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Abstract

With the rapidly expanding market for mobile devices such as mobile phones, laptops
and cameras, as well as the push towards greener, more renewable energy sources,
rechargeable batteries have been brought to the fore. With the many uses of lithium—
ion batteries from high drain appliances to power storage, to vehicle propulsion, varying

cathodes are required to provide these differing functionalities.

This thesis contains a comprehensive literature review, outlining the history of secondary
batteries, their uses, current technologies and ongoing research topics within the field of

lithium—ion battery cathodes.

Bronze—phase vanadium dioxide, VO,(B), is a very promising cathode material, with
higher theoretical capacity than the current commercial lithium cobalt oxide, LiCoO,.
Current synthesis techniques for VO,(B) utilise solvothermal synthesis in a Teflon—lined
Parr bomb, which is then placed in an oven for 48 hours. Microwave—assisted synthe-
sis had never before been used for VO,(B), but through its use the reaction time for

formation has been significantly reduced.

VO, (B) was also characterised through the use of X—ray absorption spectroscopy whilst
undergoing a discharge cycle at the Diamond Synchrotron near Oxford, the first experi-

ment of this kind on VO,(B) using a relatively new battery cell design.

Olivine phosphate structures of iron, manganese and cobalt were also prepared through
microwave—assisted synthesis, with lithium iron phosphate being developed as a future
electric vehicle battery cathode. These were successfully characterised and cells contain-

ing them charge—discharged — the results of these are presented.
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1 INTRODUCTION

1 Introduction

1.1 General introduction

The increased performance demands on current batteries continue to propel research
on cathode materials to meet the needs of mobile technologies. Other areas of interest
for rechargeable batteries include electric vehicles and renewable energies, where the
generated power needs to be stored or it is lost. Batteries consist of one or more cells
where chemical energy is converted into electricity, to be used as a power source. These
electrochemical cells can be connected in parallel and or in series with each other to
provide either the required capacity or voltage, respectively. The chemical reaction that
occurs in the battery happens at two electrodes within the cell, a positive cathode and a
negative anode. These electrodes are separated by an electrolyte solution, which enables
the transfer of ions between the two electrodes due to the dissociated salts within it.”
The conversion of chemical energy into electricity occurs once the two electrodes are
connected externally via a load. Chemical reactions occur simultaneously at both of the
electrodes through reduction and oxidation reactions (‘redox’), releasing electrons and
enabling a current which is then used to drive the load.® A load in this context is an

object that requires a voltage and/or current and completes the circuit.

1.2 Types of battery

Primary batteries are the main type of battery in commercial use currently. This type
of battery is a single use battery, which cannot be recharged. The main advantage of a
primary battery is its convenience, as you can just place it in the device without worrying
about charging it. However, whereas short term cost is low, they have a higher cost
when compared with secondary batteries over the lifetime of a device. They are also
not suitable for high drain products due to their short lifetime and they require constant

replacement, causing far more waste than secondary batteries.
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Secondary batteries are rechargeable batteries. Their main advantage over primary bat-
teries is their cost effectiveness over the lifetime of the device they are powering. They
have a lower capacity and initial voltage when compared to primary batteries, but display
a flat discharge curve meaning that there is an even distribution of charge throughout
the discharge process. A discharge curve is a graphical representation of the voltage level
within a battery as it drops off through use. They are better for high drain products such
as cameras and mobile phones, as they have a slower discharge and can be recharged
when the battery runs low. High drain here refers to a load that requires a lot of power
to function. The capacity of a cell is related to the amount of electrode material within
the cell, the more of these there are, the greater the capacity of the cell.® Examples

10 11

of secondary batteries include the lead—acid battery,*”,** nickel-cadmium batteries, 12

13,14 8,15-17

nickel-metal hydride batteries and lithium—ion batteries.

1.2.1 Lead-acid batteries

Gaston Planté developed the lead—acid battery, which was the first type of rechargeable
battery.18 The battery consists of lead and lead(IV) oxide electrodes, with sulfuric acid
as the electrolyte. This type of battery is most commonly associated with cars due to
the high surge currents that it can create which is perfect for the starter motor. The
main problems with lead—acid batteries are that they are big and bulky and contain lead

which is highly toxic and can cause poisoning through ingestion.

1.2.2 Nickel-cadmium and nickel metal hydride batteries

Nickel-Cadmium, or Ni—Cad, as the name suggests, uses nickel and cadmium as the
electrodes. It was first reported in 1899 by Waldemar Junger. At the time, this was the
only direct competitor to the lead—acid battery. Due to its smaller size and with minor
improvements to the cathodes, Ni—-Cad batteries soon rapidly increased their energy

density to beyond that of lead—acid batteries and close to those of primary batteries.
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Energy density is a term used to describe the amount of energy that is stored within a
given region of space per unit mass.1® One problem with nickel-cadmium batteries is

however their toxic materials.

Nickel-metal Hydride (NiMH) first appeared on the market in 1989 and offered an
increased energy density when compared to Ni-Cad and lead-acid batteries.'# They
work on the same principles as Ni-Cad, with nickel oxyhydroxide employed as the positive
electrode. The cadmium is replaced with a hydrogen absorbing alloy for the negative
electrode. It has been widely accepted that nickel-metal hydride are the interim step
up to lithium—ion battery technology. NiMH batteries, when compared with lithium—ion
batteries, have an far inferior nominal voltage and also they have a much higher rate
of self discharge. Nominal voltage is the average voltage produced by the cell, and self
discharge is the amount that a cell discharges charge on its own, without being connected
to a circuit. Recent development of low self discharge NiIMH batteries have aimed to

tackle this, but at the cost of a lowered capacity. 20

1.3 Development of lithium—ion (Li—ion) batteries

Battery chemistry has been improving rapidly to cope with the ever—increasing power
demands of newly emerging devices including mobile phones, cameras and laptops.?!
Lithium—ion batteries have recently become the major source of power for the portable
electronic market, since first released commercially by Sony in 1991.22 They consist
of a lithium containing metal oxide as the cathode and a carbonaceous anode, usually
graphite. A few examples of metal oxides are CoO,, MnyOy4 and FePO4.23 All of these
can play host to lithium ions which may intercalate and de—intercalate into the metal

oxide structure.

Current lithium—ion battery technology uses LiCoO; cathodes (shown in Figure 1) but
these only utilise around 50% of the theoretical capacity, as well as cobalt being both

toxic and expensive.?* It was initially thought that using a layered LiNiO, would be best
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for the cathode within a lithium—ion battery cell, due to it having a more favourable
specific capacity than that of cobalt dioxide.?®> However, exothermic oxidation of the
organic electrolyte, following the collapse of the NiO, structure post—delithiation, led to

safety problems and the expectations could not be reached.®

Figure 1: Crystal structure of LiCoO,, which is commonly used as a cathode material.

The lithium ions, shown in green, occupy channels in the structure.

1.3.1 Charging and discharging processes
To use LiCoO, as an example, the charging and discharging processes can be displayed
as half reactions at both the cathode and the anode. These are as follows:
Cathode half equation:
LiCoO, = Li;_yCoO, + xLi™ + xe™ (1)

Anode half equation:
xLi™ + xe” + Graphite = LiC (2)

4
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The top half equation shows the reaction at the metal oxide cathode, in this case
Co0Oy. The forward reaction is the charging process. During charging, lithium ions
and electrons are extracted from the cathode and enter the electrolyte; the reverse
happens during discharge. The second equation shows the reaction at the graphite
anode. Again, the forward reaction is the charging process. The lithium ion and electron
that have been liberated from the cathode in the previous reaction interact with the
anode and intercalate with the carbon. During discharge, the lithium ions and electrons

de—intercalate from the carbon anode and re—enter the electrolyte.

(a) ChargLe; __Electrons (b) — _ _ » load
N
| [— — — I Electrons| - — —
Current | | | Current |
Separator * | | Separator I
Anode Cathode Anode Cathode

Electrolyte Electrolyte

Figure 2: Graphical representation of the charging and discharging processes of a lithium—
ion battery. As the battery is charged, (a), lithium ions and electrons leave the cathode
and move towards the anode and charger respectively. During discharging, (b), the

lithium ions and electrons leave the anode and move towards the cathode and load
respectively.
1.3.2 Synthesis Methods

There are many methods of synthesising cathode materials for lithium—ion batteries, the

most common of which are summarised below.
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1.3.2.1 Solid-state Synthesis Solid—state synthesis is a solvent-less reaction.
Starting materials are ground together and then sintered in a tube furnace at high
temperatures.?%2” This high thermal activation temperature is due to otherwise very
low diffusion coefficients. As the materials begin to react, the product is formed at the
reaction interface. As the reaction proceeds, the increase of product at this interface will
limit the diffusion rate of the starting materials and slow down the reaction. Eventually,
the reaction will have to be stopped, and the product reground, and placed back into
the furnace to increase the contact between the remaining starting materials, as shown

in Figure3.2’
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Figure 3: Schematic representation displaying the evolution of product over time during
solid—state synthesis. (a) The interface (orange) where the product forms between the
reactants (red, yellow) is small at the start of the reaction. (b) As the reaction progresses,
the interface between the two reactants increases as the amount of product increases.
This increase in interface and product slows down the reaction due to the increased
distance that the reactants have to travel to interact with each other. To limit this, the

synthesis is stopped, the sample reground, and placed back into the furnace.

1.3.2.2 Solvothermal Synthesis Solvothermal syntheses are carried out in closed
systems, in many cases a PTFE-lined Parr bomb, which is then placed within an oven and
heated. The starting materials are placed, along with a solvent, into the bomb and are

allowed to react at elevated temperatures and pressures. Solvothermal synthesis permits

6
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control over the size, shape, monodispersity and crystallinity of the products by variation
of the experimental parameters (temperature, time, solvent, surfactant, precursor type,
etc).?® This synthesis requires lower temperatures than that of solid-state synthesis,
and has shorter reaction and preparation times, however, due to thermodynamics, all

products will still have some defects. 28
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Figure 4: Graphical representation of (a) a solvothermal bomb and (b) the bomb compo-
nents. The bomb is designed to allow pressure to build up, but also be released safely if
it becomes too high. The reactants are placed within the PTFE liner and the lid placed
upon it. Making sure the bottom disc is in correctly, the PTFE liner is then placed
within the vessel body. The lower and upper corrosion discs are then placed on top of
the PTFE lid and the lower pressure plate added onto that. To finish off, a spring is
placed in with the upper pressure plate placed on it, and then the screw cap lid tightened

on to maintain a tight seal for the Parr bomb.

1.3.2.3 Microwave Synthesis Microwave ovens may be used in conjunction with
solvothermal synthesis, in a process known as microwave—assisted solvothermal synthe-
sis. Instead of using an oven to heat the autoclave, the reactants are placed within a

microwave oven boiling tube and placed within the microwave oven cavity. Microwave
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energy, a type of electromagnetic radiation, possesses an electric and a magnetic com-
ponent. The electric component interacts with water and organic molecules and creates
heating in the reaction mixture. Microwave oven heating does not have sufficient local
energy to make or break chemical bonds, but does have enough to affect molecular ro-
tation. Microwave energy is not breaking or breaking bonds, but instead applying energy

directly to the molecules.?°

Microwave energy can be converted into heat through one of two mechanisms, dipole
rotation and ionic conduction. The mechanism used in an experiment is dependent upon
the the reactants that will be exposed to microwave radiation. If a molecule is exposed
to microwave field and it has a dipole moment, then the dipole of the molecule will
attempt to align itself with the electromagnetic field. As the dipoles align themselves,
they cause heating through interactions with neighbouring molecules. This is dipole
rotation.?? If a sample contains ions in the reaction mixture, then the ions will move
through the solution in the direction of the electric field, causing heat through friction

as they pass. This is known as the ionic conduction mechanism.?°

Heating through the use of microwave radiation is more efficient than thermal heating
in a Parr bomb; as the microwaves can directly interact with different species within a
reaction, the energy is transferred directly to the components of the reaction mixture.
Thermal heating, however, requires the energy to pass through different media such as

the reaction vessel and the solvent before interacting with the reaction components. 39

There is also more control when using a microwave oven when compared to Parr bomb,
as the radiation strength is easily changeable, and the temperature and pressure can
also be monitored. It is also possible to stir the sample during the reaction, making sure
that nothing settles and making the reaction more homogeneous and being more pure
than solvothermal synthesis. With the addition of an auto—sampler, many runs can be
carried out one after the other in like manner, increasing the throughput of samples for
testing.3% The use of a wave source for synthesis therefore allows the reaction time to

be brought down further and purity of the product to be increased, whilst maintaining
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the temperature and pressure of a normal conductive heating method. 3 Figure 5 shows

an image of the microwave oven synthesiser employed in this thesis.

Figure 5: Image of the microwave oven synthesiser used for the experiments within this

thesis.

1.3.3 Cathode materials for lithium—ion batteries

1.3.3.1 Current technologies For lithium—ion batteries, the most commonly used
cathode in mass production is LiCoO,.33 This has a theoretical capacity of 272 mAh /g,
although upon cycling between 3 and 4.2 V the reversible capacity is lowered to 140
mAh/g. This equates to around 0.5 lithium ions per LiCoO; (Lig5C00;). To increase
the capacity, a voltage higher than 4.2 V is required, but, this can sometimes result in

a rapid capacity loss.3!

LiCoO; has a layered structure with rhombohedral symmetry (see Figure 1). The crystal
structure contains a closely-packed arrangement of oxygen ion layers, alternately inter-

spersed with lithium and cobalt ions layers occupying octahedral sites.33 This permits

9
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rapid lithium intercalation and de—intercalation into or from the Li,CoO; with x lying in

the range 1 to 0.5.34

Thin film LiCoO, electrodes can be prepared through various techniques such as radio

35-38 34,39

frequency sputtering (rf), pulsed laser deposition (PLD), sol-gel coating, 4
chemical vapour deposition,*! electrostatic spray deposition*? and spin coating.*3 Of
these, the most commonly used techniques for synthesising LiCoO5 are rf sputtering and

PLD.39

1.3.3.2 Olivine—based structures Transition metal phosphates have been devel-
oped as a potential new class for cathodes in lithium—ion batteries (see Figure 6).
Examples include LiIMPO4 (where M is one of Fe, Mn, or Co), Li3V2(PO4)3,44 and
LiVPO4F.% These are promising materials since they all contain both mobile lithium
ions and also redox—active transition metals, both within a rigid phosphate network.
They also all show great stability both thermally and electrochemically, while maintain-
ing equivalent energy densities when compared to metal oxide cathodes. There are a
few problems, however, with transition metal phosphates. One of these is that they have
poor electrical conductivity and this means that the migration kinetics of the lithium ions
and electrons will be affected during the electrochemical reaction and hence influence

the charging and discharging capabilities of the electrodes when tested. 40
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Figure 6: Structural representations of the olivine structures (a) LiCoPQy, (b) LiFePOy
and (c) LiMnyOy, which are promising battery cathode materials. Common to each of
these structures is an open framework, where the lithium ions (shown here in green)

occupy channels in the structure.

