mntc, (6c sites). Remembering the discussion above that the Li occupancy

of 6c in Table 4.9 represent occupancy by Li/Mn not Li alone. This is also the case for the 3b

sites. Hence we can not identify extent to which the 6c and 3b sites are occupied by Mn and how

much by Li.

121



20

O
o

-

-

-

obs
— calc

-

-

-

araiuiiiii iiiiiiiiiiii
Shi in, ii in iih i

ii imi i ii
i mil i

i i i
n ii

1 1 11
1 .III , III.

1.5 2.0

d-spacing / A
2.5

-5 • ■ - - -

Figure 4.33 Neutron powder diffraction patternfor stoichiometric LiMn02 after 5 cycles stopped at
3.5 V on charge. Splayered < ) and spinel (\) modelfit.

Refined crystallographic parameters for stoichiometric LiMn02 after 5 cycles stopped at
3.5 V on charge. Splayered and spinel modelfit.
R, = 0.77%, Rwp = 1.16%, RP = 1.19%, i2 = 2.27
splayeredphase, a = 2.8998(9), c = 14.466(3) A.

Table 4.9

Atom Wyckoff
symbol

x/a y/b z/c Occupancy

Lil

Li2

Mnl

Ol

3b

6c

3a

6c

0

0

0

0

0

0

0

0

0.5

0.119(2)
0

0.2613(2)

0.41(5)

0.23(1)

0.94(2)

1

spinel phase, a = 8.214(3) A. Phase ratio 88:12

Two-phase refinement of the data obtained from neutron diffraction of material after 15,

25 and 50 cycles provided the best fit where the model consisted of a combination of splayered

and spinel phases, the fits shown in Figures 4.34 to 4.36. The refined splayered phases are

generally similar with evidence of increasing migration ofMn from the 3a site, as we would

expect with the transformation to a spinel structure. For the highest 92 cycles material the

fraction of splayered phase was too small for refinement of its structural parameters which were

therefore set to that of the 15 cycles material. The phase fraction values obtained from the

structural refinements are presented in Table 4.12 The material cycled 5 times has resulted in

approximately 12 mole % of the material being converted to spinel. By 25 cycles approximately

half has converted and at 92 cycles this has increased to approximately 93 mole %. This

correlates quite well with the electrochemical data which exhibits the co-existance of a splayered

and a spinel phase.
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Figure 4.34 Neutron powder diffraction pattern for stoichiometric LiMnO2 after 15 cycles stopped at
3.5 V on charge. Splayered (\) and spinel (\) modelfit.

Table 4.10 Refined crystallographic parametersfor stoichiometiric LiMn02 after 15 cycles stopped
at 3.5 V on charge. Splayered and spinel modelfit.

Re = 1.47%, Rwp = 2.36%, Rp = 1.87%, x2 = 2.58
splayeredphase, a = 2.897(1), c = 14.470(4) A.

Atom Wyckoff
symbol

x/a y/b z/c Occupancy

Lil 3b 0 0 0.5 0.35(3)

Li2 6c 0 0 0.124(1) 0.26(1)

Mnl 3a 0 0 0 0.81(2)

Ol 6c 0 0 0.2620(2) 1

spine! phase, a = 8.226(3) A. Phase ratio 77:23
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Figure 4.35 Neutron powder diffraction patternfor stoichiometric LiMnO2 after 25 cycles stopped at
3.5 V on charge. Splayered (\) and spinel (\) modelfit.
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Figure 4.36 Neutron powder diffraction pattern for stoichiometric LiMn()2 after 50 cycles stopped
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Figure 4.37 Neutron powder diffraction pattern for stoichiometric LiMn02 after 92 cycles stopped at
3.5V on charge. Splayered (\) and spinel (\) modelfit

Table 4.11 Refined crystallographicparameters for stoichiometiric LiMn02 after 92 cycles stopped
at 3.5 V on charge. Splayered and spinel modelfit.
Re = 1.46%, Rwp = 2.47%, Rp = 2.05%, ^ = 2.86
spluyeredphase a - 2.894(-), c - 14.463(-) A.
spinel phase, a = 8.2250(4) A.

Atom Wyckoff
symbol

x/a y/b z/c Occupancy

Lil 8a 0.125 0.125 0.125 1

Mnl 16d 0.5 0.5 0.5 1

Ol 32e 0.26215(11) 0.26215 0.26215 1

Table 4.12 Phase fractions of (sp)layered and spinel obtainedfrom refinement ofpowder neutron
diffraction data.

Cycle Number (Sp)layered (%) Spinel (%)

5 88 12

15 77 23

25 60 40

50 29 71

92 7 93
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4.5.5.2 Extended cycling NMR results

NMR data collected for extended cycling samples are shown in Figure 4.38. Three peaks are of

interest, for 5 cycle material occurring at 695, 582 and 518 ppm. 695 is assigned to Li in the

layered LiMn02. 518 may be assigned to Litel in 8a sites in the spinel structure.19'20 The

intermediate peak position suggests that Li1 are in an environment between layered and spinel

phases. The proportions of the intensities of the 3 peaks change with cycle number and are

shown in Table 4.13. The amount of spinel grows slowly on cycling, consistent with the

diffraction and electrochemistry. No clear evidence of a 518 resonance is observed until we see

the evolution of a 4V process.

Intensity (a.u.)

133 ppm

670 ppm

695 ppm 518 ppm

582 ppm 518 ppm
695 ppm \

578 ppm 512 ppm

705 ppm

548 ppm

644 ppm

483 ppm

546 ppm 481 ppm

612 ppm

Pristine material

7Li - 40 KHz

1 cycles-3.5 V
7Li - 40 kHz

5 cycles-3.5 V
6Li -13 kHz

15 cycles-3.5 V
6Li -17 kHz

25 cycles-3.5 V
6LI -13 kHz

50 cycles-3.5 V
6Li -17 kHz

92 cycles-3.5 V
"Li-17 kHz

2000 1500 1000 500 0 -500 -1000 -1500 -2000

Chemical shift (ppm)

Figure 4.38 NMR resultsfor cycled stoichiometric LiMn02, samples discharged to 3.5 V. Resonance
shifts marked. Overlap ofelectrolyte and 500-700 ppm resonances for 6Li spectra
acquired with 17 kHz spinningfrequency.

The origin of the intermediate 582 ppm resonance is interesting. Lithium excessive

spinels, e.g. Li, osMn! 9504 exhibit a comparable peak assigned previously to clusters of Litet

neighbouring Lioc, in the spinel structure.21 This peak is linked to a characteristic resonance at

2200 ppm detectable even for very distorted samples prepared at low temperatures (550°C), via
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7Li and very fast MAS. 7Li spectra of the 50 cycles material exhibited no such local enviroment,

thus the spinels formed from LiMn02 do not have Lioct site occupancy of the spinel structure so

this does not cause the 582 ppm resonance.

Table 4.13 Chemical shifts and ratios ofthe signals attributed to the layered, intermediary and
spinel phases.

Cycle Number Layered Intermediate Spinel

(~700ppm) (578-644ppm) (481-548ppm)

5 80% 14% 6%

15 35% 45% 20%

25 30% 50% 20%

50 negligible 25% 75%

92 negligible 25% 75%

6Li NMR was used to investigate the local structure of Li neighboring Mn. Layered local

environments have characteristically large sidebands whereas spinel is associated with smaller

sideband patterns. The 582 ppm local environment appears to contains larger more intense

sidebands than those of the 518 resonance, seen most clearly from 25 cycle 6Li spectrum, Here

the 578 ppm sideband is more intense than that of the 512 ppm resonance, even though the height

of the sharper 512 is greater if the two isotropic resonances are compared. The width of the

spinning sideband appears to be between that of the layered and spinel resonances. The 582 peak

could be associated with Litet in the splayered phase but the diffraction data shown no evidence

for a Li,et occupancy increase on cycling unlike the NMR results which show an increase in this

resonance up to 25 cycles.

The formation of Lite, and Mntet has been shown to be fairly easy but the ion

reorganization required to form spinel is more difficult."' The creation of a discrete spinel phase

is suggested to occur via tetragonal cations coming together with the splayered phase to give a

structure close to a spinel configuration; the cation arrangement would remain essentially layered

but contain fragments of spinel. The peak at intermediate shift in the NMR data most likely

occurs from Li in the intermediate state between splayered and ordered spinel and may be

assigned to spinel-like nuclei, consistent with the increase and decrease in the intermediate peak
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proportion as the amount of intermediate species rises on cycling then decreasing due to

transformation to fully ordered spinel. This is consistent with the electrochemistry. A peak

develops on cycling at 3.75 V on charge reaching a maximum at around 25 cycles then decreases,

this peak may be associated with intermediate peak in the NMR which also reaches a maximum

in intensity at around the same cycle number.

The diffraction data for the material cycled 92 times is dominated by the regular spinel

phase with only a very minimal amount of splayered phase being detected, however the NMR

data tends to suggest that the intermediate splayered phase continues to persist to some extent

even to these higher cycle numbers. The detection of the splayered phase after many cycles is

due to NMR being a probe of the short range structure and environment ofLi and is thus able to

recognise the disordered material undetected by the powder neutron diffraction.

4.5.6 Conclusions on NMR and neutron studies

Initial extraction of Li from LiMn02 results in the formation of Jahn-Teller inactive Mn4+. Due

to the fast transport of ionic and electronic charge carries this generates a division into distinct

regions of Li0 5Mn02 (undistorted, R3 m) and LiMn02 (distorted, C2/m) that allow for the

accommodation of Jahn-Teller active MnJ+ and inactive Mn4+ in an energetically feasible way.

Both phases co-exist in the composition range Lio.5Mn02 to LiMn02. As lithium is continually

removed, LiMn02 is progressively replaced by Lio.5Mn02, which possess the composition of

spinel. On formation of this phase Mn ions may travel from their octahedral sites in transition

metal layers to empty tetrahedral sites in the alkali metal layers. In order to minimize repulsions

lithium ions will avoid the octahedral site that shares faces with the tetrahedral site. Migration of

Mn allows for the transfer of Li from octahedral to tetrahedral sites in the alkali metal layer

previously impossible due to these sites sharing a face with octahedral Mn in transition metal

layers. Due to these migrations we observe lithium and manganese in tetrahedral sites within the

layered structure and the formation of a "splayered" phase. Extraction of further lithium ions

results in the composition falling below Li0.5 with removal occurring at 4V. This 4V process is

associated more with the significant structural reconfiguration occurring at this point than from

the extraction of lithium from tetrahedral sites, as lithium is present in both octahedral and
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tetrahedral site environments at this stage. Lithium reinserted into the structure on discharge

does not do so all at this voltage substantiating the considerable structural modifications

occurring. Further cycling shows that the intermediate phase, exhibiting many spinel-like

characteristics and assigned to spinel nucleation, persists and gradually converts to a full spinel

configuration. The transformation from layered to spinel occurs through the transitional phase,

that itself exhibits many characteristics typical of spinel. The intermediate phase increases in

fraction until around 25 cycles and is associated with the 3.75V peak on oxidation in the

incremental capacity plots as well as the intermediate peaks observed with NMR. On highly

extended electrochemical cycling the entire material will eventually form relatively well ordered

crystalline spinel phase material.

4.6 Conclusions

A range of stoichiometric LiMn02 material were successfully prepared by a variety of synthesis

methods of the precursor sodium phase material and differing subsequent ion exchange

conditions. Compositional analysis confirmed the stoichiometry for alkali and transition metal

occupancy to be near unity. All materials showed very similar powder x-ray diffraction patterns

that could be indexed on the space group C2/m with minimal variation in the refined

crystallographic parameters.

The electrochemical performances of the range of stoichometric LiMn02 materials were

generally very similar, showing a large excess of charge capacity on the first cycle. High

discharge capacities of around 200mAhg"' at a rate of 25mAg"' were achieved with minimal fade

rate, though a large dip and rise in capacity is observed for the first few 10's of cycle numbers.

Stoichiometric LiMn02 undergoes a conversion on cycling from a layered to a spinel

structure via a two-phase reaction through an intermediary phase, the presence of which is

observed in the electrochemistry and confirmed by powder neutron diffraction and Li NMR

studies.

Like the non-stoichiometric LixMny02 materials conversion to spinel on cycling involves

the formation of a nano-structure consisting of discrete domains that accommodate the strains of
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cycling in the domain wall boundaries allowing for the much superior performance of

stoichiometric LiMn02 over regular spinel.
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Chapter 5 Preparation, structural characterisation and

electrochemical performance of doped

non-stoichiometric LixMn1.yMey02 and

doped stoichiometric LiMni_yMey02

5.1 Introduction

The influence of synthesis conditions on the structure and performance of pure non-

stoichiometric (Chapter 3) and stoichiometric (Chapter 4) layered manganese oxides have been

discussed previously. Here we consider the effect of incorporating dopants into the transition

metal layer. Although the layer will contain dopant metals that are not transition metals and

hence not a true layer exclusively containing transition metal ions the layer will be referred to as

TM layer.

5.2 Doped non-stoichiometric LixMni.yMey02

Concurrent with this study of doping of the non-stoichiometric LixMnyC>2 materials a similar

study was being carried out on lithium manganese oxide materials with the 02 structural type

(see Figure 1.7 c). The dopants which were incorporated into the 02 structure included Ni, Co,

Ti, Li and Mg.1"6 This study of doping non-stoichiometric LiMni_yMey02 with Ni, Co, Al, Mg

and Li is thus compared and contrasted to other similar doped 03 materials 7-13 and to the doped

02 results.

5.2.1 Structural and chemical characterisation of sodium phases

5.2.1.1 Preparation

The syntheses of a range of doped non-stoichiometric materials of the form NaxMni_yMeyC>2

("Me" denotes metal cation dopant in the TM layer) were prepared via the solution route method

as described in Section 2.1.2. A dopant concentration (y) of 2.5% relative to total Mn site

occupancy was chosen as this composition elicited the most favourable electrochemical

properties of previous studied systems.7,8'11"13 Although a 5% dopant concentration ofNi in non-
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stoichiometric material showed to be near optimum.8 A starting mixture for the preparation of a

2.5% doping NaxMni_yMey02 had a Na : (0.025 Me + 0.975 Mn) ratio = 0.7.

This section highlights the effect of 2.5% doping levels for a variety of dopants on the

structure and resultant electrochemistry of non-stoichiometric materials. In Section 5.3.3 an

investigation of non-stoichiometric materials doped with one metal ion at a range ofMg

concentrations will be discussed.

5.2.1.2 Powder X-ray diffraction (XRD)

Powder XRD patterns were obtained to confirm preparation of single phase, layered, doped, non-

stoichiometric sodium manganese oxide compounds, see Figure 5.1. From these results it is

evident that the materials formed are indeed phase pure as they can be assigned the same hkl

Miller indices as the undoped NayMny02 materials (see Section 3.3.2). The doped Na phases

have the P3 structure in which the TM layers are composed of both Mn and dopant and the Na

cations in trigonal prismatic sites in the interlayer Van der Waals gap.

Scattering Angle 29 FeK / degrees

Figure 5.1 Powder x-ray diffraction patterns (FeKal radiation) for a range ofdoped non-
stoichiometric NaxMni_vMev02 materials of the following nominal compositions:
A) undopedNaxMnvO2,, B) 2.5 %Al doped, C) 2.5% Co doped,
D) 5 % Ni doped, E) 2.5 % Li doped, F) 2.5 % Mg doped.

Although the doped non-stoichiometric patterns still exhibit peak broadening, the degree

of broadening is less than the undoped material therefore suggesting a slightly higher degree of

crystailinity for doped NaxMni.yMeyO?.
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5.2.1.3 Chemical analysis

Elemental and oxidation state analysis were performed for two doped (2.5% Co and 2.5% Al)

non-stoichiometric Na phase materials. The results in Table 5.1 show an alkali metal deficiency

analogous to the undoped non-stoichiometric materials (see Table 3.1). The analysis confirms

successful incorporation of the nominal amount ofmetal ion dopant into the Na phase during

synthesis. Assuming incorporation of dopant within the Mn layers, the chemical analysis data

shows that there are still vacancies present in the TM (dopant + Mn) layer resulting in non-

stoichiometry. However, the amount of vacancies has been reduced compared to undoped

NaxMny02 (-10% transition metal vacancies).

Table 5.1 Compositional analysis for doped non-stoichiometric NaxMni-vMef)2 materials.

Nominal Composition Average Mn No. of TM

Content
oxidation state vacancies

2.5% Co doped Nao.532Mno.92lCOo.02502 3.67+ 5.5%

2.5% Al doped Nao.735Mn0898Al0.oi802 3.58+ 8.5%

5.2.2 Structural and chemical characterisation of lithium phases

5.2.2.1 Ion exchange

Doped NaxMn|.yMey02 materials were ion exchanged by refluxing in ethanol at 80°C as per the

method described and outlined in Section 2.1.3 and Figure 2.3. As shown in Chapter 3 for non-

stoichiometric LixMny02, this ion exchange method proved particularly effective in allowing

completion of the exchange reaction to occur in a relatively short time scale (-8 hrs) whilst

producing a Li phase that showed good electrochemical properties.

5.2.2.2 Powder X-ray diffraction (XRD)

Powder XRD patterns for the range of doped non-stoichiometric layered materials were acquired

to confirm phase purity, Figure 5.2. Also shown for comparison in Figure 5.2 is the XRD pattern

for a similarly ethanol 80°C refluxed undoped LixMny02 material.
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Figure 5.2 Powder x-ray diffraction patterns (FeKal radiation) for a range ofdoped non-

stoichiometric LixMni_vMef)2 materials after ion exchange in ethanol at 80"C, ofthe
following nominal compositions:
A) undoped LixMnv02, B) 2.5 % Al doped, C) 2.5% Co doped,
D) 5 % Ni doped, E) 2.5 % Li doped, F) 2.5 % Mg doped.

It can be seen from Figure 5.2 that the patterns for doped and undoped are very similar

indicating that the type of dopant in the TM layer does not affect the basic layered structure

significantly. The Li phases can once again be identified as 03 type structures with space group

R3 m. The hkl reflections for the doped materials appears to be slightly sharper and more well-

defined than the undoped material, suggesting the higher degree of crystal 1 inity initially observed

in the Na phase is retained through to the Li phase. The materials appear to show a well defined

layered structure, highlighted by the prominent separation of the 108 and 110 reflections (see

Section 3.2). There is variation in the half-height peak widths as a function of hkl value, this is

indicative of structural stacking faults due to residual Na forming discrete layers in the

LiMn|.yMey02 material, as discussed in greater detail in Section 3.3.6.

