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ABSTRACT

A new method for the high-throughput discovery of cathode materials for lithium ion
batteries has been developed. The novelty is in the method of separating the synthesis
and electrode fabrication steps, which has resulted in high quality electrochemical
data and standard deviation in results of approximately 6 %. This method has then
been used to investigate several material systems. Investigations into LiFePO,4 have
shown that sol-gel preparations with a sucrose to phosphoric acid ratio of 0.22 give
the highest initial capacities and best rate performance. The rate capability of this
material was found to be enhanced by ball milling the as synthesised material for 1 h.
Further improvements in rate performance could be achieved when Mg was used as a
dopant on the Fe site. Investigations of LiFe;..Mn,PO4 showed that the capacity is
significantly reduced as x is increased due to a well documented reduction in
conductivity. The reaction mechanism of the Fe*'/Fe** redox couple was seen to
change from 1 phase to a 2 phase type on increasing x. On further investigation of the
LiMnPO, material Mg doping was found to alleviate the conductivity limitations and

at a rate of C/7 ~60 mA h g”' was observed.

To_further validate the method and to demonstrate the versatility of the PoSAT
technique in terms of which materials can be investigated, research into
LiCojx-yNixMnyO, is also presented. Using a novel approach to obtain thermally
graded arrays optimal synthesis temperature and precursor salts were found for
LiCog 33Nip 33Mng 330,. The material prepéred from an aqueous mixed metal nitrate
solution at 700 °C was found to show a high initial capacity ~200 mA h g’ and
~ acceptable cyclability. Using this synthesis method, investigations into the ternary
system LiCo;xyNixMnyO, were also undertaken. It was found that in materials
cohtaining y>0.5 electrochemical performance similar to LiMn,O, was observed. The
highest performance materials were seen in samples containing roughly equal (>25 %

of each) amounts of each metal.
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Chapter 1 Introduction

Energy storage and batteries have never been of such importance as now, both in
people’s everyday lives and also on the. political landscape. In the modern world
portable electronics Have become ubiquitous; in the last 25 years the number of
mobile phones and laptops has increased dramatically, which has meant that people
are using more batteries and demanding improvements in performance. The
importance of renewable and green sources of energy like wind and solar have also
become major issues in recent, years; however, unstable weather conditions can
temporarily disable these devices. Energy storage systems would provide us with the
ability to stabilise (1) the supply of eléctricity and overcome some of the drawbacks
of these systems. The electric vehicle market has also developed significantly in

recent years with the advent of hybrid vehicles which require high pov'Vef batteries.

The increase in battery use has led consumers to demand higher s;orége capacity,
" energy and power. However, a recent article in chemistry world ;éféid “We are, it
seems, so near and yet so far from a new era of rechargeable battery technology.
While. gadget technology moves on at an alarming pace the humble battery is still

playing catch up” (2).

These factors mean that a radical new approach needs to be developed to accelerate
the way battery research is carried out. The application of high-throughput
methodologies can help us reach the next generation of materials and mé_et the

demaﬁds of the modern world.
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1.1 Aims and Objectives
Aim

Develop a new method for the highéthrou'ghput discovery of positive electrode

materials.

. Objectives ‘

e Build on the work of Spong et. al.(3-5) and devise a new method with a high
degree of accuracy.

 Validate this method by comparison with a known system.

e Demonstrate the application -of this method to several topical systems in

current battery research.
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1.2 Batteries

The Voltaic “pile” was introduced in 1800 by Alexander Volta, and is the first report
of an electrochemical battery(6). Since then the field has continued to grow and
develop, such that many different chemical systems have been adopted. In this section
a brief introduction to the science and review .of many of these systems will be given

followed by a more comprehensive introduction to the topical Lithium ion battery.

1.21 'Concepts

A battery is an electrochemical device which converts chemical energy to electrical

energy(7). Figure 1-1 is a schematic showing the basic processes in a battery during

| Load |
|,

discharge.

o | @
Lo} Flow of anions ©
«— | O
Q £
g ®
< Flow of cations O
—p .
Electrolyte

Figure 1-1 A schematié of an electrochemical cell during discharge(8).
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During charge and discharge anions and cations flow between the positive and

negative electrodes. This is a result of chemical reactions taking place in the cathode
and anode. Below a series of equations summarise the operation in a lithium
rechargeable battery where the pbsitive electrode is LiCoO, and the negative
electrode is carbon(9). This is a simplified by assuming 1 lithium is inserted per Co

rather than the narrower range for reversibility, to be discussed later(10).

During discharge
At the negative electrode: LiCs > Li* +Cg+ ¢
| Equation 1-1
At the positive electrode: Co0; + Li" + &> LiCoO, |
Equation 1-2
During charge
.At the negative electrode: Li+ +Cg¢+e — LiCs
Equation 1-3
At the positive electrode: LiCo0O, - CoO,+Li" +¢
Equation 1-4
Overall Charged Discharged

LiC¢ + Co0; <> Cg + LiCo0O»

Equation 1-5

Here, during discharge the Li moves from the carbon to the CoO; and on charge the
process is reversed. This system can be referred to as a “secondary battery”, a
“rechargeable battery”, a “storage battery” or an “accu_mulator” (11, 12). This means
that the cﬁemical reaction that caused the discharge can be reversed by passing a
current in the opposite direction. If this is not the case and it is impossible or difficult
to reverse the chemical reaction in this way then the cell is referred to as a

“primary”(11, 12) meaning that cells are purchased in the charged state and then after

a single discharge discarded. Many of these primary systems use a liquid electrolyte
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which is contained in a absorbent separator giving them the appearance of being dry

and hence are often referred to as “dry cells”.