Functional properties of lithium—ion battery cathodes are influenced by many factors.
Having a 1-D nanostructure, if "pure”, is advantageous due to improved charge trans-
port.#” This is an advantage that nanostructures have over materials with a bulk crys-
talline structure.® There are many other benefits to the use of nanostructures within a
lithium—ion rechargeable battery when compared with bulk materials. One of these is
the increased surface area created by having nanomaterials. With an increased surface
area, there is more contact with the electrolyte, leading to greater electrode electrolyte

interaction. There have also been reports of enhanced performance when dimensions

11
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are reduced to nanoscale, LiFePOy is an example of this.*® LiFePOy is a poor electronic
conductor. When nanosized, it has a shorter diffusion path length for lithium—ion trans-
port, which enhances the rate capability and power density. Nanostructured materials
also have an improved life cycle due to improved support of the strain from lithium
intercalation. Another advantage is the better electrochemical use of the materials due

to their smaller size.*8

Doping the metal oxide cathode material with a limited amount of a secondary phase
is another route to improving cathode performance. Yang et al. did just this by doping
LiFePO4 with ruthenium.*® Their tests showed that through doping with ruthenium, a
higher specific capacity can be achieved. It was also shown to have a preferable cycling
performance. XRD patterns showed that the structure is then slightly constricted, but
this was to be expected as it happens with all cases of doping. Data collected from
cyclic voltammetry and electrochemical impedance spectroscopy showed that the Ru—
doped LiFePO4/C cathode had a more stable structure, enhanced diffusion coefficient
and conductivity of LiT; Ru™ is considered to act as support for the lattice, preventing

the crystal from collapsing during charge—discharge cycling.

Cobalt doping has also been used in LiNiO, and LiMnO,.%951 When used with LiFePOy4
however, high levels of cobalt doping led to a decrease in performance, and low—level
doping led detectable improvements in capacity, performance and stability whilst cycling,
as there is enhanced electronic capacity and increased mobility of the lithium ions.%?
Recent studies have been carried out by doping LizVs_Cox(POy)3 with cobalt.53 It was
found that when the cobalt was added, the specific capacity initially dropped, but as the
amount of cobalt within the structure was increased so did the specific capacity. When
the Co®T doping reached x=0.15, the capacity returned to that of the unsubstituted
LizV2(POy4)3 phase. Following 50 cycles it was found that the cobalt doping did result

in improving cell cycle—ability.

LiIVOPO4 was tested by Zhou et al. to see if it could rival the other transition metal

cathodes.®* Compared to LiFePOy4, which has a similar theoretical specific capacity,

12
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LiVOPO4 was found to have a higher charge—discharge plateau of around 4.0V when
used as a cathode material. It was then compared to Li3V,(PO4)s3, which has the
highest theoretical of all the transition metal phosphates. It was found that LiVOPOy4
has only one charge—discharge plateau, which can help its utilisation for practical use
within lithium—ion batteries. The only problem is that it has a poor electrochemical
performance due to the low lithium ion diffusion and electrical conductivity. It was then
tested using carbon as a coating to try and improve the electrochemical performances,
with little success. They then tried using RuO,, which has been noted in other studies to
increase performances of other lithium—ion battery materials, to create a LiVOPO,4/RuQO;
composite. Their findings showed that electrical conductivity and lithium—ion diffusion

were increased due to the presence of the highly electronic RuO;.

1.3.3.3 Vanadate structures Vanadium and its oxides have also been considered
as possible lithium—ion cathode materials. Vanadates are a very diverse family of com-
pounds, with many oxidation states. These oxidation states enable vanadates to form
a multitude of structure forms with various types of coordination polyhedra such as
tetrahedra, trigonal bi—pyramids, square pyramids, regular octahedra, and distorted oc-
tahedra.®® Each has its own benefits towards a different area of science, for example use
within catalysis, lithium—ion batteries, chemical sensors and electrochemical and optical
devices.®® For example, bronze phase VO, (VO(B)) is potentially a lithium—ion battery
cathode due to its affinity for lithium intercalation,*":>” whereas rutile VO, (VO>(R))
undergoes a metal—insulator transition at around 340K, which makes it ideal for optical

switching devices. 589

Vanadium oxides therefore represent a promising class of materials for battery appli-
cations, due to their low toxicity, high availability, low cost and multitude of oxidation
states. Vanadium oxides are prone to structural collapses following repeated charges and
discharges, and therefore to capacity deterioration.®® Vanadium pentoxide (V,05) was

one of the first cathode materials proposed for rechargeable lithium batteries.®! Chung
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et al. tested a modified version of V,0s5 by adding 3-3.5% of sodium orthosilicate. This
was then heated and rapidly cooled to room temperature. The resulting material was
then tested as an active cathode material for lithium batteries through charge—discharge
tests. After the first discharge it developed an amorphous character, but upon further

charging it showed excellent recharge—ability in the potential range of 1.5-3.9V.%2

VO;,(B) has a structure that is built up of distorted VOg octahedra, which share both
corners and edges.®” VO,(B) is a metastable phase. It has a layered structure which is
ideal for a battery cathode as it is easier to lithiate. Tests have shown that VO,(B) has
a maximum reversible capacity of around 320 mAh/g, more than twice that of LiCoOy,
the current preferred lithium—ion battery cathode. This makes VO,(B) a possible future

cathode given its electrochemical, economical and environmental advantages. >’

Figure 7: Structure of VO,(B). The red atoms represent oxygen and the blue vanadium
atoms. The channels that can be seen within the structure are the pathways taken by
lithium ions. Observing from different angles, there can be seen many pathways available

for the lithium ions.!
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Some methods of vanadium oxide synthesis include sol-gel reaction followed by hy-
drothermal treatment.®® VO,(B) can also be synthesised through thermal reduction of
V705 by Hy or SO, gas. This led, however, to the formation of only bulk VO,(B). More
modern techniques have been able to synthesise VO,(B) with a 1-D nanostructure for

example nanowires and nanorods, ideal for battery cathodes. >’

Chen et al. used V05 and cetyltrimethylammonium bromide (CTAB) and reacted them
for 48 hours through solvothermal synthesis in an autoclave. The product, which was
characterised to be VO,(B), was then cycled in the range 3.6 to 1.5 V and found to
have a reversible capacity of around 306 mAhg™1, which corresponds to the insertion of
1 Li into LiyVO, and a reduction of some V4t to V3+. This is a lot better than VO, in
bulk, which has a reversible capacity 160 mAhg~1. After 15 cycles the VO,(B) had a
specific capacity of 245 mAhg™1, which then had a 35% capacity decline post 15 cycles.
Therefore VO,(B) nanorods formed in this way can maintain 80% of its initial capacity,
which is good cycling behaviour for a potential future lithium—ion rechargeable battery

cathodes.

Another method, carried out by Pavasupree et al. in 2005, used laurylamine hydrochloride
(LAHC), acetylacetone (ACA) and vanadium triethoxide oxide (VTO) in a solvothermal
reaction over a duration of seven days. They performed the reaction, with and without
the presence of ACA and also LAHC, to see if it would have an effect on the reaction.®®
VO,(B) formed without ACA displayed rod-like properties, whereas when ACA was
added the rods were more uniform in shape and finer. The difference in the results
is thought to be due to the ACA promoting the condensation reaction, meaning that
the crystal growth occurs before the surfactant molecules were absorbed.?® To see if
LAHC was essential for the formation of the nanorods, the ratio of VTO to LAHC
was altered. Without LAHC there were no vanadium nanorods and when it was 50:50
nano—microplates were obtained. From this it was deduced that lowering the molar ratio

results in a loss of microemulsion function and that, even though the process is not fully

understood, LAHC plays a critical role in the formation of vanadium nanorods (the rods
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cannot otherwise be obtained under hydrothermal conditions).%®

A final method, by Zhou et al.,>" used VOSO4.xH,0, distilled water and polyethyleneg-
lycol (PEG-10000); these were placed in an autoclave for 24 hours. The addition of
PEG-10000 was thought to be a decisive factor in the creation of the VO,(B) nanorods,
so the experiment was rerun without it. No solid products were obtained, which showed
that by using this synthesis method, PEG-10000 was needed. PEG-10000 is thought to
facilitate the formation of VO;(B) due to its strongly basic properties and the possession
of a lone pair of electrons on the oxygen atom. It is also thought to aid the synthesis
of VO,(B) due to PEG-10000 being a non—ionic polymer with many hydrophobic and
hydrophilic side groups as well as a high degree of flexibility. This flexibility and also
the ability to be an oxygen donor enables it to couple with the VO?** and form a ther-
modynamically favourable polymer complex and induces growth of VO>(B) nanorods in
hydrothermal conditions.®>” When placed in a battery cell, the initial discharge capacity
of the products reached 310 mAh/g, which is close to the theoretical capacity of VO,(B)
and is much better than currently used cathodes of LiCoO, and LiMnyO4.%" The cell was
cycled 30 times, and the cathode was shown to hold around 80% of the initial discharge
capacity, which indicates that the VO;(B) nanorods synthesised by this method can be
used for applications like lithium—ion batteries. The cycled product was placed in an
XRD and found to remain as VO;(B), meaning that there is good structural stability

through charge/discharge cycles.®’

It is well known that nanoscale materials have the potential to, and often do, exhibit
physical and chemical properties that are very different to the properties that would be
shown if they are in bulk. Research was carried out by Huynh et al.%3 found that not only
does the properties of batteries rely upon their structure, but also upon the morphology
of the components within the electrode. It is possible to tailor the shape of a particle as a
result of careful consideration and alteration of the surfactant or solvent used, for example
ethylene glycol solvent. It is possible to form VO, nanobelts through hydrothermal

synthesis and using formic acid as the reducing and acidifying agent. These nanowire,
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nanorod and nanobelt materials adopt the metastable VO,(B) structure, which exhibits
a metal-semiconductor transition, but not of the same magnitude as with VO,(R).%*
Kam and Cheetham®* have reported the solvothermal synthesis of vanadate structures,
whose structure and morphology may be tailored by varying the reaction conditions. By

altering the starting solvent as well as the starting vanadate, they have reported the

formation of platelets (VO;), nanowires (VO,, V307.H20) and rods (V,05).

Vanadium oxide has also been used to coat other cathodes. Lee et al. used a vanadium
oxide sol-gel to coat LiCoO; in an attempt to improve its cycle—ability at high charge cut
off voltages.%® It was found that by using a vanadium oxide coating the cycle-ability of
LiCoO, was indeed increased. After 50 cycles, the bare LiCoO; had reduced in capacity
by around 25%, whereas three different variations of vanadium oxide coated LiCoO,
were all above 90% capacity still. This was due to the vanadium oxide preventing the
cation mixing during cycling and also by reducing the amount of active surface area that

is in contact with the electrolyte.

1.3.4 Other components for Li—ion batteries

Along with cathodes, there are other vital components for a lithium—ion battery: anodes,
electrolytes and separators. Optimisation of these components are carried out along side
cathode research. Separators are used to separate the cathode and anode from each
other; if the two electrodes were allowed to touch then the circuit would be shorted.
The separator has to be porous, so as to allow the lithium ions to pass through it in the

electrolyte.

Electrolytes are available in two forms, solid and liquid. Liquid electrolytes are easier to
obtain and use, but carry the added risk of being hazardous and potentially explosive. A
solid electrolyte functions in the same way except it is a solid electrolyte and separator.
The lithium ions are still allowed to pass through the structure, but there is an increase

to the safety of the battery.
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Current research into anodes is vast. In this thesis, carbon is used as the anode, although

research into titanates is promising.

1.3.5 Current challenges

There are many challenges for lithium—ion batteries. One of these,doping, has already
been mentioned in 1.3.3.2. Doping can lead to increased performance by altering the
structure of the electrode to enable more lithium ions access due to a greater interactivity
between the electrode and the electrolyte. Coating is another method of increasing the
performance of a battery. This is where a layer of another compound is placed around
the outside of the cathode. Amine et al. discussed the different roles that surface coating
plays on cathode materials for lithium—ion batteries.®® They state that there are three
types of coating: rough coating; core shell; and ultra—thin film coating. As expected,
the rough coating does not offer enough protection and aid to the cathode, whereas
a core shell offers too much and can impede the access and egress of the lithium ions
and electrons to the cathode. Ultra thin film coating is the better option, as it gives
a tune—able thickness and complete coating allowing the passage of lithium ions and
electrons. It can be achieved by Atomic Layer Deposition (ALD), or by a laser, or by

plasma—-assisted chemical vapour deposition (CVD).
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Figure 8: Image displaying the different varieties of coating. (a) shows rough coating,
where it can be seen that there are areas where the particle is unprotected. (b) however
shows core—shell coating. Here the coating is too thick and impedes the transport of
electrons and lithium ions. (c) displays the best option of the three, where a thin, tune—
able thickness provides protection for the cathode from the electrolyte and also allows

the access and egress of lithium ions and electrons.

Coating with carbon has also been tested by Wei et al..®” They coated carbon free
LisV2(POy4)3 with a carbon coating of less than 100 nm thick. Under testing, this
increased the electrical conductivity of the cathode by five orders of magnitude. The
carbon coating also helped in preventing the formation of a solid electrolyte interphase
film on the anode, decreased the resistance to charge transfer as well as increasing the
diffusion coefficient of the lithium ions. All of the above factors put together helped to

increase the overall electrochemical performance of the cathode.

A solid electrolyte interface is a layer that is formed instantaneously upon the electrode
when contact between the metal and the electrolyte solution occurs.%8:%9 This layer con-
sists of reduction products made of electrolyte components, which are both insoluble
and partially soluble. The layer acts as an interphase between the electrode and elec-
trolyte and has the properties of a solid electrolyte with high electronic resistivity. The
formation of this layer hinders access and egress of the lithium ions to and from the
electrodes and electrolyte. Coating and doping are ways of overcoming problems such

as poor performance, low conductivity or a solid electrolyte interface build up.
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1.4 Aims and objectives

By the end of this research it is hoped that a better understanding about VO, (B) can
be obtained with reference to its lithium—ion battery cathode properties and also to the
effects of different means of synthesis. Different synthesis methods will be explored,
including solvothermal and microwave synthesis methods. Through the use of a mi-
crowave oven synthesiser, reaction times can hopefully be reduced, with no detriment
to the final product purity. Final reaction outcomes will be altered by variation of the

starting materials, solvent and reaction conditions.

In situ x—ray absorption spectroscopy studies will also be conducted, in an effort to study

the local structure changes occurring upon cycling the VO,(B) cathode.

Other cathode materials will also be studied using microwave—assisted solvothermal syn-
thesis, these include lithium iron phosphate, lithium manganese phosphate and lithium

cobalt phosphate, in an effort to provide new routes to these important materials.

All reaction products will be characterised fully, using x—ray diffraction, electron mi-

croscopy, XAS and charge—discharge cycling measurements.
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2 Experimental

2.1 Characterisation techniques

Samples prepared were characterised using a number of techniques, including X-ray
diffraction (XRD), X-ray absorption near edge structure (XANES), extended X-ray ab-
sorption fine structure (EXAFS) and scanning electron microscopy (SEM). These tech-

niques are described below.

2.1.1 X-ray Diffraction

X-ray based techniques include X-ray absorption, where the absorbed X-rays (see sec-
tion 2.1.2) give local structure information, X-ray emission, where an electron beam
causes the sample to emit X—rays which can be used for chemical analysis, and X-ray

diffraction.

In 1895, a German physicist, Wilhelm Rontgen, discovered X-rays’® and he was later
awarded the Nobel Prize in Physics (1901) for this discovery.”! Seventeen years later in
1912, Max von Laue postulated that X-rays might be diffracted when passed through
a crystal, as he had realised that the wavelengths were comparable to the separation of
lattice planes. He, along with Walter Friedrich and Paul Knipping, confirmed this theory

and in 1914 Max von Laue won the Nobel Prize in Physics.”?

