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Abstract

Efficient energy storage holds the key to reducing waste energy and enabling the use of ad-

vanced handheld electronic devices, hydrid electric vehicles and residential energy storage.

Recently, Li-ion batteries have been identified and employed as energy storage devices due

to their high gravimetric and volumetric energy densities, in comparison to previous tech-

nologies. However, more research is required to enhance the efficiency of Li-ion batteries

by discovering electrodes with larger electrochemical discharge capacities, while maintain-

ing electrochemical stability. The aims of this study are to develop new microwave-assisted

synthesis routes to nanostructured insertion cathodes, which harbor a greater affinity for

lithium extraction and insertion than bulk materials. Subsequent to this, state-of-the-art syn-

chrotron based techniques have been employed to understand structural and dynamic be-

haviour of nanostructured cathode materials during battery cell operation. In this study,

microwave-assisted routes to α-LiFePO4, VO2(B), V3O7, H2V3O8 and V4O6(OH)4 have all

been developed. Muon spin relaxation has shown that the presence of β-LiFePO4 has a

detrimental effect on the lithium diffusion properties of α-LiFePO4, in agreement with first

principles calculations. For the first time, α-LiFePO4 nanostructures have been obtained by

employing a deep eutectic solvent reaction media showing near theoretical capacity (162

mAh g–1). Studies on VO2(B) have shown that the discharge capacity obtained is linked to

the synthesis method. Electrochemical studies of H2V3O8 nanowires have shown outstand-

ing discharge capacities (323 mAh g–1 at 100 mA g–1) and rate capability (180 mAh g–1

at 1 A g–1). The electrochemcial properties of V4O6(OH)4 have been investigated for the

first time and show a promising discharge capacity of (180 mAh g–1). Lastly, in situ X-ray

absorption spectroscopy has been utilised to track the evolution of the oxidation states in

α-LiFePO4, VO2(B) and H2V3O8, and has shown these can all be observed dynamically.
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Chapter 1: Introduction

With the realisation that fossil fuel resources are finite and our global population ever grow-

ing, focus has turned towards renewable, sustainable technologies. In particular, devel-

opments in efficient storage methods will slow down the rate at which fossil fuel reserves

are depleted by reducing waste energy, and also ensure effective use of the energy har-

vested from emerging green technologies, such as wind and solar. Figure 1.1 shows the

energy density of current energy storage technologies. Lithium ion (Li-ion) batteries offer a

promising energy storage solution with higher energy densities compared to lead-acid (used

primarily in automobiles) and Ni-Cd (used primarily in power tools). The increased volumet-

ric and gravimetric energy density in Li-ion batteries mean that less material can be used to

give a similar energy output, compared to other technologies. This allows for lighter cells or

smaller cells to be developed, making them ideal for portable electronic applications.

The demand for power sources in electric vehicles has increased dramatically in recent

years with many companies making significant investments, such as Honda c©, Toyota c©,

Nissan c© and Tesla Motors c©. By replacing conventional petrol based motor vehicles with

electric vehicles, harmful exhaust emissions could also be reduced and is a current, global

concern in major cities. Several companies have also invested in domestic energy storage

units, such as the Tesla Powerwall c© and the Samsung Energy Storage System c©. These

advances in technology make domestic solar panels more attractive, allowing the generation

of solar energy during the day to use at night when there is no sunlight. Local power storage

could also limit the energy losses from long range electricity transfer around national grids.

Through the use of these systems the amount of fossil fuels burned will also decrease,

generating less CO2 and CO. These gases are considered to be a contributing factor to

global warming, and limiting their release into the atmosphere would help to alleviate this

effect.2

Investing research into Li-ion batteries presents an exciting opportunity to advance our

current electronic technologies, and promote clean energy, and efficient storage of electricity.
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Chapter 1. Introduction

Figure 1.1: Volumetric and gravimetric energy density of different available energy storage

devices. Li-ion batteries offer one of the highest potential, safe sources of energy density

currently available. Adapted with permission from Reference 1. Copyright (2001) Nature.

1.1 Lithium ion batteries

Li-ion batteries have been of increasing interest as they provide a route to rechargeable

storage of electrochemical energy. Li-ion batteries consist of three main parts, a cathode,

an anode and an electrolyte, Figure 1.2.

The anode is a material with a low reduction potential versus Li/Li+ which is able to ac-

commodate Li+ during electrochemical charging. Anode materials typically undergo either

conversion reactions, such as SnO2, forming separate phases of Sn and Li2O upon reduc-

tion (1494 mAh g–1), or intercalation reactions, such as graphite, where Li+ ions are inser-

ted between the layers of graphite.3,4 Most commonly, graphite is used as the anode due

to severe concerns with volumetric expansion in metal oxide conversion anodes. SnO2 for

instance experiences large capacity losses after extended cycling due to 420 % volumetric

expansion upon incorporation of Li+, leading to pulverisation of the particles.5

The cathode in a Li+ ion battery is a material with a high reduction potential versus Li/Li+

and accepts Li+ upon electrochemical discharge. Typically, layered or channeled materi-
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Figure 1.2: Schematic of a Li-ion battery showing the movement of Li+ and electrons during

electrochemical discharge between the anode (graphite) and the cathode (LiCoO2) through

the electrolyte. The Li+ and electrons take separate pathways between the electrodes, and

this process is reversible on electrochemical charging.

als have been employed as intercalation electrodes due to their limited volumetric expan-

sion upon cylcing, although some examples of conversion cathodes exist in the literature.6

LiCoO2 is a prominent Li-ion insertion cathode and possesses a layered structure (Figure

1.2). LiCoO2 operates at a voltage of 4 V versus Li/Li+ and exhibits a discharge capacity of

180 mAh g–1.7

The electrolyte is often comprised of a lithium salt in an organic solvent such as LiPF6 in a

mixture of dimethyl carbonate and ethylene carbonate, and conducts the Li+ charge from the

two electrodes. The electrolyte should possess a high ionic conductivity and extremely low

electronic conductivity to force the electrons around an external circuit through an electrical

output. If the electrons were to travel through the electrolyte, the discharging process would

happen spontaneously, and could not be controlled.

To summarise, upon charging Li+ are extracted from the cathode (LiCoO2) and diffuse

through the electrolyte to the anode (graphite). The movement of Li+ instigates the simul-

taneous movement electrons through the external circuit to preserve charge balance. When

this occurs, the Co3+ atoms in LiCoO2 are oxidised to Co4+ due to the loss of one electron.

This process is described in Equation 1.1, where G represents the graphite anode.
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xG + LiyCoO2 → xGLiy + CoO2 (1.1)

Fundamentally, these reactions occur due to a potential difference existing between the

two electrodes. This is where it is more energetically favourable for one of the electrodes to

be reduced, and one to be oxidised. This relationship can be evaluated using the free-energy

of the redox reaction in Equation 1.2.

∆Go = –nFEo (1.2)

∆Go is the change in free energy, n is the number of electrons, F is the Faraday constant

and Eo is the potential. If ∆Go is negative then the redox reaction will proceed spontaneously,

and the potential energy can be harvested. However, if ∆Go is positive then no reaction will

occur, since the lowest energy state has already been achieved. The movement of electrons

through the external circuit is what allows energy to be harvested from the cell.

Investigating these dynamics further, Figure 1.3 shows a schematic of the relative elec-

tron energies of the electrodes and the electrolyte. The anode (reductant, blue) and cathode

(oxidant, red) are separated by the ionically conducting, and electronically insulating elec-

trolyte (grey). The work functions of the anode and the cathode are denoted as ΦA and ΦC

respectively. The work function is the minimum energy required to remove an electron from

an atom, and thus oxidise it. The values of ΦA and ΦC are also proportional to their respect-

ive electrochemical potentials, µA and µC. The difference between µA and µC provides the

operating voltage, or open circuit voltage (VOC) of the cell according to Equation 1.3.

VOC = µA – µC (1.3)

For a battery cell to possess thermodynamic stability, careful pairing of the electrodes

with a suitable electrolyte is required. Eg is the energy window between the HOMO and

LUMO of the electrolyte. Thermodynamic stability can be achieved by ensuring both µA and

µC lie within the Eg window, leading to preferential reduction or oxidation of the electrodes,

rather than the electrolyte. If µA is higher than the LUMO of the electrolyte, the electrolyte

will be reduced during electrochemical discharge. In addition, if the energy of µC is lower

than the HOMO of the electrolyte, the electrolyte will be oxidised during electrochemical
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Figure 1.3: Schematic of the energy levels involved in electrochemical cycling of a Li-ion

cell.
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charging. However, if µA is only slightly higher than the LUMO or µC slightly lower than

the HOMO a passivation layer may be formed between the electrode and the electrolyte.

This occurs by consuming some of the electrolyte through oxidation or reduction to form a

solid/electrolyte-interphase (SEI) on the surface of the electrodes.

For some materials, such as the cathode material LiCoO2, µC is semi-compatible with

liquid electrolytes. This is due µC shifting to a lower energy during Li+ extraction, causing to

the Co3d valence band in LiCoO2 to overlap with the O2p band of the electrolyte.8 When

more than half of the Li+ ions are removed from LiCoO2 during electrochemical charging in

a cell, thermodynamic stability is lost and the electrolyte rapidly degrades, releasing O2.9

This is a key concern in cathode development, as oxygen evolution in battery cell can lead

to chemical fires through combustion of the flammable electrolytes. Concern has also been

raised over the toxicity (LD50 = 150 and 500 mg kg–1) and limited availability of cobalt.10,11

Similarly, the µA of lithium metal which has an extremely high capacity (3860 mAh g–1) lies

above the LUMO of all currently known liquid electrolytes.12 To overcome these challenges,

it is essential to tailor µA and µC of the electrodes to compliment Eg while retaining high

electrochemical capacities and highest possible voltages.

1.1.1 Tailoring voltage in Li-ion electrodes

Much research has been devoted to improving the electrochemical behaviour of transition

metal redox couples to harvest the most energy in Li-ion electrodes. The most prominent

example is the Fe3+/Fe2+ redox couple. As iron is a cheap, abundant, environmentally be-

nign metal, it is an attractive alternative to cobalt. However, iron oxides such as Fe2O3 and

Fe3O4 show poor electrochemical stability, hindering the reinsertion of lithium after repeated

charge and discharge cycles.13 Further research has found that by substituting oxygen lig-

ands with polyanions such as SO4
2– and SiO4

3– not only increases the electrochemical

stability, but can lower the Fermi energy level of the Fe3+/Fe2+ redox couple, increasing the

cell potential.14,15 This occurs due to the inductive effect. An increase in electronegativity of

the polyanion increases the electron-withdrawing effect experienced by the Fe-O bond. This

decreases the covalent nature of the Fe-O bond and decreases the redox energy. This re-

duction in energy increases the gap between the Li/Li+ and Fe2+/Fe3+ redox energies, which
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Figure 1.4: Operating voltage of iron oxide and polyanionic iron compounds showing an

increase in potential with increasing electronegativity of the polyanion.

in turn decreases the µC of the Fe3+/Fe2+ redox couple. Figure 1.4 shows the effect of in-

creasingly electronegative anions on the chemical potential of the Fe2+/Fe3+ redox couple.

The highest observed electrochemcial potentials have been observed in sulfate based iron

compounds. Li2Fe(SO4)2 can achieve a redox potential of 3.93 V versus Li/Li+ and is only

bested by triplite structured LiFeSO4F, which has shown the highest Fe3+/Fe2+ redox couple

to date of 3.9-4 V versus Li/Li+.16 Furthermore, LiFeSO4F only exhibits a volumetric change

of 0.6 %.17 However, the fluorination has not been exclusively linked to the inductive effect,

and only exhibits a reversible capacity of 85 mAh g–1, though this can be improved to 105

mAh g–1 with the addition of carbon nanotubes to increase the electronic conductivity.18

1.1.2 α-LiFePO4 as an insertion electrode

Tailoring of the redox potential has also given rise to the highly attractive olivne phosphates.

Olivine phosphate materials (LiMPO4; space group Pnma) are an interesting class of com-

pounds for positive insertion electrodes due to their structural stability, reversible intercal-

ation of positive ionic species, and ease of metal site doping to modify electrochemical

characteristics. Continued development of positive insertion electrodes for Li-ion batteries
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has led to the investigation of olivine structured α-LiFePO4, which exhibits a lower operating

voltage of 3.45 V versus Li+/Li than LiCoO2, but a competitive theoretical capacity of 170

mAh g–1.19 Olivine α-LiFePO4 is comprised of iron and lithium atoms occupying octahedral

sites (M(1) and M(2) respectively) and phosphorus atoms occupying tetrahedral sites. The

crystal structure of α-LiFePO4 can be seen in Figure 1.5.

Figure 1.5: Crystal structure of Pnma structured α-LiFePO4. The primary direction of Li+

diffusion is along b-axis through 1D channels in the [0 1 0] direction.

The FeO6 octahedra are corner-sharing along the bc plane, while LiO6 octahedra are

edge-sharing along the b-axis. An FeO6 octahedron shares edges with two LiO6 octahedra

and one PO4 tetrahedron. PO4 tetrahedra share edges with one FeO6 octahedron and two

LiO6octahedra. The structural arrangement of α-LiFePO4 forms 1D tunnels along the b-axis

([0 1 0] direction) which is thought to be the primary pathway for Li+ diffusion. This has been

visualised both experimentally and from first principles calculations (Figure 1.6).20,21 The

reversible intercalation of Li+ in to and out of α-LiFePO4 operates through the Fe2+/Fe3+

redox couple, at a potential of 3.45 V versus Li/Li+ according to:

LiFePO4 → Li+ + e– + FePO4 (1.4)

It has been noted that the voltage observed is higher than that of iron oxides. The

increase in the redox potential can be explained by two major influences. Firstly, an inductive

effect instigated by electronically withdrawing PO3–
4 , dampening the covalency of the Fe-O
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Figure 1.6: Lithium diffusion pathway in α-LiFePO4 calculated by (a) neutron powder diffrac-

tion minimum entropy method (MEM) showing the nuclear distribution of Li (blue). Adapted

with permission from Reference 20. Copyright (2008) Science. (b) First principles calcu-

lations showing one dimensional diffusion along the b-axis ([010] direction). Adapted with

permission, from Reference 21. Copyright (2005) American Chemical Society.

bonds. This causes oxygen to form stronger bonds with P and reduces the energy required

for reduction to occur at the Fe site.19 Secondly, the Madelung electric fields at the cation site

are stronger in α-LiFePO4 than in the oxides. This is due to extensive edge sharing of FeO6

polyhedra leading to higher cation-cation Coulomb repulsions. This effect has been shown to

increase the VOC in α-LiFePO4, relative to iron phosphates with less or no edge sharing.22

The trade-off with this increased voltage is that PO3–
4 limits the electronic conductivity of α-

LiFePO4 · For this reason α-LiFePO4 is usually coated with carbon to increase the electronic

conductivity.23

The actual mechanism for lithium diffusion through α-LiFePO4 is still not fully understood.

One of the prevailing theories is the core-shell model. The rate determining step for diffusion

in the core-shell model is hypothesised to be the reduction in size of the FePO4/LiFePO4

interface during Li+ insertion.24 As lithium is reinserted into the structure, the surface area

of the FePO4 decreases, lowering the amount of lithium that can pass through the inter-

face. This means that the current cannot be sustained and leads to a lower reversible

capacity at higher current densities. Due to this fact, it was proposed that more lithium

could be reversibly extracted and reinserted into materials with smaller particle sizes, such

as nanoparticles.25 This effect has been observed experimentally, where nanoparticles of
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α-LiFePO4 of decreasing size show better rate capability.26 Therefore tailoring a synthetic

route to access nanostructured α-LiFePO4 is vital to improving electrochemical perform-

ance. Another model for diffusion is the domino-cascade model. The domino-cascade

model contradicts the core-shell model in that the nucleation for one phase happens within

the other, and that this delithiation is fast.27 This creates multiple sites of lithium diffusion,

rather than the shrinking core of the core-shell model.

As diffusion of Li+ through α-LiFePO4 is a rapid 1D process along the b axis by which

the Li+ hops from one interstitial site to the next, structural defects could dramatically de-

crease the performance of these materials.20,28 There have also been studies to show that

lattice contraction upon delithiation leading to a volumetric change of 7%.29 The shrinkage

of diffusion paths could lead to impeded lithium ion reinsertion, as the ions effectively have

smaller tunnels to pass through after leaving and/or travelling through the α-LiFePO4. Other

studies have suggested these changes are still small enough to avoid major degradation

of the charge capacity and also compensate for volume changes experienced by carbon

anodes.30–32 Structural changes in LiFePO4 have shown to be overcome by doping small

amounts of other metal ions such as Mn, Co and Zn.33–35 The addition of different ions

can bring more stability to the structure, allowing it to experience less volumetric loss during

electrochemical cycling. Furthermore, fast cycling of α-LiFePO4 has been shown to reduce

the structural changes by capturing metastable phases upon delithiation and leading to an

increased lifetime.36 Limitations on Li+ diffusion can be evaluated by looking at the activation

energy (Ea) of Li+ diffusion and diffusion coefficient (DLi).

1.1.3 Enhancing capacity in Li-ion insertion electrodes

Although α-LiFePO4 shows outstanding electrochemical properties, its modest theoretical

capacity is its main limitation. Equation 1.5 can be used to calculate theoretical capacity

(Q, mAh g–1) of an electrode, where n is the number of moles of electrons involved in the

charge/discharge, F is the Faraday constant and M is the molecular mass of the electrode

material. Q can be increased by either decreasing M, or increasing n. One tactic to decrease

M is to employ a lighter redox metal such as Ti, V, Cr or Mn which would increase the

theoretical capacity. However, the best possible result that could be achieved by this method
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Figure 1.7: Capacity and voltage from ab initio calculations for olivine phosphates contain-

ing various metals, in various oxidation states. The dashed red line represents the safe

voltage limit imposed by current organic electrolytes. Reprinted with permission from Refer-

ence 37. Copyright (2011) American Chemical Society.

would be replacing Fe with Ti. This would only provide a 5 % reduction in mass of the

electrode (based on a theoretical LiTiPO4) and a similar increase in the capacity. Another

tactic is to employ lighter anions (such as O2–), however as discussed previously this may

dramatically affect the stability and decrease µC of the cathode below the electrolyte HOMO.

One further option is to use material containing a redox metal which has multiple oxidation

states, whose µC lie within the Eg range of the electrolyte. Figure 1.7 shows values of

voltage and capacity derived from ab initio calculations of olivine phosphates containing

various metals.

It can be seen that employing a metal that can only undergo one oxidation state change

is a prominent limitation in capacity, such as Co or Fe. By choosing a material with multiple

oxidation state changes, the amount of Li+ intercalated, n, can be increased per formula

unit. This in turn increases Q, and is commonly referred to as multiple electron transfer

(MET) Metals capable of undergoing MET include Cr, Mo, and W (not shown in Figure 1.7).

Each has been investigated with varying electrochemical properties.

Q =
nF

3.6×M
(1.5)

WO3 has been investigated as a Li+ intercalation cathode and is able to harbor 1.2 Li+
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per formula unit.38 However, due to the high atomic mass of W, this limits the capacity to just

150 mAh g–1. Molybdates have been studied with stoichiometries ranging between MoO2

and MoO3.39 It was found that Mo17O47 possesses the best electrochemical performance,

intercalating up to 1.2 Li+ per formula unit.

Chromium oxides Cr2O3, CrO2, Cr5O12, Cr2O5, Cr6O15 and Cr3O8 have also been

investigated as potential cathode materials.40 Studies have shown that as the average oxid-

ation state in the cathodes increases from Cr2O3 (3+) to Cr3O8 (51
3+) a consistent increase

in capacity is also observed. This is due to reduction being possible in the higher oxidation

state Cr, leading to intercalation of larger amounts of Li+. Furthermore, amorphous Cr3O8

has shown full reversible reduction of the Cr6+ down to Cr3+, allowing the intercalation of

over 6 Li+ per formula unit (2 Li+ per Cr).41 However, concern over the toxicity of Cr6+ has

severely hampered interest in these materials. Furthermore, the red dashed line in Figure

1.7 indicates the voltage considered safe for conventional electrolytes, which Cr5+/6+ and

Cr4+/5+ exceed.

MET capable cathodes present themselves as an interesting opportunity to enhance the

capacity of Li+ insertion cathodes, but there is still scope to explore other metals that exhibit

this behaviour with better electrochemical performance which do not exceed safe voltage

limits.

1.1.4 Multiple electron transfer in vanadium oxides

Vanadium oxides offer a unique opportunity to incorporate a redox active metal into an Li+

insertion cathode and access oxidation states of V5+ to V3+, all within the Eg window of

common organic electrolytes. Referring to Figure 1.7, V is presented as a "‘Goldilocks"’

transition metal, with all oxidation states below the safe limit, whilst retaining a reasonably

high voltage and low mass. The structural flexibility of vanadates allows for a great number

of materials, theoretically capable of intercalating more than 1 Li+ per V.42 In order of O:V

ratio, these include V6O13, V4O9, V7O16, V3O7, V12O29, V9O22 and V2O5. However, there

are only limited reports on a select few of these materials. This is mainly caused by the

oxidation state chemistry being so flexible that vanadates are often obtained with impurity

phases, and require precise tailoring of the reaction conditions. This is a major challenge
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Figure 1.8: Structure of V2O5 showing the intercalation of Li+ between the layers of VO5

square-based pyramidons (V5+).

with vanadates and still requires more investigation.

V2O5 has been the most widely investigated to date due to its outstanding theoretical

capacity of 589 mAh g–1 upon insertion of 4 Li+, upon full reduction from V5+ to V3+. V2O5

is also very easy to obtain, as it can be prepared in an ambient atmosphere due to all the

vanadium atoms being in the highest possible oxidation state, V5+. Figure 1.8 shows the

layered structure of V2O5, which accommodates Li+ between the layers.

However, studies have shown that this theoretical capacity is unobtainable, as insertion

of 4 Li+ leads to irreversible capacity loss due to major structural changes and is only capable

of reversibly intercalating 2 Li+ per formula unit (one Li+ per V).43 Even though V2O5 is

limited to the insertion of 2 Li+, it still exhibits a reversible and stable capacity of 240 mAh

g–1, and still attractive for Li-ion cathode applications. However, other studies have shown

sluggish Li+ diffusion kinetics and significant structural changes discourage the development

of V2O5 as a insertion cathode material.44,45

V6O13 has also been investigated as a potential intercalation cathode with a theoretical

capacity of 417 mAh g–1, corresponding to the intercalation of 8 Li+ atoms per formula unit.

This occurs due to the presence of 4 V4+ and 2 V5+ per formula unit. Experimentally, V6O13

shows a theoretical capacity of 200 mAh g–1, at a rate of 100 mA g–1.46 This capacity

corresponds to the reversible intercalation of 3.8 Li+ (0.63 Li+ per V). This lower capacity
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has been explained by the voltage window over which the measurements were conducted

(3.2 V to 2.0 V) not being large enough to capitalise on the full reduction down to V3+.

Further studies have shown that increasing this window down to 1 V is detrimental to the

operation of the electrode, and the reversible intercalation quickly fades from the theoretical

8 Li+ per formula unit to just 1 Li+ per formula unit over 100 cycles.47

Lastly, V3O7 has been investigated as an MET insertion cathode, possessing 2 V5+ and

1 V4+ and a theoretical capacity of 506 mAh g–1. Experimental investigations of V3O7 have

found an initial capacity of 200 mAh g–1, corresponding to the insertion of 2 Li+ per formula

unit (2
3 Li+ per V).48 However, this capacity quickly fades to around 150 mAh g–1 after 10

cycles (3.5 V and 1.5 V), due to irreversible structural changes upon Li+ intercalation.

To summarise, although MET capable vanadates may be used to access high capacities

theoretically, more work is required to obtain higher experimental capacities. This could be

achieved by either (a) stabilising the initial capacities of existing compounds or (b) developing

new synthetic routes to single phase, alternative vanadate materials.

1.2 Lithium intercalation and diffusion in insertion electrodes

Although voltage and capacity are important attributes of intercalation electrodes, ultimately

the electrochemical behaviour in these materials is governed by one factor, Li+ mobility. If

Li+ are unable to move there will be no electrochemical activity, or if the kinetics of the Li+

movement are slow, faster charge and discharge rates will suffer increasing capacity losses.

Therefore it is of the utmost importance that Li+ diffusion mechanics in intercalation materials

are understood, although this can be a challenging endeavour. Firstly, the mechanics of Li+

mobility are discussed, and can be separated into two processes, intercalation and diffusion.

1.2.1 Mechanism of lithium intercalation in insertion electrodes

Li+ intercalation occurs when a Li+ ion enters into an interstitial site in an electrode at the

Fermi energy level of the host material, determined by the valence band. This behaviour

is mediated by a change in the oxidation state of a transition metal, to balance the overall

charge upon insertion of a positive Li+ ion (e.g. M3+ to M2+). During electrochemical cycling,

intercalation materials can accommodate increasing amounts of lithium in two ways, (a) by
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forming a solid-solution and (b) by forming two discrete phases. In the solid-solution regime

the electrode is dominated by Nernst-like behaviour, where insertion Li+ occurs primarily due

to a concentration difference. This behaviour can be summarised by the Nernst equation:

Ewe = Eo +
RT
nF

ln
aOx
aRed

(1.6)

where Ewe is the working electrode potential, Eo is the reduction potential of the working

electrode, R is the gas constant, T is the temperature in K, n is the number of moles of

electrons involved in the redox process, F is the Faraday constant, and aOx and aRed are

the chemical activities of the oxidised electrode species and reduced electrode species re-

spectively. As the concentration of reduced species in the cathode increases, Ewe becomes

logarithmically smaller. As Li+ ions are initially inserted, the intercalation electrode forms a

solid solution and a single lithiated phase. For a simple metal oxide this could be written as:

xLi + MO −→ LixMO (1.7)

At a given point the material may reach a critical concentration where a solid-solution

cannot be maintained, leading to the evolution of two distinct lithium rich, and lithium deficient

phases, a two-phase system:

LixMO + nLi −→ Liy′MO + Liy′′MO (1.8)

where y’ is the maximum amount of Li+ accommodated into the lithium deficient solid

solution, and y” is the minimum amount of Li+ required for the lithium rich solid solution to

form. At this point, structural factors inhibit the concentration dominated intercalation. The

difference between y’ and y” is known as the miscibility gap, which is the concentration

range over which a solid-solution cannot be sustained. As increasing amounts of Li+ are

inserted into the two-phase system, the relative concentration of Liy”MO also increases.

This continues until the two-phase system is saturated with Li+, and all Liy’MO has been

converted to Liy”MO. From this point, a new solid-solution is formed:

nLi + Liy′MO −→ Liy′′ + MO (1.9)
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This solid-solution continues until the material is saturated and no more reduction can

occur in the transition metal. During electrochemical delithation this entire process is re-

versed, and leads to the typical plateaued hysteresis profile observed in electrochemical

cycling (Figure 1.9).

The solid-solution regions lie at the beginning and end of the profiles where rapid change

in the voltage occurs over small changes in [Li+], and the two-phase reaction occurs over

the plateau region. These observations occur in intercalation materials that undergo a single

oxidation state change. In materials that undergo multiple oxidation state changes upon Li+

insertion there is a plateau region for each redox reaction, separated by solid-solution region.

1.2.2 Mechanism of lithium diffusion in insertion electrodes

Solid state diffusion can occur by two routes, interstitial or substitutional diffusion. For an

ion to diffuse it must possess enough energy to cross the diffusion barrier. The quantity of

energy required is known as the activation energy (Ea) of diffusion. If an ion does possess

energy greater than the Ea of diffusion, it may be displaced from its original position to a

neighbouring position. In intercalation electrodes, interstitial diffusion is the primary diffusion

mechanism as most Li+ occupy interstitial sites. Interstitial diffusion is also less energetically

costly, as no ionic bonds between the Li+ and neighbouring atoms are required to be broken

for the Li+ to diffuse.

Li+ can occur at and even below room temperature. The process of Li+ diffusion is also

thermally activated, meaning that as temperature increases, the diffusion becomes faster.

This is due to more thermal energy being supplied to the Li+, increasing the probability that

the Li+ will have enough energy to jump from one site to the next. This behaviour has been

investigated by many methods, but the accuracy of these measurements remains a key

concern.

16



Chapter 1. Introduction

Figure 1.9: Galvanostatic cycling profile of an intercalation electrode that undergoes one

redox reaction. A solid-solution region is observed at the start and the end of the two-phase

redox plateau. The maximum possible Li+ concentration to form lithium deficient material

is denoted as y’ and the minimum required concentration to form a Li+ rich solid-solution is

denoted as y”.
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Figure 1.10: Two types of diffusion can occur in solid-state materials, vacancy and interstitial

diffusion.Vacancy diffusion (1.a) shows the movement of a structural ion such as O2– from

one lattice site to a neighbouring vacancy (1.b). Figure 2.a shows interstitial diffusion of an

ion in a lattice from an interstitial site to a neighbouring interstitial site (2.b).

1.3 Methods for analysing Li+ diffusion mechanics

1.3.1 Traditional methods for analysing Li+ diffusion mechanics

Examples of the varied structural architectures can be seen in Figure 1.11, showing (a)

the layered oxide cathode LiCoO2, (b) a Li3N nitride anode and (c) a garnet structured solid-

state electrolyte Li6MLa2Nb2O12. It is apparent that hindering the transit of Li+ through these

materials will have adverse affects on the electrochemical performance, since rechargeable

materials rely on the free movement of these ions between the electrodes.

Li+ diffusion characteristics, such as the diffusion coefficient (DLi) and activation energy

(Ea) are important considerations for optimised electrochemical performance in Li-ion batter-

ies. However, the values obtained for these parameters can vary dramatically depending on

the experimental technique employed. For example, Li+ ion diffusion in α-LiFePO4 has been

studied using a range of methods including theoretical calculations, AC and DC impedance

analysis, galvanostatic intermittent titration techniques (GITT), Mössbauer spectroscopy and

Li+ nuclear magnetic resonance (NMR). A summary of values obtained from these methods
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Figure 1.11: Structures of (a) the lithium nitride anode material Li3N, (b) the layered

oxide cathode material LiCoO2 and (c) the garnet structured solid-state electrolyte

Li6MLa2Nb2O12. It can be seen that these materials can accommodate the intercalation

of Li+ into their open structures.

for the cathode material α-LiFePO4 can be seen in Figure 1.12 and the broad distribution of

values obtained for DLi and Ea are apparent, between and even within techniques.

There may be a number of reasons for such large differences between measurement

techniques. For example, AC and DC impedance are subject to interference from grain

boundaries, and if the measurements are taken using a complete cell rather than just the

single component the accuracy of the results will vary depending on the experimental set-

up.49–51,55 Regarding Li+ NMR, the timescale on which measurements take place are not

fast enough to measure the some rates at which Li+ diffusion occurs, and the associated

interactions may also be masked by magnetic ions in the lattice.59

Since many of these techniques look at bulk influences, any difference in crystalline

domain size will change the observed Li+ diffusion mechanics since it takes into account

the intragrain diffusion. Additionally electrochemical methods are highly dependent on the

physical analysis set-up, where changes in the resistance of the equipment can vastly alter

the observed values for Li+ diffusion. For this reason, the use of a local technique that is

free from these influences would be an ideal tool for examining diffusion kinetics.

1.3.2 Muon spin relaxation as a Li+ diffusion probe

Muon spin relaxation (µSR) provides an opportunity as a local probe technique for char-

acterising diffusive properties of ionic species in Li-ion battery consitituents, and has been

successfully employed in a number of materials.60–74 µSR provides a non-destructive intim-

19



Chapter 1. Introduction

Figure 1.12: Distribution of (a) the lithium diffusion coefficient (DLi) and (b) the activation

energy (Ea) of this process for α-LiFePO4. It can be seen that there is large difference in

reported values between the techniques.21,28,49–58

ate probe for Li+ diffusion that does not consider any influences from bulk effects allowing

calculation of DLi and Ea of Li+ diffusion on a local scale. To date, cathode materials have

been the most widely studied battery component to date using µSR.

Muon spin relaxation is a local-probe technique not unlike Li+ NMR. However, it works

on a faster timescale, so the characterisation of dynamic diffusion processes of positive

ionic species, such as Li+, is possible. It was first realised by Kaiser et al. [ 75] that ionic

species diffusing through materials could perturb the muon decay and thus, the rate at which

this process occurred could be quantified, with Lix(Mn1.96Li0.04)O4 seeing the onset of Li+

mobility at 230 K and 300 K for x = 1 and 0.2 respectively.75 There are several factors to

consider prior to µSR experiments. Firstly, Li+ diffusion is a thermally activated process

and the rate at which lithium diffuses increases with increasing temperature. Therefore,

the measurement temperature range should be carefully selected with any possible phase

transitions or decomposition temperatures taken into account.49 Furthermore, where the

muon implants into a given sample is crucial. The number of muon sites and the location of
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these sites can alter the results observed. Predictions of these sites can be calculated by

electrostatic potential calculations and usually reside in electron clouds of negative elements

such as O2– forming a stable O2–-µ+ bond.64,65,68.