1.2.1.1 Important Battery Parameters

Free Energy and Cell Voltage .
When a battery is discharged there is a change in the free energy of the system as the
reactants are converted into products as with any chemical reaction. This change in
energy is directly related to the cell voltage(10, 12-14) shown in Equation 1-6.

AG = —nFE

Equation 1-6

AG = Change in free energy/J

n = number of electrons
F = Faraday’s constant = 96487 C
E = Potential/ V

In the particular case of the lithium ion cell, the free energy change can be expressed

in terms of the chemical potential of lithium according to Equation 1-7.

0G = (pf, — py;)0n

Equation 1-7
on = small change in number of
electrons/ mol
uf =chemical potential of lithium in the

positive electrode/ J mol™!

uy =chemical potential of lithium in the

negative electrode/ J mol’

Equation 1-6 and Equation 1-7 can then be combined to express the potential of a cell

as a function of the chemical potential shown in Equation 1-8.
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E= _(,uZ _:ull,\:,)
F

, Equation 1-8
Generally the voltage changes during discharge because the chemical potential
changes with composition, for example Li;.xCoO, over the range 0 < x < 0.5 where
the composition varies continuously within a single phase the discharge occurs
between 4.3 ‘and 3.6 V (15). However, some materials undergo discharge by
conversion between two phas'es of different stiochiometry. In this case a constant
potential is predicted by Equation 1-7 because of the constant chemical potential fof

phase equilibrium.
Whenever a voltage is quoted within this work it is referred to vs. Li.

Capacity

Capacity is one of the key measurements used to characterise a battery material. It
will be one of the most common parameters that will be referred to in this thesis.
Within the literature it has many forms, there is theoretical capacity and specific
capacity (or more simply capacity) which can both be quoted as gravimetric and
volumetric values. The following will explain these terms using the example of the

commercially successful battery material LiCoOs,.

Theoretical capacity
Firstly, the reaction that is happening is considered, this is shown below in Equation

1-9 for the charge reaction of LiCoO,(13).

Charge reaction LiCoO; LiCoO, = LigsCo0, + 0.5Li" + ¢
| Equation 1-9

In Equation 1-9 we can see that during charge 1 mole of Li is extracted from LiCoO,

and 1 mole of electrons flows around the external circuit. This means that the charge

“that has been passed is equal to the moles of electrons multiplied by Faraday’s

constant (Equation 1-10).

Q=mxF
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Equation 1-10

Q= Calculated charge passed during charge / C
m = moles of electrons ' :
F= Faradays number = 96487 C mol
o7
The gravimetric capacity can then calculated by dividing the charge passed by the

molecular mass of the active material (Equation 1-11). -

Equation 1-11

Qu = theoretical capacity per g/ C g’

M = molecular mass/g

The above result in C g”', may be converted to the technical unit of mA h g by
dividing by 3.6. If these equations are now used to calculate the theoretical capacity of

LiCoO; based on the discharged state of CoO, the result is 273 mA h g".

Specific Capacity
The term specific capacity in this work will refer to the experimentally observed value
of the capacity on discharge. This is calculated by measuring the charge per gram of

active material followed by conversion from C g'tomAhg’

In the case of LiCoO; practically the reversible specific capacity calculated from the
measured charge is ~130 mA h g'(10). This is significantly different from that
calculated theoretically, this is normally explained as only 0.5 moles of Li can be

extracted reversibly from 1 mole of LiCoO,.

Cyeclability
Cyclability is a term which only applies to secondary rechargeable batteries. It refers
to how well a battery retains its capacity on cycling. This is normally observed by

plotting a graph of specific capacity vs. cycle number and qualitatively observing the




Chapter 1 Introduction -8-

performance. It can also be quoted as percentage capacity retention per cycle(16).

This can be calculated using Equation 1-12.

Yo —100- 190y, = Osr)
(Qy %)

Equation 1-12

%cpr = percentage capacity retention per cycle
Qsi = initial specific capacity/ mA h g
Qsr = final specific capacity/ mA h g’

C = number of cycles

Rate -

C-rate . ’

C-rate is a term which refers to how fast or slow a battery is charged or di.scharged.
This is referred to in the “Handbook of Batteries” (13) as being based on the capacity
rating of the battery, however, in all cases within this work this will be referred to
based on the theoretical capacity. Firstly, the capacity of the active material under test

is calculated as in Equation 1-13.

Qp =m P x QT

Equation 1-13
Qp = capacity of active material pellet/ A h
m, = mass of active material pellet/ g

From this value the C-rate can be calculated using Equation 1-14.

~ Equation 1-14

C; = C-rate

1 = current/ A
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This gives us a rate which is the inverse of the time it takes to discharge the battery.
For example, a C-rate of 0.1 means that if the full capacity of the active material pellet
is discharged in 10 h. C-rate is only ever referred to for galvanostatic discharge,
however, it is possible and sometimes done in this work to estimate it for cyclic

voltammetry.