X—rays are electromagnetic radiation with wavelengths in the order of 10719 m, or 1 A
and occur on the electromagnetic spectrum between y—rays and ultraviolet radiation.
X-rays are produced when high—energy electrons are accelerated into a metal. As the
electrons decelerate due to travelling through the metal, they generate radiation of a
continuous wavelength called Bremsstrahlung.”® The electron will collide with electrons
in the inner shell of the target atom, and both will then be expelled from the atom. An

electron from a higher energy level will then drop down into the vacant space, and emit
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excess energy as an X-ray photon’* (see Figure 9).
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Figure 9: Generation of a Cu Ka X-ray. A 1s electron is ionised, a 2p electron falls into

the vacancy in the 1s level and the excess energy is emitted as an X-ray photon.

Electrons emitted from the K—shell are classified as K-radiation, and similarly for L and
M shells. The strong, distinct lines are labelled K, Klg and so on. Most experiments
will require a monochromatic beam of X-rays instead of a continuum. The Ka line is
the most intense for most metals, so the other wavelengths of X-ray are filtered out.
A filter made from a thin metal foil from the adjacent element in the periodic table is

required for this.?°

Bragg developed a model in which diffraction is considered on reflection of X-ray beams

for lattice planes.”®
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When the monochromatic X—ray beam of wavelength A strikes the surface of a crystal,
it may penetrate it and be reflected by one of many layers in the crystal (see Figure 10).
If two parallel rays of the same wavelength reflect off two different, but adjacent, planes
of the lattice, then the rays striking the lower layer must travel an additional distance
(AB) before striking the plane below. When that ray is reflected it will also travel an
extra distance (BC). The difference in the distances travelled between the two rays can

be displayed as:

AB + BC = 2dsinf (3)

where 6 is the glancing angle. When the path—length distance is not an integer of the
wavelengths, then they interfere destructively with each other. However if the path-
length distance is an integer of the wavelengths (AB + BC = nA) then they interfere
constructively. A reflection will be observed when the glancing angle satisfies Bragg's

Law: ®

nA = 2dsin6 (4)

where n refers to the reflection order and corresponds to the path—length differences,

and d is the spacing between the planes in the atomic lattice.

Equation 4, along with Miller indices (hkl), can be used to measure the cell dimensions
(a,b,c). For a simple cubic lattice, where @ = b = ¢ and using the three—dimensional

form of Pythagoras’' theorem, the perpendicular distances (dj;;) between planes are:

L—h_2_|_k_2_|_ﬁ (5)
a2, a2 b

This only applies for systems with & = = ¢ = 90°.
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It is possible to substitute equation 4 into equation 5 to give the following:

) A?
szn29hk1 = E(hz + k2 + 12) (6)
The values for (h? 4 k? + I?) are determined by various planes.

hkl 100 110 111 200 210 211 220 221
WRP+kK+% 1 2 3 4 5 6 8 9

In order to calculate (h? 4 k? 4+ 1?), and therefore identify the hkl planes and crystal
symmetry, the angle 0} needs to be known. sin 6;;; can be calculated for a given value
of (A/a) (assuming a cubic unit cell). It should be noted that if two planes interfere with
each other in a destructive way, then the diffraction line will be absent. An example are
the (100) and (200) planes in a body centred lattice. As the (200) family will interleave
and interfere with the (100) planes, there is no diffraction line, but as (100) does not

interfere with the (200) planes, there will be a diffraction line at (200) (see Figure 11).7
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Figure 10: Visual representation of Bragg's law, showing the path—length difference AB
+ BC, which will depend upon the glancing angle, 8. Constructive interference, or a

reflection, will occur when AB + BC is equal to an integer number of the wavelength.
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Figure 11: Miller indices for (a) simple cubic lattice and (b) body—centred cubic lattice
displaying planes 100 and 200. The reflection from the 200 plane will interfere with that

from the 100 plane, but not vice versa.

The X-ray pattern can be obtained and recorded using many methods, including powder
and single crystal diffractions. A powder diffractometer will use a counter, which scans
a range of 260 values at a constant angular velocity. The angular range is usually 10 to
80°, with a scanning speed of 2° min~! (26). The aim is to use a sample which has a
random arrangement of crystal orientations. If the crystal arrangement is not random
then there is preferred orientation, which can induce errors in detected identities, |,ps. "
Preferred orientation occurs when the crystals in a powder have a tendency to align in
one direction. This can be due to the packing process into the X—ray diffraction sample

holder or simply the axis that the crystals are formed along during synthesis. 74

The X-ray source will strike the sample and reflected towards the detector (see Figure
12). Results are measured in intensities of X-rays received in a function of 26. Every
compound has a different diffraction pattern, so this technique enables the identification

of samples. From this it is possible to deduce aspects of the crystal structure.’’
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X-ray tube Detector

Monochromator

Figure 12: Arrangement of a sample, source and detector on the circumference of a
circle. The X—rays will leave the source, be monochromated in a collimator, strike the
sample and be reflected. The detector (and maybe also the source) will gradually move,

increasing in 260, detecting the intensity of X—rays at each angle.

A Rietveld Refinement can be carried out on the data that is gained from an X-ray
diffractometer. The process involves utilising a computer programme that assists the
user to 'fit’ their data to the modelled pattern calculated for the powder being examined.
The technique removes the background noise from the data as well as making sure there
is no shift in the data due to data collection errors in the instrument. It also allows
easier identification of peaks that are in the data but not the model, as they stand out
prominently in the difference curve. The use of Rietveld Refinement is a way to show

lines in positions consistant with a proposed model.
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2.1.2 Synchrotron Radiation

Synchrotron radiation is the electromagnetic radiation emitted by electrons moving at
velocities through an external magnetic field along a curved trajectory with a large radius
of curvature, for example in a synchrotron.”® Any accelerated charged particle produces

some electromagnetic radiation.

As the particles increase in energy, the strength of the magnetic field used to direct
them must be altered with each turn to keep the particles moving in the same ring.
The change in magnetic field must be carefully synchronised to the change in energy or
the beam will be lost. To reach high energies, physicists sometimes use a sequence of
different size synchrotrons, each one feeding the next, bigger one. Particles are often
pre—accelerated before entering the first ring, using a small linear accelerator or other

device.”®

A synchrotron radiation source is a facility which employs a dedicated storage ring or
synchrotron. Electrons are accelerated and then injected into the storage ring, where
they are then kept at a constant energy. The electrons travel in a circular path with
a circumference of up to several hundred metres, within the orbit of the accelerator
through the use of a constant magnetic field.”® Synchrotron radiation is tangentially

emitted from the beam orbit into a very small angle called the photon opening angle.&°

Storage rings and synchrotrons are very similar. They both consist of a roughly circular
ring of magnets under a vacuum. Synchrotrons, however, are designed to rapidly accel-
erate groups of electrons from a low injection energy to around 10-100 times higher.
This makes the electron energy, and therefore electron radiation, non—constant and will

vary from where in the acceleration cycle the electrons are from one cycle to the next.8!

Figure 13 is a schematic of a synchrotron. The circular ring is the synchrotron or particle
accelerator, where the electrons are accelerated. The synchrotron emits synchrotron
radiation, especially X-rays. These are sent into the various beam-lines around the

synchrotron which are shown as the straight lines branching out of the synchrotron.
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Each beam-line contains scientific instruments, experiments etc. and receives an intense

beam of radiation.

Figure 13: General diagram of Diamond Light Source Synchrotron based in Oxfordshire,
England?

Synchrotron radiation was first observed, albeit accidentally, in 1947 at the General
Electric 70-MeV Synchrotron in America.®? The theory surrounding the radiation of
charges in a circular motion originated in 1898 with the work of Liénard.®3 Much theorised
work was carried out subsequent to this discovery®488 and in 1945, Blewett®? observed

the effects of the radiation on the electron orbit within electron accelerators.

There was a renewed interest in synchrotron radiation due to its observation in 1947,
alongside the construction of electron accelerators in the post—war period. In the late
1940s research by Sokolov® and Schwinger®! enabled the theory to be fully developed
so that accurate predictions could be made with regards to intensity, spectral and angular

distributions, polarisation etc.
Experimental investigations were performed by Pollack et al.?2 and since then have been
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developed at numerous synchrotrons and storage rings throughout the world.93-% |n
1974, the SPEAR storage ring at Stanford was converted into a synchrotron facility and
was the first to have multiple experimental stations. This was important as it allowed
more people access to the multi-GeV photons provided by the storage ring. Important
early results led to the development of extended X—ray absorption fine structure (EXAFS)

(further discussed in 2.1.2.2) as a broadly applicable structural tool.8!

It was first thought that this radiation was just an annoyance resulting from a leakage of
energy. However, it was later noted that there were some useful properties produced by
synchrotron radiation including white light, high intensity, naturally collimated, polarized
and periodic time structure, as well as high stability over long periods. The radiation

was also many magnitudes more intense than that of a beam from a X-ray tube source.

X—ray spectroscopy was almost exclusively carried out using these X—ray tubes prior to
use of synchrotron radiation. Some laboratories do still use X-ray tubes, but the use of
synchrotron radiation is preferred, as it is suited to high resolution work required for the
study of small samples. This is because of the high intensity, collimation, polarisation
properties and the high stability of the synchrotrons as a photometric source.®! However,
the radiation within the synchrotron is a very broad band and needs to be dispersed to

a select and tune to a specific, monochromatic band.

Literature on monochromators is vast, but essentially monochromators use gratings as
dispersive elements within the UV region and with photon energies of between 1000-1500
eV.% To achieve the X—ray band of the radiation, a holographically made transmission
grating is used as the monochromator.%® These intense photon beams, which are highly
collimated, are very useful for applications within the photon and X-ray absorption

spectra.81

Each beam—line station at a synchrotron is optimised for a particular experiment. For the
work in this thesis, local structure studies were carried out using the B—18 beam—line at

the Diamond Light Source, which is specialised for EXAFS and XANES data collection.
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EXAFS and XANES are X-ray absorption techniques, they measure the absorption of
X-rays by the samples, particularly at energies within the absorption edge regions. As
the X-rays are absorbed, the absorbing atom promotes one of the core electrons to a
higher unoccupied state, or into a free unbound state (photoelectric effect). They are
utilised to investigate local structure but cannot usually be used in a normal laboratory

as high energy X-rays are required. *(see Figure 14)
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Figure 14: Example spectra showing the EXAFS and XANES absorption spectrum of
vanadium dioxide. This shows the pre—edge, the XANES region, and the EXAFS region.

2.1.2.1 XANES XANES, or X-ray Absorption Near Edge Structure, is a technique
used to look at fine structure associated with inner shell transitions within the absorption
edge region. Atoms can give very characteristic X—ray absorption and emission spectra.

This is due to the various ionisation and inter—shell transitions occurring (see Figure 15).
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For the 1s electron in copper metal to be ionised almost 9 keV (or 1.380 A) is required.
To ionise an L shell electron, 2s or 2p, around 1 keV is needed, significantly less than

for a 1s electron.
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Figure 15: Schematic of electronic transitions responsible for emission and absorption

X—ray spectra. Values included are those of copper.

The labelling of the absorption edge depends upon the core electron that it being excited.
A K—-absorption edge refers to the promotion of a 1s electron to a higher shell. The pre—
edge feature in this case would be representative of the 1s promotion to a nd orbital, a
forbidden transition. The rest of the XANES region is a measurement of the 1s orbital

electrons being promoted in a (n+1)p orbital transition.’*

For an L—absorption edge, this is an excitation of a 2s or 2p electron to a higher shell.
This time however, there are 3 absorption edges (2s, 2p 1/2 and 2p 3/2). These will all
have different minimum energies and so will occur at different points along the absorption

curve (see Figure 16).
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Figure 16: Figure showing the electronic transitions responsible for emission and absorp-

tion X-ray spectra.

The exact peak positions on the spectrum depend upon the oxidation state, surrounding
ligands, site symmetry and the type of bonding present. It is therefore possible to use
the absorption spectra to investigate the local, fine structure of the sample due to the

high resolution available.

2.1.2.2 EXAFS EXAFS, or Extended X-ray Absorption Fine Structure, is a struc-
tural technique that originated in the 1970s and is now used by many fields within
physics, chemistry and biology. This technique can potentially provide information per-
taining to the local environments of specific atoms within a material, such as bond
distances to neighbours, coordination number and elements in the coordination shell

around the atom.”8

The oscillations in the EXAFS region of the absorption spectra can be explained by
thinking of the electron being ejected as a quantum particle with wave properties. With
this thought in mind, the photo—electron will move out of the excited atom as a spherical
wave. When this wave interacts with a neighbouring atom, it will be reflected back upon
itself. This backscattered wave can then undergo interference with the original outgoing

wave. The waves can constructively or destructively interact with each other, depending
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upon the distance between the two atoms and the wavelength of the photo—electron. Due
to changes in the X-ray energy, and also the photo—electron wavelength, the interference

will go through constructive—destructive cycles (see Figure 17).74
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Figure 17: Schematic showing the interference from the outgoing electron and the

backscattered electron. Constructive and destructive peaks and troughs occur in the

absorption spectra due to these interactions.

This is a qualitative explanation of the EXAFS pattern, and so the wave must be a sine
wave, meaning the time between the oscillations depends upon the distance between the
photoelectron—emitting atom and the backscattering atom. Therefore EXAFS contains
information on the bond length or the radii of the coordination shells. Also the amplitude
of the oscillations will show how much backscattering is occurring, which will indicate
how many neighbouring atoms there are around the original photo—electron emitting

atom, giving a coordination number for it. Finally, a fraction of the outgoing wave
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that will be backscattered is dependent upon the type of atom. An atom with a low
atomic number will be a weaker scatterer than an atom with a high atomic number, or
larger number of electrons. Therefore the amplitude of the backscattered oscillations
will depend on the type of atoms surrounding the original atom; the interpretation of
the spectrum gets more difficult with different atom types in the coordination shell of

the atom being examined. 80

Before analysing the spectrum, the data need to first be normalised. In the normalisation
process, any data that are outside that which would be expected from a free atom are

extracted.

The next step is to take the normalised EXAFS data and to Fourier transform them.
This will give information on how many shells are contributing to the inner bonding and

also rough estimates of bond distance between the atoms.

EXAFS is equally suitable for non—crystalline and crystalline materials. In the case of
gels, glass and amorphous metals where other methods have difficulty gaining struc-
tural information, EXAFS can be utilised with success. The main advantage of EXAFS
is that the absorption edge can be tuned to a specific element, and tested in turn to
determine the local structure and the elements present. Conventional diffraction meth-
ods, in contrast, give only a single averaged coordination environment of all elements

involved. "

2.1.3 Microscopy

The human eye has a resolving power of around 0.1 mm. If we wish to observe objects
smaller than this then we need a microscope. There are two major classes of microscope,
optical and electron. Electron microscopes can then be subdivided again into scanning

electron and transmission electron microscopes.

Since the samples in this thesis are up to several microns long, they are not observable

by optical microscopy. Similarly they are too large for transmission electron microscopy.
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Scanning electron microscopy is the preferred microscoping tool. Here each technique

is described, with particular attention on scanning electron microscopy.