5.2.2.3 Chemical analysis

The chemical analysis results, Table 5.2, show that the concentration of dopants observed in the

sodium phase materials are retained after the ion exchange process and are close to the nominal

amount of dopant added in the synthesis. The XRD highlighted hkl dependent peak broadening

indicative of stacking faults within the structure caused by residual Na. The presence of residual

sodium is confirmed by the elemental analysis where the Na content is found to be of~ 2.5 - 5%,

similar to the undoped non-stoichiometric material. The non-stoichiometry of the materials is
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again reflected by the alkali metal content of «2/3. As seen in LixMny02 obtained by refluxing in

ethanol at 80°C, the ion exchange process is sufficiently reducing to result in the partial

elimination of transition metal vacancies. The overall metal site vacancy content for all ethanol

refluxed doped non-stoichiometric materials is ~5%, equivalent to the undoped species (6.5%).

The average manganese oxidation state is largely unaffected by low dopant concentrations and

found to be ~3.6+.

Table 5.2 Compositional analysisfor a range ofdoped LixMni.YMeY02 materials.

Nominal
Content

Composition Average Mn
oxidation state

No. of TM
vacancies

2.5% Mg doped Nao.o3i9Lio.587Mno.9i4Mgo.o2602 3.67+ 6.0 %

2.5% Co doped Nao.048Lio.58Mn0.9lCOo.02502 3.61 + 6.5%

5% Ni doped Nao.o29Lio.68Mno.88Ni0 045O2 3.63+ 7.0%

2.5% A1 doped Nao.o48Lio.5i5Mno.947Alo.o2o02 3.57+ 3.3%

2.5% Li doped Nao.o47Lio.6iMno.92Lio.o25C)2 3.61 + 5.5%

5.2.2.4 Refinement of powder XRD patterns

The powder XRD data for the doped LiMni.yMey02 can be indexed on a rhombohedral unit cell

with space group R3 m, similar to the undoped materials. Reitveld refinement was used to

investigate the structure of the doped materials. The structural parameters for the starting model

of the layered 03 structure are given in Table 5.3.

Table 5.3 Crystallographic parameters for 03 model used in refining LixMni_yMeY02materials
(space group R 3 m).

Atom Wckoff

symbol
x/a y/b z/c Approx.

Occupancy

Li/Na 3b 0 0 0.5 0.66/0.05

Mn/Me 3a 0 0 0 0.9/0.025

O 6c 0 0 0.25 1

The site occupancies were initially set at values obtained from chemical analysis with the

metal dopant ions situated on the Mn (3a) site and 5% residual sodium placed on the Li (3b) site.

All the lattice parameters, the z coordinate of the O site and thermal parameters were allowed to
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vary freely along with background and peak shape factors. When a stable refinement was

obtained the site occupancies for Mn and Li were allowed to vary freely.

Three examples of fits obtained for refined structures of doped non-stoichiometric

materials from their powder XRD patterns are shown in Figures 5.3 - 5.5. Generally a high

degree of fit (f <10) was obtained for the calculated diffraction patterns to the experimental

XRD data for Reitveld refinements of the low dopant concentration materials. The refined site

occupancies (data not shown) were in good agreement with the compositions determined by

chemical analysis , substantiating the incorporation ofmetal dopants into non-stoichiometric

LixMny02

LiO.67MnO.975CoO.02502 600Q Ethanol Reflux Refinement Hist 1
Lambda 1.9360 A, L-S cycle 142 Obsd. and Diff. Profiles

1 ? 3 A S f, 7 R 9 10 111?

2-Theta, deg X10E 2

Figure 5.3 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
2.5% Co doped lixMni_yMevOi material, with differenceplot below.

LiO.67MnC.95N10.C502 Ethanol Reflux Refinement

Lambda 1.9360 A, L-S cycle 184
! 1 I ] |

Obsd. and Diff. Profiles
n 1 1 1 1 i—1

.1 .2 .3 .4 .5 .6 .7

2-Theta, deg
.9 1.0 1.1 1.2
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Figure 5.4 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
5% Ni doped LixMni_vMey02 material, with difference plot below.
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Figure 5.5 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
2.5% Mg doped LixMn/.vMev02 material, with difference plot below.

The refined lattice parameters obtained for the complete range of doped materials are

presented in Table 5.4.

Table 5.4 Lattice parameters and c/a ratios for a range ofdoped LixMni_vMey02 materials.

Nominal Composition a /A c /A c/a

2.5% Co doped 2.8678(3) 14.6067(19) 5.09

5% Ni doped 2.8663(2) 14.5904(14) 5.09

2.5% Al doped 2.8576(4) 14.6792(21) 5.14

2.5% Li doped 2.8641(4) 14.5552(18) 5.08

2.5% Mg doped 2.8694(5) 14.5477(4) 5.086

Slight shifts are observed in the lattice parameters compared to those of a similar

undoped material (non-stoichiometric undoped material synthesised at 600°C and ion-exchanged

in ethanol at 80°C gave lattice parameters of a=2.8611 A, c=l 4.5896 A resulting in a c/a ratio =

5.0993), this is expected due to the different ionic radii of the dopant metal ions Me-0 bond

compared with Mn-O bond.

5.2.3 Electrochemical performance

5.2.3.1 First cycle charge / discharge

The initial electrochemical performance investigation was concerned with the amount of lithium

that could be removed and reinserted into LixMni_vMey02 materials compared to undoped
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non-stoichiometric LixMny02. The first cycle charge and discharge capacities for a range of non-

stoichiometric doped samples are presented in Table 5.5, cells are cycled at 25mAg"' between the

voltage limits of 2.5 to 4.6V.

Table 5.5 First cycle charge and discharge capacities and efficiency (Qc/Qd/ %)

Composition 1st Charge (mAhg1) 1st Discharge (mAhg1) Efficiency (Qci/Qd, %)

Undoped LixMn02 103 159 65%

2.5% Al doped 92 171 54%

2.5% Li doped 175 211 83%

5% Ni doped 120 197 61%

2.5% Co doped 117 200 59%

For all doped materials shown here (except for Li, which will be discussed later) the

initial charge capacities are similar to each other and the undoped LixMny02 material. First

charge capacities of-lOOmAhg"' are obtained, the specific values obtained from each doped

material are consistent with the amount of Li initially available for extraction and the amount of

Mn"'* that can be oxidised to compensate as given by the chemical composition obtain from

chemical analysis, Table 5.2.

The exception to the above is on Li doping, where Lio.6iMn0.92Lio.o25C)2 shows a greater

first charge capacity and resultant discharge capacity than its chemical composition would

predict. Removal of Li" from lithium manganese oxide results in oxidation ofMn to its highest

oxidation state of 4+. Manganese in the tetra-valent state was considered unable to be further

oxidised in an octahedral oxygen environment so leading to the belief that Mn4 oxides were

electrochemically inactive.'4'4 Recently, extraction of Li beyond Mn4' has been considered to be

associated with loss of oxygen and/or generation of Mn4".616 17 Our group believes however, that

the large charge capacity attainable has a different origin.14 Initially on charging Li' is removed

and charge balance is maintained by oxidation of Mn until the 4+ state. Thereafter Li is

extracted at 4.5 V. This voltage is in the oxygen valence band and results in the oxidation of O2",

this anion is unstable in the lattice and will lead to oxygen evolution (overall Li20 removal). As

more Li is removed oxygen loss gives way to oxidation of the alkyl carbonate electrolyte
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forming H which then exchanges for Li'. At this stage there is no loss of e" from the electrode,

only of the electrolyte.1X2,1 The overall effect is to reduce the Li content of the electrode.

Comparing the values for the first discharge capacity in Table 5.5, it is evident that

doping leads to an increase in performance compared with the undoped material. However the

first cycle charge capacity is still deficient compared to the subsequent discharge cycle and

therefore the efficiency of the first cycle remains low for all doped materials.

5.2.3.2 Extended cycling

The electrochemical performance was investigated for the same range of doped non-

stoichiometric materials as discussed in the previous section. Cycling at 30°C was carried out

between the potential limits of 2.5 to 4.6 V and at a current density of 25mAg"'. Shown in Figure

5.6 is the variation in discharge capacity with cycle number for the range of doped

LixMni.yMey02 materials.
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Figure 5.6 Discharge capacities as a function ofcycle numberfor a range ofdoped LixMni.vMef)2

materials. Samples ion exchanged in ethanol at 80"C. Cycled between voltage limits 2.5
to 4.6 K rate of25mAhg'. Electrolyte used is LiPFg in PC.
* Note, Li doped material cycled using LiPF6 in EC/DEC as the electrolyte.

Although it appears that the Li doped material outperforms the other LixMni_yMey02

materials, its performance is artificially high due to a change in electrolyte (LiPFf, in PC to LiPF6

in EC/DEC). Use of LiPF6 in EC/DEC with Mn based electrodes results in an increase in

capacity of about 1 OmAhg"' relative to LiPF6 in PC. Taking this into account the performance of

the Li doped non-stoichiometric material is similar to Mg, Co and Ni doped analogues

2.5% Co doped
5% Ni doped
2.5% Mg doped
2.5% Li doped*
2.5% A1 doped
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(~200mAhg_l). The discharge capacity curve as a function of cycle number for the A1 doped

material is however consistently lower than the other doped non-stoichiometric materials at

~175mAhg"'.

For all doped materials an increase in performance is observed over the first few 10's of

cycles compared to the corresponding LixMny02 material, (see Figure 3.20). All the doped

materials show a much higher initial discharge capacity with a lower number of cycles needed to

reach the maximum in capacity.

The "dip and rise" is the magnitude of the difference in the discharge capacity between

the first cycle capacity or minimum, which ever is the lower and the maximum in discharge

capacity. The smallest initial dip and rise is obtained from the A1 doped material.

At high cycle numbers all doped non-stoichiometric materials demonstrate excellent cell

stability with very comparable fade rates. For example, the 2.5% Co doped material having the

lowest fade rate of 0.08% per cycle compares favourably to the best undoped material (LixMny02

600°C,Q,ethanol 80°C) at 0.12% per cycle fade rate.

The dopant type appears to have a large bearing on the number of cycles required to

achieve a maximum in capacity of~200mAhg"'. Li and Ni doped non-stoichiometric materials

take the most (~25 cycles) and Mg taking the fewest (~13 cycles) number of cycles to reach their

maximum in capacity.

5.2.3.3 Structural changes on cycling

LixMni_yMey02 materials after extended cycling were subjected to powder XRD. The patterns

for all the doped materials (not shown) confirmed the presence of a spinel-like material. Figure

5.23 shows an example pattern, for a Mg doped material after 50 cycles. It can be seen in the

pattern that there is a coalescence of the 108 and 110 peaks, this is accompanied by a reduction

in the c/a lattice parameter ratio, and these factors are characteristic of the emergence of a cubic

spinel-like structure.

The incremental capacity plots for Al, Co, Mg and Ni doped LixMni_yMey02 materials

are presented in Figures 5.7 - 5.10. The double 4V peak characteristic of the presence of a

spinel-like material becomes apparent in all plots after several cycles. Flowever, the rate of
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emergence, in terms of cycle number, appears to be determined by the dopant type. The Co

doped sample, Figure 5.8 shows significant character in the 4V region after only 20 cycles, other

dopants appear to suppress the emergence to higher cycle numbers with the Mg doped sample

taking a further 5 to 10 cycles, Figure 5.9. Dopant type does not appear to significantly alter the

magnitude of the dip and rise in discharge capacity observed over the first few cycles.

Figure 5.7
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Figure 5.9 Incremental capacity plotsfor 2.5% Mg doped non-stoichiometric material.
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Figure 5.10 Incremental capacity plots for 5% Ni doped non-stoichiometric material.

The undoped non-stoichiometric ethanol refluxed material, Lio.59Naoo69Mno.94O2, has a

residual Na content of ~7% and 6% TM (Mn) vacancies and exhibits a large rise from 160 to 180

mAhg"1 in -15 cycles. In contrast the doped materials, e.g. 2.5% Co doped ethanol reflux

material. Li0.56Nao.o5iMn0 893Co0 025O2, which has ~5% Na, and 8% TM (Mn + Co) vacancies and

exhibits a higher capacity (200 mAhg"' ) but with only a minimal dip and rise over the first few

cycles. Although the TM vacancy concentration appears to be about the same and there are

small differences in the residual Na contents for these two materials this implies that the larger

amount of residual Na gives a lower initial capacity and a greater rise. All LixMni.yMeY02

materials have a low residual Na content and the electrochemical data obtained on their cycling

supports the conclusion that lower Na produces a higher capacity with less dip and rise compared

to the undoped form.

5.3 Non-stoichiometric magnesium doped LixMn1.yMgy02

5.3.1 Preparation

Analysis of doped non-stoichiometric materials described previously covers a wide range of

dopant metal ions at a 2.5% dopant concentration. This section investigates the effect of varying

the dopant level of a single element, namely Mg on the structure and electrochemical properties

of LixMni_yMgy02. Mg was chosen as it is lighter and cheaper than Ni and Co, and is less toxic.

The Mg doped stoichiometric materials were synthesised by the use of Mg acetates as

the dopant source in the solution route synthesis method described and outlined in Section 2.1.2

and Figure 2.2. The firing conditions used were 600°C and then quenched to room temperature.
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It did not prove possible to substitute more than 20% of the Mn by Mg. Higher Mg doping

resulted in formation of an MgO impurity. LixMni.yMgy02 where 0.025 <y< 0.2 materials were

obtained by the ion exchange of the corresponding NaxMni_yMgy02 using ethanol reflux at 80°C

as described and outlined in Section 2.1.3 and Figure 2.3.

5.3.2 Structural characterisation of sodium phases

5.3.2.1 Powder X-ray diffraction (XRD)

To show that a layered phase had been successfully prepared and to evaluate lattice parameters,

powder XRD was performed on the LixMni_yMgy02 where y = 0.025,0.05, 0.1 and 0.2. The

XRD patterns obtained are shown in Figure 5.1 1.
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Figure 5.11 PowderX-ray diffraction patterns for a range ofmagnesium doped non-stoichiometric
NaxMni_vMgO2 materials prepared at 600"C and then quenched to room temperature.
A) 2.5% Mg Doped: NaxMnn975Mg0025O2, B) 5% Mg Doped: NaxMn0 95Mgn 05O2,
C) 10% Mg Doped: NaxMnn vMgn /02, D) 20% Mg Doped :axMn0nMgn.2O2

(prepared in oxygen)

The XRD patterns shows that the peaks become sharper with increasing dopant

substitution this is indicative of the material becoming more crystalline with higher Mg content.

The initial pattern obtained from 20% Mg doping in LixMni_yMgy02 showed an

extraneous peak at 55° in 29. This peak was ascribed to the presence of an impurity MgO phase.

However, repeated synthesis in oxygen resulted in a phase pure sample being obtained.

Figure 5.11 (d).

The emergence of extra peaks at positions 23 and 26° in 29 (corresponding to (/-spacing

of 4.85A and 4.33A, respectively) are also observed in material doped with 20% magnesium and
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to a lesser extent in material doped with 10%, indicated by ♦ in Figure 5.11(d) and (c). The

peaks show asymmetric tails to high angles and such features have been observed in other

materials such as Li2Mn03 (can be equally written as LifMrn/jLii^jCb to highlight its layered

nature)."' In accordance with the literature therefore these extra peaks have been attributed to

super-lattice ordering of the cations. The asymmetric nature of the peaks are due to the ordered

cation layers being stacked in an uncorrelated way. The peaks can be indexed as ( /3, /?, I). The

TM layers in NaxMni.yMg02 include Mg2' and Mn37Mn4+. Coulombic repulsion between

adjacent Mn4' pairs would be larger than between any other pairing e.g. Mn4,-Mg2\ Hence all

the TM ions distribute themselves so as to minimise Mn to Mn near neighbour contacts. This

results in an ordering of the Mg ions in the TM layers.

The scattering powers are very different for Mg and Mn so the super-lattice ordering is

easily visible by XRD. Ordering is not visible for materials doped by Ni or Co due to the

similarity of their scattering powers to Mn.

5.3.2.2 Refinement of powder XRD patterns

Structural refinements using XRD data for the range ofMg doped Na phases were carried out

using a P3 structural model based on the space group R3m. The occupancies of sodium (3b) and

manganese/magnesium (3a) were allowed to vary freely although the ratios of the latter was

fixed at the ratio for Mn/Mg obtained by chemical analysis. The lattice parameters extracted are

shown in Table 5.6.

Table 5.6 Lattice parameters and c/a ratios for magnesium doped NaxMni_vMgf)2 materials.

Mg Content a 1A c/ A c/a

2.5% Mg doped 2 8802(6) 16.8273(7) 5.84

5% Mg doped 2.8842(4) 16.8467(6) 5.84

10% Mg doped 2.8914(5) 16.8663(6) 5.83

20% Mg doped 2.8953(5) 16.8577(7) 5.82

The a lattice parameter lies within the TM layer and is thus directly related to the

average bond length between metal ion and oxygen. This parameter is also related to the average

oxidation state of the Mn. An increase in the a lattice parameter is observed with increasing
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substitution. Doping ofmagnesium onto the Mn site results in the compensated oxidation

process, replacing 2Mn3+ by Mn4+ + Mg2+. Two competing factors must be considered, Mg2+ is

larger than Mn3+ (0.72 vs 0.645 A) thus an increase in the a parameter would be expected.

However, this substitution also generates Mn4+ which has a smaller ionic radius (0.53 A),

resulting in a reduction of the a parameter. Taking these competing factors into account,

substitution ofmagnesium onto the manganese octahedral sites is expected to result in expansion

of the unit cell along the a -axis. Such an expansion is observed from the refined lattice

parameters obtained from the powder XRD data (Table 5.6). The Na+ and vacancy content helps

to determine the average Mn oxidation state and therefore the amount ofMn3+/4+ present, this in

turn affects the a lattice parameter. However, the Na+ and vacancy content influence is

negligible compared to the dominating ion size factors observed on increased Mg doping.

5.3.3 Structural and chemical characterisation of lithium phases

5.3.3.1 Ion exchange

Successfully synthesised NaxMni.yMgy02 materials were ion exchanged to give the

corresponding lithium phases by refluxing in ethanol at 80°C for ~8 hours.