Rate capability

Rate capability is determined by how well a material retains its specific capacity at

‘high rates of discharge. This is typically reported by plotting graphs of specific

capacity vs. C-rate, current or scan rate (for cyclic voltammetry measurements).
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A primary battery is sold in the charged state and is only useful for a single

d‘ischarge(12)'. The electrochemical reaction that takes place during discharge can be

considered as irreversible(11). A summary of a few popular systems is shown below

in Table 1-1. These batteries are extensively used in portable electronic equipmént

such as torches, cameras and watches(11). The major advantages of most primary

systems are there simplicity, good self life and acceptable cost.

Table 1-1. Table of some common primary battery systems. Reproduced from New battery

Technologies(17).
System Cell Reaction Nominal Energy
' Positive Electrolyte ~ | Negative | Voltage/V Density/
' electrode electrode Wh/l
Leclanché MnO, ZnCl, Zn 15 200
' ‘ NH,CI
Alkaline Mn | MnO, KOH (ZnO) | Zn 15 320
Dry Battery
Ag,O Zn | Ag,0 KOH Zn 1.55 450
battery NaOH
Zn-Air 0; KOH Zn 14 1235
Battery )
Li/(CF), (CF), LiBF,/ y-BL | Li 3 400
battery , |
L/ MnO, | MnO, LiCF;805/ | Li 3 400
battery PC+DME
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1.2.3 Secondary systems

-11-

A secondary battery is one which after discharge can Bc recharged and used again.

This is done by reversing the flow of the electrons and thus reversing the discharge

reaction(11). These systems are advantageous as after an initial purchase the

consumer can continue reusing the battery many times(11). These battery systems

have been used in applications such as automotive ignition and extensively in the

mobile electronic devices such as laptops and mobile phones.

Table 1-2 Table of some common secondary battery systems. Reproduced from New battery

Technologies(17).

System Cell Reaction Nominal Energy
Positive Electrolyte | Negative | Voltage/V Density/
electrode , electrode Wh/l

Sealed Lead- | PbO, H,SO, Pb 2 75

Acid battery '

Ni-Cd Battery | NiOOH KOH Cd 1.2- 100

Ni-MH NiOOH KOH MH(H) 1.2 240

Battery

Li/ V20s | V20s LiBFy/ Li-Al 3 140

rechargeable PC+DME

battery

Li =  lon|LiCoO; | LiPFg C 4 280

Rechargeable EC+DEC

Battery

The lithium systems offer a significant advantage over the others in Table 1-1 as the-

operating voltage is much higher(14). This stems from an increase in the free energy

of insertion of the lithium into the host lattice. The negative electrode typically has a

small chemical potential (if Li 'uN = 0 or a small negative value in the case of
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graphite)(14, 18), while the positive electrode has a highly negative chemical
potential, resulting in the observed high voltages which can be calculated with
Equation 1-8. A summary of some of the potentials of lithium intercalation

compounds can be seen in Figure 1-2.

55 5
1 Positive electrode materials I LiMnPO, |

4 1= ‘|r I LiCoPO, I [ }: LiNi, ,Co, .Mn, O, | 4
i LicoO, iio, I LiMn,O;

34 I LiFePO, I =43

LiMnO, }

14 I LiTiO, -+ 1
E 3 I +

i =
0+ [ i Li graphite LiSn

Limetal Negative electrode materials

Voltage vs. Li
N
1
1
1
1
N
Voltage vs. Li

Figure 1-2 Electrochemical potential of some lithium intercalation compounds vs. metallic

lithium(18, 19).

The use of this higher voltage system has led to a significant increase in the energy
density both gravimetric and volumetric that can be stored from the older systems
illustrated in Figure 1-3. This is one of the key reasons that lithium systems have
flooded the rechargeable market in recent years. This widespread use has meant that

the interest in improving these systems still further is larger than ever before.
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400
T 300
2
2
=
3 200
P
3
w
100
: Lighter weight g
T N T T T T
0 50 100 150 200 250

Energy density (W h kg-')

Figure 1-3 Comparison of the different battery technologies in terms of volumetric and

gravimetric energy densities. Copied from reference(19).

1.3 Lithium/lithium ion secondary battery

The first commercial systems were operated using a positive electrode material
(discussed in more detail later) a non-aqueous ion conducting electrolyte and a lithium
metal negative electrode(10). The charging process is shown below in Equation 1-15.

charge

Li(s) + A;By(s) = LixA By(s) + (1-x) Li(s)
discharge

Equation 1-15

This reaction is remarkable as it occurs well outside the electrolyte stability window.
It only occurs thanks to the formation of a passivation layer on the surface of the Li
referred to as the solid electrolyte interface (SEI) (a term coined by Peled(20)). This
layer protects the electrodes from further reaction whilst enabling Li ion transfer from
the electrode to the electrolyte(21). The lithium metal system had significant
advantages due to its light weight and stability in a number of electrolytes meaning
the batteries have long shelf lives. However, there were safety issues with lithium

metal; on long term cycling dendrite formation was a significant problem causing
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short circuits and explosions as a result of thermal runaway(14, 21). To
circumnavigate this problem a second intercalation material is now used for the
negative electrode the first commercially successful example of which was carbon(10,
22). A generic example of the cell charge discharge reaction is shown below in
Equation 1-16.

charge

LixCoMm(s) + A;By(s) = CyMn(s) + LixA/By(s)
discharge

C.M, = the negative electrode: a low voltage vs. Li intercalation material e.g. graphite

A,By = the positive electrode: a high voltage vs. Li intercalation material e.g. LiCoO,

Equation 1-16

The negative electrode acts as a lithium ion sink accepting lithium ions during
charging and releasing them during discharge. This effect is termed a “rocking chair
battery”, “swing” or more general “lithium ion battery”. Below in Figure 1-4 a

schematic of the rocking chair battery is shown(6).

