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Abstract

In this project, lithium iron phosphate (LiFePOs) was synthesized by a hydrothermal method
using homemade Teflon bombs as the reaction vessels. Changes in the LiFePOg structure were
investigated when, applying a series of synthetic modifications. The synthesis was optimized
using the developed methodology and infrastructure and phase pure LiFePO4 was produced.
Upon further characterization it was determined that although the products were phase pure,
they were not defect free. This emphasized the importance of using a multi-technique approach
to fully characterize and understand both the average and local structure, as well as identify the
presence of amorphous phases. A series of synchrotron-based techniques were used, namely,
X-ray absorption spectroscopy (XAS) using both X-ray near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS), powder X-ray diffraction (PXRD) with
Rietveld refinement, and to a lesser extent pair distribution function (PDF), together with

laboratory instrumentation such as Mdssbauer spectroscopy and Raman spectroscopy.

The main synthetic challenge was the elimination of air that causes the rapid oxidation of Fe?*
to Fe**. The presence of Fe®" in the structure negatively influence the functioning of the
material as a cathode, thus preventing oxidation is crucial and a large part of this project. Other
factors that influenced the product was the lithium-ion addition rate during synthesis, where
slower addition rates promote the formation of impurity phases as well as the oxidation to Fe3*.
To produce LiFePO4 with the lowest amount of defects, cation disorder and Fe3* content, it
was found that all the precursor solutions needed to be purged with nitrogen before and during
mixing until they were sealed in the reaction vessels, longer reaction times were preferential,

and a lithium addition rate of one drop every 3 seconds appeared optimal.

After optimizing the synthetic route the possibility of doping (with Zn?*) and co-doping (with
Zn?* and Co?*) was investigated. It appeared that doping was possible using this method and
there was no indication that either doping or co-doping specifically affected the Fe?* content

and no significant structural changes were noted.
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Chapter 1

Overview and literature review
1.1 Overview

LiFePO4 has been shown to be a good replacement for modern-day cathode materials in
rechargeable Li-ion batteries due to its low toxicity, low cost and higher operating voltages but
it also has the disadvantage of poor electronic and ionic conductivity. A large volume of
research published on this material has been focused on how to improve the ionic and electronic
conductivity properties. However, limited research has been conducted on using a low cost,
low energy synthetic route that produces minimum defects and understanding how this affects
the synthesised material. A relatively simple hydrothermal route was investigated and
optimized, and the structure of the material produced was investigated using both diffraction
and spectroscopy techniques. This methodology was then further used to dope and co-dope the

LiFePOg4 structure with divalent metal ions and the effects on the structure were assessed.

This chapter gives a brief literature review on rechargeable batteries, specifically Li-ion
batteries and looking at the different components found in Li-ion batteries (LIBs) with a focus
on the cathode materials. The different sections that will be covered include the different
compositions, structure, advantages, disadvantages, common structural defects of the material,

limitations and commercialization.

1.2. The global energy crisis

Energy is an essential global need and the demand for energy is increasing every year due to
the increase in the population and the increase in technological and economic development.
This increase in demand brings two different topics under discussion: the increase in the use of
fossil fuels and the need for sustainable energy. Carbon dioxide (CO2) emission from the use
of fossil fuels is the main contributor to global warming which is a major global threat® and
with the increase in energy demand there is a substantial increase in the CO2 emission.
According to The BP Statistical review of World Energy (2020)? for carbon emission to reach
zero by 2050, there would have to be a constant decrease of about 2.6 gigatonnes of CO>
emission for the next 25 years.® This indicates that there has to be a massive decrease in the
use of fossil fuel. In 2019 there was a worldwide increase in the use of renewable energy

sources, particularly wind and solar energy, which led to a decrease in carbon emission



compared to previous years® but the usage of oil and coal still remained the main source for the

production of power and electricity.®

Several attempts have been made to reduce the emission of CO2 by reducing the usage of fossil
fuels and by creating a sustainable future and sustainable energy. To work towards sustainable
energy means the responsible use of the earth’s energy sources and the implementation of and
reliable, affordable and accessible energy to everyone. These attempts involve using renewable
sources, improving on existing or creating new energy conversion and storage technologies,

and reducing energy wastage.

1.3. Batteries as energy storage technologies

Renewable energy sources like solar or wind are available intermittently making energy storage
systems an important focus point. Having efficient storage systems allows for the storing of
excess energy that can be used when the renewable energy sources are not available.! Different
technologies can be used as efficient storage systems, such as electrical, chemical, mechanical,
thermal and electrochemical energy storage systems.>* Batteries are classified as part of the
electrochemical energy storage systems and consists of two electrodes that are separated by the

electrolyte.

Battery storage systems are important for a variety for reasons and can be used in electrical
grids, electric and hybrid electric vehicles, wireless network systems, portable electronic
systems, marine and aerospace applications.! These systems can provide quality, clean energy
and back-up energy, they provide a safe supply of energy as well as the efficient generation of
power.> Currently used battery storage systems include, but are not limited to, lead-acid, nickel-
metal hydride and nickel-cadmium, sodium sulphur, vanadium redox, metal-air and lithium-
ion batteries.>*° A brief description of each battery follows here, except for the Li-ion battery

(LIB) which, is of interest in this project and will be discussed in greater detail in section 1.4.

1.3.1. Lead-acid (PbOy)

PbO: batteries are still being used for industrial, automotive and household applications. The
cathode material is made of lead dioxide (PbO2), the anode material of metallic lead (Pb) and
the electrolyte is a sulphuric acid solution.2*® The advantages of this battery is its energy
efficiency (85 - 90%), low self-discharge, low maintenance costs and the robustness of the



battery. The disadvantages include the toxicity of lead, slow charging rate, low cycle life and
low energy density (30 W h/kg).1>8

1.3.2. Nickel based batteries: Nickel - cadmium (NiCd) and nickel-metal hydride (Ni-MH)

The anode in a NiCd battery consist of Cd and that in a MH Ni-MH battery consists of MH. In
both batteries the cathode is nickel-oxyhydroxide and the electrolyte is an alkaline solution’.
Examples of the different metal hydrides (MH) include two different alloy classes: ABs (where,
A = La, Ce, Nd and Pr, B = Ni, Mn and Co) and AB:> (where, A = Zr and Ti, B = Ni, Cr and
V).” The advantages of the NiCd battery are its capability to recharge fast and a long cycle life
(3000 cycles) but the main disadvantage is the toxicity, high cost of cadmium and a memory
effect.1* The memory effect refers to a reduction in capacity that a battery exhibits when it is
discharged to the same point every time before being charged again.®® Lithium ion batteries
generally do not suffer from this effect.” The advantages of the Ni-MH battery are its higher
energy capacity (30 - 40% higher than NiCd), higher energy density, improved environmental
friendliness and almost no memory effect. The disadvantages of this device are its high self-

discharge rate, low service rate and overcharging ability that can lead to overheating.*®

1.3.3. Sodium sulphur (NaS)

This stationary device is made of a molten sulphur cathode, a molten sodium anode and a solid
beta-alumina ceramic electrolyte.!*5 It provides good efficiency (>85%), long cycle capability
(2500 cycles), high energy density (151 — 170 kW h/m?), slow discharge (~6 hours), improved
storage capacity, low cost and long life cycle (15 years).}*® The disadvantages are that this
device can only be used as stationary storage systems (such as for wind farms and solar plants)
due its high operating temperature (300 — 350 °C), an external heating source is needed to start
the charge and discharge electrochemical processes, and the safety risks associated with the

device if the sodium is exposed to air and moisture. 14°

1.3.4. Vanadium redox batteries (VRB)

This device is classified as a flow battery. The active constituents of the battery are in solution
(different ionic forms of vanadium) where an ion selective membrane separates the active
constituents.>*®° The advantages of this flow battery are a high tolerance to overcharging, deep
charging without decreasing the cycle life, high efficiency (~85%), low maintenance cost, the

ability to recover the capacity, no excessive amount of hydrogen is produced and improved



safety. The disadvantage of the VRB is the need for pumps, sensors and secondary containment

which makes them suitable only for large scale energy storage applications.t*®

1.3.5. Metal-air batteries (zinc-air and lithium-air)

Metal-air batteries generate electricity by using oxygen (from air) in an electrochemical couple
with an electropositive metal and an ionic liquid as the electrolyte.1*1° The use of the metal-
air batteries are limited to small scale usage only. The Zn-air battery is slightly more affordable
and environmentally friendly than the Li-air battery, but the latter has a higher specific energy.
The disadvantages of a metal-air battery are its low efficiency (~50%), low electrical
recharging as well as the formation of dendrites caused by the CO> present in the air of the
atmosphere. 14

1.4 Lithium-ion batteries (Li-ion)

Batteries can either be classified as non-rechargeable (primary) or rechargeable (secondary).
Both working principles are the same except that for rechargeable batteries the electrochemical
reaction needed to produce the current is reversible. The current is produced by the flow of
electrons which in turn is produced by the chemical reactions occurring at the positive and
negative electrodes.!* Different electrode materials and electrolytes affects the chemical
reactions that occur and these are responsible for properties such as the voltage and how much
energy the battery can store.!! Li-ion batteries are classified as rechargeable batteries and
consists of four components: the cathode, anode, electrolyte and separator.’%*? A battery can
exist in two different states: charged and discharged (Fig. 1.1). The discharged state is the initial
state of the battery and the cathode material contains the Li*-ions. Charging the battery by using
an applied electric field pushes the electrons through the external circuit to the anode and drives
the movement of the Li*-ions through the electrolyte and separator to the anode. %2 Using the
battery in devices causes it to discharge, allowing electrons to move through the external circuit

and Li*-ions to diffuse back to the cathode.?
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Figure 1.1: Schematic diagram of the working principle of LIBs.
A cell is a single electrochemical device whereas a battery is a group of different cells making
them bigger in size. Batteries are manufactured in different cell designs with the most common
designs being coin, cylindrical, prismatic (rectangular) and pouch cells (Fig. 1.2). Coin cells,

cylindrical and prismatic cells all have hard casings whereas pouch cells do not.**14

a Anode

Liquid Electrolyte
electrolyte
Separator

Cathode

Liquid electrolyte

b {—“—1.
i Separator
Cu «€¢—
H Cathode
Anode €¢—¢
Al
1 Cell can
C

Cell can
Separator

Al Cathode

Liquid electrolyte

Cu Anode




Cu
Anode
Separator /electrolyte =

—— Cathode
Ald—

Figure 1.2: Different cell designs of batteries (left) are shown for (a) coin (b) cylindrical (c) prismatic
and (d) pouch cells.>!! The schematics of the different components inside the cell are shown on the
right.12:13

Coin cells are small, inexpensive to manufacture and are fairly safe devices designed to be
compact for use in portable devices.® Although these are the most commonly manufactured
cells, their low power makes them only useful for small electronic devices, such as wrist
watches.’® Cylindrical, prismatic and pouch cells are more commonly used in electric
vehicles.!® Cylindrical cells are safer due to the metal casing that improves the overall stability
of the battery as well as the quicker manufacturing process that decreases the cost of the battery.
The downside of the cylindrical cells is the complicated design that requires more
interconnections.!” The prismatic cells have a larger capacity than that of the cylindrical cells
due to the design.” The casing is also more durable than that of the other cells. The pouch cells
have a more flexible casing made of polymer coated aluminium®’ making the manufacturing
process less expensive.™® The packing of these cells is very important due to the absence of the
metal casing making the cells more fragile.*® The electrolyte used in these cells is a gel rather

than liquid, making spillage less of a safety risk.!’

1.4.1. Lithium-ion battery components
1.4.1.1. The anode material

Batteries that contain Li metal as the anode material are commonly referred to as lithium
batteries and were somewhat commercialised in earlier rechargeable batteries.'? The Li metal
was very attractive as an anode and showed a high and promising theoretical capacity of
~3860 mAh/g and a negative electrochemical potential (-3.040 V vs SHE).1%!8 The common
problems associated with these batteries are the inability to fully recharge!? and the poor safety
caused by the growth of Li dendrites on the anode that can lead to short circuiting and short

life cycles of the batteries.'®2° This increased safety risk has led to the elimination of Li metal



as the anode material by replacing it with a different material and by synthesising the cathode
material in the charged state, meaning that it is the source of lithium ions. These types of
batteries are referred to as lithium ion batteries.’®2 Numerous studies have been done to find
suitable anode materials. Among the anode materials that have been commercialised are
carbon-based (graphite)?*2® and lithium titanium dioxide (LisTisO12/LTO) anodes.?*2°
Graphite has been used as the anode in the majority of Li*-ion batteries and can be classified
as an intercalation compound forming LiCe during charging. This material showed good
reversibility, a low gravimetric density, a high theoretical capacity (340 — 370 mAh/g), a low
lithiation voltage and the improvement of both the safety and life cycle.!%?%2! The main
disadvantages of this material is the lower capacity compared to that of Li metal, the possible
formation of dendrites due to a high charging rate and the side reactions between selected
electrolytes and graphite.1%2728 These side reactions affect the battery capacity and have been
researched extensively to find suitable electrolyte materials that are compatible with the anode
material.2%?° A synthetic carbon was mostly used as the anode material but was replaced with
a natural graphite due to the high production cost and the high temperatures needed to produce
the material.?° LTO has a theoretical capacity of 175 mAh/g and reaches an actual capacity of
~150 mAh/g.® This material also has the ability for fast insertion and removal of Li* from the
structure during charging, good cycle reversibility, is thermodynamically stable due to the
stable operating voltage (1.5 V vs Li*/Li) and almost no volume change occurs during the
charging and discharging cycle.?>31%, The main disadvantages of LTO are that the material
suffers from low rate capability caused by a low diffusion coefficient (~ 2 x 1078 cm?/
s at 25°C)* and low electronic conductivity (~107'3S/cm at 25°C).3! Graphite or other

carbon-based materials are still the chosen anode material for Li-ion batteries.

1.4.1.2. The electrolyte and the separator

The electrolyte transports the Li*-ions between the anode and the cathode but does not allow
for the flow of electrons.’® It is important that the electrolyte is able to form of a solid
electrolyte interphase (SEI) on the electrodes through the formation of stable compounds by
side reactions.?®%” This layer mainly depends on reactions occurring with the anode, is formed
during the first few cycles, and is of importance as it prevents any other side reactions from
occurring throughout the lifetime of the battery.33" Other than the formation of the SEI,
important characteristics for suitable electrolytes are: it should be a good ionic conductor and

an electronic insulator, have a wide electrochemical window to avoid degradation, be inert to



other cell components, thermally stable, environmental friendly and low cost.®® The different
electrolyte types used in room temperature Li-based batteries are a) non-aqueous, b) aqueous,
¢) ionic liquids, d) polymer and e) hybrid electrolytes.3” The focus here is on non-aqueous
electrolytes that are most commonly used in commercial Li-ion batteries. The electrolyte is
composed of a lithium salt (LiPFe) dissolved in an organic carbonate or a mixture of organic
carbonates such as®"38 ethylene carbonate (EC) together with diethyl (DEC), dimethyl (DMC),
propylene (PC) and/or ethyl-methyl (EMC) carbonate.?”*8

The separator is a porous material that separates the anode and the cathode from one another
but it is permeable to the Li*-ions.1%12363% The design of the separator is very important for the
battery performance and can affect properties such as the cycle life, power and energy density
and the safety of the battery and prevents any short circuiting.*® Important characteristics to
take into account when either designing or selecting separators are the chemical stability,
porosity, thickness, permeability, thermal stability, mechanical strength, wettability, thermal
shrinkage, shutdown and the cost of producing the separator.*%4! Celgard 3501, Solupor 7P03A
and Separion S240P30 are examples of three commercial separators.®® Celgard 3501 consists
of a single polypropylene (PP) layer and is coated with surfactant, Solupor 7PO3A consists of
ultrahigh molecular weight polyethylene (PE) fibrils and Separion S240P30 is coated with
polyethylene terephthalate (PET), Al.O3 and SiOx.

1.4.1.3. The cathode material

The development of cathode materials have mainly been focused on two different categories

of compounds namely conversion and intercalation compounds.*?

0] Conversion compounds:

The working principle behind these types of cathode materials are based on the ability of the
material to undergo electrochemical conversions.? The structure is comprised of elements that
are more abundant, inexpensive and environmental friendly such as chalcogenides, halogens
(in their salt form) and transition metals (e.g. Fe or Cu).** These materials exhibit an increase
in capacity’®*® due to the use and availability of multiple valence states making them very
attractive cathode materials. Two different conversion reactions can occur and involves the
breaking and formation of new bonds and the production of electrons.'®#? The first reaction
includes high valence (valence state of 2+ or above) metal ions and halides (e.g. FeF2). The

element with the highest mobility (e.g. F) will diffuse out of the compound (e.g. FeF2) and



form a bond with Li* (e.g. LiF) while the metal (e.g. Fe?*) will form nanocomposite particles.
These nanocomposites are then dispersed in LiF.1>* The second reaction involves the lithiation
of S (Li2S), Se (Li2Se), Te (Li-Te), Br2 (LiBr) and 1> (Lil) but the reaction only forms one phase
— one single phase is converted into a different single phase.*? Promising candidate materials
for this type of battery are S/Li>S CuF. and FeFs.*? S/Li.S has the highest theoretical capacity,
with a gravimetric capacity of 1166 — 1675 mA h/g and volumetric capacity of 1937 mA h/cm®.
CuF; offers higher theoretical potentials (3.55 V vs. Li/Li*) and FeF3 offers relatively high
gravimetric (713 mA h/g) and volumetric (1937 — 2196 mA h/cm?®) capacities. Metal fluorides
also have the advantage of providing maximum energy storage.*? Although very promising,
none of these conversion compounds have been commercialized yet due to the very low
conductivity, interaction between the electrodes and the electrolyte,*® the substantial volume
change associated with the conversion reaction causing limited cyclability, limited reversibility
and capacity loss'>* as well as the presence of voltage hysteresis which is detrimental to the

battery efficiency.124345

(i) Intercalation compounds:

Most intercalation compounds have been widely commercialized and consist of different
structures that accommodate the insertion and extraction of the Li*-ions. Intercalation
compounds rely on a single redox couple (M™1Y/M™?!2 rather than having multiple valence
states available for the reaction as shown with the conversion compounds.*? The removal of
the Li*-ions from the cathode material results in the multivalent metal ion within this material
undergoing a change in oxidation state to maintain charge neutrality, producing electrons and
it should maintain its structural integrity.*®#” Other important characteristics when searching
for a suitable intercalation compound for rechargeable batteries includes being able to
reversibly react with the lithium, have a high capacity, be able to operate at a high voltage,
have high power density, be a good electronic conductor, low cost and environmentally
friendly.*® The different crystal structures that fall under intercalation compounds are layered
(Li/TiS2, LiCoO2 and Ni-containing materials), spinel (LiMn204) and polyanion compounds
(olivine - LiFePQOas).