2.1.3.1 Optical Microscope An optical microscope, or light microscope, functions
by using visible light and a system of lenses to magnify small samples. Light microscopes
have a few advantages. Firstly they are relatively inexpensive, especially when compared
to an electron microscope. They are also easy to use, again when compared with
an electron microscope, and gaining an image of the sample is much simpler. They
can also produce colour images. The major problem is, however, that they have a very
limited magnification. Most optical microscopes can only magnify to around 1000x, with
none being able to magnify over 2000x. This means that objects that are smaller than

biological cells, for example viruses, atoms and molecules, cannot be seen. 99

2.1.3.2 Transmission Electron Microscope Transmission electron microscopy is
mainly used for looking at the inner structure of a specimen at high magnification.
Transmission electron microscopes are composed of two or more condenser lenses, an
electron gun, a specimen holder and a viewing screen. They work by shooting a beam
of electrons from an electron gun, which is condensed multiple times. The condensers
are basically magnets which are used to focus the beam. The beam then travels through
the sample; only a few electrons pass through the specimen and are then recorded by
the detector screen below the specimen. The image is recorded in two dimensions and

only in grey—scale.

Transmission electron microscopes are capable of reaching magnifications of up to 50kx,
and have a much higher resolving power when compared to optical and scanning electron
microscopes. The sample has to be loaded into a specialised grid which sits midway in the
instrument’s column. Results are displayed on a fluorescent screen. Darker areas of the
image indicate that less electrons were transmitted through the sample and that those

areas are thicker. This makes transmission electron microscopes ideal for examination
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of viruses, cells and tissues due to their ability to penetrate objects, as long as they are
“electron transparent”. It can be a time consuming process to make the sample thin

enough to examine, and risks damaging it.

2.1.3.3 Scanning Electron Microscope In 1935, the first scanning electron mi-
croscope image was obtained by Max Knoll, when he imaged silicon steel to show the
electron channelling contrast. 19 Physical principles for the microscope and also the in-
teractions of the beam and the sample were demonstrated by Manfred von Ardenne
in 1937, and although he never made a working instrument, he produced a British
patent. 101192 Professor Sir Charles Oatley marketed the first working scanning electron

microscope in 1965, the “Stereoscan” 103:104

Scanning electron microscopes are primarily used for observing the fine structure of a
specimen surface at a high magnification. A scanning electron microscope works by
scanning the surface of the sample using a finely converged electron beam, whilst inside
a vacuum, and detects the signals emanating from the sample, and presents an enlarged

image of the sample surface on a monitor screen.

Whilst irradiating the sample surface, a number of signals are produced, namely sec-
ondary electrons, backscattered electrons and characteristic X-rays. The microscope
generally uses secondary electrons or backscattered electrons in the formation of the

image (see Figure 18).
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Figure 18: Figure shows the different signals produced from the sample being struck by
the electron beam from the scanning electron microscope. Those used most commonly

by scanning electron microscopes are secondary and backscattered electrons.

Secondary electrons, located near the sample surface, are released once the atoms absorb
the electron fired at it. These give a sense of the fine topographical surface structure of
the sample. Backscattered electrons are reflected away from the sample by the surface
atoms. Different samples will reflect different amounts because of their composition.
Due to this, a backscattered electron image will display the compositional distribution
at the sample surface. These electrons can also be used for elemental analysis through

the attachment of an X-ray analyser.

A scanning electron microscope is made up of many components (see Figure 19). The
microscope consists of a column, specimen chamber, display and operating section. The
interior of the column is kept under low pressure at all times. The electrons leaving the
electron gun are converged through the use of electromagnetic condenser and objective

lenses into a fine beam. Deflection coils then direct the beam across the sample. Inside
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the specimen chamber, there is a detector for the secondary electrons, backscattered

electrons and also an X-ray detector for the X—rays.

A scanning electron microscope is able to give the surface structure of a sample and can
do so by giving very clear images. There is also a large depth of field which allows more
of the specimen to be in focus at once. There is also a greater degree of magnification
due to the use of electromagnets rather than lenses. The only real disadvantages of
scanning electron microscopy are that there is no colour in the image, and that to get
the best images available, the sample needs to be electrically conductive, which can be

achieved with use of a sputterer to coat the sample in a thin gold film.
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Figure 19: The path electrons take in a typical scanning electron microscope set—up to
enable the magnification of small objects. The electron gun (a) emits and accelerates
the electrons, the condenser lenses (b) then converge this beam to make it finer. The
deflection coils then aim the beam at the sample whilst the objective lens (c) focus the
beam. The electron beam then leaves the column and enters the sample chamber. The
secondary electron detector (d) then detects the electrons emitted, amplifies them and
converts them into an electrical signal and transfers this to a computer monitor (e) where
the image can be seen. The vacuum pump (f) keeps the column under low pressure at

all times.
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2.1.4 Use of a Potentiostat

The potentiostat is used for electroanalytical experiments and allows the control of a
three electrode cell for battery performance measurements. The system functions by
maintaining the potential of the working electrode at a constant level. By adjusting
the current at the auxiliary electrode, the potential can be maintained in respect to the
reference electrode. Figure 20 is a schematic displaying the layout of both a 2 electrode

and 3 electrode Swagelok™ cell.

2 Electrode 3 Electrode

Spring

Current Collector
Counter Electrode (a)
Separators
Ref. Electrode (b)

Figure 20: Schematic of a two and three—electrode Teflon Swagelok™ cell. The major
difference between the two is the addition of a third electrode (b). This acts as a
reference for the voltage at the other two electrodes as can be seen in the image. By
maintaining the potential at the working electrode (c), that at the counter or auxiliary
electrode (a) can then be adjusted with respect to the reference electrode (b). Image

from Amatucci et al.3
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The potentiostat is fundamental to modern electrochemical studies, especially for inves-
tigating reaction mechanisms related to redox chemistry. The data generated would be
plotted depending upon the type of analysis. For example, in voltammetry, the electrical
current (amps) is plotted against the electric potential (voltage). In a bulk electrolysis

though, the total electrical charge (Coulombs) is plotted against time (seconds).

Most early potentiostats could function independently, outputting physical data. Modern
potentiostats are designed to interface with a computer and operate through bespoke
software. The software allows the user to quickly change between both experiments
and experimental conditions. Data stored on a computer can also be more easily and

accurately analysed than using earlier methods.

2.2 Starting Materials

Vanadium(V) oxide, ammonium metavanadate, formaldehyde, manganese(ll) acetate
tetrahydrate, cobalt(ll) nitrate hexahydrate, iron(ll) oxalate dihydrate, lithium dihydro-
genphosphate and ethylene glycol were obtained from Sigma Aldrich. Acetone and

ethanol were obtained from Fisher Scientific and were both of analytical reagent grade.

2.3 Experimental Procedures

Syntheses were carried out using both the traditional solvothermal synthesis method
using a PTFE lined acid digestion Parr bomb cell and also using a CEM Discover — SP
with activent microwave for microwave synthesis (180-240 V,., 50/60 Hz, Py, 1100
W, Mag freq 2455 Hz and P, microwave 300 W).

Products were characterised through X—ray diffraction and scanning electron microscopy,
with selected samples being characterised through EXAFS and XANES as well as having

electrical property measurements taken.
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X-ray diffraction patterns were obtained using a Philips PW1730 X-ray diffractometer
with Cu Ka radiation (1.5418 A) at a 30 kV accelerating voltage and 20 mA current.

Scanning electron microscopy images were obtained using a Hitachi 3400S Scanning
electron microscope with a nominal resolution of 5 nm per pixel with a maximum mag-
nification of 300k (maximum usable magnification of around 100k). The maximum single
image resolution is 2048 x 1800. Samples were mounted on a carbon disc, maximum
sample size being 10 x 10 x 2 cm and with a minimum X, Y, Z stepsize of 1 nm. The
maximum beam voltage is 30 kV with a variable stepsize of 0.1 kV. It is fitted with Sec-
ondary, Backscatter (5 segment) and Oxford Instruments Xmax EDX detectors. There
is also a variable backscatter mode, enabling the acquisition of backscatter images at a

chamber pressure of up to 100 Pa.

EXAFS and XANES spectra were obtained from the B18 beam-line at the Diamond

Synchrotron facility in Oxfordshire, England.

Charge—discharge measurements were obtained using a Bio—logic SAS VMP3 potentio-

2.3.1 Solvothermal synthesis of VO,(B) nanorods

2.3.1.1 48 hour synthesis of VO;,(B) nanorods using V,05 starting material
Vanadium(V) oxide (1.81 g; 0.01 mol) was dispersed in formaldehyde (37% aqueous
solution, 30 mL) by stirring for 15 minutes. The resulting yellow suspension was then
placed within a PTFE lined Parr bomb and solvothermally treated for 48 hours at 180°C.
After cooling to room temperature, the resulting blue—black suspension was washed with

water, ethanol and acetone before being allowed to dry overnight at 60°C in an oven.

2.3.1.2 24 hour synthesis of VO;,(B) nanorods using V,05 starting material
The same synthesis procedure was carried out as in 2.3.1.1 except the time of solvother-

mal treatment was altered to be 24 hours.
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2.3.1.3 12 hour synthesis of VO;,(B) nanorods using V,05 starting material
The same synthesis procedure was carried out as in 2.3.1.1 except the time of solvother-

mal treatment was altered to be 12 hours.

2.3.1.4 48 hour synthesis of VO;(B) nanorods using NH;VO3 starting material
Ammonium metavanadate (0.31 g; 99%) was dispersed in formaldehyde (37% aqueous
solution, 30 mL) by stirring for 15 minutes. The resulting pale yellow suspension was
then placed within a PTFE lined Parr bomb and solvothermally treated for 48 hours
at 180°C. After cooling to room temperature, the resulting blue-black suspension was
washed with water, ethanol and acetone before being allowed to dry overnight at 60°C

in an oven.

2.3.2 Microwave synthesis of VO,(B)

2.3.2.1 Time variation study Vanadium(V) oxide (0.30 g; 0.01 mol) was dispersed
in formaldehyde (37% aqueous solution, 15 mL) by stirring for 15 minutes. The resulting
yellow suspension was then placed within a microwave oven test tube and solvothermally
treated in a microwave oven at 180°C for 1, 3 and 6 hours. After cooling to room
temperature, the resulting suspensions (green—brown for 1 and 3 hours, blue-black for
6 hours) were washed with water, ethanol and acetone before being allowed to dry

overnight at 60°C in an oven.

2.3.2.2 Temperature variation study Vanadium(V) oxide (0.30 g; 0.01 mol) was
dispersed in formaldehyde (37% aqueous solution, 15 mL) by stirring for 15 minutes.
The resulting yellow suspension was then placed within a microwave oven test tube and
solvothermally treated in a microwave oven for 1 hour at 150, 180 and 200°C. After
cooling to room temperature, the resulting green—brown suspensions were washed with

water, ethanol and acetone before being allowed to dry overnight at 60°C in an oven.
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2.3.2.3 Synthesis of VO;,(B) nanorods using V,05 and C;H40, starting mate-
rials Vanadium(V) oxide (0.30 g; 0.01 mol) was dispersed in ethylene glycol (99.8%, 15
mL) by stirring for 15 minutes. The resulting yellow suspension was then placed within
a microwave oven test tube and solvothermally treated in a microwave oven synthesiser
at 250°C over 60 minutes and 90 minutes. After cooling to room temperature, the
resulting green—brown suspensions were washed with water, ethanol and acetone before

being allowed to dry overnight at 60°C in an oven.

2.3.2.4 Synthesis of VO,(B) nanorods using NH;VO3; and CH,O0 starting ma-
terials Ammonium metavanadate (0.15 g; 99%) was dispersed in formaldehyde (37%
aqueous solution, 15 mL) by stirring for 15 minutes. The resulting pale yellow suspen-
sion was then placed within a microwave oven test tube and solvothermally treated in a
microwave oven at 180°C for 6 hours. After cooling to room temperature, the result-
ing green—brown suspension was washed with water, ethanol and acetone before being

allowed to dry overnight at 60°C in an oven.

2.3.3 Swagelok™ battery preparation

Olivine sample was mixed with 20% by weight carbon (Ketchen black) without any binder
added. This was mixed and ground thoroughly using a ball mill for 15 minutes. The
electrochemical cell consisted of 6 mg of mixed powder sample as the cathode material
which was separated from a lithium foil (counter electrode) by a sheet of porous fibre-
glass soaked in battery electrolyte LP30 (1 M lithium hexafluorophosphate in ethylene
carbonate:dimethyl carbonate 1:1 w/w). Cycling experiments were conducted at 25°C
using a Biologic potentiostat system at constant discharge rate of 1 Li/20 hour (C/20)
(n decreases by 1). This was carried out by my supervisor and collaborators over in

Amiens, France.
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2.3.4 Bellcore film preparation for EXAFS experiments

VO,(B) (0.2264 g) was ground with carbon (0.0461 g) using a pestle and mortar. To
make the film, Kynar polymer (0.0661 g) and dibutyl phthalate (0.0987 g) were dissolved
in a few drops of acetone. The VO,(B)/C mixture was added to 1 mL acetone and
allowed to stir for 30 minutes. The sample was spread over a glass plate to form a thin
film and was allowed to dry. A disk of material was cut out and washed with diethyl ether
(3 x 10 mL) to extract the dibutyl phthalate. The disks were dried in an oven at 70°C
for 5 mins. The mass of active sample in each disk was calculated from the surface area
and mass loss. For the disk cycled in situ, the density of active material was calculated
to be 3.76 mg cm™2. The electrochemical cell consisted of a disk of sample as the
cathode material which was separated from a lithium foil (counter electrode) by a sheet
of fibreglass soaked in battery electrolyte LP30 (1 M lithium hexafluorophosphate in
ethylene carbonate:dimethyl carbonate 1:1 w/w). Cycling experiments were conducted
at 25°C using a Biologic potentiostat system at constant discharge rate of 1 Li/20
hour (C/20) (n in Li,VO, decreases by 1). This was carried out by my supervisor and

collaborators over in Amiens, France.

2.3.5 Preparation of samples for EXAFS measurements

Boron nitride (0.140 g; 0.02 mol) was mixed with a varying amount of sample (see Table
1). The mixture was then pressed into a pellet of 20 mm in diameter under 10 tonnes
of pressure in a pellet press. The pellets were then placed in a pellet holder within the
beam line and X-rays were passed through them to gain EXAFS and XANES data on

them.
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Table 1: Amounts of sample added to boron nitride for EXAFS experiment pellets

Sample Mass / g
Vanadium(V) Oxide 0.0040
Lithium Iron Phosphate 0.0105
Lithium Cobalt Phosphate 0.0100
Lithium Manganese Phosphate | 0.0091

2.3.6 Microwave synthesis of olivine phosphates

2.3.6.1 Preparation of LiFePO, Iron(ll) oxalate dihydrate (0.36 g; 0.02 mol) and
lithium dihydrogenphosphate (0.21 g; 99%) were dispersed in ethylene glycol (99.8%, 5
mL) by stirring for 15 minutes. The resulting suspension was then placed in a microwave
oven test tube and solvothermally treated in a microwave oven synthesiser at 300°C for
2 hours. After cooling to room temperature, the resulting pale brown suspension was
washed with water, ethanol and acetone before being allowed to dry overnight at 60°C

in an oven.