Negative electrode Electrolyte Positive electrode

© 0

Electrons sl <«——— Positive ions

Figure 1-4 Schematic diagram of a lithium ion cell. The balls represent lithium ions that
compensate the electrostatic charge due to electrons passing in and out of the electrodes while

current passes in the external circuit.

The use of two intercalation materials in Li-ion batteries avoids the problem of
dendrite formation, making the system safer and more reliable. However, the negative

electrodes are now heavier than pure lithium, reducing the overall specific capacity of
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the cell. However, the improvements in safety make this a more appropriate cell

- design.

A

Negative electrode materials

The most common negative electrode used commercially is graphitic carbon
introduced by SONY(10). This material inserts 1 Li per 6 carbons to form LiCs at
around 0.25 V vs Li and has a capacity of ~320 mA h g (19, 23). Other negative
electrode materials include alloys with Si(24), Al and Sn(25) which offer much larger
capacities (> 600 mA h g); however, the retention of capacity on cycling was poor.
Recently use of the same alloys in amorphous form has shown much improved
performance(26). Other possible negative electrodes are the various forms of TiO,
and other titanates; the example of TiO,-B has a discharge potential of 1.4 V vs. Li
and a capacity of épproximately 200 mA h g'(27). One significant advantage of this
material is its high discharge potential means that the threat of dendrite formation and
subsequent cell failure from Li plating is removed, with a graphitic electrode this can

still sometimes be a problem at high rates(10).

Electrolytes

The eleétrolytes used in most lithium ion batteries are lithium salts dissolved in a
organic solvent. However, lithium ion batteries operate well outside the stability
window of most orgahic solvents(21). This problem is resolved as a passivation layer
known as the solid electrolyte interface (SEI) forms on the surface of the negative
electrode and protects against the decomposition, while, allowing ion conduction from

the electrode to the electrolyte(21).

Many different salts have been used during the development of Li ion battery,'

however, recently LiPFg,(21) LiTFSI(14) and LiBOB (28) appear most commonly

* within the literature. Various different organic solvents have also been examined with

ethylene carbonate (EC) and dimethyl carbonate mixtures(DMC) being the most
widely used(21).

Several different polymer electrolytes have also been trialed, such as polyethylene

oxide (PEO)(21). The use of such electrolytes have several advantages compared with
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the organic solvent electrolytes; the increased strength over the porous separator
forms a physical barrier to dendrites reducing the possibility of short circuits and the
low vapour pressure also reduces the chance of the cell drying out which is often a
problem with liquid electrolytes. Another recent approach has been the use of ionic
liquids (29)which have extremely low vapour pressure and are resistant to fire.
However, problems due to extremely low diffusion coefficients significantly limit

there practical application.

The composite structure of battery electrodes

Most battery electrodes are composite porous structures shown schematically below
in Figure 1-5. Because many positive electrodes are poor electronic conductors a
conductive additive typically acetylene black is added providing electronic pathways
to allow reaction to occur(10). A polymer binder is also added which is there to hold
the powder together in a film typically this material is PVdF but sometimes PTFE can
also be used. Although usually the negative electrode has a high electronic
conductivity a similar structure is often still used, the binder is added to provide
structure as before and the conductive additive is added to provide an electronic
pathway through the binder. This structure is porous to the electrolyte so the Li ions
can easily diffuse to the surface of the active material particles. When the electrodes
are poor electronic conductors the electrochemical reaction can only occur at those

points where the active material, binder and electrolyte meet.

Active
Material
Polymer
Binder
Conductive
Additive

Figure 1-5 Schematic of battery electrode grey circles represent active materials, black stars

represent conductive additive (AB) and the white regions represent the binder.
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1.3.1 Positive Electrode Materials

1.3.1.1 A Review of the history of Positive Electrodes

Originally lithium battery systemé were developed as primaries by NASA in the
1960s as a high energy power source for space development projects(17). These
batteries employed metal halides or oxides as the positive material. The first
commercial system was developed by Matsushita based on CFy and MnO, positive
material(10, 17). Following this work attempts were made at rechargeable systems
using molten salts, with designs that would operate at around 450 °C; however, these
systems were never succéssfully brought to the market plaée because of problems

resulting from corrosion and the high temperatures of operation(30, 31) .

The first really successful Li rechargeable system was the TiSy/Li cell 'developed in
the late 1970°s(10, 32, 33). TiS; is a layered material which behaves as a semi-metal,
inserting up to 1 Li per Ti at a voltage of 2.1 V vs. Li. This system was marketed by
Exxon with a LiAl negative electrode in the late 1970’s. The search for new materials
then moved towards researching metal oxides(10, 15, 34, 35). In the 1980s layered
metal oxides were identified as a potential new positive electrode material, the first
commercially successful and still the most widely employed is LiCoO,(15). This was
originally recognised by Goodenough et. al. (15). and brought to the market by SONY,
who used a LiCoO, positive'materialr and carbon negative‘ to create a Lithium ion
battery(36). This was followed in the 1990s with the development of the spinel
material LiMn,O, proposed by Thackeray et. al. (37). In more recent years.the olivine
phase of LiFePO, was suggested by Padhi et. al.(38, 39) which led Armand et. al. (40)
to develop a novel carbon coéﬁng preparation to o?ercome the intrinsic low
conductivity of LiFePO4. The following section will give a more detailed diécussion
of the layered, spinel and olivine materials focussing mainly on those specific areas
relating to the work within this thesis. Following this there will be a very brief

description of other systems which are attracting significant interest at the moment.