1.3.3 Muon spin relaxation of Li-ion intercalation electrodes

Layered transition metal oxides have been of interest for battery materials since they are

simple structures which generally adopt a layered arrangement (Figure 1.11 b) and have

shown to reversibly intercalate Li+. µSR studies of Li0.6TiO2 have shown that the timescale

on which Li+ diffuses is less than a microsecond.62 Similar studies on LiCoO2 reinforce the

theory that Li+ diffusion is a rapid process.67 Metal doping of LiCoO2 to LixCo1/3Ni1/3Mn1/3O2

can cause a reduction of the DLi by an order of magnitude.65,76 µSR of the related com-

pound LiNiO2 exhibited a DLi of 10–11 cm2 s–1, while LiCrO2 showed no Li+ diffusion at all

which explains its electrochemical inactivity.63

Layered Li2MnO3 has shown that Li+ diffuses mainly along the c-axis with a DLi and Ea of

10–11 cm2 s–1 and 0.156 eV respectively at 300 K.64 The spinel structured oxides LiMn2O4

and Li1.33Mn1.67O4 have also been successfully studied by µSR, showing a decrease in

the activation temperature of Li+ diffusion with increasing lithiation.66,69 Furthermore, these

studies have suggested that the temperature dependence of Li+ diffusion is highly linked to

the dimensionality of diffusion pathways, when compared to layered structures. While the

aforementioned oxides have been used as cathode materials, Li+ mobility was also observed

by µSR in Li2O, a candidate as a solid-state electrolyte.72 It was found that doping Li2O with

hydroxide and fluoride groups did not affect the diffusion rate of the Li+.73

Doped lithium nitride materials, Li3–xMxN, have recently been reported as candidates as

possible anode materials due to Li3N (Figure 1.11 a) exhibiting the highest Li+ conductivity

for a crystalline material.77 Attempts to study the Li+ diffusion mechanics of these materials

using Li+ NMR proved unsuccessful due to interference from metal paramagnetic moments,

but these have been made possible using µSR. Studies have successfully found that at

increased temperatures there is intralayer diffusion in Li3N, and doping Li3N with Ni has

shown to lower the temperature at which this is observed.60 Furthermore, µSR has also

shown doping Li2N with Co also lowers the Ea of intralayer Li+ diffusion.61
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Studies on α-LiFePO4 have found that, regardless of the dynamic function chosen, the

resulting DLi and Ea are reproducible. Sugiyama et al employed the Keren function and

observed DLi in the order of 10–9 to 10–10 cm2s–1 whereas Baker et al employed the Kubo-

Toyabe function and also calculated DLi in the order of 10–10 cm2s–1 to 10–9 cm2 s–1.68,71

Both studies calculated values of Ea in the order of 100 meV, which is in good agreement

with first principle calculations and highlights the robustness of the technique.28 Further-

more, these studies prepared α-LiFePO4 by separate synthetic routes and observed similar

diffusion mechanics. However, neither paper investigated nanostructured particles, which

may enhance the diffusion mechanics for several reasons, and have yet to be studied with

µSR.

1.4 Nanostructured insertion electrodes

Nanomaterials have become attractive materials for Li-ion electrode applications with many

review articles published, highlighting their electrochemical benefits.1,78–82 The appeals

of nanomaterials can be divided into five main catagories: (a) improved accommodation

of strain, (b) new reactions that are not possible in bulk materials, (c) greater electrode-

electrolyte contact, (d) shorter electronic transport pathlengths, (e) shorter Li+ diffusion path-

lengths.

Increased accommodation of strain in nanomaterials (a) has led to increased cyclabil-

ity in insertion electrodes.83 This effect has also shown that the nanostructures exhibit a

larger solid-solution range, enabling a material to intercalate more Li+ before undergoing a

structural, or phase change. An increase in the solid-solution range is usually manifested in

electrochemical cycling as a diminishing miscibility gap. It has also been proposed that there

is a critical particle size where a solid-solution is achievable at all lithium concentrations.

New reactions in nanoparticles (b) have also been observed, that cannot be sustained

in bulk materials, such as the conversion of cubic Lix>1Mn2O4 to tetragonal Lix<1Mn2O4.84

In the bulk, this reaction leads to poor reversible intercalation of Li+ due to fracturing of the

material from Jahn-Teller induced strain, causing the evolution of inactive and electronically

isolated nanodomains of tetragonal Lix<1Mn2O4in the Lix>1Mn2O4 host. However, when

nanoparticles of Lix>1Mn2O4 were prepared, no electronic isolation or fracturing was ob-
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served due to the accommodation of strain, and a 13 % increase in particle volume upon

lithiation.85,86 These effects led to an improved electrochemical performance in the nan-

oparticles versus the bulk material.87 Mesoporous LiMn2O4 has also shown a similar im-

provement in performance.88 Electronic isolation has also been observed in bulk α-LiFePO4,

showing that the theoretical capacity cannot be achieved.89 Nanoparticles of α-LiFePO4

have been shown to limit this effect, coupled with carbon coating or doping with a conduct-

ive metal to improve both the Li+ diffusion and the electronic conductivity, respectively.90,91

Nanosizing has been shown to enhance the reversibility in conversion anodes as well, such

as SnO2, where particles below a critical size of 3 nm avoid detrimental effects from particle

expansion upon lithiation.92

Although no specific research has been undertaken for increased electrolyte-electrode

contact with decreasing particle size (c), classical mathematics dictates that as the scale of

a 3D object decreases, there is an exponential increase in the surface area to volume ratio.

This property allows nanoparticles to possess more surface area available for interaction

with electrolyte than bulk materials, aiding the movement of lithium from the particles to the

electrolyte. Additionally, studies of V2O5 nanoparticles have shown that tuning the morpho-

logy, surface texture or mesoporosity to enhance the surface area of the particles leads to

an increase in capacity.93,94 However, increased surface area in nanoparticles has also be

linked to detrimental effects, such as increased formation of a solid electrolyte interphase

(SEI) that can hinder Li+ deinsertion. This has been observed in LiCoO2 where 100 nm

nanoparticles showed a SEI layer of 30 nm to 40 nm compared to 300 nm particles that

exhibited a SEI layer < 10 nm.95 The increase in SEI thickness is also accompanied by a

decrease in the rate capability from 90 mAh g–1 in the 300 nm particles to 30 mAh g–1 in

the 100 nm particles, at 7C.

Finally, both the electronic conduction pathlengths (d) and the Li+ diffusion pathlengths

(e) have been investigated in nanomaterials, and are dependent on each other. Intercalation

processes modeled by computational methods have found that if defects are present in

the material, the amount of Li+ able to deintercalate decreases with increasing diffusion

pathlength.96 This effect will lower the overall capacity observed in larger particles. Further

computational studies have suggested ionic and electronic conductivity are responsible for
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higher capacities at higher rates, with decreasing particle radius.97

1.5 Synthetic routes to nanostructured insertion electrodes

1.5.1 Solid state synthesis

Although nanomaterials have proven to be highly attractive for Li-ion electrode applications,

synthetic routes must first be discovered to obtain them. In solid-state synthesis simple

reactants containing the constituent elements are placed into a heat-resistant crucible and

heated for ca. 12 hours at high temperatures (300 ◦C to 700 ◦C).98 This method relies

on the diffusion of solid starting materials, hence the high temperatures and long times

employed. Also, solid state syntheses are unable to produce nanoparticles of material since

there is no dilution of the reactants, typically yielding particles many tens to hundreds of µm

in size. To limit particle size a chemical flowing agent (flux) can be employed, as in molten

salt preparations.99,100 Another option is sol-gel synthesis.

Sol-gel synthesis can be thought of as a hybrid solid state and hydrothermal syntheses.

Firstly a sol is created by mixing soluble precursors and a gelling agent (to create a host

matrix) into a solvent (typically water) and stirred while heating to create a homogenous

distribution of starting materials. The heating continues until all the solvent has been evap-

orated and an intimate mixture of the starting materials and the matrix is obtained, limiting

the amount of diffusion required for the reactants. The mixture is then placed into a furnace

or oven and calcined at high temperatures. The host matrix allows the reactants to diffuse

and react, but also limits the diffusion in so much that particle growth is limited. Particles of

α-LiFePO4 obtained by this method exhibit particle sizes between 20 nm and 500 nm.101,102

However, both the particle size and products formed can be altered by improving the diffu-

sion of reactants further by employing a liquid reaction media and access materials at lower

temperatures and shorter times.

1.5.2 Hydrothermal and solvothermal synthesis

In hydrothermal synthesis, reactants containing the constituent elements are placed into a

closed system reaction vessel along with a given solvent. The reaction vessel is usually a
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solid steel construction with a poly(tetrafluoroethylene) (PTFE) lining able to withstand high

pressure when heated. The synthesis of α-LiFePO4, for example, is typically carried out

for 48 hours at temperatures between 180 ◦C and 250 ◦C.103 Particles obtained from hy-

drothermal synthesis are typically smaller than solid state synthesis, ranging from tens to

hundreds of nm big. Furthermore, several morphologies of α-LiFePO4 have been obtained

from hydrothermal synthesis including rods, platelets and hollow spheres. These have cor-

responded to capacities of 168 mAh g–1 (C/10), 145 mAh g–1 (C/10) and 160 mAh g–1

(C/10), with a decrease in dimensionality in the [0 1 0] (b-axis) being linked to improved

electrochemical performance.104–106

Solid-state, hydrothermal and sol-gel reactions rely on conductive heating from an ex-

ternal heat source, meaning a large heat gradient can be present within the sample. Not

only is this an energy inefficient way of heating, since much energy is lost to the surrounding

environment, but can also lead to unwanted side reactions and a lack of uniformity of the

resulting particles. For example, impurity phases of FeP and Fe2P can arise in high temper-

ature solid-state synthesis of α-LiFePO4 due to Li+ evaporation.107 Thus, continued efforts

have been focused on finding an energy efficient, rapid heating process that minimises the

energy gradient. Microwave-assisted solvothermal synthesis is an emerging synthetic route

that allows rapid heating of reactants in a solvent, at significantly lower temperatures than

solid-state routes.

1.5.3 Microwave synthesis

Microwaves are a form of electromagnetic radiation between 0.3 GHz and 300 GHz in

wavelength, and can be used to heat materials by two main mechanisms: dipole polar-

isation and ionic conduction, depending on the material irradiated. Microwave heating has

been used to drive chemical reactions in both the solid state and solvent based applications

and been employed to synthesise many inorganic materials including oxides, carbides, ni-

trides, silicates, zeolites and apatite.108 This list is not exhaustive, and microwave-assisted

heating initially accrued interest for organic reactions.109–111 Effective microwave-assisted

heating requires a medium or reagents that can heavily absorb the irradiation. In solid-state

methods, a susceptor can be mixed with the reagents, such as a metal, silicon carbide, or
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Figure 1.13: Conventional heating in an oil-bath (a) versus microwave-assisted heating (b)

shows rapid heating, unhindered by the vessel walls after just 60 s of irradiation. Reproduced

from Reference 113 with permission from Elsevier publishing.

graphite to absorb irradiation in place of the reagents and heat the reaction.112 However, this

may instigate a heating gradient across the sample. In solution based microwave-assisted

synthesis it is commonly the solvent that absorbs the irradiation to heat and drive the reac-

tion. Thermal imaging has shown that solution based microwave-heating in a Discover SP

microwave synthesiser (Figure 1.13 b) can avoid heating gradients caused by conventional

conduction heating in a water bath (Figure 1.13 a) and rapidly heat the system.113 The zone

containing the reactants (lower tube) show a large difference in temperature after just 60

s of heating, where microwave heating heats the whole reaction simultaneously. Further-

more, as microwaves can pass in to and/or through a solution, energy can be transferred

to many local sites simultaneously. This will mean that, compared to conventional hydro-

thermal methods, the uniformity of the heat distribution within the sample will be greater in

microwave methods. Rapid access to uniform heat distribution means that impurities formed

at lower temperatures and longer times can be reduced or avoided.

Mainly, two types of solvents have been employed in solution based synthesis: polar

solvents and ionic liquids. Both of these media undergo different heating mechanisms, af-

fecting their efficiency at heating reactions.114 Polar substances undergo dipolar polarisation

which occurs due to coupling of the dipole moment of a molecule to the electric component
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Figure 1.14: Schematic showing the difference behaviour of ionic and polar substances irra-

diated with microwaves. Dipolar molecules (1a, 1b, 1c) undergo a polarisation mechanism,

whereas ionic molecules (2a, 2b) experience a much stronger conduction mechanism.

of the microwave irradiation (Figure 1.14).

As the microwave oscillates, the dipoles of the molecules attempt to align with the electric

component of the wave. This causes the molecules to wobble, transferring energy to their

surrounding environment in the forms of dielectric loss and molecular friction, and ultimately

producing heat. The effectiveness of dipole polarisation has been shown to be dependent

on the frequency of the microwave employed for each solvent. If the frequency is too high

or too low, the molecules will either not oscillate at all or oscillate too slowly to have any

considerable heating effect respectively. This is because higher frequencies will not give

the dipoles long enough to reorient themselves, whereas lower frequencies will not promote

enough interaction between neighbouring molecules. However, since most commercial mi-

crowave sources operate at a frequency of 2.45 GHz it is necessary to retroactively couple

a complementary solvent to the wavelength. The loss tangent (tanδ) is used to evaluate

the heating properties of a solvent at a particular wavelength, described by the following

Equation:

tanδ =
ε′

ε′′
(1.10)

where ε′ is the dielectric constant (which is directly proportional to the solvents ability

to absorb microwaves), and ε′′ is the loss factor (the efficiency of the solvent to convert

absorbed microwave energy to heat). Examples of different solvents and their their ability to

couple to microwaves during synthesis can be seen in Table 1.1. From Equation 3.1 and the

supplied values it is apparent that solvents with increasing dielectric constants (ε′) require
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Solvent b.p. (◦C) ε′ ε′′ tan δ Microwave absorbance

Ethylene glycol 197 37 49.9 1.35 Very high

Ethanol 78 24.3 22.89 0.94 High

Methanol 63 32.6 21.48 0.66 High

Water 100 80.4 9.889 0.12 Medium

Toluene 110 2.4 0.096 0.04 Very low

Table 1.1: A comparison of common solvents and their physical properties as candidates

for solvents for microwave syntheses.

increasing loss factors (ε′′) to efficiently heat a system.

Ionic solvents (or ions in solution) undergo a heating mechanism called ionic conduction.

When an ionic solution is irradiated with microwaves it couples with the electric component

of the microwave. Rather than pivoting round the dipole moment like a polar substance,

the ion attempts to trace the electric component of the wave, culminating in conduction

of the ions. Since the ion is effectively being pulled through the solution, it collides with

other molecules and generates heat through molecular friction. Ionic conduction interacts

more strongly with microwave radiation since the ions are always in contact with the wave,

whereas during dipole polarisation this is not the case. The most basic example of this can

be seen by heating tap water and deionised water with microwaves.115 If both are irradiated

with microwaves for the same amount of time, the final temperature of the tap water will be

greater. This is because the tap water contains ions which create stronger interactions with

the microwave radiation than just the dipolar water molecules alone in deionised water. The

effect of ionic conduction is even further emphasised in salt water, which contains a high

concentration of Na+ ions.

Microwave heating has been shown to produce pure products at shorter reaction times

(as little as 5 to 15 minutes) than conventional methods while retaining controlled size and

morphology. The provision of small particles in a short time frame makes microwave syn-

thesis an extremely attractive route to functional materials. Microwave-assisted routes have

been employed to access several different families of materials. Most simply, nanostructured

Cu and Ni metal have been prepared by a microwave-assisted ionothermal route, yielding
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particles 100 nm in diameter in just 10 min (P = 900 W, ν = 2.45 GHz).116 Metal sulphides

have also been prepared by an ionothermal microwave-assisted approach for Li-ion inser-

tion electrode applications. Synthesis of SnS2/reduced graphene oxide (RGO) composites

showed the construction of SnS2 particles embedded in the RGO framework, prepared after

20 min at of microwave irradiation (ν = 2.45 GHz) 180 ◦C.117 Their electrochemical ana-

lyses showed improved performance versus materials prepared by hydrothermal routes with

longer heating times, attributed to the increased electrical conductivity (from the RGO), and

the smaller particle size (due to the rapid synthesis), of the SnS2.118

1.5.4 Preparation of metal oxides by microwave-assisted synthesis

An area of large research of microwave prepared materials is metal oxides. One typical

anode material that has been studied is SnO2. SnO2 prepared by various routes has shown

1-3 nm particles from microwave-assisted hydrothermal routes (30 min 85 C), 6 nm from a

microwave oven route (2450 MHz, 700 W, 60 s), and 9 nm from a water bath method(85 C

for 3 h).119 All samples show an initial capacity of 450 mAh g–1, however both microwave as-

sisted approaches gave a capacity retention of 90 % after 40 cycles, whereas the water bath

method shows a lower retention of 75 % after 40 cycles (at a current rate of 0.4 mA cm–2).

Microwave-assisted sol-gel approaches have also been employed to synthesise SnO2 in 6

min (P = 1.24 kW, ν = 2.45 GHz), producing 30 nm particles with superior electrochemical

behaviour to bulk SnO2.120 Furthermore, graphene has been successfully decorated with

SnO2 particles, < 100 nm in diameter, in as little as 20 min of microwave irradiation at 120

◦C by microwave-assisted hydrothermal routes.23,121,122

Another well studied metal oxide, prepared by microwave assisted approaches, is Co3O4.

Nanoparticles of Co3O4 were successfully prepared after 1 min to 4 min of microwave irra-

diation (ν= 2.45 GHz) at 90 ◦C.123 Macroporous structures, several hundreds of nm in size

were obtained and showed the best rate capability of Co3O4 as an anode to date (746 mAh

g–1 at 4450 mA g–1). A microwave-assisted hydrothermal reflux method has also been em-

ployed yielding hierarchical, flower-like macro structures ("petals" 5 nm thick) of Co3O4 after

15 min of microwave irradiation (ν= 2.45 GHz) at 85 ◦C.124 Graphene has also successfully

been decorated with Co3O4 nanoparticles by a microwave-assisted hydrothermal route.125
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Several FeOx/carbon composites have also been prepared by microwave-assisted routes.

Fe3O4/C nanowires, approximately 20 nm in thickness with a uniform 5 nm thick carbon

coating, were successfully obtained from a 150 ◦C microwave irradiation (ν= 2.45 GHz)

for 15 min.126 Fe3O4/graphene was prepared by a microwave-assisted hydrothermal re-

flux for 1 h, yielding particles < 20 nm in diameter.127 An Fe2O3/graphene composite was

obtained by irradiating for 20 min at 200 ◦C, yielding metal oxide particles around 100 nm

in diameter.128 A beautiful example of the morphological complexity that can be achieved

by microwave-assisted routes can be seen for α-Fe2O3.129 Snowflake-like dendrites and

star-shaped particles, tens of microns in diameter, were obtained changing the length and

temperature of the irradiation (180 ◦C to 250 ◦C, 30 s to 10 min) to control the morphology.

The growth of carbon nanotubes from graphene sheets, catalysed by FeOx nanoparticles

grown in parallel, has also been demonstrated by microwave-assisted routes.130

Manganese oxides have also been prepared, such as Mn3O4, β- and γ-MnO2 and MnO.

Mn3O4 nanoparticles were prepared by microwave-assisted hydrothermal route (150 ◦C for

30 min), 20 nm in diameter, and show an outstanding capacity retention close to 100 %.6 β-

and γ-MnO2 polymorphs prepared by microwave-assisted hydrothermal synthesis show that

reaction temperature can be altered to obtain different phases with different electrochemical

performance (150 mAh g–1 and 170 mAh g–1, respectively). MnO/C macroporous structures

prepared by microwave-assisted routes in as little as 10 min at 195 ◦C (ν= 2.45 GHz).131,132

The MnO nanoparticles observed are below 20 nm in diameter and show Coloumbic effi-

ciencies and capacity retentions close to 100 % after 140 cycles.

Other metal oxides that have been investigated include CuO/graphene composites, MoO3

and CoMoO4 as well as lithiated metal oxides for Li+ insertion electrode applications.133–135

Li4Ti5O12 nanoparticles < 50 nm in diameter were prepared by a solid-state microwave-

assisted method in a conventional microwave oven after 10 min (P = 500 W).136 These

nanoparticles show a capacity retention of 90 % after 20 cycles. In addition, Li4Ti5O12

hierarchical microspheres (nanoflake subunits 40 nm in thickness) were obtained from a

microwave-assisted hydrothermal method (150 ◦C for 15 min), showing a capacity retention

of around 95 % and a Coloumbic efficiency close to 100 %.137 Similar observations have

also been observed in microwave prepared Li4Ti5O12/RGO composite.138
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LiMn2O4 is another well studied Li+ battery electrode material prepared by microwave-

assisted routes. Like many other materials detailed here, LiMn2O4/RGO composited materi-

als have been prepared by microwave-assisted routes.139 LiMn2O4 has also been success-

fully doped with electronegative (fluorine) and electropositive (neodymium) elements using

microwave-assisted routes.140,141

1.5.5 Preparation of vanadium oxide materials by microwave-assisted ap-

proaches

The first reports of vanadate phases being obtained by microwave-assisted routes were

prepared by a solid-state method in a conventional microwave oven, with intermittent grind-

ing.108 The studies showed it was possible to obtain irregular shaped particles of LixV2O5

and CuxV2O5 tens of µm in diameter, and rods of KxV2O5 tens of µm in length. Multiple elec-

tron transfer (MET) capable LiV3O8 was also prepared by a similar solid-state route, giving

rise to nanosheets several µm in diameter and 3 nm thick after just 30 min of microwave-

irradiation.142 These particles exhibited a high discharge capacity of 335 mAh g–1.

More recently, hollow VO2(B) spheres 100 nm to 600 nm in diameter were prepared by

a microwave-assisted route, in a microwave oven (200 ◦C for 30 min).143 The spheres were

subsequently converted to V2O5 by annealing in an oven, and exhibit discharge capacities

up to 378 mAh g–1 at 50 mA g–1. V2O5 nanorods 100 nm in diameter and several µm in

length were also obtained by microwave-assisted hydrothermal routes, showing an initial

discharge capacity of 330 mAh g–1 at 50 mAh g–1.144

Microwave-assisted solid-state preparation of silver vanadium oxides Ag2V4O11 and

Ag3VO4 has also been investigated for high power applications in implantable cardioverter

defibrillators.145,146 It was found that phase pure materials could be obtained after as little

as 5 min to 30 min of microwave irradiation (P = 600 W) in a domestic microwave oven. The

Ag2V4O11 particles exhibited a large discharge capacity of 272 mAh g–1 at 31.5 mA g–1.

These studies have shown that it is possible to obtain vanadate phases with large dis-

charge capacities through microwave-assisted routes. However, there are many other vanadate

phases that have yet to be accessed by microwave routes.
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1.5.6 Preparation of olivine phosphate materials by microwave-assisted ap-

proaches

Although examples of the microwave-assisted preparation of other polyanionic materials

exist, such as Li2FeSiO4 and Li2MnSiO4, olivine phosphates have accrued the most in-

terest.35 Initial studies on microwave-assisted preparation of α-LiFePO4 were investigated

using solid-state routes. The first investigation employed a conventional microwave oven as

the heating source.147 Pellets of the precursor materials were placed into an alumina cru-

cible, and heated under an Ar atmosphere for 5 min to 20 min (P = 500 W, ν = 2.45 GHz). At

10 min of irradiation, phase pure micron-sized particles of α-LiFePO4 were obtained. These

particles exhibited a stable capacity of around 120 mAh g–1 at a C/11 rate.

Other methods have also been employed, such as mixing the precursors with microwave

susceptors (graphite, activated carbon etc.) allowing better microwave absorption and faster

heating.148 Materials prepared in this way showed phase pure α-LiFePO4 could be obtained

without an inert atmosphere, most likely from carbothermal reduction maintaining a Fe2+

state and preventing oxidation. The resulting particles showed an average size of 1 µm in

diameter after 4 min of irradiation, with an initial discharge capacity of 151 mAh g–1 at C/10.

The use of microwave susceptors has also led to the preparation of α-LiFePO4 nanoparticles

through a solid-state coordination technique.149 Powders prepared by this method led to

particles < 100 nm in diameter after several min of microwave irradiation (P = 850, ν = 3.0

GHz) and capacities up to 125 mAh g–1 at a C/2 rate. Moreover, the use of susceptors has

also provided a route to carbon coated α-LiFePO4 with stable capacities up to 160 mAh g–1

after 50 cycles at a C/10 rate.150

To investigate the use of microwaves and their ability to produce interesting particle archi-

tectures further, solution based hydrothermal and solvothermal approaches have also been

explored. Two major advantages of solution based approaches are that (a) the reactants

can be diluted in an attempt to form smaller particles and (b) diffusion of reactants is easier

to overcome than in solid-state syntheses, allowing quicker reaction times. α-LiFePO4 ob-

tained by a microwave solvothermal route in benzyl alcohol was shown to produce phase

pure mesocrystals in as little as 3 min of microwave irradiation (180◦C, ν = 2.45 GHz).151

The mesocrystals were 1.5 µm in diameter and constructed of smaller crystallites around
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50 nm to 100 nm in diameter. Electrochemical investigations showed that the mesocrystals

delivered a capacity of 150 mAh g–1 at a 2C rate and stable over 150 cycles. Nanocrystals

of LiMnPO4 were also prepared by a similar method but showed a lower capacity of 125

mAh g–1. Other metal olivine phosphates prepared by microwave-assisted solvothermal

synthesis in tetraethylene glycol have showed more promise such as LiCoPO4 (120 mAh

g–1), but still underperform compared to α-LiFePO4 particles prepared in a similar manner

(145 mAh g–1) at a rate of C/10 due to less structural stability.152

Doped α-LiFePO4 has also been successfully prepared by a microwave-assisted solvo-

thermal approach in benzyl alcohol after 3 min of irradiation (180 ◦C, ν2.45 GHz), producing

mesocrystals.153 XRD studies showed that doping of Ni, Zn, Al, Mn and Ti had all been suc-

cessful (at 2 %, 5 % and 7 % atomic ratios versus Fe). At 2 atomic %, all dopants improved

the electrochemical capacity of α-LiFePO4.

Synthesis of carbon coated α-LiFePO4 nanorods (200 nm in width) has also been pos-

sible by microwave-assisted a hydrothermal route using glucose or an amorphous, conduct-

ive carbon (such as superP) as the carbon source after 5-20 min of microwave irradiation

(300 ◦C, ν = 2.45 GHz).154,155 The nanorods showed improved electrochemical proper-

ties versus α-LiFePO4 prepared by a microwave hydrothermal route, but carbon coated ex

situ. Similar methods have also been employed for LiMnPO4 and LiCoPO4 showing lower

capacities (< 50 mAh g–1, C/10 rate) versus uncoated material.155 The obtained particles

exhibited various sizes, from 200 nm thick rods (Fe), 100 nm thick rods (Mn) and micron-

sized cuboids (Co).

α-LiFePO4 has also been coated with various other materials during microwave-assisted

hydrothermal/solvothermal synthesis to improve electrochemical properties. These include

carbon nanotubes, graphene and conducting polymers. Syntheses with carbon nanotubes

were conducted in tetraethylene glycol, yielding phase pure α-LiFePO4 nanorods (25 nm

width, 100 nm length) after 5 min of irradiation (300 ◦C, 2.45 GHz). The coated materi-

als showed improved electronic conductivity attributed to the carbon nanotubes. Graphene

coated α-LiFePO4 crystallites (150 nm diameter) prepared hydrothermally after 15 min

(200 ◦C, ν= 2.45 GHz) showed a similar improvement in electronic conductivity.156 Lastly,

poly(3,4-ethylenedioxythiophene) (PEDOT) coated α-LiFePO4 particles have also been syn-
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thesised by a microwave-assisted solvothermal approach in tetraethylene glycol, after 5 min

of microwave irradiation (300 ◦C, ν = 2.45 GHz). The resulting nanorods were 30 nm in

width, with a discharge capacity of 166 mAh g–1 at C/15 rate.

These experimental studies highlight the wide range of methodologies already explored

for microwave-assisted approaches. Varying the reaction conditions can alter both the size

and morphology of the resulting particles and, ultimately, the electrochemical performance.

Although there have been many investigations, there still remains a wealth knowledge to be

gained from altering synthesis parameters, such as the solvent employed, reaction temper-

ature and microwave irradiation time.

1.6 Summary of aims and objectives

The main aims of this work are to investigate microwave-assisted solvothermal synthesis

routes to nanostructured insertion electrodes. The synthesis conditions will be modified

in an attempt to access phase pure materials and new phases by altering the temperat-

ure, time and reaction media. This research will hope to provide materials with improved

electrochemical performance compared to conventional synthesis routes, for more efficient

insertion electrodes. The effect of different reaction media on α-LiFePO4 will be investig-

ated in initial studies, as it is a well understood material. In an attempt to access materials

with large dicharge capacities, routes to vanadium based MET capable phases, oxides and

oxyhydroxides, will be investigated. Additionally, investigation of the local behaviour of inser-

tion cathodes is a significant area of interest which will be investigated using state-of-the-art

synchrotron based techniques. µSR will be employed to study the Li+ ion diffusion dynamics

and in situ X-ray absorption spectroscopy will be used to investigate the evolution of the

structure and oxidation state in nanostructured Li-ion insertion cathodes. This further know-

ledge of Li-ion insertion cathodes will help in the development of future materials, and aid in

the generation of efficient energy storage.
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2.1 Microwave synthesis

All microwave synthesis was conducted in a CEM Discover SP microwave synthesiser emit-

ting 2.45 GHz irradiation. The power is varied between 0-300 W to achieve and maintain the

temperatures required for synthesis. For safety reasons a pressure limit of 300 PSI is used.

2.1.1 Preparation of LiFePO4 polymorphs in polyol media

FeC2O4 ·2 H2O (0.180 g; 1 mmol; Sigma-Aldrich 99.0 %) and LiH2PO4 (0.104 g; 1 mmol;

Sigma-Aldrich 99.0 %) was placed into a 10 ml microwave reaction vessel. To this, 4 ml

of either ethylene glycol (Sigma-Aldrich, 99.0 %), DEG (Sigma-Aldrich, 99.0 %) or TEG

(Sigma-Aldrich, 99.0 %) was added. The mixtures were magnetically stirred for 5 min and

then sealed with a TeflonTM cap. The mixtures were then irradiated with microwaves in a

CEM Discover SP microwave synthesiser (ν = 2.45 GHz) between 200 ◦C and 250 ◦C for 15

min to 5 h. The resulting precipitates were washed under centrifugation at 4000 RPM with

deionised water, ethanol and acetone until the supernatant was clear. The precipitates were

dried in a vacuum oven at 80 ◦C overnight yielding fine off-white and pale green powders.

For the sample of α/β-LiFePO4 prepared for µSR analysis, FeC2O4 ·2 H2O (0.456 g;

2.54 mmol; Sigma-Aldrich 99.0 %) and LiH2PO4 (0.263 g; 2.54 mmol; Sigma-Aldrich 99

%) were placed into a 35 ml microwave reaction vessel. 10 ml of EG was added and the

mixture was then irradiated with microwaves in a CEM Discover SP microwave synthesiser

(ν = 2.45 GHz) at 250 ◦C for 3 h. The resulting precipitate was washed under centrifugation

at 4000 RPM with deionised water, ethanol and acetone until the supernatant was clear. The

precipitate was dried in a vacuum oven at 80 ◦C overnight yielding a pale green powder.

2.1.2 Preparation of LiFePO4 polymorphs in ionic liquids

FeC2O4 ·2 H2O (0.180 g; 1 mmol; Sigma-Aldrich 99.0 %) and LiH2PO4 (0.104 g; 1 mmol;

Sigma-Aldrich 99.0 %) was placed into a 10 ml microwave reaction vessel. To this, 4 ml of

either 1-ethyl-3-methyl imidazolium trifluoromethansulfonate (EMIM-TFMS; Solvionic 99.5

%) or 1-ethyl-3-methylimidazolium bis(trifluorosufonyl)imide (EMIM-TFSI; Solvionic 99.9 %)
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was added. Ionic liquids were introduced to the microwave vessel in an Ar filled glovebox to

avoid oxidation of the solvent. The mixtures were sealed with a TeflonTM cap and magnetic-

ally stirred for 5 min. The mixtures were then irradiated with microwaves in a CEM Discover

SP microwave synthesiser (ν = 2.45 GHz) at 250 ◦C for 3 to 5 h. The resulting precipitates

were washed under centrifugation at 4000 RPM with deionised water, ethanol and acetone

until the supernatant was clear. The precipitates were dried in a vacuum oven at 80 ◦C

overnight yielding fine off-white and pale green powders.

For the sample of α-LiFePO4 prepared for µSR analysis, FeC2O4 ·2 H2O (0.456 g; 2.54

mmol; Sigma-Aldrich 99.0 %) and LiH2PO4 (0.263 g; 2.54 mmol; Sigma-Aldrich 99 %) were

placed into a 35 ml microwave reaction vessel. 10 ml of EMIM-TFMS was added and the

mixture was then irradiated with microwaves in a CEM Discover SP microwave synthesiser

(ν = 2.45 GHz) at 250 ◦C for 3 h. The resulting precipitate was washed under centrifugation

at 4000 RPM with deionised water, ethanol and acetone until the supernatant was clear.

The precipitate was dried in a vacuum oven at 80 ◦C overnight yielding an off-white powder.

2.1.3 Preparation of LiFePO4 polymorphs in deep eutectic solvents

All deep eutectic solvents (DES) were prepared by adding molar ratios of an ammonium

salt (choline chloride, ChCl or tetramethylammonium chloride, TMAC) to a hydrogen bond

donor. A summary of these mixtures are given in Table 4.1. The mixtures were placed into a

35 ml microwave vessel and sealed with a TeflonTM cap. The mixtures were then irradiated

for 5 min at 100 ◦C under magnetic stirring. After cooling, clear solutions were produced in

all cases with no additional steps employed before use in synthesis of nanoparticles.