2.3.6.2 Preparation of LiCoPO, Cobalt(ll) nitrate hexahydrate (0.36 g; 0.019
mol) and lithium dihydrogenphosphate (0.21 g; 99%) were dispersed in ethylene glycol
(99.8%, 5 mL) by stirring for 15 minutes. The resulting suspension was then placed in
a microwave oven test tube and solvothermally treated in a microwave oven synthesiser
at 300°C for 2 hours. After cooling to room temperature, the resulting blue suspension
was washed with water, ethanol and acetone before being allowed to dry overnight at

60°C in an oven.

2.3.6.3 Preparation of LiMnPO; Manganese(ll) acetate tetrahydrate (0.36 g;
0.016 mol) and lithium dihydrogenphosphate (0.21 g; 99%) were dispersed in ethy-
lene glycol (99.8%, 5 mL) by stirring for 15 minutes. The resulting suspension was then

placed in a microwave oven test tube and solvothermally treated in a microwave oven
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synthesiser at 300°C for 2 hours. After cooling to room temperature, the resulting pale
cream suspension was washed with water, ethanol and acetone before being allowed to

dry overnight at 60°C in an oven.
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3 New routes to vanadium oxides

3.1 Introduction

Vanadates, particularly bronze phase VO;, have been touted as potential cathodes for
lithium—ion batteries, due to their structure and their ability to access multiple oxidation
states.>® Bronze phase VO, (VO>(B)) has an affinity for lithium intercalation, making

it a suitable lithium—ion battery cathode material.47-56.57

As well as the structure and multiple oxidation states of vanadates making them ideal
cathode candidates, they are also low in toxicity and cost, yet highly available. Fur-
ther research is, however, needed because the vanadate is prone to structural collapse

following repeated charge and discharge cycles.®°

Recent literature has pointed towards nanoscale VO, (B) as being suitable for use as a
cathode. As functional properties of lithium—ion battery cathodes are influenced by many
factors, a 1-D particle nanostructure is advantageous over bulk materials as there is an
improvement in charge transport.®#7 Other benefits to the use of nanostructures within
a lithium ion rechargeable battery include the increased surface area made available
by having nanomaterials. With the increased surface area, there is greater electrode—
electrolyte interaction. One report of increased performance of nanoscale materials
over bulk concerns LiFePQOy,which is a poor electronic conductor.*® When nanosized,
LiFePOy4 has a shorter diffusion path length for lithium ion transport. This simple change
enhances the power density and rate capability. Nanostructured materials also have an

improved life cycle due to improved support of the strain from lithium intercalation.*®

The nanoscale nature of a material is dependent upon the reactants and reaction process.
There are many methods available to synthesise VO,(B). One reported synthesis of the
bronze phase of VO, involves the solvothermal reduction of V,05 by formaldehyde.10°
A similar method has also been reported by Kam et al.,%* using NH;VO3 mixed with

formic acid. For the work described here, similar solvothermal methods were employed,
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particularly the use of V05 and formaldehyde with a PTFE lined Parr bomb cell.

At the moment, there is a lack of literature looking at microwave oven synthesis of
VO,(B), which this thesis addresses. There is no literature report on how VO,(B)

particle morphology and shape affects the cycling ability.

3.2 Preparation and characterisation of VO,(B) nanorods
3.2.1 Solvothermal Synthesis of VO,(B) nanorods

V505 was mixed with a 37% aqueous solution of formaldehyde and reacted in a Parr
bomb at 180°C for 48 hours. The resulting blueish—black precipitate was washed, dried
and characterised via X-ray diffraction and scanning electron microscopy. In addition
to that, extended X-ray absorption fine structure (EXAFS) and X-ray absorption near

edge structure (XANES) data were also recorded, as described in Chapter 4.

The method was altered to include different reaction times, starting vanadates, other
reagents and solvents. The aim of this was to find out whether the alteration of these

variables could be used to control the formation and morphology of VO,(B).

V5,05 and NH4VO3 were used as the starting vanadates and the solvents were aqueous
formaldehyde, ethylene glycol and oxalic acid. Reactions were all carried out over both

24 and 48 hour periods, as well as a select few over 12 hours.

3.2.2 Characterisation of VO,(B) nanorods made via solvothermal synthesis

3.2.2.1 X-ray diffraction The X-ray diffraction patterns in Figure 21 show the
formation of VO,(B) prepared using solvothermal reduction of V,0s5 which was reduced

by formaldehyde in a Parr bomb a range of times at 180°C.
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Figure 21: X-ray diffraction patterns for samples prepared through solvothermal synthe-
sis. Samples were ground and mounted in an aluminium sample holder. Samples were
prepared at 180°C for (a) 12 hours (b) 24 hours and (c) 48 hours. It can be seen that
for the sample synthesised over 12 hours is very different from the other two data sets,
indicating that 12 hours is not long enough at 180°C to produce VO,(B). The other two
data sets show very little change indicating that VO,(B) can be synthesised after just

24 hours, rather than 48 hours.
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The temperature and quantities of reactants were kept constant and the time the reaction
was carried out over was varied. The selected times were 12, 24 and 48 hours. The
48 hour experiment was similar to a previously published method.!% Data set (c) in
Figure 21 is for the run carried out over 48 hours. The pattern obtained corresponds to

that of previous literature, 105-108

and was selected for Rietveld refinement of the X—ray
diffraction profile. The 24 hour run (b) shows very little difference, if any, from that
of the data collected for the 48 hour product. This shows that the method does not

necessarily need to run for over 48 hours to achieve VO,(B).

The data from the 12 hour experiment (a) is, however, not the same as samples (b) and
(c); this is evident in the peak at 33° 26, which is absent from the other samples. This
peak may be attributed to the V307 phase. Also at 20=54° , there is a single, wide peak
rather than the two peaks seen for VO,(B). This has been compared to diffraction by
VeO13. At this point, VgOq3 has multiple peaks merged into one. Due to the resolution
of the instrument used, it is possible that these multiple peaks cannot be resolved. These
observations indicate that the sample contains multiple intermediate phases, and that
the reaction has not yet gone to completion. The other peaks, although not as intense,
do match that of VO,(B). The reaction therefore takes between 12 and 24 hours to

reach completion.
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Table 2: Lattice parameters from the Rietveld refinement performed on VO, (B) synthe-
sised over a 48 hour period using V,05 and formaldehyde as the reactants; the model

uses data from Oka et al.}

Lattice Parameters | Oka et al.! | 48 Hour
a/A 12.093 12.050
b/A 3.7021 3.6900
c/A 6.4330 6.4273
B/° 106.97 106.94
Ruw 0.1060 0.1646

Figure 22 shows a plot of the data collected for the 48 hour experiment after Rietveld

refinement using data from Oka et al.! as the structural model.

Table 2 displays the lattice parameters from the Rietveld refined of data collected and
compared to the model structure; the values are seen to be very similar which shows a

good fit of the data, (the Ry, value is slightly high).

The black circles in figure 22 represent the original data collected, whereas the overlying
red line shows the model used to fit it against, in this case using data from Oka et
al.! The blue curve underneath shows the difference between the data and the model.
The difference plot was fairly flat, but there are some peaks remaining. These peaks
can be attributed to intensity differences in the data, as the peaks do overlay, and
their positions not different from one another. One possible reason for this difference is
preferred orientation within the crystals when they were packed into the X—ray diffraction

plate. Unfortunately there was not enough time to recheck this.

53



3 NEW ROUTES TO VANADIUM OXIDES

1500 | | | |

1000

Intensity

CuKo 26(°)

Figure 22: X-ray diffraction pattern of VO, prepared through solvothermal synthesis of
V705 which is reduced by formaldehyde in a Parr bomb for 48 hours at 180°C. Samples
were ground and mounted in an aluminium sample holder. Rietveld refinement was
performed on the data collected, using a structural model of Oka et al.! The black
circles represent the data, the red curve represents the model the data were fitted to

and the blue curve represents the difference between the data and the model.

54



3 NEW ROUTES TO VANADIUM OXIDES

Figure 23: Scanning electron microscopy images of samples prepared via solvothermal

synthesis at varying reaction times. Samples were synthesised at 180°C for (a) 24 and

(b) 48 hours. There is a noticeable thickening of the rods with increasing time.

3.2.2.2 Scanning Electron Microscopy Figure 23 shows the scanning electron
microscopy images taken of the samples prepared via solvothemal synthesis at 180°C.
The first image (a) is for the sample synthesised over 24 hours and image (b) is that
synthesised over 48 hours. It can be seen from these images that as the temperature
is raised the product particle increases in thickness, changing from 75 nm for 24 hours
to 100 nm for 48 hours; the length, however, remains around a micron (1xm) in both

cases.

3.3 Microwave synthesis of VO,(B)

Microwave synthesis routes were investigated in order to establish new, shorter duration
reaction pathways to VO,(B) nanostructures. To begin with, the same reactants as
used in solvothermal synthesis were employed (V205 and formaldehyde), to allow the

optimum reaction times and temperatures to be established. As a starting point, the

55



3 NEW ROUTES TO VANADIUM OXIDES

reaction temperature was held at 180°C and the reaction times were increased from 1
to 3 to 6 hours. Finally, a series of reactions where the temperature was varied and the

time maintained at 1 hour were also carried out (150, 180 and 200°C).

3.3.1 Characterisation of VO,(B) made via microwave synthesis at varying

reaction times

3.3.1.1 X-ray diffraction Figure 24 is an X-ray diffraction pattern for VO,(B) sam-
ples that were prepared using microwave synthesis. For this synthesis, the temperature
was kept constant, with aqueous formaldehyde used as the solvent. The reaction was
carried out over three different time scales, (a) 1 (b) 3 and (c) 6 hours. As can be seen
from the graphs, there is an obvious evolution of the products over time. There are
some common features in all of them, with the peaks at around 26=38 and 45° being
the most noticeable. However, these peaks may be assigned to Al;O3. This could be
easily explained, as the sample holder used in obtaining the X-ray diffraction pattern is

made of aluminium, which will have an Al,O3 surface film.
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Figure 24: X-ray diffraction pattern of VO, (B) prepared via microwave synthesis using
V705 and formaldehyde at 180°C for (a) 1 hour (b) 3 hours and (c) 6 hours. Samples
were ground and mounted in an aluminium sample holder. There is a noticeable change
in the X-ray diffraction patterns as the time of the reaction is increased. The widening

of the peaks within (b) could be due to it having a more nanosized phase than (a) and

(c).

The bottom line, (a), has many peaks in it which indicates that the reaction has not
gone to completion after 1 hour and that there are still starting materials mixed in with

the product; several peaks may be attributed to either V,0s5 or V307.

The red line, (b), has fewer peaks for other phases, which indicates that the reaction is
closer to completion after 3 hours. However, on comparison with the X—ray diffraction

of the completed product from solvothermal synthesis (see Figure 25), it is clear that
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the reaction has not finished (there are extra peaks). There is broadening of the peaks
in the pattern, which is consistent with very thin nanoscale walls. There is also a clear
asymmetrical sawtooth profile, suggesting that there is turbostratic disorder between the
layers. Turbostratic disorder is a term given to disorder between differing layers, where
there is different rotations with respect to an axis.1%9 When compared, it was found that
V013 has two peaks in this same region, with the peak at the greater angle having a
lower intensity (almost to an extent that it can resemble a shoulder on the main peak).
It is possible that this is visible in the plot, although the sawtooth profile of the pattern
makes it difficult to ascertain. This lack of clarity could possibly occur due to a poor
resolving power, making the individual peaks difficult to see, or the particles being very
small in size and therefore causing line broadening.1? Observation under a scanning

electron microscope would prove if the particles are indeed smaller in size.
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Figure 25: X-ray diffraction pattern of VO, (B) prepared via microwave and solvothermal
synthesis using V05 and aqueous formaldehyde at 180°C. Samples were ground and
mounted in an aluminium sample holder. (a) is the 6 hour microwave synthesis run and
(b) is the 48 hour solvothermal synthesis experiment. Both patterns appear very similar

in appearance indicating that the 6 hour microwave synthesis run has produced VO,(B).

The final pattern, (c) in figure 24, was for a product synthesised over 6 hours. This is the

most promising as the profile is similar to that for samples prepared solvothermally over
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48 hours (Figure 25). The peaks were found to be assignable to VO,(B), indicating that
this synthesis method had been successful, and that no contamination was discernible.
The next steps are to look at the sample under a scanning electron microscope to examine

any morphology differences.

Given that the 6 hour synthesis run gave a product almost identical to the solvothermal
synthesis products, the data were then run through a Rietveld refinement (see Figure
26), using data from the model of Oka et al.! The black circles represents the original
data used and the red line is the model profile. The blue curve is the difference plot,
which displays a good correlation between data and model peak positions. Peaks in the
difference plot are possibly due to preferred orientation of the crystals. The data show

broad peaks, possibly due to particles being nanoscale in size.
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Figure 26: X-ray diffraction pattern of VO,(B) prepared via microwave synthesis us-
ing V2,05 and aqueous formaldehyde at 180°C for 6 hours. Samples were ground and
mounted in an aluminium sample holder. The data have been fitted using a Rietveld
refinement, using the data from Oka et al.! as the model. The black circles represent
the data, the red curve represents the model the data were fitted to and the blue curve

represents the difference between the data and the model.

61



3 NEW ROUTES TO VANADIUM OXIDES

Table 3: Lattice parameters from the Rietveld refinement performed on the VO,(B)
synthesised over a 48 hour period in the Parr bomb cell and also by the 6 hour microwave
oven run using V>0s5 and formaldehyde as the reactants. The model uses data from Oka

et al.l

Lattice Parameters | Oka et al.1 | 48 Hour | 6 Hour
a/A 12.093 12.050 | 12.053
b/A 3.7021 3.6900 3.6990
c/A 6.4330 6.4273 | 6.4408
B/° 106.97 106.94 107.34
Ruw 0.1060 0.1646 0.2097

Table 3 shows a comparison of the lattice parameters from both the data and the model
after the Rietveld refinement, as well as the data from the 48 hour bomb run discussed
earlier. All the values are very similar upon comparison showing that there is a good fit of
the data. The only major difference is a doubling of the Ry, value for the microwave oven
experiment. This increase in the goodness of fit parameter may be due to a reduction

in particle size.
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Figure 27: Scanning electron microscopy images of samples prepared via microwave

synthesis at varying reaction times. Samples were prepared at 180°C for (a) — (c) 1
hour, (d) — (f) 3 hours and (g) — (i) 6 hours. There is a noticeable change in particle

morphology and assembly with increasing time.

3.3.1.2 Scanning Electron Microscopy Figure 27 shows the scanning electron
microscopy results for products synthesised at 180°C with increasing reaction times.
The images increase in magnification from left to right. Images (a) to (c) are for the

products of the 1 hour synthesis. Looking at (c), the highest magnification for this
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product, the nanoparticles look rod-like in morphology, with a length of a few ym and

width of 250 nm.

For the 3 hour product, at 150x magpnification,(e), the nanoparticles are starting to
assemble into symmetrical shapes rather than just clustering, as in (b). The nanoparticles
in (f) are more needle-like in morphology rather as opposed to rod-like, with a typical
width of around 50 nm and a length again of a few um. This correlates with the X-
ray diffraction pattern (see Figure 24), which indicated that the nanoparticles would be

smaller in size than the other synthesis products.