5.3.3.2 Powder X-ray diffraction (XRD)

LixMni_yMgy02 materials were subjected to powder XRD to confirm complete ion exchange,

phase purity and to permit structural refinement for the determination of ciystallographic

parameters. The patterns obtained for a range ofLixMn!.yMgy02 where 0.025 <y <0.2 are shown

in Figure 5.12.

These LixMn!.yMgy02 materials prove also to be of 03 structure, space group R3 m,

showing good crystallinity, especially for highly doped materials. Also of note is the high degree

of separation of the 108 and 110 peaks suggesting a particularly well ordered layered structure.

For all Mg doped materials we observe super-lattice peaks at 26° in 20, highlighted in

Figure 5.12 as a ♦, (corresponding to a d-spacing of 4.3A) showing that the manganese and

magnesium ordering discussed in Section 5.3.2.1 is preserved on ion exchange.
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Variation in the peak widths of hkl reflections as a function of / highlights once again the

presence of disorder in the c direction for LkMn^yMgyCL materials.

i n—I—1—I—1—I—1—I—'—I—1—I—1—I—'—I—'—I—

Li Mn Mg O,x 1 -y °y 2

20 30 40 50 60 70 80 90 100 110

Scattering Angle 20 FeK | / degrees
Figure 5.12 Powder X-ray diffraction patterns for a range ofmagnesium doped LixMn/.}Mg02

materials after ion exchange in ethanol at 8(fC, of the following nominal composition:
A) 2.5% Mg Doped: LixMn().975Mgo,o2502, B) 5% Mg Doped: LixMnn 95Mg0.05O2,
C) 10% Mg Doped: LixMnn 9Mg0.]O2, D) 20%> Mg Doped :LixMn0XMg,) 2O2

(prepared in oxygen)

5.3.3.3 Chemical analysis

Compositional analysis and oxidation state determinations were carried out for a range ofMg

doped non-stoichiometric lithium manganese oxide materials, see Table 5.7.

Table 5.7 Compositional analysis and oxidation results for magnesium doped
non-stoichiometric LixMni_vMgy02 materials.

Conditions Composition Average Mn
oxidation
state

No. of TM
vacancies

2.5% Mg doped Nao.0319Lio.587Mn<).9i4Mgo,02602 3.66+ 6.0%

5% Mg doped Nao.o28oLio.606Mn0.92oMgo.o50102 3.55+ 2.9%

10% Mg doped Nao .0201 Li0.603Mn0.869Mg0.093102 3.67+ 3.8%

20% Mg doped Naooi86Lio.63oMn0.796Mgo 1945O2 3.72+ 1.0%

20% Mg doped in 02 Nao.0226Lio.65oMn0,793Mgo 197]02 3.70+ 1.0%

Though these materials are referred to in general as LixMn^yMgyCb this is not strictly

true since analysis shows TM vacancies present, as observed previously in undoped materials

(Chapter 3). With increasing Mg concentration the transition metal vacancy content for
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LixMni.yMgy02 materials decreases from 10% for the undoped material to ~1% for the 20%

doped material. Again, Mg doped lithium phase materials are alkali metal deficient with a Li

content of «2/3. A small amount of residual sodium is also detected (2 to 3 %).

5.3.3.4 Refinement of powder XRD patterns

Lattice parameters were obtained for Mg doped non-stoichiometric materials by Reitveld

refinement using XRD patterns and a structural model based on space group R3 m, Table 5.8.

Site occupancies were initially set to the values obtained from the chemical analysis, then

allowed to vary freely. Oxygen positions, background factor and temperature factors were varied

accordingly. Refined patterns and difference plots for Mg doped materials are shown in

Figures 5.13 - 5.16. The crystallographic model used is shown in Table 5.8 and the lattice

parameters obtained for the complete range of LixMni_yMgy02 materials is summarised in Table

5.9 All compositions gave similar good degrees of fit (%2<7).

Table 5.8 Crystallographic parameters for 03 model used in refining LixMni.vMgyCh
materials(shown for 2.5% Mg doping), space group R3 m.

Atom Wckoff

symbol
x/a y/b z/c Approx.

Occupancy

Li/Na 3b 0 0 0.5 0.60/0.03

Mn/Mg 3a 0 0 0 0.91/0.025

O 6c 0 0 0.25 1

Refined patterns and difference plots for Mg doped materials are shown in Figures 5.13 -

5.16. The crystallographic model used is shown in Table 5.8 and the lattice parameters obtained

for the complete range of LixMni_yMgy02 materials is summarised in Table 5.9 All compositions

gave similar good degrees of fit
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Figure 5.13 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
2.5% Mg doped LixMni_vMgy02 material, with difference plot below.

LiO.67MnC.95MqO.C502 Hist 1

2-Theta, deg X1CE 2

Figure 5.14 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
5% Mg doped LixMnl_^Mgy02 material, with difference plot below.

ltd . 67Mn(>. 9MqO . 10? SOOQ Kf OH Reflux XS 1,1Br Refinement Hist 1
Lambda 1.9360 A, L-S cycle 6-1 Obsd. and Diff. Profiles

.1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2

2-Thcta, deq X10E 2

Figure 5.15 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patternsfor
10 % Mg doped LixMni_vMgy02 material, with difference plot below.
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LiO.67MnC.8MgO.202 600Q Ethanol Reflux XRD Refinement Hist 1
Lambda 1.9360 A, L-S cycle 108 Obsd. and Diff. Profiles

to
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Figure 5.15 Comparison ofexperimental (+) and calculated (-) x-ray diffraction patterns for
20% Mg doped LixMni_vMgy02 material, with difference plot below.

Table 5.9 Lattice parameters obtainedfor a range ofmagnesium doped non-stoichiometric lithium
manganese oxide materials.

Mg Content a 1A c / A da ratio

2.5% Mg doped 2.8683(8) 14.5883(4) 5.09

5% Mg doped 2.8697(3) 14.5754(7) 5.08

10% Mg doped 2.8702(8) 14.5552(5) 5.07

20% Mg doped 2.8694(5) 14.5477(5) 5.07

Note : for the purposed of refinement and obtaining of lattice parameters no account was taken
ot the super-lattice ordering.

y Mg content in Li Mn MgO,

y Mg content in Li Mn( Mg^O,

Figure 5.17 A) Variation ofa and c lattice parameters as a function of
dopant concentration for a range ofLixMn i.yMgy02 materials.

B) Variation ofthe c/a lattice parameter ratio for a range of
LixMn/.yMgy02 materials.
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Figure 5.17 (a) and (b) are graphical representations of the lattice parameter results

obtained for increasing Mg doping. There is an increase in the a lattice parameter up to 10% Mg

and the c lattice parameter as well as the c/a ratio decreases with higher Mg content. These

trends observed in the lattice parameters are due to the competing size factors on replacement of

Mn1' by Mn4' and Mg2' as detailed previously for the Na precursor materials. On evaluating the

average 3a site ionic radius given the amount ofMn1+, Mn4' and Mg2 as determined by chemical

and oxidation state analysis for increasing dopant concentration the data depicted in Figure 5.18,

matches the trend in the a-lattice parameter very well. Flence, verifying that at all the

concentration levels ofMg dopant the Mg has substituted into the Mn layer.

The sodium phase materials showed an expansion up to 20% Mg but lithium phases

show an increase in a only up to 10%, followed by a slight drop. This may be due to the

observed increase in alkali metal content and reduction in vacancy concentration with increasing

dopant substitution after ion exchange. This results in a lower than expected Mn4+ concentration,

enough to have the net effect of a reduction in the a-lattice parameter on going from 10 to 20%

Mg doping.
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Figure 5.18 Variation in average octahedral 3a site ionic radius with increasing Mg substitution.

5.3.3.5 Particle Morphology

The morphology, in terms of size, shape and structure of the particles of magnesium doped non-

stoichiometric LixMni.yMgy02 was investigated by the use of SEM. The results are very similar

to that of the undoped material where there is a wide particles size distribution. The larger

particles are composed of porous agglomerates. Average agglomerate size as determined by
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SEM was estimated at ~30pm. No surface area measurements were performed on the Mg doped

materials, but as they are similar to all other layered lithium manganese oxide materials in

particle morphology it is assumed the surface area would be similar i.e. ~5 to 10 m2g~'.

Figure 5.19 SEM image ofmagnesium doped material ofnominal composition LixMnu975Mgn„2502,
600"C quenched, ethanol reflux at 80"C, magnification x80.

5.3.4 Electrochemical performance

5.3.4.1 First cycle charge / discharge

The electrochemical performance of LixMni_yMgy02 materials where 0.025 <y < 0.2 were

evaluated systematically for electrochemical performance when cycling between the voltage

limits of 2.5 to 4.6 V at a rate of 25mAg"1. These results are summarised and tabulated in

Table 5.10.

Table 5.10 First cycle charge and discharge capacities and calculated efficiencies and theoretical
discharge capacitiesfo a range ofmagnesium doped non-stoichiometric materials,
voltage limits of2.5-4.6 V, rate at 25mAg~'.

Nominal Mg
Content

First Charge
Capacity (mAhg"1)

First Discharge
Capacity (mAhg')

Efficiency
(Qc,/Qd, %)

Theoretical First

Discharge
Capacity (mAhg"1)

2.5% Mg doped 107 194 55% 204

5% Mg doped 100 188 53% 226

10% Mg doped 114 170 67% 204

20% Mg doped 96 88 109% 165
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The first cycle charge capacity remains fairly constant for all dopant concentrations.

However, a reduction in the discharge capacity with increasing Mg substitution is observed thus

resulting in a decrease in first cycle efficiency. The reduction in the discharge capacity may be

associated with a reduction in the overall manganese content available to partake in the redox

processes of intercalation. However, the theoretical capacities for intercalation are greater than

experimental so it cannot be a simple case of limited intercalation capacity.

Presented in Figure 5.20 is a typical load curve for the first charge and discharge cycle of

2.5% doped LixMni.yMgy02 materials. The shape of the curve is S-shaped showing that

intercalation proceeds as a single phase reaction. In the first cycle the material has little capacity

in the 4V region and most of the lithium is reinserted into the compound at potentials less than

3.5V on discharge.

dO / mAhg"'
Figure 5.20 First cycle load curvefor magnesium doped 2.5% LixMn i.vMg}()2 material,

voltage limits of2.5-4.6V, rate of25mAg .

5.3.4.2 Extended cycling

Mg doped materials of the nominal composition LixMni.yMgy02 where 0.025 < y < 0.2 were

subjected to extended cycling. All coin cells were constructed as described in Section 2.3 and

cycled using the voltage limits of 2.5 to 4.6 V and rate of 25mAhg"'. These results are shown in

Figure 5.21
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Figure 5.21 Discharge capacity as a function ofcycle numberfor a range ofLitMni.vMgy()2 cathode
materials with various dopant concentrations. Samples ion exchanged in ethanol at
8<fC. Cycling carried out with potential range limited to between 2.5 to 4.6 V cycling at
a current density of25mAg~ .

Mg doped materials all show the same characteristic initial dip and rise in discharge

capacity with increasing cycle number, reaching a maximum before fading slowly. They all

show an initial drop in discharge capacity for the first two cycles. The maximum discharge

capacity is obtained at higher cycle number for greater levels of Mg doping. For example the

2.5% Mg sample reaches a maximum in capacity at -10 cycles, whereas the 20% Mg sample

reaches its maximum some 30 cycles later. This is contrary to results previously reported for Ni

doped non-stoichiometric materials where all dopant levels reach a maximum in discharge

capacity after -10 cycles.8 For lower Mg dopant levels the stability of the cells on extended

cycling is good, corresponding to a fade rate of -0.18% per cycle Compared to undoped

LixMny02 prepared by ion exchange in ethanol at 80°C (discussed in Section 3.4.2), doping with

Mg, particularly at lower levels, has the effect of not only increasing the discharge capacity

(~200mAhg_l for the doped material, ~180mAhg"' for the undoped) but also reducing the initial

rise before reaching this capacity. LixMn|.yMgy02 materials at low dopant levels also reach a

maximum in discharge capacity at lower cycle numbers (-10 cycles) than the corresponding

undoped material (-25 cycles). The fade rates of both the magnesium doped layered lithium

manganese oxide and the undoped material after the maximum in capacity has been reached are

roughly equivalent (-0.12% per cycle for undoped LixMny02 ethanol 80°C).
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5.3.4.3 Rate capability

For the purposes of evaluating the rate capability ofMg doped materials, the low dopant level

5% LixMni_yMgy02 material was cycled at 25, 50, 100 and 200mAg" . The variation of discharge

capacity with cycle number over the first few cycle numbers is strongly dependent on the current

density used for the cycling of the cell. For 5% Mg doping there is a decrease in the observed

first cycle discharge capacity from ~190mAhg_i to 90mAhg~' when the rate of cycling is

increased from 25 and 200mAg"', ideally this decrease should be as low as possible for practical

applications. When cycling at rates of 25 to 1 OOmAhg"1 all the discharge capacities appear to

converge after -50 cycles and thereafter possess very similar fade rates (-0.18% per cycle).

When cycling at a rate of 200mAg_l the capacity is never able to achieve as high a

maximum in discharge capacity as cells cycled at slower charge/discharge rates . However, once

a maximum in discharge capacity has been achieved the fade rate for high rate cells appears to be

similar to those cycled at lower rates. The rate capability ofMg doped LixMn|.yMgy02 material

is superior to pure LixMny02 due to higher discharge capacities at greater current densities.

220

50mAhg
1 OOmAhg'
200mAhg"'

Figure 5.22

0 10 20 30 40 50 60 70 80 90 100

Cycle Number

Discharge capacity as a function ofcycle number at rates of25, 50, 100 and 200 mAg'
for LixMnn 95Mgnll502,precursor quenchedfrom 600"C and then ion exchanged in ethanol
at 80"C. Potential range limited to 2.4 to 4.6 V.

5.3.4.4 Structural changes on cycling

During the investigation of undoped layered lithium manganese oxide materials it was shown

that these structures convert on cycling to a spinel-like form (Section 3.4.2.2). A similar

transformation occurs for the layered non-stoichiometric Mg doped materials. From the powder
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XRD pattern obtained from a nominally 5% magnesium doped material after 50 cycles, it can be

seen that there is coalescence of the 108 and 110 peaks. This indicates that the long range order

of the material is becoming spinel-like, Figure 5.23. The refined structural parameters obtained

for 5% Mg doped show that the da ratio has been reduced from 5.08 to 4.95 on cycling i.e. the

material has become more cubic with lattice constants closer to that of spinel (c!a = 4.9).

cri

c

>.

tri
C
3
c

10 20 30 40 50 60 70 80 90 100 110 120

Scattering Angle 26 FeK / degrees
Figure 5.23 Powder x-ray diffraction patternfor L ixMn0 <^Mgn nfh after 50 charge/discharge cycles

compared to that ofregular LiMnf)4 spinel.

Shown previously in Figure 5.9 are the incremental capacity plots for a Mg doped non-

stoichiometric lithium manganese oxide material. These plots show the emergence of a double

4V peak, again evidence of the appearance of spinel-like characteristics. It should be noted

however that a spinel-like response is detected sooner in the incremental capacity plot, in terms

of cycle numbers, than the diffraction data suggests. Coalescence of the 108 and 110 and

reduction in the da ratio are not significantly apparent until ~50 cycles, whereas the double 4V

redox process is apparent in the incremental capacity plot after only 25 cycles.

Appearance of the double 4V peaks is observed in the incremental capacity plots when a

maxima in the discharge capacity vs. cycle number plots is attained. From Figure 5.21 it can be

seen that for higher doping levels a greater number of cycles is required to attain a maximum in

the discharge capacity. This infers that the double 4V process emerges after more cycles. Hence

a slower rate of conversion to a spinel-like structure. The slower conversion for higher Mg

J

LixMn095Mg0 05O2, 50 Cycles
LiMn204 Spinel

-

i—1—i—1—i—1—i—'—i—'—i—■—i—1—i—'—r
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doping may be a result of the Mg ions blocking sites required for the migration and

rearrangement ofMn ions in the formation of a spinel-like phase.

5.4 Conclusions on doped non-stoichiometric LixMn1.yMey02

Non-stoichiometric materials doped with a wide range ofmono-, di- and tri-valent cations were

successfully prepared. These were confirmed to be phase pure by powder XRD and shown to

have markedly superior electrochemical performance compared to undoped LixMny02

synthesised using the same conditions. Materials with 2.5% doping level in LixMni.yMey02,

obtained from ion exchange in ethanol at 80°C of the corresponding Na phase, have been shown

to exhibit the best performance of all non-stoichiometric LixMnzC>2 and LixMn!_yMey02 where

0.025 < y < 0.2 materials with capacities to store lithium in excess of 200mAhg"1, little initial dip

and rise in discharge capacity and negligible fade rate thereafter. However, the use of such

materials, in a commercial sense, is still limited by a low first cycle charge capacity. This issue

is addressed in Chapter 6.

5.5 Doped stoichiometric LiMn^yMeyOi

Previous studies have investigated the electrochemical performance of undoped stoichiometric

LiMn02 22,23 although the first charge capacity was high the subsequent discharge and extended

cycling capacities was poor. Attempts to synthesise doped LiMn02 by direct methods (doping

with Cr, A1 and Ni) were met with varying degrees of success.24"30 The aim for this section is to

investigate the doping of stoichiometric LiMn02 materials by ion exchange doped with a range

of elements at varying concentration levels on the structure and electrochemical properties.

5.5.1 Structural characterisation of sodium phases

5.5.1.1 Preparation

A range of doped stoichiometric phase materials of the form NaMni_yMey02, 0.025 <y<o.2,

where Me denotes a metal cation (Al, Mg, Li, Ni or Cu), where possible, were generated using

the synthesis conditions described and outlined in Section 2.1.1.and Figure 2.1. Precursor Na

phases were synthesised by solid state reaction of sodium carbonate, manganese oxide and a

155



metal nitrate as the dopant source in the Na : (Mn + Me) ratio of 1:1. These powders were

ground together then fired under argon at 720°C for 24 hours.