For the preparation of α-LiFePO4, FeC2O4 ·2 H2O (0.180 g; 1 mmol; Sigma-Aldrich 99.0

%) and LiH2PO4 (0.104 g; 1 mmol; Sigma-Aldrich 99.0 %) was placed into a 10 ml mi-

crowave reaction vessel. To this, 4 ml of a DES solvent was added. The mixtures were

magnetically stirred for 5 min and then sealed with a TeflonTM cap. The mixtures were then

irradiated with microwaves in a CEM Discover SP microwave synthesiser (ν = 2.45 GHz)

between 200 ◦C and 250 ◦C for 1 min to 5 h. The resulting precipitates were washed under

centrifugation at 4000 RPM with deionised water, ethanol and acetone until the supernatant

was clear. The precipitates were dried in a vacuum oven at 80 ◦C overnight yielding fine
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Salt HBD Salt:HBD (mol)

Choline chloride Ethylene glycol 1:2

Choline chloride Ethylene glycol 1:3

Choline chloride Ethylene glycol 2:3

Choline chloride Diethylene glycol 1:2

Choline chloride Tetraethylene glycol 1:2

Choline chloride Glycerol 1:2

Choline chloride Glucose 1:2

Choline chloride Sucrose 1:2

Tetramethyl ammonium chloride Ethylene glycol 1:2

Table 2.1: Investigated salts and hydrogen bond donors (HBD) for deep eutectic mixtures.

off-white powders.

2.1.4 Preparation of VO2 (B) and V3O7

Microwave-assisted reduction of V2O5 in formaldehyde

V2O5 (0.1 g; 0.55 mmol; Sigma-Aldrich ≥ 98.0 %) was dissolved into formaldehyde solu-

tion (37%, Sigma-Aldrich) a 10 ml glass reaction vessel. The mixtures were irradiated with

microwaves (ν= 2.45 GHz) to 50 ◦C for 5 min after which the temperature was increased

to 180 ◦C for 1 h to 6 h. The reactions yielded a blue-black precipitate which was washed

with ethanol and acetone until the supernatant was clear and dried in a vacuum oven at 80

◦C overnight. All reactions yielded fine blue-black powders. Reactions were also repeated

in a similar fashion for 3 h of microwave irradiation adding 1 mg, 2.5 mg, 5 mg and 10

mg of polyvinylpyrrolidone (PVP; Sigma-Aldrich, 10,000 mwt.) also yielding fine blue-black

powders.

Microwave-assisted reduction of V2O5 in formaldehyde and ethylene glycol (EG)

V2O5 (0.1 g; 0.55 mmol; Sigma-Aldrich ≥ 98.0 %) was dissolved into mixtures of formal-

dehyde solution (Sigma-Aldrich 37%) and EG (Alfa Aesar 99.8%) in a 10 ml glass reaction

vessel. The mixtures were irradiated with microwaves (ν= 2.45 GHz) to 50 ◦C for 5 min
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after which the temperature was increased to 180 ◦C for 3 hours. The reactions yielded a

blue-black precipitate which was washed with ethanol and acetone until the supernatant was

clear and dried in a vacuum oven at 80 ◦C overnight. All reactions yielded fine blue-black

powders.

Microwave-assisted reduction of V2O5 in formaldehyde and diethylene glycol (DEG)

V2O5 (0.1 g; 0.55 mmol; Sigma-Aldrich ≥ 98.0 %) was dissolved into mixtures of formal-

dehyde solution (Sigma-Aldrich 37%) and diethylene glycol (Alfa Aesar 99.8%) in a 10 ml

glass reaction vessel. The mixtures were irradiated with microwaves (ν= 2.45 GHz) to 50 ◦C

for 5 min after which the temperature was increased to 180 ◦C for 3 hours. The reactions

yielded a blue-black precipitate which was washed with ethanol and acetone until the super-

natant was clear and dried in a vacuum oven at 80 ◦C overnight. All reactions yielded fine

blue-black powders.

2.1.5 Microwave-assisted reduction of V2O5 in isopropanol (IPA)

V3O7 was obtained by the following synthesis. V2O5 (0.1 g; 0.55 mmol; Sigma-Aldrich ≥

98.0 %) was dissolved into 4 ml of IPA in a 10 ml glass reaction vessel. The mixture was

irradiated with microwaves (ν= 2.45 GHz) to 50 ◦C for 5 min after which the temperature

was increased to 180 ◦C for 3 hours. The reaction yielded a blue-black precipitate which

was washed with water, instantaneously forming an orange gel. The gel was transferred to a

petri dish and the solvent was evaporated at 100 ◦C forming a lustrous and brittle blue black

deposit. The sample was also ground in a pestle and mortar and annealed at 400 ◦C for 1 h

in a tube furnace under Ar yielding a blue-black powder.

2.1.6 Microwave-assisted preparation of H2V3O8

V2O5 (0.1 g; 0.55 mmol; Sigma-Aldrich ≥ 98.0 %) was dissolved into mixtures of deionised

water and isopropanol (IPA) in ratios of 1 ml:3 ml, 2 ml:2 ml and 3 ml:1 ml in a 10 ml glass

reaction vessel. The mixture was irradiated with microwaves (ν= 2.45 GHz) to 50 ◦C for 5

min after which the temperature was increased to 180 ◦C for 3 hours. The reactions carried

out in 2 ml:2 ml and 3 ml:1 ml, water:IPA yielded orange solutions which were washed with
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ethanol and acetone until the supernatant was clear and dried in a vacuum oven at 80 ◦C

overnight resulting in fine orange powders. The reaction in 1 ml:3 ml, water:IPA yielded a

green solution which was washed with ethanol and acetone until the supernatant was clear

and dried in a vacuum oven at 80 ◦C overnight resulting in a green fibrous mass.

2.1.7 Microwave-assisted preparation of V4O6O(OH)4

V2O5 (0.1 g; 0.55 mmol; Sigma-Aldrich ≥ 98.0 %) was dissolved into 5 ml DEG (Alfa Aesar,

99.8%) in a 10 ml glass reaction vessel. The mixture was irradiated with microwaves (ν= 2.45

GHz) to 50 ◦C for 5 min after which the temperature was increased to 180 ◦C for 3 hours. The

reaction yielded a blue-black precipitate which was washed with ethanol and acetone until

the supernatant was clear and dried under vacuum at room temperature overnight resulting

in a coarse black powder.

2.2 Solvothermal preparation of VO2 (B)

Solvothermal VO2(B) was prepared using a similar method to Reference 157. V2O5 (1.81

g; 1 mmol; Sigma-Aldrich ≥ 98.0 %)was placed into a 45 ml TeflonTM lined steel autoclave,

adding 30 ml of 37 % formaldehyde solution (Sigma-Aldrich). The resulting orange suspen-

sion mixed under magnetic stirring for 30 min before the autoclave was sealed an heated

in a convection oven at 180 ◦C (at 10 ◦C/min) for 48 h. The resulting blue-black precipitate

was washed with water, ethanol and acetone under centrifugation at 4000 RPM until the

supernatant became clear and dried in a vacuum oven at 80 ◦C overnight. A fine-blue black

powder was obtained.

2.3 Chemical lithiation of H2V3O8

Chemical lithiation was performed similar to previous literature methods. 100 mg of mi-

crowave prepared H2V3O8 was dispersed in 15 ml of deionised water and stirred for 10 min.

To this LiOH (89 mg; 3.7 mmol; Sigma-Aldrich 98 %) was added and stirred for a further 15

min changing the solution from green to blue. Finally, ascorbic acid (187 mg; 1.05 mmol;

Sigma-Aldrich ≥ 99 %) was added as an antioxidant to prevent any oxidation of the V4+
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to V5+ and stirred for 15 min. The resulting blue mixture separated using vacuum filtration

through a 0.2 µm nylon membrane filter, washing with deionised water and dried at room

temperature.

Figure 2.1: Concentration of lithium in washings from the chemical lithiation of H2V3O8

taken ever 50 mL. A rapid decrease is observed in Li concentration up until 750 mL where

the concentration becomes constant.

Flame photometry results for Li+ concentration in the washings every 50 ml of deionised

water can be seen in Figure 2.1, showing a minimum concentration is reached after 750 mL

of deionised water with a constant 0.2 mg/L present. The constant nature of the Li+ con-

centration in the washings after 750 mL suggests the Li+ may be coming from the migration

of LixH2V3O8 nanowires through the filter. Flame photometry of the LixH2V3O8 nanowires

suggested a stoichiometry of Li0.4H2V3O8. The concentration of Li+ in the washings after

1 L accounted for only 0.3 % of Li+ in the nanowires indicating that the presence of any

possible LiOH contamination was minimal.
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2.4 Flame photometry

Flame photometry is a quantitative analytical method for group I and group II metals. A

solution containing metal atoms is passed through a nebuliser into a flame. When the metal

atoms are heated in the flame they enter an unstable excited state, and then quickly relax

to the ground state by emission of radiation in the visible region of the electromagnetic

spectrum. The wavelength of the released radiation is element specific, and the intensity of

the emitted radiation is proportional to the concentration of metal atoms. These signals are

picked up by a photodetector specific to the wavelength of interest.

Flame photometry experiments were carried out by dissolving Li0.4H2V3O8 in nitric acid

and heated on a hotplate for several hours at 50 ◦C. A calibration curve was constructed

using standard solutions containing lithium mixed with nitric acid to avoid a matrix effect

(R2 of 0.9998). A Sherwood Model 410 Single Channel flame photometer was used to

measure the concentration of lithium in the samples, with a detector set at 670 nm (emission

wavelength of Li).

2.5 Carbon coating of LiFePO4

All samples of α-LiFePO4 were carbon coated before electrochemical investigations. α-

LiFePO4 (15.0 mg; 0.095 mmol) was added to 2 ml of deionised water and 2 ml of ethanol

in a glass sample jar. To this, a suitable amount of sucrose was added to give 15 % car-

bon by weight (5.35 mg; 0.015 mmol) with respect to α-LiFePO4. This was determined by

considering the thermal decomposition pathway for sucrose which occurs as a dehydration:

C12H22O11 −→ 12C + 11 H2O (2.1)

The deionised water and ethanol were slowly evaporated while mixing at 80 ◦C on a

hot plate. The off-white dried sucrose/α-LiFePO4 mixture was recovered and placed into

an alumina crucible and heated in a tube furnace at 700 ◦C for 2 h in an Ar atmosphere

to decompose the sucrose (ramp rate 10 ◦C/min). The black powder was cooled to room

temperature and transferred to an Ar filled glovebox for battery cell preparation. All samples

prepared in this way were subjected to CHN analysis to confirm the final mass % of carbon
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in the sample.

2.6 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) is a vibrational spectroscopic method used to analyse the

presence of functional groups. Certain functional groups such as O-H, C=O and C-C absorb

specific wavelengths of infrared radiation depending on the difference between their ground

and excited vibrational states. A spectrum can be collected of % absorbance or % transmit-

tance against the wave-number of infrared radiation (cm–1). In a transmittance spectrum,

minima express an absorption event of a functional group, indicating its presence in the

sample. This allows for qualitative assessment of the substance by assigning the wave-

numbers of the minima to the value from a library or reference pattern. FTIR was performed

using a Shimadzu FTIR-8400S in transmittance mode using an ATR stage. Samples were

analysed with no additional preparation.

2.7 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a technique used for characterisation of crystalline ma-

terials using X-ray radiation. A sample is irradiated with X-rays of a fixed wavelength and at

a fixed angle. The intensity of diffracted radiation is recorded using a goniometer. Crystalline

materials have repeating units of atoms and when these atoms diffract X-rays, constructive

interference can occur at specific angles depending on the distance between the atoms.

This is manifested as a peak in intensity and indicates a plane of atoms. The construct-

ive interference is also proportional to the number of reflections. As the wavelength of the

radiation and the angles at which it is employed and reflected are known, the interatomic

spacings (dhkl) between atoms can be calculated using the Bragg equation:

sinθ =
nλ
2d

(2.2)

where θ is half of the diffraction angle, d is the net plane spacing, n is the number of

reflections and λ is the wavelength of incident X-rays. For particles > 100 nm (and crystalline

domains in larger polycrystalline particles), the peak widths are inversely proportional to the
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particle size. This is due to a phenomenon known as Scherrer broadening. The Scherrer

equation can be used to calculate the crystalline domain size of a material:

D =
Kλ

Bcosθ
(2.3)

where D is the domain size, K is the shape factor, and B is the line broadening at full width

half maximum (FWHM). The shape factor takes into account the crystallite domain shape,

and has been shown to affect the broadening observed.158 Typically a spherical crystallite

domain shape (K = 0.9) is assumed for convenience, as determination of the precise domain

shape in a material is complicated. The FWHM can be obtained from Rietveld refinement, a

least squares analysis method used mainly for phase analysis. Rietveld refinement can be

employed to compare experimental data to standard data from the literature to analyse the

closeness of fit. Equation 2.4 defines the minimisation function of Rietveld refinement.

φ =
n∑

i=1

wi(y
obs
i – ycalc

i )2 (2.4)

ycalc
i = bi + K

m∑
j=1

Ijyj(xj) (2.5)

Wi is the weighting of peak i, yobs
i is the observed intensity at angle 2θi, and ycalc

i . ycalc
i

can be defined by Equation 2.5 , where bi is the background at 2θi, K is the scale factor of the

fit, m is the number of Bragg reflections contributing to the intensity, Ij is the area under the

peak (integral) at reflection j and yj(xj) is the peak shape function. For refinements carried

out in this Thesis, a pseudo-Voigt (PV(x)) peak shape was employed. A pseudo-Voigt is a

combination of a Gaussian and Lorenzian peak shape. Within the pseudo-Voigt function U,

V and W are peak shape parameters which are refined during the Rietveld process.

To comment on the goodness of fit, three main parameters are scrutinsed. Rwp is the

weighted R-factor which is a statistical measure of how close the observed data points are to

the theoretical model Rexp is the calculated, best possible Rwp obtainable with the observed

data.159 R values are reported as a percentage, with the smallest value implying a better

fit. χ2 is a goodness of fit parameter that takes both Rexp and Rwp into account and can be

calculated by Equation 2.6. The value of χ2 indicates a better fit when closer to a value of 1.
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χ2 = (Rwp/Rexp)2 (2.6)

It must be stated, however, that the purpose of Rietveld refinement is not to achieve the

smallest statistical parameters, but to get good agreement between the structural model and

the collected experimental data. To this end, the fit should also be inspected visually to and

with awareness of the calculated crystal parameters. In this Thesis, PXRD patterns were

collected using a PANalytical X’Pert powder diffractometer using CuKα radiation (λ = 1.540

Å). The samples were prepared in aluminium sample holders used in conjunction with a flat

plate PW3064 Reflection-transmission Spinner. Rietveld refinement was performed using

the Fullprof Suite software.

2.8 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique for the analysis of particle size and mor-

phology. An electron beam is used to scan a sample and interacts with atoms on the surface,

causing secondary electrons to be ejected from the atom’s K-shell by inelastic scattering.

The electron signals are detected using a detector and quantified as electrical intensity. A

colour gradient is then used to visually display the differences in electrical intensity at differ-

ent sites on a sample and used to construct an image. This is the most common method

of SEM analysis using electron beam energies of less than 50 eV although others may be

employed, such as analysis of back-scattered electrons from the electron beam itself which

uses much higher energy electrons.

All SEM samples were prepared by gold coating using a plasma sputter coater with a

99:1, Au:Pt target to reduce glow-discharge from the lithium. They were then analysed at

several magnifications using a Carl Zeiss Sigma field-emission SEM at 10 kV.

2.9 Galvanostatic cycling with potential limitation

Galvanostatic cycling with potential limitation (GCPL) is the technique of cycling an electro-

chemical cell between two defined voltages at a constant current. This allows the investig-

ation of how the potential of the cell is changing with respect to voltage. Lithium insertion
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electrodes are most commonly tested versus Li/Li+ as a counter electrode. Two main pieces

of information can be obtained from GCPL in this way; the operational potential of the work-

ing electrode (Ewe, V) and the specific capacity of the material (Q, Ah kg–1). The capacity

can be calculated by using Faraday’s laws of electrolysis:

Q =
It
W

(2.7)

where W is the mass of active material in the working electrode (in g) and t is the time

taken to travel between the upper and lower voltage limits (in h). The value of Q can then

be used to calculate the number of Li+ inserted into the working electrode by the following

equation:

n =
QM
F

(2.8)

where n is the number of Li+ inserted, F is the Faraday constant (96485 C mol–1, the

electric charge per mol of electrons) and M is the molecular mass of the electrode material

(g mol–1).160

2.10 Cyclic voltammetry

Cyclic voltammetry (CV) is a technique that allows for the identification of redox events by

cycling a battery between two defined voltage limits at a constant voltage, and measuring the

change in current (I). The technique is useful for identifying the potential at which reduction

and oxidation occur, how many redox steps take place upon intercalation, and any changes

in behaviour over multiple cycles.

2.11 Preparation of electrochemical half cells

20 mg electrodes were prepared by forming composite pellets containing 60 % active ma-

terial, 30 % carbon black (Ketjen) and 10 % PTFE binder. The mixtures were ground

and pressed in a 13 mm die at 1.2 T for 5 min before being weighed. All preparation of

battery cells was conducted in an Ar filled glovebox to prevent oxidation of any materials
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used. Firstly, the main stainless steel housing of the SwagelokTM cell was lined a non-

conductive mylar layer. The first current collector plunger (positive) was placed into the

housing and tightened. Next, the working electrode pellet was placed inside the housing

onto the positive current collector. A glass fibre separator (Whatman) was then placed on

top of the pellet and soaked with 12 drops of electrolyte (1 M LiPF6 in 1:1, ethlyene carbon-

ate:dimethylcarbonate). Lastly, a disc of lithium metal foil was placed on top of the separator

and a spring loaded current collector was used to compress the entire stack and tightened.

All GCPL and CV experiments were conducted versus Li/Li+ on a Biologic VSP potentiostat.

Rates and voltage windows are specified in the relevant Chapters.

2.12 X-ray absorption spectroscopy

When a sample is irradiated with X-rays it can undergo several processes where the elec-

tric component of the radiation interacts with the sample, such as scattering, fluorescence,

the emission of photoelectrons and transmission. These rely on two key processes, either

scattering of X-rays or absorption of X-rays. The absorption of X-rays, or more precisely the

quantity absorbed, at a specific wavelength can provide a great deal of information about

the atoms electronic structure. The absorbance can be measured by the difference between

the incident radiation (I0) and the transmitted radiation (I). The magnitude of transmitted X-

rays is dependent on the linear absorption coefficient (µ) of the material (Beer-Lambert law),

such that:

µx = ln(
I0
I

) (2.9)

where x is the thickness of the material and µ is affected by the density of the material. At

certain energies of X-ray radiation an atom may absorb a large amount of incident radiation,

known as absorption edges. Physically, an absorption edge occurs when an atom absorbs

sufficient energy from irradiation to excite an electron in to the continuum (Figure 2.2 a)

producing a photoelectron. It is noted that the absorption edge is not a simple energy step,

but an incline, due to the ability of an electron to rest in an infinite number of p-states in the

continuum and relax back to the ground state. The excitations of an electron from different

ground states are labeled K, L and M respective to the shell they are excited from in the
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Figure 2.2: (a) Core electron excitations in XAS are named by the electronic level from

which they originate (K, L, M). (b) The Bohr atomic model showing the various electronic

levels. The binding energy of the electrons is greater, closer to the nucleus.

Bohr atomic model (Figure 2.2 b). As an example, K-edge XAS of transition metals will be

considered to satisfy the scope of this Thesis.

In an X-ray absorption spectrum, the absorption edge can be seen as a steep incline

in absorption (Figure 2.3, B). However, the absorption edge is not the only feature that is

observed. Lower energy X-rays than those able to excite an electron into the continuum

may excite an electron into an unoccupied state, such as the 3d orbital in transition metals,

if it does not violate the Laporte rule by promoting the electron to a symmetrical electronic

state. However, the normally dipole forbidden transition of 1s to 3d may become allowed if

the metal is not in a perfectly octahedral environment (i.e. distorted MO6 or tetrahedral) due

to quadrupole allowed transitions from d /p orbital mixing. This process is manifested as a

pre-edge peak (Figure 2.3 A), and its intensity is proportional to the asymmetry of the atom’s

environment.

Features A and B, and indeed the entire spectrum, may shift in energy depending on the

oxidation state of the transition metal under investigation.161 This occurs due to deshielding

of the nucleus as electrons are removed from the valence shell, meaning more energy is

required to remove the inner electrons and promote them to the 3d state as the oxidation
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Figure 2.3: K-edge XAS spectrum collected for V2O5. The feature labelled A is the pre-

edge and B the rising edge. Inset is a diagram showing the electronic transitions that give

rise to features A and B.

48



Chapter 2. Experimental methods

Figure 2.4: (a) Real space plot of EXAFS data, peaks in |χ(R)| can be attributted to separ-

ate contributions from interatomic distances (inset). (b) Schematic describing coordination

shells in a material. (c) Schematic describing the wave behaviour of the scattering and ab-

sorbing atoms. Constructive and destructive interference can occur when the outgoing and

incoming waves interact.

state increases. Features A and B are typically considered as their own set of observations,

known as X-ray absorption near-edge structure (XANES) and deal primarily with electronic

information.

There is also another set of observations available, at higher energies than the absorp-

tion edge, that provide information about the local structure of a material, extended X-ray

absorption fine structure (EXAFS). EXAFS (Figure 2.4 a) occur when an atom has absorbed

sufficient energy to eject a photoelectron into the continuum. The photoelectron can then

be backscattered by neighbouring atoms and these atoms are split into ordered "shells"

numbered 1st, 2nd 3rd etc., according to their distance from the absorbing atom (Figure 2.4

b).

As the vector of an ejected electron from the atom is random they can be thought of as

a wave of concentric rings extending from the central atom, and similarly with the scattering

atom (Figure 2.4 c). Constructive and destructive interference between the ejection and

backscattering waves cause maxima and minima in the spectra to occur. These oscillations
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can be interpreted by using the EXAFS equation (Equation 2.10), in conjunction with a

known molecular model for the sample, to give an understanding of the scattering distances

and thus evaluate interatomic distance.162

χ(k) =
∑

j

Njfj(k)e–2k2σ2
j

kRj
2 sin[2kRj + δ(k)] (2.10)

f(k) and δ(k) are scattering properties of the backscattering atom, N is the number of

backscattering atoms, R is the distance between the excited atom and the backscattering

atom, and σ2 is the disorder of the distance between the excited atom and the backscattering

atom. The f(k) and δ(k) parameters can be calculated using the FEFF program (the math-

ematics of these calculations are beyond the scope of this Thesis).163,164 By fitting collected

EXAFS data to the EXAFS equation, the distance from the absorber to the scatterer can be

calculated and allow the assessment of the structure on a local level. The Fourier transform

of the EXAFS region (Figure 2.4 a) can also be plotted to visualise the absorber-scatterer

distances in real space (|χ(R)|).

XAS analyses were performed on the B18 Core EXAFS beamline at STFC Diamond

Light Source in Didcot, United Kingdom and on the BM28 beamline at ESRF in Grenoble,

France. The data were interpreted using Athena (XANES and normalisation) and Artermis

(EXAFS).165

2.12.1 Preparation of ex situ samples

Ex situ samples and standards were prepared by mixing the materials with a cellulose binder

and pressing into pellets 1.3 cm diameter, with varying thicknesses depending on the con-

centration of material. The concentration of each material was calculated using the Beer-

Lambert law to ensure enough X-ray radiation could be transmitted through the sample for

a sufficient resolution to be obtained.

2.12.2 Preparation of in situ AMPIX cells

A 150 mg mixture was prepared of 20 % VO2 (B)_ST or VO2 (B)_µλ_3h (30 mg), 20 %

PTFE binder (30 mg), 30 % graphite powder (45 mg) and 30 % Vulcan XC72 carbon black

(Cabot). The mixture was then ground in a pestle and mortar thoroughly before pressing
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into 25 mg pellets. The pellets were transferred to a plastic housing with X-ray transpar-

ent glassy carbon window/current collector supplied by Argonne National Laboratory.166

The electrochemical cells were constructed by adding consecutive layers of CelgardTM,

KaptonTM sponge soaked with electrolyte (LiPF6 in a 1:1, v:v, ratio of ethylene carbonate

and dimethyl carbonate), a second CelgardTM separator and a Li+ metal disc as the anode

(Figure 2.5). The cells were discharged using a Biologic VSP multi-channel potentiostat and

in situ XAS was performed at the ESRF BM23 beamline in Grenoble, France.

Figure 2.5: Schematic showing the construction of electrochemical cells for in situ X-ray

absorption spectroscopy (XAS).

2.13 Muon spin relaxation

Muons are subatomic particles with S = 1
2 with an average lifetime of 2.2 µs and a large

gyromagnetic ratio (γ/2π= 135.5 MHz T–1).167,168 In muon spin relaxation positive muons

are selectively filtered, polarised and directed towards a sample using focusing quadrupole

magnets ensuring a muon’s spin is always anti-parallel to its momentum upon implantation.

Upon implantation µ+ rest in the electron cloud of O2– and form a stable bond.169 The µ+

then attempts to align with, and precess around any local magnetic moments (depolarisa-

tion) at a rate proportional to the field strength (B) and projects a beam of positron emission

in the direction of spin. A good analogy for this is a lighthouse emitting a beam of light as it

rotates.170 The stronger the local contribution, the faster the muon will become depolarised.

When a muon decays it releases a positron preferentially in the direction of its spin,

and this decay positron is detected by a front or back bay of detectors (depending on the

orientation of the muon upon decay). In a sample where there are no electronic or nuclear

contributions, the muon decay will occur preferentially towards the back detector. However,
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if the muon experiences local nuclear fields, depolarisation occurs and positrons can decay

towards the back detector.

This process can be assessed by looking at the asymmetry of positron detection, i.e.

the difference in the muons detected in the front and back detectors, showing that as time

increases a relaxation occurs in the asymmetry due to increasing depolarisation of the muon.

When a muon is implanted into a material that exhibits Li+ diffusion, the nuclear interaction

of a Li+ ion moving past a muon is sufficient to produce perturbations in the muon decay. At

a given temperature, diffusion should occur at a constant rate, and motivate a proportional

fluctuation rate (ν) in the muon decay. The diffusion process can be modelled by applying

a dynamic function to the observed relaxation data. One example of these is shown in

equation 2.11 where by AF exp(-λFt) describes the contribution from nuclear magnetic spins

on the muon relaxation, AKTexp(–λKTt) × GDGKT(δ, ν, t, HLF) is the modified Kubo-Toyabe

function used to describe the dynamic diffusion processes and ABG is a constant background

component.171

A0PLF(t) = AFexp(–λFt) + AKTexp(–lKTt)×GDGKT(∆, ν, t, HLF) + ABG (2.11)

An alternative equation to the Kubo-Toyabe to describe this behaviour is the Keren func-

tion, a modified analytical version of the Abragam function (equation 2.12).172

Pz(t) = exp[–Γ(∆, ν,ωL, t)t]× exp(–λt) (2.12)

Both of the described functions allow the retrieval of two important parameters; the fluc-

tuation rate (ν) is a measure of the perturbation frequency of the muon precession and thus

the rate of diffusion. The field distribution width at the muon stopping site (∆) allows us to

confirm that it is not a change in the magnetic environment with temperature which is af-

fecting the behaviour of the fluctuation rate and so should be a relative constant, although

experimentally it has been found that a slight decrease is observed. This decrease can be

assigned to a motional narrowing effect where the muons themselves become mobile at

higher temperatures.71 Since the fluctuation rate is proportional to the rate of Li+ diffusion,

it can then be linked to the diffusion pathlength in a material to calculate the Li+ diffusion

coefficient of a given material (DLi). Furthermore, as Li+ diffusion is a thermally activated
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process, DLi will increase with temperature, given that no detrimental structural changes oc-

cur upon heating. The values of DLi can then be used in an Arrhenius equation to calculate

the Ea of a Li+ atom hopping from one interstitial site to the next.

To accurately determine the nuclear contribution from Li+ on the muon decay, how-

ever, the nuclear contributions from magnetic atoms in the sample must be eliminated or

dampened. This can be achieved by applying a longitudinal field (BLF) in the direction of

the muons implantation, anti-parallel to the spin direction. If BLF is larger than the nuclear

magnetic moment of the magnetic atoms, the muons spin will only be altered by the diffusion

of Li+ (decoupling).

2.13.1 Preparation of µSR samples

Samples were packed into titanium sample holders with a 30 mm diameter circular recess,

3 mm deep. This was covered by a titanium foil secured with a titanium bezel. The sample

holder was placed into the spectrometer which was sealed and placed under a vacuum.

Experiments were conducted between 100 K and 400 K in 20 K increments, decreasing

the steps to 10 K over the thermally activated region of Li+ diffusion. All experiments were

conducted on the EMU beamline at the STFC ISIS Muon and Neutron Facility, Didcot, UK.
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of LiFePO4 polymorphs

3.1 Introduction

α-LiFePO4 is one of the most promising developments in positive insertion electrodes for

Li-ion batteries to date. Broadly speaking α-LiFePO4 is industrially attractive since it is en-

vironmentally benign and captialises on the most abundant redox metal in the Earth’s crust,

iron, making it cost-effective. Additionally α-LiFePO4 also possesses a stable operating

voltage (versus Li/Li+) of 3.45 V and a modest theoretical capacity of 170 mAh g–1 suitable

for commercial applications.19

As with many other insertion electrodes, the theoretical capacity is rarely achieved es-

pecially at high charge and discharge rates required for commercial applications.173 For

α-LiFePO4, this is especially an issue due to the 1D diffusion pathways, and poor elec-

tronic conductivity.20,21 However, improving and maximising the observed capacity in Li-ion

battery materials is the focus of much scientific interest. One way of improving the electro-

chemical behaviour is nanostructuring of the α-LiFePO4 particles. Previous reports have

shown that an improvement in electrochemical properties can be directly linked to smaller

particle size due to shorter Li+ diffusion pathways.174

To obtain nanostructured α-LiFePO4 new routes must be developed as conventional

solid-state techniques yield bulk materials with large particles. Solvothermal synthesis has

previously been employed to obtain nanostructured materials however these methods typ-

ically require extended heating times between 10 h and 48 h.175,176 An alternative meth-

odology is microwave-assisted synthesis which has been successfully employed as a rapid

route to nanostructured materials in as little as 3 h to 3 min.148,151,155.

In this Chapter, microwave heating properties of polyol and ionic media for their use

in microwave-assisted synthesis are evaluated. Synthetic routes have been developed to

obtain nanostructured phase pure α-LiFePO4 in both polyol and ionic media and products

have been investigated with PXRD and SEM. Effects of polymorphism on the Li+ diffusion in

nanostructured β-LiFePO4 on a local level have also been investigated by µSR. Finally, the
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electronic and structural changes which occur in α-LiFePO4 as it undergoes a charge cycle

have been probed by in situ XANES and EXAFS analyses.

3.2 Microwave spectroscopy of polar and ionic liquids

The ability of a solvent to absorb microwave irradiation and convert it heat is highly depend-

ent on the frequency (ν) of microwave irradiation employed. Typical commercial microwave

appliances and synthesisers (such as the CEM Discover SP) operate at ν of 2.45 GHz, a

frequency that efficiently heats water. However water cannot be used in microwave-assisted

approaches to obtain α-LiFePO4 as it leads to the formation of iron oxides. Therefore altern-

ative media that can efficiently absorb microwaves at 2.45 GHz have been sought. The two

types of media investigated here are polyols and ionic liquids. Furthermore their potential as

reducing media is important to retain a Fe2+ oxidation state necessary in α-LiFePO4.

To get a better understanding of their potential to absorb microwave irradiation microwave

spectroscopy studies of the polyol EG and ionic liquid 1-ethyl-3-methylimidazolium trifluoro-

methanesulfonate (EMIM-TFMS) were conducted. Measurements were taken in a frequency

range of 0.01 GHz to 10 GHz using a broadband coaxial probe connected to a microwave

network analyser (N5232A PNA-L, Agilent Technologies). All measurements were taken at a

constant temperature of 27.5 ◦C. Figure 3.1 (a) shows the real permittivity (ε’), also known as

the dielectric constant, of the EG and EMIM-TFMS as a function of frequency. The value of

ε’ describes how efficiently the molecules in either solvent are polarised by the electric field

of the microwave irradiation. It is observed that as the microwave frequency increases, there

is a decrease in ε’ for both solvents. This is expected as an increase in frequency means the

molecules have less time to re-orientate in the electric field of the incoming microwave irradi-

ation. It is also observed that EG is much more easily polarised by the microwave irradiation

(ε’ = 16.0±0.2) than the ionic liquid (ε’ = 11.6±0.1) at the proposed synthetic frequency of

2.45 GHz (see dotted line in plot).

Figure 3.1 (b) shows calculated values for the imaginary permittivity ε”. The value of ε” is

a measure of how efficient the solvent is at converting the absorbed microwave radiation into

heat. It is observed that EG exhibits an initial increase in ε” up to a frequency of 1.5 GHz,

after which it slowly declines. In contrast, a continual decrease in ε” is observed for EMIM-
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Figure 3.1: Microwave spectroscopy of polyol (ethylene glycol) and ionic (EMIM-TFMS)

media. The real (a) and imaginary (b) permittivities describe the microwave absorbance and

the incoming radiation to heat energy conversion respectively. The dashed line indicates the

synthetic frequency of 2.45 GHz.