Layered cathode materials are composed of alternating cation and anion sheets. The first
commercialised layered cathode material was Li/TiS, and was commercialized by Exxon.*
This material exhibited high cycle durability, a high Li* intercalation capacity of ~240 mAh/g,

low operating voltage of ~2 V versus Li/Li* and an experimental capacity of 256 mAh/g.2048



The cathode material was synthesised in the charged state (TiS2) and Li metal was needed as
the anode. This meant that the battery was accompanied by safety issues associated with the Li
metal. Another safety issue associated with this material was the release of toxic gas (H.S)
upon exposure to moisture.?’ Although commercialized this material only found use in coin

cells utilised in watches.*®

The most common layered compound is LiCoO2 (LCO) and was first investigated and tested
by Mizushima et.al.*, using an organic electrolyte that lowered the operating temperature to
ambient temperatures making them more useable in devices.*® This cathode material was first
commercialised by SONY in 1990. The theoretical specific capacity of LCO is 274 mAh/g but
only at an operating voltage of ~5 V versus Li/Li*. *® An operating voltage this high, however,
oxidises the organic electrolyte and poses a safety risk by causing an unstable structure. In
commercial cells the material exhibits a specific capacity of between 145 — 155 mAh/g at an
operating voltage of 3.5 — 4 V versus Li/Li*, 2>4° where lowering the voltage is the reason for
lower actual specific capacity. The main advantage of LCO compared to TiS> is that the
material is synthesised and produced in its discharged state and the cathode material already
contained Li*-ions eliminating the need for Li metal as the anode material which reduced the

safety risk.*®

Ni - based layered cathode materials derived from the same parent layered material: LiNiO>
(LNO) and was tested in 1985 by Thomas et al.>® LNO showed improved capacity and energy
density®® compared to that of LCO but exhibited poor thermal stability.>>>® Another major
problem with LNO was the migration of Ni%* onto the Li" sites leading to poor rate
performance.5>°* Modifications to the parent material by substituting Ni?* with different metals
led to improved thermal stability and the commercialization of two different variations of
cathode materials. LiNixMnyCo0,02 (NMC) was first patented by Argonne National Laboratory
(ANL)* and showed improved capacity and improved thermal stability due to the partial
replacement of Ni* with both Mn*" and Co?*.>® Abundant research has been done to determine
the optimum ratio of each metal ion in NMC where the percentage of Ni?* was the main metal
with either a lower or higher Ni content.®>” NMC 333 (3-Ni, 3-Mn, 3-Co molar ratio) and
NMC 532 (5-Ni, 3-Mn, 2-Co molar ratio) are the two Ni-poor cathode materials that have
dominated the battery industry and the most promising materials for electric vehicles.?’ Having
Ni-rich materials (more than 50%) led to an increase in the oxidation of the electrolyte as well
as decreased the thermal stability of the material.>*>" Ni-rich cathode materials that have been
commercialized are NMC 622 (6-Ni, 2-Mn, 2-Co molar ratio) and NMC 811 (8-Ni, 1-Mn, 1-
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Co molar ratio).?® NMC on its own has been used by companies like Daimler (cell maker —
Li-Tec) and Honda (cell maker — Toshiba) in the Smart and Fit vehicle models respectively.®
NMC together with LiMn2O4 (LMO — discussed in the next section) has been used by
companies like Fiat (cell maker — Samsung), Mitsubishi (cell maker — Li-Energy Japan) and

Renault (cell maker — LG Chem) in the 500, i-MiEV and Zoe vehicle model, respectively.®

A different Ni-rich cathode material that has been commercialised is LiNiogC00.15Al0.0502
(NCA)®® with a specific capacity of 180 mAh/g and an operating voltage of 3.7 V.22 NCA
exhibited improved energy density compared to NMC but was also plagued by lower discharge
voltage.?® The presence of AI** has to be kept at low percentages, usually between 5 — 10%, to
inhibit capacity decay and improve battery safety. Percentages higher than 5 —10% inhibit Li*
diffusion.®® Due to the high Ni-content in this material it can exhibit limited cycle life caused
by the formation of inactive materials on the surface of the cathode material a result of
adsorption of moisture and CO; and the formation of Li>COz and LiOH caused by improper
storage.®® NCA exhibits an increase in thermal stability compared to that of the Ni-rich NMC
811 but a decrease compared to the Ni-poor NMC 333.2%61 NCA on its own is used by Tesla
(cell maker — Panasonic) in the Model S vehicle® but used together with LMO by Nissan (cell

maker - Automotive Energy Supply Corporation (AESC)) in the Leaf vehicle models.*®

In 1983 Thackeray et al.,%2%% showed the 3D spinel structure of LiMn,04 (LMO), with voltage
of 3 — 4 V versus Li/Li* has a dual discharge plateau and it was considered as a major
competitor to LCO. LMO (M = manganese) was cheaper to produce compared to that of LCO
(C = cobalt), LMO was less toxic, it had improved thermal and cyclic stability and improved
power density.®*55 The stability at room temperature of the cathode was first tested with carbon
anodes by Taracon et al.,®5%" at Bellacore . The theoretical specific capacity was determined to
be 148 mAh/g but in a working cell the capacity reached 110 — 120 mAh/g?>® at an operating
voltage of 4.1 V28 tg ensure the stability during cycling.®® " Two other main challenges are:
1) the presence of the Jahn-Teller effect at lower voltages that causes cell degradation®®7%72
and 2) disproportionation of 2Mn®*" into Mn?* and Mn**. The disproportionation originates
through the reactions that occur between LMO and the lithium salt (LiPFs), the organic solvent
and trace H20 content and affects the battery performance by causing capacity loss,” structure
degradation’*" and increases the charge transfer resistance by the migration of the Mn?* and
Mn** cations towards the anode.”” LMO has been used together with other NMC and NCA

in some electric vehicles.1®
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Polyanionic compounds consists of tetrahedral structures [(XOa4)"™ or (XmOszm+1)"™ where X= P,
S, As, Mo or W, to list a few, that are combined with transition metal polyhedral structures
(MOy) where strong covalent bonding occurs.”® The advantages making these material types
So attractive as cathode materials are the increased thermal stability due to the strong covalent
bonding improving the safety of the battery as well as the high capacity that these materials
possess.’® The different polyanion compounds that are being investigated include phosphates,
silicates, fluorophosphates, fluorosulphates and borates.’® The cathode material of interest is
LiFePO4and the next section will discuss this cathode material in further detail.

1.4.2. LiFePO, as a cathode material

Phospho-olivines were first investigated by Goodenough and his team for the use as a cathode
material.”” These materials have been thought of as a good replacement intercalation compound
in Li*-ion batteries. LiFePO4 falls under the phospho-olivine group, has an orthorhombic
structure and crystallises in the Pnma space group. It exhibits a slightly distorted hexagonal
close packing oxygen array which has two different octahedral sites and a tetrahedral site (Fig.
1_3).77779

‘IF@
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‘P
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M2

Figure 1.3: Crystal structure of LiFePO4. FeOg octahedra are represented in blue, PO, tetrahedra are
represented in pink, LiOg octahedra are represented in grey and the green spheres represents oxygen.
Li* and Fe?* occupy the M1 and M2 sites respectively.

The two octahedral sites are energetically distinguishable and are responsible for cation
ordering.8% Lithium occupies the M1 edge-sharing octahedral site where LiOg forms a chain
along the b-axis [010] and lies on an inversion site (Fig. 1.3).”# Iron occupies the M2 corner-

sharing octahedral site where FeOg forms a zigzag pattern in the b/c plane and is located on a
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mirror plane (Fig. 1.3)""8 and phosphorous (PO3™) occupies the tetrahedral sites (PO4)."88°
Although Li* and Fe?* both occupy octahedra sites, the average Li-O (M1-O) bond distances
are shorter than that of the Fe-O (M2-0) bond distances.”” The distance between neighbouring
Li-Os (M1-O) octahedra are shorter than the distance between neighbouring Fe-Og (M2-O)
octahedra. This shorter distance between neighbouring Li-O (M1-O) octahedra causes slight
electrostatic repulsion and is responsible for more distortion around the M1 octahedra.®! The
presence of the PO, tetrahedra is advantageous for the cathode material in terms of the battery
operation and the thermal stability. This is due to the electrostatic repulsion that exists between
the Fe and P causing the weakening of the Fe-O bonds. This weakening of the bonds is
responsible for the high operating voltage (3.5 V versus Li*/Li).”"#82 The PO, tetrahedra also
stabilize the structure due to the inductive effect by reducing the Fe-O covalent character and
by the sharing of oxygen ions between iron and phosphorous.””# This bonding sequence
prevents oxygen from being released at elevated temperatures and reacting with the
electrolyte’”®° and provides thermal stability by providing protection against overcharging.
Yamada et al.® showed that only 147 J/g of heat is released over a temperature range of 250 —
360 °C when fully charged. This is very important when constructing a battery as most batteries

are prone to accidental overheating.+

Chemical lithiation and delithiation of LiFePO4 occurs via a two-phase system where the Fe?*
is oxidised to Fe* (LiFePO4 2 FePOa). The delithiation is accompanied by a 6.81% volume
reduction 77808387 and both structures have the same 3-dimensional framework with similar
lattice constants which allows the structure to stay intact.””# The small volume change and the
similarity in structure leads to the high cycle life of LiFePQ4.”"#8 During delithiation the
olivine structure is theoretically able to utilise all the lithium in the structure and is stable over
a wide range of lithium concentrations (0 < x < 1).8” The Li* migration during lithiation and
delithiation in the olivine type structure has been studied extensively and Li* diffuses only
through a 1-dimensional tunnel.”®8-°! By calculating the energy profiles of migration along
path A [010], path B [001] and path C [101] (Fig. 1.4) the most favourable migration path can
be determined. Path A is parallel to the b-axis (y-axis), path B is parallel to the c-axis (z-axis)
and path C is across the Li* channels.”®8%% The energy and Li* jump distance was determined
to be the lowest for migration along [010]. Path A has a distance of 2.9 — 3.0A, path B has a
distance of 4.6 — 4.7A and path C has a distance of 5.6 — 5.8A.8%% Due to the increase in the

energy profile and the jump distance it would be difficult to cross channels due to the high
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activation barrier and this confirms that Li* migration only occurs along the one-dimensional

[010] channel in a curved trajectory.”88%

Figure 1.4: The lithium channels are parallel to the b-axis. FeOg octahedra are represented in blue, PO,
tetrahedra are represented in pink and Li* are represented by the grey spheres. The oxygen atoms have
been removed for simplicity. Li* migration paths are indicated with A, B, C.

Aside from the high operating voltage and the thermal stability, LiFePOa is considered a good
cathode material due to its low cost, environmentally friendliness, excellent cycle life’”:’8, good
cyclic stability a theoretical capacity of 170 mAh/g® but a reversible capacity of 110 — 120
mAh/g.”’

The major drawbacks of LiFePOs that affect the battery performance are poor electronic
conductivity and poor ionic conductivity (poor lithium diffusion) at room
temperature.*6:8083.92-94 poor electronic conductivity can be improved by coating particles with
carbon,®*-% or by dispersing conductive metals (e.g. copper or silver) in the active material®
to increase electronic contact between particles. This enhances the surface electronic
conductivity, decreases the resistance between particles and controls the particle growth. Poor
ionic conductivity is improved by minimizing the particle size3*%%-" and doping with metal
ions.%-104 Smaller particles provides a larger surface area, decrease the Li* diffusion distance
and have a higher ability to support high current densities.®%°7 This enhances the bulk

capacity, charge and discharge rate and overall electrochemical performance.%3-9510

Doping or co-doping with other metal ions can occur on the Li* site and the Fe?* site or by
anion doping on the O? site or by co-doping on these site. By introducing a dopant, the general
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structure does not change but the electrochemical properties are modified and it can affect the
crystal field which in turn affects the electronic structure of the metal and the electrochemical
potential.1®® Doping on the Li* site increases the width of the 1-dimensional channel and
decreases the charge transfer'®” but caution has to be taken when doping the Li site as there is
a possibility that the dopant can block the diffusion channel. Doping on the Fe?* site can
increase both the ionic and electronic diffusion, facilitating the lithium migration and
weakening the Li - O bonds.%1% Another doping site is the anion site. Doping on the O site
enhances the conductivity and suppresses antisite defects that facilitate the lithium migration
by removing blockages in the channel.®®% There are several dopants that are known to
improve the performance of LiFePO4. Table 1.1 gives a list of the most commonly used single
dopants and the dopant site and Table 1.2 gives a list of co-dopants used on either the lithium

and iron, the iron or the iron and oxygen sites.

Other drawbacks decreasing the electrochemical performance include the sensitivity to
moisture if not stored properly,!%%9 the inherent defects®17120 and impurities present in
LiFePO, 83114121 Impurities can lead to the extraction of Li* from the structure!® as well as Fe
dissolution risking the safety of the battery.!'>114122 The inherent defects affect the
electrochemical performance by blocking the 1-dimensional channel.?°'?® These drawbacks
can be overcome by proper storage of LiFePO4 and by synthesising and heat treatment in an
inert atmosphere,8487,96.118,124-126 Laat treatment in an inert atmosphere of between 450 — 800°C
is an effective way of removing most defects and leads to ordering of the cations.8#’

Table 1.1: Commonly used single dopants and the doping effect on the structure and
electrochemical performance.

Doping Site Dopant Doping effect
Ng90.127-129 Improves reversible capacity, rate capability, ionic transport

and electronic conductivity.

Improves the Li* diffusion coefficient by expanding Li*

K100.130 channels, decreases charge transfer resistance and improves
Li site cyclic performance.
Mo®3! Improves cyclic performance and battery capacity.
Nd?32 Improves the discharge capacity and cycling performance.
Nb133 Improves rate capability and Li* migration.
Increases structure stability, Li* intercalation/deintercalation,
Fe site Zn?+10L134 decreases charge transfer resistance, improves reversibility and
Li* diffusion.
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MglOB

V135,136

Cu102,137—140

N | 108,141,142

L al43fl45

Yl46

Mn 147-150

00108,151—153

Improves cyclic stability, ionic and electronic conductivity,
enhances reversibility and exhibit improved structure stability.

Improves cyclic stability, ionic and electronic conductivity,
enhances reversibility and improves charge-discharge current.

Improves electronic conductivity, discharge capacity, rate and
cyclic performance and reversibility.

Increases the stability of the structure, enhances Li* diffusion
and improves electrical conductivity and cyclic ability and
diminish electrode polarization.

Improves electronic conductivity, Li* migration, capacity
performance, cyclic stability and decrease charge transfer
resistance.

Decrease polarization and increases exchange current density.

Improves electronic conductivity, reversible capacity, exhibits
high reversibility and structure stability.

Improves electronic conductivity, Li* migration, discharge and
reversibility capacity.

F103,154,155

O site

Cl 104,156

Improves electronic conductivity and Li* diffusion, enhances
rate capability and cycling performance, suppresses the
formation of defects.

Improves Li* diffusion and reversibility.

Table 1.2: Co-dopants and the doping effect on the structure as well as electrochemical

performance.
D_(;%g Cathode/anode material Doping Effects
Lio.goNbo.o1F€0.97 Ti0.03PO4/graphene Improved discharge capacity, cycling stability
and reversibility 1%
Lio.g7Nao.osFeo.97Vo.0sPO4/C Higher capacity, better conductivity enhanced
structure stability, increased Li* diffusion.®®
Lio.99Zr0.0025F€0.99C00.01PO4 Increase in stability, increased rate capacity
and cyclic stability.*>®
Liand  Lio.o7Nao.02Ko.o:FePO4/C Cyclic ability and discharge capacity
Fe-site improved and that the diffusivity increased.°
Lio.g7Nag.osFeo.99Tio.0sPO4/C Decrease in charge transfer resistance,
increase in electrical conductivity and Li*
diffusion.
LiogslaooiFeosoTio1POs/carbon aerogel Exhibit excellent high-rate electrochemical
composite performance (low temperatures such as -20°C)
and electronic conductivity.®
LiFeo.905Vo.069 Ti0.025PO04/C Improved the electronic conductivity, Li*
diffusion.16®
: LiFeo.sVo.07Ti00sPO4/C Increase in discharge capacity and cyclic
Fe-site ability. 5

LiFe0.94Mgo.03CU0.03PO4/C

Increase in conductivity, discharge capacity.
Decrease in charge transfer resistance.!%
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LiFeo.95Ni0.02Mno.0sPO4/C Improved structural stability, electronic
conductivity, Li* diffusion, cycling and rate
capability. Decrease in charge transfer
resistance.%

LiFeo.08Ni.01Mng01PO4/C Increase in rateability, cyclic ability, discharge
capacity. ¢’
LiFe0.9sNi0.01C00.01PO4/C Improved structure stability, cycling

performance, particle morphology and rate
capability.®

LiF€0.99MQ0.001C00.001PO4 Increase in ionic mobility, diffusion
coefficient, discharge capacity and
efficiency.1®®

LiF€o.985Mdo.005 Tl0.01PO4 High electrical conductivity, rate capability
and cyclic stability.1’
LiFe;xNayx(PO4)1.,Cly Enhanced the initial capacity, coulombic
efficiency, rate capability.}™
LiFeo.95V0.05(PO1)0.97F0.03/C Improved cycling performance, low charge
transfer resistance, electrical conductivity, ion
Fe and transport.t2
O-site LiFe0.92Mgo.08(POa4)0.97F0.0s/C Increased electrochemical performance (low

temperature -20°C), increased diffusion
coefficient. Reduced charge transfer
resistance.'’®

LiFeo.94Ti0.04PO4ss Noos Increased rate performance.l’

The hydrothermal synthetic route has shown to be a low energy and low cost synthesis
producing small particle sizes but the main disadvantage is the formation of intrinsic structural
defects. Two different structural defect models have been proposed to describe the possible
cation disorder in these samples:®"1" a lithium-iron mixing model or site exchange model
[(Lii-zFe;)(LixFe1x)POa4] and a antisite defect model [(Lii--Fe;POa4) or (LixFe1-x)POa4]. The site
exchange model involves the simultaneous replacement of Fe?*with Li* on the M2 site and Li*
with Fe?* on the M1 site. The antisite defect involves the replacement of either Li* or Fe?* on
the M1 or M2 site, where the most common antisite defect is the replacement of Li* with Fe?*
on the M1 site (FeL antisite defect). This defect exists due to an excess of iron in the
structure 175176 ju et al.*?! reported that in order for the Fey; antisite to form during synthesis,
Li vacancies would have to form first as Fe?* would only occupy the Li* sites under the right
conditions.*?! The disordering caused by Fe?* on the M1 site will cause additional electrostatic
repulsion leading to structural instability and is thermodynamically unfavourable.! One of the
major electrochemical consequences of the formation of Feyi antisites or site exchange is the
blocking of the 1-dimensional Li* diffusion channels. This is a major cause for concern as there
is only one channel along which Li* diffusion can occur and blocking this site affects the

mobility, electrode capacity and the rate capability.8%121176-17% The oxidation of Fe?* to Fe®" is
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another common defect present in LiFePOa. Fe** can be incorporated into the LiFePOg structure
in one of two ways:18%181 1) the replacement of Fe?* with Fe** (3Fe** - 2Fe®*") leaving an Fe
vacancy in the structure and 2) the replacement of both Li* and Fe?* with Fe3* (LiFe?** —» Fe3*).

The latter causes a Li* vacancy on the M1.180-182

Although Goodenough and his team were the first to propose LiFePO, as a cathode material,””
the commercialization of LiFePOs was a major patent battle between three different
organisations, namely, A123 Systems Inc., University of Texas (Goodenough) and Nippon
Telegraph and Telephone in Japan. A123 Systems Inc.'®® ended up being the company
responsible for the patent in the early 2000’s. LiFePO4 has been used is some electric vehicles
from companies like Coda (cell maker — Lishen Tianjin)!® and Chevrolet (cell maker — A123)%°
for the Model EV and Spark vehicles, respectively. Currently China is a major user of LiFePO4

in electric buses, electrical grids and in electric vehicles from the company BYD.184-186

1.5. Aims and objectives

The aims of this research were to synthesise LiFePO4 using a low cost, low energy
hydrothermal synthetic route. Homemade Teflon bombs have been successfully used in the
past to synthesise porous  borophosphates,*®”  [NHsFe(I11)[BP20s(OH)] and
MM, (H,0)2[BP20g].zH20, and it is explored here whether these bombs can be used to
successfully synthesise LiFePOas. It was attempted to limit the formation of defects without
having to include the heat-treatment step at higher temperatures which would require more

energy usage by applying several modifications to the synthetic route.
To achieve this, the following the objectives will be addressed:

e Objective 1: To determine the structural characteristics if the commercial LiFePO4 sample
which will be used as standard when analysing the data in the X-ray absorption near edge
structure (XANES) region.

e Objective 2: To optimise the parameters for the hydrothermal synthesis of LiFePO4 using
Teflon bombs.

e Objective 3: To investigate the effects of various impurities and an increasing Fe3* content
on the LiFePOgs structure when samples are exposed to air for different durations during the
synthesis.

e Objective 4: To investigate the possibility of using Teflon bombs to dope and co-dope on

the Fe-site and the effect these dopants would have on the LiFePQOs structure.
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e Objective 5: To assess the complementary and differences in the techniques used in the

characterisation of the synthesised samples.
The work in this thesis is broken up as follows:

Chapter 1 covers a literature review of different batteries, lithium ion batteries and the cathode
materials found in the latter specifically LiFePOs. Chapter 2 covers the general synthesis,
instrumental and analysis parameters and a literature review of the different characterisation

techniques that will be used.

Chapter 3 is separated into two sections. The first is a literature review on the structural aspects
of LiFePO4 and the second is the investigation into any structural differences (if any) between
the information found in literature and that of a commercially obtained LiFePO4 (C-LFP)
sample which would be used as a standard for the XANES analysis. Synchrotron powder X-
ray diffraction (PXRD) with Rietveld refinement, X-ray absorption spectroscopy (XAS) using
both X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS), Madossbauer spectroscopy and Raman spectroscopy were used to
characterised C-LFP.