5.5.1.2 Powder X-ray diffraction (XRD)

Powder XRD patterns were collected for all doped stoichiometric sodium manganese oxides to

confirm phase purity and the generation of a layered material. Shown in Figure 5.24 are the

patterns collected from 2.5% doped materials compared to an undoped NaMnCF phase

synthesised using similar conditions (characterised in Section 4.2). The position of peaks in the

doped materials closely match those of the undoped layered NaMn02 material and the simulated

pattern of a-NaMn02 (obtained from standard patterns in the PC-PDF database). These peaks

are sharp and well defined indicating a high degree of crystal Unity. These factors suggests that a

single phase product has been formed. However, the XRD pattern for the 2.5% Cu doped

material show a peak at 53° in 20 which corresponds to unreacted starting material of copper

oxide. However, the amount of this impurity phase is small and hence still considered for ion

exchange.

Scattering Angle 20 FeKuJ / degrees
Figure 5.24 Powder x-ray diffraction patterns (FeKal radiation) for a series ofdoped stoichiometric

sodium phase materials ofthefollowing nominal compositions:
A) undoped NaMnOi, for comparison,
B) 2.5% Aluminium doped : NaMn0,975Al0,02sO2,
C) 2.5% Magnesium doped : NaMno97sMg0_o2502,
D) 2.5% Lithium doped : NaMn0 97sLio,o2502,
E) 2.5% Nickel doped NaMn„_975Ni()n2502,
F) 2.5% Copper doped : NaMn(, 975Cuo (l2s02,

The XRD data collected for a series ofAl, Mg and Li doped samples of increasing

dopant concentration are shown in Figures 5.25, 5.26 and 5.27, respectively. The powder XRD

patterns obtained for higher dopant (20%) compositions contain peaks which can be assigned to
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unreacted starting materials and Me-oxide phases. The highly doped Na phase materials are

therefore clearly not single phase and therefore were not considered for further investigation or

ion exchange.

For sodium phases with Mg and Li dopant contents <10% and A1 <5% the majority of

reflections closely match those of stoichiometic NaMnCL, however, a peak at 38° in 20 still

remains unidentified. This suggests that all these materials are not entirely single phase, and

indeed for low dopant (2.5%) concentrations although this peak is not detected uncertainty in the

the phase purity remains due to the limitations of detection of XRD. The inclusion dopants

whether in the NaMnCL structure or in the sample may still act to alter the electrochemical

performance of layered stoichiometric lithium manganese oxide materials, and as such these

materials are still worthy of further study.

Scattering Angle 20 FeKal / degrees

Figure 5.25 Powder x-ray diffraction patterns for a series ofAI doped stoichiometric sodium
manganese oxides:
A) 2.5% Al doped, B) 5% Al doped, C) 10% Al doped, D) 20% Al doped
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Figure 5.26 Powder x-ray diffraction pattern (FeKal radiation) for a series ofmagnesium doped
stoichiometric sodium manganese oxides:
A) 2.5% Mg doped, B) 5% Mg doped, C) 10%> Mg doped, D) 20% Mg doped
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Figure 5.27 Powder x-ray diffraction pattern (FeKal radiation) for a series oflithium doped
stoichiometric sodium manganese oxides:
A) 2.5% Li doped\ B) 5% Li, C) 10% Li doped, D) 20% Li doped.

5.5.2 Structural and chemical characterisation of lithium phases

5.5.2.1 Ion exchange

All doped stoichiometric Na phases were ion exchanged to produce the corresponding doped

stoichiometric Li phase materials by refluxing in hexanol at 160°C as following the procedure

described and outlined in Section 2.1.2 and Figure 2.3. These conditions have previously been

shown for undoped stoichiometric LixMny02 to give reasonable rates of reaction (~7 days with

almost full exchange ofNa for Li) and materials with good electrochemical performance. Ion

exchange of these doped NaMni_yMey02 materials to give LiMn|.yMey02 reached a stage of

completion much faster than the undoped material for all dopant types, typically -12 hrs, fastest

ion exchange was for Al doped NaMni.yMey02 materials at 48 hrs.

5.5.2.2 Powder X-ray diffraction (XRD)

In order to confirm completion of the ion exchange process thus phase purity and retention of the

layered crystal structure for the range of doped stoichiometric lithium manganese oxide materials

prepared powder XRD patterns were collected. The powder diffraction data collected from low

dopant concentration (2.5%) lithium materials are shown in Figure 5.28. The patterns collected

for Al, Mg and Li doped materials at various concentrations are shown in Figures 5.29, 5.30 and

5.31, respectively.

dJ

NaMn Li O,l-y y 2

"I"1 ■»

uU

C) 10% Li II j

B) 5% Li 1|

I 1 I ' I 1 I —| I | I | I | I | i | I | I | I |-

158



"•wW
jjjjl 1

LiMn Me O,l-y y 2

F)Cu

I A A J

—jlJLA jvu
* A—kJAJi

—I—1—I—

15 20 25
i ' i—

30 35 40 45 50 55 60 65 70 75 80 85 90

Scattering Angle 20 Fe / degrees

Figure 5.28 Powder x-ray diffraction patterns (FeKal radiation) for a series ofdoped
stoichiometric sodium phase materials ofthefollowing nominal compositions:

A) undoped NaMnO2, for comparison, B) 2.5% Al doped: LiMn0. ,J7SAl0 025O2,
C) 2.5% Mg doped: LiMn0.975Mg0.025O2, D) 2.5% Li doped: LiMno.975Lio.025O2,
E) 2.5% Ni doped: LiMn0.975Ni0.025O2, F) 2.5% Cu doped: LiMn0.975Cu0.025O2-
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Figure 5.29
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Powder x-ray diffraction pattern (FeKal radiation) for a series ofaluminium doped
stoichiometric lithium manganese oxides:
A) 2.5% Al doped: LiMn0.975Alo.o2s02, B) 5%> Al doped: LiMn0.95Al0.05O2,
C) 10% Al doped: LiMno.9Alo.1O2, D)20% Al doped: LiMno.xAlo.2O2-

Figure 5.30
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Scattering Angle 20 FeKaal / degrees

Powder x-ray diffraction pattern (FeKal radiation) for a series ofmagnesium doped
stoichiometric lithium manganese oxides:
A) 2.5% Mg doped: LiMn0.975Mg0025O2, B) 5% Mg doped: LiMn0.95Mg0.05O2,
C) 10% Mg doped: LiMno.9Mgo.1O2, D) 20% Mg doped: LiMn,i HMg„ 2O2.
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Figure 5.31 Powder x-ray diffraction pattern (FeKal radiation) for a series oflithium doped
stoichiometric lithium manganese oxides:
A) 2.5% Li doped: LiMnn<)75Li()n2502, B) 5% Li doped: LiMnQ 95Lio 0502,
C) 10% Li doped : LiMn0 9Li0102, D) 20% Li doped: LiMno.sLio.2O2-

The patterns for all doped materials (varying dopant and/or concentration) are similar to

those of undoped stoichiometric LiMnCX, and may be indexed in the monoclinic space group,

C2/m.

Examination of Figures 5.29 - 5.31 would again suggest that for Al, Mg and Li doped

samples only the low dopant concentrations show a high degree of phase purity. For samples

doped at higher concentrations extra hkl reflections are apparent in the XRD data These have

been attributed to residual sodium phase and to the impurity phases present in the Na precursor.

The highest degrees of phase purity was obtained from, 2.5% Mg, <5% Li and <10% Al, doped

stoichiometric LiMni_yMey02 materials. Flowever, again phase purity, especially in the 2.5%

doped materials is difficult to ascertain due to limitations of the powder XRD.

Let us consider the 2.5% doped samples, Figure 5.28. Complete ion exchange ofNa for

Li has been achieved in all 2.5% doped materials except for Ni doping. The small peak at 20° in

20 in the Ni pattern corresponds to a small residual amount of discrete Na phase. In all the

materials the peaks observed in the XRD patterns are well defined with no significant peak

broadening suggesting all have a high degree of crystallinity. There are slight shifts observed in

the relative peak positions for different dopants suggesting minor variation in the lattice

parameters. No structural refinements were performed for patterns obtained from XRD.

However, a discussion of lattice parameters and crystal structure considerations will be reported

in detail for neutron diffraction results of variously doped materials in Section 5.5.2.4.
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5.5.2.3 Chemical analysis

Chemical composition and evaluation of the average Mn oxidation state were performed on a

selection of doped stoichiometric LixMni.yMey02 materials, Table 5.11. These results show that

there is a slight alkali metal deficiency, with Li contents of~0.8 for all doped samples. There is

also a small amount of residual Na (<3%) present in the materials possibly due to presence of un¬

exchanged Na phase. However this residual Na content is insufficient to account for the low

alkali content.

Table 5.11. Chemical compositions and oxidation state analysis for doped LiMnvMev02 materials.

Nominal content Composition Average Mn
oxidation
state

No. of TM
vacancies

2.5% Mg doping Nao.0249Lio.842Mn| 025Mg0.02lO2 3.02+ -%

2.5% Li doping. Nao.io6iLio.792Mn, 013C2 3.06+ -%

2.5% AI doping Na<) o26oLio.796Mn0.954Alo.02402 3.299+ 2.2 %

10% AI doping Nao.0265Lio.847Mno.973Aloo9o02 3.030+ -%

The chemical analysis results for Mg and AI doped samples show that the metal ion

dopant concentration is less than the nominally desired 2.5%. However the location of the metal

ions i.e. whether they are substituted in the Mn layer or on the surface of the particle or indeed as

an undetected (by XRD) impurity phase in the sample cannot be inferred from this data alone.

Only a total Li content can be measured. For the 2.5% Li doped material the chemical

composition was determined as Na0.106iLi0.792Mn101.7O2, this Li content is lower than that of all

other doped compositions. This result is surprising in that the material was doped with an

additional 2.5% Li compared to the other doped materials in the starting mixture. Hence,

assuming that ion exchange occurs to the same degree for all dopants then the Li doped materials

should have had the highest Li content. This inconsistency is discussed and clarified in

Section 5.5.2.4.
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5.5.2.4 Refinement of neutron diffraction patterns

Crystallographic parameters were obtained for a variety of doped stoichiometric layered lithium

manganese oxide based materials by Reitveld refinement of neutron diffraction data collected on

the POLARIS instrument at ISIS. The starting structural model used during the refinement was

based on the monoclinic space group C2/m, Table 5.12. Where possible the site occupancies

were initially set to values obtained from the chemical analysis data i.e. for the 2.5% A1 doping

Nao.o26oLio.796Mn0.954Alo o2402 material, the co-occupancy of the 2a site (in the TM layer) was set

at 0.024 A1 + 0.954 Mn. Thereafter the total site occupancy was allowed to vary freely but the

ratio of Mn : Me was fixed in accordance with the chemical composition. However, poor fits

were obtained. A good fit of the calculated pattern to the experimental data proved difficult. An

improvement in the fit was obtained by allowing the ratio ofMn : Me and total site occupancy to

vary freely.

Table 5.12 Crystallographic parameters ofmodel used in refining doped LixMnI.vMev02 material
(space group C2/m).

Atom Wyckoff x/a y/b z/c Approx

Symbol Occupancy

Li 2d 0 0.5 0.5 1

Mn/Me 2a 0 0 0 1-y/y

O 4i 0.27 0 0.77 1

The experimental and calculated diffraction patterns and difference plots for 2.5% Cu

doping, 5% Li doping and 2.5%, 5 % and 10 % A1 doping LixMni.yMey02 materials are shown in

Figures 5.32 - 5.36. The lattice parameters extracted from these neutron diffraction refinements

are presented in Table 5.13.
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Figure 5.33 Comparison ofexperimental (•) and calculated (-) neutron diffraction patterns for
structural refinement of5% Li doped stoichiometric material, with difference plot below
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structural refinement of2.5% Al doped stoichiometric material, with difference plot
below.
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Table 5.13 Lattice parameters obtainedfor a range ofdoped LixMni_vMev02 materials.

Nominal

Composition
a! A b/k c IA pr

Undoped LiMn02 5.4493(6) 2.8076(4) 5.4001(4) 116.083(8)

2.5% Cu doped 5.4449(7) 2.8079(4) 5.3905(3) 116.073(6)

5% Li doped 5.4456(4) 2.8079(5) 5.3885(8) 116.106(7)

2.5% Al doped 5.4456(8) 2.8088(3) 5.3928(5) 116.042(8)

5% Al doped 5.4440(7) 2.8100(4) 5.3901(6) 115.997(7)

10% Al doped 5.4402(5) 2.8113(4) 5.3872(5) 116.036(5)
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Although, the model was continually tweaked only a reasonable degree of fit was ever

achieved for all doped material refinements.

For the 2.5% Cu doped sample the best fit was obtained when the Mn : Me ratio varied

freely and accompanied reduction in the occupancy of the 2a site by the dopant metal ion. The

occupancy of the 2d site (octahedral site in the alkali metal layer) was refined as 0.7 Li. This

value is lower than the refined occupancies from other stoichiometric materials and lower than

the Li content obtained from chemical analysis (for all LiMni_yMey02 having -0.8 Li). The

structure obtained from this refinement is consistent with Cu located in the 2d sites. As

incorporation of 2.5% Cu ions into the alkali metal layers and not in the TM layer would account

for the observed reduction in the refined occupancy of the 2d site by 0.1. Since, Cu scatters 4

times as much as Li with an opposite scattering magnitude. Hence, neutron diffraction

refinement has shown that for Cu doping of stoichiometric material the Cu ions are located in the

alkali metal layers.

The content of A1 as determined by chemical analysis in A1 doped stoichiometric

material was only slightly less than the nominal desired composition, see Table 5.11. The

location of the aluminium dopant ions within the material could not be clearly determined from

neutron diffraction data because of the poor fit. When the model was refined without A1 in the

2d site a higher degree of fit was obtained (Figures 5.34 - 5.36). However, the refined Li site

occupancy remained in good agreement with chemical analysis data. Thus A1 is not in either the

TM or alkali metal layers. It is therefore proposed that A1 is located on the particle on a highly

modified surface. This proposal is substantiated by the fact that at even high dopant levels ofA1

in stoichiometric material there is not a significant change in the refined lattice parameters

compared to un doped LiMn02, see Table 5.13. The data suggests that Mg is similarly located

on the surface of the particles of stoichiometric lithium manganese oxide.

Using a single stoichiometric phase as the model for refinement of the neutron data

obtained from 5% Li doping, gave a poor fit. However, inclusion of a second non-stoichiometric

phase gave a significant improvement in the fit, Figure 5.33. The refined phase fraction was

small for the non-stoichiometric phase. The lattice parameters of the stoichiometric phase and
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LiMn02 are similar, Table 5.13. This suggests that the non-stoichiometric phase may have Li

substituted on the Mn sites as a consequence of the synthetic procedure.

5.5.3 Electrochemical performance

5.5.3.1 Introduction

In the evaluation of the electrochemical performance, the range of doped stoichiometric materials

was limited to 2.5 % doping levels. Only these low dopant levels were considered as from XRD

it appeared that they were phase pure (although further investigations showed that the Li doped

phase contained a very small non-stoichiometric component). The Cu doped material was shown

to have the dopant metal cation residing in the alkali metal layer while the Mg and A1 cations

were located on a highly modified surface on the stoichiometric particles. Dopants sitting on the

surface may result in a change in the observed electrochemistry of these materials as they could

act to to alter the conductivity of the materials.

Individual doped stoichiometric materials were evaluated for electrochemical

performance by the use of galvanostatic cycling. The materials were fabricated composite

electrodes and housed in coin cells following the procedure described in Section 2.3. The cells

were cycled between the voltage limits of 2.5 to 4.6 V, charging and discharging at a constant

current density of 25mAhg"1.

5.5.3.2 First cycle charge / discharge

Table 5.14 summarises the first charge and discharge capacities for the 2.5% doping level of

stoichiometric LiMn|.yMey02 (where Me = Al, Mg, Li, Ni and Cu) materials, included are the

results for LiMn02 for comparison.

The results show that the incorporation of dopant metal ions into stoichiometric LiMn02

material significantly affects the initial amount of lithium that can be deintercalated and

subsequently intercalated into the structure on the first cycle. Inclusion of any dopant metal ion

into the system induces a reduction in the first cycle charge capacity relative to the undoped

LiMn02 material. This reduction in capacity is greatest for Cu and Ni doping and lowest for Mg

The trend in discharge capacities is different: both Mg and Li doping have higher discharge

capacities than undoped whereas for Ni and Cu doping the discharge capacity is lower.
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However, even with these losses on doping with Ni and Cu and indeed for all other

doped stoichiometric materials (Mg, AI and Li) there is still a large excess of charge capacity on

the first cycle leading to high efficiencies, Table 5.12.

Table 5.12 First cycle charge and discharge capacities and efficiency (Qc/Qd) %)

Nominal 1st Charge ls( Discharge Efficiency
Composition (mAhg ') (mAhg ') (Qc,/Qd, %)

Undoped LiMn02 284 170 167%

2.5% AI doping 248 170 145%

2.5% Mg doping 281 196 143%

2.5% Li doping 260 188 138%

2.5% Ni doping 225 131 171%

2.5% Cu doping 225 124 181%

5.5.3.3 Extended Cycling

The electrochemical performance of 2.5% doped stoichiometric LiMni_yMey02 materials, where

Me = AI, Li. Mg, Ni and Cu was investigated on extended cycling, at a rate of 25mAg"' between

the potential limits of 2.5 and 4.6V, see Figure 5.37. Also shown for comparison is the

performance of undoped stoichiometric LiMnO? synthesised in the same way and cycled under

similar conditions

"T ' 1 ' 1 ' 1 1 1 1 1 ' 1 T

20 40 60 80 100 120 140 160 180 200

Cycle Number
Figure 5.37 Discharge capacity plots as a function ofcycle numberfor a range ofLiMn,_vMev02

materials. Samples ion exchanged in hexanol at I6(FC. Cycling carried out with
potential range limited to between 2.5 to 4.6 V cycling at a current density of25mAg'.
Electrolyte used is LiPF6 in EC/DEC (1:2 v/y).
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Observations from the first cycle performance are reflected in the extended cycling data

in that the performance of the doped Ni and Cu materials are inferior to that of other doped

stoichiometric materials. The Ni and Co doped materials exhibit low initial discharge capacities

of~100mAhg~' before rising to a maximum of~150mAhg"' after 80 cycles. This behaviour is

unique. This relates to the fact that the Cu ions reside in the layered structure specifically, in the

alkali metal layer. It can be inferred that due to such similarity of the electrochemistry elicited

by the Ni doped materials that the Ni ions also reside in the Van der Waals gap, (although this

has not been proven by neutron diffraction studies). The poor electrochemical performance over

the first few tens of cycle numbers is likely due to the dopant Cu ions hindering the Li ion

intercalation/deintercalation process by blocking the Li ion transport pathways. As cycling

progresses we observe a large increase in capacity. This may be explained by either the Cu

migrating out from the layered structure or more likely is due to more efficient pathways being

formed on the reorganisation accompanying the conversion from a layered to spinel-like material

(a 3D host material), see Section 4.5.