TFMS. At the proposed synthetic frequency of 2.45 GHz, EG exhibits a modestly higher ε”

(14.0±0.1) than EMIM-TFMS (10.6±0.1).

The values of ε’ and ε” at 2.45 GHz can be used to assess the overall efficiency of

microwave-to-heat conversion in the solvents by calculating the loss tangent (tanδ) using

Equation 3.1 where a larger value indicates higher efficiency.

tanδ =
ε′′

ε′
(3.1)

The value tanδ is calculated as 0.725 for EG and 0.757 for EMIM-TFMS indicating that

EMIM-TFMS is slightly more efficient. Furthermore the calculated values of tanδ for EG

and EMIM-TFMS are much higher than those previously observed for water (0.123). The

large values of tanδ present EG and EMIM-TFMS as good candidates to drive the reaction

temperatures required for synthesis of α-LiFePO4.
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3.3 Microwave-assisted preparation of LiFePO4 in polyol media

To determine the best polyol candidate for synthesis of Pnma α-structured LiFePO4, three

polyol solvents ethylene glycol (EG), diethylene glycol (DEG) and tetraethylene glycol (TEG)

were examined. Their polar nature and relatively high boiling points (197 ◦C, 244 ◦C and

314 ◦C, respectively) make them ideal candidates as synthesis media.

Figure 3.2: Average power consumption of EG, DEG and TEG heated by microwave irra-

diation. Exponential relationships are observed in all cases with lower maintenance power

observed as polyol chain length increases.

For an efficient microwave-assisted synthetic process it is paramount that the power re-

quired to heat the reaction is as low as possible. The previous Section has demonstrated

that the microwave heating properties are highly sensitive to the choice of solvent and ν of

microwave radiation supplied. To further this investigation, experiments were conducted to

investigate the microwave heating properties of the polyol solvents in the synthetic environ-

ment using a Discover SP microwave synthesizer (ν= 2.45 GHz). 4 ml of either EG, DEG

or TEG was placed into a 10 ml microwave vessel and irradiated with microwaves until a
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temperature of 70 ◦C was reached. Once the solvent had reached 70 ◦C the power of mi-

crowave irradiation was allowed to vary to maintain a temperature of 70 ◦C. The temperature

was held for 2 min and the average power applied by the microwave was calculated. This

was repeated in 10 ◦C steps up to 250 ◦C in 10 ◦C increments. The recorded averages for

power consumption of the solvents as a function of temperature are given in Figure 3.2.

All three solvents exhibit an exponential relationship between the temperature and the

power required to maintain the temperature. The data for EG, DEG and TEG were fit with

simple exponential equations (y = aebx) and the values are presented Table 3.1. It has pre-

viously been observed that the tanδ value of polyols decrease as temperature increases.177

This leads to a loss of microwave-to-heat conversion efficiency with increasing temperature

which explains the increase in energy required to heat the solvent with increasing temperat-

ure. The fundamental reason for this behaviour has previously been reported as an increase

in the rotation correlation time of the Debye relaxation of the solvent with increasing temper-

ature.114,178 This means that the time taken for a molecule to reorient itself to align with

incoming microwave irradation becomes less complementary to the frequency of microwave

irradiation, causing a lag between molecular polarisation.

It is also observed that as the molecular weight of the polyol increases, the power of

2.45 GHz microwave irradiation required decreases. This relationship is consistent at all

temperatures. It is observed that the higher the molecular weight of the material the lower

the exponent, or lower gradient of the increase in power observed. This indicates that as

the chain lengths of the polyol increases it becomes more efficient at converting microwave

irradiation into heat.

Solvent Exponent Pre-exponential R2

Ethylene glycol 0.0244 0.5824 0.997

Diethylene glycol 0.0201 0.5498 0.993

Tetraethylene glycol 0.0185 0.6596 0.994

Table 3.1: Values of the exponential fits to maintenance power studies in Figure 3.2.

The consistent relationship between longer chain length in the polyols and decreased

power required to heat the solvent could be explained by the extensive hydrogen bonding
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observed in polyols.179 A microwave irradiation study of EG shows that when hydrogen

bonding is disrupted by addition of DMSO, the molecules are able to couple and orientate

more strongly with microwave irradiation, and show an increased ability to convert radiation

to heat.180 There is less hydrogen bonding in DEG, and even less in TEG due to less

hydroxyl groups per unit volume. This allows longer chained polyols to orientate more freely

in the electric field and heat the system more efficiently.

3.3.1 Synthesis and characterisation of α-LiFePO4 in polyol media

Syntheses were performed in each of the three polyol media using 4 ml of either EG, DEG

or TEG in a 10 ml microwave vessel and a stoichiometric mixture of 1 mmol FeC2O4 ·2 H2O

and 1 mmol LiH2PO4 irradiated with microwave-irradiation (ν = 2.45 GHz) for 3 hours at

220 ◦C. All three reactions yielded fine light green powders which were characterised using

PXRD (Figure 3.3).

Figure 3.3: PXRD patterns of syntheses conducted in EG, DEG and TEG at 220 ◦C for 3

hours. Mixed phases of Pnma (α, Reference 31) and Cmcm (β, Reference 181) structured

LiFePO4 are observed with impurities of Li3PO4 (*) and an unidentified impurity phase (◦).

The reaction carried out in EG produced a mixed phase of α-LiFePO4, β-LiFePO4 and
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Li3PO4 (*). It has recently been brought to light that the β-phase can appear in reactions

at low temperatures and pressures by liquid phase and microwave-assisted solvothermal

routes and is thought to be near electrochemically inert182,183. The DEG reaction produced

similar results, but with more intense peaks from β-LiFePO4. The reaction carried out in TEG

appears to be a mixture of β-LiFePO4, Li3PO4 (*) and an unidentified phase (◦). Although

no single phase product was obtained from these syntheses, they highlight EG as the best

potential candidate for further synthetic investigation.

Figure 3.4: PXRD of products prepared by a microwave-assisted route in ethylene glycol for

1 h. Peak positions for Pnma structured α-LiFePO4 are shown at the top of the data taken

from Reference 31.

3.3.2 Synthesis and characterisation of α-LiFePO4 in ethylene glycol

To further probe the use of EG as a potential solvent candidate for the synthesis of α-

LiFePO4, a systematic study from 200 ◦C to 250 ◦C in 10 ◦C increments was performed

with 1 h of microwave irradiation (ν = 2.45 GHz). Syntheses at all temperatures yielded a
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fine light green powder after drying which were interrogated using PXRD (Figure 3.4).

It is observed that phase pure α-LiFePO4 was not obtained at any temperature after 1 h

of irradiation. Impurity phases of β-LiFePO4 and Li3PO4 (*) were present. Previous studies

have also found Li3PO4 as an impurity phase when attempting to synthesise α-LiFePO4 by

solvothermal methods.184 It is essential to obtain α-LiFePO4 free of Li3PO4 as the impurity

acts as inert mass in electrochemical cells, lowering the electrochemical capacity.185,186

Below 230 ◦C, an impurity of Fe3O4 (◦) was also present.

Syntheses were then conducted under 3 h of microwave irradiation. Syntheses again

yielded pale green powders which were analysed by PXRD (Figure 3.5).

Figure 3.5: PXRD of products prepared by a microwave-assisted route in ethylene glycol for

3 h. Peak positions for Pnma structured α-LiFePO4 are shown at the top of the data taken

from Reference 31.

It is observed that phase pure α-LiFePO4 is not achievable at 3 h of microwave irradiation

with both β-LiFePO4 and Li3PO4 (*) present at all temperatures. At 250 ◦C, the PXRD

pattern reveals a small peak at approximately 35 ◦2θ attributable to β-LiFePO4.181 At these
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extended times there is no indication of an Fe3O4 impurity at lower temperatures as with the

1 h irradiation. Increasing the temperature during the 3 h irradiation promotes narrowing of

the diffraction peaks implying a higher degree of crystallinity. Overall the peaks observed

after 3 h are more intense than those observed after 1 h of irradiation.

PXRD of the products after 5 h of microwave irradiation (Figure 3.6) reveals that phase

pure α-LiFePO4 is only obtained at 250 ◦C. The intensity peaks from Li3PO4 impurities are

less intense than in the 3 h suggesting an advance towards phase purity of α-LiFePO4 with

increasing time.

Figure 3.6: PXRD of products prepared by a microwave-assisted route in ethylene glycol for

5 h. Peak positions for Pnma structured α-LiFePO4 are shown at the top of the data taken

from Reference 31.

The overall trend that the presence of Li3PO4 is reduced at longer times and higher

temperatures. Rietveld refinement of the sample prepared at 250 ◦C over 5 h of microwave

irradiation (EG_LFP_250) shows a good match to phase pure Pnma structured α-LiFePO4

taken from the literature with no impurities (Figure 3.7).31 Calculated parameters from the
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Rietveld refinement are given in Table 3.2. SEM shows the particles have a large distribution

of sizes, typically between 200 nm and 300 nm in diameter.

Figure 3.7: (a) Rietveld refinement of EG_LFP_250 Pnma structured α-LiFePO4 (Reference

pattern taken from Reference 31. Calculated Rietveld parameters for EG_LFP_250 are

shown in Table 3.2. (b) SEM of α-LiFePO4 exhibiting a large size distribution with particles

typically between 200 nm and 300 nm in diameter.
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3.4 Heat treatment of β-LiFePO4 to produce phase pure α-LiFePO4

Heat treatment of mixed phase α/β-LiFePO4 was investigated as a route to obtaining phase

pure α-LiFePO4. Niederberger and co-workers have previously established that β-LiFePO4

undergoes a phase transition to α-LiFePO4 at 475 ◦C under N2 but also observed an im-

purity phase of Fe2P2O7.183 Figure 3.8 shows the mixed phase α-/β-LiFePO4 sample (pre-

pared after 3 h of irradiation at 220 ◦C) after heating at 600 ◦C in Ar for 2 hours. It is observed

that the material converts from a mixed phase α/β to α-LiFePO4 with a small unidentified

impurity (*).

Figure 3.8: PXRD pattern of a mixed α/β-LiFePO4 sample heat treated in a tube furnace

under an Ar atmosphere at 600 ◦C for 2 hours showing conversion of the β- to α-LiFePO4

with a small unidentified impurity noted (*).

To examine an alternative approach to solid-state heating, a second microwave treatment

step was applied to the α/β-LiFePO4 mixed phase sample. After heating the mixture for 15

min and 45 min, the sample was washed and dried then returned to the microwave for a

further 15 min or 45 min. The PXRD patterns for these samples can be seen in Figure 3.9
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(a) showing the presence of α-LiFePO4, β-LiFePO4 and Li3PO4 (*) for both the 15 min and

45 min samples. After the second irradiation, (Figure 3.9 b) both samples show phase pure

α-LiFePO4.

Figure 3.9: (a) PXRD after 15 min and 45 min of microwave irradiation. (b) 15 min and 45

min samples were dried, resuspended in EG and irradiated for 15 min and 45 min further

respectively yielding phase pure α-LiFePO4.

Figure 3.10 shows SEM images taken for the 15 min synthesis (a) and after a the second

microwave-irradiation for 15 min (b). It is observed that the platelet morphology of the mixed

α/β-LiFePO4 sample is preserved after it is converted to pure α-LiFePO4 with a thickness of

20 nm and typical diameter of 700 nm in both cases. These observations present the oppor-

tunity to use morphologies only accessible during the growth of β-LiFePO4 as a template for

α-LiFePO4 particles.
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Figure 3.10: (a) SEM image of mixed phase α/β-LiFePO4 prepared after 15 min of mi-

crowave irradiation of stoichiometric ratios of FeC2O4 ·2 H2O and LiH2PO4 in EG at 220 ◦C.

(b) SEM image of the same sample after 15 min of further irradiation in EG showing that

morphology is preserved after conversion to pure α-LiFePO4.

3.5 Microwave-assisted preparation of α-LiFePO4 in ionic liquid

Similarly to the polyols, two ionic liquids (ILs) 1-ethyl-3-methylimidazolium trifluoromethanes-

ulfonate (EMIM-TFMS) and 1-ethyl-3-methylimidazolium bis(trifluorosulfonyl)imide (EMIM-

TFSI) were investigated (Figure 3.11) as both are also excellent mediators of microwave

heating. Furthermore, EMIM-TFSI has previously shown promise as a reaction medium for

the synthesis of α-LiFePO4 in conventional solvothermal routes at 250 ◦C for 24 h.187 At

shorter times however, impurity phases of Fe3O4 and Li3PO4 were observed.

Figure 3.11: Chemical structure of the two ionic liquids investigated for microwave-assisted

ionothermal synthesis of α-LiFePO4.

The microwave heating properties were characterised by irradiating 4 ml of each solvent
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with microwave irradiation (ν = 2.45 GHz) in the CEM Discover SP synthesiser until temper-

atures between 70 ◦C and 250 ◦C were achieved in 10 ◦C increments. The power required

to maintain a given temperature was recorded and averaged over 2 min (Figure 3.12 a).

An exponential relationship is observed between the maintenance power and temperature

similar to that of the polyol investigations. However, the values of the maintenence power

for both IL’s are an order of magnitude lower (12 W) than EG (121 W) at the highest temper-

ature of 250 ◦C, and significantly lower than those for DEG (60 W) and TEG (52 W). This

behaviour can be explained by ionic conduction heating mechanism exhibited by IL’s being

a much more effective than the dipole-polarisation in polyols. It is noted that there is no

discernible difference in the power consumption of the two IL’s.

Figure 3.12: Power consumption of two ionic liquids, EMIM-TFMS (blue) and EMIM-TFSI

(red). The exponential relationship between temperature, and power consumption is almost

identical in both cases.

α-LiFePO4 was prepared using 4 ml of either EMIM-TFMS or EMIM-TFSI in a 10 ml

microwave reaction vessel and a stoichiometric amount of FeC2O4 ·2 H2O (1 mmol) and

LiH2PO4 (1 mmol). The mixtures were irradiated with microwaves (ν = 2.45 GHz) for 3 h
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Figure 3.13: PXRD patterns for irradiation of a stoichiometric mixture of FeC2O4 ·2 H2O

and LiH2PO4 in either EMI-TFMS or EMI-TFSI, including impurity phases of Li3PO4 and

Fe2PO5. Reference patterns are taken from Reference 31 and 181 for α- and β-LiFePO4

respectively.

and 5 h at 250 ◦C. PXRD patterns collected for the samples are presented in Figure 3.13.

It is observed that phase pure α-LiFePO4 can be obtained after irradiation at 250 ◦C

for 5 h in EMIM-TFMS. Lowering the time to 3 h in EMIM-TFMS leads to the presence of a

Li3PO4 impurity (*). Employing EMIM-TFSI at 250 ◦C for 5 h leads to no identifiable phase

pure product with the most intense peak indexed to P2O5 (◦). This observation is contrary

to previous reports on a by conventional heating methods in an autoclave employing EMIM-

TFSI for 24 h at 250 ◦C where phase pure α-LiFePO4 was obtained.188 It was also noted that

the EMIM-TFSI had changed from colourless to dark brown after the irradiation, where as

the EMIM-TFMS remained clear, which may arise from decomposition of EMIM-TFSI under

microwave heating conditions. For this reason, EMIM-TFSI was abandoned as a microwave

heating solvent.
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3.6 Preparation of LiFePO4 polymorphs for local studies

3.6.1 Larger scale synthesis of LiFePO4 polymorphs

The rate of Li+ diffusion in active electrodes underpins their electrochemical performance.

To analyse the diffusion properties across a range of LiFePO4 polymorphs, α-LiFePO4, β-

LiFePO4 and mixed α-βLiFePO4 were prepared by microwave-assisted approaches. Pure

α-LiFePO4 was prepared in a larger volume (2.45 mmol, 10 ml solvent) using the previous

method with ionic liquid (EMIM-TFMS, 3 h, 250 ◦C). The PXRD pattern is shown in Figure

3.14.

Figure 3.14: X-ray diffraction patterns of pure α-LiFePO4 and β-LiFePO4 with Reference

patterns taken from Reference 31 (α) and 181 (β).

Phase pure β-LiFePO4 was obtained by a previously reported synthesis by Niederberger

and co-workers and carried out in a Ar glovebox.183 PXRD of the β-LiFePO4 can be seen in

Figure 3.14 showing the material was obtained with no additional phases present.

Mixed phase α/β-LiFePO4 was prepared by a similar method to α-LiFePO4, in EG (250

◦C, 3 h, 10 ml of solvent, 2.45 mmol). It is observed that the larger volume synthesis gives
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Figure 3.15: Dual phase Rietveld refinement of the mixed α-/β-LiFePO4. Reference pat-

terns are taken from Reference 31 and 181 for α-LiFePO4 and β-LiFePO4 respectively.

rise to a significant amount of β-LiFePO4, compared to the lower volume synthesis under

the same conditions in Figure 3.5. The relative amounts of α-LiFePO4 and β-LiFePO4 were

quantified using Rietveld refinement (Figure 3.15). The calculated values for the two phases

can be seen in Table 8.1, indicating 84 % α-LiFePO4 and 16 % β-LiFePO4 are present in

the sample.

3.6.2 Electron microscopy of LiFePO4 polymorphs

Figure 3.16 shows SEM images of LiFePO4 polymorphs synthesised by a microwave-assisted

solvothermal route. The samples exhibited different morphologies. The particles of pure α-

LiFePO4 prepared in EMIM-TFMS (3 h, 250 ◦C) seen in Figure 3.16 (a) exhibit defined

crystallites typically 500 nm in diameter. The particles of the mixed phase α-/β-LiFePO4

(3 h, 250 ◦C) in EG exhibit sheets between 200 nm to 600 nm in width and length and 20

nm in thickness. The particles of β-LiFePO4 prepared in a mixture of benzyl alcohol and 2-

pyrrolidinone (3 min, 195 ◦C) exhibit a similar hierarchical bow shaped morphology reported

previously with particles between 700 nm and 2 µm in diameter.183
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Figure 3.16: Scanning electron microscopy images taken of (a) α-LiFePO4, (b) α-/β-

LiFePO4 and (c) β-LiFePO4 synthesised by a microwave assisted solvothermal route ex-

hibiting different morphologies depending on the synthetic route employed.

3.6.3 Electrochemical characterisation of LiFePO4 polymorphs

The electrochemical performance of α-LiFePO4, β-LiFePO4 and mixed α/β-LiFePO4 were

investigated using galvanostatic cycling with potential limitation (GCPL) between 2.2 V and

4 V at a rate of C/10. All samples were first carbon coated as described in the Experimental

section. Figure 3.17 (a) shows the first charge/discharge cycle of each of the three samples.

It is observed that the α-LiFePO4 is able to intercalate the most Li+ on the first cycle, 0.6 Li+,

corresponding to a discharge capacity of 102 mAh g–1.

The mixed α/β-LiFePO4 sample showed intercalation of 0.35 Li+, corresponding to a dis-

charge capacity of 59 mAh g–1. This indicates that the presence of β-LiFePO4 is having

a negative effect on the intercalation of Li+ into α-LiFePO4, as the loss in discharge capa-

city is not proportional to the amount of β-LiFePO4 (16 %) in the mixed sample. The pure

β-LiFePO4 sample exhibited the intercalation of 0.02 Li+, corresponding to a discharge ca-

pacity of 3 mAh g–1. This is in good agreement with literature reports on β-LiFePO4 which

show it is near electrochemically inert.183 Figure 3.17 (b) shows the discharge capacities

after 20 cycles. All three samples show a good capacity retention > 95 %, but the discharge

capacities are much lower than the theoretical capacity of 170 mAh g–1 and best reports

from the literature for microwave prepared α-LiFePO4, 160 mAh g–1 at C/10.19,150
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Figure 3.17: (a) First galvanostatic cycle with potential limitation between 2.2 V and 4 V of

LiFePO4 polymorphs at C/10. (b) Discharge capacity of LiFePO4 polymorphs over 20 cycles

at C/10.

3.7 Muon spin relaxation of LiFePO4 polymorphs

By varying the reaction conditions, the microwave-assisted routes have shown to produce

two polymorphs of LiFePO4 with different crystal structures, both of which have been pre-

viously demonstrated significantly different electrochemical performances.183 Electrochem-

ical performance is strongly influenced by the diffusion of Li+ within the structure. To probe

this on a local level, muon spin relaxation (µSR) was employed to investigate the impact any

structural changes have on the Li+ diffusion, and thus explain the electrochemical behaviour,

in both polymorphs. Since the spin polarised muons are embedded within the crystal lattice

during measurement, this is a truly local probe as muon spin is perturbed by nearby Li+

diffusion. For this study, samples of pure α-LiFePO4, pure β-LiFePO4 and a mixed phase

of α/β-LiFePO4 were investigated and the spin polarised muons implanted into the samples

over the temperature range of 100 K to 400 K at three fields (0 G, 5 G and 10 G) using the

EMU beamline at ISIS.

Figure 3.18 shows raw data collected at longitudinal fields of 0, 5 and 10 Gauss at 200

K for α-LiFePO4. α-LiFePO4 exhibits a fast relaxation at short times, which is indicates a
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Figure 3.18: Raw muon spin relaxation data collected at three fields (0 G, 5 G and 10 G)

for α-LiFePO4 at 200 K fit with a dynamic Kubo-Toyabe model.

contribution from paramagnetic moments in the sample, in this case Fe2+. At longer times,

the slower relaxation can be attributed to muon interactions with nuclear magnetic fields of

other atoms in the sample, here 7Li, 6Li and 31P. Applying a longitudinal field decouples the

muons decay behaviour from the nuclear contributions which is observed as a dampening

in the relaxation. The data collected for α-LiFePO4 were fit using Equation 3.2.

A0PLF(t) = AFexp(–λFt) + AKTexp(–λKTt)×GDGKT(∆, ν, t, HLF) + ABG (3.2)

AF exp(-λFt) is an exponentially relaxing component which describes the contribution

from nuclear magnetic spins on the muon relaxation, AKTexp(–λKTt)×GDGKT(∆, ν, t, HLF)

is the modified Kubo-Toyabe function used to describe the dynamic diffusion processes and

ABG is a constant background component.171 Within the Kubo-Toyabe equation, the ∆ func-

tion is the quasielastic local field distribution of the muon implantation site, ν is the fluctuation

rate of the muon’s Larmor precession, t is the lifetime of the muon and HLF is the longitudinal

field strength. Using this model provides an excellent fit to the raw µSR data collected for
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pure phase α-LiFePO4, as seen in Figure 3.18. The fluctuation rate, ν, is found to be 0.425

MHz at 200 K, indicating the diffusion of Li+ ions occurs even at this low temperature.

The raw µSR data collected for β-LiFePO4 was fit using a series of combinations of

parameters and functions, but none gave a reliable fit to the data. Figure 3.19 (a) shows

the fit used for α-LiFePO4 applied for β-LiFePO4, at 200 K which describes the data very

poorly indicating a lack of Li+ diffusion in the material. However, at the highest temperature

measured (400 K) the model is in good agreement indicating that there may be the onset

of Li+ diffusion at high temperatures in β-LiFePO4. Thermally activated behaviour for Li+

diffusion in α-LiFePO4 has previously been observed in range of 160 K to 240 K.71 At 400

K a ν of 0.09 MHz is calculated from the dynamic fittings, much lower than the α-LiFePO4

sample at 200 K (0.425 MHz). This indicates that the Li+ diffusion process is slower in

β-LiFePO4 than in α-LiFePO4, and is only observable at elevated temperatures.

Figure 3.19: Raw muon spin relaxation data for (a) β-LiFePO4 at 200 K and (b) β-LiFePO4

at 400 K fit with a dynamic Kubo-Toyabe model. It is observed that a good fit can only be

obtained at higher temperatures.

Figure 3.20 shows calculated values for ν (a) and ∆ (b) in α-LiFePO4 with increasing

temperature. The onset of thermal activation for α-LiFePO4 begins at 160 K, indicated by

an increase in ν. This continues up until 230 K after which a steep decline in ν is observed.

This is due to Li+ diffusion becoming too fast to observe in the muon’s lifetime, prior to

decay.71 The values of ∆ for α-LiFePO4 do not show a significant change indicating that the
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observed values of ν can be wholly attributed to the diffusion Li+ and are independent of any

magnetic influences in the material. A weak decline in ∆ is observed and attributed to muons

becoming mobile and diffusing as temperature increases, in good agreement with previous

reports.68

Since it was not possible to fit the entire temperature range of data obtained for pure β-

LiFePO4, the mixed phase α/β-LiFePO4 was studied in order to more completely probe the

effect of β-LiFePO4 on the Li+ diffusion dynamics. Figure 3.20 shows calculated values for

ν (c) and ∆ (d) in α/β-LiFePO4 with increasing temperature. α-/β-LiFePO4 exhibits thermal

activation of ν around 180 K and an increase in ν up to temperatures of 400 K. The observed

Li+ diffusion at higher temperatures in the mixed phase LiFePO4 compared to the α-LiFePO4

is attributed to the onset for thermal activation in the β-LiFePO4, in agreement with the data

collected for pure β-LiFePO4. As with the pure α-LiFePO4, there is little change in the value

of ∆ with increasing temperature, with the weak decline being similarly attributed to muon

diffusion.

Figure 3.20: Temperature dependence of fluctuation rate (ν) for α-LiFePO4 (a) and α/β-

LiFePO4 (c) and field distribution width (∆) for α-LiFePO4 (b) and β-LiFePO4 (d).

The fluctuation rate (ν) is directly influenced by the rate at which Li+ is diffusing past an

implanted muon at a given rate. This rate is known as the Li+ diffusion rate (DLi). The DLi

in these samples can be calculated by using the values of ν extracted from the fits and the
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distance between two interstitial sites between which Li+ hop. Equation 3.3 can be used to

calculate the DLi where b is the distance between two interstitial Li+ taken from Reference

31. It has previously been identified from computational and experimental work that the

b-axis is the primary route of diffusion in α-LiFePO4.20,21

DLi = b2ν/4 (3.3)

Employing equation 3.3 for α-LiFePO4 gives a value of DLi = 5.4 × 10 – 10cm2s – 1 at

300 K, in good agreement with µSR measurements on bulk α-LiFePO4 samples reported

in the literature.68,71 This shows that the mechanics of Li+ diffusion remain consistent re-

gardless of the preparation method. In comparison, α/β-LiFePO4 gives a value of DLi = 4.0

× 10 – 10cm2s–1 at 300 K, and for β-LiFePO4 DLi = 7.4×10 – 11cm2s–1 at 400 K. It is ob-

served that as the presence of β-LiFePO4 increases, the diffusion of Li+ becomes slower.

The reason for observing such a low DLi at high temperatures in β-LiFePO4 could be due

to The lack of clear pathways for Li+ diffusion to occur. α-LiFePO4 (Figure 3.21 a) exhib-

its clear channels for Li+ diffusion compared to the structure of β-LiFePO4 (Figure 3.21 b)

where distortions of the FeO6 octahedra lead to interference from the PO4 tetrahedra in

the Li+ diffusion pathways. Furthermore, these distortions lead to an increased Li-Li dis-

tance in β-LiFePO4 which is expected to increase the Ea of the lithium hopping mechanism.

These findings conclude that the Li+ diffusion properties of β-LiFePO4 are poor, concurrent

with electrochemical impedance spectroscopy studies performed previously and explain the

poor electrochemical performance observed for samples containing the β polymorph.183

Figure 3.21: Crystal structures of (a) α-LiFePO4, space group Pnma, and (b) β-LiFePO4,

space group Cmcm.
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The calculated values of DLi were used to construct Arrhenius plots for the α-LiFePO4

and α-/β-LiFePO4 samples (Figure 3.22) in order to obtain values for the activation energy

(Ea) of the Li+ hopping mechanism. For α-LiFePO4 the value of Ea 19 meV, while for the

mixed α/β-LiFePO4 a value of 38 meV is obtained. Referring to Figure 1.12, the values of

Ea agree more closely with theoretical calculations than any other technique. Furthermore,

the values of Ea and DLi remain on the same order of magnitude as previous studies on

α-LiFePO4 highlighting the reproducibility of results using µSR.68,71 The results indicate

that the lower electrochemical performance of β-LiFePO4 or β-containing LiFePO4 is due to

deleterious changes of Li+ diffusion.

Figure 3.22: Arrhenius plot of the lithium diffusion coefficient of α-LiFePO4 and α-/β-

LiFePO4 calculated from Equation 3.3.

3.8 In situ XANES of LiFePO4 polymorphs

To investigate the effects of Li+ extraction on the local structure of α-LiFePO4, Fe K-edge

X-ray absorption spectra (XAS) were collected for samples of pure α-LiFePO4 and α/β-

LiFePO4. XAS allows a simultaneous study of changes in the oxidation state and nearest
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neighbour coordination environments of materials. This is of particular interest for insertion

electrodes, where these changes can be monitored as a function of Li+ extraction during cell

operation.

Firstly, ex situ XAS of the Fe K-edge in pure α-LiFePO4 and α/β-LiFePO4 were performed

in order to examine the spectra prior to Li+ extraction. The normalised absorption spectra

(Figure 3.23 a) reveal that both LiFePO4 samples exhibit similar profiles in both the pre-edge

(A) and rising edge (B). Two standards corresponding to Fe2+ and Fe3+ were also measured

for comparison, FeO and Fe(NO3)3, respectively.

Figure 3.23: (a) Normalised ex situ Fe K-edge X-ray absorption near edge spectra (XANES)

of α-LiFePO4, mixed α/β-LiFePO4 prepared by a microwave-assisted route and standards

containing Fe2+ (FeO) and Fe3+ (Fe(NO3)3). The pre-edge (A) and rising edge (B) show a

shift to lower energy with decreasing oxidation state. (b) Second derivative of the normalised

XANES spectra over the pre-edge region shows minima corresponding to contributions from

Fe2+ t2g and eg orbitals.

The rising edge (B) can be assigned to the quadrupole allowed excitation of an electron in

a core 1s orbital to the 4+np (where n is an integer) during the absorption of X-ray radiation

of a specific wavelength, and is sensitive to the oxidation state of the interrogated target

atom. The rising edge of the LiFePO4 samples lie close to the FeO standard suggesting an

initial oxidation state of Fe2+ which is the expected state in order to maintain charge balance
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of the stoichiometric material.

The pre-edge feature is present when the normally dipole forbidden transition of a core

1s electron to the outer 3d orbitals is allowed by p-orbital to d-orbital mixing. This effect can

occur when the coordination environment surrounding an atomic species is not centrosym-

metric. A greater departure from centrosymmetry leads to a higher peak intensity. The

pre-edge feature (Figure 3.23 b and c) shows two separate peaks arising from the splitting

of the eg and t2g d-orbitals of the Fe2+ due to the octahedral symmetry of the FeO6 poly-

hedra in α-LiFePO4. The difference in energy between the eg and t2g of 2 eV is a direct

measurement of the octahedral crystal field splitting energy (CFSE), ∆o. The value of ∆o

observed is in good agreement with previous XANES studies of α-LiFePO4.189

Figure 3.24: B3LYP DFT simulation of the Fe K-edge spectrum expected for α-LiFePO4.

The two low energy features arise from the core 1s to 3d (t2g and eg) orbitals and a high

energy incline from 1s to 4+np excitations.

Density functional theory calculations (DFT) were performed using a B3LYP method to

compare the data collected for the LiFePO4 samples to what is expected computationally

using the asymmetric unit of α-LiFePO4 (Figure 3.24). Due to the use of the asymmetric

unit, the energy scale is shifted, but the relative positions of the features can be compared

between computational and experimental observations. The DFT calculation confirms the
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d-orbital splitting in α-LiFePO4, t2g orbitals at 7090.8 eV and eg orbitals at 7093.5 eV. The

calculated energy gap is approximately 2.7 eV close to the experimentally observed energy

gap. The large incline at higher energy is the rising edge (1s to 4+np) transitions that are

separated from the t2g feature by approximately 10 eV in good agreement with the experi-

mental data.

Figure 3.25 (a) shows the in situ normalised XANES spectra of the α-LiFePO4 sample

during electrochemical charging (delithiation) down to a Li+ concentration of Li0.77FePO4.

Figure 3.25: (a) Normalised in situ Fe K-edge XAS of α-LiFePO4 prepared by a microwave-

assisted route during electrochemical charging (Li+ deintercalation). The pre-edge (A) and

rising edge (B) shift to lower energy as Li+ is removed from the structure. (b) The second

derivative of the pre-edge shows an increase in Fe3+ and a decrease in Fe2+ as Li+ is

deintercalated.

As Li+ is removed from LiFePO4, the rising edge shifts to higher energy through the loss

of d-electrons and the oxidation of Fe2+ to Fe3+. This is due to the stabilisation of the core

1s electrons in Fe relative to the 4+np orbitals which leads to an increase the 1s binding

energy, manifested here as the photon energy. Figure 3.25 (b) shows the second derivative

of the normalised XANES for α-LiFePO4 over the pre-edge region. It is observed that upon

Li+ deinsertion the t2g feature decreases in intensity while the eg feature increases. This is

due to the overlap in energy of the Fe2+ eg and the Fe3+ t2g orbital sets. As Li+ is inserted,

the abundance of Fe3+ grows relative to Fe2+, increasing the intensity of the Fe3+ d-orbital
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peaks. This is manifested as a diminishing of the Fe2+ t2g orbital contribution and a shifting

of the Fe2+ eg/Fe3+ t2g peaks.