Chapter 4 comprises of an investigation of the effect of varying several parameters during the
synthesis process such as the synthesis time, the volume of the solution in the Teflon bombs,
the ratio of the precursors and purging of the precursor solutions. The techniques that will be
used to characterize the samples include synchrotron PXRD with Rietveld refinement,
Madssbauer spectroscopy and Raman spectroscopy.

Chapter 5 shows the effects of varying the lithium addition rate to the remaining precursors on
the structure, the Fe?* content and the formation of impurity phases. Using this information an
optimum addition rate was suggested and the reproducibility was investigated. To achieve this
the structure of the synthesised samples were characterised using synchrotron PXRD, XAS
with both XANES and EXAFS, Mdssbauer and Raman spectroscopy.

Chapter 6 investigates the effects when the solutions were exposed to air for different waiting
periods before the Teflon bombs were sealed and placed in the oven. This aided in determining
how exposure to air affected the formation of impurity phases and its effect on the Fe?* content.
These samples were be characterized using synchrotron PXRD, Mdssbauer and Raman

spectroscopy.
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Chapter 7 and Chapter 8 examines the possibility of doping (with Zn?") and co-doping (with

Zn?* and Co?*) using the hydrothermal route. Changes in the average and local structure

together with the Fe?* content were investigated. These materials were characterised using
synchrotron PXRD, XAS (XANES and EXAFS) and Raman spectroscopy.

1.6. References

10.

11.

12.

13.

Aneke, M. and Wang, M. Energy storage technologies and real life applications — A
state of the art review. Applied Energy. 179, 350-377 (2016).

BP Statistical Review of World Energy 2020 (2021). at: www.bp.com/statisticalreview.

Statistical Review of World Energy Home (2021). at:
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-
world-energy.html

Mahlia, T. M. I, Saktisahdan, T. J., Jannifar, A., Hasan, M. H. and Matseelar, H. S. C.
A review of available methods and development on energy storage; Technology update.
Renewable and Sustainable Energy Reviews. 33 532-545 (2014).

Hu, X., Zou, C., Zhang, C. and Li, Y. Technological Developments in Batteries: A
Survey of Principal Roles, Types, and Management Needs. IEEE Power and Energy
Magazine. 15, 20-31 (2017).

Hadjipaschalis, 1., Poullikkas, A. & Efthimiou, V. Overview of current and future energy
storage technologies for electric power applications. Renewable and Sustainable Energy
Reviews. 13, 1513-1522 (2009).

Scott, K. Recycling: Nickel-Metal Hydride Batteries. Encycl. Electrochem. Power
Sources, 199-208 (2009).

Greenway, Do NiMH Batteries Have A Memory- Need, Cycle Life, And Charging
Guide_Greenway battery (2022). Available at: https://m.greenway-
battery.com/news/Do-NiMH-Batteries-Have-A-Memory--Need,-Cycle-Life,-And-
Charging-Guide-1652.html. (Accessed on 30 April 2022).

Panasonic Eneloop, The memory effect in batteries: what it is and how to prevent it
(2022). Awvailable at: https://www.panasonic-eneloop.eu/en/news/memory-effect-
batteries-what-it-and-how-prevent-it. (Accessed on 30 April 2022).

Whittingham, M. S. History, evolution, and future status of energy storage. in
Proceedings of the IEEE. 100, 1518-1534 (2012)

Australian Academy of Science, How a battery works? (2022). Available at:
https://www.science.org.au/curious/technology-future/batteries. (Accessed on 30 April
2022)

Ma, Y. Computer Simulation of Cathode Materials for Lithium lon and Lithium
Batteries: A Review. Energy Environ. Mater. 1, 148-173 (2018).

Flash Battery, The best lithium cells for industry (2021). Available at:
https://www.flashbattery.tech/en/cells-lithium-batteries-industrial/. (Accessed on: 12
January 2021)

20



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

Schroder, R., Aydemir, M. and Seliger, G. Comparatively Assessing different Shapes of
Lithium-ion Battery Cells. Procedia Manuf. 8, 104-111 (2017).7).

Microbattery, Lithium Coin Cells (2021). Available at:
https://www.microbattery.com/coin-cells. (Accessed on 30 April 2022).

Anderman, M. Technical report: Assessing the Future of Hybrid and Electric Vehicles:
The 2014 XxEV Industry Insider Report, Advanced Automotive Batteries.
http://www.ehcar.net/library/rapport/rapport022.pdf (2013).

Automotive News. The 3 main types of lithium ion battery cells (2021). Available at:
https://www.autonews.com/shift/3-main-types-lithium-ion-battery-cells. (Accessed on:
20 January).

Xu, W., Wang, J., Ding, F., Chen, Xi., Nasybulin, E., Zhang, Y. and Zhang, J. G..
Lithium metal anodes for rechargeable batteries. Energy and Environmental Science. 7,
513-537 (2014).

Nitta, N., Wu, F., Lee, J. T. and Yushin, G. Li-ion battery materials: Present and future.
Materials Today. 18 (2015).

Li, M., Lu, J., Chen, Z. and Amine, K. 30 Years of Lithium-lon Batteries. Advanced
Materials. 30 (2018).

Flandrois, S. and Simon, B. Carbon materials for lithium-ion rechargeable batteries.
Carbon. 37, 165-180 (1999).

Besenhard, J. O. and Fritz, H. P. Cathodic reduction of graphite in organic solutions of
alkali and NR** salts. J. Electroanal. Chem. 53, 329-333 (1974).

Besenhard, J. O. The electrochemical preparation and properties of ionic alkali metal-
and NR4-graphite intercalation compounds in organic electrolytes. Carbon N. Y. 14,
111-115 (1976).

Ferg, E., Gummow, R. J., de Kock, A. and Thackeray, M. M. Spinel Anodes for Lithium-
lon Batteries. J. Electrochem. Soc. 141, L147-1.150 (1994).

Ohzuku, T., Ueda, A. and Yamamoto, N. Zero-Strain Insertion Material of Li
[Liy 3Tis3]O4 for Rechargeable Lithium Cells. J. Electrochem. Soc. 142, 1431-1435
(1995).

Sun, X., Radovanovic, P. V. and Cui, B. Advances in spinel LisTisO12 anode materials
for lithium-ion batteries. New Journal of Chemistry. 39, 38-63 (2015).

Dey, A. N. and Sullivan, B. P. The Electrochemical Decomposition of Propylene
Carbonate on Graphite. J. Electrochem. Soc. 117, 222 (1970).

Arakawa, M. and Yamaki, J. I. The cathodic decomposition of propylene carbonate in
lithium batteries. J. Electroanal. Chem. 219, 273-280 (1987).

Blomgren, G. E. The Development and Future of Lithium lon Batteries. J. Electrochem.
Soc. 164, A5019-A5025 (2017).

Zaghib, K., Simoneau, M., Armand, M. and Gauthier, M. Electrochemical study of
LisTisO12 as negative electrode for Li-ion polymer rechargeable batteries. J. Power
Sources 81-82, 300-305 (1999).

21



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Chen, C. H., Vaughey, J. T., Jansen, A. N., Dees, D. W., Kahaian, A. J., Goacher, T. and
Thackeray, M. M. Studies of Mg-Substituted Lis—xMgxTisO12 Spinel Electrodes (0<x<1)
for Lithium Batteries. J. Electrochem. Soc. 148, A102 (2001).

Guo, X., Wang, C., Chen, M., Wang, J. and Zheng, J. Carbon coating of LisTisO1> using
amphiphilic carbonaceous material for improvement of lithium-ion battery performance.
J. Power Sources 214, 107-112 (2012).

Zhou, T. P., Feng, X. Y., Guo, X., Wu, W. W., Cheng, S. and Xiang, H. F. Solid-state
synthesis and electrochemical performance of Ce-doped LisTisO12 anode materials for
lithium-ion batteries. Electrochim. Acta 174, 369-375 (2015).

Vikram Babu, B., Vijaya Babu, K., Tewodros Aregai, G., Seeta Devi, L., Madhavi
Latha, B., Sushma Reddi, M., Samatha, K. and Veeraiah, V. Structural and electrical
properties of LisTisO12 anode material for lithium-ion batteries. Results Phys. 9, 284—
289 (2018).

Yi, T. F., Jiang, L. J., Shu, J., Yue, C. B, Zhu, R. S. and Qiao, H. B. Recent development
and application of LisTisO12 as anode material of lithium ion battery. J. Phys. Chem.
Solids 71, 1236-1242 (2010).

Francis, C. F. J., Kyratzis, I. L. and Best, A. S. Lithium-Ion Battery Separators for Ionic-
Liquid Electrolytes: A Review. Adv. Mater. 32, 1904205 (2020).

Li, Q., Chen, J,, Fan, L., Kong, X. and Lu, Y. Progress in electrolytes for rechargeable
Li-based batteries and beyond. Green Energy and Environment. 1, 18-42 (2016).

Xu, K. Nonaqueous liquid electrolytes for lithium-based rechargeable batteries. Chem.
Rev. 104, 43034417 (2004).

Orendorff, C. J. The role of separators in lithium-ion cell safety. Electrochem. Soc.
Interface 21, 61-65 (2012).

Zhang, S. S. A review on the separators of liquid electrolyte Li-ion batteries. Journal of
Power Sources. 164, 351-364 (2007).

Deimede, V. and Elmasides, C. Separators for Lithium-lon Batteries: A Review on the
Production Processes and Recent Developments. Energy Technol. 3, 453-468 (2015)

Wu, F. and Yushin, G. Conversion cathodes for rechargeable lithium and lithium-ion
batteries. Energy and Environmental Science. 10, 435-459 (2017).

Ko, J. K., Wiaderek, K. M., Pereira, N., Kinnibrugh, T. L., Kim, J. R., Chupas, P. J.,
Chapman, K. W. and Amatucci, G. G. Transport, phase reactions, and hysteresis of iron
fluoride and oxyfluoride conversion electrode materials for lithium batteries. ACS
Applied Materials and Interfaces. 6 10858-10869 (2014).

Wang, F., Yu, H. C., Chen, M. H., Wu, L., Pereira, N., Thornton, K., Van Der Ven, A,
Zhu, Y., Amatucci, G. G. and Graetz, J. Tracking lithium transport and electrochemical
reactions in nanoparticles. Nat. Commun. 3, 1-8 (2012).

Kraytsberg, A. and Ein-Eli, Y. A critical review-promises and barriers of conversion
electrodes for Li-ion batteries. Journal of Solid State Electrochemistry. 21, 1907-1923
(2017).

22



46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

Whittingham, M. S. Lithium batteries and cathode materials. Chem. Rev. 104, 4271—
4301 (2004).

Satyavani, T. V. S. L., Srinivas Kumar, A. and Subba Rao, P. S. V. Methods of synthesis
and performance improvement of lithium iron phosphate for high rate Li-ion batteries:
A review. Eng. Sci. Technol. an Int. J. 19, 178-188 (2016)

Holleck, G. L. and Driscoll, J. R. Transition metal sulfides as cathodes for secondary
lithium batteries-I1. titanium sulfides. Electrochim. Acta. 22, 647—655 (1977).

Mizushima, K., Jones, P. C., Wiseman, P. J. and Goodenough, J. B. LixCoO2 (0<x<1):
A new cathode material for batteries of high energy density. Solid State lonics 3-4, 171—
174 (1981)..

Thomas, M. G. S. R., David, W. I. F., Goodenough, J. B. and Groves, P. Synthesis and
structural characterization of the normal spinel LiNi2Os. Mater. Res. Bull. 20, 1137—
1146 (1985).

Liu, W., Oh, P, Liu, X., Lee, M. J., Cho, W., Chae, S., Kim, Y., Cho, J. Nickel-Rich
Layered Lithium Transition-Metal Oxide for High-Energy Lithium-lon Batteries.
Angew. Chemie - Int. Ed. 54, 4440-4457 (2015).

Arai, H., Okada, S., Sakurai, Y. and Yamaki, J. I. Thermal behavior of Li;.yNiO, and
the decomposition mechanism. Solid State lonics 109, 295-302 (1998).

Dahn, J. R., Fuller, E. W., Obrovac, M. and von Sacken, U. Thermal stability of
LixCoO2, LixNiO2 and A-MnO- and consequences for the safety of Li-ion cells. Solid
State lonics 69, 265-270 (1994)

Rougier, A., Gravereau, P. and Delmas, C. Optimization of the Composition of the Li;—,
Ni+,O2 Electrode Materials: Structural, Magnetic, and Electrochemical Studies. J.
Electrochem. Soc. 143, 1168-1175 (1996)

Thackeray, M. M., Johnson, C. S., Amine, K. and Kim, J. Lithium metal oxide electrodes
for lithium cells and batteries. Electrochem. and Solid-State Lett. 16, 117 (2001).

Bak, S. M., Hu, E., Zhou, Y., Yu, X., Senanayake, S. D., Cho, S. J., Kim, K. B., Chung,
K. Y., Yang, X. Q. and Nam, K. W. Structural changes and thermal stability of charged
LiNixMnyCo,0. cathode materials studied by combined in situ time-resolved XRD and
mass spectroscopy. ACS Appl. Mater. Interfaces 6, 22594-22601 (2014).

Jung, R., Metzger, M., Maglia, F., Stinner, C. and Gasteiger, H. A. Oxygen Release and
Its Effect on the Cycling Stability of LiNixMnyCo0,02 (NMC) Cathode Materials for Li-
lon Batteries . J. Electrochem. Soc. 164, A1361-A1377 (2017).

Lee, K. K., Yoon, W. S., Kim, K. B., Lee, K. Y. and Hong, S. T. Characterization of
LiNio.85C00.10Mo.0s02 (M = Al, Fe) as a cathode material for lithium secondary batteries.
in Journal of Power Sources 97-98, 308-312 (2001).

Madhavi, S., Subba Rao, G. V., Chowdari, B. V. R. and Li, S. F. Y. Effect of aluminum
doping on cathodic behaviour of LiNio.7C00.302. J. Power Sources 93, 156-162 (2001).

Oh, P., Song, B., Li, W. and Manthiram, A. Overcoming the chemical instability on
exposure to air of Ni-rich layered oxide cathodes by coating with spinel LiMn1.9Alo.10a.
J. Mater. Chem. A 4, 5839-5841 (2016).

23



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Inoue, T. and Mukai, K. Roles of positive or negative electrodes in the thermal runaway
of lithium-ion batteries: Accelerating rate calorimetry analyses with an all-inclusive
microcell. Electrochem. commun. 77, 28-31 (2017).

Thackeray, M. M., David, W. I. F., Bruce, P. G. and Goodenough, J. B. Lithium insertion
into manganese spinels. Mater. Res. Bull. 18, 461-472 (1983).

Gummow, R. J., de Kock, A. and Thackeray, M. M. Improved capacity retention in
rechargeable 4 V lithium/lithium-manganese oxide (spinel) cells. Solid State lonics 69,
59-67 (1994).

Yoshio, M., Inoue, S., Hyakutake, M., Piao, G. and Nakamura, H. New
lithiummanganese composite oxide for the cathode of rechargeable lithium batteries. J.
Power Sources 34, 147-152 (1991).

Lee, S., Cho, Y., Song, H.-K., Lee, K. T. and Cho, J. Carbon-Coated Single-Crystal
LiMn204 Nanoparticle Clusters as Cathode Material for High-Energy and High-Power
Lithium-lon Batteries. Angew. Chemie 124, 8878-8882 (2012).

Tarascon, J. M., Guyomard, D. and Baker, G. L. An update of the Li metal-free
rechargeable battery based on Li;+;Mn204 cathodes and carbon anodes. J. Power
Sources 44, 689-700 (1993).

Tarascon, J. M. and Guyomard, D. Li Metal-Free Rechargeable Batteries Based on
Li1+xMn204 Cathodes (0 <x < 1) and Carbon Anodes. J. Electrochem. Soc. 138, 2864—
2868 (1991).

Thackeray, M. M. Structural Considerations of Layered and Spinel Lithiated Oxides for
Lithium lon Batteries. J. Electrochem. Soc. 142, 2558-2563 (1995).

Wu, Y., Ma, C., Yang, J., Li, Z., Allard, L. F., Liang ,C. and Chi, M. Probing the
initiation of voltage decay in Li-rich layered cathode materials at the atomic scale. J.
Mater. Chem. A 3, 5385-5391 (2015).

Zheng, J., Myeong, S., Cho, W., Yan, P., Xiao, Jie., Wang, C., Cho, J. and Zhang, J. G.
Li- and Mn-Rich Cathode Materials: Challenges to Commercialization. Advanced
Energy Materials 7, (2017).

Thackeray, M. M. Manganese oxides for lithium batteries. Progress in Solid State
Chemistry vol. 25 1-71 (1997).

Sun, Y. K., Jeon, Y. S. and Lee, H. J. Overcoming Jahn-Teller distortion for spinel Mn
phase. Electrochem. Solid-State Lett. 3, 7-9 (2000).

Xia, Y. and Yoshio, M. Studies on Li-Mn-O spinel system (obtained from melt-
impregnation method) as a cathode for 4 V lithium batteries part IV. High and low
temperature performance of LiMn204. J. Power Sources 66, 129-133 (1997).

Du Pasquier, A., Blyr, A., Courjal, P., Larcher, D., Amatucci, G., Gérand, B. and
Tarascon, J-M. Mechanism for Limited 55°C Storage Performance of Li105Mnl9504
Electrodes. J. Electrochem. Soc. 146, 428-436 (1999).

Robertson, A. D., Lu, S. H. and Howard, W. F. M?3"-Modified LiMn204 Spinel
Intercalation Cathodes: Il. Electrochemical Stabilization by. J. Electrochem. Soc. 144,
3505-3512 (1997).

24



76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Gong, Z. and Yang, Y. Recent advances in the research of polyanion-type cathode
materials for Li-ion batteries. Energy and Environmental Science vol. 4 3223-3242
(2011).

Padhi, A. K., Nanjundaswamy, K. S. and Goodenough, J. B. Phospho-olivines as
Positive-Electrode Materials for Rechargeable Lithium Batteries. J. Electrochem. Soc.
144, 1188 (1997).

Islam, M. S., Driscoll, D. J., Fisher, C. A. J. and Slater, P. R. Atomic-scale investigation
of defects, dopants, and lithium transport in the LiFePO4 olivine-type battery material.
Chem. Mater. 17, 5085-5092 (2005).

Franger, S., Le Cras, F., Bourbon, C. and Rouault, H. Comparison between different
LiFePO4 synthesis routes and their influence on its physico-chemical properties. in
Journal of Power Sources 119-121, 252-257 (2003).

Padhi, A. K., Nanjundaswamy, K. S., Masquelier, C., Okada, S. and Goodenough, J. B.
Effect of structure on the Fe3*/Fe?" redox couple in iron phosphates. J. Electrochem.
Soc. 144, 1609-1613 (1997).

Chung, S. Y., Choi, S. Y., Yamamoto, T. and Ikuhara, Y. Atomic-scale visualization of
antisite defects in LiFePO4. Phys. Rev. Lett. 100, 125502 (2008).

Rousse, G., Rodriguez-Carvajal, J., Patoux, S. and Masquelier, C. Magnetic Structures
of the Triphylite LiFePO4 and of Its Delithiated Form FePO4. Chem. Mater. 15, 4082—
4090 (2003).

Yamada, A., Chung, S. C. and Hinokuma, K. Optimized LiFePO4 for Lithium Battery
Cathodes. J. Electrochem. Soc. 148, A224 (2001)

Dokko, K., Shiraishi, K. and Kanamura, K. Identification of Surface Impurities on
LiFePO4 Particles Prepared by a Hydrothermal Process. J. Electrochem. Soc. 152,
A2199 (2005).

Haas, O., Deb, A., Cairns, E. J. and Wokaun, A. Synchrotron X-ray absorption study of
LiFePOs electrodes. J. Electrochem. Soc. 152, (2005).

Howard, W. F. and Spotnitz, R. M. Theoretical evaluation of high-energy lithium metal
phosphate cathode materials in Li-ion batteries. J. Power Sources 165, 887-891 (2007).

Chen, J. and Graetz, J. Study of Antisite Defects in Hydrothermally Prepared LiFePO4
by in Situ X-ray Diffraction. ACS Appl. Mater. Interfaces 3, 1380-1384 (2011).