For materials doped with Li, A1 and Mg the initial dip and rise in capacity, so prominent

in the undoped LiMn02 material (Figure 4.22), has been reduced. The lowest dip and rise is

shown by the 2.5% Mg doping of stoichiometric material, where the capacity dips to a minimum

value ofonly ~180mAhg"' before rising to a maximum of200mAhg"' after 30 cycles. The A1

doped sample shows the largest dip and rise with the Li doped material somewhere in-between.

Al, Li and Mg doped materials reach their maximum in discharge capacity after a different

number of cycles, Li and Mg ~5 cycles sooner than the Al doped sample though all maxima are

of a similar value and are also close to that of the undoped LiA4n02 material.

Cell stability is good with the subsequent loss of capacity at high cycle numbers very

similar for all materials (fade rate of~0.18 % per cycle). This is slightly inferior to the capacity

retention exhibited by undoped hexanol refluxed stoichiometric LiMn02 material (0.12% per

cycle), however the doped materials give higher capacities over the first few 10's of cycle.
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5.5.3.4 Structural changes on cycling

The structure of 2.5% doped stoichiometric LiMn^yMeyCL materials, where Me = Al, Mg and Li,

after 30 cycles were investigated by the use of powder XRD, see Figure 5.38. Once again XRD

confirms the conversion of the layered lithium phase to a spinel-like structure with hkl relections

matching closely those of LiMn204. This conversion to a spinel-like phase occurs for all dopants

at a similar number of cycles.

■D)

LiMn204 Spinel
L'Mn0 975A10 025O2' 30 CyCleS
LlMn0 975Ll0 025O2' 30
LiMn0 975Mg0025O2, 30 Cycles
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Figure 5.38 Powder x-ray diffraction pattern (FeKal radiation) for a series ofdoped stoichiometric
lithium manganese oxides are 30 charge/discharge cycles, stopped on charge at 3.5 V,
compared to regular spinel
A) LiMn204 Spinel, as prepared. B) LiMnll97}AI0.025O2, 30 cycles.
C) LiMn0.975Li0.025O2, 30 cycles. D) LiMnll 975MgllM502, 30 cycles.

Incremental capacity plots for 2.5% doped Al, Mg and Li doped stoichiometric materials

are shown in Figures 5.39 - 5.41. The incremental capacity plots for all materials closely

resemble one another and the plot for undoped layered stoichiometric LiMnCL (Figure 4.20).

In keeping with stoichiometric LiMnCL, (Section 4.2.5) these plots show that the first

cycle profile differs greatly to the profile extracted from higher cycle numbers. The gradual shift

in the peaks with the eventual emergence of a double 4V process is consistent with a two phase

process involving a conversion through a well defined intermediate phase. This conversion is the

layered to that of a spinel-like phase.
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Figure 5.41 Incremental capacity plot ofLiMn,, gjsLi,, ci2.fh prepared by hexanol reflux.

The rate of conversion to spinel, in terms of the cycles required for evidence of

spinel-like character to be apparent in the incremental capacity plots, would appear to be slightly

faster for the doped stoichiometric LiMni_yMey02 materials than the undoped form, (Figure
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4.20). As the performances for all these doped materials are very similar it is difficult to

distinguish whether dopant ion has an effect on the rate of conversion.

5.5.3.5 Rate capability

The cycling performance of 2.5% Al, Li and Mg doped materials was studied at rates of 25 to

200 mAg"1 in order to evaluate the rate capability, see Figures 5.42 - 5.44. Rate capability is

highly dependent on the kinetics of electron transport and facile lithium ion diffusion through the

host structure. It is known from neutron diffraction studies on stoichiometric materials that there

may be a degree of ion mixing, with some of the Mn residing in alkali metal layers and Li

locating in the Mn TM layer. This mixing may affect the rate capability of these materials by

Mn ions blocking potential diffusion pathways for Li ions.

Comparison of Figures 5.42 - 5.44 to the equivalent graph for undoped stoichiometric

LiMnCL (Figure 4.27) shows that the doped materials possess better rate capability in terms of

higher overall discharge capacities when cycling at 200mAg"' than undoped material. The doped

materials reach a maximum in discharge capacity after fewer cycles at all current densities

compared to undoped materials. For example the 2.5% AI doping of stoichiometric material

attains a discharge capacity of~150mAhg"' after 60 cycles and stoichiometric LiMnCL achieves

a value of 145mAhg"' after 130 cycles.

When cycled at high rate, lithium and magnesium 2.5% doped materials show slightly

lower discharge capacities than the cells containing Al. Nonetheless, the performance displayed

by lithium and magnesium doped materials is still superior than undoped stoichiometric LiMnCL

in terms of higher discharge capacities at higher rates at lower cycle numbers.

When cycling at the higher rates (>100mAg~') these doped materials all show a reduction

in the initial dip and rise over the first few cycles due to a higher first cycle discharge capacity

compared to stoichiometric LiMnCL. The smallest dip and rise in discharge capacity is observed

for the material doped with 2.5% Mg, the first discharge capacity is ~134mAhg"', with the

minimum of the dip at l02mAhg"' before rising to a maximum of 148mAhg"' after 60 cycles.

This results in an overall flatter profile, a desirable property for a cathodic material.
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Figure 5.43

Figure 5.44
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Figure 5.42 Discharge capacity v.v. cycle number at rates of25, 50, 100 and 200mAg~ for
1.iMna 975Al„ 025O2 ion exchanged in hexanol at l60f'C. Potential limits to 2.5 to 4.6 V.
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Discharge capacity v.v. cycle number at rates of25, 50, 100 and200mAg' for
LiMn„ 97fin (125O2 ion exchanged in hexanol at 160'C. Potential limits to 2.5 to 4.6 V.

On extended cycling for all doped materials and current densities the discharge

capacities converge and tend to the same values at high cycle numbers (>100 cycles). The

subsequent fade rate, for all materials and all charge/discharge rates is roughly constant at

-0.18% per cycle.
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5.5.4 Conclusion on doped stoichiometric LiMn1.yMey02

A range of dopants (Al, Mg,Li, Ni,Cu) were incorporated into LiMni„yMey02 to varying degrees

of success. No more than 10% doping could be achieved for any of the dopants in the Na phase

due to the presence of unreacted starting material. Lower dopant concentrations (2.5%) formed

layered compositions of high phase purity. Chemical analysis confirmed the incorporation of the

dopant metal ions into the samples. For 2.5% Cu doping powder neutron diffraction suggested

that the Cu ions were in the alkali metal layers however, for other dopant ions the location

was inconclusive. It is highly likely that the dopants (Mg and Al) are actually located on a

highly modified crystallite surface. Dopants located on the particle surface may affect the

electrical conductivity and help to explain the differences observed in electrochemical

performance by affecting the electronic /ion conductivity.

Stoichiometric LixMni_yMey materials doped with nominally 2.5% Mg, Al and Li show

superior electrochemical performance compared to pure stoichiometric LiMnCF. Performance

improvements include a reduction in the dip and rise in discharge capacity over the first few 10's

of cycles, fewer cycles to reach maximum discharge capacity and improved rate capability.

However, on extended cycling the doped LixMn!_yMey materials exhibit marginally inferior

capacity retention then the undoped composition.
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Chapter 6 Improving the electrochemical performance of

layered lithium manganese oxide electrodes

6.1 Introduction

Three approaches were used in an attempt to improve the electrochemical performance of lithium

manganese oxide electrodes as cathodes in Li-ion rechargeable batteries:

1. changing the ratios of carbon and Kynar : active material.

2. altering electrochemical cycling performance by ball-milling stoichiometric LiMn02

3. use of composite electrodes containing mixed ratios of both stoichiometric and non-

stoichiometric material.

6.2 Effect of varying carbon and Kynar contents

6.2.1 Effect ofvarying carbon content

The results in Chapter 3 showed that the electrochemical performances of pure non-

stoichiometric LixMny02 materials are greatly affected by synthesis conditions. The undoped

non-stoichiometric materials have inferior rate capability to doped varieties and generally exhibit

higher fade rates. The largest observed difference in performance between the undoped and

doped forms is the initial capacity, at high rate. The first cycle charge capacity for an undoped

non-stoichiometric LixMny02 material can be as low as 50mAhg"' compared to the best doped

materials which are able to deliver in excess of 150mAhg"'. The increased rate capability of

doped materials is thought to be due to increased conductivity.1 These results prompted the

investigation of the influence of carbon content in the composite electrode on the electrode

performance. It is known that carbon possesses a higher inherent electronic conductivity

compared to the active material.

The electrode composition used in previous chapters had the active material : carbon

Super-S : Kynar in the wt.% ratios of 85: 10: 5. Here, the carbon content was varied from 5, 10,

20 to 30 wt.% in the composite cathode. In all cases the active material was LixMny02

(synthesised by solution route reaction, fired at 600°C in air then quenched, ion exchanging in
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ethanol at 80°C). The composite cathode materials were slurried and cast on to AI foil, and the

electrodes constructed in coin cell housing as described in Section 2.4.

There are several subtle yet important factors that must be considered when comparing

the performance of composite electrodes with different ratios of components. Typically,

electrodes are cast on Al foil at constant thickness (~35pm). As the amount of carbon decreases

the quantity of active material per unit area decreases. Reducing the active mass of the electrode

should have negligible effect on performance as the cells are cycled in terms ofmAg"1. This

ensures the same current density passes across the particle surface. However, this assumes we

have an ideal 3-dimensional electrode where the electrolyte is accessible to all the active

material. To confirm this, electrodes were cast with different thickness (20 and 40pm) but

identical composition. Despite the fact the amount of active material per unit area is different

and hence current density in mAcm"2 is different, the performance of the material was essentially

identical when cycling at a constant current density in mAg"1. Hence the results obtained in the

following sections are valid and reflect real trends in performance with change in conducting

additive.

6.2.1.1 Electrochemical results

Figure 6.1 shows the results of extended cycling for a range of carbon contents charged and

discharged at a rate of 25mAg"'.

Cycle Number
Figure 6.1 Discharge capacity vs. cycle numberfor a range ofnon-stoichiometric LixMny02 (600'C

quenched, air, ethanol reflux) electrodes showing the effect ofcarbon content (5 to 30
wt.%) upon performance. Cycling carried out with potential limits 2.5 to 4.6 V at a rate
of25mAg', electrolyte = LiPF6 in PC.
Note: For clarity y-axis expanded (100-200mAhg').
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From these results we can see that a reduction in carbon content to 5 wt.% is highly

detrimental to the electrochemical performance of non-stoichiometric LixMny02. Over the first

10 cycles, the 5 and 10 wt.% carbon discharge capacities are very similar, however, after the

capacity maximum is reached the subsequent fade for 5 wt.% carbon is much greater than for all

other carbon contents.

With increased carbon content (>10 wt.%) the initial discharge capacity is significantly

increased compared to the lower contents. All cells with this larger carbon component reach a

capacity maximum after ~15 cycles, realising a capacity of~190mAhg~'. After this maximum is

attained, there is little difference in the capacity for electrodes with 10, 20 or 30 wt.% carbon

content. On extended cycling the fade rate for these materials is also comparable.

The load curves (potential variation with state of charge) shown in Figure 6.2 highlights

the role the carbon content plays in determining the initial charge capacity. At a rate of 25mAg"',

the material with 5 wt.% carbon shows a low first charge capacity of only 55mAhg"'. However,

increasing the carbon content results in a large improvement in the first cycle charge capacity

with the 20 and 30 wt.% percent composites able to deliver ~135mAhg"'. This capacity is very

close to the theoretical charge capacity based on the amount of Li present and Mn ' available for

oxidation, see Table 3.2.

0 20 40 60 80 100 120 140 160 180 200

tlQ / mAhg 1

Figure 6.2 Variation ofpotential with state ofcharge for the first cycle representing a range ofnon-
stoichiometric LixMnv02 (60(fC quenched, air, ethanol reflux) electrodes showing the
effect ofcarbon content (5 to 30 wt.%) upon performance. Rate of25mAg', electrolyte =
LiPF6 in PC.
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Figure 6.3 Variation ofpotential with state ofchargefor the 2nd cycle representing a range ofnon-
stoichiometric LixMnv02 (600"C quenched, air, ethanol reflux) electrodes showing the
effect ofcarbon content (5 to 30 wt.%) upon performance. Rate of25mAg', electrolyte =
LiPFf, in PC.

The voltage profiles on the subsequent second charge and discharge for all carbon

content electrodes are very similar (Figure 6.3) and remain so on further cycling.

Incremental capacity plots for the electrodes containing a range of carbon contents show

that the double 4V redox process is apparent at around the same number of cycles (~30 cycles),

regardless of the carbon content. Figure 6.4.

E / Volts

Figure 6.4 Incremental capacity plotfor non-stoichiometric LixMny02 (600"C quenched, air, ethanol
reflux) electrodes containing varying amounts ofcarbon, cycle number 30. Cycling
carried out with potential limits 2.5 to 4.6 V at a rate of25mAg', electrolyte = LiPF6 in
PC.

Improvements in cycling at high rate are also observed for composite electrodes

constructed with increased carbon contents. Figure 6.5. The electrode material containing 30

wt.% carbon gives the greatest capacity, ~190mAhg~'. In additon, there is also a reduction in the

rise in capacity over the first few cycles which is in part due to the initial higher discharge
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capacity. Yet, on extended cycling the fade rate for all cells, irrespective of carbon content is

similar.

Cycle Number

Figure 6.5 Discharge capacity vs. cycle numberfor a range ofnon-stoichiometric LixMny02 (600"C
quenched, air, ethanol reflux) electrodes showing the effect ofcarbon content (10 to 30
wt.%o) upon performance. Cycling carried out with potential limits 2.5 to 4.6 V at a rate
of200mAg~', electrolyte = LiPF(, in PC.

Similar experiments involving the variation of carbon content in Co doped non-

stoichiometric lithium manganese oxide electrodes have been carried out.2 However no

significant changes in performance were observed. These doped materials have a higher inherent

conductivity than the undoped LixMny02 and reinforces the importance of electronic conductivity

within the electrodes.

6.2.1.2 Conclusions

Increasing the Super-S carbon content increases the electrical conductivity of the relatively

poorly conducting LixMny02, material by improving the conductivity between the particles in the

composite electrode. This enhanced conductivity allows for superior performance by way of a

greater discharge capacity over the first few cycles as the material converts to spinel, removal of

larger amounts of charge on the first cycle and improved rate capability. A less severe dip and

rise in discharge capacity with increased carbon content are observed. The initial dip and rise in

capacity can be correlated with conductivity issues.

6.2.2 Effect of varying Kynar content

As the influence of carbon content on the electrochemical performance was significant it

prompted an investigation in to the effect other components in the cathode composite could have
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on the performance. The polymer binder, KYNAR FLEX, a commercially available copolymer

blend based on polyvinylidene fluoride and hexafluoropropylene is a key component in the

composite electrode as it binds the other components together on the A1 foil. The cast electrode

composite must adhere well to the foil to complete the electronic circuit of the cell.

Composite electrodes were fabricated with Kynar contents of 5, 10, 20 and 30 wt.% with

the amount of Super-S carbon remaining constant at 10 wt.%. In all cases the active positive

electrode material was LixMny02 synthesised by a solution route reaction, fired at 600°C in air

then quenched, ion exchanging in ethanol at 80°C. The composite cathode materials were

slurried and cast on to Al foil, and the electrodes constructed in coin cell housing as described in

Section 2.4.

6.2.2.1 Electrochemical results

Figure 6.6 shows the results for the effect of increasing the quantity of Kynar in the composite

electrode. This figure displays the discharge capacity with cycle number at both rates of 25mAg'

and 200mAg"1 for all wt.% Kynar content.
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Figure 6.6 Discharge capacity v.y. cycle numberfor a range ofnon-stoichiometric LixMnf)2 (60(fC
quenchedair, elhanol reflux) electrodes showing the effects ofKynar content (5 to 30 wt.
%>) upon performance. Cycling carried out with potential limits 2.5 to 4.6V at a rate of
25mAg'and2Q0mAg',electrolyte = LiPF6 in PC.

Considering first the set of results obtained at 25mAg"', increasing the Kynar content to

10 wt.% is beneficial to the overall performance of LixMny02 although, no advantages are gained

on further Kynar loading. The discharge capacity over the first few tens of cycles for 10 wt.%

content is significantly augmented over that of 5 wt.%, indeed, the increase on first discharge is

10% Kynar ■ 25mA/g O 200mA/g -

20% Kynar ■ 25mA/g O 200mA/g
30% Kynar ■ 25mA/g O 200mA/g -
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-20%. In addition, the rise in the capacity to the maximum of ~200mAhg"' is reduced during the

first 20 cycles for Kynar contents >10 wt.%.

The results obtained on cycling at higher rates also suggest that the optimum Kynar

content for LixMny02 composite electrodes is 10 wt.%. Although, all higher Kynar content

electrodes cycled at high rate give essentially identical first cycle discharge capacities, the

subsequent performance of the 10 wt.% Kynar cells is superior with the capacity quickly rising to

a maximum of -170mAhg"' after -65 cycles. This equates to a 45% improvement over the

standard 5 wt.% Kynar loaded cells.

Closer inspection of the electrochemical data in the form of load curves clearly shows the

improvement in the first charge capacity with 10 wt.% Kynar content. When charged to 4.6V, a

capacity of~145mAhg"' is attained, see Figure 6.7. This is close to the typical first cycle charge

capacity obtained from doped non-stoichiometric materials (Table 5.5).
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Figure 6.7 Variation ofpotential with state ofcharge for non-stoichiometric LixMnvC>2 (600"C
quenched, air, ethanol reflux) in an electrode containing 10 wt.% Kynar.
Rate of25mAg~', electrolyte = LiPF6 in PC.