It is observed that as Li+ is extracted from α-LiFePO4, the ∆o does not change. This

indicates that the FeO6 polyhedra remain in octahedral symmetry during the Li+ extraction

process. Departure from octahedral symmetry would lead to increased interaction of the O

2p and Fe 3d orbitals causing further splitting of the eg and t2g. This is due to an decrease

in metal-to-ligand orbital overlap between Fe and O as electrons are removed from Fe, in-

creasing the energy of the bonding interactions and decreasing the energy of the antibonding

interactions. Since ∆o is defined as the gap between non-bonding t2g and antibonding eg or-

bitals, an increase in ∆o would be expected if the FeO6 polyhedra departed from octahedral

symmetry.

The normalised XANES spectra for α-/β-LiFePO4 (Figure 3.26 a) exhibit similar beha-

viour to those observed in α-LiFePO4 where a shift to higher energy occurs upon Li+ extrac-

tion. The second derivative of the normalised pre-edge (Figure 3.26 b) also shows reduction

of the Fe2+ and growth of the Fe3+ peaks due to the oxidation process when removing Li+.

Figure 3.26: (a) Normalised in situ Fe K-edge XAS of α/β-LiFePO4 prepared by a

microwave-assisted route during electrochemical charging (Li+ deintercalation). The pre-

edge (A) and rising edge (B) shift to lower energy as Li+ is removed from the structure. (b)

The second derivative of the pre-edge shows an increase in Fe3+ and a decrease in Fe2+

as Li+ is deintercalated.
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3.9 In situ EXAFS of α-LiFePO4

Changes in the local coordination environment of α-LiFePO4 were further investigated by

examining the EXAFS region of the XAS data collected. Although XANES is able to give

a general evaluation of the coordination environment, it can give no appreciation of local

distances between atoms. The normalised and background subtracted XAS data collected

for nanostructured α-Li1FePO4 prepared by a microwave assisted ionothermal route were fit

using the Artemis software package. Scattering paths for photons originating at the Fe atom

were calculated using the Feff and Atoms software from an ICSD bulk α-LiFePO4 sample

taken from Reference 31. The first coordination shell Fe-O paths and second coordination

shell Fe-P paths were used to fit the data k1, k2 and k3 k-weighting between 1.5 Å and 3.5

Å using a Hanning window.

Figure 3.27: Raw data and EXAFS fit of α-LiFePO4 to Pnma structured LiFePO4. 31 Two

features are observed for the Fe-O radial distances (2.0 Å) and Fe-P (3.2 Å).

Figure 3.27 shows a fit to the raw data collected for α-Li1FePO4 to Pnma structured α-

LiFePO4. The raw data exhibits two main features above 1.5 Å corresponding to the Fe-O
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scattering paths centered around 2.0 Å, and the Fe-P scattering paths centered around 3.2

Å. The calculated values for these scattering paths are presented in Table 3.3. σ2 is the

standard deviation of the model, R is the absorber-scatterer pathlength from the literature

values, Reff is the absorber-scatterer pathlength calculated and ∆R is the difference between

the model and the literature values and the calculated model.

Path Degen. σ2 R ∆R Reff

O1 3 0.00605 2.0914 -0.06255 2.02885

O2 1 0.00047 2.2208 -0.10161 2.11919

O3 2 0.00485 2.268 -0.03506 2.23294

P1 1 0.00827 2.847 -0.02398 2.82302

P2 1 0.00993 3.2355 0.33871 3.57421

P3 3 0.00492 3.2709 -0.01022 3.26068

Table 3.3: Calculated EXAFS parameters for nanostructured α-Li1FePO4 fit to data from a

bulk sample of α-LiFePO4 taken from Reference 31.

A decrease in Fe-O distance is observed in nanostructured α-LiFePO4 compared to the

bulk reference. A significant difference is observed in the distance of the atom P2 of 0.34

Å. The real distance between the atoms derived from phase correction is given by the value

Reff. It is observed that the average Reff for the Fe-O distances in nanostructured α-LiFePO4

is 2.12 Å. The average Reff for the Fe-P distance is calculated as 3.21 Å.

The data collected for the sample after Li+ extraction (Li0.77FePO4) could not be fit to the

α-LiFePO4 model from the literature. However, a fit was successfully achieved by employing

calculated Fe-O and Fe-P scattering paths from Pnma structured FePO4 taken from Refer-

ence 31. This observation confirms, in agreement with previous reports, that after extraction

of 0.23 Li+ from α-LiFePO5 the Pnma structure is preserved but changes in interatomic dis-

tance occur.189 Figure 3.28 shows a fit to the raw data collected for α-Li0.77FePO4 to Pnma

structured FePO4.

The raw EXAFS data for α-Li0.77FePO4 exhibits different features to α-LiFePO4 due to

a change in scattering distance and thus interatomic distances. The first two features above

1.5 Å, at 1.8 Å and 2.2 Å, correspond to the Fe-O scattering lengths. The features at 2.5
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Figure 3.28: Raw data and EXAFS fit of α-Li0.77FePO4 to Pnma structured FePO4 taken

from Reference 31. Two features are observed for the Fe-O radial distances at 1.8 Å and

2.2 Å and two for Fe-P radial distances at 2.5 Å and 3.1 Å.
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Å and 3.1 Å correspond to the Fe-P distances. The calculated values for these scattering

paths are presented in Table 3.4.

Table 3.4: Calculated EXAFS parameters for nanostructured α-Li0.77FePO4 fit to data from

a bulk sample of FePO4 taken from Reference 31.

Path Degen. σ2 ∆R R Reff

O1 2 0.00977 0.07312 1.9332 2.00632

O2 2 0.00903 -0.18325 2.0472 1.86395

O3 2 0.00989 0.1692 2.1545 2.3237

P1 1 0.009 -0.10127 2.793 2.69173

P2 4 0.01157 0.21372 3.1866 3.40032

The values of ∆R suggest that there is a significant difference between the distances

observed for the nanostructured α-Li0.77FePO4 and the bulk Pnma FePO4 since only par-

tial delithiation has been achieved. The average value of Reff calculated for Fe-O in α-

Li0.77FePO4 is found to be 2.06 Å and for the Fe-P distance 3.05 Å. This shows that both

the average Fe-O and Fe-P interatomic distances become shorter upon delithiation from

α-LiFePO4 to α-Li0.77FePO4.

To explore this relationship between Li+ concentration and interatomic distance further,

fits were conducted in a similar manner for the other EXAFS spectra collected during de-

lithiation using a Pnma FePO4 standard.31 Figure 3.29 shows the average Fe-O and Fe-P

distances calculated from EXAFS fits with decreasing Li+ concentration. It is observed that

as Li+ concentration decreases in α-LiFePO4, there is a small decrease in the average Fe-O

and Fe-P distances. This observation is in good agreement with the well known volumetric

contraction in α-LiFePO4 (7 %) upon delithiation to FePO4.31 The reason for this contraction

is due to the Fe-O bonds becoming more covalent. This is due to the removal of Li+ causing

the oxidation of Fe2+ to Fe3+ (witnessed in the XANES) making the Fe atoms more electro-

positive. The relatively small contraction observed from EXAFS and retention of symmetry

confirmed from XANES for nanostructured α-LiFePO4 obtained from microwave-assisted

ionothermal synthesis indicates that good structural stability is maintained during electro-

chemical lithium extraction.
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Figure 3.29: The average interatomic distance of Fe-O and Fe-P calculated from EXAFS

data collected for α-LixFePO4 shows a small decrease with decreasing Li+ concentration. α-

Li1FePO4 was fit with a Pnma structured α-LiFePO4 standard while all other concentrations

were fit with a Pnma FePO4 standard taken from Reference 31.
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3.10 Conclusions

These findings show that the β-LiFePO4 appears as a side product during the synthesis

of α-LiFePO4 from oxalate based materials in polyol media. This has also recently been

corroborated by the synthesis of Cmcm structured LiMPO4 (M = Fe, Mn, Co and Ni) from

metal oxalate starting materials in TEG.190 Increasing the temperature and/or time of the

reaction appears to promote the conversion of α-LiFePO4 to β-LiFePO4.

It has also been shown that this conversion can also be induced by two routes. Dry, solid-

state methods can be applied to convert from the Cmcm structure to the Pnma structure,

however this can give rise to impurities even under an inert atmosphere. More conveniently

α-LiFePO4 can be converted to β-LiFePO4 using a microwave-assisted solvothermal treat-

ment allowing us to access phase pure α-LiFePO4 at significantly lower synthetic times. This

method could provide an interesting pathway to access new morphologies as the particles

shape is preserved after heat treatment.

Furthermore IL’s have proven a superior medium for heating microwave-assisted reac-

tions requiring significantly less microwave power to achieve elevated temperatures required

for microwave synthesis of α-LiFePO4 (EMIM-TFMS = 12 W and EG = 121 W at 250 ◦C).

However the choice of solvent is important as phase pure α-LiFePO4 was only obtained in

EMIM-TFSI.

Although a capacity of only 105 mAh g–1 has been achieved by the microwave syn-

thesised α-LiFePO4, studies of β-LiFePO4 and the mixed polymorph sample have provided

insight into the detrimental effect of the β-polymorph. Muon investigations have suppor-

ted the electrochemical data, showing that structural changes can affect the Li+ diffusion

characteristics intercalation materials significantly with the onset of lithium diffusion only ob-

servable at 400 K in β-LiFePO4. It was also observed that the presence of 16 % β-LiFePO4

in the α-LiFePO4 doubled the calculated Li+ hopping Ea underlining the importance of erad-

icating detrimental polymorphism from α-LiFePO4 to ensure the Li+ diffusion dynamics and

electrochemical performance are not perturbed.

Lastly in situ XANES analysis shows that as Li+ is removed from the structure of both

pure α-LiFePO4 and α-/β-LiFePO4 a shift in the oxidation state from Fe2+ to Fe3+ is observed
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as expected, with no significant differences occurring in the α/β-LiFePO4. This indicates that

although the Li+ hopping energy is affected by the presence of the β-polymorph does not

cease Li+ deintercalation in the α-phase. Finally it has been observed from the XANES

analysis that the octahedral symmetry is retained. EXAFS analysis shows a small reduction

in the average Fe-O interatomic distances. This highlights that the Pnma structure is well

preserved in nanostructured α-LiFePO4 prepared by a microwave-assisted approach upon

electrochemical delithiation, ideal for battery applications.
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synthesis

Ionic media are superior at converting microwave irradiation to heat than polar media, such

as polyols, due to strong interaction of ILs with the electric field of microwave irradiation

through ionic conduction. It has also been shown in Chapter 3 and previous reports that ILs

represent a viable and efficient synthesis media for nanostructured α-LiFePO4.187 However,

large scale implementation of ILs in microwave synthetic applications is hindered by their air

and/or moisture sensitivity, toxicity and in particular, high cost. Therefore, further investiga-

tions are required to find ionic media that keep the benefits and avert the disadvantages of

ILs. One such promising family are the deep eutectic solvents (DES).

Simply DESs are comprised of a salt and a hydrogen bond donor or metal halide, at

concentrations close to the eutectic point. This combination gives rise to a mixture with a

relatively high boiling point and low vapour pressure.191 One common DES, reline, is a 1:2

mixture of urea and the ammonium salt choline chloride (ChCl) shown in Figure 4.1.192 The

role of the hydrogen bond donor is to aid the dissociation of the salt by lowering the lattice

energy, and therefore the melting temperature, of the salt through favourable intermolecular

interactions.193 More interestingly, however, this also promotes the dissociation of the salt to

create free ions in solution, ideal for designing a candidate medium for microwave-assisted

synthesis.

Figure 4.1: Chemical structure of choline chloride (ChCl).

The preparation of DESs can be performed with either a mixture of solids, liquids or a

solid and a liquid. DESs can also be split into four sub-catagories summarised in Table

4.1.193 The group of immediate interest for microwave-assisted preparation of α-LiFePO4

are type III DESs since they do no contain metal salts which may react with the reagents

used in the synthesis of α-LiFePO4. Reline is a type III DES but there are issues with its use
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Type Salt Metal salt/hydrogen bond donor

Type I Imidazolium/Ammonium/Phosphonium Metal halide

Type II Imidazolium/Ammonium/Phosphonium Hydrated metal halide

Type III Imidazolium/Ammonium/Phosphonium R-CONH, R-COOH or R-OH

Type IV Metal halide R-CONH or R-OH

Table 4.1: Composition of DES mixtures Type I, II, II and IV reproduced from Reference

193. All contain metals except which may contaminate synthesis of α-LiFePO4 except type

III.

in the synthesis of α-LiFePO4 as the hydrogen bond donor (urea) begins decomposing at

133 ◦C to give ammonia gas.194 An alternative is to employ hydrogen bond donors that have

higher boiling points and better thermal stability in conjunction with ChCl. Polyols present

themselves as prime hydrogen bond donor candidates due to their low or absent toxicity, low

cost and ability to hydrogen bond through O-H functional groups.

The main aims of this Chapter are to provide alternative ionic media for the synthesis

of α-LiFePO4. Furthermore substitution of the hydrogen bond donor, ammonium salt and

composition of the DES mixtures will be altered to provide a solvent with competitive heat-

ing capabilities to IL’s. The morphology, crystallinity and cycling behaviour of the materials

obtained will also be investigated.

4.1 Preparation of α-LiFePO4 in diethylene glycol, tetraethylene

glycol and glycerol based eutectics

Diethylene glycol (DEG), tetraethylene glycol (TEG), glycerol (Gly), glucose and sucrose

were chosen as initial candidates as hydrogen bond donors for DES. When combined with

ChCl in a 1:2 ChCl:hydrogen bond donor ratio all forming a clear liquid. 4 ml of each mixture

was placed into a 10 ml reaction vessel and irradiated with microwaves until a temperature of

70 ◦C was reached. Once the solvent had reached 70 ◦C the power of microwave irradiation

was allowed to vary to maintain a temperature of 70 ◦C. The temperature was held for 2 min,

and the average power applied by the microwave was calculated. This was repeated in 10
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◦C steps up to 250 ◦C in 10 ◦C increments. The mixtures containing glucose and sucrose

exceeded the safe pressure limit of the CEM Discover SP microwave synthesiser after 20 s

of irradiation heating to 200 ◦C and were not investigated further. The recorded averages

for power consumption of the DEG:ChCl and TEG:ChCl [(di)ethaline and (tetra)ethaline] as

a function of temperature are given in Figure 4.2 (a).

Figure 4.2: (a) Average power required to maintain a given temperature for 4 ml of

(di)ethaline and (tetra)ethaline irradiated with microwaves (ν = 2.45 GHz). (b) Average

power required to maintain a given temperature for 4 ml of glyceline or Gly irradiated with

microwaves (ν = 2.45 GHz).

It is observed that as temperature increases the power required to heat the solvents

also increases. It is also observed that the addition of the ammonium salt to diethylene

glycol lowers power of microwave irradiation required from 60 W to 25 W (58 % reduction)

at 250 ◦C. A similar relationship is also observed with tetra(ethaline), but the experiments

conducted above 230 ◦C exceeded the safe pressure limit of the microwave synthesiser.

The addition of ChCl to TEG provided a reduction in required power from 43 W to 27 W (37

% reduction).

Figure 4.2 (b) shows the average power of microwave irradiation (2.45 GHz) required to

heat 4 ml of glyceline (2:1, Gly:ChCl) to temperatures between 70 ◦C and 250 ◦C, and a

4 ml Gly standard. The addition of ChCl to Gly lowers the power required to maintain all

temperatures, similar to the EG and TEG syntheses. At the highest temperature of 250 ◦C
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Figure 4.3: PXRD patterns collected for α-LiFePO4 syntheses conducted in a 1:2 molar ratio

of ChCl and either DEG [(di)ethaline] or TEG [(tetra)ethaline] for 3 h at 220 ◦C. α-LiFePO4

and an impurity of Li3PO4 (*) is obtained in both cases.

the power is reduced from 65 W to 16 W (75 % reduction).

4.1.1 Synthesis and characterisation of α-LiFePO4 prepared in (di)ethaline,

(tetra)ethaline and glyceline

Synthesis of α-LiFePO4 was attempted by adding a stoichiometric mixture of FeC2O4 ·2 H2O

(1 mmol) and LiH2PO4 (1 mmol) in 4 ml of (di)ethaline or (tetra)ethaline in a 10 ml microwave

vessel. The mixtures were irradiated with microwaves (ν = 2.45 GHz) for 3 h at 220 ◦C. In

both cases α-LiFePO4 and an impurity of Li3PO4 (*) was obtained. An interesting obser-

vation in these synthesis is that there is no presence of β-LiFePO4, in contrast to the pure

DEG and TEG syntheses.

PXRD of the glyceline syntheses after 3 h of microwave irradiation at 200 ◦C, 210 ◦C and

220 ◦C can been seen in Figure 4.4. Both α-LiFePO4 and an impurity phase of Li3PO4 are
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Figure 4.4: PXRD of products obtained from the microwave-assisted synthesis of α-

LiFePO4 in a 1:2 ChCl:Gly after 3 h of irradiation. α-LiFePO4 and an impurity of Li3PO4

(*) is obtained at all temperatures.

obtained at all temperatures. As the synthesis temperature is decreased, the intensity of the

diffraction peaks for Li3PO4 increase relative to those for α-LiFePO4, with Li3PO4 present

as the apparent majority phase at 200 ◦C. At temperatures above 220 ◦C the reactions

surpassed the safe pressure limit CEM Discover SP microwave synthesiser.

Although pure α-LiFePO4 cannot be obtained with these solvents it provides a promising

foundation to improve upon by adapting the synthetic methodology.
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4.2 Microwave heating of ethaline

To find an alternative hydrogen bond donor capable of mediating the synthesis of pure α-

LiFePO4 ethylene glycol was investigated (EG). A 1:2 molar mixture of ChCl and EG (eth-

aline) was irradiated was microwaves (ν = 2.45 GHz) until a set temperature between 50 ◦C

and 250 ◦C was achieved, in 50 ◦C increments, and held for 2 minutes. The same procedure

was adopted for a pure sample of EG as a standard. The average power required to main-

tain the temperature was calculated for each solvent over the 2 min period and is plotted

as a function of temperature in Figure 4.5. The addition of ChCl to EG leads to a dramatic

reduction in the power required to maintain the temperature of the solvent. A decrease in

the power required from 131 W to 19 W (85.5%) is observed at 250 ◦C. These values are

competitive to those observed for the IL’s (12 W at 250 ◦C).

Figure 4.5: Power consumption versus temperature of pure ethylene glycol and ethaline in

the CEM Discover SP microwave synthesiser (ν = 2.45 GHz).

The decomposition of ethaline upon microwave irradiation and heating was investigated

using FTIR (Figure 4.6). Characteristic features for EG were observed at 3400 cm–1 (O-

H), 2800 cm–1 (C-H) and 1040 cm–1 (primary alcohol C-O). For ChCl characteristic peaks
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were observed at 3000 cm–1 (N-H ammonium), 3300 cm–1 (C-H) and O-H stretch between

3500 cm–1 and 3000 cm–1. When the two chemicals are combined the FTIR resembles a

combination of the two separate components. The FTIR spectrum after heating to heating

to 250 ◦C shows no significant change in the DES components up to this temperature, sug-

gesting they can withstand the temperatures required for microwave-assisted synthesis of

α-LiFePO4 A FTIR spectrum was also taken after attempting the synthesis of α-LiFePO4

using stoichiometric quantities of FeC2O4 ·2 H2O (1 mmol) and LiH2PO4 (1 mmol) in 4 ml

ethaline, reacted at 250 ◦C for 3 h. The mixture was irradiated with microwaves (ν = 2.45

GHz) for 3 hours at 250 ◦C. The solvent was filtered to separate the solvent from the solid

material. FTIR of the ethaline post-synthesis shows the growth of a peak at 1150 cm–1 char-

acteristic of a C-O bond from a carboxylic acid. This feature appears due to the presence of

oxalic acid from the FeC2O4 ·2 H2O reagent.

Figure 4.6: FTIR spectra of choline chloride and ethylene glycol and the mixture of the two

(ethaline). The solvent shows good chemical stability upon heating to temperatures required

for microwave-assisted synthesis of α-LiFePO4 nanoparticles.
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4.3 Ethaline mediated microwave-assisted synthesis of α-LiFePO4

4.3.1 Structural characterisation of ethaline mediated α-LiFePO4

Microwave-assisted synthesis of α-LiFePO4 was performed using stoichiometric quantities

of FeC2O4 ·2 H2O (1 mmol) and LiH2PO4 (1 mmol) in ethaline. The mixtures were irradiated

with microwaves (ν = 2.45 GHz) for 1 hour at temperatures between 200 ◦C and 250 ◦C.

After washing and drying all syntheses yielded fine off-white powders and were interrogated

using PXRD (Figure 4.7). It is observed that after 1 h of irradiation phase pure LiFePO4

is only obtained at 250 ◦C. At temperatures lower than 250 ◦C an impurity of Li3PO4 is

observed (*). It is also observed that as temperature increases the peaks attributable to

α-LiFePO4 become narrower.

Figure 4.7: PXRD patterns for products obtained after 1 h microwave-assisted solvo-

thermal preparation in ethaline and expected reflections for α-LiFePO4.31 Impurity peaks

from Li3PO4 are observed below 250 ◦C.
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α-LiFePO4 was also prepared by increasing the irradiation time to 3 h between 200 ◦C

and 250 ◦C and the products were characterised using PXRD (Figure 4.7). It is observed

that α-LiFePO4 can be obtained at 250 ◦C and 240 ◦C. Below 240 ◦C, an impurity of Li3PO4

is present (*). Similarly to the 1 h synthesis, peak broadening is observed at lower temper-

atures.

Figure 4.8: PXRD patterns for products obtained after 3 h microwave-assisted solvo-

thermal preparation in ethaline and expected reflections for α-LiFePO4.31 Impurity peaks

from Li3PO4 are observed below 240 ◦C.

α-LiFePO4 was prepared by further increasing the irradiation time to 5 h between 200 ◦C

and 250 ◦C. It was found that the syntheses conducted at 240 ◦C and 250 ◦C exceeded the

safe pressure limit of the CEM Discover SP microwave synthesiser after 3.5 h of irradiation

and were stopped. Fine off-white powders were obtained at all temperatures consistent with

the previous observations and characterised with PXRD (Figure 4.9). It is observed from the

PXRD that pure α-LiFePO4 can be obtained at 220 ◦C and 230 ◦C. α-LiFePO4 can also be

obtained at 240 ◦C and 250 ◦C regardless of exceeding the pressure limit, however these
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materials were not investigated further due to lack of control over the synthetic procedure.

Below 220 ◦C an impurity of Li3PO4 is observed (*). Peak sharpening is observed with

increasing irradiation time from 200 ◦C to 230 ◦C. This relationship is interrupted at 240

◦C where the peaks become broader due to the lower reaction time. The sharpening then

continues again at 250 ◦C.

Figure 4.9: PXRD patterns for products obtained after 5 h microwave-assisted solvo-

thermal preparation in ethaline and expected reflections for α-LiFePO4.31 Impurity peaks

from Li3PO4 are observed below 220 ◦C.

The observations from the PXRD confirm that increasing the irradiation time allows α-

LiFePO4 to be obtained at lower temperatures. Furthermore increasing irradiation temper-

ature or irradiation time can lead to sharpening of diffraction peaks. Another important ob-

servation is that β-LiFePO4 is not present at any temperature or time in 2:1 ethaline media.

This suggests an alternate reaction pathway is present, promoting α-LiFePO4 as the kinetic

product in ethaline.

SEM was employed to investigate the morphology of materials prepared at the lowest
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Figure 4.10: SEM images of α-LiFePO4 prepared in 1:2 ethaline after 5h of µλ irradiation at

(a) 220 ◦C and (b) 230 ◦C.

temperatures after the full 5 h of microwave irradiation (Figure 4.10). α-LiFePO4 obtained

after 220 ◦C of microwave irradiation for 5 h (a) exhibits platelets typically 100 nm to 300

nm in diameter and 70 nm in thickness. α-LiFePO4 obtained at 230 ◦C exhibits a mixture

of much smoother, faceted particles than the 220 ◦C sample (typically 500 nm to 800 nm

in length, 250 nm to 500 nm in width and typically 250 nm in thickness) and larger poorly-

defined micron-sized particles.
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4.4 Effect of choline chloride concentration on ethaline medi-

ated microwave-assisted synthesis of α-LiFePO4

4.4.1 Effect of salt concentration on microwave heating properties in 1:3 eth-

aline and 2:3 ethaline

Due to the success of synthesising α-LiFePO4 in 1:2 ethaline more investigations were con-

ducted in an attempt to obtain phase pure material at lower times and temperatures. The

first of these studies was to change the ratio of ChCl to EG in the solvent to monitor it’s

effect on phase purity. Molar mixtures of 1:3 and 2:3 ChCl:EG (1:3 ethaline and 2:3 eth-

aline, respectively) were prepared to study the effect of salt concentration on the microwave

properties. At higher ChCl concentrations than 2:3 the solution became saturated and ChCl

precipitated out. These mixtures were not investigated further.

Figure 4.11: Average power required to maintain a temperature of 4 ml of 1:3 ethaline or

2:3 ethaline with microwave irradiation (ν = 2.45 GHz) showing an increase in both cases

versus the results for 1:2 ethaline.

Figure 4.11 (a) shows the average microwave power required to maintain temperatures
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between 70 ◦C and 250 ◦C of 4 ml 2:3 ethaline and 1:3 ethaline. The values obtained for

1:2 ethaline are also included for comparison. Above 150 ◦C 2:3 ethaline and 1:3 ethaline

require significantly more power to maintain the temperatures (41 W and 36 W at 250 ◦C

respectively) than compared with 1:2 ethaline (19 W at 250 ◦C).

4.4.2 Synthesis and characterisation of α-LiFePO4 1:3 ethaline

Figure 4.12: (a) PXRD α-LiFePO4 synthesised in a 1:3, ChCl:EG molar mixture. Below 230

◦C an impurity of Li3PO4 is observed (*). (b) Rietveld refinement of PXRD data collected for

α-LiFePO4 prepared in 1:3 ethaline at 230 ◦C and 240 ◦C after 3 h of microwave irradiation

(ν= 2.45 GHz). A good fit to the ICSD literature pattern is observed in both cases.31

1:3 ethaline was employed as the solvent in the microwave-assisted preparation of α-

LiFePO4. Stoichiometric quantities of FeC2O4 ·2 H2O (1 mmol) and LiH2PO4(1 mmol) were

mixed in 4 ml of 1:3 ethaline in a 10 ml microwave vessel and irradiated with microwaves for

3 h at temperatures between 200 ◦C and 250 ◦C. Figure 4.12 (a) shows the powder XRD

patterns collected for the syntheses carried out in 1:3 ethaline for 3 h. It is observed that

α-LiFePO4 is obtained at all temperatures, however below 230 ◦C an impurity of Li3PO4

is present. Furthermore, as temperature decreases the diffraction peaks for α-LiFePO4

become sharper. This is indicative of an increase in crystallinity which may be due to particle

size or morphology.
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Rietveld refinement was conducted on the pure α-LiFePO4 to investigate the structural

similarities to a literature standard. A good fit to the ICSD reference pattern is observed.31

The parameters calculated from Rietveld refinement can be seen in Table 4.2.

SEM was employed to investigate the morphological differences of pure α-LiFePO4 pre-

pared in 1:3 ethaline at 230 ◦C (Figure 4.13 a) and 240 ◦C (Figure 4.13 b). It is observed that

both samples exhibit particles smaller than 1 µm, although at this resolution no indication of

particle shape is available.

Figure 4.13: SEM images of α-LiFePO4 prepared in 1:3 ethaline at (a) 230 ◦C and (b) 240

◦C after 3 h of microwave irradiation (ν= 2.45 GHz).

4.4.3 Electrochemical analysis αLiFePO4 of 1:3 ethaline

The electrochemical performance of α-LiFePO4 prepared in 1:3 ethaline after 3 h of mi-

crowave irradiation (ν = 2.45 GHz) was investigated using GCPL. All electrochemical test

were conducted by first carbon coating α-LiFePO4 with sucrose (15 % C by weight) in an

Ar atmosphere at 700 ◦C. The carbon coated α-LiFePO4 samples were mixed with carbon

black and PTFE binder in the ratios 30:60:10. 10 mg pellets of the resulting mixtures were

pressed under 1.2 T of pressure and used as the cathode in a Swagelok cell employing Li

metal as the counter electrode, a glass fibre separator and LiPF6 in EC:DMC as the electro-

lyte.
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Figure 4.14: (b) First charge and discharge cycle from GCPL of carbon coated α-LiFePO4

synthesised in 1:3 ethaline at 240 ◦C. Cycling was carried out at a C/10 rate between 2.2 V

and 4 V. (b) GCPL of α-LiFePO4 synthesised in 1:3 ethaline for 3 h at 240 ◦C at increasing

rates.

Figure 4.14 (a) shows the first charge and discharge cycle for α-LiFePO4 prepared in 1:3

ethaline at 240 ◦C for 3 h at a C/10 rate between 2.2 V and 4 V. It is observed that the profile

exhibits a stable plateau around 3.45 V characteristic of the Fe2+/Fe3+ redox couple in α-

LiFePO4.19 During electrochemical charging 0.7 Li+ is extracted from α-LiFePO4. However

only 0.6 Li+ is reversibly inserted back into the structure during electrochemical discharge

leading to a Coloumbic efficiency of only 85 %. To investigate the rate capability of carbon

coated α-LiFePO4 prepared in 1:3 ethaline experiments were conducted at increasing rates

(Figure 4.14 b).

As the rate increases, the discharge and charge capacities both decrease. The material

exhibits an average charge and discharge capacity of 130 mAh g–1 and 121 mAh g–1 re-

spectively at the slowest rate (C/10). These capacities diminish significantly at the highest

rate (10C) to a charge and discharge capacity of 58 mAh g–1 and 53 mAh g–1, well below the

theoretical capacity of α-LiFePO4 (170 mAh g–1). This has previously been attributed to slow

intercalation kinetics of Li+ into α-LiFePO4through 1D channels at high rates, compared to

layered materials.195,196 These electrochemical results are not competitive to previous re-

ports of microwave prepared α-LiFePO4 in the literature (160 mAh g–1 at C/10), but are an
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improvement on the results obtained for the IL synthesis (105 mAh g–1).150

4.4.4 Synthesis and characterisation of α-LiFePO4 2:3 ethaline

Synthesis of α-LiFePO4 was conducted in 2:3 ethaline by microwave-assisted in a similar

manner. PXRD patterns for the syntheses carried out in 2:3 ethaline for 1 h at increasing

temperatures are shown in Figure 4.15 (a). α-LiFePO4 was obtained in all cases with an

impurity of Li3PO4 present at temperatures below 230 ◦C. As the temperature is increased,

the diffraction peaks become sharper indicating an increase in crystallinity.

Figure 4.15: (a) PXRD of α-LiFePO4 prepared in 2:3 ethaline after 1 h of microwave irra-

diation (ν = 2.45 GHz). Peaks from an impurity of Li3PO4 are denoted by *. (b) Rietveld

refinement of PXRD data collected for α-LiFePO4 prepared in 2:3 ethaline at 230 ◦C and

240 ◦C after 1 h of microwave irradiation (ν= 2.45 GHz). A good fit to the ICSD literature

pattern is observed in both cases.

31

Figure 4.15 (b) shows Rietveld refinement conducted on the pure α-LiFePO4 prepared in

2:3 ethaline at 230 ◦C and 240 ◦C after 1 h of microwave irradiation (ν = 2.45 GHz). A good

fit to the ICSD reference pattern is observed with the parameters calculated from Rietveld

refinement given in Table 4.3.

In an attempt to obtain phase pure α-LiFePO4 at lower temperatures, and to investigate
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the effect of temperature on the morphology obtained, syntheses were conducted for 3 h

of microwave irradiation. PXRD patterns for α-LiFePO4 prepared in 2:3 ethaline after 3 h

of microwave irradiation can be seen in Figure 4.16 (a). Initial observations reveal a stark

contrast to the pure EG synthesis with no presence of Li3PO4 or β-LiFePO4, even at 200 ◦C.

The reaction at 250 ◦C exceeded the safe pressure limit of 300 psi after 45 min and therefore

did not reach completion. It is observed that as the synthesis temperature increases the

peaks become sharper similar to the 1 h synthesis.

Figure 4.16: (a) PXRD patterns collected for the synthesis of α-LiFePO4 in 2:3 ethaline

after 3 h of microwave irradiation (ν = 2.45 GHz). Phase pure α-LiFePO4 is obtained at

all temperatures with peak broadening observed with decreasing temperature. (b) Rietveld

refinement of PXRD data collected for α-LiFePO4 prepared in 2:3 ethaline at 200 ◦C and

240 ◦C after 3 h of microwave irradiation (ν= 2.45 GHz). A good fit to the ICSD literature

pattern is observed in both cases.31

Figure 4.16 (b) shows Rietveld refinement conducted on the pure α-LiFePO4 prepared in

2:3 ethaline at 200 ◦C and 240 ◦C after 3 h of microwave irradiation (ν = 2.45 GHz). A good

fit to the ICSD reference pattern is observed.31 The parameters calculated from Rietveld

refinement can be seen in Table 4.4.

SEM images were collected for the 2:3, 3 h ethaline α-LiFePO4 to investigate the mor-

phology of the particles obtained. The 200 ◦C α-LiFePO4 (Figure 4.17 a) exhibited platelets
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with a typical length of 1 µm, width of 700 nm, and thickness of 50 nm. The 210 ◦C sample

(Figure 4.17 b) also exhibits platelets that are much more regular in size and shape than the

200 ◦C with similar dimensions. The 220 ◦C sample (Figure 4.17 c) exhibited inhomogenous

particles ranging from approximately 200 nm diameter crystallites to 1.5 µm length particles.