Huang, X., Yan, S., Zhao, H., Zhang, L., Guo, R., Chang, C., Kong, X and Han, H.
Electrochemical performance of LiFePO4 nanorods obtained from hydrothermal
process. Mater. Charact. 61, 720-725 (2010).

Morgan, D., Van der Ven, A. and Ceder, G. Li Conductivity in LixMPO4 (M = Mn, Fe,
Co, Ni) Olivine Materials. Electrochem. Solid-State Lett. 7, (2004).

Fisher, C. A. J., Prieto, V. M. H. and Islam, M. S. Lithium battery materials LIMPO4 (M
= Mn, Fe, Co, and Ni): Insights into defect association, transport mechanisms, and
doping behavior. Chem. Mater. 20, 5907-5915 (2008).

Gardiner, G. R. and Islam, M. S. Anti-site defects and ion migration in the LiFeosMn
05P04 mixed-metal cathode material. Chem. Mater. 22, 1242-1248 (2010).

25



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Andersson, A. S. and Thomas, J. O. The source of first-cycle capacity loss in LiFePOa.
J. Power Sources 97, 498-502 (2001).

Huang, H., Yin, S. C. and Nazar, L. F. Approaching theoretical capacity of LiFePO4 at
room temperature at high rates. Electrochem. Solid-State Lett. 4, (2001).

Croce, F., D’ Epifanio, A., Hassoun, J., Deptula, A., Olczac, T. and Scrosati, B. A Novel
Concept for the Synthesis of an Improved LiFePOs Lithium Battery Cathode.
Electrochem. Solid-State Lett. 5, A47 (2002).

Prosini, P. P., Zane, D. and Pasquali, M. Improved electrochemical performance of a
LiFePOs-based composite cathode. Electrochim. Acta 46, 3517—3523 (2001).

Kuwahara, A., Suzuki, S. and Miyayama, M. Hydrothermal synthesis of LiFePO4 with
small particle size and its electrochemical properties. J. Electroceramics 24, 69-75
(2010).

Goodenough, J. B. and Manivannan, V. Cathodes for Lithium-Ion Batteries: Some
Comparisons. Denki Kagaku oyobi Kogyo Butsuri Kagaku 66, 1173-1181 (1998).

Xu, J. and Chen, G. Effects of doping on the electronic properties of LiFePOa: A first-
principles investigation. Phys. B Condens. Matter 405, 803-807 (2010).

Yin, X., Huang, K., Liu, S., Wang, H. and Wang, H. Preparation and characterization of
Na-doped LiFePO4/C composites as cathode materials for lithium-ion batteries. J.
Power Sources 195, 4308-4312 (2010).

Fang, X., Li, J., Huang, K., Liu, S., Huang, C., Zhuang, S and Zhang, J. Synthesis and
electrochemical properties of K-doped LiFePO4/C composite as cathode material for
lithium-ion batteries. J. Solid State Electrochem. 16, 767773 (2012).

Liu, H., Cao, Q., Fu, L. J., Li, C., Wu, Y. P. and Wu, H. Q. Doping effects of zinc on
LiFePO4 cathode material for lithium ion batteries. Electrochem. commun. 8, 1553-1557
(2006).

Jayaprakash, N., Kalaiselvi, N. and Periasamy, P. Synthesis and Characterization of
LiMxFe1.xPOs (M = Cu, Sn; X = 0.02) Cathodes-A study on the Effect of Cation
Substitution in LiFePO4. Material. Int. J. Electrochem. Sci. 3, (2008).

Radhamani, A. V., Karthik, C., Ubic, R., Ramachandra Rao, M. S. and Sudakar, C.
Suppression of FeLie antisite defects in fluorine-doped LiFePOs. Scr. Mater. 69, 96-99
(2013).

Yang, L., Jiao, L., Miao, Y. and Yuan, H. Improvement of electrochemical properties of
LiFePO4/C cathode materials by chlorine doping. in Journal of Solid State
Electrochemistry vol. 13 1541-1544 (2009).

Yun, N. J.,, Ha, H. W., Jeong, K. H., Park, H. Y. and Kim, K. Synthesis and
electrochemical properties of olivine-type LiFePO4/C composite cathode material
prepared from a poly(vinyl alcohol)-containing precursor. J. Power Sources 160, 1361
1368 (2006).

Liu, C., Neale, Z. G. and Cao, G. Understanding electrochemical potentials of cathode
materials in rechargeable batteries. Mater. Today 19, (2016).

Xu, Z., Gao, L., Liu, Y. and Li, L. Review—Recent Developments in the Doped

26



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

LiFePO4 Cathode Materials for Power Lithium lon Batteries. J. Electrochem. Soc. 163,
A2600-A2610 (2016).

Wang, D., Li, H., Shi, S., Huang, X. and Chen, L. Improving the rate performance of
LiFePO4 by Fe-site doping. Electrochim. Acta 50, 2955-2958 (2005).

Li, H., Wang, Z., Chen, L. and Huang, X. Research on Advanced Materials for Li-ion
Batteries. Adv. Mater. 21, 4593-4607 (2009).

Cuisinier, M., Martin, J. F., Dupré, N., Yamada, A., Kanno, R. and Guyomard, D.
Moisture driven aging mechanism of LiFePO, subjected to air exposure. Electrochem.
commun. 12, 238-241 (2010).

Martin, J. F., Yamada, A., Kobayashi, G., Nishimura, S., Kanno, R., Guyomard, D. and
Dupré, N. Air Exposure Effect on LiFePOs. Electrochem. Solid-State Lett. 11, A12
(2008).

Porcher, W., Moreau, P., Lestriez, B., Jouanneau, S., Le Cras, F. and Guyomard, D.
Stability of LiFePOg4 in water and consequence on the Li battery behaviour. lonics (Kiel).
14, 583-587 (2008).

Porcher, W., Moreau, P., Lestriez, B., Jouanneau, S. and Guyomard, D. Is LiFePO4
stable in water? Electrochem. Solid-State Lett. 11, A4 (2008).

Yu, D. Y. W., Donoue, K., Kadohata, T., Murata, T., Matsuta, S. and Fujitani, S.
Impurities in LiFePO4 and their influence on material characteristics. J. Electrochem.
Soc. 155, (2008).

Cuisinier, M., Martin, J. F., Dupré, N., Kanno, R. and Guyomard, D. Elucidating the
LiFePO4 air aging mechanism to predict its electrochemical performance. J. Mater.
Chem. 21, 18575-18583 (2011).

Martin, J. F., Cuisinier, M., Dupré, N., Yamada, A., Kanno, R. and Guyomard, D. More
on the reactivity of olivine LiFePO4 nano-particles with atmosphere at moderate
temperature. J. Power Sources 196, 2155-2163 (2011).

Hamelet, S., Gibot, P., Casas-Cabanas, M., Bonnin, D., Grey, C. P., Cabana, J., Leriche,
J. B., Rodriguez-Carvajal, J., Courty, M., Levasseur, S., Carlach, P., Van Thournout,
M., Tarascon, J. M. and Masquelier, C. The effects of moderate thermal treatments under
air on LiFePO4-based nano powders. J. Mater. Chem. 19, 3979-3991 (2009)

Delaporte, N., Trudeau, M. L., Bélanger, D. and Zaghib, K. Protection of LiFePO4
against Moisture. Materials (Basel). 13, 942 (2020).

Zaghib, K., Dontigny, M., Charest, P., Labrecque, J. F., Guerfi, A., Kopec, M., Mauger,
A., Gendron, F. and Julien, C. M. Aging of LiFePO4 upon exposure to H 2 O. J. Power
Sources 185, 698-710 (2008).

Jensen, K. M. @., Christensen, M., Gunnlaugsson, H. P., Lock, N., Bgjesen, E. D.,
Proffen, T. and lIversen, B. B. Defects in Hydrothermally Synthesized LiFePO4 and
LiFe:xMnxPO4 Cathode Materials. Chemistry of Materials 25, 2282 - 2290 (2013).

Liu, J., Jiang, R., Wang, X., Huang, T. and Yu, A. The defect chemistry of LiFePO4
prepared by hydrothermal method at different pH values. J. Power Sources 194, 536—
540 (2009).

27



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

lltchev, N., Chen, Y., Okada, S. and Yamaki, J. LiFePO4 storage at room and elevated
temperatures. J. Power Sources 119-121, 749-754 (2003).

Chen, J., Bai, J., Chen, H. and Graetz, J. In situ hydrothermal synthesis of LiFePO4
studied by synchrotron X-ray diffraction. J. Phys. Chem. Lett. 2, 1874-1878 (2011).

Sanchez, M. A. E., Brito, G. E. S., Fantini, M. C. A., Goya, G. F. and Matos, J. R.
Synthesis and characterization of LiFePO4 prepared by sol-gel technique. Solid State
lonics 177, 497-500 (2006).

Tajimi, S., Ikeda, Y., Uematsu, K., Toda, K. and Sato, M. Enhanced electrochemical
performance of LiFePO4 prepared by hydrothermal reaction. in Solid State lonics 175
287-290 (2004).

Jugovi¢, D., Mitri¢, M., Cyvjeti¢anin, N., Jancar, B., Mentus, Sl. and Uskokovi¢, D.
Synthesis and characterization of LiFePO4/C composite obtained by sonochemical
method. Solid State lonics 179, 415-419 (2008).

Liu, X., Chen, X., Zhao, Z. and Liang, X. Effect of Na* on Li extraction from brine using
LiFePO4/FePO; electrodes. Hydrometallurgy 146, 24-28 (2014).

Chu-Ying, O., Wang, D., Shi, S., Wang, Z., Li, H., Huang, Z. and Chen, L. First
Principles Study on NaxLi-<FePO4 As Cathode Material for Rechargeable Lithium
Batteries. Chinese Phys. Lett. 23, 61 (2006).

Xin, X., Li, H., Chang, Q. and Wang, W. Preparation and Investigation on Lattice
Distortion and Electrochemical Performances of Lig.gsNag.osFePO4/C. Chinese J. Chem.
Phys. 25, 429 (2012)

Chen, Z., Zhang, Z., Zhao, Q., Duan, J. and Zhu, H. Understanding the Impact of K-
Doping on the Structure and Performance of LiFePO4 /C Cathode Materials . J. Nanosci.
Nanotechnol. 19, 119-124 (2018).

Zhang, M., Jiao, L F., Yuan, H. T., Wang, Y. M., Guo, J., Zhao, M., Wang, W. and
Zhou, X. D. The preparation and characterization of olivine LiFePO4/C doped with
MoOs by a solution method. Solid State lonics 177, 3309-3314 (2006).

Zhang, Q., Wang, S., Zhou, Z., Ma, G., Jiang, W., Guo, X. and Zhao, S. Structural and
electrochemical properties of Nd-doped LiFePO4/C prepared without using inert gas.
Solid State lonics 191, 40-44 (2011).

Ma, Z., Shao, G., Wang, G., Zhang, Y. and Du, J. Effects of Nb-doped on the structure
and electrochemical performance of LiFePO4/C composites. (2013).

Shenouda, A. Y. and Liu, H. K. Studies on electrochemical behaviour of zinc-doped
LiFePO4 for lithium battery positive electrode. J. Alloys Compd. 477, 498-503 (2009).

Wen, Y., Zeng, L., Tong, Z.,, Nong, L. and Wei, W. Structure and properties of
LiFeo.9Vo.1POs. J. Alloys Compd. 416, 206208 (2006).

Chen, M., Shao, L. L., Yang, H. B., Ren, T. Z., Du, G. and Yuan, Z. Y. Vanadium-
doping of LiFePOs/carbon composite cathode materials synthesized with
organophosphorus source. Electrochim. Acta 167, 278-286 (2015).

Lee, J., Kumar, P., Moudgil, B. M. and Singh, R. K. Electrochemical enhancement of
LiFePOs as a cathode material by incorporating Cu flakes for lithium ion rechargeable

28



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

battery. Solid State lonics 231, 18-24 (2013).

Chang, Z.R., Lv, H. J,, Tang, H., Yuan, X. Z. and Wang, H. Synthesis and performance
of high tap density LiFePO4/C cathode materials doped with copper ions. J. Alloys
Compd. 501, 14-17 (2010).

Feng, Z. S., Wang, L. L., Wang, Y., Chen, J. J., He, Z. Y., Ji, D. Y. and Zhang, Y. X.
Improved electrochemical properties of LiFePO4/Cu cathode material synthesized via
an optimized two-step chemical process. J. Alloys Compd. 651, 712-717 (2015).

Lee, S. B, Cho, S. H., Heo, J. B., Aravindan, V., Kim, H. S. and Lee, Y. S. Copper-
substituted, lithium rich iron phosphate as cathode material for lithium secondary
batteries. J. Alloys Compd. 488, 380-385 (2009)

Liu, Y., Gu, Y. J., Luo, G. Y., Chen, Z. L., Wu, F. Z., Dai, X. Y., Mai, Y. and Li, J. Q.
Ni-doped LiFePO4/C as high-performance cathode composites for Li-ion batteries.
Ceram. Int. (2020).

Zhang, W., Hu, Y., Tao, X., Huang, H., Gan, Y. and Wang, C. Synthesis of spherical
LiFePO4/C via Ni doping. J. Phys. Chem. Solids 71, 1196-1200 (2010).

Cho, Y. Da, Fey, G. T. K. and Kao, H. M. Physical and electrochemical properties of
La-doped LiFePO4/C composites as cathode materials for lithium-ion batteries. Journal
of Solid State Electrochemistry vol. 12 815-823 (2008).

Li,J. Z.,Wang, S. Y., Wei, L. H., Liu, Z. and Tian, Y. W. Effective Enhancement of the
Electrochemical Properties for LiFePO4/C Cathode Materials by Lanthanum Doping.
Int. J. Electrochem. Sci vol. 10, (2015).

Cui, Y., Wang, M., Guo, R. and Xu, Z. Electrochemical performance of C-La*" codoped
LiFePO4 synthesized by microwave heating. Rare Met. 28, 127-131 (2009).

Chen, J.,, Wang, X., Ma, Z. and Shao, G. Effects of yttrium ion doping on
electrochemical performance of LiFePO4/C cathodes for lithium-ion battery. lonics
(Kiel). 21, 2701-2708 (2015).

Nakamura, T., Miwa, Y., Tabuchi, M. and Yamada, Y. Structural and Surface
Modifications of LiFePO4 Olivine Particles and Their Electrochemical Properties. J.
Electrochem. Soc. 153, A1108 (2006).

Lin, Y., Zeng, B., Lin, Y., Li, X., Zhao, G., Zhou, Ting., Lai, H. and Huang, Z.
Electrochemical properties of carbon-coated LiFePO4 and LiFeg9sMnoo2PO4 cathode
materials synthesized by solid-state reaction. Rare Met. 31, 145-149 (2012).

Naik, A., Zhou, J., Gao, C., Liu, G. and Wang, L. Rapid and facile synthesis of Mn
doped porous LiFePO4/C from iron carbonyl complex. J. Energy Inst. 89, 21-29 (2016).

Nakamura, T., Sakumoto, K., Okamoto, M., Seki, S., Kobayashi, Y., Takeuchi, T.,
Tabuchi, M. and Yamada, Y. Electrochemical study on Mn?*-substitution in LiFePO4
olivine compound. J. Power Sources 174, 435-441 (2007).

Shanmukaraj, D., Wang, G. X., Murugan, R. and Liu, H. K. Electrochemical studies on
LiFe1xCoxPOa/carbon composite cathode materials synthesized by citrate gel technique
for lithium-ion batteries. Mater. Sci. Eng. B Solid-State Mater. Adv. Technol. 149, 93—
98 (2008).

29



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Gao, H., Jiao, L., Yang, J., Qi, Z., Wang, Y. and Yuan, H. High rate capability of Co-
doped LiFePO4/C. Electrochim. Acta 97, 143-149 (2013).

Song, J., Shao, G., Shi, M., Ma, Z., Song, W., Wang, C. and Liu, S. The effect of doping
Co on the electrochemical properties of LiFePO4/C nanoplates synthesized by
solvothermal route. Solid State lonics 253, 39-46 (2013).

Lu, F., Zhou, Y., Liu, J. and Pan, Y. Enhancement of F-doping on the electrochemical
behavior of carbon-coated LiFePO4 nanoparticles prepared by hydrothermal route.
Electrochim. Acta 56, 8833-8838 (2011).

Pan, M., Lin, X. and Zhou, Z. Electrochemical performance of LiFePO4/C doped with
F synthesized by carbothermal reduction method using NH4F as dopant. J. Solid State
Electrochem. 16, 1615-1621 (2012).

Sun, C. S., Zhang, Y., Zhang, X. J. and Zhou, Z. Structural and electrochemical
properties of Cl-doped LiFePO4/C. J. Power Sources 195, 3680-3683 (2010).

Tian, Z., Zhou, Z., Liu, S., Ye, F. and Yao, S. Enhanced properties of olivine
LiFePO4/graphene co-doped with Nb°* and Ti** by a sol-gel method. Solid State lonics
278, 186-191 (2015).

Yang, X., Hu, Z. and Liang, J. Effects of sodium and vanadium co-doping on the
structure and electrochemical performance of LiFePO4/C cathode material for lithium-
ion batteries. Ceram. Int. 41, 2863-2868 (2015).

Gao, L., Xu, Z. and Zhang, S. The co-doping effects of Zr and Co on structure and
electrochemical properties of LiFePO4 cathode materials. J. Alloys Compd. 739, 529—
535 (2018).

Madram, A. R., Daneshtalab, R. and Sovizi, M. R. Effect of Na* and K* co-doping on
the structure and electrochemical behaviors of LiFePO4/C cathode material for lithium-
ion batteries. RSC Adv. 6, 101477-101484 (2016).

Shu, H., Wang, X., Wen, W., Liang, Q., Yang, X., Wei, Q., Hu, B., Liu, L., Liu, X,
Song, Y., Zho, M., Bai, Y., Jiang, L., Chen, M., Yang, S., Tan, J., Liao, Y. and Jiang, H.
Effective enhancement of electrochemical properties for LiFePO4/C cathode materials
by Na and Ti co-doping. Electrochim. Acta 89, 479-487 (2013).

Zhang, H., Xu, Y., Zhao, C., Yang, X. and Jiang, Q. Effects of carbon coating and metal
ions doping on low temperature electrochemical properties of LiFePO4 cathode material.
Electrochim. Acta 83, 341-347 (2012).

Long, Y. F., Su, J.,, Cui, X. R,, Lv, X. Y. and Wen, Y. X. Enhanced rate performance of
LiFePO4/C by co-doping titanium and vanadium. Solid State Sci. 48, 104-111 (2015).

Lv, X. Y., Cui, X. R, Long, Y. F., Su, J. and Wen, Y. X. Optimization of titanium and
vanadium co-doping in LiFePO4/C using response surface methodology. lonics (Kiel).
21, 2447-2455 (2015).

Fan, C. L., Zhang, K. H. and Han, S. C. Comprehensive methods to enhance the
electrochemical performances of LiFeo.04Mgo.03Cu0.03PO4/C cathode for lithium ion
batteries. Mater. Res. Bull. 48, 2497-2503 (2013).

Shu, H., Wang, X., Wu, Q., Hu, B., Yang, X., Wei, Q., Liang, Q., Bai, Y., Zhou, M.,
Wu, C., Chen, M., Wang, A. and Jiang, L. Improved electrochemical performance of

30



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

LiFePO4/C cathode via Ni and Mn co-doping for lithium-ion batteries. J. Power Sources
237, 149-155 (2013).

Zhang, X., Xu, X., Dong, H., Xu, Y. and Zhao, C. Hierarchical LiFeo, 9sMIlg.02PO4/C
(MI1I= Ni, Mn, Mg) composites via co-doping for lithium ion batteries. IOP Conf. Ser.:
Earth Environ. Sci. 189, (2018).

Kiani, G. R., Boroomand, S., Khodabakhshi, R. & Esmaeili, M. A novel co-doped
LiFePO4/C cathode material, modified for enhanced high power density battery
applications. Microelectron. Eng. 136, 77-80 (2015).

Ding, Y. H. and Zhang, P. Effect of Mg and Co co-doping on electrochemical properties
of LiFePO 4. Trans. Nonferrous Met. Soc. China (English Ed. 22, s153-s156 (2012).

Tu, J., Wu, K., Tang, H., Zhou, H. and Jiao, S. Mg-Ti co-doping behavior of porous
LiFePO4 microspheres for high-rate lithium-ion batteries. J. Mater. Chem. A 5, 17021-
17028 (2017).