Chapter 1 Introduction -18 -

LiMO,

The general LiMO; has the a-NaFeO, structure with the lithium and transition metal
ions located at octahedral 3(a) and 3(b) sites in a cubic close packed arrangement of
oxygens(10, 41). The lithium, transition metal and oxygen form alternating layers
which allow the lithium to diffuse in and out of the structure on cycling. The structure

of LiCoO, is shown in schematics below in Figure 1-6.
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Figure 1-6 The structure of LiCoO, shown in two different ways; atoms and bonds (a)

polyhedrons and Li atoms (b)(10).

The general structure shown here (Figure 1-6) has been used to form several different

successful cathode materials a summary of which is presented below.

LiCoO,
This was the first really successful commercial Li-ion battery material, the charge

reaction proceeds as shown below in Equation 1-17(15).

LiCoO; <> LigsCoO,+ 0.5Li
Equation 1-17

Only 50 % of the available Li can be charged and discharged reversibly. If greater
than 50 % Li is extracted large phase changes in the material occur resulting in severe
capacity loss. If 100 % of the Li is removed the structure will rearrange completely to
give hexagonal close packing of the oxygen in CoO,(10). The material has a high
voltage discharge at around 4 V and a capacity which is limited to 130 mA h g’ by
the incomplete extraction and insertion of Li.(10, 42) However, more recently some
researchers have had success in increasing the amount of Li that can be utilised and

thus increasing the capacity by using surface coatings(43, 44). It seems however that
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even with these treatments the capacity is limited to 180 mA h g”'. Nevertheless after

16 years of service since its commercialisation in 1991 LiCoOs is still the most widely

used material in Li-ion cells. Howeyver, it does have significant drawbacks such as its
high cost and toxicity which need to be addressed in the development of new

materials.

LiNi;;3Co013Mn;30; and other LiNi,.y..,CoyMn,0;

The LiNi;;3Co;5Mn; 30, was proposed in 2001 by Ohzuku et. al.(45,' 46) as a high
voltage.cathode (discharging around 4 V vs Li). Capacities greater than 200 mA h g
have been reported for this material in the range 2 to 4.6 V with negligible capacity
loss.(46, 47) Ohzuku et. al. propose that in the LiNi;;3Co;3Mn;30; structure the Co,
Ni and Mn exist in the 3+, 2+ and 4+ oxidation states respectively.(41) The charging
reaction is shown below in Equation 1-18. However, the theoretical capacity of
278 mA h g has not been observed within the potential limits of most experiments

corresponding to the insertion of the 1 whole Li.

LiNi;3Co15Mn; 305 < Nij3Co1sMn; 50, + Li

Equation 1-18

This material has other advantages over LiCoO; e.g. the reduction of Co also means a
reduction in cost and toxicity. However, several reports in the literature have shown

that whilst structurally pure materials have been obtained it has been difficult to

reproduce the electrochemical performance(48-50). The main preparation routes have -

been to precipitate either the metal hydroxides or metal carbonates from a solution of
the metal sulphates or nitrates, although many other routes have been tried. It is
~ apparent from these studies that the preparation of this material is sensitive to reaction
conditions such as calcinations temperature(50) and time, precursor salts(47, 49, 50)
and also the use of excess Li seems to be important. One of the most promising
synthesis methods has been proposed by Sﬁaju et al. who prepared a macropoous

LiNi;3C015Mn; 30, using a dilute solution of metal acetates mixed with resorcinol

and formaldehyde in a sol-gel method(47). This material shows a 99.9 % retention of
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capacity per cyéle compared with the best reported elsewhere of 99.83 %, it also
shows a high rate capability. It is proposed that the excellent performance of this
materials is a result of an optimised sample morphology(47). Other methods to
improve the performance of this material have used a variety of surface treatments(51,
52) to imprové the retention of capacity on cycling and also cationic substitution(53,
54). Recently Thackeray et al. (55) have shown that by washing the
LiNi;;3Co15Mn;30; in a dilute solution of NH4PF¢ prior to testing a significant

improvement in the retention of capacity on cycling can be achieved.

The LiNi;3Co15Mn; 302 material is a member of the LiCoO,-LiNiO,-LiMnO; phase
triangle shown below in Figure 1-7. This diagram was proposed by Koyama et al.
based on first principle calculations from the superlattice model(56). The calculations
show that this is not a true solid solution over the whole ternary diagram; for example
it has areas of phase separation between LiMnO, and LiCoO,. However, there are
several areas of solid solution and formation of supperlattices indicated in Figure 1-7.
Several members of this complicated phase diagram and many of the ternary edge
compositions have been investigated within the literature but as yet no systematic

experimental investigation has been published.