At 230 ◦C (Figure 4.17 d) more globular particles are observed with one or all dimensions

above 1 µm. This increase in particles size is also seen at 240 ◦C (Figure 4.17 e).
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Figure 4.17: SEM images of α-LiFePO4 prepared in 2:3 ethaline after 3 h of irradiation at

(a) 200 ◦C, (b) 210 ◦C, (c) 220 ◦C, (d) 230 ◦C and (e) 240 ◦C.

Reactions were also performed at 5 hours of microwave irradiation to further examine the

effect of reaction time on the resulting particle morphology. Figure 4.18 (a) shows the PXRD

patterns collected for the syntheses conducted in 2:3 ethaline at after 5 h of microwave ir-

radiation (ν= 2.45 GHz). Phase pure α-LiFePO4 is obtained at all temperatures, however at

temperatures above 230 ◦C the synthesis exceeded the pressure limit of the microwave syn-

thesiser and did not reach completion. A large difference in peak broadening is observed at

200 ◦C compared with the higher temperatures indicating a distinct difference in crystallinity.
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Figure 4.18: (a) PXRD patterns collected for the synthesis of α-LiFePO4 in 2:3 ethaline

after 5 h of microwave irradiation (ν = 2.45 GHz). Phase pure α-LiFePO4 is obtained at all

temperatures with peak broadening observed with decreasing synthesis temperature. (b)

Rietveld refinement of PXRD data collected for α-LiFePO4 prepared in 2:3 ethaline at 200

◦C and 230 ◦C after 5 h of microwave irradiation (ν= 2.45 GHz). A good fit to the ICSD

literature pattern is observed in both cases.31

Figure 4.18 (b) shows Rietveld refinement conducted on the pure α-LiFePO4 prepared in

2:3 ethaline at 200 ◦C and 230 ◦C after 5 h of microwave irradiation (ν = 2.45 GHz). A good

fit to the ICSD reference pattern is observed.31 The parameters calculated from Rietveld

refinement can be seen in Table 4.5.

SEM images collected for α-LiFePO4 prepared in 2:3 ethaline after 5 h of microwave

irradiation and can be seen in Figure 4.19. The 200 ◦C 5 h 2:3 ethaline α-LiFePO4 (Figure

4.19 a) exhibited cubic particles with all dimensions typically below 200 nm. At 210 ◦C

(Figure 4.19 b) the particles lose their definition which could be due particle agglomeration.

At 220 ◦C (Figure 4.19 c) there are presence of additional small particles is reduced however

the morphology is still irregular with many particles exhibiting at least one dimension over

1 µm. The 230 ◦C 5 h 2:3 ethaline α-LiFePO4 (Figure 4.19 d) exhibited highly faceted

particles similar in shape to the 230 ◦C 1:2 ethaline α-LiFePO4, with a large size dispersion.
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Figure 4.19: SEM images of α-LiFePO4 prepared in 2:3 ethaline at (a) 200 ◦C, (b) 210 ◦C,

(c) 220 ◦C and (d) 230 ◦C.

The particles range from 150 nm to 1 µm in length, 100 nm to 600 nm in width and 50 nm to

250 nm in thickness. These particles have a larger variation in size in the sample than those

prepared at 230 ◦C 5 h 1:2 ethaline, but with no evidence for multimicron sized particles.

The electrochemical performance of α-LiFePO4 prepared in 2:3 ethaline after 3 h of

irradiation was investigated using GCPL similar to previous tests (Section 4.4.3). Samples

prepared at 200 ◦C, 220 ◦C and 240 ◦C showed the most morphological variation, and were

studied to provide insight into the effect of morphology on electrochemical performance.

Figure 4.20 shows the 2:3 ethaline 3 h samples at 200 ◦C, 220 ◦C and 240 ◦C after carbon

coating. It is observed that the Pnma structure of the α-LiFePO4 is preserved after the heat

treatment with no impurities present for all samples.

Figure 4.21 (a) shows the first charge and discharge cycle for carbon coated α-LiFePO4

prepared in 2:3 ethaline after 3 h of irradiation. It is observed that all samples exhibit a stable

plateau around 3.45 V typical of the Fe2+/Fe3+ redox couple in α-LiFePO4.19 The sample

prepared at 200 ◦C shows the highest Li+ deintercalation of the three samples (0.9 Li+ per
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Figure 4.20: PXRD of α-LiFePO4 prepared in 2:3 ethaline at 200 ◦C, 220 ◦C and 240

◦C after carbon coating with sucrose and annealing at 700 ◦C. Phase purity of the Pnma

structured α-LiFePO4 is retained in all samples.
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Figure 4.21: (a) First charge and discharge cycle from GCPL of carbon coated α-LiFePO4

synthesised in 2:3 ethaline after 3 h of microwave irradiation at 200 ◦C, 220 ◦C and 240 ◦C.

Cycling was carried out at a C/10 rate between 2.2 V and 4 V. (b) GCPL of carbon coated

α-LiFePO4 synthesised in 2:3 ethaline for 3 h between 2.2 V and 4 V. The rate capability

shows that the 240 ◦C has a superior discharge capacity at all rates compared to 200 ◦C.

formula unit, 153 mAh g–1). However, all three temperatures exhibit similar behaviour upon

the intercalation step with the reinsertion of 0.8 Li+ per formula unit, due to irreversible Li+

extraction. The rate behaviour of the samples prepared in 2:3 ethaline was also investigated

(Figure 4.21 b).

The sample prepared at 240 ◦C exhibits consistently higher capacities at all rates above

C/5, with a capacity retention of 142 mAh g–1 at the initial C/10 and 53 mAh g–1 at the

highest rate of 10C. The 220 ◦C sample exhibits the lowest capacity at all rates with an

average capacity of 130 mAh g–1 for the initial C/10 and 32 mAh g–1 at 10 C. The 200 ◦C

sample exhibits a similar average capacity to the sample prepared at 240 ◦(141 mAh g–1)

and a similar capacity at 10C of 54 mAh g–1. This highlights that materials with similar elec-

trochemical performance at the highest rate studied can be obtained at the lower synthesis

temperature of 200 ◦C. Again, the discharge capacities observed are still lower than the best

literature reports (160 mAh g–1 at C/10), but improve upon the materials synthesised in 1:3

ChCl:EG.150

PXRD patterns of the samples post-cycling (Figure 4.22) reveal the retention of the Pnma
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Figure 4.22: PXRD of α-LiFePO4 prepared in 2:3 ethaline at 200 ◦C, 220 ◦C and 240 ◦C

post-cycling. The Pnma structure of α-LiFePO4 is retained in all samples with the evolution

of FePO4 (*) due to irreversible Li+ deintercalation.

α-LiFePO4 structure however one extra peak (*) is present from FePO4. This occurs as the

lithium reinsertion into LiFePO4 was not fully achieved during electrochemical cycling of the

electrodes. The presence of diffraction peaks from FePO4 is in good agreement with studies

of chemical delithiation of α-LiFePO4 where the emergence of the FePO4 peaks grow with

decreasing lithium content in LiFePO4.197

113



Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

1:
3

α
-L

iF
eP

O
4

(2
40
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

-0
.0

4(
3)

A
to

m
x

y
z

a
(Å

)
10

.3
27

3(
8)

V
0.

05
(2

)
Li

0
0

0

b
(Å

)
6.

00
32

(5
)

W
0.

01
(4

)
Fe

0.
28

31
(5

)
0.

25
0.

97
0(

2)

c
(Å

)
4.

69
34

(5
)

R
p

3.
48

P
0.

09
2(

1)
0.

25
0.

42
5(

3)

R
w

p
4.

41
O

1
0.

09
5(

3)
0.

25
0.

75
7(

5)

R
ex

p
4.

16
O

2
0.

45
1(

4)
0.

25
0.

22
0(

4)

Χ
2

1.
12

O
3

0.
15

9(
2)

0.
05

4(
3)

0.
28

2(
3)

1:
3

α
-L

iF
eP

O
4

(2
30
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

-0
.0

3(
6)

A
to

m
x

y
z

a
(Å

)
10

.3
28

(1
)

V
0.

07
(4

)
Li

0
0

0

b
(Å

)
6.

00
17

(6
)

W
0.

01
0(

6)
Fe

0.
28

38
(6

)
0.

25
0.

97
3(

2)

c
(Å

)
4.

69
44

(6
)

R
p

3.
54

%
P

0.
09

4(
1)

0.
25

0.
42

5(
3)

R
w

p
4.

48
%

O
1

0.
09

6(
3)

0.
25

0.
75

3(
5)

R
ex

p
4.

16
%

O
2

0.
44

9(
4)

0.
25

0.
22

2(
4)

Χ
2

1.
16

O
3

0.
15

8(
2)

0.
05

1(
4)

0.
28

1(
3)

Ta
bl

e
4.

2:
C

al
cu

la
te

d
R

ie
tv

el
d

re
fin

em
en

t
pa

ra
m

et
er

s
fro

m
th

e
P

X
R

D
pa

tte
rn

s
of

α
-L

iF
eP

O
4

pr
ep

ar
ed

in
1:

3
et

ha
lin

e
af

te
r

3
h

of
m

i-

cr
ow

av
e

irr
ad

ia
tio

n
(te

xt
nu

=
2.

45
G

H
z)

at
23

0
an

d
24

0
◦ C

.

114



Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

2:
3

α
-L

iF
eP

O
4

(2
40
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

0.
03

(3
)

A
to

m
x

y
z

a
(Å

)
10

.3
28

4(
8)

V
0.

00
(2

)
Li

0
0

0

b
(Å

)
6.

00
52

(5
)

W
0.

01
3(

3)
Fe

0.
28

24
(6

)
0.

25
0.

97
5(

2)

c
(Å

)
4.

69
29

(5
)

R
p

3.
66

P
0.

09
5(

1)
0.

25
0.

42
6(

3)

R
w

p
4.

59
O

1
0.

08
7(

3)
0.

25
0.

75
4(

5)

R
ex

p
4.

33
O

2
0.

45
2(

4)
0.

25
0.

21
3(

4)

Χ
2

1.
12

O
3

0.
15

8(
2)

0.
05

8(
3)

0.
28

1(
3)

2:
3

α
-L

iF
eP

O
4

(2
30
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

-0
.1

5(
7)

A
to

m
x

y
z

a
(Å

)
10

.3
17

(1
)

V
0.

13
(5

)
Li

0
0

0

b
(Å

)
5.

99
90

(7
)

W
0.

01
25

(8
)

Fe
0.

28
15

(7
)

0.
25

0.
97

2(
2)

c
(Å

)
4.

69
48

(7
)

R
p

3.
49

%
P

0.
09

5(
2)

0.
25

0.
41

9(
3)

R
w

p
4.

37
%

O
1

0.
08

7(
4)

6
0.

25
0.

74
4(

6)

R
ex

p
4.

21
%

O
2

0.
44

8(
4)

0.
25

0.
20

1(
4)

Χ
2

1.
08

O
3

0.
16

3(
3)

0.
06

0(
3)

0.
28

4(
3)

Ta
bl

e
4.

3:
C

al
cu

la
te

d
R

ie
tv

el
d

re
fin

em
en

t
pa

ra
m

et
er

s
fro

m
th

e
P

X
R

D
pa

tte
rn

s
of

α
-L

iF
eP

O
4

pr
ep

ar
ed

in
2:

3
et

ha
lin

e
af

te
r

1
h

of
m

i-

cr
ow

av
e

irr
ad

ia
tio

n
(te

xt
nu

=
2.

45
G

H
z)

at
23

0
an

d
24

0
◦ C

.

115



Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

2:
3

α
-L

iF
eP

O
4

(2
40
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

0.
01

7(
3)

A
to

m
x

y
z

a
(Å

)
10

.3
30

1(
4)

V
0.

00
05

(2
)

Li
0

0
0

b
(Å

)
6.

00
54

(2
)

W
0.

01
1(

4)
Fe

0.
28

23
(5

)
0.

25
0.

97
3(

2)

c
(Å

)
4.

69
27

(2
)

R
p

3.
59

%
P

0.
09

6(
1)

0.
25

0.
42

2(
3)

R
w

p
4.

48
%

O
1

0.
09

1(
2)

0.
25

0.
74

8(
4)

R
ex

p
4.

23
%

O
2

0.
44

9(
3)

0.
25

0.
22

1(
3)

Χ
2

1.
12

O
3

0.
15

8(
2)

0.
05

5(
3)

0.
27

8(
3)

2:
3

α
-L

iF
eP

O
4

(2
00
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

-0
.0

05
(2

)
A

to
m

x
y

z

a
(Å

)
10

.3
34

9(
6)

V
0.

01
2(

4)
Li

0
0

0

b
(Å

)
6.

00
03

(3
)

W
0.

01
3(

1)
Fe

0.
28

25
(6

)
0.

25
0.

97
6(

2)

c
(Å

)
4.

70
03

(3
)

R
p

3.
54

%
P

0.
09

4(
3)

0.
25

0.
41

8(
4)

R
w

p
4.

46
%

O
1

0.
08

9(
3)

0.
25

0.
74

8(
5)

R
ex

p
4.

18
%

O
2

0.
45

2(
4)

0.
25

0.
21

3(
4)

Χ
2

1.
14

O
3

0.
15

8(
2)

0.
05

5(
3)

0.
28

6(
3)

Ta
bl

e
4.

4:
C

al
cu

la
te

d
R

ie
tv

el
d

re
fin

em
en

t
pa

ra
m

et
er

s
fro

m
th

e
P

X
R

D
pa

tte
rn

s
of

α
-L

iF
eP

O
4

pr
ep

ar
ed

in
2:

3
et

ha
lin

e
af

te
r

3
h

of
m

i-

cr
ow

av
e

irr
ad

ia
tio

n
(te

xt
nu

=
2.

45
G

H
z)

at
20

0
◦ C

an
d

24
0
◦ C

.

116



Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

2:
3

α
-L

iF
eP

O
4

(2
30
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

0.
01

(1
)

A
to

m
x

y
z

a
(Å

)
10

.3
29

3(
5)

V
0.

00
(2

)
Li

0
0

0

b
(Å

)
6.

00
50

(3
)

W
0.

00
7(

1)
Fe

0.
28

21
(4

)
0.

25
0.

97
1(

1)

c
(Å

)
4.

69
15

(3
)

R
p

3.
60

%
P

0.
09

46
(1

)
0.

25
0.

42
3(

3)

R
w

p
4.

54
%

O
1

0.
09

2(
2)

0.
25

0.
75

4(
3)

R
ex

p
4.

25
%

O
2

0.
44

9(
2)

0.
25

0.
21

3(
3)

Χ
2

1.
14

O
3

0.
15

8(
2)

0.
05

3(
3)

0.
27

7(
3)

2:
3

α
-L

iF
eP

O
4

(2
00
◦ C

)

S
pa

ce
gr

ou
p

P
nm

a
U

0.
10

(8
)

A
to

m
x

y
z

a
(Å

)
10

.3
24

(1
)

V
-0

.0
8(

6)
Li

0
0

0

b
(Å

)
5.

99
69

(8
)

W
0.

04
7(

9)
Fe

0.
28

07
(7

)
0.

25
0.

97
3(

2)

c
(Å

)
4.

69
72

(8
)

R
p

3.
67

%
P

0.
09

7(
2)

0.
25

0.
41

8(
4)

R
w

p
4.

60
%

O
1

0.
08

8(
4)

0.
25

0.
73

9(
7)

R
ex

p
4.

21
%

O
2

0.
44

9(
5)

0.
25

0.
20

2(
5)

Χ
2

1.
19

O
3

0.
15

5(
3)

0.
05

7(
4)

0.
28

1(
4)

Ta
bl

e
4.

5:
C

al
cu

la
te

d
R

ie
tv

el
d

re
fin

em
en

t
pa

ra
m

et
er

s
fro

m
th

e
P

X
R

D
pa

tte
rn

s
of

α
-L

iF
eP

O
4

pr
ep

ar
ed

in
2:

3
et

ha
lin

e
af

te
r

5
h

of
m

i-

cr
ow

av
e

irr
ad

ia
tio

n
(te

xt
nu

=
2.

45
G

H
z)

at
20

0
◦ C

an
d

24
0
◦ C

.

117



Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

4.5 Synthesis and characterisation of α-LiFePO4 in tetramethyl-

ammonium chloride based DES

In an attempt seek new routes to tailor morphologies using DES systems, other composi-

tions were also attempted as proof-of-concept studies. An alternative method to substitu-

tion of the hydrogen bond donor is to replace the salt in ethaline (ChCl) with another mo-

lecule. For these investigations an ammonium salt tetramethylammonium chloride (TMAC)

was chosen. The rationale for choosing TMAC is due to its structural similarities to ChCl

(Figure 4.23).

Figure 4.23: Chemical structure of tetramethylammonium chloride (TMAC).

Samples of α-LiFePO4 were prepared using stoichiometric amounts of FeC2O4 ·H2O (1

mmol) and LiH2PO4 (1 mmol) and 4 ml of 1:2 mixtures of TMAC:EG in a 10 ml microwave

vessel. The mixtures were irradiated with microwaves (ν = 2.45) for 3 h at temperatures

between 200 ◦C to 250 ◦C. Syntheses conducted at temperatures above 230 ◦C exceeded

the safe pressure limit of the microwave synthesiser after 1 h of microwave irradiation and

were not investigated further. The remaining samples were characterised using PXRD and

show that α-LiFePO4 can be prepared at all temperatures between 200 ◦C and 230 ◦C.

Peak broadening is observed with decreasing synthesis temperature, indicating a possible

decrease in the crystallinity, or the emergence of nanosized particles.

Rietveld refinement was conducted for samples prepared at 200 ◦C and 230 ◦C, with a

good fit in both cases to a ICSD standard of α-LiFePO4.31 The calculated parameters for

both Rietveld refinements are given in Table 4.6.
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Figure 4.24: (a) PXRD patterns collected for samples synthesised in 1:2 EG:TMAC me-

dia after 3 h of microwave irradiation (ν = 2.45GHz) at 200 ◦C, 210 ◦C, 220 ◦C and 230

◦C. Phase pure α-LiFePO4 is obtained at all temperatures showing peak broadening with

decreasing temperature. (b) Rietveld refinement of PXRD data collected for α-LiFePO4 pre-

pared in 1:2 TMAC at 200 ◦C and 230 ◦C after 3 h of microwave irradiation (ν= 2.45 GHz).

A good fit to the ICSD literature pattern is observed in both cases.31

SEM was performed on all samples to investigate the changes in morphology with in-

creasing temperature. The 1:2 EG:TMAC sample at 200 ◦C (Figure 4.25 a) exhibits flat

particles with rounded edges between 100 nm and 300 nm in diameter. These particles

also appear to be stacked. At 210 ◦C (Figure 4.25 b), some of the rounded particles are

still present but with the addition of large rectangular platelets up to 10 µm in length, 2 µm

in width and < 50 nm in thickness. At 220 ◦C, the particles are irregular and large. An in-

teresting observation is the appearance of holes in the particles, indicating some degree of

porosity. At 230 ◦C, larger, more uniform platelets are formed with a typical length of 2 µm,

width of 1 µm and thickness of 150 nm.

The electrochemical performance of the α-LiFePO4 particles prepared in 1:2 TMAC:EG

were investigated by GCPL, similar to previous experiments. To investigate the rate capab-

ility of the materials GCPL was conducted at increasing rates from C/10 to 10C. Figure 4.26

shows the observed discharge capacities.
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Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

Figure 4.25: SEM images collected for α-LiFePO4 prepared in 1:2 TMAC:EG after 3 h of

microwave irradiation (ν = 2.45 GHz) at (a) 200 ◦C, (b) 210 ◦C, (c) 220 ◦C and (d) 230 ◦C.

An increase in discharge capacity is observed with decreasing synthesis temperature

at all rates. This is attributed to the smaller particle size and crystalline domains with de-

creasing synthesis temperature allowing Li+ to be more easily inserted and extracted from

the materials. α-LiFePO4 prepared at 200 ◦C exhibits a discharge capacity of 161 mAh g–1

at C/10 and 53 mAh g–1 at the highest rate of 10C, the best capacity of all the α-LiFePO4

samples studied, almost achieving theoretical capacity (170 mAh g–1).19 These results ex-

ceed the best reports of α-LiFePO4 in the literature prepared by microwave-assisted routes

(168 mAh g–1 at C/10).150 At 240 ◦C the capacity reduces to 122 mAh g–1. A recovery is

observed after returning to C/10 in all materials, 168 mAh g–1 at 200 ◦C and 240 ◦C, and

162 mAh g–1 at 220 ◦C and 230 ◦C. These studies show that electrochemical performance

can be enhanced by substitution of ChCl with TMAC, when compared to the 1:3 and 2:3

ChCl:EG syntheses studied in Section 4.4.3 and Section 4.4.4, respectively.

121
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Figure 4.26: GCPL of carbon coated α-LiFePO4 synthesised in TMAC based DES at 200

◦C, 210 ◦C, 220 ◦C and 230 ◦C showing superior discharge rates with decreasing synthesis

temperature.

4.6 Conclusions

In this Chapter DESs have been identified as candidate ionic media for microwave-assisted

applications, competitve to ILs. Phase pure α-LiFePO4 was obtained by all syntheses in

DESs containing EG, and particle size can be decreased by lowering the synthesis temper-

ature. The morphology of the particles is also dependent on the temperature and the solvent

employed, and can be tailored to enhance the electrochemical performance of the materials.

Electrochemical studies of α-LiFePO4 synthesised in 1:2 TMAC:EG at 200 ◦C for 3 h gave

the best results, able to deliver an outstanding capacity at C/20 rate of 168 mAh g–1 on the

first cycle close to the theoretical maximum for of 170 mAh g–1, the highest current report

for a microwave prepared sample of α-LiFePO4.

These observations are the first reports of DESs as media for microwave-assisted syn-

thesis and present a strong case that DESs can be employed to obtain nanostructured,

122



Chapter 4. Deep eutectic solvents as media for microwave-assisted synthesis

effective materials for Li-ion battery applications. The relative cost of these DESs (as of the

date of this Thesis) make them extremely attractive as alternative ionic media, equating to

approximately £2,750/Kg for EMI-TFMS and £35/Kg for ethaline (£45/Kg for TMAC:EG).198

This underlines that α-LiFePO4 with excellent electrochemical performance can be obtained

through microwave-assisted ionothermal routes in a solvent that costs 1.3 % of a typical IL.
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Chapter 5: Microwave-assisted synthesis of vanadium oxides for

lithium ion batteries

Vanadate materials have been studied extensively due to the metal-insulator transitions

many of these compounds exhibit.199,200 More recently they have accumulated interest as

candidate insertion electrodes, with many VxOy compounds investigated including V2O5,

V6O13 and LiV3O8.201–204. These materials exhibit open frameworks, ideal for Li+ intercal-

ation, and the wealth of different structures available is a major draw for their investigation

as electrodes. A study by Zavalij and Whittingham highlights the structural flexibility of va-

nadium oxides by listing 60 different VxOy frameworks, which are all potential candidates as

battery materials.42

Figure 5.1: Relative abundance of redox metals in the Earth’s crust versus iron. Inset is a

zoomed view of the 3rd to 17th most abundant redox metals.

Another attractive attribute of vanadium oxide insertion electrodes is the relative avail-

ability of vanadium in the Earth’s crust (Figure 5.1).11 As can be seen, vanadium is the 5th

most abundant redox active metal in the Earth’s crust.Vanadium is also the 2nd lightest of

the five most abundant redox metals, which allows a metal oxide insertion electrode con-
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Chapter 5. Microwave-assisted synthesis of vanadium oxides for lithium ion batteries

Figure 5.2: Crystal structure of bronze phase VO2(B) (space group C12/m1) showing an

open framework, ideal for Li+ intercalation. Vanadium atoms are shown in blue and oxygen

atoms in orange. The VO6 polyhedra are also in blue.

taining vanadium to exhibit a higher theoretical electrochemical capacity than one with an

identical stoichiometry containing Fe, Mn or Zr. Furthermore, the modest standard reduction

potentials of the V4+/3+ (0.337 V) and V5+/V4+ (1.0 V) redox couples highlight the viability of

vanadium as a redox active metal in Li+ insertion electrodes.205

Bronze phase VO2 (VO2(B), space group C12/m1), the material of focus in the current

Chapter, has promising has proimising potential as a positive insertion electrode material.

VO2(B) consists of corner sharing layers of edge sharing VO6 octahedra. The interlayer

voids provide sites for Li+ intercalation suitable for electrode applications (Figure 5.2). In

VO2(B), vanadium atoms exist as V4+ and upon electrochemical lithiation, reduce to V3+.

This redox couple produces a potential of 2.6 V versus Li/Li+, which is lower than α-LiFePO4

(3.45 V). However VO2(B) exhibits a theoretical capacity of 323 mAh g–1, nearly double that

of α-LiFePO4 (170 mAh g–1).7

Studies on VO2(B) have led to the synthesis of many different morphologies including

nanobelts, nanowires, hollow microspheres and mesoporous structures with varied elec-

trochemical performance.13,157,206–211 Correlations are observed between a decrease in

dimensionality or size and higher capacities. For example, capacities of around 150 mAh

g –1 are observed in bulk materials, 265 mAh g–1 in ultra-thin nanowires and 325 mAh

g–1 in nanocrystals of VO2(B) emphasising the possible influential role of nanostructured
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Chapter 5. Microwave-assisted synthesis of vanadium oxides for lithium ion batteries

materials for Li-ion battery applications.207,212,213 Links between larger surface areas and

increased availability of intercalation sites have alluded to the higher observed capacity in

smaller particles.

Nanostructured VO2(B) has been successfully obtained by employing conventional sol-

vothermal methods, where the reaction times are usually several days.157 To shorten the

synthesis times, while maintaining nanostructured VO2(B), alternative synthesis methods

can be employed. Microwave-assisted solvothermal synthesis has been widely employed

for the rapid synthesis of nanostructured Li+ insertion electrode materials including LiCoO2

and α-LiFePO4 (also demontrated in the previous Chapter).214,215 Microwave-assisted pre-

paration of VxOy materials have been investigated to a limited degree, mostly for use in

capacitor applications.216 Although there are no studies into the electrochemical charac-

teristics of vanadium oxides prepared by microwave-assisted routes as Li+ insertion elec-

trodes, related compounds such as a vanadium oxyhydroxide H2V2O8 and silver vanadium

oxide Ag2V4O11 have been published showing similar battery behaviour of these materials

prepared using faster microwave synthesis, compared with materials prepared using con-

ventional solvothermal methods.145,217,218

The aims of this Chapter are to investigate the possibility of synthesising phase pure

VO2(B) by a microwave-assisted solvothermal route and to compare their electrochemical

performance with similar materials prepared by conventional solvothermal routes. VO2(B)

prepared via microwave methods has also been interrogated with in situ X-ray absorption

spectroscopy (XAS) to investigate the evolution of the oxidation state change in VO2(B)

during Li+ intercalation and any differences in the intercalation behaviour between samples

produce by the two routes.

Improving the electrochemical performance by enhancing the capacities achieved has

also been explored by changing the synthetic methodology in two main ways (i) the use

of binary solvent systems and (ii) addition of a surfactant. The purity and morphology of

VO2(B) prepared by employing these synthetic modifications have been assessed and the

compounds have been analysed electrochemically. The stability of the products have also

been investigated over multiple cycles.
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5.1 Attempted reduction of V2O5 in isopropanol

The reduction of V2O5 was attempted by a microwave-assisted route employing isopropanol

as both the solvent and reducing agent, similar to a conventional solvothermal approach

employed by Corr et al [ 157] to achieve phase pure VO2(B).157 Microwave-assisted sol-

vothermal reduction of V2O5 in isopropanol produced a blue/black precipitate which formed

an orange gel upon washing with deionised water, in contrast to the traditional solvothermal

route. After evaporation of the solvent, a brittle and lustrous blue-black deposit was ob-

tained which was analysed using PXRD (Figure 5.3 a). The PXRD pattern exhibited a high

background with very broad peaks. The powder was then annealed at 400 ◦C under Ar

for 1 h and the resulting powder could be indexed to V3O7, space group C12/c1 (Figure

5.3 b). This implies that isopropanol is not a strong enough reducing agent under these

conditions to reduce V2O5 (V5+) to VO2(B) (V4+), giving rise to the mixed oxidation state

compound V3O7. However, the crystal structure of V3O7 exhibits an open framework and

has previously proven suitable for lithium intercalation and was investigated further.219

Figure 5.3: (a) PXRD of the sample prepared in isopropanol. A transformation to phase

pure V3O7, space group C12/c1, is observed after heating. (b) Rietveld refinement after

annealing at 400 ◦C in Ar with no preferred orientation showing a poor fit to V3O7 taken from

Reference 220. (c) Rietveld refinement after applying preferred orienation along the [n 0 0]

direction showing an excellent fit.
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Figure 5.4: (a) PXRD data of V3O7 prepared by a microwave-assisted route emphasising

the difference in peak intensity compared to an ICSD standard diffraction pattern for bulk

V3O7 taken from Reference 220. (b) Crystal structure of V3O7 showing planes correspond-

ing to the (-1 1 1) (red), (-6 0 2) (green) and (6 0 0) (violet) planes.

Rietveld refinement conducted on the PXRD data for V3O7 initially provided a very poor

fit (Figure 5.3 b) with a large discrepancy identified in the [n 0 0] peaks between the observed

and calculated values. Depending on the direction of growth of the sheets, the electrochem-

ical properties can be influenced due to either shortening or lengthening the Li+ diffusion

pathways. Therefore, understanding the resulting morphology of these structures could al-

low for greater control over the resulting battery performance. Figure 5.4 (a) shows a region

of the PXRD taken from the V3O7 sample and a pattern from bulk V3O7 from the ICSD

database.

It is observed that there is a large disparity of the (-1 1 1) peak intensity relative to that of

the (6 0 0) and (-6 0 2). Looking at these planes with respect to the crystal structure of V3O7

(Figure 5.4 b) only (-1 1 1) lies predominantly in the ac plane while (6 0 0) and (-6 0 2) lay in

the bc plane. Thus the relative intensity difference can be ascribed to a lack of growth in the

b direction, or [-1 1 1]. Since the b-direction exhibits the most open side of the framework

providing easy access to voids for Li+ to intercalate, it may be that limited growth in this

direction would aid Li+ intercalation by shortening the diffusion pathways. When preferred
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Chapter 5. Microwave-assisted synthesis of vanadium oxides for lithium ion batteries

Figure 5.5: SEM of V3O7 after annealing at 400 ◦C for 1 h at low (a) and high (b) magnific-

ation showing a sheets tens of µm in diameter approximately 100 nm in thickness.

orientation is included the fit improves dramatically (Figure 5.3 c) suggesting preferential

growth in the V3O7 particles. Calculated parameters for the Rietveld refinement in Figure

5.3 (c) are displayed in Table 5.1.

SEM images of the V3O7 sample at low and high magnification (Figure 5.5 a and b

respectively) reveal a sheet morphology several tens of µm in diameter and 40 nm in thick-

ness. Interestingly, there are no reports in the literature of this morphology being obtained

for V3O7, with only nanowires and bulk materials reported.219,220
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5.1.1 Electrochemical characterisation of V3O7

A pellet consisting of 60 % V3O7, 30 % carbon black and 10 % PTFE was used as the active

electrode in a half-cell containing Li+ as the counter electrode. The half-cell was cycled

galvanostatically between 1.5 V and 3.75 V at a rate of 100 mA g–1. The first discharge

profile can be seen in Figure 5.6 (a). The microwave prepared V3O7 discharge profile shows

voltage plateaus at 2.8 V, 2.6 V and 2.2 V corresponding to the insertion of 3.5 Li+. The

insertion of 3.5 Li+ per formula unit corresponds to the reduction of the two V5+ in V3O7 to

V4+ and a further partial reduction of the remaining V4+ to a mixture of V3+ and V4+. This

gives rise to a large initial capacity of 356 mAh g–1.

Figure 5.6: (a) Galvanostatic cycling of V3O7 at 100 mA g–1 between 1.5 V and 3.75 V. (b)

Discharge capacity of V3O7 over 20 cycles shows a large initial loss.

On the subsequent charge/discharge cycles, no strong redox plateaus are observed and

the initial capacity observed is not reversible, decreasing on the second cycle to 253 mAh

g–1. This behaviour has been noted in the literature to be typical of disordered layer, or

single-phase electrodes which lack crystalline phase transitions.221 Similar behaviour has

been observed in other vanadates, such as V2O5.222 After the second cycle, the profile

remains the same with modest losses in the observed capacity. Figure 5.6 (b) shows the

discharge capacity over 20 cycles for V3O7 exhibiting a discharge capacity of 253 mAh g–1

on the second cycle (71 % retention) and 236 mAh g–1 after the 20th cycle (66 % retention).
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Previous investigations of V3O7 prepared from H2V3O8 nanowires as a Li+ intercalation

electrode have reported a similar observations in the change of cycling profile and a lower

stable capacity around 190 mAh g–1.219

5.2 Synthesis and characterisation of VO2(B) nanostructures

As isopropanol was not a sufficiently strong enough reducing agent under the microwave

heating conditions employed, formaldehyde solution (37 %) was used as an alternative to

reduce V2O5 to VO2(B), and has previously proven successful in conventional solvothermal

synthesis.157 Synthesis of VO2(B) was attempted by mixing V2O5 and formaldehyde solu-

tion (37 %) in 35 ml microwave vessels for 1 h (VO2(B)_MW_1h), 3 h (VO2(B)_MW_3h) and

6 h (VO2(B)_MW_6h) of microwave irradiation (ν = 2.45 GHz) at 180 ◦C. A sample was also

similarly prepared by conventional solvothermal methods (180 ◦C for 48 h, VO2(B)_ST).