Wang, Z. H., Yuan, L. X., Wu, M., Sun, D. and Huang, Y. H. Effects of Na" and CI co-
doping on electrochemical performance in LiFePO4/C. Electrochim. Acta 56, 8477—
8483 (2011).

Lv, Y. J., Huang, B., Tan, J. X,, Jiang, S. Q., Zhang, S. F., and Wen, Y. Z. Enhanced
low temperature electrochemical performances of LiFePO4/C by V** and F~ co-doping.
Mater. Lett. 229, 349-352 (2018).

Huang, Y., Xu, Y. and Yang, X. Enhanced electrochemical performances of LiFePO4/C
by co-doping with magnesium and fluorine. Electrochim. Acta 113, 156-163 (2013).

Su, W., Xu, K., Zhong, G., Wei, Z., Wang, C. and Meng, Y. Enhanced Electrochemical
Performance of LiFePO4 as Cathode for Lithium lon Battery by Codoping with Titanium
and Nitrogen. Int. J. Electrochem. Sci 12, 6930-6939 (2017).

Jensen, K. M. @., Christensen, M., Gunnlaugsson, H. P., Lock, N., Bgjesen, E. D.,
Proffen, T. and Iversen, B. B. Defects in Hydrothermally Synthesized LiFePO4 and
LiFe1xMnxPO4 Cathode Materials. Chemistry of Materials 25, 2282 - 2290 (2013).

Sun, X. and Xu, Y. Fe excess in hydrothermally synthesized LiFePO.. Mater. Lett. 84,
139 - 142 (2012).

@. Jensen, K. M., Gunnlaugsson, H. P., Christensen, M. and Iversen, B. B. Mdssbauer
spectroscopy study of defects in hydrothermally synthesized LiFePO4 cathode material.
Hyperfine Interact. 226, 73—78 (2014).

Chen, J., Bai, J., Chen, H. and Graetz, J. In Situ Hydrothermal Synthesis of LiFePO4
Studied by Synchrotron X-ray Diffraction. J. Phys. Chem. Lett. 2, 1874-1878 (2011).

Hoang, K. and Johannes, M. Tailoring Native Defects in LiFePOs : Insights from First-
Principles Calculations. Chem. Mater. 23, 3003-3013 (2011).

Hannoyer, B., Prince, A. A. M., Jean, M., Liu, R. S. and Wang, G. X. Mdssbauer study
on LiFePO4 cathode material for lithium ion batteries. ICAME 2005 767—772 (2006).

Andersson, A. S., Kalska, B., Haggstrom, L. and Thomas, J. O. Lithium
extraction/insertion in LiFePO4: An X-ray diffraction and Mdssbauer spectroscopy
study. Solid State lonics 130, 41-52 (2000).

31



182.

183.

184.

185.

186.

187.

Fransolet, A.-M., Antenucci, D., Speetjens, J.-M. and Tarte, P. An X-ray determinative
method for the divalent cation ratio in the triphylite-lithiophilite series. Mineral. Mag.
48, 373-381 (1984).

LeVine, S. The man who brought us the lithium-ion battery at the age of 57 has an idea
for a new one at 92 — Quartz. (2015). at https://qz.com/338767/the-man-who-brought-
us-the-lithium-ion-battery-at-57-has-an-idea-for-a-new-one-at-92/.

Olivetti, E. A., Ceder, G., Gaustad, G. G. and Fu, X. Lithium-lon Battery Supply Chain
Considerations: Analysis of Potential Bottlenecks in Critical Metals. Joule vol. 1 229—
243 (2017).

International Energy Agency. Innovation in batteries and electricity storage: A global
analysis based on patent data .(2020). at https://www.actu-
environnement.com/media/pdf/news-36144-etude-oeb-batteries-brevets.pdf.

Sustainable Bus. LFP in China, NMC in Western countries. Electric bus market split
between two battery technologies. (2019) at https://www.sustainable-bus.com/news/Ifp-
battery-industry-is-driven-by-chinese-electric-bus-market-reasons-for-a-dominance-
busl/.

Mogodi, M. W. Structure and thermoresponsive behaviour of porous and non-porous
borophosphates. Thesis (PhD). University of the Witwatersrand.(2016).

32



Chapter 2

Synthetic methodology, instrumentation and theory of the characterisation methods

2.1 General outline of the synthetic method
2.1.1. Description of the reaction vessel: Teflon bombs

The reaction vessels used were homemade Teflon bombs (Image 2.1a and 2.1b) which
consisted of three different components: The screw on lid, the cap that was needed to seal the
bombs and the sample cell as shown in Images 2.1a and b. The total volume of these bombs
were ~ 18.5 mL and for the experimental procedure (as investigated) the volume used was ~4.6
mL (25% of the total volume as discussed in Chapter 4). After the manufacturing of these
bombs, the sealing of the Teflon bombs had to be checked to ensure the proper to build-up of
the desired pressure for the synthesis. To test this a certain amount of water was added to the
bombs which were then placed in the oven (model FSOH4) at 120°C for 48 — 72 hours then
removed from the oven and cooled to room temperature. The bombs were opened and the
volume of the water inside the bombs were measured. If the volume remained the same in the
bombs it had no leakages and no solution evaporated then the bombs could be used for the
synthesis. However, if the volume decreased then the bombs had to be modified and the above

test had to be repeated.

Image 2.1: (a) Fully assembled and (b1; b2) the deconstructed Teflon bombs used for the hydrothermal
synthesis
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2.1.2 General outline of the synthesis

A hydrothermal synthetic route! using the above mentioned homemade Teflon bombs was used
to synthesise all samples. As determined in Chapter 4, a molar ratio of 3:1:1 (Li:Fe:POs) was
used, where LiOH (98%, Sigma Aldrich) was used as the source of lithium, FeSO4*7H20 (99%,
Sigma Aldrich) as the source of iron and 85% wt H3POj4 as the phosphorous source. The
FeSO47H20 and H3PO4 were dissolved together in water, separately from the LiOH while
under continuous stirring. The LIOH was then added drop wise to the FeSO4/H3PO4 solution
using a syringe. This mixture was then added to the Teflon bombs and placed in the oven
(Image 2.2) at 120°C for a fixed period of time as will be discussed. After removing the Teflon
bombs from the oven, these were allowed to cool down to room temperature. The samples were
then filtered, using vacuum filtration, washed 4-5 times with deionised water and placed in the
oven on the filter paper at 70°C for 24 hours to dry. The dried samples were then ground using
an agate mortar and pestle and then placed in a vial and stored in a desiccator (the effects of
storage conditions are discussed in the introduction of Chapter 6). The Teflon bombs had to be
thoroughly cleaned after each synthesis. This was done by placing the complete deconstructed
bomb in a 1:1 HCI solution. The solution was then heated with the bombs for 3 days and then
removed and rinsed with water to ensure no sample remained on the walls on the Teflon bombs.
Following rinsing procedure the bombs were placed in a 1:1 HNO3 solution for a further three
days then removed from the 1:1 HNOz solution, rinsed with deionised water and subsequently

placed in deionised water for 4 days before being removed and dried.

Image 2.2: Teflon bombs placed in the oven for the desired reaction time and at the desired temperature.
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Modifications to the general synthesis outlined above will be discussed in other chapters.
Chapter 4 reviews the different modifications that were made to find the optimum synthetic
conditions. These modifications include the volume of sample added to the bomb, the synthesis
time of the reaction, the ratio of the lithium compared to the other reagents, purging of solutions
and examination of the reproducibility of the synthesis. Chapter 5 will discuss how the
optimum lithium addition rate was determined and reproducibility of the optimum addition
rate. The final synthesis conditions noted in chapter 5 were then used to synthesise the samples
investigated for chapters 7 and 8, with the exception of the addition of the dopants.

2.2. Instrumentation and data analysis methodology
2.2.1. Synchrotron powder X-ray diffraction

Synchrotron radiation powder X-ray diffraction (PXRD) data for Rietveld refinements were
measured at the 28-1D-1 beamline of the National Synchrotron Light Source Il (NSLS-II) at
Brookhaven National Laboratory (BNL). Samples were loaded into Kapton capillaries and
measurements were done at room temperature. Different phases were identified using the
software package, DIFFRAC.SUITE EVA version 4.2.1.10 linked to the crystallography open
database (COD).? Refinements and structure parameters were obtain by Rietveld refinement
and was performed using the Bruker AXS TOPAS-Academic version 72 and Jedit 4.3.1* was
used to construct the input files. The simple axial divergence model® was used to describe the
asymmetry due to divergence and the peak shape was described using the Thompson-Cox-
Hastings (TCHZ) Pseudo-Voight function® (discussed further in section 2.3.1.1) to describe
both the Gaussian and Lorentzian contributions. To describe the background scattering a 4%
order Chebychev polynomial function was used (also discussed in section 2.3.1.1). The
structural parameters refined were the scale, lattice parameters, occupancy of iron and lithium,
thermal displacement, fractional coordinates and both Gaussian and Lorentzian strain. The
lattice parameters were left to refine throughout the refinement and the thermal displacement
parameters were only allowed to refine between 0.1 A and 1.5 A.5 As suggested for inorganic
structures. As described on page 17, there are usually two different models that can be used to
describe the cation disorder. During the refinement process both these models were considered.
The occupancy of the cations especially Fe and Li to include the occupancy of another cation
on the same site was refined as described by Dinnebier et al.® Including lithium on the Fe-site
led to extremely high errors on this site, whereas including iron on the Li-site produced

reasonable errors. This indicated that the model that best described the cation occupancy and
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disorder is the antisite defect model. The starting model chosen was that of Streltsov et al.’
This model was then modified using the data collected of a PXRD pure LiFePO4 sample
(labelled as LFP-P1) synthesised using the above mentioned synthetic route. The modified
LiFePOs structure was then utilised as the starting model for all the other refined structures.
Rietveld could not be used to distinguish between the presence of Fe?* and Fe®" and as such
Mdssbauer spectroscopy was used to evaluate the percentage of Fe?* and Fe3* present on these
sites. The refinement process used for the inclusion of doping cations will be described in
Chapter 7 and 8.

All preliminary PXRD measurements were performed on a Bruker D8 Advance with a
Molybdenum X-ray source, the detector was a VANTEC-1-1-dimensional PSD detector and
the X-ray generator had a voltage of 50 kV and a current of 30 mA with the presence of a Ni
filter. The errors reported for this section are the fitting error and do not include the
measurement error. The calibration for the synchrotron and the lab based measurements using

LaBs is discussed in Appendix Al.

2.2.2. Pair distribution analysis

Total scattering data suitable for pair distribution function (PDF) analysis was also measured
at the 28-ID-1 beamline of the NSLS-II at BNL using a wavelength of 0.1671 A and a
Qmax = 28 AL, The 2D tiff images obtained were integrated using Fit2D® and PDF data was
generated using PDFgetX3° and this data processing was performed at the synchrotron.
Selected corrections to the data were made in xPDFSuite.* To refine data of both the calibrant
and the sample, PDFGui! was used. LaBs (NIST 660c) was used as the calibrant and to
determine the instrumental resolution parameters Qgamp (Which accounts for the Gaussian
damping due to the limited resolution of Q) and Qbread (Which accounts for the peak broadening
due the increase in noise with Q).1? The values of Qdamp = 0.014(2) A and Qoroad = 0.014(3)
At were then fixed in further sample refinements. The refined parameters included the scale,
delta2 (to account for peak sharpening at low temperatures), the lattice parameters and atomic
displacement parameters. PDF’s to determine different interatomic distance contributions (Fe-
O, P-O, Fe-P and Fe-Fe) were also calculated in PDFGui using the above mentioned
instrumental parameters. Gaussian functions were fitted to selected peaks of interest.>'® Peak
positions, integral peak intensity, full width at half maximum, as well as the errors, were
determined using automated Python scripts similar to the peak selection software implemented
in xPDFSuite (the script is shown in Appendix A6).1° The reported errors for the peak positions,
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integral peak intensity and full width at half maximum are the fitting errors and not the errors

associated with the measurement.

2.2.3 X-ray absorption spectroscopy

Fe K-edge X-ray absorption spectra were collected at the B18 beamline, Diamond Light Source
(DLS), Oxfordshire, United Kingdom. The storage ring energy was 3 eV with a top-up mode
at nominal current of 300 mA. The beam was conditioned using a monochromator crystal
[Si(111)], collimating Si mirrors coated in Pt and harmonics rejection mirrors. A full
description can be found in Appendix A2. Standards with known oxidation states and geometry
around the Fe atom was used, namely, LiFePO4 (>97%, Sigma Aldrich), FePO4-4H20 (97%,
Sigma Aldrich) and a-Fe2Os (puriss, Riedel-de Haén). The LiFePO4 standard was stored in a
desiccator. Standards and the synthesised samples were ground and mixed with cellulose
(Avicel PH-101, Sigma Aldrich) and pressed into 13 mm pellets at 1.5 ton. The cellulose to
sample ratio was 5:1 for phosphates and 10:1 for a-Fe>Os. Data was collected in transmission
mode with the first ionization chamber filled with nitrogen and the second and third ionization
chamber filled with argon. Internal references (Fe foil) were used for the energy calibration at
each scan and was performed at the synchrotron. Three scans of each standard and each sample
were collected and both the data as well as the reference channel were imported for each scan
to perform data processing. All the scans were aligned with the reference scan of the LiFePO4
standard to enable comparison of edge energies. Thereafter the three aligned scans for each
sample were merged into one scan. The threshold energy (Eo) was chosen to be the first
maximum of the first derivative scan and is used as a reference for all parameters in XANES
(X-ray absorption near edge structure) and EXAFS (extended X-ray absorption fine structure)
analyses. Every scan was normalized and the background removed, Rokg Was set to 1. No spline
clamps were used at low energy values, but a strong spline clamp was used at higher energy
values. The merged scan for each sample were used for further analysis. Data processing,
XANES analysis and linear combination fitting (LCF) was carried out using Athena*, and
Artemis'* was used for EXAFS analysis. Peak positions were determined using the multiple
peak fitting tool in Origin8®® (2016) or using the curve and peak fitting software Fityk®®
(version 1.3.1).
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2.2.3.1. XANES (pre-edge and edge region) and the use of linear combination fitting

To investigate the pre-edge region and to perform linear combination fitting (LCF) the three
standards were used. LCF is a very useful tool to determine the major and minor components
present in unknown samples.”2° Quantitative data as well as bonding characteristics of the
absorbing atom can be determined. The standards provided three different bonding
environments and characteristics, namely Fe**Og and Fe3*Os in a slightly distorted
environment and then Fe3*Os in an environment with a higher degree of distortion. LiFePO4
(with Fe?*) shows the presence of the two peaks (t2g and eg) in the pre-edge region with a weak
intensity that are caused by the break in the inversion symmetry due to the slightly distorted
FeOg octahedra.?t2® FePO4-4H.0 is an amorphous powder?* and Fe exists as Fe**. Mdsshauer
spectroscopy and previous XAS studies indicate that a Fe3*Os octahedral environment exists
in this phase.?*?* Four of the oxygen atoms are bonded to phosphorous groups and the other
two are bonded to the water groups. The a-Fe,O3 standard also has a Fe**Og octahedral
arrangement.?>2® The presence of the intense pre-edge peak indicates that the Fe3* is in a much
more distorted environment due to the Fe-Fe repulsion present in the structure.?>?” For the LCF
fits the weighting of each standard was kept between 0 and 1 and constrained to a sum of 1. No

overall shift of Eo was allowed.

2.2.3.2. EXAFS - Local structure determination

To emphasise oscillations at higher k-values a k3-weighted Hanning window was utilised. This
k-weight order enhances any structural information that could have been lost due to signal
damping that occurs at higher k-values. The k-space was analysed over the k-range of
3 — 12.828 Al Beyond this range the data was noisy and was excluded from the fits. The
R-space was analysed over the r-range of 1.3 -5 A. The minimum range was chosen to exclude
peaks that are not related to the shortest interatomic bond distance and the maximum to include
the largest interatomic distance. By increasing the distance of analysis, separating and
identifying the different scattering contributions becomes difficult due to overlapping

contributions.

The parameters that were refined for the determination of the local structure were the amplitude
reduction factor (So?), the energy shift (AEo), the change in interatomic distance (4R) and the
Debye-Waller factor (¢%). The coordination number (CN) was not set to refine and was changed

manually using knowledge of the known structure. The starting values for each of these
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refineable parameters were the same as the starting values determined using Artemis and they
were:* §2 = 1.000, AEo = 0, AR = 0 and ¢® = 0.003. These refined parameters led to the
determination of the structural parameters such as coordination numbers (N), interatomic
distances (R = Xa — Xb) and the Debye-Waller factor (¢?). The errors associated with the
interatomic distances and the Debye-Waller factor are the fitting errors and not the
measurement error as seen with PXRD and PDF sections. To build the model used for the
calculation of the scattering paths of the cluster of atoms using FEFF?8 the starting model that
was used for LiFePOs was determined by Streltsov et al.” The cluster size used for the

scattering path calculation was 7.038 A and the longest path that was included was 5.0 A.

All Fourier Transformed EXAFS were phase corrected. The first fitting model considered each
scattering path with its own unique refineable description for AR. For this model S3and AEo
were refined throughout the fitting process but had the same refineable description and was
thus kept the same for all scattering paths. ¢ was also given a unique refineable description
that was different for each scattering path thus determining the disorder individually for each
added path however the results for this model showed that ¢ had errors larger than the actual
value. The ¢ + error values were only reasonable when the first coordination shell had six
identical interatomic bond distances showing an undistorted octahedra. Other techniques such
as Rietveld refinement of PXRD data and Mdossbauer spectroscopy, for the samples discussed
here, indicated that the structure showed that a distorted octahedra was present (as shown with

results in Chapters 4 and 5). The first model was thus not adequate.

This led to the second model that was used for all the samples. This model also kept S2 and
AEothe same for all scattering paths with different > for every scattering path, but AR was only
allowed to vary for each coordination shell. This model produced reasonable values for the
o + error and allowed for a distorted octahedron. A good R-factor for an acceptable EXAFS
fit is less than 5% but for a good fit it is less than 2%.%° The energy shift (AEo) parameter is
very important to ensure that the energy grid used to compare the measured data of different
samples with that of theoretical data are aligned. The energy shift is highly correlated to that
of the path length and it is therefore very desirable to have small energy shift values (-10 eV <
AEo <10 eV).3! The reduced y? value was used to determine if any changes made to the model

would significantly improve or worsen the fit.
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2.2.4. MoOssbauer spectroscopy

The Mossbauer spectra were recorded at room temperature, in transmission mode and using a
%"Co vy-ray source (30 mCi) and a multichannel analyser. An Fe foil was used to calibrate the
isomer shift and the velocity and the analysis was performed using Vinda®? (version 0.7) in
Microsoft Excel. The two most common line shapes are the Lorentzian or a convolution of the
Lorentzian line shape and Gaussian broadening and is called the Voigt. In this thesis a Voigt
model was used to describe the line shape rather than a Lorentzian as the latter is used for an
ideal case where all the Fe environments are identical but is not useful in cases where the
geometry and distance in the polyhedral is different.3*34 In this case all the Fe environments
are not identical and due to the disorder present it deviates from the ideal line shape and a
Lorentzian line shape was not used. Spectra for the different samples were fitted to a sum of
Voigt doublets and each component was fitted with independent line widths to accommodate
any differences in the phases due to disorder. Constraints were added to allow the minimum
line width to be 0.275 mm/s and a maximum linewidth of 0.65 mm/s. These values were
experimentally obtained through the calibration process. Gaussian Broadening effects were
also included in the fit. Discrete doublets that does not really overlap were added in an attempt
to not over fit the data. Modelling for the different spectra were performed based on the
research and different environments determined by Amisse et. al.® and Li and Shinno.% Other
cited literature in the different chapters were also used as a way to identify the different
environments. These literature environments together with the other characterization
techniques were then used to discuss the results. The experimental setup, calibration process
and the fitting procedure, error analysis with the sample determined y? values can be found in

Appendices A3, A4 and A5, respectively.