Examination of incremental capacity plots reveals that the rate of emergence of the

double 4V process, indicative of spinel formation, remains relatively constant for all Kynar

contents, Figure 6.8.
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Figure 6.8 Incremental capacity plotfor non-stoichiometric LixMnv02 (600"C quenched, air, ethanol
reflux) in electrodes containing varying amounts ofKynar, cycle number 30. Cycling
carried out with potential limits 2.5 to 4.6 V at a rate of25mAg', electrolyte = LiPFf, in
PC.

6.2.2.2 Conclusions

Increasing the Kynar content to 10 wt.% resulted in a significant improvement in electrochemical

performance at both low and high cycling rates when compared to standard 85: 10: 5 ratio of

active : carbon : Kynar cells. Further loading of Kynar above this wt.% was not beneficial.

Several reasons may have played a factor in the observed improvements shown in

electrochemical performance on increasing the Kynar content. The larger content of Kynar may

aid the formation of a more uniform dispersion of active material and carbon in the slurry,

resulting in better particle/particle contacts. These contacts will promote easier conduction of

ions and electrons in the cell. The film formed may have better porosity for better electrolyte

ingress. As the Al foil is pre coated with a thin film of Kynar solution prior to casting of the

slurry, the additional Kynar in the slurry may result in better adhesion to this precursor thin layer.

6.2.3 Influence of changing both carbon and Kynar

It has been shown in the preceding two sections that by altering either the carbon or Kynar

content results in a significant change in the electrochemical performance of the non-

stoichiometric LixMny02 containing cells. Increasing the carbon and Kynar content above the

standard 85:10:5 active : carbon : Kynar mix is highly beneficial. The next step in optimising the

system is to simultaneously change (probably increase) the carbon and Kynar contents.

From Section 6.2.2 it is known that there is no benefit gained increasing the Kynar

content above 10 wt.%. This value therefore was chosen for fabrication of these electrodes. The
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effect of carbon content was not so clear cut, see Section 6.2.1. Hence, the wt.% ratios

considered were 75: 15: 10 and 70: 20: 10, for active : carbon : Kynar respectively.

6.2.3.1 Electrochemical results

The results of extended electrochemical cycling for the cells containing electrodes composed of

increased amounts of carbon and Kynar are presented in Figure 6.9. This tlgure also shows the

variation in discharge capacity with cycle number at low and high rates. Included in the figure is

the data obtained from the standard 85: 10: 5 ratio LixMny02 ethanol reflux cell for direct

comparison.

Figure 6.9 confirms that increasing carbon : Kynar content results in an improvement in

discharge capacity of the initial and subsequent ~20 cycles for electrodes cycled at 25mAhg~',

consistent with previous results. With both increased carbon : Kynar there is almost elimination

of the capacity dip and rise characteristic of the standard non-stoichiometric electrodes. No

actual increase in the capacity maximum is observed and subsequent fade rate for all loaded and

standard cells appears to be equal. The 70 20: 10 cell achieves a capacity of 150mAhg"' on the

first oxidation cycle. However, this is not a significant improvement over the 75: 15: 10 cell thus

15 wt.% carbon content is sufficient for an optimal cathode composition at low rates.

15% C, 10% Kynar ■ 25mA/g O 200mA/g -
20% C, 10% Kynar ■ 25mA/g O 200mA/g "

Standard 10% C, 5% Kynar ■ 25mA/g O 200mA/g.
I 1 1 ] . 1 1 J 1 | 1 J r 1 1 1 . [ r

0 20 40 60 80 100 120 140 160 180 200

Cycle Number

Figure 6.9 Discharge capacity vs. cycle numberfor a range ofnon-stoichiometric LixMny02 (600)'C
quenched, air, ethanol reflux) electrodes showing the effects of increased Super-S
carbon(15 and 20 wt. %>) and Kynar content (10 wt.%) upon performance. Cycling
carried out with potential limits 2.5 to 4.6V at a rate of25mAg', electrolyte = LiPF6 in
PC.

Turning to cycling at the higher rate of 200mAg"', the discharge capacities obtained from

the 70: 20: 10 (160mAg"' at 50 cycles) and 75: 15: 10 (140mAg~'at 50 cycles) electrodes vastly
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outperforms the standard composition (90mAg"1 at 50 cycles), see Figure 6.9 with the 70: 20: 10

outperforming the 75: 15:10 electrode. The first cycle charge capacity for 70: 20: 10 is

~88mAhg"' compared to -48mAhg~' for 85: 10: 5 and ~66mAhg"' for 75: 15: 10 electrode. There

is also a reduction in the initial dip and rise with a maximum of~160mAhg"' realised after -50

cycles. Moreover, the fade rate is comparable to the standard 85: 10: 5 cell. Hence, at the higher

rates the most optimised electrode composition is 70: 20: 10 wt.%.

6.3 Ball-milling of stoichiometric LiMn02

Ball-milling has previously proven to be highly effective in altering the performance of

electroactive materials.3"6 Ball-milled orthorhombic LiMn02 showed an increase in discharge

capacity from —1 90mAg"' to ~220mAg"1 but with a dramatic increase in fade rate.

The materials of choice for ball-milling were the stoichiometric LiMn02 material

synthesised by the solid-state method at 720°C, ion exchanged by refluxing in hexanol at 160°C

and a modified LiMn02 material prepared using stoichiometric NaMn02 where prior to ion

exchange it was milled for 120 minutes and then ion exchanged by refluxing in hexanol at 160°C

(Nal20).

Ball-milling of the materials was carried out using a SPEX Centri-Prep 8000M

mixer/mill. Loading of the material into the grinding vessel, and the milling process itselfwere

carried out under an inert argon atmosphere to avoid any possible oxidation of the material.

6.3.1 Structural effects of ball-milling

Ball-milling of the materials was carried out over different time periods (15, 30 and 120 minutes)

to determine the effect grinding times had on the structure. The powder XRD patterns (Figure

6.10) reveal that for all ball-milled materials the XRD peaks are broadened compared to the as-

prepared pattern (Figure 6.10 i). In addition, on increasing the grinding time the XRD peaks

become broader. Such broadening of the diffraction peaks is associated with strain and/or

disorder in the crystallites or reduction in the crystallite size (below 500A). Note: crystallite size

here is effectively the region over which the crystal structure is coherent rather than the actual

size of the grains themselves.
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Figure 6.10 X-ray diffraction patterns (FeKal radiation) for a series ofLiMnOi materials showing
peak broadening with increasing grinding time:
(i) as prepared LiMnOi where the Na phase was formed by solid state reaction in

argon at 720"C before ion exchanging in hexanol at 16(t'C.
(ii) LiMnO2 prepared as in (i) then ball milledfor 15 minutes.
(Hi) LiMn()2 prepared as in (i) then ball milledfor 30 minutes.
(iv) LiMn02 prepared as in (i) then ball milledfor 120 minutes.
(v) LiMnO2 where the Na phase was formed by solid state reaction in argon at

720"C then ball milledfor 120 minutes before ion exchanging in hexanol at
I6(fC.

Surface area measurements determined via the BET method for ball-milled and the as-

prepared materials are shown in Table 6.1.

Table 6.1 BET surface area results.

Sample Surface Area

Un-ground LiMn02 6.64 m2g"'

Ball Milled Li Phase 30 minutes 4.75 nrg"1

Ball Milled Li Phase 120 minutes 5.67 m2g 11

Ball Milled Na Phase 120 minutes 14.47 m2g 1

It is apparent from the BET measurements that the surface area is unchanged with

increased milling time, indeed it remains very similar to that of the as-prepared stoichiometric

LiMnOj material.

: \ iv) Ball-Milled Na 120mins

iv) Ball-milled 120mins

^ *^mms
- 'v— L

1
. | i) As-prepared LiMnO,

20 40 60 80
20

„ / degreesbeKct
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Figure 6.11 Scanning electron micrographs ofLiMn02 powders prepared by solid-state reaction at
72(f'C in argon then ion exchanged in hexanol at lOCt'C, low mag. (*450).
A) as-prepared material, inset -agglomerate particle high mag. (>-8,000).
B) LiMn02 ball-milledfor 30 minutes.
C) LiMn02 ball-milledfor 120 minutes.

From SEM images (Figure 6.11), it appears that ball-milling significantly breaks up the

agglomerated particles (~50 pm) though possibly not fracturing individual grains (> 1 pm).
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Consequently, the observed peak broadening in the powder XRD patterns is most likely

due to an induction of stress/strain disorder into the crystallite (that remain of micron scale) on

ball-milling. Furthermore, it is evident that the crystal structure of the ball-milled stoichiometric

LiMnCb materials is preserved throughout the milling process, as the positions and relative

intensities of the XRD peaks do not change. Hence, ball-milling breaks apart agglomerated

particles but does not change the crystal structure of the individual grains.

6.3.2 Electrochemical results

The electrochemical performance of these ball-milled stoichiometric materials compared to the

as-prepared LiMnCL material is shown in Figure 6.12. Although, the material ball-milled for 15

minutes (Li 15) showed evidence of peak broadening in the powder XRD pattern, the discharge

capacities for it and the as-prepared LiMnCL are comparable. Conversely, the material milled for

30 minutes (Li30) exhibits a very different electrochemical behaviour to that of as-prepared

material. It shows a sharper, more abrupt rise in capacity reaching a maximum of ~220mAhg"'

some 20 cycles earlier. The rise is associated with a faster conversion to a spinel-like material,

apparent in the more rapid evolution of a double 4V process and changing profile shown in the

incremental capacity plots, Figure 6.13.
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Figure 6.12 Charge (c) and discharge (d) capacities as a function ofcycle numberfor
(i) as prepared LiMn()2 where the Na phase was formed by solid state reaction in

argon at 72Cf'C before ion exchanging in hexanol at I60"C.
(ii) LiMn02 prepared as in (i) then ball milledfor 15 minutes.
(Hi) LiMn02 prepared as in (i) then ball milledfor 30 minutes.
(iv LiMn02 prepared as in (i) then ball milledfor 120 minutes
Potential limits = 2.5 to 4.6 V at 25 mAg'. Note, charge capacity >10 cycles =

discharge capacity so emittedfor clarity.
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Figure 6.13 Incremental capacity plotfor a LiMnOi material synthesised by solid state reaction in
argon at 720 "C then ion exchanging in hexanol at 16(J'C A) LiMn02 cycled as-prepared,
25 Cycles, and B) I.iMnOi Ball Milledfor 30 minutes, 25 Cycles.

The discharge capacity fade rate at high cycle numbers for Li30 is only marginally

inferior to that of the un-ground stoichiometric LiMnCL sample. Ball-milling of stoichiometric

LiMnO? material for 120 minutes (Li 120) gives a compound that still shows the very

characteristic dip and rise in capacity over the first few cycles, however such grinding does result

in an overall reduction in discharge capacity, see Figure 6.12. This Li 120 material showed the

greatest degree of change in the powder XRD pattern with extensive peak broadening and also

slight shifts in the peak positions were observed. These factors suggest that there is a significant

structural alteration which would explain the reduced discharge capacities attained.

The peak broadening observed for material synthesized by solid state reaction in argon at

720°C to give stoichiometric NaMn02 then ball-milled for 120 minutes prior to ion exchange in

hexanol at 160°C (Nal20), is much less profound than in the material ball milled for the same

length of time but after the ion-exchange process (Li 120), Figure 6.10. Ball-milling of the

precursor sodium phase material prior to ion-exchange has the effect of significantly decreasing

the dip and rise in capacity observed over the first few cycles, see Figure 6.14 iii and

Figure 6.12 iv.

There is a slight improvement in the first 10 cycles discharge capacities for Na 120

compared to as-prepared but this is offset by a marked increase in the fade rate on extended

cycling. This increase in fade rate is most likely due to the larger surface area, a three fold
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increase from 5 to 15m2g"' on ball-milling was observed. This larger surface area most likely

resulted in increased Mn dissolution on cycling.

The incremental capacity plots for Na 120, is shown in Figure 6.15. These plots are

consistent with a transformation from a layered to spinel-like material on cycling. However, it

appears that the rate of conversion, in terms of cycle number for evolution of a double 4V

process, is faster for ball milled materials than for materials where no grinding had taken place.
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Figure 6.14 Charge (c) and discharge (d) capacities as a function ofcycle numberfor
(i) as prepared LiMnOi where the Na phase was formed by solid state reaction in

argon at 720"C before ion exchanging in hexanol at 160'C.
(ii) LiMnOj prepared as in (i) then ball milledfor 30mins.
(Hi) LiMnOi where the Na phase was formed by solid state reaction in argon at

720'C then ball milledfor I20mins before ion exchanging in hexanol at 160'C.
Potential limits = 2.5 to 4.6 V at 25 and 200 mAg'. Note charge capacity > 10 cycles =

discharge capacity, so emittedfor clarity.
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Figure 6.15 Incremental capacity plotfor a NaMnO2 material synthesised by solid state reaction in
argon at 720 "C then Ball-milledfor 120mins prior to ion exchanging in hexanol at
160fC.
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6.3.3 TEM of ball-milled materials

The Fourier Filtered high resolution image of Li30 and Nal20 are show in Figure 6.16 and 6.17,

respectively.

Figure 6.16

Figure 6.17

High resolution transmission electron micrograph. Fourierfiltered image ofa LiMn02
phase, which had been ball milledfor 30 minutes after the ion-exchange in hexanol at
I60r'C ofthe precursor sodium phase.

High resolution transmission electron micrograph. Fourier filtered image ofa LiMn02
phase synthesised by relaxing in hexanol at I6(/'C ofa precursor sodium phase that had
been ball milledfor 120 minutes prior to ion-exchange.
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On comparing Li30 with the unground material (Figure 4.25) that ball milling has

induced a nano-structure, involving the formation of individual domains. The material is still

layered but the layered domains are not coherent with one another along any given axis of the

crystallite. This appears in the TEM images as fringes that are not parallel with one another

across the entire crystallite. This is not in the image of the as-prepared LiMn02 material. The

existence of nano-domains is even more evident and extreme in the case of the Nal20.

Electron diffraction data for these materials (Li30 and Nal20) shows significant

asymmetry compared with other layered lithium manganese oxide materials. Moving the

diffraction aperture across individual crystallites by a distance of~30 nm result in a large change

in the electron diffraction pattern with diffraction spots shifting their position. This suggests the

topography of the crystallite is changing with relative position and the materials have become

significantly strained during the ball-milling process.

6.3.4 Neutron diffraction

The stoichiometric LiMn02 materials, Li30 and Nal 20 were subjected to neutron diffraction

studies. Both these materials gave particularly poor fits and the structures were difficult to refine

accurately. However, it was apparent that the materials showed a definite increase in strain as

well as hkl dependent peak broadening and peak shifts compared to un-ground stoichiometric

LiMn02. This was particularly apparent for the Nal20 material.

It was shown in Section 4.4.4.1 that the non-stoichiometric LixMny02 materials are able

to transform to a spinel-like structure faster than un-ground stoichiometric LiMn02. Along with

the results of the ball-milled stoichiometric materials this suggests that the amount ofdisorder

within the individual crystallites of these materials, whether induced by non-stoichiometry (e.g.

vacancies on the TM sites) or by strain, is a major factor determining how facile the conversion

reaction is from a layered to a spinel structure.

6.3.5 Conclusions

Ball-milling of stoichiometric LiMn02 results in the formation of a non-coherent nano-domain

structure contained within highly stressed and disordered crystallites. This is reflected by the

significant peak broadening in the powder XRD pattern and through the absence of change in the
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surface area. These structural changes manifest themselves in the electrochemistry: An overall

increase in capacity over the first few cycles and a marked decrease in the initial dip and rise.

Superior performance over the first few 10's of cycles is offset by a reduced ability to retain

capacity at high cycle numbers.

6.4 Mixed ratio stoichiometric / non-stoichiometric electrodes

The results presented so far for stoichiometric (Chapter 4) and non-stoichiometric (Chapter 3)

layered lithium manganese oxide materials have shown that neither material alone is able to meet

all the requirements for use as a commercially viable positive electrode material. However, each

system studied fulfills some of the attributes required. The non-stoichiometric material,

particularly when doped with other elements (Section 5.2) exhibits a total capacity of ~195mAg_1

which is greater than the commercially available LiCo02 (capacity of~130mAhg"'). This

LixMny02 material shows excellent stability on cycling; the fade rate is 0.08% per cycle. Doped

non-stoichiometric electrodes however do not have a first charge capacity that is significantly in

excess of the first discharge capacity. In commercial Li-ion cells as the cycling is performed

against a carbon anode: at least a 10% excess of charge capacity is required on the first

cycle,(Qci/Qdi > 1.1). Stoichiometric material LiMn02 has a large excess of charge capacity on

the first cycle.

This problem will try to be addressed by investigating composite cathodes containing

mixtures of stoichiometric and non-stoichiometric material. Specifically, the stoichiometric

material is the LiMn02 synthesized from a precursor sodium phase obtained by solid-state

reaction at 720°C in argon then ion exchanged in hexanol at 160°C and the non-stoichiometric

material is formed by a solution route reaction then fired at 600°C in air, before ion exchanging in

ethanol at 80°C, referred to hereafter as mixture 1. Mixture 2 : contains stoichiometric LiMn02

and a double doped LixLio.o25Co0.02sMn0.9s02, the latter was chosen because the Li Co doped

material gave the best overall performance of any non-stoichiometric compound studied so far.1

For mixture (1) the range of stoichiometric : non-stoichiometric ratios investigated were

5:1,3:1,2:1, 1:1, 1:2, 1:3 and 1:5. For each mixed electrode a selection of different charge and
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discharge rates were implemented. These included the cycling regimes: a) charging/discharging

both at 25mAg"', b) charging/discharging both at 200mAg"' c) charging at 50mAg"' / discharging

at 25mAg_1 and d) charging at 200mAg"' / discharging at lOOmAg"1.

For mixture (2) the range of pure stoichiometric LiMn02: doped non-stoichiometric Lix

Mno.95Li0.o25Coo.o2502, ratios studied were 3:1, 2:1, 1:1, 1:2 and 1:3. The cycling regimes: a)

charging/discharging both at 25mAg_1, b) charging/discharging both at 200mAg"' c) charging at

25mAg"' / discharging at 50mAg"', d) charging at 1 OOmAg"1 / discharging at 200mAg_1, e) first

charge lOmAg"1 then charging at 25mAg"' / discharging at 50mAg~' and f) first charge lOmAg"'

then charging at 75mAg"' / discharging at 150mAg" . Charging at half the rate of discharge,

cycling regimes c) - f) are akin to how a battery is used in a rechargeable electronic device, such

as a mobile phone.