Both synthetic routes yielded blue-black powders which were characterised using PXRD re-

vealing that all four separate syntheses gave phase pure VO2(B) (Figure 5.7). An initial ob-

servation is that the peaks in the diffraction pattern collected for VO2(B)_ST are sharper than

the microwave samples. The microwave-assisted products showed a sharpening of peak

intensity with increased time indicating an increase in particle crystallinity with increased

heating times.

Method Scherrer size (nm)

VO2(B)_ST 35.04

VO2(B)_MW_1h 12.03

VO2(B)_MW_3h 14.49

VO2(B)_MW_6h 14.59

Table 5.2: Calculated crystallite domain sizes from the Scherrer broadening in PXRD of

VO2(B) prepared by solvothermal and microwave-assisted methods in Figure 5.7.

To investigate this effect further, the most intense peak of the PXRD pattern was used

to calculate the crystal domain size using the Scherrer equation (Table 5.2). It is observed

that the VO2(B)_MW samples all exhibited smaller values from the Scherrer equation in-
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dicating smaller crystalline domains compared to the VO2(B)_ST sample. Furthermore, as

microwave irradiation times are extended from 1 h to 3 h there is an increase in the crystal-

line domain size 12.03 nm to 14.49 nm. Increasing the irradiation time from 3 h to 6 h gives

very little change in the domain sizes calculated.

Figure 5.7: PXRD of products from solvothermal (48 h reaction [VO2(B)_ST]) and

microwave-assisted (1 h [VO2(B)_MW_1h], 3h [VO2(B)_MW_3h] and 6 h [VO2(B)_MW_1h]

reactions) reduction of V2O5 by 37% formaldehyde solution. All samples can be indexed to

phase-pure VO2(B) (space group C12/m1).223 Increased peak broadening is observed in

VO2(B)_MW_nh samples with decreased irradiation time.

The morphology of the VO2(B) particles was investigated using SEM. All particles ob-

tained are rod-like in morphology. Particles obtained by microwave-assisted routes after 1

h of irradiation (Figure 5.8 a) had typical lengths of 1 µm and widths of 180 nm. After 3 h

of irradiation (Figure 5.8 b), lengths of 600 nm and widths of 90 nm are observed. After 6 h

of irradiation (Figure 5.8 c), lengths of 700 nm and widths of 110 nm are seen. It is appar-

ent that increasing the duration of microwave-irradiation increases both the length and the

width of the particles. The solvothermal reaction (Figure 5.8 d) produced nanorods with a

typical length of 1.5 µm and typical width of 160 nm, larger than any particles obtained from
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Figure 5.8: Scanning electron microscopy of VO2(B) prepared after 1 h [VO2(B)_MW_1h]

(a), 3 h [VO2(B)_MW_3h] (b) and 6 h [VO2(B)_MW_6h] (c) of microwave-irradiation. (d)

SEM image of VO2(B) prepared by conventional solvothermal routes after 48 h of heating

[VO2(B)_ST]. Multimicron length rods are observed in VO2(B)_ST compared to sub-micron

length rods from the VO2(B)_MW_nh samples.
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microwave-assisted preparation.

5.2.1 Electrochemical characterisation of VO2(B) nanostructures

In order to compare the electrochemical performance of microwave prepared samples, one

product [VO2(B)_MW_3h] was chosen to be investigated thoroughly and compared to the

solvothermally derived product VO2(B)_ST. Cyclic voltammetry of VO2(B)_MW_3h indicated

two major peaks corresponding to the oxidation and reduction of the active material through

the V4+/V3+ redox couple. It is observed that although the position of the peaks move only

marginally, a large difference in the intensity is observed. This indicates that an irreversible

redox process is occurring in the material, and also observed in hydrothermally prepared

nanorods.224 The positions of the V4+/V3+ redox couple peaks in the CV agree well with

those observed in the literature from bulk VO2(B), implying similar redox behaviour is ob-

served in nanostructured VO2(B), when using non-local analyses.225

Figure 5.9: Cyclic voltammetry of VO2(B)_MW_3h between 1.6 V and 3.6 V at a rate of

0.1 mV s–1 showing two peaks corresponding to the the oxidation and reduction processes

arising from the V4+/V3+ redox couple.
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To investigate the effects of particle morphology on the electrochemical performance

VO2(B)_MW_3h and VO2(B)_ST were analysed using galvanostatic cycling between 1.8 V

and 3.8 V at a C/10 rate. The first cycle for both is shown in Figure 5.10. Both samples

exhibit similar plateau regions indicative of a two phase reaction at 2.6 V, with the two tail

regions representing a solid-solution region in agreement with the literature.226,227 The solid

solution phase arises from Li+ freely permeating through the VO2(B) framework giving an av-

erage LixVO2(B) structure, similar to observations for α-LiFePO4.24 Upon reaching a critical

Li+ concentration the solid-solution can no longer be sustained. This promotes the segreg-

ation of VO2(B) and LixVO2(B) with the emergence of a voltage plateau. It is observed that

VO2(B)_MW_3h is able to reversibly accommodate 0.7 Li+ per formula unit equating to a ca-

pacity of 232 mAh g–1, higher than that observed for VO2(B)_ST sample (0.6 Li+ per formula

unit, 197 mAh g–1).

Figure 5.10: Galvanostatic cycling with potential limitation profile from the first discharge-

charge cycle of VO2(B)_ST and VO2(B)_MW_3h from 1.8 V to 3.8 V at a C/10 rate. It

is observed that VO2(B)_MW_3h is able to intercalate more Li+ per formula unit than the

VO2(B)_ST sample.
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GCPL was also performed at different rates to analyse the stability of the electrode

during more demanding operational conditions. It is observed that the VO2(B)_MW_3h

sample delivers consistently higher capacities than the VO2(B)_ST, irrespective of the rate.

VO2(B)_MW_3h and VO2(B)_ST retaining capacities of 85 % and 90 % respectively when

returning to the original C/10 rate. Combining these electrochemical observations with the

morphological studies, it appears that as the particle size decreases, and surface area in-

creases, there is an increase in observed capacity. This can be rationalised by more surface

area being available to intercalate Li+ ions and shorter diffusion pathways. Furthermore, the

smaller particles exhibit a larger solid-solution range (smaller miscibility gap) which may also

attribute to the increased capacity.

Figure 5.11: Discharge capacities of the VO2(B)_ST and VO2(B)_MW_3h samples at rates

increasing from C/10 to 10C. The GCPL was conducted between 1.8 V and 3.8 V.
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5.3 In situ X-ray absorption spectroscopy of VO2(B) nanostruc-

tures

Significant changes were observed in the battery performance of the microwave prepared

sample compared to the solvothermal sample. Therefore, vanadium K-edge XAS was em-

ployed using synchrotron radiation to investigate changes in the oxidation state of vanadium

during electrochemical discharge in VO2(B)_ST and VO2(B)_MW3h. Vanadium K-edge XAS

spectra were also collected for vanadium standards (V3+ (V2O3), V4+ (VC) and V5+ (V2O5)

to compare the initial oxidation states of VO2(B)_ST and VO2(B)_MW3h ex situ (Figure

5.12).

Figure 5.12: XAS spectra collected on the vanadium K-edge of vanadium standards V3+

(V2O3), V4+ (VC) and V5+ (V2O5), and of VO2(B)_ST, VO2(B)_MW3h ex situ.

The standard and ex situ measurements over the XANES region show two main char-

acteristic features A and B. Feature A is the pre-edge (at 5467 eV for the VO2(B) samples)

which represents the contribution from the 1s to 3d quadrupole transition. Feature B is due
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to 1s to empty 4p dipole transition.228 As the oxidation states of the standards increase (i.e.

going from V3+ to V5+) a shift to higher energy is observed for the rising edge and pre-edge

features. This is due to the progressive loss of one electron, requiring more energy to excite

the core 1s electron as the nucleus is less-shielded and carries a higher effective charge.

Feature A, the pre-edge, describes the centrosymmetry of the vanadium atom. If the

VOx polyhedra depart from centrosymmetry, becoming more tetrahedral, the pre-edge be-

comes more intense. This occurs in accordance with the Laporte rule where the transition

of an electron to a d orbital is forbidden in complexes exhibiting centrosymmetry, such as

vanadium in an octahedral arrangement. Due to this fact, the intensity of the pre-edge in

octahedral complexes only arise from vibronic transitions, which are limited in crystalline

materials, leading to a smaller or no pre-edge. However, as electrons are removed, s/p or-

bital mixing occurs. The hybridisation of the orbitals causes the VOx polyhedra to distort,

favouring a tetrahedral arrangement such as in V2O5. Since tetrahedral complexes have

no centrosymmetry, the Laporte rule allows the excitation of the core 1s electrons into the

3d states. Hence, V2O5 gives an intense pre-edge compared to octahedrally coordinated

V2O3. It is observed that the rising edge of both VO2(B) samples lies close to the V4+

standard, VC, confirming an initial oxidation states as V4+.

In situ vanadium K-edge XAS experiments were performed on electrochemical AMPIX

half-cells containing composite pellets of 60 % VO2(B)_ST or VO2(B)_MW3h as the act-

ive material mixed with 30 % carbon black and 10 % PTFE binder.166 The batteries were

discharged at a constant current of 20 µA between 3.8 V and 1.8 V, recording the XAS

spectra continuously. Figure 5.13 (a) and (c) show the spectra recorded for VO2(B)_ST

and VO2(B)_MW3h respectively. It is observed that as Li+ is intercalated into both VO2(B)

samples, the rising edge (B) shifts to lower energy indicating a decrease in the oxidation

state of vanadium from V4+ towards V3+. It is also seen that the pre-edge feature (A) de-

creases in intensity and shifts to lower energy. The first derivatives of the normalised spectra

clarify the contributions to the pre-edge features. VO2(B)_ST and VO2(B)_MW3h (Figure

5.13 (b) and (d), respectively) show that there are two contributions to the pre-edge feature

from V3+ and V4+. This is due to the emergence of V3+ upon lithiation manifested as a

shoulder at lower energy on the main V4+ peak which confirms the coexistence of the both
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Figure 5.13: Normailsed in situ XAS collected on the vanadium K-edge during electrochem-

ical discharge of (a) VO2(B)_MW_3h and (c) VO2(B)_ST. The shift in photon energy to lower

eV with increasing Li+ content is indicative of the V4+ to V3+ oxidation state change. (b) and

(d) show the first derivative of (a) and (c) respectively.

oxidation states in the active material.

During electrochemical discharge of the cells, 0.4 Li+ was inserted into both VO2(B)_ST

and VO2(B)_MW3h. Previous investigations by Wong et al. of vanadium oxides have found

that the energy of the pre-edge transition changes by 1.1 eV with unit changes in oxidation

state.229 Applying this observation to Li0.4VO2(B) it would be expected that the pre-edge

feature would shift by -0.44 eV if a linear trend is preserved between oxidation states. The

observed values for VO2(B)_ST and VO2(B)_MW3h are -0.35 eV and -0.55 eV, respect-

ively. This indicates that, given the same cycling parameters, there is a greater reduction

of the vanadium ions in VO2(B)_MW3h compared to VO2(B)_ST. This effect is also con-

sistent with the rising edge, where a shift of -1.3 eV and -1 eV are seen in VO2(B)_MW3h

and VO2(B)_ST respectively. These observations may that the higher capacity observed in
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VO2(B)_MW3h is due to increased reduction of the vanadium ions compared to VO2(B)_ST.

Comparing this to the morphological data bolsters the theory that more Li+ is accessible at

the surface of VO2(B)_MW3h due to decreased particle size, and thus increased surface

area when compared to VO2(B)_ST.

5.4 Microwave-assisted synthesis of VO2(B) in binary solvent

systems

Modification of synthetic conditions by changing irradiation time has been shown to promote

changes in the morphology of VO2(B) and the resulting electrochemical performance. An-

other way to alter the synthesis is by changing the solvent media. For this reason, binary

compositions of formaldehyde and the polyols, ethylene glycol (EG) and diethylene glycol

(DEG), were investigated as synthetic media for VO2(B). EG and DEG were chosen due

to their potential to reduce V5+ in V2O5 to V4+ in VO2(B) and excellent microwave heating

properties (studied in Chapter 3).

5.4.1 Microwave-assisted synthesis of VO2(B) in formaldehyde and ethylene

glycol (EG)

VO2(B) samples were prepared in mixtures of formaldehyde and EG between 4 ml:1 ml and

1 ml:4 ml ratios in 1 ml increments at 180 ◦C for 3 h. All syntheses produced dark blue-black

powders which were characterised by PXRD (Figure 5.14).

It is observed that phase pure VO2(B) cannot be obtained at lower ratios of formalde-

hyde:EG than 3 ml:2 ml. At higher amounts of EG, impurities are present which cannot be

indexed to any vanadium oxide, hydroxide or oxyhydroxide in the literature. Increased peak

broadening is observed in the PXRD pattern of VO2(B) synthesised in 3 ml:2 ml formalde-

hyde:EG compared to the 4 ml:1 ml sample, which may indicate smaller crystalline domains.

SEM of VO2(B) synthesised in (a) 4 ml:1 ml and (b) 3 ml:2 ml formaldehyde:EG both

exhibit aggregates of rods that form hierarchical platelet structures between 1 µm and 2

µm in length (Figure 5.15). Each bundle is comprised of between 5 to 20 nanorods that

are typically 120 nm in thickness and 1.8 µm in length in both the 4 ml:1 ml and 3 ml:2 ml

141



Chapter 5. Microwave-assisted synthesis of vanadium oxides for lithium ion batteries

Figure 5.14: PXRD for the solvothermal reduction of V2O5 by formaldehyde:EG solvent

media. Phase pure VO2(B) is obtained where the EG content of the solvent is smaller than

than 3 ml.

samples.

5.4.2 Electrochemical characterisation of VO2(B) synthesised in formalde-

hyde and ethylene glycol

To investigate the electrochemical properties of the VO2(B) samples synthesised in form-

aldehyde:EG mixtures, GCPL was performed between 3.8 V and 1.8 V using Swagelok

half-cells. Pellets containing 60 % active material, 30 % carbon black and 10 % PTFE

binder were used as the positive electrode, Li metal as the counter electrode and a LiPF6 in

EC/DMC as the electrolyte. The first galvanostatic cycles at a rate of C/10 can be seen in

Figure 5.16 (a) for VO2(B) synthesised in formaldehyde:EG ratios of 4 ml:1 ml (blue) and 3

ml:2 ml (violet). It is observed that as the volume of EG increases, the concentration of Li+

intercalated into the material on the first discharge also increases.

The 4 ml:1 ml formaldehyde:EG sample exhibits an initial capacity of 188 mAh g–1, lower
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Figure 5.15: SEM of VO2(B) nanostructures prepared in formaldehyde:EG binary solvent

mixtures of (a) 4 ml:1 ml and (b) 3 ml:2 ml.

than that in pure formaldehyde solution (37 %) under the same conditions (232 mAh g–1).

VO2(B) synthesised in 3 ml:2 ml of formaldehyde:EG shows an initial discharge capacity of

221 mAh g–1, similar to the sample of VO2(B) synthesised in formaldehyde solution (37 %).

Figure 5.16 (b) shows the stability of the discharge capacity over 20 cycles for VO2(B) syn-

thesised in formaldehyde:EG ratios of 4 ml:1 ml (blue circles) and 3 ml:2ml (violet squares).

It is observed that both samples remain stable over 20 cycles with the 3 ml:2 ml sample

delivering consistently higher capacity. VO2(B) synthesised in 4 ml:1 ml formaldehyde:DEG

retains 95 % of the initial capacity after 20 cycles and the 3 ml: 2 ml sample retains 97 % of

the initial capacity.

5.4.3 Microwave-assisted synthesis of VO2(B) in formaldehyde and diethyl-

ene glycol

VO2(B) samples were also prepared by microwave-assisted solvothermal reduction of V2O5

in mixtures of formaldehyde and DEG between 0 ml:5 ml and 4 ml:1 ml ratios in 0.5 ml

increments. The PXRD patterns for these samples can be seen in Figure 5.17. It is observed

that phase pure VO2(B) can be obtained with up to 3 ml of DEG present. At 4 ml of DEG,

the product contains impurity peaks and at 5 ml the material is almost amorphous.

SEM images (Figure 5.18) show that all samples exhibit rods morphologies, typically

100 nm thick, and hierarchical arrangements of the rods to form platelets or bundles at
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Figure 5.16: (a) First cycle GCPL of VO2(B) synthesised in formaldehyde:DEG ratios of 4

ml:1 ml (blue), 3 ml:2 ml (violet) and 2 ml:3 ml (red). (b) Discharge capacity over 20 cycles

for VO2(B) synthesised in formaldehyde:DEG ratios of 4:1 (blue) and 3:2 (violet) showing a

good capacity retention of 95 % and 96 % respectively.

DEG volumes of 1.5 ml and above. As the volume of DEG increases, the length of the

particles also increase from 1.1 µm in 4.5 ml:0.5 ml and 4.0 ml:1.0 ml, 1.6 µm in 3.5 ml:1.5

ml and 3.0 ml:2.0 ml, 1.7 µm in 2.5 ml to 2.5 ml and 1.9 µm in 2 ml:3 ml formaldehyde:DEG.

Furthermore as the volume of DEG increases, there are larger agglomerates formed.
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Figure 5.17: PXRD patterns for the solvothermal reduction of V2O5 by formaldehyde:DEG

solvent media. Increasing the volume of DEG decreases the intensity of the hkl (002) and

(003) plane peaks at 29◦ and 44 ◦2θ respectively.
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Figure 5.18: SEM of VO2(B) nanostructures prepared in formaldehyde:DEG binary solvent

mixtures of (a) 4.5 ml:0.5 ml,(b) 4 ml:1 ml, (c) 3.5 ml:1.5 ml, (d) 3 ml:2 ml, (e) 2 ml:2 ml

and (f) 2 ml:3 ml. All samples exhibit a nanorod morphology, and some exhibit hierarchical

structures.
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5.4.4 Electrochemical characterisation of VO2(B) synthesised in formalde-

hyde and diethylene glycol (DEG)

To investigate the electrochemical properties of the samples of VO2(B) synthesised in form-

aldehyde:DEG mixtures, GCPL was performed between 3.8 V and 1.8 V using Swagelok

half cells as before. The first galvanostatic cycles at a rate of C/10 can be seen in Figure

5.19 (a) for VO2(B) synthesised in formaldehyde:DEG ratios of 4 ml:1 ml (blue) and 3 ml:2

ml (violet). Similar to the EG results obtained, it is observed that as the volume of DEG in-

creases the amount of Li+ intercalated into the material per formula unit on the first discharge

increases.

Figure 5.19: (a) First cycle galvanostatic cycling profiles of VO2(B) synthesised in formal-

dehyde:DEG ratios of 4 ml:1 ml (blue) and 3 ml:2 ml (violet). (b) Discharge capacity over

20 cycles for VO2(B) synthesised in formaldehyde:DEG ratios of 4:1 (blue) and 3:2 (violet)

showing excellent capacity retentions of 95 % and 96 %, respectively.

The 4 ml:1 ml formaldehyde:DEG sample exhibits an initial capacity of 218 mAh g–1,

similar to that of the sample synthesised in formaldehyde solution (37 %) alone (232 mAh

g–1). VO2(B) synthesised in 3 ml:2 ml of formaldehyde:DEG shows an initial discharge ca-

pacity of 267 mAh g–1, exceeding that observed for the sample synthesised in formaldehyde

solution (37 %). Figure 5.19 (b) shows the stability of the discharge capacity over 20 cycles

for VO2(B) synthesised in formaldehyde:DEG ratios of 4 ml:1 ml (blue circles) and 3 ml:2
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ml (violet squares). It is observed that both samples remain relatively stable over 20 cycles

with the 3 ml:2 ml sample delivering consistently higher capacity. VO2(B) synthesised in 4

ml:1 ml formaldehyde:DEG retains 96 % of the initial capacity after 20 cycles and the 3 ml:

2 ml sample retains 95 % of the initial capacity, similar to the results observed for VO2(B)

synthesised in formaldehyde solution (37 %).

5.5 Microwave-assisted synthesis of VO2(B) in formaldehyde with

PVP

One widely used method of size and morphology control in solution based synthesis is

the use of surfactants, such as PVP. PVP has previously been shown to act as a capping

agent such as in the synthesis of Ni nanoparticles, providing controlled reduction of particle

size from 30 nm to 100 nm.230 The use of PVP was thus implemented to investigate its

ability to affect the growth of VO2(B) nanostructures, and possibly improve electrochemical

performance. Samples of VO2(B) were prepared by the solvothermal reduction of V2O5 in

formaldehyde at 180 ◦C with increasing amounts of PVP (10,000 mwt) added to attempt

to control the morphology of the particles. All syntheses produced fine blue/black powders

which were analysed with PXRD (Figure 5.20 d). It is observed that phase pure VO2(B) can

be obtained with the addition of 1 mg, 2.5 mg and 5 mg of PVP. The intensity of the diffraction

peaks in the VO2(B) synthesis containing 10 mg of PVP are too low to reliably assess the

phase purity as only two characteristic peaks are present at 25 ◦ and 49 ◦ 2θ and much

weaker features around 30 ◦ and 45 ◦ θ. The diffraction pattern collected with 1 mg of PVP

added shows a large increase in intensity of the (002) and (003) peaks compared to the 2.5

mg and 5 mg syntheses. This behaviour may indicate preferential crystallographic growth of

the particles.

SEM images (Figure 5.20) of the 1 mg VO2(B) sample show belt-like particles between 1

µm and 2 µm in length and typically 150 nm in width. As the amount of PVP is increased to

2.5 mg, the particles appear to increase in width, typically 200 nm to 250 nm while maintain-

ing a similar length to the 1 mg PVP VO2(B) sample. Further increasing the amount of PVP

to 5 mg introduces rough aggregates of smaller particles between 2 µm to 4 µm in length
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Figure 5.20: SEM images of VO2(B) prepared in the presence of (a) 1 mg, (b) 2.5 mg and

(c) 5 mg of PVP. (d) PXRD patterns of VO2(B) synthesised by microwave-assisted reduction

of V2O5 in formaldehyde solution in the presence of PVP. Increasing the amount of PVP

leads to a decrease in the (002) and (003) plane peak intensities.

149



Chapter 5. Microwave-assisted synthesis of vanadium oxides for lithium ion batteries

and 1 µm to 2 µm in width.

5.5.1 Electrochemical characterisation of VO2(B) synthesised in formalde-

hyde in the presence of PVP

As the 1 mg PVP exhibited the most dramatic effect of preferential peak growth, its electro-

chemical properties were investigated. Galvanostatic cycling was performed between 3.8 V

and 1.8 V using Swagelok half cells, as previously described. The first galvanostatic cycle

at a rate of C/10 can be seen in Figure 5.21 (a).

Figure 5.21: (a) First cycle profile for the galvanostatic cycling of VO2(B) prepared in the

presence of 1 mg of PVP by microwave-assisted solvothermal reduction in formaldehyde

between 3.8 V and 1.8 V at a rate of C/10. The half-cell exhibits the intercalation of 0.8 Li+

per formula unit (capacity of 258 mAh g–1). The material shows excellent capacity retention

over 11 cycles (b) with a capacity retention of 98 %.

It is observed that the sample is capable of intercalating 0.8 Li+ per formula unit (259

mAh g–1) on the first discharge and that the intercalation is fully reversible upon subsequent

charging (Li+ extraction). The initial capacity exceeds that observed for VO2(B) synthesised

in formaldehyde solution (37 %), the highest capacity of all VO2(B) samples prepared in this

work. Figure 5.21 (b) shows the cycling stability at a C/10 rate over 11 cycles. It is observed

that the discharge capacity remains stable with an excellent capacity retention of 98 % after
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11 cycles, exceeding the stability observed for all previous samples of VO2(B) investigated

in this Chapter.

5.6 Conclusions

Two vanadium oxides were successfully synthesised by a microwave-assisted solvothermal

route, V3O7 and VO2(B). The particles of V3O7 exhibited a nanosheet morphology and

excellent initial capacity of 356 mAh g–1 which quickly decays resulting in a capacity re-

tention of only 71 % after 20 cycles. The capacity observed in V3O7 is similar to other

vanadate materials investigated in the literature such as V2O5 where a phase transformation

occurs.221 VO2(B) was successfully synthesised by both conventional solvothermal meth-

ods and microwave-assisted solvothermal methods employing formaldehyde as a solvent.

The results show that an increase in microwave irradiation time leads to an increase in

the crystalline domain size observed in VO2(B). Phase pure VO2(B) can be synthesised

by microwave-assisted methods more rapidly than the conventional solvothermal route (1 h

microwave-assisted versus 48 h solvothermal). VO2(B) synthesised by microwave-assisted

routes also show improved capacity (232 mAh g–1) over solvothermally prepared VO2(B)

(197 mAh g–1). In situ XAS analysis of VO2(B) synthesised by both microwave-assisted and

conventional solvothermal routes have highlighted the influence of synthetic methodology on

Li+ intercalation. It has been shown that the in situ analyses can monitor the evolution of the

oxidation state change in VO2(B) from V4+ to V3+ dynamically upon Li+ intercalation and can

provide information on how the rate of oxidation state change depends on the nanoparticle

size.

The electrochemical performance of VO2(B) has also shown to be improved by employ-

ing a binary solvent media of 3:2 formaldehyde:DEG, giving the highest initial discharge

capacity observed in this study of 267 mAh g–1. However, using less DEG or using a form-

aldehyde:EG binary mixture has a detrimental effect on the capacity observed. Furthermore

impurities are found in the samples if too much EG or DEG is employed in the binary solvent.

All samples of VO2(B) synthesised in binary solvents did exhibit capacity retentions of over

95 % after 20 cycles at C/10. Further improvement to the electrochemical properties of

VO2(B) was made possible by introducing a PVP additive to attempt to control the morpho-

151



Chapter 5. Microwave-assisted synthesis of vanadium oxides for lithium ion batteries

Figure 5.22: Electrochemical capacity of VO2(B) samples synthesised by various methods

showing improvements on capacity can be made by specific modification of the solvent

system or addition of a PVP additive.

logy of the VO2(B) particles with an increasing amounts of PVP leading to larger particles

sizes. VO2(B) synthesised in the presence of the smallest amount of PVP (1 mg) showed

a competitive capacity to the sample synthesised in 3:2 formaldehyde:DEG with a capa-

city of 258 mAh g–1 and highest capacity retention of all VO2(B) samples investigated (98

%). Figure 5.22 shows a summary of the VO2(B) samples synthesised and analysed with

galvanostatic cycling in this Chapter showing that capacity can be improved by specific modi-

fication of the synthetic conditions, either by adding a surfactant (PVP) or use of a binary

solvent (formaldehyde:DEG). It has also been shown that for the morphology investigated

(nanorods), competitive electrochemical results to hydrothermally prepared materials (Arm-

strong, 2008) can be achieved by microwave synthesis, with the benefit of milder synthetic

conditions.
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6.1 Introduction

Metal oxyhydroxides have been extensively studied and employed as electrodes in second-

ary batteries, mostly in metal hydride systems. Ni(OH)2.10 and γ-CoOOH show capacity

retentions of up to 96 % (253 mAh g–1) at a 5C rate after 200 cycles, making them attractive

materials in rechargeable applications where high rate capability is desirable.231,232 Further-

more, mixed Ni(OH)2/γ-CoOOH composites show a synergetic effect, limiting the expansion

of the nickel hydroxide particles and stabilising capacity further.233 However, layered NiAl

and NiV double hydroxides have shown instability upon cycling with large losses in capacity

during the first discharge.234

More recently metal oxyhydroxides have been investigated as potential electrodes in Li-

ion batteries. Although FeOOH prepared by conventional hydrothermal routes has shown

to deliver up to 465 mAh g–1 at a current density of 2C, the material suffers from rapid ca-

pacity decay due to volume change upon cycling and low electronic conductivity.235–238.

Although improvements have been made in increasing the electronic conductivity by mixing

FeOOH with SWNTs and rGO, stabilising capacity at 900 mAh g–1, this is an expensive

solution.203,239 Furthermore, the redox potential of FeOOH around 1 V versus Li/Li+ still

limits FeOOH to only tangible use in low voltage or anode applications. A composite ma-

terial of FeOOH and FeO2 has also been investigated showing a discharge capacity of 300

mAh g–1, however 1/3 of this capacity can be attributed to the Fe4+/Fe3+ redox couple at

5 V, which exceeds the safe voltage window for conventional liquid electrolytes.240 Further

investigations have delivered NixMnxCo1-x(OH)2 as a candidate oxyhydroxide Li+ electrode

material. However, these have relatively low discharge capacities, reaching a maximum of

160 mAh g–1 at 30 mA g–1 over all values of x between 0 and 0.5.241

Vanadium oxyhydroxides present an interesting alternative to NiOOH, FeOOH and CoOOH

for two major reasons. Firstly, the V5+/V4+/V3+/V2+/V0 redox potentials all lie in a potential

window complimentary to conventional electrolytes. This allows vanadium to pass through
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multiple reduction and oxidation steps in a relatively small window, and capitalise on inser-

tion of more than 1 Li+ per metal atom in a single electrochemical cycle. This is generally

referred to as multiple electron transfer (MET). Secondly, since vanadium can access higher

oxidation states in a relatively small voltage window, it can accommodate a substitution of

a O2– anion for [OH]– anion with a smaller operating voltage loss compared to Fe, Mn, Co

and Ni.205

Montroseite VOOH (space group Pbnm) exhibits an open framework ideal for Li+ inter-

calation (Figure 6.1 a). However, nanourchins of VOOH prepared by a conventional hydro-

thermal method have shown poor discharge capacity (80 mAh g–1), poor electrochemical

stability and a low operating voltage (1 V) due to no MET and limited oxidation state access

(+3 to +2 only), respectively.242 To improve the both the capacity and operating voltage,

vanadium oxyhydroxides containing vanadium in oxidation states higher than +3 must be

sought. Recent publications have brought H2V3O8 to light as a lead candidate for a metal

oxyhydroxide Li+ insertion electrode.

H2V3O8 (space group Pnma) exhibits an open framework consisting of layers of VOx

polyhedra in three different environments (Figure 6.1 b).243 Two VO6 octahedra and one

VO5 trigonal bipyramid is present, giving rise to the mixed V4+/V5+ oxidation state observed.

The VO6 octahedra are arranged in continuous edge sharing ribbons along the c-axis.

These corner share with edge sharing VO5 trigonal bipyramidal ribbons, which also form

along the c-direction, to form V3O8 layers. The V3O8 layers stack along the a-axis to form

the a layered structure. Computational approaches combined with neutron diffraction have

suggested that the H atoms exist in a H-O-H, water-like moiety with H close to O(6) in the

plane parallel to the b-axis between the V3O8 layers.244 However, this study also suggests

that these techniques do not allow for unambiguous location of the H atoms, but that they

do not exist simply as water of crystallisation. Although H2V3O8 is commonly also referred

to as V3O7 ·H2O, there is no structural link between V3O7 and H2V3O8.

H2V3O8 is also a MET capable material since it possesses two V5+ and one V4+ which

allows the insertion of up to 5 Li+ per formula unit. This gives rise to a high theoretical ca-

pacity of 474 mAh g–1. Experimental observations have shown MET capability in H2V3O8

nanowires, with reversible discharge capacities between 225 mAh g–1 and 373 mAh g–1 (at
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Figure 6.1: Crystal structures of (a) VOOH and (b) H2V3O8. Both compounds exhibit open

frameworks ideal for Li+ intercalation. H atoms are omitted.

discharge rates of 100 mA g–1) observed corresponding to the insertion of 2.4 and 3.7 Li+

per formula unit, respectively.127,217,219,245,246. Furthermore, H2V3O8 consistently shows

capacity retentions of > 90 % over extended cycling at 100 mA g–1 and promising electro-

chemical behaviour at rates up to 1A g–1. Both computational studies and bond enthalpy

calculations have suggested that the interaction between the hydroxyl moieties and vana-

dium oxide layers in H2V3O8 contribute to the excellent electrochemical stability of the ma-

terial, although the intercalation sites of Li+ are still unknown.243,244 It is also suggested that

the consistent nanowire/nanobelt morphology observed in H2V3O8 aids the electrochemical

performance of H2V3O8 by limiting Li+ diffusion distances. H2V3O8 has also been investig-

ated as a candidate electrode for Na-ion batteries with a modest discharge capacity of 168

mAh g–1 at 10 mA g–1.247 This lower capacity, compared to Li-ion applications, is mainly at-

tributed to both the higher mass of sodium compared to lithium and the structural challenge

of intercalating larger Na+ ions.225

The aims of this chapter are to attempt the synthesis of vanadium oxyhydroxides, in-

cluding H2V3O8, using microwave-assisted solvothermal reduction. The electrochemical

performance of the materials will be assessed with galvanostatic cycling and cyclic voltam-

metry. H2V3O8 prepared by the microwave-assisted route will be investigated on a local

scale, using µSR to report on the lithium diffusion characteristics for the first time and in situ
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XAS to probe the oxidation state changes during electrochemical operation.