2.2.5. Raman spectroscopy

Raman spectra were acquired using the 514.5 nm line of a Lexel Model 95-SHG argon ion
laser as the excitation source. The Raman spectrometer was a Horiba LabRAM HR instrument
equipped with an Olympus BX41 microscope attachment. The incident beam was focused onto
the sample using a 100x objective (N.A. = 0.90) and the backscattered light was dispersed via
a 600 lines/mm grating onto a liquid nitrogen cooled CCD detector. The software used for
acquisitions was LabSpec v.5.3" The incident beam power was kept low (~ 0.4 mW) to
minimise any possible localised heating. Different sections as seen under the microscope were

sampled within each sample especially if different coloured particulates were present. Each
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colour was then sampled at least twice to get a good overall representation of the sample. Peak
positions, selected full width at half maximum (FWHM) and selected relative intensities of the
resulting spectra were determined using Fityk® (version 1.3.1). All peaks were fitted using a
Lorentzian function. Selected spectra were included in this thesis.

2.2.6. Data visualization

All figures used to represent data were written in Notepad++ and then run through Python
(v3.8.5) using the command shell iPython (v7.19.0). Matplotlib® was utilised as the

visualization library.

2.3. Theory of the characterisation methods
2.3.1. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a technique used for studying the atomic structures of
materials. The crystallites in a powdered sample are (or should ideally be) randomly orientated
and when the sample is placed in the path of an X-ray beam, the X-rays would be reflected off
the lattice planes where the atoms reside and Miller indices (hkl) are used to describe the
planes.® Diffraction from these planes would occur if Bragg’s law (eqn . 2.1) is fulfilled by

having the correct orientation:®
nA = 2dsinf (2.1)

where n is the diffraction order and should be an integer, A is the X-ray wavelength, d is the
interplanar spacing of the lattice planes that are parallel to each other and 6 is the diffraction
angle between the incoming and diffracted X-ray beams. The diffracted X-rays at a certain 26
angle would form the Debye-Scherrer cones (Fig. 2.1) and can be observed as a 1-dimensional

diffractogram by integrating the 2-dimensional image produced by the Debye-Scherrer cones.®

Diffractedﬂﬂl :
\ . &R

hkl hkl

_@L___Pri!n_ary beam

i
!

Figure 2.1: Diffracted beam emanating from a powdered sample showing the Debye-Scherrer cones.®

The Bragg equation can also be used to extract structural information and peak positions on a

diffraction pattern.> A diffraction pattern is comprised of Bragg reflections and Bragg
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intensities (I,,;). The individual reflections display several properties, namely, positions,
height, breadth and an integrated area. The Bragg intensities can be related to the same set of
Miller indices when the same planes were responsible for them. There is a direct relationship

between the Bragg intensity and the square of absolute structure factor:*°
Ik ¢ |Fpia]?. (2.2)

The diffracted rays from the planes contain information, on the atoms in the structure, in the
amplitude and phase. This information contributes to the intensity of the peaks and can be
mathematically described as the structure factor (Fyy;). Fyy; is determined by the sum of
neighbouring Bragg reflection contributions of the modeled structure. The structure factor can

be expressed as: 04!

Fhkl = Z] IV]]()CXPZTU [th + kyl + lZi] exp[—M]] (23 a)
where N is the occupancy multiplier, f is the scattering factor, hkl are the Miller indices, x-y-
z describes the position parameters and M; is given as:

My = S0, (2.3b)

The root-mean-square thermal displacement of the atom parallel to the diffraction vector is

described by u2.

2.3.1.1. The Rietveld method

The refinement of crystal structures from powder diffraction data can be done using the
Rietveld method to extract important structural information. The Rietveld method is an elegant
approach to obtain the best possible fit of a model to the experimental data using a least-squares
refinement. The goal is that the best fit between the calculated and the observed data is obtained
for the entire powder pattern and this is found by simultaneously refining the parameters that
lead to the determination of the crystal structure using the Bragg reflections.*® A diffraction
pattern is given in the form of the intensity measured at different step increments such as the
scattering angle, i.e. Y; vs. 26. The least-squares refinement is then performed to the calculated
intensity, Y, ; in the diffraction pattern. Different structural and instrumental parameters are

refined to optimize the fit (Table 2.1) and to determine Y, ; using:*°

Yc,i =SXk LKlFK|2 ¢(29i — 20k)PxA + Yb,i (2.4)
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Where s is the scale factor and summation across K that described the Miller indices (h, k, and
I) for the Bragg reflections according to the following parameters: Ly is the Lorentz-
Polarization and multiplicity factors, |Fx| is the structure factor, ¢ is used to describe the
reflection profile function, Py describes the preferred orientation factor, A is the absorption
factor and Y}, ; describes the background intensity.

Table 2.1: Refineable parameters for each phase present and the refineable global parameters
(for the whole powder pattern):*°

Parameters for each phase Global parameters
Fractional coordinates - Xm, Ym, Zm 26 — error
Isotropic thermal parameters - Bm Instrumental profile

The site-occupancy multiplier - Nm Peak asymmetry
Scale factor Background
Specimen-profile breadth parameters Wavelength
Lattice Parameters Specimen displacement
Overall temperature factor Specimen transparency
Thermal parameters: Anisotropic Absorption

Preferred orientation
Profile parameters: Crystallite size and microstrain

Extinction

m indicates the m" atom in the unit cell

The best fit between the observed and calculated values is obtained by minimization of the

residual function and can be described by the summation over all the steps using:*°

Sy = Zi(Wi(Yo,i — Yc,i))z (2.5)

where w; = Yi , Y, ; is used to describe the observed intensity at a step and Y, ; is used to

ot

described the calculated intensity at a step.
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Peak profile function: The peak profile on the diffractogram would have contributions related

to both the instrumental resolution function (IRF) as well as the microstructure such as the
microstrain and domain size of the sample. The peak profile function accounts for the IRF
contributions such as the emission profile and instrumental aberrations.®> The most common
peak profile functions used in refinements are Pearson VII, Gaussian, Lorentzian and
modifications of these functions. The profile function used in this project for the refinements
is the modified Thompson-Cox-Hasting Pseudo-Voight (TCHZ)® profile function and is
described by:54°

TCHZ = nL+ (1 —n)G (2.6 a)
where 7 is the parameter that can be used to relate the individual Gaussian (G) and Lorentzian
(L) contributions and can be expanded as follows:

1 = 1.36603 (T, /T) — 0.47719(T} /T)? + 0.1116(T, /T)3 (2.6 b)

where T is described by:

Y
[ = Xtan6 + s (2.6 ¢)

and T is described by
['= (T + 2.69269TAT, + 2.42843T5T7 + 4.47163T2T7 + 0.07842I.T + I2)Y/° (2.6 d)

where [;is:

VA
cos?6

I = \/UtanZH + Vtanf + W + : (2.6¢e)

The refineable parameters in this profile function are U, V, W, X, Y and Z. The microstrain and
crystallite size for the contributing Gaussian parameters are described by U and Z and for the

contributing Lorentzian parameters X and Y, respectively.®

The background function: The background at a certain point on the diffraction pattern can

either be modelled using an empirical function, analytical function or by manually modelling
the background. The background should always be refined as both the instrumental and sample
effects can contribute to the background, these include scattering (thermal, diffuse, incoherent
and inelastic) and disorder. A higher-order Chebyshev polynomial can be used so that the
function is flexible enough to fit the features present in the background. The higher the order

the higher the flexibility of the function.
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How to identify a good fit?

A best-fit is reached when the residual (eqn 2.5) has been minimised. It is also extremely
important that the fit makes both physical and chemical sense. To assess the quality of the fit
that the refinement has reached, a set of criteria should be examined. The same criteria can also
be used to assess how the fit is proceeding and when it can be stopped. R-factors are commonly
used as part of this criteria along with the goodness-of-fit (Table 2.2). The R-factors give
information about the observed and calculated intensities of the diffraction pattern.*® Another
important criteria that should not be overlooked is the visual assessment of the fit between the
observed and calculated pattern together with the residual.*®4? Visual inspection of the fit
throughout the refinement can indicate when there are possible errors such as with the lattice
parameters, the background shape, the scale factor and profile mismatches.*® The visual fit and
the chemical plausibility of the model can determine the quality of the fit that was produced

through the refinement process.*?

Table 2.2: Commonly used criteria to determine the quality of the fit.*°

Criteria Description

This factor is great for gauging the refinement

progress and is important due to the

R-weighted Wiy =y ) L . .
wp = M (2.7) minimization term in the numerator. This factor
pattern Tiwi(vo,) o _
can be misleading if the pattern background is
high.
N—-P N is the number of data points and P is the
R-expected Rexp = |5 (2.8) _ .
p Tiwive;
i¥ido, number of parameters in the refinement.
This factor should ideally be equal to one for a
perfect fit. Generally, y2 > 1 and becomes
smaller as the fit between the observed and
calculated intensities improve. If y? < 1 then
Goodness-of , (pr>2 2.9) one possible case that should be considered is
fit = Rexp ' that the counting errors are larger than the

errors in the model. This could be caused by a
high background or poor counting statistics.
Large counting times could also influence x?

by increasing the Rex, and Ry, difference.*
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d = N, (Ay;—Ay;_1)? (2.10 a) This is a correlation parameter that measures

. ZN_ Ay.z ' .
The Durbin- =171 the correlations between y; values and should
Watson AY; = Yoi = Yei (2.10 b) ideally be 2. This value will be further away
statistic from 2 if there is mismatch present between the

observed and calculated intensities.

While Bragg intensities are used for the other factors mentioned in Table 2.2, the R-Bragg
factor (Rg in eqn 2.11) and the R-structure factor (Rr in eqn 2.12) are not based on the Bragg
intensities. These factors are usually used for the refinements of single crystal diffraction.*°

_ o= 104"
Elo,Kl/2

Ry = Hlox—lexl 597y Ry
ZIO,K

(2.12)

2.3.2. Pair distribution function

The pair distribution function (PDF) has found great importance in characterising the local
structure of materials and describes the bond length and interatomic distance distribution.*® The
PDF, G(r), can be obtained from experimental data by obtaining the Fourier Transform of the

scattering amplitude, S(Q):*

G(r) = 4mr [p(r) — pol = =/ QIS(Q) — 1] (Qr) dQ (2.13 a)

T

where p(r) and p, are the microscopic pair density and average number density respectively
and Q is used to describe the magnitude of the scattering vector. Q can also be described in
terms of the elastic scattering where the scattering angle is described using 26 and the radiation

wavelength is described by A:

4msin®

Q=" (2.13 b)

The real space resolution for the peaks on a PDF is highly influenced by Q (the scattering
vector).®® If the maximum Q (Qmax) is large then the real space resolution would show the
splitting of peaks, but if the maximum Q is small then the peak splitting would be minimised
resulting in peaks with maybe some shouldering (as illustrated in Fig. 2.2).*® A large Q would
also allow for structure analysis of the medium range in the structure and as such short and

medium range order can be described using PDF.
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Figure 2.2: PDF of LiFePO.. The blue plot corresponds to a Qmax Of 10 whereas the pink plot
corresponds to a Qmax 0f 20. The space resolution for the Qmax 0f 10 is lower.

2.3.2.1. Structural effects on the PDF

The experimental PDF displays some structural features such as the peak position, peak area,
peak width and rmax (Fig. 2.3). These features can be determined independent of structure

modeling.*44

Peak position: The position of the peak on a PDF provides information on the bond-length and
interatomic distances.>*°

Peak area: The peak area of the peak on a PDF provides information on the coordination, the
occupancies and the scattering pair responsible for the peak.>#44°

Peak width: The width of the peak provides information on the interatomic distance distribution

of similar atomic pair contributing to the same peak i.e. the disorder present.*+4°

I'max: The maximum distance at which peaks can be observed on the PDF can give an indication
of the particle size.**

5

— Qmax = 20
4

2 A Peak position

G(r)/A—2
=

Peak width

r/A

Figure 2.3: The PDF of LiFePO,4 showing the different structural effects that can be determined
independently of structure modeling.**
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2.3.3. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a technique that produces a signal based on element
specific X-ray energy and can be described in two different regions: 1) X-ray absorption near
edge structure (XANES) that provides information about the oxidation state and geometry and
2) the extended X-ray absorption fine structure (EXAFS) to determine the local structure
around the energy specific element.?%4¢

2.3.3.1. Background on XAS

During an experiment a sample is exposed to a specific X-ray energy. If the binding energy of
an element is matched by the X-ray energy then the electrons, on exposure, can either be excited
into orbitals of a higher energy or into the continuum. If electrons are excited into the
continuum then it is no longer associated with the atom (Fig. 2.4). The excited photoelectrons
either leaves behind a hole or a core hole if the electrons were core electrons.?® The transition
of the electrons in higher energy orbitals to the core hole is called the relaxation process. The

relaxation process is then accompanied by a release of energy in one of two ways:

1) The energy is released in the form of fluorescence radiation. The energy that is released from
the transition is equal to the energy difference between the higher and lower energy orbitals
and the transition energy is element specific.?>%® Successive core holes are continuously filled
for example the electron in the L-shell fills the hole in the K-shell then the electron in the M-
shell fills the core hole in the L-shell.?°

2) The energy can be released producing an Auger electron. The core hole is filled by a higher
energy orbital electron and this electron loses the energy of the transition by emitting another
electron (the Auger electron) that is either in the same or in a different shell.2%4

Incident X-ray
hlc\ excited clcctrg1o/contmuum

nucleus

Figure 2.4: The photoelectron excitation process with the surrounding electron shells using the Bohr

model.?®
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2.3.3.2. X-ray absorption coefficient

The absorption coefficient (u) can be described using the following Beer-Lambert

relationship:2946
It = Io_ux (214)

where I, describes the transmitted X-ray intensity through the sample, I, is the X-ray intensity
that the sample is exposed to and x is used to describe the thickness of the sample. I, decreases
exponentially with the thickness of x. If the sample is exposed to more X-rays then more X-
rays will be transmitted through the sample.?® The absorption coefficient can be described as
the probability of the absorption of X-rays by the sample and XAS measures this probability
(u) over an energy range. If the energy of the incoming X-rays are the same as the energy
required for electron excitation to an unoccupied orbital then the probability for absorption to
take place increases dramatically.?®4¢ The changes in the absorption coefficient are referred to

as the different absorption edges of the spectrum by scanning over a range of energies.

Sample holder

Tonization chamber

Figure 2.5: A schematic of the experimental setup for measurements in transmission mode.

2.3.3.3 Measurements in transmission mode

Transmission mode measurements allow for the X-ray intensity to be measured before the
sample as well as after the X-ray beam was transmitted through the sample.*® In the
experimental setup (Fig. 2.5) ionization chambers are responsible for measuring I, and I;.
Transmission mode measurements require that the absorber atom (the element of interest) is
present in high concentrations in the sample because if the concentration of the absorber atom
is high then enough transmitted X-rays would be produced to allow for accurate

measurements.??
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2.3.3.4. Absorption edges

The absorption edges and binding energies are element specific where the atomic number and
edge energy have a direct relationship — heavier atoms would have an increase in edge energy.
The edge energy increases due to the increase in the binding energy for heavier atoms.?® The
electrons in the K-shell for example would have a larger energy than the electrons in the L-
shell. An absorption spectrum can be divided into the following sections: XANES (pre-edge,
edge, white line) and EXAFS (oscillations), as displayed in Figure 2.6. The pre-edge can be
found before the sharp rise and the edge can be described as the sharp rise in the absorption
spectrum that is due to the excitation of a core electron. The white line is a sharp feature that
is on top of the edge and before the drop in the intensity of the oscillation region.*

XANES EXAFS
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Figure 2.6: An absorption spectrum of LiFePO, showing the different XANES and the EXAFS regions.
The numbered regions will be described in (ii) below.

Q) XANES spectra

The range used to identify the XANES region can be defined relative to the edge energy and
ranges from -50 eV — 200 eV (Fig. 2.6). The absorption edge shape depends on the excitation
of the photoelectron and the available density of states.?® The features seen in the XANES
spectrum is a result of the excited photoelectrons that can occupy the unoccupied orbitals and
the changes in the density between the different states.?® The nucleus (positive) is screened by
the electrons (negative) in a neutral atom and when the oxidation state increased, the number

of protons present are more than the number of electrons thus causing a lowering in the
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remaining electron energy states. The lowering in the energy states results in the increase in
the edge energy and more energy would be required to excite the core electrons. Changes in
the oxidation state can also be accompanied by a change in the centrosymmetry of the absorber
atom and this will also lead to changes in the features of the absorption edge.?

(i) EXAFS spectra

The extended X-ray absorption fine structure can be used to determine the local structure and
bonding environment around the absorber atom (Fig. 2.6).2%4¢ This region extends ~1000 eV
and higher above the absorption edge. The information that can be determined from this region
is the identity of the surrounding atoms and the coordination numbers around the absorbing
atoms, the interatomic distance between the absorber and neighbouring atoms and the degree
of bonding disorder.?4€ Using the absorber atom as the reference point, the photoelectrons that
act like spherical waves move away from the absorber atoms (outgoing waves). The
neighbouring atoms that surround the absorber atoms are in turn scattering these photoelectron
waves (scattered waves). The probability of the absorber atom absorbing the X-ray is

determined by the phase of the outgoing and scattered waves.

The X-ray scattering process can be described in three processes (Fig. 2.6 numbered in

green):?°

1. Below the absorption edge, no photoelectrons are produced, and no scattering can be
observed.

2. For energies slightly above the edge, the wavelength of the photoelectron is longer and
drop in the oscillatory part of the spectrum indicates that minimum absorption occurs and
the outgoing and the scattered waves are out of phase.

3. Asthe energy increases to above the absorption edge, the kinetic energy (Ex) increases, and
the wavelength of the photoelectron becomes shorter. The remaining energy after the
electron is excited into the continuum is given to the photoelectron in the form of kinetic

energy:?°
E. =E — E, (2.15)
where E can be described as the incident X-ray and Eo as the electron binding energy.

The outgoing and the scattered waves become more in phase and can be identified as the

maxima in the oscillatory region. The average distance between the absorber and neighbouring
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atoms can be determined by the periodicity of the outgoing and scattered waves. For
uncoordinated atoms the oscillations would not be present as the oscillations only occur with

neighbouring atoms.

The EXAFS signal is produced from the different scattering paths of the photoelectron. The
scattering paths can be followed from the absorber atom to one or more neighbouring atoms
and then back to the absorber atom.? A group of atoms in a shell would contribute to the same
component in the EXAFS signal and have the same radial distance. The number of atoms in
the shell with the same component contribution and radial distance would be referred to as the
coordination number in the shell.?® The total spectrum is constructed by the sum of the
scattering paths. The EXAFS equation can be used to describe the signal and each scattering

path can be describe by:2%4

N;S2

2 2_1?1
xi(k) = Ti——=—5—sin[2kR; + @;(k)]e~2° " ei® (2.16)

where R;, the half path length of the photoelectron for a single scattering event, can be further

described as?
Ri = ROi + ARL (216&)

Ry; is the half path length that was used in the theoretical calculation and AR; can be used to
modify Ry;.

k? can also be used to describe the excess Ex of the photoelectron in wavenumbers using the
following relationship?®

k2 = w 2.17)

where m, is the mass of an electron, # is Planck’s constant, E — E,, is measured in eV and is
~3.81k?and k is measured in A, The balance of the terms in eqn 2.16 are described in Table
2.3.

Table 2.3: Description of parameters that are used in the EXAFS equation (egn 2.16), that
contribute to the signal and the method of determination.?%46

Method of

Term Description determination

Describes the effective scattering amplitude and is the main

. o . Calculated by
reason for EXAFS being an element sensitive technique. For FEFE

elements with similar electrons it can be difficult to distinguish
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between them based on the scattering amplitude as it depends
strongly on the number of electrons. The more electrons
present in the atoms the higher scattering amplitudes at higher

wavenumbers.

N;S§

N; can either be described as the number of coordinating atoms
for single scattering events or the number of identical paths for
multiple scattering events. The difference in scattering path is
indicated by the subscript.

S2 is the amplitude reduction factor. The slight relaxation of
the electrons that remain after a core hole has been left by a
photoelectron can be accounted for by S2. Different elements
have different S2 values.

Modelling

The contribution to the EXAFS signal from a shell at a certain
distance decreases with an increase in the distance from the

absorber

Modelling

sin[2kR;
+ @i (k)]

The oscillations of the signal and the phase can be described
using this entire term. 2R; describes the scattering path of the
photoelectron as it reaches the neighbouring atoms and then
travels back to the absorber atom. This term is then multiplied
by the wavenumber, k, and is needed to determine the phase of
the scattering event. A phase shift is caused by the interaction
of the photoelectron with both the absorber and neighbouring
atoms. This shift is described by the term ¢; (k) and causes an
approximate -0.5A shift in the distance when calculating the
Fourier Transform (FT). The wavelength of the photoelectron
lengthens upon interaction with the atoms. The sine term is
important for producing the FT and to show peaks that can be
related to the different interatomic distances of the different
shells surrounding the absorber atom. Due to the phase shift
the peaks cannot directly be related to the distance unless

phase corrected.