For mixture 2 the effects ofball-milling on one or both of the constituent materials

(individually or together) was also investigated. The use ofmore complex cycling procedures

(eg. holding the upper voltage cut off) was also used as a way of obtaining better performance

from these mixed composition materials on the initial and subsequent cycles. The composite

electrodes and construction of cells were fabricated as per the procedure described previously,

Section 2.4. Data from duplicate cells was gathered to confirm reproducibility.

6.4.1 Electrochemical results for mixture 1:

stoichiometric LiMn02 and non-stoichiometric LixMny02

Figures 6.18 - 6.26 and Tables 6.2 and 6.3 display the results obtained from a large variety of

electrochemical experiments performed on electrodes containing mixture 1. On evaluation of the

data, the summary Figures 6.21 and 6.25 show that a Qci/Qdi >1.1 is attained for all mixtures

containing a slight greater than 50% stoichiometric LiMn02 content in the LiMn02: LixMny02

mixture, for both low and high cycling rates. Although, higher discharge capacities are attained

using compositions of increased non-stoichiometric content these cells are unable to deliver the

required first cycle charge capacity, see Figures 6.18(a) and 6.19(a). On the other hand,

increased stoichiometric LiMn02 content results in an inferior overall performance: lower

capacities and a more dramatic dip and rise over the first few cycles, see Figures 6.18(b) and
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6.19(b). These effects are more apparent at high rate due to the poorer rate capability of LiMn02

compared to LixMny02.

(a) Non-stoichiometric rich (b) Stoichiometric rich
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Low rate cycling data (25mAg'')} charge and discharge capacity vs. cycle numberfor
series ofstoichiometric / non-stoichiometric undopedmixtures separated into (a) non-
stoichiometric rich and (b) stoichiometric rich ratios. Potential limits of2.5 to 4.6 V,
electrolyte = LiPF6 in EC/DEC.
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Figure 6.19 High rate cycling data (200mAg'), charge and discharge capacity vs. cycle number for
series ofstoichiometric / non-stoichiometric undopedmixtures separated into (a) non-
stoichiometric rich and (b) stoichiometric rich ratios. Potential limits of2.5 to 4.6 V,
electrolyte = LiPF6 in EC/DEC.
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Table 6.2 h irst cycle charge and discharge capacity ratios at low and high ratefor a series of
mixed LiMn02 / LixMnv02 compositions.

Stoichiometric LiMn02 /
Non-stoichiometric LixMny02 ratio
Pure LixMnyOz
1:3

1:2

1:1

2:1

3:1

Pure LiMnOi

Qci/Qd, Low rate
(25mAg~')

0.65

0.91

0.61

0.94

1.27

1.47

1.67

Qci/Qd) High rate
(200mAg"')

0.75

0.97

0.74

0.89

1.36

1.62

2.03

(a) low rate : charge = discharge = 25mAg"
300-

X 1 charge capacity
• 1st discharge capacity

X

(b)
225

200

'bl)175

f,»
-125

'5 100
cd
Q_ __

6 75
50

25

0

20 40 60 80
stoich./non-stoich. (w / w %)

100

high rate : charge = discharge = 200mAg"1

X Is charge capacity
• 1st discharge capacity

* I
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stoich./non-stoich. (w / w %)

100

Figure 6.20 Cycling datafor stoichiometric LiMnOi: non-stoichiometric LixMnv02 mixtures at (a)
low (25mAg~) and (b) high (200mAg'') rate. Potential limits 2.5 to 4.6 V.

(a) low rate : charge

20 40 60 80
stoich./non-stoich. (w / w %)

20 40 60 80
stoich./non-stoich. (w / w %)

Figure 6.21 Faradaic efficiency cycling datafor stoichiometric (LiMnOo) : non-stoichiometric
LixMny02 mixtures at (a) low (25mAg~') and (b) high (200mAg~') rate. Potential limits 2.5
to 4.6 V.
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Potential limits of2.5 to 4.6 V, electrolyte = LiPF(, in EC/DEC.
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Figure 6.23 High rate cycling data (charge 200mAg~'J discharge lOOmAg'1), charge and discharge
capacity vs. cycle numberfor series ofstoichiometric / non-stoichiometric undoped
mixtures separated into (a) non-stoichiometric rich and (b) stoichiometric rich ratios.
Potential limits of2.5 to 4.6 V, electrolyte — LiPF6 in EC/DEC.

Table 6.3 First cycle charge and discharge capacity ratios at low and high rate for a series of
mixed LiMnQ2 / LixMnvQ2 compositions.

Stoichiometric LiMn02 /
Non-stoichiometric LixMnv02 ratio

Qct/Qd,
Low rate

(c=25mAg_1 d=50 mAg"1)

Qc,/Qd,
High rate

(c=100mAg"' d=200 mAg')
Pure LixMnv02 0.65 0.75

1:2 0.89 0.78

1:1 0.89 0.81

2:1 1.32 1.32

Pure LiMn02 1.67 2.03
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(a) low : charge 50mAg"\discharge 25mAg"' (b) low : charge 200mAg"1, discharge lOOmAg"1
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Figure 6.24 Cycling datafor stoichiometric LiMn02 : non-stoichiometric LixMnv02 mixtures at (a)
low (charge 50mAg', discharge 25mAg~') and (b) high (charge 200mAg', discharge
lOOmAg') rate. Potential limits 2.5 to 4.6 V.

(a) low : charge 50mAg"', discharge 25mAg"' (b) low : charge 200mAg"', discharge lOOmAg"1
^ 2.2-
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Figure 6.25 Faradaic efficiency cycling data for stoichiometric (LiMn02) : non-stoichiometric
LixMnf)2 mixtures at (a) low (charge 50mAg', discharge 25mAg~') and (b) high (charge
200mAg~', discharge lOOmAg'1) rate. Potential limits 2.5 to 4.6 V, electrolyte = LiPF6 in
EC/DEC.

Figure 6.26 shows the cycling performance for both the individual stoichiometric and

non-stoichiometric materials compared to the mixed 1:1 (wt. : wt.) stoichiometric : non-

stoichiometric electrode. The capacity vs. cycle number plot (Figure 6.26) clearly shows that the

electrochemical performance of the mixed material electrodes is intermediate between that of the

two individual materials. Specifically, the first charge capacity for mixed is 155mAhg"', the

capacity attained by stoichiometric being 265mAhg"' and for non-stoichiometric, 105mAhg"'.

LiMnCT has a large dip and rise in capacity over the first few cycles whereas LixMny02 shows

less variation in capacity over the intial cycles. The capacity retention at high cycle numbers for

197



the mixed electrode is comparable to the individual components with a fade rate of -0.1% per

cycle.

260- +

240-

220-

t inn _

120 -

100- +
Non-Stoichiometric LixMny02: + charge ■ discharge
Stoichiometric LiMnO, + charge ■ discharge
1:1 Mixture of the above + charge ■ discharge

1 1 ' 1 1 1 1 1 '

0 10 20 30 40 50

Cycle Number
Figure 6.26 Charge and discharge capacity vs. cycle numberfor the two parent stoichiometric and

non-stoichiometric materials and a 1:1 mixture ofthe two. Charge and discharge rate =
25mAg~', potential limits of2.5 to 4.6 V, electrolyte = LiPF6 in EC/DEC.

6.4.2 Electrochemical results for mixture 2:

stoichiometric LiMn02 and LixMn0.95Lio.o25Coo.o2s02

Double-doped non-stoichiometric LixMn0 95Lioo25Co0 o2502 out performs LixMny02 in terms of

higher discharge capacity, smaller dip and rise and better rate capability. This therefore would

suggest that the inclusion of LixMn0.95Lio 025C00 025O2 in mixture 2 for the same composition ratio

should result in an improvement in electrochemical performance over mixture 1. From the

results obtained previously (Section 6.4.1) the composition ofmixture 1 with the best

performance was determined to be in the narrow range around 1:1. Hence in the investigation of

this mixture 2 only ratios of 1:3, 1:2, 1:1, 1:2 and 1:3 were studied. The cycling data is collated

and analysed in Figures 6.27 - 6.32 and Tables 6.3 and 6.4.

For mixed stoichiometric LiMn02 and double-doped non-stoichioineli ic

LixMn0 gsLio 025C00 025O2 electrodes the optimal ratio to deliver an excess of charge capacity on

the first cycle is again near to 1:1. Comparing mixture 2(1:1 ratio) with mixture 1(1:1 ratio), the

discharge capacity is higher for mixture 2 (155mAg~' after -80 cycles and 140mAg~' after 70

cycles, Figures 6.27 (b) and Figure 6.19 (b), respectively). There is also less of a dip and rise in

the capacity for mixture 2 than mixture 1 due to the effect of the inclusion of

198



LixMn095Lio.o25Coo.o2502 in mixture 2. However, the performance at high rate is still limited by

the poor rate capability of the stoichiometric LiMnCb component.

Non-stoichiometric material double doped with cobalt and lithium was chosen for the

purposes of these experiments but it may be preferable to use a non-stoichiometric composition

richer in lithium. Such a material would permit an increase in the first cycle efficiency when

combined with stoichiometric LiMnCb in a mixed material electrode but it would lack the high

and attractive discharge capacities of LixMn095Li0 025Co0 025O2.
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Figure 6.27 (a) low (25mAg~') and (b) high (200mAg'1) constant rate cycling data, charge and
discharge capacity vs. cycle numberfor series ofstoichiometric / double doped non-
stoichiometric mixtures. Potential limits of2.5 to 4.6 V, electrolyte = LiPF6 in EC/DEC.

Table 6.4 First cycle charge and discharge capacity ratios at low and high ratefor a series of
mixed LiMnO? / LixMnn ^Lig 025C00025O2 compositions.

Stoichiometric LiMn02 /
Non-stoichiometric

LivlVn()95Li0«25CO(i.025O2 ratio

Qc,/Qd,
Low rate

(25mAg 1 )

Qc,/Qd,
High rate

(200 mAg"1)
Pure LixMno 9sLio 025C00 025O2 0.638 0.709

1:3 0.797 0.711

1:2 0.834 0.820

1:1 0.968 1.006

2:1 1.159 1.355

Pure LiMnCb 1.671 2.032
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(a) low: charge = 25mAg"' discharge = 50mAg"' (b) high : charge = I OOmAg"' discharge = 200mAg"1
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Figure 6.28 (a) low (charge = 25mAg~' discharge = 50mAg') and (b) high (charge = 200mAg'
discharge = 1OOmAg'1) constant rate cycling data, charge and discharge capacity vs.
cycle numberfor series ofstoichiometric / double doped non-stoichiometric mixtures.
Potential limits of2.5 to 4.6 V, electrolyte = LiPF6 in EC/DEC.

Table 6.5 First cycle charge and discharge capacity ratios at low and high rate for a series of
mixed LiMnOi /LixMn0 t)5Lin 025C00.025O2 compositions.

Stoichiometric LiMn02 /
Non-stoichiometric

Lixiyino.95Lio.o25Coo.o2s02 ratio

Qc,/Qd,
Low rate

(c=25mAg ' d=50 mAg"1) (c=

Qc,/Qd,
High rate

=100mAg"' d=200 mAg"1)
Pure LixMn0 95Lio.o25Co0 o2502 0.638 0.709

1:3 0.859 0.786

1:2 0.855 0.875

1:1 1.024 1.083

2:1 1.229 1.369

3:1 1.491 1.547

Pure LiMn02 1.671 2.032

(a) low : charge 25mAg"', discharge 50mAg"1 (b) high : charge I OOmAg"1. discharge 200mAg
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Cycling capacity datafor stoichiometric (LiMnOi) •' non-stoichiometric
(LixMn0nsLi0 02sCon,025O2) mixtures at (a) low (charge 25mAg', discharge 50mAg') and
(b) high (charge 1OOmAg', discharge 200mAg~') rate, T=30"C. Potential limits 2.5 to
4.6 V, electrolyte = LiPF6 in EC/DEC.
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Figure 6.30 Faradaic efficiency cycling datafor stoichiometric (LiMn02) : non-stoichiometric
<L ixMn,, ,)SL i0 025C0,, 025(f) mixtures at (a) low (charge 25mAg~', discharge 50mAg') and
(b) high (charge lOOmAg'1, discharge 200mAg~') rate, T=30"C. Potential limits 2.5 to
4.6 V, electrolyte - LiPF6 in EC/DEC.
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Figure 6.31 Variation ofpotential with state ofchargefor selected cycles ofa 1:1 mixture ofLiMnO: and
LEMn0.95Li0.02sCo0.02sO2, 25mAg~' highlighting excess charge capacity on thefirst cycle.

In an effort to maximise the first cycle charge capacity, the charging rate was reduced to

1 OmAg"' (cycling regimes 2 (e) and 2 (0)- From Figure 6.32 the 1:1 ratio of mixture 2 has

slightly more initial charge capacity compared with the other ratios studied. The use of the slow

first charge unsurprisingly, has resulted in a greater first charge capacity but unfortunately the

Qc|/Qdi obtained is still less than 1.1. Although the Qci/Qd] ratio of greater than 1. i can be

obtained at high rates, this is at the expense of the overall capacity (130mAhg_l at high rate and

150mAhg"' at low rate after 60 cycles).

The use of a slow first cycle charge of the cathode in a Li-ion battery is a common

practice in commercial systems. Often the manufacturer charges the cell slowly or the consumer

is recommended to do so before use of the battery.

201



(a) low : first charge = lOmAg"1,
charge = 25mAg"' discharge = 50mAg"'

i—1—i—1—i—1—i—1—i—1—i—1—i—1—i—'—r

Non-stoichiometric double doned rich

(b) high : first charge = 10mAg"',
charge = 75mAg"' discharge = 150mAg~'

Stoichiometric / Non-stoichiometric double doped CJ 60

1 + charge
2 X charge
3 A charge

discharge
discharge
discharge

—'—i—'—i—■—i—■—i—1—i—■—i—1—i—■—i—■—i—

0 20 40 60 80 100 120 140 160 180 20C

T—'—i—■—i—■—i—'—i—■—i—•—i—»—i—'—r~

Non-stoichiometric double doped rich

Stoichiometric / Non-stoichiometric double doped
1:1 + charge ■ discharge
1:2 X charge ■ discharge
1:3 A charge ■ discharge

t—■—i—■—i—■—i—

0 20 40 60
~l—1—I—'—I—1—I—1—I—'—l—
80 100 120 140 160 180 20C

Cycle Number Cycle Number

Figure 6.32 (a) low (first charge = lOmAg 1 then charge = 25mAg~' discharge = 50mAg~') and (b) high
(first charge = IOmAg'l then charge = 200mAg' discharge = lOOmAg') constant rate
cycling data, charge and discharge capacity vs. cycle number for series of stoichiometric /
double doped non-stoichiometric mixtures. Potential limits of 2.5 to 4.6 V, LiPF6 in
EC/DEC.

6.4.3 Ball-Milling

Ball-milling of stoichiometric LiMn02 after ion-exchange, has been shown (Section 6.3.2) to

suppress the dip and rise in capacity observed over the first few cycle numbers, ft would

therefore be interesting to investigate ball milling of either stoichiometric LiMnCf or both of the

component materials in a mixed electrode. The electrode (mixture 3): ball-milled (30 minutes)

stoichiometric with non-stoichiometric double doped LixMn0 95Li0 o25Coo o2502 in a 1:1 ratio and

(mixture 4): LiMnCf and LixMn0 95Li0 025Co0025O2 both materials ball-milled together for 30

minutes were prepared. The electrochemistry of the two systems are compared to mixture 2, the

1:1 LiMnCb : LixMn0 95Li0025Co0 02sO2 mixture, no ball-milling in Figures 6.33 - 6.35 and

Table 6.6.

For mixture 3 there is a significant reduction in the initial dip and rise in capacity

observed at low cycle numbers and an increased initial discharge capacity at low rate cycling

compared to mixture 2 (Figure 6.34). Thereafter the overall discharge capacity is marginally

lower for mixture 3 (Figure 6.33 (a)). On extended cycling the fade rate for mixture 3 is superior

to mixture 2. However, mixture 3 does not exhibit a large excess of charge capacity on the first

cycle with a Qc|/Qd] < 1. Simultaneous ball-milling of both materials (mixture 4) is deleterious

to the electrochemical performance, especially in the overall discharge capacity attained.
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Figure 6.33 Charge and discharge capacity v.v. cycle numberfor 1:1 mixtures ofstoichiometric
LiMn02 and double doped no-stoichiometric LixMn0 gSLio_o25Coo.o2s02 prepared with no
ball-milling, ball-milling ofonly LiMn02 and where both components ball-milled, (a)
low rate : charge = 25mAg~', discharge = 50mAg~', (b) high rate : charge = 100mAg',
discharge = 20mAg'1, potential limits of2.5 to 4.6 V, electrolyte = LiPF6 in EC/DEC.

Table 6.6 First cycle charge and discharge capacity ratios at low and high ratefor a series of
mixed LiMn02 / LixMn0.9sLio,o2sCoo.o2sO2 compositions prepared by a variety ofmethods.

Sample Qcl/Qdl ratio
Low rate

(c=25mAg"1 d=50 mAg"1)

Qcl/Qdl ratio
High rate

(c=100mAg 1 d=200 mAg')
1:1, As-prepared, no ball-milling

Only LiMn02 ball-milled
Both LiMn02 and LixMn0.95Lio.o25Coo.o25C>2
ball-milled simultaneously

1.04

0.95

1.16

1.10

1.04

1.35

H 1st Charge
I 1 st Discharge

Onl> Stoichiometric Ball Milled

1
Mixture of Stoicli + DD \011Stoich

100 125 150 175 200 225 250 275 300

Capacity / mAhg 1

Figure 6.34 First cycle cycling data showing variation for stoichiometric (LiMnO^j : non-
stoichiometric (LixMno9sLio.o25Coo025O2) mixture ofratio = /: 1prepared by different
methods. Potential limits 2.5 to 4.6V, rate = charge 25mAg~', discharge 50mAg'',
Temperature = 30"C, electrolyte = LiPF6 in EC/DEC.
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Figure 6.35 First cycle cycling data showing variation for stoichiometric (LiMnOz): non-
stoichiometric (LixMn0 <j5Lii, 025C0002.fh) mixture ofratio = 1:1prepared by different
methods. Potential limits 2.5 to 4.6 V, rate = charge WOmAg', discharge 200mAg',
Temperature = 30"C, electrolyte = LiPF,, in EC/DEC.