6.2 Preparation and investigation of V4O6(OH)4

6.2.1 Synthesis and characterisation of V4O6(OH)4

To investigate the possibility of synthesising vanadium oxyhydroxides by microwave-assisted

synthesis, a solvothermal reduction of V2O5 was attempted in DEG. The mixture was irradi-

ated for 3 h (ν = 2.45 GHz) at 180 ◦C producing a coarse black powder. The PXRD pattern

collected for the material can be indexed to the mineral Häggite (V4O6(OH)4) by PXRD

(Figure 6.2 a).

Figure 6.2: (a) PXRD pattern collected for synthetic V4O6(OH)4 and a reference pattern for

the material taken from Reference 248. (b) shows the transformation during reduction from

the V2O5 structure to V4O6(OH)4 (Häggite) structured material.

Reports on V4O6(OH)4 are limited in the literature and has only been obtained twice by

solid-state and solvothermal routes.248–250 Figure 6.2 (b) shows the transformation in crys-

tal structure from the V2O5 structured material to the Häggite (V4O6(OH)4) structure. It is

observed that V4O6(OH)4 exhibits a layered structure with terminal hydroxyl groups separat-

ing them. It is expected from bond length calculations that the location of the hydrogen atoms
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Figure 6.3: SEM (a) showing a typical particle of V4O6(OH)4 approximately 10 µm in dia-

meter. EDX mapping of vanadium in the sample shown in blue (b) indicates a homogenous

distribution across the particle.

allows the VOx layers to hydrogen bond.250 Previous reports on oxyhydroxides have sug-

gested that this hydrogen bonding can lend stability to the structures during electrochemical

Li+ insertion and extraction.217

SEM of the synthetic Häggite (Figure 6.3 a) reveals particles in the order of 10 µm in

diameter. These particles obtained are in contrast to previous solvothermal synthesis of

Häggite which lead to the formation of nanobelts (100 nm width, 10 nm thickness, 100 µm

length).248 EDX mapping of the material (Figure 6.3 b) confirmed a homogenous distribution

of vanadium content throughout the surface of the particles.

6.2.2 XANES analyses of V4O6(OH)4

Conflicting reports of Häggite have suggested the stoichiometry to be V4O4(OH)6, (contain-

ing 2× V3+ and 2× V4+) and not V4O6(OH)4 (containing only V4+).248,251,252 To investigate

the oxidation environment of the vanadium atoms in V4O6(OH)x, XANES were collected on

the vanadium K-edge. Figure 6.4 shows that the rising edge (B) of V4O6(OH)x lies close to

the V4+ standard, with no contribution visible from other oxidation states. Furthermore, only

one peak is observed in the pre-edge feature (A), corroborating that only one oxidation state
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is present. These observations are in good agreement with the expected oxidation state

from the V4O6(OH)4 stoichiometry (4 × V4+) and reports from XPS analyses.248

Figure 6.4: XANES spectra collected for V4O6(OH)4 prepared by a microwave assisted

method, and standards of V4+ [VO(acac)2] and V5+ [V2O5].

6.2.3 Electrochemical analyses of V4O6(OH)4

To date there are no existing reports on the electrochemical performance of V4O6(OH)4 as a

Li+ insertion electrode. To investigate this, composite pellets containing 60 % active material

(V4O6(OH)4), 30 % carbon black and 10 % PTFE binder were cycled galvanostatically at a

rate of 100 mAh g–1 between 1.8 V and 3.8 V versus Li/Li+ in Swagelok half-cells. The initial

cycling profile (Figure 6.5 a) reproducibly exhibited a low charge capacity of 23 mAh g–1 and

Coulombic efficiency of only 21 % in multiple half-cells. Subsequent increases in the charge

and discharge capacities are observed with subtle changes in the cycling profile emerging.

The discharge capacity reaches a maximum value at the 10th cycle of 200 mAh g–1 (Figure

6.5 b) which then relaxes back down to 152 mAh g–1 at the 20th cycle. V4O6(OH)4 also

exhibits a reasonable Coloumbic efficiency at the 20th cycle of 92.5 %.
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Figure 6.5: Galvanostatic cycling profiles (a) of V4O6(OH)4 at a rate of 100 mA g–1 and the

respective charge and discharge capacities as a function of cycle number (b).

The results for V4O6(OH)4 show that oxyhydroxides can be successfully obtained through

microwave-assisted methods and employed as insertion electrodes. However the discharge

capacity observed for V4O6(OH)4 equates 2 Li+ per formula unit, indicating that V4O6(OH)4

is not an MET capable material. Due to this observation, V4O6(OH)4 was not investigated

further.

6.3 Preparation and investigation of H2V3O8

6.3.1 Synthesis and characterisation of H2V3O8

To investigate alternative routes to vanadium oxyhydroxides, microwave-assisted solvothermal

reduction of V2O5 was performed in a mixture of water and isopropanol (IPA) as a reducing

agent. Microwave assisted solvothermal reduction of V2O5 carried out in 2 ml:2 ml and 3

ml:1 ml ratios of H2O:IPA produced bright orange powders identical to the starting mater-

ial. The PXRD of both samples (Figure 6.6 a) also exhibited identical peaks to those of a

standard V2O5 diffraction pattern, confirming no reduction has taken place.

Synthesis conducted in 1 ml:3 ml H2O:IPA yielded green fibrous material which was

characterised with PXRD (Figure 6.6 b and c). Rietveld refinement carried out on the sample
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Figure 6.6: (a) Microwave-assisted reactions carried out in 2 ml:2 ml and 3 ml:1 ml IPA:H2O

showing no reduction of the V2O5 reagent. The reference pattern for Pmmnz structured

V2O5 is take from Reference 253.(b) Rietveld refinement of H2V3O8 prepared in 1 ml:3 ml,

H2O:IPA and (c) with preferrential orientation applied along the [0 0 1] direction. Refinement

was performed using H2V3O8 diffraction data from Reference 243.

revealed a large discrepancy in peak intensity (Figure 6.6 b). Applying preferred orientation

along the [0 0 1] direction (Figure 6.6 c) gave a much better fit to H2V3O8 (Rp = 25 %, Rwp

= 24 %, Rexp = 16.47, χ2 = 2.12). The preferential orientation was identified along [0 0 1] is

in good agreement with previous TEM studies of H2V3O8 where growth along this direction

was also observed.127 Numerical parameters for the Rietveld refinement of H2V3O8 can be

seen in Table 6.1.

SEM images taken of the H2V3O8 sample revealed ultra-long nanowires, several tens of

µm in length (Figure 6.7 a). The morphology observed agrees with the preferential growth

inferred from the Rietveld refinement. Figure 6.7 (b) shows a structural representation of

growth of the nanowires along the b-axis in the direction of the [0 0 1] direction. Figure 8.1

shows a histogram of measured particle width of 100 H2V3O8 nanowires. An average width

of 124 nm is observed with a standard deviation of 44 nm.
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Figure 6.7: (a) SEM image of H2V3O8 nanowires and (b) the H2V3O8 crystal structure

showing the preferential growth along the b-axis ([0 0 1] direction) from Rietveld analysis.
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6.3.2 Electrochemical analysis of H2V3O8

To analyse the electrochemical behaviour of the H2V3O8 nanowires, CV was conducted in a

0.01 V to 4 V range. On the first cycle there are several features present from the reduction

of V5+ to lower oxidation states and reversible oxidation back to V5+ at 0.1 mV s–1. However,

there are not simply two defined peaks for V5+ to V4+ and V4+ to V3+ suggesting there is a

complex structural evolution during cycling responsible for lowering the redox couple after a

change in [Li+].

Figure 6.8: (a) CV of H2V3O8 between 4 V and 0.1 V showing irreversible loss of redox

features and close to no electrochemical activity after 15 cycles. The large peak at 0.5 V

corresponds to the formation of the SEI layer. (b) CV of H2V3O8 between 1.5 V and 4 V

showing good reversibility of the redox behaviour.

The large peak at 0.5 V is due to the formation of a solid-electrolyte interface (SEI) due

to slow electrochemical decomposition of the electrolyte in competition with the half cell

redox reaction occurring. The tail close to 0 V corresponds to accommodation of Li+ into the

carbon additive in the electrode pellet. As cycling of the half-cell continues, the redox peaks

from the H2V3O8 diminish rapidly. It has previously been observed that theoretical capacity

cannot be reached in H2V3O8 as full reduction to V3+ causes an irreversible capacity loss,

occurring below 1.5 V versus Li/Li+.217 The mechanism for this behaviour is likely to be from

the substitution of hydrogen in H2V3O8 at low voltages with Li+.254 In agreement with this
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observation, LixH2-xV3O8 previously prepared electrochemically exhibits lower reversible

discharge capacity than H2V3O8.255 The peak from the carbon additive also diminishes

rapidly indicating this process is also not fully reversible. Here, after 15 cycles there is

no significant redox behaviour occurring indicating reduction to 0.1 V is detrimental to the

performance of the material.

Increasing the minimum voltage of the CV to 1.5 V, a similar profile to the first cycle of

H2V3O8 is observed between 0.1 V and 4 V over many cycles. CV conducted on other

samples of H2V3O8 in the literature have been unsuccessful at assigning the specific peaks

to any particular redox potential. However, classical electrochemistry demands that higher

voltages are indicative of higher order oxidation state changes. Similar to the 0.1 V to 4 V

CV, many redox features appear in the 1.5 V to 4 V CV. These observations are in good

agreement with the literature, indicating a multi-step intercalation process with good revers-

ibility.136,219,256 The multi-step process likely arises from the structural complexity exhibited

by H2V3O8. In addition, the position of redox peaks AOx increases by +0.03 V and ARed

decreases by -0.02 V respectively. This implies the Li+ insertion and extraction is becoming

more energetically efficient by decreasing the overpotential of this redox couple. Peak BOx

shifts to lower and then higher voltage ultimately ending at a difference of +0.03 V versus

the initial value further indicating a change in the electronic environment in this redox couple

with increasing cycle number. The intensity of the peaks (I, mA) all decrease with increasing

cycle number which is indicative of diminishing capacity. After the 15th cycle, the intensity

of the two main peaks at 2.83 V (AOx) and 2.58 V ARed have decreased by 0.424 mA and

0.218 mA respectively. The rate of change of I is slower in the reduction step, converging

after the 10th cycle. This indicates that irreversible insertion of Li+ is mainly responsible for

capacity loss during the first 10 cycles in this redox step.

H2V3O8 was mixed with 30 % carbon black and 10 % PTFE binder and pressed into

pellets at 1.2 T for all further experiments. Galvanostatic cycling of the H2V3O8 nanowires

between 1.5 V and 3.8 V at 100 mA g–1 reveals an initial discharge capacity of 334 mAh

g–1 (Figure 6.9 a) and the cycling profile exhibits several pseudo-plateaus due to the revers-

ible reduction and oxidation of vanadium from V5+ to V4+ in good agreement with previous

studies.217 After 20 cycles this capacity decreases to 316 mAh g–1 giving an excellent Col-
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Figure 6.9: (a) Galvanostatic cycling of H2V3O8 between 1.5 V and 3.75 V versus Li/Li+

at 100 mA g-1. (b) Excellent stability of the charge and discharge capacities is observed

after 20 cycles, with a retention of 98 % and 95 % respectively, inset shows the cycling

performance at faster rates.

oumbic efficiency of 95 % (Figure 6.9 b). The observed capacities are similar to previous

reports for H2V3O8 but still below the theoretical capacity. Other investigations have found

that the full capacity is only realised by cycling the material down to 1 V to reduce V4+ to V3+,

but cannot be sustained upon extended cycling leading to a detrimental loss in capacity.217

A sequential loss of capacity is observed when cycling at faster rates (Figure 6.9 b inset)

with a modest capacity of approximately 180 mAh g–1 observed at the fastest rate of 1000

mAh g–1. This is the highest reported capacity to date in a MET capable vanadium based

electrode at this rate. A full recovery of the initial capacity is observed on returning to 100

mA g–1. It has been suggested that the narrow width of the H2V3O8 particles may reduce

the Li+ diffusion distances, leading to increased performance observed.257

These electrochemical results parallel those observed from the highest, first discharge

capacity of H2V3O8 reported to date, which was prepared by a hydrothermal route at 180

◦C for 7 days. Additionally, superior cycling stability (95 %) is observed after 20 cycles at

100 mAh g–1 in the microwave prepared H2V3O8, compared to the former study (66 %).

Furthermore studies of H2V3O8 that do achieve a commensurate stability to our findings do
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Figure 6.10: GCPL of H2V3O8 nanowires between 3.75 V and 1.5 V at a constant current

of 1000 mA g–1

so at lower rates and/or yield significantly lower discharge capacities.127,219,245,246,255 The

electrochemical performance also exceeds that of composite materials of H2V3O8 prepared

with AlOxOHy or reduced graphene oxide in an attempt to improve capacity by increasing the

electrical conductivity.256,258,259 These reports also required multistep synthetic processes,

compared to the single step microwave-assisted route presented here.

To further understand the rate capability at high rates GCPL at 1000 mA g–1 was con-

ducted over 1000 cycles (Figure 6.10). An initial capacity of 285 mAh g–1 quickly decays to

230 mAh g–1 (80 % capacity retention) and 98 mAh g–1 after 1000 cycles (capacity retention

of 34 %).

6.4 Li+ diffusion in Li0.4H2V3O8

It has been shown that H2V3O8 exhibits excellent electrochemical performance as a Li+

insertion electrode. Electrochemical performance of Li+ insertion electrodes is ultimately

governed by the diffusion of Li+. High diffusion coefficients (DLi) and low activation energies
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(Ea) for Li+ diffusion allow insertion electrodes to perform more efficiently, and may contribute

to the outstanding performance observed in H2V3O8. To investigate the local Li+ diffusion

properties of LixH2V3O8 µSR studies were performed.

6.4.1 Chemical lithiation of H2V3O8

To measure Li+ diffusion in a material, it must contain lithium. As H2V3O8 does not contain

Li+ after synthesis, it must a sample of H2V3O8 was chemically lithiated by a solution based

method. H2V3O8 prepared by a microwave-assisted approach was reduced using LiOH,

employing ascorbic acid as an anti-oxidant to ensure no oxidation of the V4+ occurred. The

LixH2V3O8 nanowires were washed with water and dried in air overnight and their Li+ con-

centration was analysed using flame photometry, giving a stoichiometry of Li0.4H2V3O8.

Flame photometry of the water used to wash the nanowires was performed to quantify the

amount remaining LiOH and accounted for only 0.3 % of the concentration in the sample,

showing that there was minimal (if any) contamination from residual LiOH.

Rietveld refinement of the Li0.4H2V3O8 nanowires was performed using H2V3O8 as the

reference pattern gave no indication of impurity phases or side products. Similar to the

microwave prepared H2V3O8, Li0.4H2V3O8 exhibited preferred orientation along the [0 0 1]

direction, although the magnitude was lower in the lithiated sample. This is likely due to

the shortening of the particles after chemical lithiation. Furthermore, the unit cell shows a

contraction of the a (0.08 Å) and b (0.03 Å) directions in Li0.4H2V3O8, suggesting that the

H2V3O8 layers become closer upon lithiation.

SEM of the nanowires revealed a shortening in length. A histogram of the thickness

of the nanowires is given in Figure 8.2. It is observed that the average thickness of the

nanowires decreases upon lithiation from 124 nm in H2V3O8 to 84 nm in Li0.4H2V3O8. A

lower standard deviation is also observed in the lithated sample.
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Figure 6.11: (a) Rietveld refinement of Li0.4H2V3O8 prepared by chemical lithiation

ofH2V3O8 nanowires using H2V3O8 diffraction data from Reference 243. Numerical para-

meters for the refinement can be seen in Table 8.2. (b) SEM image of Li0.4H2V3O8 showing

that the overall nanowire morphology is preserved but with a reduction length due to grinding

in a pestle and mortar.
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Figure 6.12: Raw muon data collected at 300 K showing a relaxation in the positron decay

asymmetry with increasing time. Applying larger longitudinal fields sequentially decouples

the muon decay from paramagnetic V4+.

6.4.2 Investigation of Li+ diffusion in Li0.4H2V3O8 by muon spin relaxation

µSR studies were performed on Li0.4H2V3O8 by applying fields of 0 G, 10 G and 20 G to

decouple the muon from any local paramagnetic influences from V4+ in H2V3O8 and to add

more constraints when fitting the data simultaneously. An example of these fits to the raw

data at 300 K can be seen in Figure 6.12.

The data were fit using a combination of the analytical Keren function, which models

the temperature dependent fluctuations in muon decay due to Li+ was employed and multi-

plied by a Lorentzian component to account for temperature independent contributions from

randomly fluctuating magnetic moments. This can be expressed as:

Pz(t) = exp[–Γ(∆, ν,ωL, t)t]exp(–λt) (6.1)

where Pz(t) is the probability a muon will decay in a given direction at a given time, ∆
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is the quasielastic distribution of local magnetic fields at the muon stopping site, ν is the

temperature dependent fluctuation rate in muon decay, ωL = γµB is the Larmor precession

frequency of the muon in a given magnetic field and λ is the contribution from temperature

independent, randomly fluctuating magnetic moments.172 The data collected for BLF = 0 G,

10 G and 20 G at a given temperature were fit simultaneously to introduce more constraint

to the model, with a constant λ of 0.0239 MHz. It is observed that ν (Figure 6.13 a) shows

thermally activated behaviour between 180 ◦C and 230 ◦C, after which there is a steep de-

cline which can be attributed to the ionic diffusion process occurring faster than the muon

decay. µSR does cannot discriminate diffusing species, and has been used to detect the

diffusion of H+ as well as Li+.260 However, theoretical calculations of H2V3O8 have sugges-

ted that the hydrogen atoms in the structure bond covalently bound to O forming hydroxyl

groups.261 The bond strength of O-H in the structure is therefore thought to be great enough

to prevent mobilisation of H+.243 Furthermore, it has previously been reported from experi-

mental observations that there is no Li+/H+ exchange mechanism that occurs in the voltage

range studied.254 Outside of this range the exchange can occur but becomes irreversible.

Thus, any diffusive behaviour observed in Li0.4H2V3O8 must be attributed to the Li+ not H+.

The ∆ (Figure 6.13 b) remains a relative constant at all temperatures indicating the

behaviour of ν is not due to any changes in the local magnetic environment of the muon.

Using the values of ν an Arrhenius plot can be constructed (Figure 6.13 c) to calculate

the Ea for the Li+ hopping process, giving an estimated value of 99 meV at 300 K. These

muon studies show competitive dynamic behaviour, on a local scale, compared to previously

reported lead commercial materials such as α-LiFePO4.71
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Figure 6.13: (a)Muon spin relaxation measurements performed on LixH2V3O8 show tem-

perature dependence of the fluctuation rate, ν, beginning at 180 ◦C. (b) The field distribution

width, ∆, remains a relative constant suggesting the behaviour of ν can be wholly attrib-

uted to the diffusion of Li+. (c) Activation energy calculated from an Arhennius plot over the

thermally activated region.
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6.5 In situ XAS of H2V3O8

Although ex situ studies have been performed to evaluate the oxdiation state changes in

H2V3O8 such as XPS, these do not represent the behaviour of the electrode during opera-

tion, as electrochemical relaxation may occur.6.1 To give further insight into the evolution of

the oxidation state changes within H2V3O8, in situ XAS studies were performed to allow a

local investigation of redox behaviour.

Ex situ vanadium K-edge XAS of several vanadium standards in oxidation states 3+ to

5+ (V2O3, VC, V2O5) and H2V3O8 can be seen in Figure 6.14.

Figure 6.14: Ex situ XAS of H2V3O8 prepared by a microwave-assisted route and vanadium

standards V2O3 (V3+), VC (V4+) and V2O5 (V5+)

The spectra exhibit two features of notable interest, the pre-edge (A) which arises from

the quadrupole excitation of a core 1s electron to the 3d states, and the rising edge (B)

arising from a core level 1s dipole transition to 4+np states where n is an integer.228 It is

observed that as the oxidation state of the vanadium atoms decreases the photon energy

also decreases leading to a shift in the spectrum, consistent with Kunzl’s law, due to the
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Figure 6.15: In situ normalised XAS spectra over the XANES region of H2V3O8 during

electrochemical lithiation showing an increasing shift in the edge energy to lower eV with

increasing Li+ concentration due to the reduction of V5+ in H2V3O8.

relative destabilisation of the core 1s electron with respect to the 3d (pre-edge) and 4+np

(rising edge) levels. The rising edge of the H2V3O8 sample lies between the 4+ and 5+

standards due to the mixed oxidation state (two V5+ and one V4+) as expected. Figure

6.15 shows the in situ XAS data collected for H2V3O8 with increasing concentrations of

intercalated Li+. It is observed that as the concentration of Li+ increases the spectra shift

to lower photon energy due to the reduction of the vanadium species present. Recent in

situ studies of V2O5 have found that upon reduction to V3+ a new shoulder is formed on the

pre-edge at lower energy.262 The absence of this shoulder implies that no reduction to V3+

has occurred in our sample in our sample upon lithiation.

B3LYP DFT calculations of the H2V3O8 asymmetric unit (Figure 6.16) give a close profile

to that observed experimentally. V1 (blue) and V2 (lilac) both adopt the V5+ oxidation state

and the DFT photon energies are larger than those of V3 (red) which adopts the V4+ state

by approximately 1.3 eV in good agreement with previously reported vanadate studies of 1.1
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Figure 6.16: B3LYP pre-edge calculation for the H2V3O8 asymmetric unit and experimental

data showing the expected energies for the 3 V sites. Both V5+ environments overlap at high

energy while V4+ is at lower energy.

eV (literature) to 1.2 eV (Chapter 5).229

By taking the second derivative over the pre-edge region (Figure 6.17), four features

of interest can be seen. The first two low energy minima (A) can be assigned to separate

contributions from V5+ (5470.4 eV) and V4+ (5469.2 eV) with an energy gap of approximately

1.2 eV, consistent with previously reports on vanadium oxides.229 As the concentration of Li+

is increased, a simultaneous increase of V4+ and decrease of V5+ is observed, confirming

the selective reduction of V5+ in the first stage of lithiation as no contribution from V3+ is

present. This implies a two-step mechanism for Li+ intercalation where V5+ is first fully

reduced to V4+ before reduction of the V4+ population begins, in good agreement with other

in situ XAS studies on other intercalation cathode materials.263

The minima at 5479.8 eV in the H2V3O8 (non-lithiated) scan, feature (B), is from ligand-

metal charge transfer (LMCT) by the transfer of one electron from the oxygen 2p orbital to

fill the 1s0 core-hole. In the normalised data, the LMCT forms a lower energy shoulder to
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Figure 6.17: Second derivative of the pre-edge feature for H2V3O8 as an increasing con-

centration of Li+ is inserted showing separate contributions from V5+ (5470.4 eV) and V4+

(5469.2 eV).
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the higher energy edge feature, represented by a minima in the second derivative at 5484.8

eV, since filling the core-hole screens the nucleus making the excitation of the core electron

less energetically costly. As Li+ is inserted into H2V3O8, a decrease in energy is observed

for the LMCT and edge energy to 5478.8 eV and 5483.3 eV respectively. This is due to the

destabilisation of the 1s orbital with respect to the V 4+np excited state. Lastly, the minima

at 5480.4 eV (C) is the rising edge. As with the normalised spectra, a shift to lower energy

is observed due to the reduction of V5+ to V4+.

The pre-edge features of the in situ XAS were modeled with with a combination of two

Lorentzian functions (one for each of the oxidation states V4+ and V5+) an arctangent func-

tion to account for the contribution in intensity from the rising edge. The centroids of the

Lorenzian functions were fixed at 5470.4 eV for V5+ and 5469.2 for V4+, taken from the

minima in the second derivative plot. The widths and height of the Lorenzian peaks were

allowed to vary to account for the change in local coordination and relative oxidation state

concentration during lithiation. The magnitude and width of the arctangent was fixed while

the centroid was allowed to vary to account for the change in the 1s to 4+np excitation

energy in vanadium with changing oxidation state. Figure 6.18 shows fits to the pre-edge

feature at (a) H2V3O8 and (b) Li2H2V3O8.

Upon lithiation it is observed that the peak attributed to V5+ diminishes in intensity while

the peak attributed to V4+ grows due to the reduction of vanadium during lithiation. Extracting

the peak areas from these fits allows the study of relative concentration of V4+ and V5+ in the

sample with increasing Li+ concentration. It is observed that as the scan number increases

(increase in Li+ concentration) the area of the V5+ peak consistently diminishes while the

area of the V4+ peak increases. It is interesting to note that the rate of change in area is

not constant implying that there may be other contributions involved such as changes in

geometry of the VOx polyhedra.
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Figure 6.18: Pre-edge fits using two Lorenzian functions with centroids fixed at 5470.4 eV

(V5+) and 5469.2 eV (V4+) and an arc tangent function to account for contributions from the

rising edge of (a) H2V3O8 and (b) Li2H2V3O8.

Figure 6.19: Scan number versus peak area for the two contributions to the pre-edge from

V5+ and V4+ in H2V3O8. It is observed that V5+ decreases while V4+ increases indicating a

change in the relative concentration upon Li+ insertion.
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6.6 Conclusions

These studies show that vanadium oxyhydroxides are viable candidates for Li-ion insertion

electrodes. Häggite has been synthesised for the first time by a microwave-assisted route,

and it has also been confirmed by XAS that the vanadium exists only in the V4+ oxidation

state, confirming the stoichiometry cannot be the formerly reported V4O4(OH)6 (which has

a mixed oxidation state), but V4O6(OH)4 proposed in more recent reports.248 Although this

means that Häggite can not be considered as a MET capable insertion cathode (as it con-

tains no V5+), it shows a promising theoretical capacity of 292 mAh g–1, and an experimental

maximum discharge capacity of 200 mAh g–1, at 100 mA g–1. This exceeds the obtainable

capacity in lead cathode materials such as LiCoO2 (140 mAh g–1) and LiFePO4 (170 mAh

g–1).

MET capable H2V3O8 nanowires have also been prepared using a microwave-assisted

approach. The H2V3O8 nanowires exhibit a large capacity after 20 cycles of 316 mAh

g–1 at 100 mA g–1 and 180 mAh g–1 at 1000 mA g–1. These capacities are competitive

to previous reports of H2V3O8 prepared by multi-step reactions, long heat treatments and

composite H2V3O8 materials. Furthermore the rate capability of the H2V3O8 nanowires

prepared here offer capacities 1000 mA g–1 exceeding the obtainable capacities of LiFePO4

and LiCoO2. For the first time the lithium diffusion has been probed in H2V3O8, using a

lithiated sample (Li0.4H2V3O8) showing a reasonable activation energy for lithium diffusion

of 99 meV, robust electrochemical performance of the material. These measurements have

been made possible by state-of-the art µSR analyses, allowing investigation of Li+ diffusion

on a local level.

Lastly, for the first time the oxidation state change in H2V3O8 has successfully been

monitored with insitu XAS. XAS has shown it can offer highly accurate measurements of the

oxidation state of vanadium during operation of the battery cell. This type of information is

rarely obtainable from other techniques, such as solid-state NMR. During electrochemical

lithiation of H2V3O8 the population of the V4+ species increases at the expense of V5+. It

has also been shown that upon reduction to Li2H2V3O8 there is no appearance of the V3+

species suggesting that the intercalation process proceeds through reducing all of the V5+
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to V4+ before the reduction of V4+ to V3+ occurs.

To conclude, vanadium oxhydroxides obtained by microwave-assisted routes have suc-

cessfully been shown to operate as insertion cathodes. Hopefully,these observations may

revive investigation of other transition metal oxhyhydroxide materials as potential insertion

cathodes.
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7.1 Summary of conclusions

Microwave-assisted synthesis has been presented as an alternative route to nanstructured

insertion electrodes. Routes to several materials, α-LiFePO4, VO2 (B), V3O7, H2V3O8 and

V4O6(OH)4 have all been successfully developed by careful alteration of reaction time, re-

action temperature and synthesis media. Polyol and IL media have both show excellent mi-

crowave heating properties, and vastly different products when employed in the synthesis of

α-LiFePO4. While phase pure α-LiFePO4 can be obtained with EMIM-TFMS as the solvent

media, a significant amount of β-LiFePO4 is obtained when employing EG. Electrochem-

ical analyses have shown that β-LiFePO4 is almost electrochemically inert, and has been

attributed to the lack of Li+ diffusion in the βpolymorph observed with µSR measurements.

Investigation of DES media as an alternative ionic media to ILs has provided the first

studies of these solvents in microwave-assisted synthesis. Several DESs were prepared

using different hydrogen bond donors and ammonium salts. The polyol based DESs, em-

ploying ChCl or TMAC as the ammonium salt, gave the most promising synthesis results,

showing thermal stability between 150 ◦C and 250 ◦C and competitive power consumption

compared to IL based syntheses. Moreover, phase pure α-LiFePO4 was obtained at lower

times and/or temperatures with DESs compared to ILs with no indication of the β-LiFePO4,

even at the lowest temperature of 200 ◦C. Electrochemical analyses of the DES prepared

α-LiFePO4 have shown an excellent capacity of 168 mAh g–1 is achievable, approaching the

theoretical capacity of α-LiFePO4 (170 mAh g–1).19 These results are the highest reported

capacities to date for microwave prepared α-LiFePO4, and present DESs as highly attractive

media for microwave assisted approaches, compared to more expensive, air and moisture

sensitive ILs.

Electrochemical performance of VO2 (B) nanorods has also been improved by employ-

ing microwave-assisted routes, allowing the intercalation of more Li+ when compared to

solvothermally prepared VO2 (B). This has been attributed to smaller particles, easing inter-

calation and decreasing the miscibility gap. These processes were investigated using in situ

XAS studies, also showing increased reduction in microwave prepared VO2 (B) compared
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to solvothermally prepared VO2 (B) nanorods. The electrochemical performance can also

be further improved by employing binary solvent systems and adding a PVP additive to alter

the morphology of the VO2 (B) nanorods. The best results for these nanostructures show

similar electrochemical properties to the best reported results of particles with a similar mor-

phology, which were prepared using extended synthesis times.207These results emphasise

that microwave-assisted synthesis can produce commensurate materials to conventional

solvothermal methods, with no detriment to electrochemical performance.

It has also been possible to access MET capable materials, V3O7 and H2V3O8. Of these

H2V3O8 has shown outstanding, stable discharge capacity of 325 mAh g–1 over 20 cycles

at 100 mAh g–1. Chemical lithiation has also allowed the investigation of Ea of Li+ diffusion

in Li0.4H2V3O8 (99 meV), calculated using µSR. The values obtained are on the same order

of magnitude as α-LiFePO4 (19 meV). It has also been possible to investigate the the redox

behaviour of H2V3O8 during cell operation using insitu XAS showing a clear transformation

of the V5+ to 4+ as the first lithiation step.

For the first time V4O6(OH)4 was prepared by a microwave-assisted route, and studied

as a Li+ insertion electrode showing a moderate capacity of 150 mAh g–1 at 100 mA g–1.

XANES analysis of V4O6(OH)4 has also confirmed the stoichiometry as all of the vanadium

atoms remain in the +4 oxidation state, rather than the V4+/V3+ V4O4(OH)6 postulated in

the literature.251 This confirms that microwave-assisted synthesis can be successfully em-

ployed to access new phases by changing the solvent media, and that further oxyhydroxide

materials may be obtained in this manner.

In summary, microwave-assisted syntheses have shed light on the synthesis of mater-

ials, morphology, structure, electrochemistry and fundamental local properties of positive

insertion electrodes.

7.2 Future work

The research presented here provides many new opportunities for extended future studies.

Firstly, the evidence of microwave-assisted phase transformation may prove useful to access

new morphologies of α-LiFePO4 by conversion from β-LiFePO4. This morphological tem-

plating may provide new nanostructures unobtainable through solid-state phase conversion.
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Deep eutectic solvents (DES) offer a huge opportunity for further research, by substitut-

ing either the hydrogen bond donor or the salt to tailor the morphology of nanostructured

electrodes and alter their electrochemical performance. More study should also be invested

in the microwave absorption properties of DES based media using microwave absorption

spectroscopy to understand their dielectric properties, and their competitive behaviour to

ILs. Furthermore, microwave-assisted preparation of other inorganic materials could be in-

vestigated using DESs as syntheses media, such as metal oxides and polyanionic insertion

cathodes other than α-LiFePO4. This would support the competitive use of DESs over ILs

in microwave-assisted syntheses.

Although MET capable materials were successfully synthesised, there remains a pleth-

ora of MET capable vanadate phases that may be accessible using microwave-assisted

routes. This would require careful consideration of the reducing media employed, but may

give access to high capacity, nanostructured insertion cathodes. Additionally, the MET cap-

able phases that have been obtained could be investigated as insertion cathodes for divalent

ions, such as in Mg2+ cells, as their multiple electron reactions are ideal for this application.

Finally, the promising electrochemical properties of V4O6(OH4) and H2V3O8 inspires

investigation of routes to more metal oxyhydroxides. One remaining challenge with these

materials is the exact role of the hydroxyl groups during electrochemical cycling. Although

studies have suggested that they increase the stability by interlayer bonding, more work

could be conducted with in situ techniques such as XRD, NPD, NMR and XAS to understand

their role during cell operation.
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Figure 8.1: Histogram of particle width for H2V3O8 prepared by a microwave-assisted sol-

vothermal route.
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Figure 8.2: Histogram of particle width for chemically lithiated Li0.4H2V3O8 prepared by a

microwave-assisted solvothermal route.
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