Lica™0,

v, ZAVA
SRBIVLIN
LiNi 3’02 - solld solution - LiNi* , /;M"ﬁmoz LiMnyoz

Figure 1-7 A phase triangle of LiC00O,-LiNiQO,-LiMnO,. Copied from reference(41). Superlattice
structures are expected at compositions marked in squares for [2x2, in triangles for [V3xv3]
R30°, and circles for the straight or zigzag models.
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Other LiMO,

Other materials with the same structure have been tried less successfully. LiNiO, was
investigated for many years but has problems associated with Ni presence on the Li
~ sites reducing the diffusion coefficient. Instability in the materials containing low
lithium content gave unstable cells that were especially dangerous in contact with
organic solvents(10). LiMnO, has also been investigated; however problems with
conversion of the structure from layered to spinel during cycling has plagued its

application(10).
LiMn204

LiMn;O, is based on the spinel structure MgA1,04(57) and has an anion framework of
cubic close paéked oxygen ions(58). The Li ions occupy the tetrahedral 8a sites while
the manganese cations and oxygen anions occupy the octahedral 16d and 32e¢ sites,

respectively(59).

The reaction typically proceeds as shown in Equation 1-19, however, a sec_ond Li can
be inserted into the spinel structure resulting in the charging reaction shown in
Equation 1-20. When only a single lithium is inserted activity is observed at around 4
V vs Li, the use of the second Li results in a second plateau at around 3 V vs Li(10, 37,

60).

LiMn;04 <> Mn,O4 + Li
Equation 1-19
LiorMn,0O4 & Mn,O, + 2Li

Equation 1-20

This material has generated much interest but suffers from significant capacity loss at
"high temperatures and problems of Mn?* dissolving into the electrolyte(10, 61).
Several attempts have been made to improve the inaterials performance using cationic
substitution. The theory is that by substitution with appropriate ions the average

oxidation state of the manganese can be increased causing an improvement in
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capacity retention on cycling(10, 59). Particular improvements have been seen when
using the LiAlLMn;. O, F,, where the anionic substitution of F~ has resulted in
improved capacities without sacrificing the cycle life of the material(59). The use of
new electrolytes such as LiBOB has also been suggested as a way to improve the
capacity loss at high temperatures(62, 63). It has been suggested that a polymerisation
of the BOB™ anion occurs on the first cycle forming a thin layer between the
electrolyte'and the particles which is permeable to Li but can suppresé the dissolution

of Mn*".
Detailed discussion of LiMPO,

Interest in the LIMPO, was initiated when Padhi et. al.(38, 39) first suggested the
LiFePO, and LiFe; ,Mn,PO, materials in 1997. Below a brief review of the important
features of LiFePO, relating specifically to this work will be given.

LiFePO4
LiFePO, has a general olivine structure of (Mg,Fe),SiO4(57) found in the earths
mantle, this has an orthorhombic crystal class(64). LiFePO,4 has a hexagonally close
p;clcked array of oxygen atoms with Fe (FeOg) and P (PO4) binding with the octahedral
and tetrahedral sites respectively; this is shown in two schematics (Figure 1-8) below
the first atoms and bonds (a) the other showing and polyhedrons and Li atoms(b) (10).
Within this structure the phosphorus atoms occupy tetrahedral sites and the iron atoms
octahedral sites. The FeOg octhedra are linked via corners in the bc plane and the LiOg
octahedra form edge sharing chains on the b axis. What is clear from these two
schematics is that the Li ions exists within channels which allows the extraction and

insertion during charge and discharge, via the following reaction (Equation 1-21).

LiFePO, <> Li" + FePO, + ¢
Equation 1-21
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b

Figure 1-8 The structure of LiFePO, shown in two different ways; atoms and bonds (a) FeO4 and
PO, polyhedrons and Li atoms (b)

The initial work of Padhi et. al.(38, 39) showed a reversible capacity of 110 mA h g
at slow rates with a discharge potential of 3.4 V vs. Li. This is only about 65 % of the
theoretical capacity (170 mA h g"), this reduction was attributed to both poor
electronic conductivity and poor ionic conductivity(19, 64). The electronic
conductivity of LiFePO4(65) is only 10°S cm™ compared with 10° S cm™ for
LiCoO»(66).

Carbon Coating to Improve Conductivity

To alleviate the problem of low intrinsic electronic conductivity Ravet et. al.(40)
reported that when a 1 wt. % carbon coating was used then a specific capacity of
160 mA h g was achieved. The coating forms a conductive network (Figure 1-9)
which is in close contact to the LiFePO, particles. This is far more effective than any

carbon additives such as acetylene black described earlier.
— %
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Figure 1-9 Schematic view of how carbon can be used to form a conductive network to overcome
the problem of poor conductivity in LiFePO,. Three states of LiFePO, are shown: (a) no carbon

coating, (b) partial but insufficient carbon coating and (c) perfect carbon coating.
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Figure 1-9 represents the percolation by carbon coating of LiFePQ,. Percolation is a
mathematical concept which in this case models the effect of different degrees of
carbon coating on the performance of LiFePO4. The percolation threshold has been
reached when there is a direct path through the conductive medium (the carbon
coating) from the non-conductive medium (LiFePO,) to the current collector (there is
still acetylene black (AB) and binder to be considered within this model as well). This
nicely describes what happens when the material is carbon coated, we need sufficient
coating so that there are no breaks in the electronic conduction path as in Figure 1-9 (c)
but not in (a) or (b). When this network is not formed (a,b) effective electronic
connectivity can not be maintained by the AB alone and little or no capacity can be
extracted at moderate rates. This is not a classical interpretation of percolation which
is shown in Figure 1-10. Here the percolation threshold simply refers to how many of
the white squares need to be replaced by blue squares to achieve a route via only blue

squares from the left hand side to the right hand side of the grid(67).

b

Figure 1-10 Figure showing percolating networks. (a) below percolation threshold, (b) above

percolation threshold.