Modelling but

@; (k) is calculated

by FEFF.

e

—Zal-zkz

a2 can be described as the mean-square displacement of the
interatomic distance between the absorber and neighbouring

atoms in the different shell or as the Debye-Waller factor. The

Modelling
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value determined for this term therefore produces the distance
distribution between the absorber and coordinating atoms. o2
also accounts for the thermal and structural heterogeneity
disorder.

This term depends on the mean free path of the photoelectron,
A(k) has to be

2R; A(k), and is the reason the EXAFS signal can be used to look
e (k) . . o o calculated by
at the different scattering contributions from atoms within a FEFF
range of 10 A. '

This term describes the changes in interatomic distance ]
AR; . ) Modelling
between the starting model and the experimental data.

This term is used to align the energy scale between the
AE; measured and theoretical spectrum and relates to changes in Modelling

the energy of the photoelectron.

2.3.3.5 Data reduction for XANES and EXAFS analysis

To analyse the XANES region, data reduction up to the normalisation step is needed but to
analyse the EXAFS spectra further processing should be included.*

Q) Truncation:
Truncation has to be performed if the data cannot be used above or below a certain point for

example the presence of another edge in the dataset. Not removing these features could

interfere with other data reduction steps and the analysis.?®*

(i) Aligning the reference scans:
Reference data that was measured with the dataset can be used for aligning data and accounting

for any drifts in the energy caused by changes with the monochromator.?®3%47 Aligning the
data to one another and to a common energy scale can also prevent energy resolution loss. It is
common to use the derivative scan to align the scans and using the reference channels rather
than the data to ensure that beam damage does not play a factor as is the case with some
samples.®® The individual shift that occurs after the samples are aligned to the reference

spectrum is applied to the data scans.?®
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Merging the same scans in a dataset:

If multiple scans were taken of the same sample under the same conditions then these scans
can be averaged by a process of merging.®° Merging also has the benefit of reducing the noise
and improving the signal of the merged scan. Merging provides an option of choosing the
weighting of importance for each added scan as one scan could be noisier than the other scans.*°
A method that can be used is to give all the scans the same weighting and if a particular scan
is too noisy and decreases the quality of the merged spectrum then it can be removed from the
dataset.*

(iti)  Choosing the Eg value:
The energy needed to excite a core electron is referred to as the edge energy and Eo can be

considered as the energy reference spectrum.?® The determination of Eo involves choosing a
certain point that can be used as the zero energy and that can be used to align the theoretical
and experimental spectra.®® Eo can be selected in many ways but the method should be
consistent and Eo can be chosen using the derivative spectrum (that for LiFePOas is shown in

Fig. 2.7) in one of the following ways:*

o Using the first maximum peak.
o Using the first peak.
o Using a well-defined peak.

o Using the derivative of the reference spectrum and choosing the peak.
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Figure 2.7: The first derivative spectrum of LiFePQO4. This spectrum can be used in most cases when
choosing Eo.
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(iv)  Normalization:
Normalization is used to remove any interference in the spectrum that is not due to the chemical

environment such as sample thickness or from the instrumentational and experimental setups.
If normalized correctly then different spectra of different samples and environments regardless
the measurement mode (eg. transmission or fluorescence) can be compared.?®#” The pre-edge
line can be used to define the region before the edge and the post-edge line can be utilised to
describe the oscillatory region after the edge (Fig. 2.8a).%” The regression of the pre-edge (using
linear function) and the post-edge (using polynomial function) regions using all the data is part
of the normalization process and the used function has to pass through the middle of the data
in both regions of the spectrum.*’ By extrapolating the post-edge line to the chosen Eo chosen
as indicated above the edge step, Au, can be determined (Fig. 2.8b).% The pre-edge line is first
subtracted from the spectrum and the data along the pre-edge line is moved to y = 0.
Normalization changes the spectrum such that it is moved between 0 (pre-edge region) and 1
(oscillations) by dividing the entire spectrum by Au, (Fig 2.8c). Scaling of y(k) for EXAFS
analysis is done by also using Au,. After normalization, the spectrum should be flattened if it
does not oscillate around 1. The flattening function is applied to the post-edge region by another
subtraction of the pre-edge and the post-edge slopes.?® Flattening the data results in no data

change but the visualization of the normalized data is better.*’
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Figure 2.8: The (a) absorption spectrum before normalization, (b) the pre-edge and post-edge regression
lines used for normalization and (c) the normalized spectrum of LiFePO..
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(v)  Converting x(E) toy(k):

Due to the creation of a photoelectron and its wave-like behaviour, EXAFS analysis uses
wavenumber rather than the energy of the X-ray. To convert from energy y(E) to wavenumber

x (k) the following relationship can be used:?*

k = ’@ (2.18)

The absorption coefficient would then also be described in terms of the wavenumber®® y (k)

and can be plotted in k-space (Fig 2.9a).*’

(vi)  The basics of Fourier Transform
The information that can be found in an EXAFS spectrum can be looked at as the sum of

different sine waves with each wave possessing its own amplitude and phase. The amplitude
and the phase depends on two aspects: 1) the distance between the absorber and the
coordinating atoms and 2) the type of atoms.?® To separate each component into distances (r),
the sine waves can be Fourier Transformed and separated into its Fourier components of
amplitude and phase. The benefit of a Fourier Transform is that the coordinating atoms around
the absorber atom can be separated and bonding information can be extracted. The Fourier
components contain both the real and imaginary parts. The magnitude of the Fourier Transform
(FT magnitude)?® leads to the plot of y(R) in r-space (Fig. 2.9b — dashed). A peak on the FT
magnitude shows the different coordinating atoms that are at similar radial distances
coordinating to the absorber atom and provides information about the atoms. Although the FT
magnitude produces the radial distances of the coordinating atoms it is not a radial distribution
function (RDF) as would be obtained when analysing PDF data.?>* The difference between

the two concepts are due to the following:2®

o The bond distance in EXAFS does not correspond directly with the first peak. The shifting
of this peak depends on the type of atoms involved (Fe, O etc.)

o Multiple scattering paths affect the Fourier Transform but do not play a role in the RDF.

o The peak amplitude in EXAFS depends on different variables but for a RDF the amplitude
relies on the coordination number.

o The amplitude becomes smaller with increasing radial distance from the absorber due to

A(k) whereas once again the RDF amplitude is dependent on the coordination number.
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Even though the distances are extracted from the Fourier Transform, the FT magnitude is still
complex and hence the real (Fig. 2.9b — solid) or imaginary parts should also be modelled and
shown during the EXAFS fit together with the y (k) function (Fig. 2.9a).294¢
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Figure 2.9: A plot of LiFePO, as (a) x (k) function in k-space, (b) the magnitude of the Fourier transform
(dashed) and the real parts of the Fourier Transform (solid).

(vii)  Background function of a dataset
Further background removal has to be performed on the post-edge region in order to process

any EXAFS data. A background function consists of splines. Splines are used as a way to
minimise contributions made by the background and is used as a smoothing function. If the
spline follows the data too closely some information in the oscillations will be removed
together with the background function.*® The spline function has to be able to remove Fourier
Transform components in the lower R region such that below the shortest R distance there
should be no contributing signal and does not affect the components in the higher R-region.*®
Currently an approach known as AUTOBK® (in Athena) is used to construct these functions
(Fig. 2.10a-c). AUTOBK constructs background functions by using information provided in
the lower R-region and uses cubic (third order) splines.? AUTOBK also uses the Rpkg
parameter (the maximum frequency component) that is used to determine the value below

which contributing components would be considered as part of the background and all
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frequencies up to the Rokg Value would be removed (Fig. 2.10d).2° Rukg is commonly said to be

about 1 — 1.5 A or half the distance of the shortest atomic bond distance.2?46
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Figure 2.10: The effect of different Rywg values (a) 0.2, (b) 1 and (c) 2 on the background function and
(d) the effect on different Rug values in the FT magnitude demonstrating the removal of Fourier
Transform effects.

(viii)  K-weights used for Fourier Transforms:
The EXAFS signal that had been Fourier Transformed is written as FT[x(k)k*"] with units

A" and indicates y(k) was multiplied by k using a k-weight (kw) of 1, 2 or 3 (k, k? or k%) —
before the Fourier Transform. The y(k) function should usually undergo this process to
compensate for the diminishing amplitude of the oscillations with an increase in energy.2%46
The k-weight determines where the spectral weight would be and if the lower or upper range

would be emphasised (Fig. 2.11)?°4' for example k* the data would be emphasised at low k-
values.
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Increasing the k" would also increase the range where the information would be emphasised
(Fig 2.11).2° The correct k-weight to use should produce similar oscillations over the entire data

range.*’

— kw = — kw=2 — kw=3

kx(k)(AT)

_4 T T T T T T
0 2 4 6 8 10 12

Wavenumber (4-1)

Figure 2.11: The effects of different k-weight on the y(k) function of LiFePO,. The spectral weight
changes with the k-weight.

Different k-weights can also be used in a background function. The correct k-weight would
produce a background function that cuts the oscillatory part of the spectrum down the middle,
i.e. there is the same amount of oscillation on the top as there is below the line.?° It is important
to ensure that there is a balance between the k-weight chosen for the data and the k-weight
chosen for the background function. Usually it is better to use a k-weight of 1 or 2 for the
background function as it produces a balanced spectrum irrespective of the k-weight used in

the data.?®

(ix)  Data ranges to use from the Fourier Transform:
When determining the data range that should be used for the analysis, any features not

structure-related should be excluded. If noise plays arole in a specific area it could be indicated
with aslight ripple in the spectrum. These ripples can therefore be used to indicate which ranges
would be usable and to determine the upper range.?® When moving beyond the upper limit,

significant noise, as indicated by the high frequency ripples, will be present. The maximum
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k-range is desirable as this produces the best spatial resolution for the best separation between
neighbouring peaks.?®#’ Increasing the k-range resolves neighbouring peaks better at lower

radial distances and might not have any affect at higher radial distances.?®

x) Determining the windows used for Fourier Transform:
Data ranges in terms of k extend from a low to a higher finite range whereas the range for the

Fourier Transform is infinite thus indicating that zeros have to be added to the Fourier
Transform range that is outside the k-range.?® A step-function is used at the beginning and the
end of this range as sharp changes occur where the values go from zero to non-zero and then
back again to zero. To diminish and smooth this transition, the change in the data should be
multiplied by a window that moderately allows the data from zero to reach the non-zero value
and the non-zero value to go back to zero at the end of the range.?>% A Hanning-window is a
common window function that can be used for this purpose. This window specifies the
minimum and maximum values for the k-range as well as the width for this gradual transition.

Values for this transition is usually between 1 — 2 A%

(xi)  Information contained in a Fourier Transformed spectrum:
The Nyquist theorem can be used to determine the amount of information that can be found in

both the original spectrum and the spectrum after it has been Fourier Transformed:2°4
Niyp = %AkAR +1 (2.19)

where Ninp can be described as the number of independent data points, Ak is the Fourier
Transform range and AR is the data analysis range. Ninp should be more than the number of

variables needed for the fit with ideally twice as many Ninp than variables.

2.3.3.6 Linear combination fitting

The sum of the absorption from each of the species of the absorber atom present in the sample
contributes to the final spectrum. Linear combination fitting (LCF), that is the sum of the linear
combinations present in the sample, can be used to quantify this. 3° To determine the weighted

sum for all the species, a library of standards representing all possible species present should
be used.?*3° Mathematically this process can be expressed for a certain energy range as:*°

Model = Y ; f; (STD); (2.20)
The model would be the best representation of the least-square fit using the standards, f; is

the scaling factor applied to each standard to get the best representation and STD is the
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standard. Commonly the scaling factor applied to the standard would be constrained to be

positive and to sum to one.

Q) How to quantify the fit mismatch:
The fit mismatch can be quantified by either using the EXAFS R-factor or the x2.%° The Internal

XAFS Society Standards and Criteria Committee defines the EXAFS R-factor as:*°

YN(data;- fit))?

2 —
Riys =100 x =gl

%. (2.21)
The mismatch using y? can be defined as:*

2= 3 : (2.22)

&j

where ¢ is the uncertainty associated with a certain point.

2.3.3.7 Local structure determination

Q) Common fitting parameters, typical values and correlations.

The refineable parameters that are allowed to vary when performing an EXAFS fit
are AR, N, 2,52 and E,. These parameters should be within an acceptable range for the final
fit and the correlation between these refineable parameters should be minimised. This can be
used as a guideline regarding the starting model and the progress of the fit. This information is
summarised in Table 2.4.

Table 2.4: The fitting parameters, typical values and the correlations associated with the
parameters.°

Typical )
Parameter Effects Correlations:
value

. Coordination numbers and
N Positive _ S%and o2
degeneracy cannot be negative.

If S2 for the model is either higher
0.70 — or lower than the typical value it
SZ o _ N and ¢
1.05% could indicate distorted data or a

questionable fit.
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Values outside this range could N and S5

Never
negative / indicate that a different model The correlation
o? should be used or sometimes that ¢4 he reduced by
0.002 - the added path does not contribute increasing the k-
0.03 A?

to the fit range.

o E, but in more
If the deviation between the _
] _ _ complicated
experimental and starting model is
AR 0.1A o models then
larger than this distance then a
N, o2 and AR for

different starting model is needed.
other paths.

On the
rising
absorption
E, edge but Wrong reference energy N and o2
not on the
pre-edge

region.

Q) EXAFS models: Comparing two fits

The fitting process involves a least-square fit between the theoretical and experimental data
and the fit provides important goodness-of-fit information that can be used to assess the fit.
This information includes the R-factor, number of independent points (Ninp) and variables
(Nvar), chi-square (x2) and reduced chi-square (x2).? Different models can be compared to
each other using the above mentioned goodness-of-fit information. The R-factor describes the
mean-square misfit that exists between the fit and the data for the Fourier Transform

components and can be described as:?°

Yi(data;—fit;)?
Rractor = Y (data))? %. (2.23)
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A good® to reasonable?®3° fit has a R-factor of less than 0.02 (2%) and 0.05 (5%),

respectively. The y? can be described using:?°

, o Fir\2
0= ey, (et (2.24)

Npts &i

where N;p,, is used to described the number of independent points, N, is used to describe the

number of data points and ¢; is the uncertainties.

xZ can be used when models of the same dataset, same number of variables and the same k-

range are used to compare consecutive fits and can be described as:*

Nin (data;—fit,)?
X = Rl (2.25a)
This equation takes into account the degrees of freedom (v):?°
V= Ninp — Nyariabies- (2.25 b)

Improvement to the fit should be significant for example y2(50) < x2(100) but when the
initial y2(52) and the final y2(50) then the models are too similar implies and no real
improvement can be observed.? If a certain added path did not decrease y2 then the fit showed

no improvement. 4

2.3.4. Mossbauer Spectroscopy

Maossbauer spectroscopy has found many useful applications in solid state research such as
material sciences, chemistry and physics.>*°! Its widespread application have been due to its
ability to provide information regarding a material’s electronic structure, bonding properties,
magnetic behaviour and molecular symmetry.>® The success of this technique relies on the
Mdossbauer Effect that was discovered by Rudolph L. Mdssbauer in 1957 and is based on the
principle of recoilless nuclear resonance absorption of y — rays. This work earned him the
Nobel Prize in Physics in 1961.52

2.3.4.1 Nuclear y — resonance emission and absorption

The emission of y — rays are observed when a parent isotope decays and produces a daughter
nucleus with Z protons and N neutrons in the excited state (Ec). Upon the transition from the

excited to the ground state (Eg), a y — ray with no recoil will have an energy of Ey = E, —
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E,.>** The emitted y — ray can then be absorbed by another nucleus with the same Z and N
and the absorber will then be in the excited state (Fig 2.12). This process is referred to as nuclear
resonance absorption of y — rays or as the Mossbauer effect. To observe the Mossbauer effect
certain conditions have to be met which will be discussed later.>*>* Another process known as
nuclear resonance fluorescence follows when the excited absorber atom transitions back to the

ground state and a y — ray is again emitted that can occur via different routes (Fig. 2.12).%

v = ray Emission Resonant absorption Resonance fluorcscence
Mucleus of & and N in excited state— Ee - X
y-ray = y-ray
LR e N
MNucleus of £ and N in ground state Ez ¥

Figure 2.12: A schematic showing the nuclear resonant absorption and nuclear resonance fluorescence
observed in a recoil-free environment.>

2.3.4.2 Spectral line shape and natural line width

The Heisenberg uncertainty principle can be used to evaluate the energy (Eo) of the transition.
The ground state is stable and therefore has an infinite lifetime whereas the excited state has a
finite lifetime. This leads to some uncertainty as to the exact energy for Eo and can be denoted

as AE using the uncertainty principle:>®

AEAt > h (2.26 a)
where

_
h= — (2.26 b)

where h is Planck’s constant.

The time available to measure the energy (At) is related to the mean lifetime using the

following relationship:3>4

At = 1. (2.26 ¢)

The spectral / emission line that is centered around Eo forms due to the radiation as a function
of the energy and can be expressed as an intensity distribution (Fig 2.13). A Lorentzian curve

can be used to represent the intensity distribution described by the Breit-Wigner equation:>3°>°6
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r/2m

I(E) = —X2&
(E) (E-Ep)? + (T/)

(2.27)

The same intensity distribution can be observed for the absorption spectral line. The natural
width of the spectral lines can be determined by the mean lifetime of the excited state using the

relationship shown by Weisskopf and Wigner:>3

It = h (2.28)

I(E) A e E. |AE

Io

Io/2

i. g Eg
Eo )

Figure 2.13: The intensity distribution showing the emission spectral line centered around Eo. The mean
lifetime of the excited state can be used to determine the natural line width.5

The mean lifetime (z) and the width of the transition line can be linked to the amount of
resonance overlap that will occur. The lifetimes suitable for resonance overlap are
~107% — 10715, Shorter lifetimes produce transition lines that are too broad with too much
resonance overlap and a loss of resolution. The transition lines are smeared out and
indistinguishable from the spectrum baseline.33°3 Longer lifetimes produce transition lines that
are too narrow and no resonance overlap will occur. If the spectral line for both the emission
and absorption process are at the same energy (E,) then maximum resonance absorption can

occur.3353

The shape of the absorption line, also known as the resonance cross section, can be given by

the Breit-Wigner formula:*®

_ UOFZ
o(E) = T2 T 2G5 (2.29a)
where
oy = A 2t 1 (2.29b)

21 2lg+1 a+1
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is the maximum absorption cross section, I, and I, are the nuclear spin quantum numbers for
the excited and ground state, respectively, A is the wavelength of the y — ray and a the internal

conversion coefficient.

2.3.4.3 The Mossbauer Effect

The Mdossbauer Effect depends significantly on the presence of the emission and absorption of
y — rays occurring in a recoilless environment. A very important factor that determines if the
recoilless absorption and emission will occur is the type of sample as this determines if the
Maossbauer Effect will be observed. If a free nucleus or atom emits a y — ray, the nucleus will
move in the opposite direction than that of the emitted y — ray due to the recoil energy (Fig
2.14) 535

Recoil direction due to momentum Direction of emitted y — ray
- ”F\_,-”\M.f

Nucleus
Figure 2.14: The movement of the y — ray due to the recoil energy if the nucleus was at rest before the

emission.

The recoil energy after the emission of the y — ray can be determined using:*3
Ep = 2 Mv2. (2.30)

The change in direction after emission is to conserve the momentum of the nucleus and would

therefore be:>®

E
Pn =-py=—-TL (2.31)

Cc

where p,, represent the momentum of the nucleus and p, the y — ray, respectively and c is the

speed of light.