Interestingly, for the 6 hour synthesis product ((g) — (i)), the nanoparticles have self-
assembled into cuboid-like structures. Looking at the highest magnification, (i), it can be
noticed that the nanoparticles are flake—like in appearance, yet have stacked themselves
on top of each other to form the symmetrical cuboids. They are also shorter in length
(around 500 nm) and are 100-200 nm in width. Future work would be to see how this
could perform in a battery due to the assembly occurring during in the synthesis, but

this would be destroyed by grinding to give a cathode disc.

In 2007, Tian et al.1% described a new synthesis method for VO, (B). Scanning electron
images in their work appear very similar to product (6 hour run) presented here. The
crystals again have self assembled into a three—dimensional superstructure. In their paper
they describe a possible method of formation into this structure, where it is suggested
that VO, would nucleate in a low temperature area of the reaction vessel. Here the
other molecules are then deposited on growth fronts from these nucleation sites, due to
the balancing of local charge, total energy and structural symmetry. This would create
a low energy surface, the flat surfaces. It is possible that this exact mechanism occurred
due to the lower temperatures used in the method described in this study (180°C Vs
600°C).

The VO,(B) produced by Tian et al.1% is around 200 nm in size larger than those

synthesised in this study. The smaller particle size could be an advantage in battery
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cycling, as it increases the surface area available for the interaction with lithium ions.

3.3.2 Characterisation of VO, (B) prepared via microwave synthesis at varying

reaction temperatures

3.3.2.1 X-ray Diffraction Figure 28 shows the X-ray diffraction patterns for prod-
ucts from microwave synthesis over a period of 1 hour. The temperature was then
changed for each run to see if there was an affect on the structure and morphology.
From the previous pattern (see Figure 24), 6 hours is needed to synthesise VO,(B),
and so running the experiment for 1 hour seems unlikely to form VO, (B) below 180°C.
This was confirmed when the data were compared, all samples displaying peaks from
V6013 and V307. The peak at 20=26° can, however, be assigned to VO, (B) or V05
or the precursor. It is, however, noticeable that there is a change in composition of the
products, with an evolution from 150 up to 200°C. The 200°C product, when compared
with X-ray diffraction patterns for the solvothermal products (see Figure 21), is the most

advanced towards completion, which was to be expected.

It is possible, with the use of higher temperatures, that the reaction time can be brought
down further. This was attempted, but due to pressure restrictions within the vessel
and safety features built into the microwave oven the experiment was not taken above

200°C. Future work could investigate other higher boiling point solvents.
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Figure 28: X-ray diffraction pattern of VO, (B) prepared via microwave synthesis using
V705 and formaldehyde for 1 hour at (a) 150°C (b) 180°C and (c) 200°C. Samples were
ground and mounted in an aluminium sample holder. As the temperature increases it
can be noticed that there is a change of phase present. (b) and (c) are more similar than

that of (a) which shows that the reaction progresses quicker with a higher temperature.
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Figure 29: Scanning electron microscopy images of samples prepared via microwave

synthesis at varying reaction temperatures. Samples were prepared over one hour at
(a) = (c) 150°C, (d) — (f) 180°C and (g) — (i) 200°C. There is a noticeable change in

particle width and length with increasing temperature.

3.3.2.2 Scanning Electron Microscopy Figure 29 shows scanning electron mi-

croscopy images taken of products from synthesis at varying reaction temperatures over
1 hour. Figures 29 (a)—(c) represent the run carried out at 150°C, (d)—(f) at 180°C and
(g)-(i) at 200°C.
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All of the samples look similar for the first two magnifications, and it is not until the
highest magnification is looked at that there is a noticeable difference in the product
samples. Figure 29 (c), which was made at 150°C for 1 hour, has a very fine needle-like

morphology. The average width is roughly 50 nm with a length of 2 — 3um.

Figure 29 (f), for the product at 180°C, shows a slight increase in size of the nanorods,
with a thickness increasing to around 250-300 nm, with the length staying the same at

2 = 3um in length.

In Figure 29 (i), the product at 200°C, the rods stayed around the same thickness and
length as in the previous image (f). On referring back to the original X-ray diffraction
pattern for the materials giving these scanning electron microscope images (Figure 28),

there is little difference between the products made at 180 and 200°C.

3.4 Discussion

The goal of this work was to find new routes to synthesise vanadium oxides. By using
microwave synthesis rather than solvothermal synthesis in an autoclave or Parr bomb,
the aim was to reduce the reaction time. Shorter reaction times would enable more
reactions to be carried out in an attempt to optimise VO,(B) for use as a cathode
within rechargeable lithium—ion batteries. The current reaction time needed when using

solvothermal synthesis is 48 hours, which is quoted in a number of papers.105:111-114

105 it was ascertained that the reaction

From following one of these methods exactly,
time to ensure complete reaction could be brought down to 24 hours without making

any changes to the method (see Figure 21).

The reaction was then carried out in a microwave oven synthesiser to reduce the synthesis
time further. There is no reported research mentioning the use of microwave assisted
solvothermal synthesis in relation to VO3(B). The reaction temperature was kept at
180°C and the time was altered to optimise the experiment. Reaction times used were

1, 3 and 6 hours (see Figure 24). As the 6 hour method appeared to lead to completion,
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the product standard was compared with the X-ray diffraction data gained from the
earlier 48 hour solvothermal run (see Figure 25). The comparison shows that the sample
has indeed reached completion as the two patterns are virtually indistinguishable. This
means that the shorter reaction time allows complete synthesis of VO, (B), which in turn
means a more efficient synthesis process with a higher throughput. Further optimisation
would allow the reaction time to be lowered even more, to between 3 and 6 hours through

the use of microwave assisted solvothermal synthesis.

This reaction over 1 hour was examined at temperatures from 150 up to 200°C. The
idea was, as mentioned, to observe the product evolution over a set time period, and
to document what effect temperature would have on the product (see Figure 28). The
patterns are all very different, with the 200°C looking closest to completion. Tests were
carried out in an attempt to increase the temperature even more, but the pressure in the
vessel became too high and the safety protocols built into the microwave oven prevented
the experiment from continuing. This experiment could be continued by using a higher
boiling point solvent to see if it is possible to synthesise VO,(B) at 300°C for example,

over a 1 hour period.

Higher reaction temperatures would also lower the reaction times as Figure 28 shows;
the figure indicates that there is an increased evolution of the sample towards the final
product at higher temperatures, even over the short reaction time of 1 hour. Higher
temperatures could be achieved with the use of a different solvent with a higher boiling

point to prevent excessive pressures arising.

Upon looking at the scanning electron microscopy images, the microwave oven reaction
carried out over 6 hours at 180°C shows a very interesting arrangement of the crystals.
They seem to form plate—like structures which then become a regular shaped cuboid.
This has already been noted by Tian et al., 1% who used a tube furnace at 600°C,
ammonium metavanadate and vanadium powder, and they have suggested a formation
mechanism (briefly described in Section 3.3.1.2). Future work could see how these

materials would function as a battery cathode given the three—dimensional superstructure

69



3 NEW ROUTES TO VANADIUM OXIDES

formation. Even the scanning electron microscopy images for the products if the 3
hour run, where the VO;,(B) has the smallest particles, would be interesting due to the
nanoneedle—like structure they are exhibiting, as well as a regular self-assembly like in

the product after 6 hours.

From the work carried out so far, the optimal conditions have lowered the synthesis time
period of 48 hours down to 6 hours, through using microwave synthesis as opposed to a
more standard solvothermal synthesis methods. It will allow more cathodic material to
be produced per unit of time for use in batteries if the product is proven to be useful

inside a rechargeable lithium—ion battery.

3.5 Future work

Literature on this subject 1021117114 reports that the final morpholgy of the product can
be altered in many ways. The use of a microwave synthesiser to produce VO,(B) has
been shown here to offer a new morphology, differing from that of the products of
solvothermal synthesis in a Parr bomb. Another approach may be to alter the starting
reactants. Figure 30 shows the XRD patterns obtained when the starting vanadate was
changed from V05 to NH4VOj3. All reactions were carried out through solvothermal
synthesis in a PTFE lined Parr bomb cell. The reaction times were altered to observe
the evolution of the sample over a period of time. As can be seen, there is not a lot
of difference between the XRD patterns of the samples and the final products are not

VO,(B).
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Figure 30: X-ray diffraction patterns showing products after NH;VO3 being used as the
starting vanadate and using formaldehyde. Samples were ground and mounted in an
aluminium sample holder. Synthesis was carried out in a PTFE lined Parr bomb cell.
The reaction times were varied to see if there was any significant difference. (a) refers
to the run carried out over 12 hours, (b) is for 24 hours and (c) was carried out over 48

hours.
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Figure 31: X-ray diffraction pattern of VO,(B) synthesised in a PTFE lined Parr bomb
cell with aqueous formaldehyde. Samples were ground and mounted in an aluminium
sample holder. Reactions were carried out with different starting vanadates, V,0s5 and
NH4VOj3 being used, and the reaction times were both over 48 hours. (a) refers to use

of NH4VO3 and (b) V205

Figure 31 shows the comparison between XRD patterns for products of the 48 hour runs

using V>05 and NH4VO3, where the solvent was kept as aqueous formaldehyde. There
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are a number of peaks missing from data set (a) when compared to (b), namely those

at 29°, 31°, 34° and 55° 26. This would suggest that further investigation is required

to successfully prepare VO,(B).
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Figure 32: X-ray diffraction pattern of VO,(B) synthesised using NH;VO3 and formalde-
hyde as the starting materials. Samples were ground and mounted in an aluminium
sample holder. (a) was carried out using microwave synthesis for 180°C for 6 hours. (b)

was carried out in a PTFE lined Parr bomb cell at 180°C for 48 hours.
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Having carried out experiments under solvothermal and microwave synthesis with
NH4VOj3 as the starting vanadate and use of formaldehyde, Figure 32 compares the
resulting XRD patterns. Figure 32 (a) is the data for the microwave synthesis product
prepared at 180°C for 6 hours, while Figure 32 (b) is for that under solvothermal syn-
thesis conditions at 180°C for 48 hours. The patterns are very similar, yet there is an
extra peak in the data for the microwave oven product at 20=23° . This could be due
to starting materials being present and further analysis would be needed to confirm this.

Further testing needs to be carried out to optimise alternative synthesis of VO,(B).
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4 Battery Applications of Vanadate Materials

4.1 Potentiostat use in battery characterisation

EXAFS experiments have already been carried out on some lithium—ion battery cath-
odes, for example LiFePO,.11® Deb et al. studied the atomic and electronic structure
of LiFePO4 and FePQy, through the use of in situ X-ray absorption fine-structure spec-
troscopy (XAFS) measurements. The cell was tested at typical Li-ion battery operating
voltages of 3.0-4.1 V versus Li/LiT. XAS studies of the LiFePQO, electrode measured
at the initial state of LiFePO, showed iron to be in the Fe(ll) state, which corresponds
to the initial state of the battery at 0.0 mAh. FePOy4 was also studied in the delithiated
state and the iron in FePO4 was found to be in the Fe(lll) state, which corresponds to

the final charged state of 3 mAhh in the battery.

They found that for long periods of cycling, the iron ions are always octahedrally coor-
dinated in an Fe'? state, and also that the structure of LiFePOy4 did not change. This
therefore allowed them to theorise that LiFePO,4 could be an excellent choice for long

cycle life lithium—ion battery applications.

The electrochemical cell that was used for this experiment is one that has been recently
designed for specific use with X-ray diffraction or X-ray absorption experiments at a
synchrotron facility.11® The cell was designed and tested by Morcette et al., initially on
LiFePOy4. The cell is based upon the commonly used Swagelok ™™ configuration, with
the exception of it being available for use in XRD and XAS experiments. Figure 36
shows the cell in situ in the beam line ready for XAS experiments to be performed. As
of yet, there have been no in situ studies carried out as to the near neighbour structure

of VO(B) nanorods throughout a discharge cycle.

Battery cell testing using a VO,(B) cathode prepared by solvothermal synthesis was
carried out prior to X—ray spectroscopy (XAS) experiments. The battery was charged

and discharged, using a BiolLogic potentiostat, from 2.0 to 3.0V under standard ambient
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conditions. Figure 33 demonstrates that over 20 cycles VO,(B) has a reversible capacity
of 0.6 Lit at a V% / VT3 redox voltage throughout the cycling of 2.5 V, which can be
read from the plateau in the figure. Vanadium (I1) typically has a redox potential of 2.85
V vs Li and VO(B) a insertion capacity of 0.5 — 0.85 Li/V.17:118 This shows that the
results obtained in this study are similar to reported values. Through coating, doping or
alteration of reaction time and temperature, it may be possible to improve the reversible
capacity in future studies. Redox potential, however, cannot be improved however due

to thermodynamics.
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Figure 33: Charge and discharge curve for VO, (B) at a discharge rate of C/10. The
battery was cycled from 2.0 to 3.0V and the redox potential plateau lies at 2.73 V. Cycling

was carried out under standard ambient conditions (25°C and 100k Pa). Colours are

used to represent different cycles.
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4.2 In situ X-ray spectroscopy (XAS) studies

4.2.1 Pure VO,(B) sample

XAS measurements were taken for VO, (B) before cycling. This sample was prepared via
solvothermal synthesis, as detailed in chapter 2, and has a nanorod-like morphology. For
the XAS experiments, 4 mg of VO,(B) was mixed with 140 mg of boron nitrate, which
was pressed into a pellet. This was to allow the X-rays to pass through the sample, as
boron nitrate is neutral to the beam and so would not affect the results. The sample
was then placed in the beamline and XANES spectra were recorded on the V K-edge
(see Figure 34).

Figure 34(a) shows the normalised XANES data obtained. The pre—edge absorption
feature can be seen clearly at 5480 eV. At 5486 and 5489 keV, a doublet is noted, which
is indicative of V4119 A Fourier transform of the EXAFS data is shown in figure 34(c).
At 1.500 A there is a peak which may be attributed to the V-O bonds, as described
by Andersson, who reported a V-O bond distance of 1.76A.12° The next two peaks,
at 2.44 and 3.031 A, represent the two different bond lengths that occur between the
vanadium atoms in the VO,(B) phase. At low temperatures (below 300 K), this structure
is characterised by a dimerisation of the V4T=V/4* ions giving rise to the two bond lengths

between V4t-Vv4+ 1

4.2.2 VO, prepared as a Bellcore Film for in situ cycling

To make the Bellcore film, the VO,(B) was mixed with carbon black, dibutyl phthalate
and Kynar polymer to make a thin film of material. This film, with a density of active
material of 3.76 mgcm™3, was then placed in a Swagelok™ battery cell, with lithium
acting as the anode and LP30 (1M LiPF6 in ethylene carbonate—dimethyl carbonate (1:1
wt/wt)) as the electrolyte. The battery was placed on the B18 Quick EXAFS beamline

at the Diamond Light Source and XAS data was collected as the battery cycled. First,
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Figure 34: (a) XANES, (b) EXAFS data and (c) Fourier transform of EXAFS data for
VO,(B). In (a), a pre-edge feature is located at 5480 keV. The doublet noted at 5486
and 5489 keV is a feature found for the V4" oxidation state. (b) shows the chi data
extracted from the averaged EXAFS data, while (c) shows the Fourier transform of this
data. The Fourier transform of the EXAFS (c) reveals nearest neighbour bond distances.
Here, the peak at 1.500 A is for a V-O bond, while the two peaks at 2.44 and 3.031 A

are for the alternating short and long bond distances expected for VO,(B).1

XANES data were collected for the cathode before cycling. This is shown in Figure 35.
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Figure 35: XANES data of VO,(B) Bellcore film in a lithium—ion battery cell. Unfor-
tunately, unlike the Powder data, there is a barium peak in the EXAFS region at 5640
eV, due to the presence of a barium impurity in the battery separator. This makes it
impossible to analyse this region and obtain EXAFS data. The XANES profile is the

same as the powder results (see Figure 34).