This carbon coating technique was very successful in overcoming the conductivity
problems, at moderate scan rates (C/5) a capacity of 160 mA h g’ can be
extracted(68). Several methods have been reported for carbon coating LiFePO4 these
include solid state reaction (40, 68) or solution base methods with sucrose(68) or
other carbon based additives(69-71). However, using carbon to improve the materials

conductivity increases the mass and volume of the electrode composite, which has the
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effect of reducing the capacity of the material. Several papers have suggested that the
conductivity of the LiFePOy can be increased by placing an inactive ion on either the
Li or the Fe site; this could alleviate the need for carbon coating and increase the

energy density of the material. ' ' |
Conductive Substitution Li;..M.Fe,; ,M,PO,

One of the earliest reports of conductivity improvement via substitution of inactive
species on the Li was reported by Chung et. al.(64). They reported a ~10® increase in
conductivity of LiFePO4 when doping with Mg, Al, Ti, Nb, Zr or W on the Li site and
also reported greatly improved electrode performance. They report that the “highly
conductive doped compositions seem to be extrinsic p-type semiconductors”, and that
this 'is the primary reason for there greatly improved performance. However, the
interpretation of these results was questioned by Ravet et. al.(72) who believe the
improved conductivity is more likely to be a result of carbon residues from the

precursor salts than the claimed material effect. Several other reports in the literature

have suggested improved performance using the same elements(73) as Chung et.

al.(64) and also other elements have been used to dope on the Li site for exam'ple;
Zn(74), La(75) and Ti(76). However, all these results are still tainted with the

suggestion that carbon residue may be effecting an accurate interpretation.

The study of LiFe;.,Mg,PO4 materials presented by Barker et. al. (77), was one of the
earliest examples of substitution of the Fe by an inactive species, they successfully
synthesized the material via a carbothermal reaction and saw a capacity of
150 mA h g’ at C/20 seeing what they described as “outstanding ionic reversibility”.
Later several publications investigating different synthesis methods and material

performance reported improved capacity, conductivity and rate capability(78-81).

(Other papers have suggested that doping with Zr, Ti(80, 82), Cu, Zn(74, 83) may also

improve the materials performance via a similar mechanism. The explanation for
these improvements is varied. An increase in conductivity is reported in several
papers, however, it is still unclear as to the effect of any carbon residues within these
samples, the same problem as suggested by Ravet et. al.. Measurements of XPS show

a weakening in Li-O interaction and thus an improved ionic diffusion in the Mg doped
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samples.(84) A further explanation suggest that the inactive Mg ions acts to stabilize

the structure during charge and discharge and improves the materials performance.(79)

Other Olivines LiMPO,

Other systems with the same structure as LiFePQ, that have also been studied include
LiCoPO4(85, 86)LiNiPO4(85) and LiMnPO,(3 8), One of the most extensively
investgated of these is LiMnPQ, this is a higher voltage material than LiFePO4 with
approximately the same capacity and therefore représents a route for improving the
energy density of the material. However, this material has extremely low conductivity
and the reported electrochemical performance has been poor. In the initial work by
Padhi et. al. a capacity of only 6 mA h g was 1repoi‘ted(38). Improved performance
up to 160 mA h g’ has been reported at slow rates (C/100) for some preparationé
- which form extremely small particles(87, 88). In the original work on LiFePO,4 and
LiMnPO, reported by Padhi et. al.(38) the use of the solid solution LiFe,xMn,PO,
was suggested, here whilst some capacity was seen at higher voltages typically the
capacity reduced linearly with the addition of Mn, this result has also béen observed
by others(89). A detailed study of this material has been reported by Yamada et
al.(90) who demonstrate 160 mA h g™ for the composition LiMngsFeo 4POy at slow
rates. This work has focused on resolving the reaction mechanism in the mixed metal
phosphate. It is reported that the 2 phase behaviour of LiFePO, moves increasingly to
a 1 phase behaviour on the substitution of Fe for Mn(91).

Other Systems

Several other systems have also been considered as positive electrode materials such
as LiMSiO, (where M = Fe and Mn) results on this material were first reported by
Thomas et. al.(92) and since then several other papers have been published. The -
advantage of this material is that it is possible to-insert and extract more than 1 Li
giving it a relatively high capacity. Other phosphate based materiais have also been
proposed such as LiVPO4F(93), LizV,(PO4)3 and several others.
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Key Requirements of a Cathode Material

In a review paper by Whittingham(10) the key requirements for a cathode in a lithium

battery were outlined these are shown below.

An ideal cathode should be developed such that:

1.

The material contain a readily reducible/oxidizable ion, for example a
transition metal. '
The material react with lithium in a reversible manner.