6.4.4 Effect of charging conditions on eiectrochemical performance of mixture 2

The firstcycle charge capacity attained for all the mixed material electrodes studied have been

less than theoretical based on the amount ofMn3+ available for oxidation and Li+ ion content as

determined by chemical analysis. This is most likely due to limitations in the kinetics, moreover

lithium deintercalation is faster in non-stoichiometric material than in stoichiometric LiMn02

during the first charge due to significant structural reorganisation detectable by solid state NMR

and neutron diffraction, see Section 4.5. As a result, on galvanostatic charge the LP ions in the

non-stoichiometric material will be depleted before all the available lithium has been extracted

from the stoichiometric LiMnCE component. However, if the cell can be held at a high voltage

(4.6V) for an extended period of time removal of all the lithium stored in the stoichiometric

material should be possible and a Qci/Qdi> 1.1 achievable. This would allow for a further

minimisation of the amount of stoichiometric LiMn02 component in the mixed material electrode

(<50% stoichiometric in mixture 2). This reduction in the LiMn02 content would therefore

increase the LixMno.95Li0.o25Coo.o2502 proportions resulting in an increase in overall performance.

The use of a potentiostatic hold at 4.6V (limited to remove no more than 210mAhg~' or

24 hours) at the end of the first charge was investigated for mixed material electrodes (mixture

2). Electrochemical testing was carried out between the limits of 2.5 to 4.6V over a range of
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cycling regimes. Namely, charging/discharging both at 25mAg"', both at 50mAg"', both at

lOOmAg"' and charging at lOOmAg"1 / discharging at 200mAg"'. The results are depicted in

Figure 6.36 and Table 6.7.

Figure 6.36

Table 6.7
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Charge and discharge capacity vs. cycle numberfor 1:1 mixtures ofstoichiometric
LiMn02 and double doped non-stoichiometric LixMn0 95Li0 025C00.02fh ft a series of
charge/discharge rates. Cycling limits of2.5 to 4.6 V, potentiostatic hold at 4.6Vfirst
cyclefor 24 hours or until 2/OmAhg'1 extracted, electrolyte = LiPF6 in EC/DEC.

First cycle charge and discharge capacity ratios at low and high rate for a 1:1 mixture
of LiMn02 / LixMn0 9SLio o2sCoo 025O2 with potentiostatic hold at 4.6V on thefirst charge
until 2/OmAhg'1 removed or 24 hours.

... All remove
' i 1

-210mAhg'

-

- ~ 25mAg"' + charge ■ discharge"
SOmAg"' + charge ■ discharge-

J lOOmAg' + charge ■ dischargej
c lOOmAg'd200mAg"' charge ■ discharge'

Rate of cycling QcFQdi ratio

25mAg"'
50mAg"'
lOOmAg"'
c = 100 mAg"1, d = 200 mAg'1

1.171

1.337

1.631

1.981

These experiments confirm that an improvement in performance was obtained by the use

of a potentiostatic hold. In fact, under these conditions mixture 2(1:1 ratio of stoichiometric

LiMnCb : double doped non-stoichiometric LixMno 95Lio.o25Cooo250;>) exhibits near ideal

characteristics required of a commercial cathode in a rechargeable Li-ion battery. Specifically,

the potensiostatic hold at the end of the initial charge has allowed for the removal of a large

amount of charge capacity. This hold facilitates a Qci/Qdi at least 1.1 at all rates, even at

25mAg~' (Table 6.7).

The electrodes at all rates exhibit a relatively small amount of initial capacity drop and

rise attaining a maximum after ~25 cycles. However, the fade rate at high cycle numbers (0.31 %

per cycle) is marginally inferior to either of its component materials when cycled independently
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(0.13 % and 0.08 %per cycle for stoichiometric LiMnC>2 and double doped non-stoichiometric

LixMn0,95Lio.o25Coo 025O2, respectively). The increased capacity fade may be attributable to the

forced removal of the Li occurring on the 4.6V hold and also the decomposition of the electrolyte

at this high potential. For mixture 2 the required 21 OmAhg1 was extracted at 25mAg"', with

-98% of this being extracted during the first 8 hours.

In an ideal commercial batteiy, employment of a potentiostatic hold at the end of the first

cycle would be applied at the lowest voltage and applied for the shortest time. In light of this

requirement, electrodes ofmixture 2 were held at a voltage of 4.4V at the end of the first charge.

Unfortunately, the voltage proved to be too low for sufficient extraction of Li on the first charge

to satisfy Qcj/Qd] > 1.1.

6.4.5 Conclusions from mixed ratio electrodes

The investigations ofmultiple material composite electrodes have shown that stoichiometric

LiMn02 and non-stoichiometric LixMnyO2/LiMn0 95Lio.o25Coo 025O2 have inherently different rate

capabilities and Faradaic efficiencies (Qci/Qdi) on the initial cycle, yet can be combined

successfully in the same composite electrode to produce a suitable candidate for a cathode. The

most successful candidate studied was deemed to be 1:1 ratio of stoichiometric LiMn02: non-

stoichiometric LiMn0 95Lio.o25Coo 025O2 under the conditions of charging/discharging both at

25mAg"' with a potentiostatic hold at 4.6V.
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Chapter 7 Conclusions and further work

7.1 Conclusions

Although, non-stoichiometric LixMny02 and stoichiometric LiMn02 possess the same basic

layered structure, the electrochemical properties exhibited by each are distinct. The finer details

of crystallographic symmetry, defect chemistry and chemical composition, which are different

for non-stoichiometric and stoichiometric materials, define the electrochemical performance.

Electrochemical performance being evaluated in terms of capacity, rate capability and first cycle

efficiency. Analysis of the electrochemistry in conjunction with structural characterisation of

post cycled material has shown that these lithium manganese oxide materials transform during

cycling. The nature and mechanism of transformation to spinel-like materials is different for the

two sets ofmaterials.

The main conclusions drawn from the study of these materials, with a view to the

development of improved cathodes for rechargeable lithium batteries, are summarised, along

with suggestions for further work.

7.1.1 Pure lithium manganese oxide materials

Both non-stoichiometric and stoichiometric layered lithium manganese oxide materials were

successfully prepared by ion exchange of sodium precursors. A variety of synthesis methods

were used to make these sodium manganese oxide materials. For the non-stoichiometric

materials, LixMny02 deficient in alkali metal cations (where x « % and 0.9 < y < 1), the synthesis

method used for the formation of the sodium phase and the subsequent ion exchange conditions

played a considerable role in determining the defect chemistry. It was shown that for the sodium

precursor materials the degree of vacancies on the Mn sites was -10%. These vacancies act to

pin sodium ions in the structure. On ion exchange the number of vacancies changes dependent

on the refluxing conditions. Refluxing in hexanol is sufficiently reducing that it eliminates the

vacancies, resulting in a material with a low residual sodium content.
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Stoichiometric materials showed little variation in chemical composition regardless, of

the synthesis method of the precursor sodium phase or ion exchange conditions. The alkali metal

and transition metal contents are essentially in a 1:1 ratio. Hence, the stoichiometric material

contains no vacancies and thus ion exchange ofNa for Li ions goes close to completion.

The powder XRD patterns for non-stoichiometric LixMny02materials though broadly

similar show slight variations dependent on synthesis condition. In contrast, the XRD patterns for

ail stoichiometric materials are similar. The non-stoichiometric LixMnyC>2 pattern can be indexed

on a rhombohedral unit cell with space group R3 m. However, due to the presence ofJahn-Teller

active Mn3+ ions on the octahedral sites in stoichiometric LiMn02 the symmetry of the cell is

lowered to monoclinic, space group C2/m. The lattice parameters extracted by the Reitveld

method for non-stoichiometric materials change with synthesis method due to changes in the

defect chemistiy. LixMny02 materials also exhibit hkl dependent peak broadening. This effect is

a result of incomplete ion exchange, the residual Na ions form discrete layers within the

structure. The particle morphologies of both stoichiometric and nonstoichiometric forms are

composed of agglomerates of individual crystallites. Results from BET measurements show that

the surface areas are similar ~1Om2g"'.

For non-stoichiometric materials synthesised under more oxidizing conditions {i.e. slow

cooling or ion exchange in ethanol at 25°C) the overall capacities are higher but the fade rates are

also higher. The best overall electrochemical performance was displayed by the non-

stoichiometric material produced from precursor sodium phase synthesized by solution route co-

precipitation reaction, fired at 600°C in air, quenched and ion exchange in ethanol. This material

attained a discharge capacity over 190mAhg"' at a rate of 25mAg"1(C/8) with excellent retention

of this capacity at high cycle number (fade rate ~0.1 % per cycle). Regrettably, the 1st cycle

charge capacity was lower compared to the 1st discharge capacity; for use as a cathode in a Li-ion

cell this is a detrimental factor.

The performance of stoichiometric materials was much less dependent on the synthesis

and ion exchange conditions. LiMn02 exhibited a large excess of charge capacity on the first

cycle. The best performance was obtained from material synthesised by solid-state reaction in
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argon at 720°C then ion exchanged in hexanol at 160°C. High discharge capacities of

~200mAhg"1, at a rate of25mAg"' were achieved with minimal fade rate (-0.1% per cycle).

However a large dip and rise in capacity is observed for the first few 10's of cycles, more so than

the non-stoichiometric materials.

Examination of incremental capacity data shows that both non-stoichiometric and

stoichiometric materials convert to a spinel-like form on cycling. This is shown by the

emergence of a double 4V process, a feature highly characteristic of lithium manganese oxide

spinel. The coalescence of the 108 and 110 peaks in the powder XRD pattern substantiates this

conversion. However, although there is a reduction in the refined da ratios of cycled LixMny02

and LiMn02, this value never reaches 4.9 and hence the structure never becomes truly cubic.

On detailed analysis of the load curves extracted from extended cycling data it appeared

that the spinel-like materials formed from non-stoichiometric and stoichiometric materials were

different. The non-stoichiometric materials form spinels with more 3V capacity than 4V

whereas; the stoichiometric materials form spinel with roughly equal proportions of 3 and 4V

capacity. The non-stoichiometric material load curves are similar to those of a non-

stoichiometric defect spinel with Li on the Mn sites or Mn vacancies. On the other hand, the

spinel formed from stoichiometric materials is characteristic of spinels where Mn

overwhelmingly occupies the 16d sites.

On cycling, stoichiometric LiMn02 displays a large dip and rise in the capacity over the

first few cycles, on the other hand non-stoichiometric materials generally exhibit a smaller

variation. Furthermore, non-stoichiometric material prepared by ion exchange in ethanol at 25°C

has a smaller dip and rise than non-stoichiometric material prepared in hexanol. The emergence

of spinel-like characteristics as shown by the double 4V process occurs during the first cycle for

non-stoichiometric material prepared in hexanol. It would appear that fast conversion

corresponds to a low capacity and a large dip and rise, however stoichiometric LiMn02 also

shows a large dip and rise yet, the 4V process is not seen in the incremental capacity plots until

cycle 25. This suggests that other factors are involved in the mechanism of conversion.
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Studies of the structural transformation of stoichiometric LiMn02 on extended cycling by

neutron diffraction and solid-state NMR suggest that the transformation occurs by a two phase

process whereas for non-stoichiometric LixMny02 the transformation is by a single phase process.

For stoichiometric LiMn02 the two phase transformation goes through a well defined

intermediate phase. Extended cycling shows that the intermediate phase (itself exhibiting many

spinel characteristics) persists and gradually converts to a full spinel structure.

Regardless of the mechanism of formation or the nature of the in situ spinel formed on

cycling lithium manganese oxide materials, its electrochemical performance is superior to that of

as-prepared spinel. The reasons for this enhanced performance were believed to be the result of

the generation of a nanostructure. The formation of a nanostructure was confirmed and

investigated by TEM. This nanostructure is able to accommodate the strain of anisotropic

expansion caused by the Jahn-Teller phase transition occurring on cycling. This is achieved by

slippage of the domain wall boundaries. Accommodation of the cubic to tetragonal phase change

through this mechanism results in the in situ spinel showing a lower fade rate over the 3V plateau

and a higher degree of reversibility (>99.9%) compared to as-prepared spinel.

TEM has revealed that on formation of the nanodomain structure the domain size

remains fairly constant for non-stoichiometric materials (~50A) whereas the domains formed

from stoichiometric LiMn02 materials appear to exhibit a small, yet significant increase in

dimension from 50A to ~70A after 100 cycles. On cycling, non-stoichiometric material converts

to the spinel-like material slightly faster, in a single step unlike stoichiometric material where the

transformation occurs as a well defined two phase process. This difference in mechanism could

account for the lack of domain growth in the non-stoichiometric material.

7.1.2 Doped lithium manganese oxide materials

Non-stoichiometric LixMni_yMey02 was successfully doped with a range ofmetal cations: M=

Mg, Al, Ni, Co and Li. Chemical analysis revealed that these materials contained alkali metal

deficiencies and transition metal vacancies like their undoped counterparts. Structural refinement

of powder XRD patterns suggests the dopant metal ions partially occupy the Mn sites.

Electrochemical results showed the doped materials to have superior cycling



performance to undoped LixMnyC>2 synthesized under the same conditions. The best performance

was realised with low doping levels: LixMno 95Meo.o2502 (prepared by ion exchange in ethanol at

80°C from their respective sodium precursors). Their capacity to store lithium was in excess of

200mAhg"'. There was only a small dip and rise in discharge capacity over the first few cycles

and fade rates were low, only 0.08 % per cycle for Co doped material. The rate capability of the

low dopant materials is also greatly improved over the undoped form however, the recurring

problem of low 1st cycle charge capacity has not been addressed by doping.

Synthesis of doped LiMni_yMey02 were prepared successfully using a variety of different

dopants and concentrations. Powder XRD showed them all to be layered materials and chemical

analysis to have a composition near to stoichiometry. The chemical analysis confirms the

presence of dopants in the sample but as the lattice parameters are unchanged it suggests that

there has been no substitution ofMn by the dopants. It is likely that these dopants are actually

concentrated as a modified surface on the individual particles. Dopants located on the surface

may alter the electronic conductivity and prevent dissolution of the electrode. These factors may

then explain the differences in the electrochemical performance shown by doped and undoped

stoichiometric materials. LiMn^MeyC^ doped with 2.5% Al, Li or Mg showed superior

performance to LiMn02 over the first few 10's of cycles. There was a reduction in the initial dip

and rise, fewer cycles were required to reach a maximum in capacity and rate capability was

improved. However at high cycle numbers, the fade rate was inferior to undoped stoichiometric

LiMnC>2 synthesised under the same conditions..

7.1.3 Varying cathode composition

Improved performance of non-stoichiometric LixMny02 composite electrodes was observed with

increased carbon Super-S and Kynar contents. The performance was superior in terms of a larger

1sl cycle charge capacity, an increased discharge capacity over the first few cycles and a better

rate capability. These improvements are a result of increased ionic and electronic conductivity.

A combined increase in carbon and Kynar to 10 and 20 wt. %, respectively in the composite

cathode resulted in the best performance.
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7.1.4 Ball-milling

Improvements in the cycling performance of stoichiometric LiMnCb can be obtained by the use

of ball-milling. Higher capacities are observed for the first few cycles and a significant decrease

in the initial dip and rise. As observed by TEM, ball-milling resulted in formation of a non¬

coherent nanodomain structure contained within highly stressed and disordered crystallites. This

strain is reflected in the powder XRD pattern by broadened peaks and negligible change in the

surface area. The nanostructure generated by ball-milling LiMn02 leads to a more rapid

conversion to a spinel-like form on cycling.

7.1.5 Mixed material electrodes

Neither of the layered lithium manganese oxide materials possesses all the attributes necessary

for use as a cathode in a Li-ion cell, however by combining the two an overall enhanced

performance is reached. Non-stoichiometric material showing good rate capability with minimal

dip and rise yet, low first cycle charge capacity is mixed with stoichiometric material with large

dip and rise over the first few cycle numbers and poor rate capability. The optimisation of the

ratio of the two resulted in a cathode with improved electrode performance. Specifically, the best

performance was obtained from a 1:1 mixture of LixMn0 95Lio.o25Coo.o2502 : LiMn02, charged at

25mAg"' with a potentiostatic hold at 4.6 V at the end of the 1st charge. A first cycle Faradaic

efficiency (Qc,/Qd|) of 1.17 was attained thus the 10% excess of charge capacity on the first

cycle needed for SEI formation on carbon was exceeded.

7.2 Future Work

If the layered lithium manganese oxide based materials discussed here are to progress further to

commercialisation then it would be advantageous that they could be produced using inexpensive

starting materials and a synthetic method involving less steps. Further investigations may reveal

a route for production of LixMnCb/LiMnCb and their doped derivatives using a "shake and bake"

solid-state method for synthesis requiring no specialised firing atmospheres and pressures.

The alcohols used in the ion exchange process are prohibitively expensive and use of an aqueous,

room temperature alternative would be beneficial.

212



All of the electrochemical cycling studies were carried out at 30°C, however,

investigation at temperatures ~55°C should be performed as this is closer to the operating

temperature of a Li-ion cell in an electronic device.

The unexpected improvement of the electrochemical performance of in-situ formed

spinel (obtained from cycled layered materials) compared with as-prepared spinel was in part due

to the generation of a nanostructure. Such a structure is not typically observed in conventional

materials considered for use in Li-ion batteries. Further work using TEM would be beneficial in

characterising these types of structures as well as to elucidate the mechanism of their formation.

The mechanism of transformation of stoichiometric LiMnC>2 to spinel on cycling was

investigated using solid state NMR and neutron diffraction, similar studies could be used to

investigate further the transformation of non-stoichiometric to spinel-like materials.

The studies presented here in, showed that varying the components of the composite

electrode have a significant effect on the electrode performance. A similar improvement of the

ionic and electronic conductivity by particle surface modification through carbon coating was

achieved in LiFeP04 systems.1 This technique could be applied to layered lithium manganese

oxide materials.

For the purposes of commercialisation, the industry would require evaluation of the

electrochemical performance of doped and undoped layered lithium manganese oxide materials

cycled against a graphitic anode.

These suggestions would form part of a future program ofwork.
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