The peaks for VO, were again noted, but a new feature was seen at 5640 K. This has
been attributed to a barium impurity in the glass mesh which acts as a separator between
the cathode and the anode. Because of the location of these barium peaks, it is not
possible to obtain EXAFS data for the in situ sample. However, useful information may
be garnered from the XANES. Future experiments could be carried out using a polymer

as the separator to eliminate the barium impurities.
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4.3 In situ charge—discharge measurements

In situ measurements were taken of the VOy(B) sample and XANES spectra were
recorded on the V K-edge as the battery cycled so that any structural transformations
could be observed. A photograph of the experimental set-up is shown in Figure 36. The
synchrotron radiation passed through the cell from the right hand side to the left hand

side of the images while the battery was being cycled.

Figure 36: Experimental set-up of the battery cell at the B18 Quick EXAFS beamline
at the Diamond Synchrotron source. The synchrotron radiation entered from the right

hand side of the image, travelled through the cell and out the other side.

Figure 37 shows the XANES data obtained for one cycle. Each line on the graph relates
to a point on the charge—discharge cycle. (a) is from the start of the discharge down
to (f), where the battery started to charge again. The corresponding charge—discharge

curve is plotted in Figure 39.
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Figure 37: XANES data collected during a cycle, with (a)—(h) representing different
points on the charge—discharge cycle (see Figure 39). The data show that there is a big

change in the XANES region, most notably the first peak.

Figure 38 is the XANES region shown in greater detail. As can be seen from data set
(a), there are two peaks present in the first major peak, one at 5486 eV and the other
at 5490 eV. The interesting point to note is that as the battery discharges, these two
peaks merge to become one peak as well as increasing in intensity. Data sets (e) and
(f) show this disappearance of the dual peak. When the battery starts to charge again,
as lines (g) and (h) show, there is an increase in peak intensity. This shift in energy and
change in intensity can be attributed to the alteration of the VO, (B) structure to allow
the access and egress of the lithium ions and electrons into it throughout the charge
and discharge cycle. Wong et al. have previously carried out experiments looking at the
K-absorption edges of vanadium compounds.!'® From comparison of their work with
Figure 38, it is possible to establish the oxidation state of the vanadium ions. At (a)

and (b), the sample is comparable to the K-absorption edges of V,04 and VO,, due
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to the peaks at 5486 eV and 5490 eV respectively. This indicates that the vanadium is
in a V14 oxidation state at the start of the discharge process as expected. Curves (g)
and (h) from Figure 38 shows the same profile as V,03.11° From this, we can conclude
that the vanadium in our sample is in a V13 oxidation state at the end of the discharge
process. This change in oxidation state can be explained by the uptake of lithium ions,
and gain of electrons through the discharge process. Curves (d) — (f) have a similar
profile to the mixed valence oxide V407, which possesses both V14 and V13 oxidation
states. This can be seen on Figure 38 by the change of the first peak as seen in (a), to

a shoulder of the second peak at 5490 eV.
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Figure 38: Highlighted XANES region of the V K-edge during the VO,(B) cycle. The
data start at (a) and end with (h) and it can be seen that the initial peak goes from
having a shoulder to being just one peak. (a) to (h) represent the spectra recorded
for points on the corresponding charge—discharge curve. The change in peak positions
and shape are due to changes in the VO, (B) structure, due to the movement of lithium

atoms and electrons.
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Figure 39 shows the data collected from the same cycling battery. The points on the
curve relate to the individual data curves in Figures 37 and 38. The curve exhibits
a slightly steeper middle section between points (b) and (d) than expected as the cell
potential is ideally flat. It can also be seen that when Figure 39 is compared to Figure
38, that the single peak arises as the cell completes its discharge cycle and begins to

recharge.

I ! I ! I ! I !
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Figure 39: Charge—discharge cycle showing one dynamic cycle of the VO,(B) Bellcore
film. The point on the curve related to XANES data collected during the cycle, which

were shown in Figure 38. Data was collected at 3 minute intervals every 30 minutes.

4.4 Conclusions and future work

As can be seen from Figure 33, the cycled VO, sample prepared using hydrothermal
methods is very stable over 20 cycles between 2.0V and 3.0V. It will be interesting to

carry out future cycling experiments on VO, samples prepared using microwave synthesis
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reactions to compare the cycling stabilities. Due to the alteration in particle morphology,
it is possible that differences in the cycling profiles may be observed. XANES and EXAFS
experiments have revealed changes in local structure occurring in the material. In the
case of the original VOy(B) sample, there are two vanadium—vanadium bond distances
observed due to the local dimerisation in this compound. Data collected while the battery
was being cycled shows very interesting changes in the XANES region. Looking at Figure
38, it can be seen that the peak heights and peak intensities change dramatically upon
cycling, from a doublet corresponding to V4T to a single peak, corresponding to V3+.
This is indicative of a change within the local structure during the cycling process, due
to the the access and egress of the electrons and lithium ions into and out of the VO, (B)
structure. These in situ techniques have given some valuable insight into the chemical
changes occurring during cycling. This technique could also be applied to other cathode

samples in an effort to better understand the cycling mechanisms occurring.

Future work could include re-running the in situ XAS experiment, but with a different
separator, for example a polymer separator. This would allow for the EXAFS to be
determined and give us further insight into the structural changes occurring in bonding
during the cycling process. Other VO,(B) samples could also be studied in order to
compare differences between the samples prepared using different synthesis pathways,
for example solvothermal and microwave oven prepared VO,(B). This would also shed
light on whether the morphology, varying with differing synthesis techniques, affects the

battery cycling properties of the sample.
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5 Olivine Phosphate Cathode Materials

5.1 Studies of Products of Microwave Synthesis

In addition to VO,(B), preliminary microwave synthesis studies on olivine phosphate
structures were also performed. Lithium cobalt oxide is the cathode currently used in
commercial lithium—ion batteries. Olivine phosphate structures, however, have been
accepted as excellent candidates for future cathodes, including application in hybrid
electric vehicles and fully electric vehicles, due to the materials being inexpensive, non—

toxic, and environmentally harmless when compared with lithium cobalt oxide, 1217123

Olivine phosphate structures, in particular lithium iron phosphate, for lithium—ion batter-

122,124,125

ies are typically synthesised through sold—state reactions or solution chemistry,

for example solvothermal synthesis. 126-128

Previous work has also been carried out on the preparation of olivine phosphate structures
using microwave assisted solvothermal synthesis and has resulted in much shorter reac-
tion times. 1297132 This makes microwave synthesis an attractive, fast and cost—effective
synthetic route for the preparation of cathode battery materials. The charge—discharge
relevant olivine phosphates have the general formula LIMPOy4, where M here is Fe, Mn or
Co. The particles here were prepared, characterised by XRD, SEM, XAS and preliminary

cycling of batteries was performed.

5.2 Studies of Products of Microwave synthesis of LiFePO,

The samples were prepared via microwave-assisted solvothermal synthesis. Briefly,
iron(ll) oxalate dihydrate and lithium dihydrogenphosphate were dispersed in ethylene
glycol and placed in the microwave oven reactor for 2 hours at 300°C. Figure 40 shows
the XRD pattern collected for the LiFePO4 sample obtained. This pattern was compared
to LiFePOy using the ICSD database.*
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Figure 40: XRD pattern of LiFePOy4 synthesised using microwave-assisted solvothermal
methods. Comparison of this pattern with the reference pattern for LiFePO,4 showed a
good correspondence in peak positions.*

Scanning electron microscopy images were also obtained (see Figure 41). The particles
are clustered and appear to have a flake-like appearance. Bauer et al.133 and Shin et
al., 13* both synthesised LiFePOy4 through solid state methods. They formed spherical
aggregates, of around 1 um for Bauer et al.133 and around 500 nm for Shin et al.13*
Synthesis by Zhang et al.132 was carried out in a microwave oven. Again, they synthesised
spherical particles similar to those above. Upon comparison with the method described
here, they appear similar to Figures 41(a) and (b). However, when compared with Figure
41(c), a higher magnification than (a) and (b), there is a distinct difference as flakes
are seen at the higher magnification. Typical widths of 0.5 um, lengths of 1 yum and

thickness of 0.1 pum are present for these flakes. This could indicate that the LiFePOy
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synthesised in this thesis potentially has a larger surface area than other methods which
can aid in greater efficiency for a cathode. Specific surface area would have to be

measured though to say for certain.

It is interesting to note that the morphologies of the resulting sample could play a large
part in aiding cycling capabilities. Research carried out by Lu et al.13% and Ellis et al.130
looked at the cycling capabilities of different morphologies of LiFePOy4. Lu et al., found
that by increasing the synthesis time, the electrochemical reactivity is increased, which
they ascribed to be due to enhanced ordering within the structure and the formation of
a hollow structure. This hollow morphology increases the contact between the electrode
and electrolyte, and therefore shortens the lithium—ion diffusion pathlength. As the
reaction continues (post 15 hours), the structure begins to lose its hollow nature and

thepm electrochemical reactivity falls, even though the particle size is decreasing.

Further research into the products synthesised here could lead to similar results to Lu et

al., 135 and an optimisation of the procedure.
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Figure 41: Scanning electron microscopy images displaying the morphology of LiFePQOy.

(a) is least magnified at 60x. Here it can be seen that the sample looks almost powder—
like in appearance. As the magnification increases, ((b) 250x) it can be seen that super—
structures are being formed with a flocculant appearance. From this magnification they
could be flakes or spherical aggregates. (c), 20kx, displays that the particles synthesised
are nanoflake in morphology, with a width of approximately 0.5, length of 1 and a

thickness of 0.1 um.

Cycling data for cells with LiFePOy4 cathodes are shown in Figure 42. The cell was formed
by using the LiFePO4 powder as the active component in the cathode and lithium foil as

kT cell. This cell was then discharged to 2 V

the anode, and placed within a Swagelo
before being charged to 4.2 V. The cell was only run through a charge—discharge cycle
4 times. On both charging and discharging, the data formed a plateau with a redox
potential of 3.4 V. The discharge slopes are also fairly steep, although could be made

steeper with further work and potential doping or coating. The reversible capacity is 0.5

LiT.

Overall, Figure 42 shows that LiFePO4 synthesised through microwave—assisted
solvothermal synthesis can produce a cathode material that maintains a good cycle
curve due to the redox potential plateau at 3.4V and the fairly steep slopes either side.
Future work could be carried out by cycling the cell more times to see if the structure

holds its capacity as high and as long as possible.
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LiFePOy4 was prepared for EXAFS and XANES analysis by mixing 10.5 mg of oxide with
140 mg of boron nitride and pressing into a pellet. The resulting spectra are shown in
Figure 43. A paper by Zhou et al. looked at the resulting XAS spectra from the synthesis
of LiFePOy4 using solid state and hydrothermal syntheses methods, which took 18 and
2 hours respectively. 37 Comparing to the data from Zhou et al. with Figure 43, it can
be seen that the XAS confirms the XRD data in that LiFePO4 had been synthesised.
The pre—edge peak can be found at 7111 eV with the first major peak at 7126 eV and
a second peak at 7172 eV.

The Fourier transform determines the radial structure function. Similar to the work of
Zhou et al., 137 there is a strong peak intensity at 1.533 A. This is indicative of the first
shell containing iron—oxygen bonding. The two smaller peaks later on at 2.692 and 3.635

A can be assigned to the higher shells containing iron, phosphorus and oxygen.
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Figure 42: Cycling data for LiFePO4 showing charge—discharge patterns between 4.2
V and 2 V. The cycle starts at black by discharging before then charging. Cycling

experiments were carried out by Dr S. Corr and associates in Amiens, France.
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Figure 43: EXAFS and XANES data demonstrating the local structure of LiFePO4 and
Fourier transform of the XANES data enabling bond lengths to be distinguished. The
EXAFS and XANES spectra, (a), show that the pre—edge peak is at 7111 eV with two
more peaks at 7126 and 7172 eV. The peak on the Fourier transform (b) at 1.533 A
shows Fe—O bonding and the peaks at 2.692 and 3.635 A are associated with the higher

shell bonding between the iron, phosphorus and oxygen
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5.3 Studies of Products of Microwave synthesis of LiCoPO,

LiCoPQy4 was synthesised through solvothermal synthesis in a microwave oven synthesiser
in a similar manner to LiFePQy, but using cobalt(ll) nitrate hexahydrate as the cobalt
source. The XRD pattern in Figure 44 is comparable to the database for LiCoPQy.°
The method described here is unique as there is no current literature available regarding
the synthesis of LiCoPOy solely through heating with microwaves. Current techniques
involve calcination of either solid state138-144 or soft—chemistry product. 138144-149 These
techniques involve 10 — 20 hours of calcination at temperatures of between 600 and

900°C.

Figure 45 shows the scanning electron microscopy images of LiCoPO,4 and reveal a
crystalline material is formed, but with a broad crystallite size distribution. Huang et
al., 18 who synthesised LiCoPOy through solvothermal synthesis methods, obtained a
crystalline structure as well, with a particle size of 1 — 6 um. Those orthorhombic
prisms are more regular in shape, however, than the crystals formed through microwave

synthesis.
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Figure 44: X-ray diffraction pattern of LiCoPOy4 synthesised using Co(NO3),.6H,0 and
LiH,POy, dispersed in ethylene glycol, and solvothermally treated in a microwave oven at
300°C for 2 hours. Comparison of this pattern with the reference pattern for LiCoPQOy4

showed a good correspondence in peak positions.®
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Figure 45: Scanning electron microscopy images displaying the morphology of LiCoPQOy.

The images reveal that a crystalline material has been formed. There is however a broad

size distribution.

The battery cycling data using LiCoPO4 can be found in Figure 46. The battery cell was
formed by using the LiCoPO,4 powder as the cathode, lithium foil as the anode and a
Swagelok™ cell. The curve shows the uptake and discharge of lithium ions between 4.2
and 2 V. It was only cycled twice but the data show that there is a noticeable rise and fall
of lithium—ion content in the structure of LiCoPQy as the voltage is altered. This shows
that it can be a viable cathode for a lithium—ion rechargeable battery. The only problem
with the curve is, however, that there is no plateau occurring in the curve. This means
there is no period of time within the cycle where a stable voltage is maintained while the
lithium ions are leaving or entering the structure. Further cycling or alterations to the
structure of LiCoPO,4 through coating or doping could allow the cathode to maintain a
constant voltage during charge or discharge. The reversible capacity, however, is only

0.3 Lit.
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Figure 46: Cycling data for LiCoPOy4 showing charge—discharge patterns between 4.2
V and 2 V. The cycle starts by discharging displayed by the black line prior to being
charged. Cycling experiments were carried out by Dr S. Corr and associates in Amiens,

France.