The material react with lithium with a high free energy of reaction (AG= -

- nFE).

a. High capacity, preferably at least one lithium per transition metal
(large n).
b. High voltage (large E), preferably around 4 V (due to decomposition of
the electrolyte). '
c. This leads to a high-energy storage.
The material have a high rate capability.
The material be a good electronic conductor, preferably a metal.
a. This allows for the easy addition or removal of electrons during the
electrochemical reaction. _
b. This minimizes the need for inactive conductive diluents, which take
éway from the overall energy density.
The material have a stable structure which does not change or degrade on
cycling leading to a high retention of capacity per cycle.
The material be low cost. |

The material be environmentally benign.
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1.4 Combinatorial and High throughput technique

1.4.1 The Principle

The combinatorial principle was originally conceived for the simultaneous synthesis
of a large number of organic molecules(94, 95). The large number of products meant
that the chances of finding attractive targets were greatly improved. Below in Figure
1-11 a pictorial representation of the combinatorial principle is shown. The method
shown is called the Split&Pool synthesis and employs reacting on polymer supports
and simple division and recombination steps to generate a large number of samples in

a single reaction vessel(96).

Pool

Figure 1-11. Flow chart displaying the combinatorial principle.

The first use of this principle was published by Mario Geysen in 1986(94, 95). In this

study he produced a large library of compounds which were then screened for their
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biological activity. This technique has now become commonplace in organic
chemistry. The principles of this technique were quickly adopted by all areas of
‘materials science (a summary is shown in Table 1-3 of many of the industries which
these techniques have been applied) where often not only the composition can affect
sample performance but also morphology, crystal structure, testing conditions and

other parameters(96).

Table 1-3 Examples of materials explored using combinatorial and high-throughput

experimentation techniques. Table partially reproduced from literature(96).

Material Explored Reference
Heterogeneous catalysts on
Homogeneous cz;talysts (98)
Fuel cell anode (99)
Enantioselective catalysts ( 100)
Electrocatalysts ) (101)
Polymers (102)
Zeolites _ (103)
Luminescent compounds (104)
Magnetoresistive compounds (105)
Metal alloy compounds (106)
Coating materials 7 ] (107)
Fuel cell matefials : ' (108)
Solar cell materials (109)
Agricultural materials (110)
Ferroelectric/dielectric materials ain
Structural materials : (112)
Hydrogen storage materials- (113)

The terms combinatorial, high-throughput and parallel can often be found in the

literature used interchangeably. An important distinction needs to be made between -

combinatorial techniques and high-throughput methods. The expression combinatorial
chemistry was originally coined for the organic applications described above. Here, in
one pot a large number of samples are prepared simultaneously, they are not separated

but analysed together at the same time. In high-throughput methods samples are
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typically fabricated one at a time however very quickly. This difference is not a
golden rule for deciding which is the correct term, however, it is a reasonable

guide.(96)

1.4.2 Combinatorial and High-throughput approaches in battery

research

The first demonstration of combinatorial techniques applied to electrochemistry was
presented by Reddington et al. in 1998(101). The experiment involved the parallel
electrochemical cycling of methanol fuel cell catalyst, the most active catalyst then.
generated the most hydrogen ions which could be observed using a fluorescent acid-
base dye. Since then these concepts and ideas have been widely applied to other areas

of electrochemistry(114, 115) in particular batteries and fuel cells(4, 116-118).
1.4.2.1 Standard Non-high-throughput synthesis
Before the introduction of high throughput methods in battery science, it is important

to recognise what constitutes at standard method. A typical conventional method of

cathode material testing is shown below in Figure 1-12.
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1. Weighing solid precursors

&8

2. Solid state mixing

8

3. 10-20 h calcination

3

4. Preparation of ink containing
prepared material carbon
additive and binder

5. Fabrication of electrodes
6. Weighing electrodes

7. Construction of test cell

.

8. Galvanostatic Cycling

Figure 1-12 A flow chart depicting the processes involved in fabrication and test of a battery

cathode using conventional methods.

The various stages in battery testing shown in Figure 1-12 are typically very labour
intensive and time consuming. It may take anything from two weeks to two months
from initiating the experiment until the cycling data can be analysed. The first major
rate limiting step is the preparation of the active material which requires laborious
grinding, long times and high temperatures. Whilst, the second is the electrochemical
measurement which can often take many weeks if investigation into a materials

cycling stability are being made.

1.4.2.2 Development of the Testing Equipment

Several groups have demonstrated the parallel screening of battery materials(4, 119,
120). The principle method used is a cell with many working electrodes and a single
counter/reference electrode typically lithium. A selection of several cell designs from
the literature is shown in Figure 1-13a-c. The potentials of the working electrodes are
then controlled vs. the reference and the current of each element is monitored. This is
done using the circuit shown in Figure 1-13d the critical component of which is a

commercially available 16 bit, 64 channel analogue converter.
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Figure 1-13 Figure of some combinatorial equipment: a (Dahn group design), b (Watanabe) and
¢ (Owen) are cell designs used by various research groups. The circuit diagram in d (Owen)

shows how the design used for the current followers used in Southampton.

1.4.2.3 Fabrication Methods

Perhaps the biggest challenge of combinatorial or high-throughput approaches to the
study of battery materials is the effective synthesis of the electrodes. Below the
various techniques previously used in the high throughput discovery of battery

materials are summarised(121).
Physical Vapour Deposition(PVD)
This is the most developed and extensively used method of all those discussed here.

Although ultra high vacuum (UHV) techniques physical vapour deposition have been
used to study high purity thin films in catalyst (122), thicker films, and therefore