LiCoPO,4 was prepared for EXAFS and XANES analysis by mixing 10 mg of oxide with
140 mg of boron nitride and pressed into a pellet. The results can be found in Figure
47. The pre—edge can be found at 7710 eV, with the first peak at 7725 eV. The cobalt
pre—edge and K—edge peaks according to Moen et al.1%0 are at 7710 eV and 7725 eV
respectively. This indicates, along with the X-ray diffraction data, that LiCoPOy4 has

been synthesised (or simply that Co is present).

The Fourier transform is displayed in Figure 47(c), which characterises the bond lengths
present. The primary peak, located at 1.477 A, has a similar location to that stated in
the paper by Moen et al.1%0 This peak displays the first shell, bonding of cobalt with
oxygen. The later peaks at 2.436, 3.158 and 3.639 A represent the bonding in the higher
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shells containing the cobalt, phosphorus and oxygen.
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Figure 47: EXAFS and XANES data demonstrating the local structure of LiCoPO,4. Also
showing the chi data and Fourier transform of the XANES data enabling bond lengths
to be distinguished. On the EXAFS and XANES spectra, (a), the pre—edge can be found
at 7710 eV, with the first peak at 7725 eV. (c), the Fourier transform, shows the bond
lengths present. 1.477 A shows the Co-O bonding where as 2.436 A, 3.158 A and 3.639

A represent the bonding in the higher shells between the cobalt, phosphorus and oxygen.
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5.4 Studies of Products of Microwave synthesis of LiMnPQO,

Samples were prepared again through microwave—assisted solvothermal synthesis. Man-
ganese(ll) acetate tetrahydrate was briefly mixed with lithium dihydrogenphosphate in
ethylene glycol and then placed within a microwave oven at 300°C for 2 hours. Previ-
ous methods of synthesising LiIMnPO,4 have involved sol-gel synthesis (and subsequent
calcination at 900°C for 10 hours),151 or using solid state calcination (500°C for 5

152,153 3nd a technique called ultrasonic spray pyrolysis. 47150 According to Tan

hours)
et al., ultrasonic spray pyrolysis is preferred over solid—state calcination; it allows for
slightly lower temperatures (400°C), lower reaction times (4 hours) and it is also better
than soft chemistry techniques due to allowing fine control over the size and distribution
of the final products.!®® The process, however, requires a specific and sophisticated piece
of apparatus. Although microwave synthesis technique could be carried out in a domestic

157 \ve did not use one. It is not recommended because it is difficult to

microwave oven,
control variables such as the frequency and the wavelength of the microwaves. Because
of this it is not possible to perform a controlled experiment under standard laboratory

practice conditions.

The microwave synthesis technique described here produced LiMnPQOy in just 2 hours
and at a temperature of 300°C. The product was characterised through X-ray diffraction
(see Figure 48) and compared to LiMnPQy.°
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Figure 48: X-ray diffraction pattern of LiMnPQy synthesised using (CH3COO),Mn.4H,0
and LiH,POy4 dispersed in ethylene glycol, and solvothermally treated in a microwave
oven at 300°C for 2 hours. Comparison of this pattern with the reference pattern for

LiMnPOy4 showed a good correspondence in peak positions.°

Upon looking at the scanning electron microscopy images of LiMnPOQy, Figure 49(a)
shows that the sample has clustered into structures with poorly defined outlines. Figure
49(b) clarifies this and the appearance of a flake—like structure for the sample. It should
also be noted that super—structures have been formed in the sample, with smooth edges.

Figure 49(c) shows that the sample is not flake—like, but more needle—like in morphology.

Other scanning electron images showed a more flake-like structure.':152 This is due
to the speed of the reaction and temperatures involved as well as the starting materials.

All these factors will alter the morphology of the final product. The needle—like structure
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produced here does have the potential to be a good cathode due to an increased amount
of needles and therefore a potentially increased surface area, allowing for more internal
interaction with the LiMnPOy cathode. The two differing structures, however, could
mean that the sample contains two different phases. Further research would be to re—
run the experiment to see if it is indeed two different phases and to see after what time

period only one is present.

Figure 49: SEM images displaying the morphology of LiMnPQy at varying magnifications.

(a) shows that the sample is clustered into structures with a poorly defined outline. (b)
gives the appearance of a flake—like structure to the sample. (c) shows that the sample

is more needle—like in morphology than flake—like.

The cell for this curve was formed using the LiMnPO4 powder as the cathode and
lithium foil as the anode, within a Swagelok™ cell. The charge—discharge cycle curve
for LiMnPOy (see Figure 50) shows cycling over 2-3 cycles between 4.2 and 2 V. The
cycle indicates that the LiMnPO,4 synthesised using microwaves is capable of accepting
and releasing the lithium ions into its structure. Further testing would need to be carried

out to see how many cycles the structure persists over.

However, as with the Co—containing olivine (see Figure 46), there is no plateau effect

along the curve and so obtaining a stable voltage is difficult. This shows that there is no
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maintaining of a constant voltage as the lithium ions pass into and out of the structure
of the LiMnPQy. Alterations to the morphology or conductivity of the material through
coating, doping or changing the time or temperature of the reaction, could lead to a
more beneficial charge—discharge profile. There is also a reversible capacity of only 0.175
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Figure 50: Cycling data for LiMnPOy4 showing charge—discharge patterns between 4.2
and 2 V. Cycling experiments were carried out by Dr S. Corr and associates in Amiens,

France.

LiMnPOy4 was prepared for EXAFS and XANES analysis by mixing 9.1 mg with 140 mg of
boron nitride and pressed into a pellet. The results can be found in Figure 51. No papers

were found specifically with EXAFS and XANES for LiMnPO,4. One paper, however, by
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Hanson and Beeman,®® used Mn,P»07. The pre—edge at 6540 eV and main peak at
6552 eV match up in both studies, as well as the slight bump of the secondary peak at
6560 eV.

The Fourier transform displays the radial distribution function. The Fourier transform is
very similar to the others discussed here, with a primary peak at 1.617 A. This shows the
first shell bonding of the manganese with oxygen. The later peaks at 2.612, 3.220 and

3.705 A represent the higher shells containing the manganese, phosphorus and oxygen.
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Figure 51: EXAFS and XANES data demonstrating the local structure of LiMnPOQOy.
Also showing the chi data and Fourier Transform of the XANES data enabling bond
lengths to be distinguished. (a) shows the EXAFS and XANES data collected. The
pre—edge can be found at 6540 eV with the main peak at 6552 eV and a second peak
at 6560 eV. The Fourier transform is showed in (c). This shows the bonding within the
LiMnPQyg4. The peaks shown are at 1.617 A, the Mn = O bond, and 2.612 A, 3.220 A and
3.705 A represent the bonding in the higher shells between the manganese, phosphorus

and oxygen.
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5.5 Conclusions and Future Work

This microwave synthesis is a much more rapid reaction than traditional solid state or

159-162

hydrothermal routes. For example, Yang et al. report a Parr bomb synthesis

163 i contrast to 2 hours in this work using microwaves. Previously

which took 5 hours,
reported microwave—assisted methods have also had shorter synthesis times, highlight-
ing the effectiveness of this method.??7132 Some of these methods take only a few
minutes. 139131 Hence, there is great scope for further development of that synthesis

strategy.

Overall, the methods described in this chapter for producing olivine phosphate structures
look promising. The X-ray diffraction patterns and Fourier transformed EXAFS data
shows that the reactions have reached completion and that the intended lithium metal

phosphates have been successfully synthesised.

The reaction times and temperatures used are lower than previous techniques available.
The cycling data show that, for the use of manganese and cobalt olivine phosphates,
cathodes can hold and release the lithium ions and maintain a steady cycle curve for a
few runs. Future studies need to be carried out to see how they fare with prolonged
cycling. The iron phosphate olivine structure looks even better, with the fact that it
plateaus and allows a steady release of lithium ions whilst maintaining a constant voltage.
Again, longer cycling with possibly coating and or doping could ascertain if this method

will synthesise cathode materials.

All the scanning electron microscopy images show that flakes and /or needles have been
formed. Either would be a good quality for a lithium—ion battery cathode to possess,
due to the increased surface area available for the interaction with the electrolyte. This
would then allow more interaction with the cathode, increasing its capacity. Further
research into different reaction times and temperatures, as well as coating and doping

may change the morphology.
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6 Conclusions and Future Work

With levels of research and interest rising in renewable energies, lithium—ion battery
capabilities have been highlighted and accepted for their potential uses in electric vehicle
technologies and also possibility for energy storage. This thesis outlines various new
synthesis techniques and results for VO, (B), an exciting and potentially new lithium—ion
battery cathode material. Work was also carried out into reducing the reaction times
for synthesis of common olivine phosphate structures through the use of microwave
synthesis. Current techniques rely upon long duration synthetic methods, via solid state
and soft chemical synthesis. Through use of a microwave oven reactor for the synthesis

process, reaction times have been decreased.

6.1 Summary

The first chapter of the thesis began with a brief history behind rechargeable batteries
and how they charge and discharge during use. An account was also given about current
lithium—ion battery technology, in which LiCoO; is primarily used. Olivine phosphate
structures are a promising class for the future, and an in—depth analysis is given for
these along with vanadium dioxide, focusing upon its bronze(B) phase, which is the main
focus of this thesis. Three different synthetic techniques were also outlined, with two
of them (solvothermal and microwave—-assisted solvothermal synthesis) used throughout
the thesis. Chapter 1 then concluded with a brief look at the other components within

a lithium—ion battery and also the aims and objectives of this thesis.

Chapter 2 outlined the background behind the different characterisation techniques used
and also an in—depth look at how the samples were prepared via solvothermal and

microwave—assisted solvothermal synthesis.

Chapter 3 outlines VO, (B) as a potential lithium—ion battery cathode material. Sam-

ples were synthesised through both solvothermal and microwave—assisted solvothermal
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synthesis and then characterised using of XRD, SEM and XAS. A range of samples were
synthesised, with alterations to the temperature and time (to optimise both solvothermal
and microwave synthesis methods). Further research could see if the reaction times can

be further reduced.

Some samples were also used in charge—discharge studies in Chapter 4. One VO,(B)
sample cell should be noted as having been charged and discharged in situ within the B18
beamline and its evolution characterised through XAS. This allowed the near neighbour

structural changes to be observed and recorded during cycling.

Olivine phosphate structures containing iron, manganese or cobalt were also prepared
through microwave synthesis and are discussed in Chapter 5. Again, the samples were
characterised through the use of XRD, SEM, XAS and charge—discharge cycling. A two
hours duration technique for synthesising LiFePO4 appears the most promising due to
having a redox potential plateau at 3.4 V and steep slopes either side during charging

and discharging.

6.2 Conclusions

The main aim of this thesis was to find a new route to synthesise vanadium oxides through
the use of microwave—assisted synthesis, lowering the preparation time while maintaining
the purity and phase of the product. Faster synthesis times allow more reactions to be
carried out over a set period. These reactions could include alterations to the time,
temperature, or starting solvent, or coating or doping of the sample. Shortening reaction
times allows the process of optimisation to be reached sooner. As mentioned in Chapter
3, current literature synthesis methods for VO,(B) take 48 hours within a solvothermal
bomb. By reducing the reaction time to 24 hours, the same results were achieved by

this method.

Microwave synthesis was then used to reduce the time further. On comparison of mi-

crowave runs of differing time, it was found that a 6 hour method formed VO,(B)
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(characterised through XRD and SEM). Altering the temperatures for a 1 hour period
suggested that temperature can also affect reaction rate; it can be hypothesised that the
reaction could be optimised further through higher temperatures and / or different sol-
vents to aid the reduction of the synthesis / reaction time, although subsequent research

would be required to confirm this.

The 48 hour solvothermal PTFE lined Parr bomb synthesis product was characterised
before being cycled. The results showed that VO,(B) can make an effective cathode,
but that further testing would need to be carried out to see if it can withstand extended
cycling (¢ 20 cycles). The cathode, having been placed within a battery cell, was then
cycled in situ in the beamline of a synchrotron to enable XAS to be obtained during
cycling. This enabled the identification of the structural changes occurring during a
discharphosphatege cycle. It was shown that the V in the VO,(B) cathode changes
from a V4T oxidation state to a V31 oxidation state during the gain of lithium ions and
electrons. It was also confirmed that VO,(B) has alternating V-V separations due to

the dual V4t — V4T peaks seen on the Fourier transform gained from the EXAFS data.

Finally, olivine phosphate structures were also produced through the use of microwave—
assisted synthesis. lron, manganese or cobalt lithium phosphates were all synthesised
over 2 hours. Research has shown that lithium iron phosphate can be synthesised in 5
minutes, and so it is possible that through improvements to the synthetic process the
reaction time could be reduced this dramatically. The cycling data for the lithium iron
phosphate product were encouraging, showing that it could be used in a lithium—ion

battery cathode. However, further cycling studies would be needed to test this.

This is the first report that lithium cobalt phosphate can be successfully synthesised
in a microwave oven. This material was characterised through XRD, SEM and XAS
and again has the potential to be further optimised. Lithium manganese phosphate was
also synthesised in a microwave oven and characterised. Both manganese and cobalt
containing materials were tested to see if usable cycling would occur and was successful

for both samples. However, no plateau in cell voltage occurred. Further research would
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be required to optimise the reaction time and to improve the electrochemical properties
of these two cathode materials, so as to not breakdown as easily from intercalation, to

hold more Li* and to allow for a steady release of these ions.

Overall the data gained from this thesis can hopefully aid in the faster production of
lithium—ion battery cathodes. The reaction times of 4 samples through 5 reactions were
reduced, increasing the speed at which optimisation of the electrochemical properties of

the cathodes can be carried out, and later on, manufactured.

6.3 Future Work

This thesis explored altering the solvent reductant and starting vanadate to try to influ-
ence the final morphology and to reduce the overall reaction time. The results of these
can be found in the future work in Chapter 3. The starting vanadate was changed to
ammonium metavanadate, with the solvent staying as formaldehyde. Through the use of
solvothermal synthesis, the reaction times were differed. However, after characterisation
of the products, it was found that VO, (B) had not been formed. Further research would
need to be carried out to see if a different solvent or higher temperatures can bring about

the synthesis of VO, (B).

The 6 hour method of synthesising VO,(B) within a microwave oven could also be further
optimised to possibly further reduce the reaction time, or to coat or dope the sample
to aid electrical conductivity. Also cycling could enable analysis as to whether the new

morphology affects the cycling capabilities in a positive way.

If the cycling does prove that the material can be used in a cathode, then in situ EXAFS
is also a possibility, to see if the same reaction mechanism is occurring as with the

VO,(B).

Turning to the olivine phosphate materials that have been synthesised in this paper,

further optimisation could be carried out to reduce the reaction times. Alteration of the

106



6 CONCLUSIONS AND FUTURE WORK

starting reactants or solvent could aid in this, as higher boiling points could result in
achieving higher temperatures and possibly making the reaction more rapid. It would
also be interesting to cycle LiFePO4 more to see how long the structure maintained itself.
Cycling whilst gaining EXAFS data would also be interesting and give us information on

the changing structure throughout the discharging process.

LiMnPQOy4 and LiCoPOQOy4 need further optimisation and stability as the cycle curves, al-
though showing lithium—ion uptake and release, do not have an optimal plateau which
would show an even voltage being maintained whilst lithium ions enter and leave the
structure. Possible alterations to the starting materials, or approaches such as coating

the cathode in carbon or adding a dopant may enable the cathode to perform better.
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