The energy of the emitted y — ray therefore has to take into account the recoil energy, Er and

would not be E, = E,. The energy would be determined:>

E)/ == EO - ER' (232 a)
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Due to the large mass of the free atom nucleus, M, the recoil energy can be describe using the

nonrelativistic approximation:>

p3
Er = i (2.32b)

And after substituting (eqn 2.31) Er can be described as:

2
Ey

E, =
R ™ opmc2

(2.32 ¢)

Due to the recoil effect, there will be a shift in energy by Er for both the emission and the
absorption lines relative to Eo (Fig. 2.15). The emission y — ray would have an energy of
E, = E, — Eg and the recoil will cause a shift to lower energies (Fig. 2.15). The absorption
process will also be affected by the recoil. For the absorption of the y — ray to occur the energy
would have to be E, = E, + Ej causing a shift to higher energies for the absorption line (Fig.
2.15).5 These two lines are now separated by 2Er which is larger than the natural linewidth of
most Mossbauer nuclides and due to the recoil the overlap between the transition lines would
not occur and no resonant absorption would take place, hence the Mdssbauer Effect would not

be observed.>®
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Figure 2.15: A schematic illustrating the effect of the recoil on both the emission and absorption lines.
These lines are separated by an energy of 2Er and no overlap is observed between these lines.>

Atoms that are constantly moving at a certain velocity (v), such as atoms in a gas, emitting a
y —ray of energy E,, in the same direction as the movement of the atoms would receive

additional Doppler energy, Ep.>3

The y — ray energy that is emitted in this case is:>

68



E)/ == EO - ER + ED (233&)

where Ep is the Doppler energy and can be related to E, using:

Ep = 2E, (2.33 b)

c

where v, refers to the velocity of the moving atom or nucleus

Gases do not all move with the same velocity and the y — ray of energy is therefore linked to
the Doppler energy (egn 2.33 b). The y — ray energies are scattered statistically and can be
attributed to the possibility that Ep can either be positive or negative and this causes Doppler

broadening of the transition line. Doppler broadening can therefore be determined as:>**°

_ — 1

Ep = E,(2Ex/Mc?) (2.34)

where Ek is the mean kinetic energy of the moving nucleus in the gas and E}, is taken over all

angles () that is between p,, and v,,.

The width of the Doppler broadening can also be determined in terms of Er:>®

FD - ZﬂER " kT. (235)

I, is either in the same order of magnitude or larger than that of Er. The emission line (with
the Doppler broadening) and the absorption line now only overlap in a small energy region
indicating that there is a very low probability that resonance absorption would occur and that
the Mossbauer Effect would be observed. If atoms are bound in the solid then there is a very
high probability of nuclear resonance absorption occurring. In a solid, the atoms are bound in
a lattice of certain mass, M. This mass is considered much larger than the mass of the free atom

and the recoil energy is then considered negligible.5®%°

2.3.4.4 Recoil-free fraction

Mossbauer nuclides that are bound in a solid lattice would not be allowed to recoil freely as
seen in previous sections described above and the atom can only vibrate within the lattice. In a
lattice, the recoil energy is converted into vibrational energy and is transferred to the lattice
vibrational system. The energy disperses by heating the surroundings in the lattice while the
atoms remain it their positions with no mean displacement of the nucleus.>*>* Under these
conditions, the recoil energy would be taken up by the whole lattice and there would also be

no Doppler broadening.>® There is a probability, f, that the lattice undergoes a zero-phonon
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transition and that no lattice excitation occurs during the emission or absorption of the y — ray.
The recoil-free fraction is the fraction of nuclear transitions for the emission and absorption of

y — rays that can occur without any recoil.
The recoil-free fraction, f can be described by®>*’
E
f =exp (i) = exp(—k?* < x? >) (2.36)

where k is the propagation vector and < x2 > is the mean-square displacement in the x-

direction and wg describes the Einstein frequency.

The recoil-free fraction is also dependent on temperature and can also be determined using the
Debye solid model where f is also generally referred to as the Debye-Waller factor:*

— exp | 28R (1 4 (1)
f = €Xp |:kBGD {4 T (GD)

where kg is the Boltzmann factor and 0, = th/kB’ the Debye temperature, and is a measure

J-OGD/T x dx}] (2.37)

eX —1

of the strength between bonds and with the following approximations the equation can be
further reduced to:>*

ForT « O, then f = exp [— — (g + ";Zz)] (2.38 a)
BYD D
and for T > @p then f = exp (— ZESZ) (2.38 b)
BYD

The recoil-free fraction increases:>*°

1. Dby the decreasing the recoil/transition energy
2. by decreasing the temperature

3. by increasing 0.

2.3.4.5 Mossbauer transmission spectrum and the Doppler shift

The overlap between the absorption and emission lines has to occur in order to produce a
useable spectrum and therefore the Doppler shift has to be utilised by moving the source that
causes changes in the energy. The Doppler shift relates the energy to the velocity and produces
a transmission spectrum of the transmitted intensity as a function of velocity. The transmission
spectrum is due to the detection of the 14.4 keV y — rays (nuclear decay scheme can be found

in Appendix A3.1) that are absorbed by the absorber.® The emission spectrum is that of source
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and is varied over a range of energies relative to that of the absorption spectrum for the absorber
(Fig 2.16). To produce the transmission spectrum, the velocity of the source is varied as to have
no overlap, some overlap or maximum overlap with the absorber. If there is no overlap then no
resonant absorption occurs and if there is only a small amount of overlap then there is very
little resonant absorption and the counting rates or transmission intensity would be large. The
increase in overlap results in a decrease in the counting rate or the transmission intensity.
Complete overlap between the emission spectrum and the absorption spectrum allows for
maximum resonant absorption and the transmission intensity would be at a minimum (Fig

2.16). A greater overlap between the spectra results in the reduction of the transmission due to

the resonant absorption. 333
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Figure 2.16: The amount of overlap between the emission and the absorption lines is responsible for the
formation of a transmission spectrum. 333

2.3.4.6 Hyperfine Interactions

The above explanations all involve a bare nucleus with no influence from a chemical
environment. In real materials the Méssbauer nucleus experiences interactions from both the
electric and magnetic fields. The fields affects the nuclear energy states and the interactions are
referred to as nuclear hyperfine interactions.®®>® The interaction between the nucleus and its
surroundings cause changes in both the nuclear and electronic levels by either shifting or
splitting of these levels. If the interaction only causes shifting of the nuclear energy levels, it is
known as an electric monopole interaction (e0) but if it splits the levels into sublevels without
any shifting then it is known as electric quadrupole (e2) and magnetic dipole (ml)

interactions.>®°
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The hyperfine interactions mentioned above can be observed in a Mdssbauer spectrum and can
be used to extract important information about the material and local environment. The position
of the resonance lines give the isomer shift (§) whereas e2 and m1 splits the resonance line of
the transition between the degenerate nuclear levels and give rise to the electric quadrupole
splitting (AE,) and the magnetic splitting (AE,;).>%*

2.3.4.6.1 Electric Hyperfine Interaction

The electrostatic interaction between the nucleus (charge Ze) and the surroundings has a total

energy that can be described as:®°

Eu = [ paV(r) dr (2.39)

The nuclear charge density, p,, () at a certain point with set coordinates r = (X1, X2, X3) and the
Coulombic potential at a point r = (X1, X2, x3) is described by V(r) and the volume by

dt = dx; - dx, - dx;.

V (r) can be further expanded using the Taylor series at the point r = 0:%°

7] 9?
V(T‘) = VO + Z?=1 (%)0 xl + %Zi}=1 (—V) xlx] + - (2.40)
¢ 0

6xi8xj
by inserting (2.39) into (2.40) the following expression can be obtained:

%y
axiaxj

d
Bew = Vo[ pua(m dr+ 32 (57) - L pu( dr+ 258 (50 ) - f pardxex; dr 4 -
t 0

(2.41)
The first term of (eqn 2.41) describes a point charge electrostatic interaction and second term

describes the electric dipole interaction, but no dipole moment exists. Higher order terms
represent very small interactions and nuclear moments and are can be considered negligible.

The most important term is the third one and can be written as:®°

1 2 1 2 1
By = Dz Vit [on()x dr = > 3 Vi [ pu(™) (xlz —%) dr + EZ?=1 Vi -

[ pn(r)ride
(2.42a)
where

r2= Y3 x? (2.42 b)

With additional substitution and the inclusion of the nuclear quadrupole moment, eqn 2.42a

can be rewritten as:
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E = 2nelp(0))?  pu(r)r?dt + 3535, Vig - J pur) (22 —g) dt = E, + E, (2.43)

The first term in (eqn 2.43) labelled as E; can be used to describe the electric monopole
interaction and causes a shift in the nuclear energy levels. The second term (eqn 2.43) labelled
as E, describes the electric quadrupole interaction and causes splitting of the degenerate

nuclear energy levels.°

(A) Electric Monopole Interaction: The Mdssbauer isomer shift

The electrostatic interaction between the electrons and the nuclear charge can be described as
the electric monopole interaction. The p, d and f-electrons have an angular momentum that is
non-zero and unlike the s-electrons they do not have the ability to penetrate the nucleus unless
relativistic effects are considered. The s-electrons penetrating the nucleus have an electrostatic
interaction with the nuclear charge.®® The Coulombic interactions cause a shift in the nuclear
state energy level. Using the first term of (eqn 2.43) the interaction energy can be expressed

as:®0
E; = ~nZe?[(0)|*(r?) = SE (2.44)

where |y (0)|? describes the electron densities and (r?) is the square of the nuclear radius. The
electrostatic shift, SE, is different for the ground and the excited states for nuclei with the same
mass and the same charge. The difference is caused by the changes in the nuclear volume and
the mean square of the radius, < r2 >. The electrostatic shift and the energies for the excited
state and the ground state for the Mdssbauer nucleus would be different compared to the bare
Massbauer nucleus (Fig. 2.17). This phenomenon is responsible for the Mossbauer shift.>® The
Maossbauer nucleus in the excited state of the source would emit a y — ray photon of transition
energy Esand the absorber would emit a y — ray photon of a transition energy Ea. With the
Doppler velocity the emission and absorption lines will only be observed when overlap occurs
and the difference in the electrostatic shift will be observed. This shift is the isomer shift (Fig.

2.17b)and can be expressed as:*®
— _ — 27,2 2 _ 2 2\ _ .2
6= Es— Ep = —Ze {lw(0)1?, = W02 }(r*) = (%) (2.49)

where [(0)]? 5 and [(0)|? , is the electronic charge density of the source and the absorber,

respectively.
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The difference between re and rg is small such that , — r, = 8R and 7, + 7; = 2R and

therefore equation (egn 2.46) can be written as:

§ = tnze*{[p(0)1?, — W(O)1%} - R? () (2.46)

The difference in the electron densities between the source and the absorber are due to the
different chemical environments that would also cause different transition energies and
electrostatic shifts for Eg and E, (Fig. 2.17).

A a b
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Figure 2.17: (a) Changes in the interactions between the nuclear charge and the electron density present
at the nucleus for the bare, source and absorber and (b) the shift of the energy of the nuclear states due
to the interactions producing the isomer shift.5

The change in the nuclear radius associated with the transition from the excited and ground

states is described by the nuclear factor, (%R) and can be either negative or positive for the

Méssbauer nuclide. For®

. %R > 0 and & > 0; indicates that from the source to the absorber the nucleus exhibits an
increase in the electron density

. %R < 0and 6 < 0; indicates that there is a decrease in the electron density between the
source and the absorber.

In an experiment the Doppler velocity needed to bring the source and absorber back into

resonance can be described as:®°

vp = (&) 2282 (2) ()1, - WO)P%) 247)

5Ey
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If the same Mdssbauer nuclide is used for a range of compounds then a standard source can be

used and [1(0)|?; can be seen as a constant:>*%

§ = cons () {lw(0)I?, - C} (2.48)
(A1) Chemical information provided with the observed isomer shifts

The isomer shift relies in changes to the electron density, |1/(0)|?, and the penetration of the
s-electrons in the nucleus. The density of the s-electrons are composed of two contributions: 1)
the fully occupied s-orbitals and 2) the partially occupied valence electrons.®® The electronic
structure is strongly influenced by the valence contribution to the s-electron density. Chemical
changes that could affect the electronic structure are the spin state, oxidation state as well as
the bond properties.®®%° The s-electron density would be influenced by valence shell changes
either directly or indirectly. Altering the population of the s-electrons in the valence shell would
directly influence |1 (0)|? by changing the s-electron density and the s-electron density would
be influenced indirectly because the p,d and f-like electrons that have a nonzero angular
momentum bring about some shielding of the s-electrons. If the valence density increases, then
the nuclear charge would attract the s-electrons less and the [1(0)|? would decrease. Similarly,
the decrease in the valence density would have an increase in the attraction and would therefore

increase |1(0)|?.%°

The effect the spin state and the oxidation state of iron complexes (%R < 0) have on the isomer

shift leads to three important trends®*%36! The isomer shift is always in reference to a standard:

1) High spin complexes would have a higher isomer shift than low-spin and intermediated
spin complexes.

2) Iron complexes with a high spin would show a more positive isomer shift with lower
oxidation states than with higher oxidation states.

3) Iron complexes of a low spin have similar isomer shifts and therefor the isomer shift alone
cannot be used to identify the oxidation state for a certain compound.

4) The bonding properties, such as strength of the o — donor and the ™ — acceptor, and the
geometry around the Mdssbauer nucleus also affects the isomer shift:
e Complexes with ionic ligands would have a higher isomer shift compared to the isomer

shift complexes with covalent ligands.
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e QOctahedra (six) coordinated environments would exhibit a higher isomer shift

compared to the lower coordinated environments such as tetrahedra (four).

(B) Electric Quadrupole Interaction: Quadrupole splitting

For the occurrence of the electric quadrupolar interaction it is necessary that the nuclear
quadrupole moment can be observed as well as that the electric field gradient (EFG) be
nonzero.®® The second term in (eqn 2.43) is responsible for the splitting of nuclear energy
levels that are degenerate and this is referred to as the quadrupole splitting (AEQ). This term
was not present when discussing the monopole interaction as the distribution for the nuclear
charge was uniform;® but if a nuclear charge have a spin quantum number that is I > % then

the degeneracy would be lifted due the quadrupole interaction.®® For nuclear states where I =

1
0, 2, no quadrupole moments are observed.*®

(B1) Nuclear quadrupole moment

The deviation from the spherical symmetry and the change in the nuclear states can be
measured by the electric quadrupole moment. The nuclear quadrupole moment can be
described by:®°

Qij = fpn(r)(xlx] - 6ijr2)d1- (249)

where p, describes the nuclear charge, x;; are used the described the r coordinates on a

Cartesian system and &;; is the Kronecker symbol.

To describe the quadrupole moment of the nucleus, the nuclear constant, Q, can be used
because of the definite angular momentum and the charge distributions that is cylindrical

symmetric. If Q;; = 0 for off-diagonal elements and the z-axis is the preferred orientation axis

then the quadrupole moment for a cylindrical nucleus can be given by:%89
1 1 1
Q = szn ) (z? — x¥)dr = Efp” (r)(3z% — r¥)dr = Efp” (r)r?(3cos?6 — 1)dr
(2.50)

where z = rcosf and 6 is the polar angle between the z (the axis of symmetry) and vector 7.
This equation shows that for an elongated nuclei @ > 0, for an oblate or flattened nuclei

Q < 0 and for a spherical charge distribution Q = 0.5
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(B2) Electric field gradient (EFG)

Quadrupole interaction energy can be used to obtain information regarding the electronic and
molecular structure. Changes in these structures originates from changes in the electric field

gradient (EFG) and describes the interaction between the quadrupole moment (I > %) and the

electric field. The alteration of the EFG by physical and chemical changes are important when

interpreting the AE .
The total EFG has 2 main contributions:®°

1) Lattice contributions: The Mdssbauer atom is surrounded by charges from distant ions
in a non-cubic symmetry.
2) Valence electron contributions: The uneven distribution of electrons in the valence shell

between the Mdssbauer atom and the ligands surrounding it.

(B3) Quadrupole splitting

The (21 + 1)-fold magnetic substrates are split due to the electric quadrupole interaction and
no energy shifts are associated with this electric quadruple interaction. The eigenvalues Eq can
be determined by the first-order perturbation matrix:>%5°

. eQVy 2 _ ﬁ
0= T 3mI - 1A+ D] 1+ 2 (2.51a)

The nuclear magnetic spin quantum number, m; = 1,1 — 1,1 — 2, ...,—1, V,, describes the
one of the principal tensor components and the asymmetry parameter (1) can be described
by:58760

n:% 0<n<1 (251 b)

For °'Fe (14.4 keV) the electric quadrupole interaction of the ground (I = %) and excited

3

(I = E) state can be explained as follows: For I = %there is no quadrupole moment present

but for I = % there is a quadrupole moment leading to the splitting of the excited state into two
doubly degenerate states (Fig. 2.18a) i.e. E + §> and E + %> The energy difference between

the degenerate states can be described as:8%
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AEq = Eq(£3) - Eo(23) = 2= (2.52)

2 2
A quadrupole doublet would be observed for a >'Fe experiment. These lines are separated by

the quadrupole splitting (Fig. 2.18a) and can provide information about the structure such as

the bond properties and the local symmetry around the site of interest. -6
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Figure 2.18: (a) The splitting of I = %With an energy separation of AE, and (b) the Mdssbauer spectrum
that results from this splitting. The states can also be shifted and is indicated by the isomer shift.%

(C) Magnetic Hyperfine Interactions

The magnetic dipole interaction exists when there is an interaction between a magnetic field

and a nucleus that has a spin quantum number I > 0 and is described using the Hamiltonian:®

A~
A

= _gN.uNf' B (2.53)

A
—~ a

Hp = —p

91>

where [ is the magnetic dipole moment, B is the magnetic induction, g, describes the Landé

eh

factor and py = vy
14

where Mp is the mass of a proton.

The eigenvalue En by the first order perturbation matrix diagonalization produces:8>°

—uB
Em(ml) = #Tml = —gyunyBm,. (2.54)

Nuclear states are split into 21 + 1 non-degenerate substates |1, m;) if the spin quantum number
is 1. This split is a result of the magnetic dipole interaction (nuclear Zeeman effect) and the

magnetic dipole transitions (Al = 1,Am = 0, +1) for y — ray transitions are those allowed

by the selection rules.®® The magnetic dipole interaction for >’Fe the ground state (I = %) splits
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into two substates and the excited state (I = E) splits into four substates (Fig 2.19a). There are

six allowable transitions due to the selection rules as mentioned above and a resonance sextet
with 3:2:1:1:2:3 relative intensities (Fig. 2.19b) is produced. These line intensities follow this
intensity pattern due to the magnetic field even distribution with respect to the propagation of
the y — ray. The magnetic field acting on the nucleus can be determined by the hyperfine
splitting.>® Information on the spin interaction processes such as electron configuration,
magnetic moment and relaxation and the spin value®? that can be obtained from the magnetic

dipole splitting.
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Figure 2.19: (a) The magnetic dipole splitting of >Fe and (b) the Mdssbauer spectrum and intensities
that results from this splitting.®

2.3.5. Raman Spectroscopy

Raman spectroscopy is a non-destructive technique that utilizes the vibrational modes to
investigate the chemical and structural properties of a material.® This technique is very
versatile and can be used to study powders, solids, liquids, gels and gasses. It has found great
importance in different fields such as chemistry, geology, archaeology and pharmaceutics®*
and can be used to characterise materials as long as molecular bonds exist in the sample. Raman
spectroscopy relies on the scattering of light and the interaction between the photon and the
molecule after the sample is exposed to a laser source.’* This interaction can be described in

terms of three different scattering processes (as illustrated in Fig 2.20):6364

1. Rayleigh scattering: This type of scattering can be identified where the molecule shows no
change in energy upon photon interaction. The photon before the interaction (incident) and
the photon after the interaction (scattered) would both have the same energy and

wavelength. This scattering process also occurs the most frequently.

79



2. Raman scattering: Raman scattering can be divided into Stokes and Anti-Stokes Raman
scattering. Stokes scattering occurs when the molecule gains energy upon photon
interaction and the photon that is scattered away from the molecule thus loses energy and
has an increased wavelength. The energy gain of the molecule causes an increase in
vibrational levels. The opposite occurs for Anti-Stokes scattering. The molecule loses
energy after the interaction with the photon whereby the photon that is scattered would gain
energy and have a decreased wavelength. The loss in energy of the molecule causes the
vibrational energy to relax. These scattering processes do not occur as often as Rayleigh
scattering. Between Stokes and Anti-Stokes Raman scattering; Stokes scattering is more

likely to occur making this scattering process more intense and more measurable.

5
B

)
)
-

Rayleigh scattering Raman scattering

Anti-Stokes

Stokes

Figure 2.20: Different scattering processes that can occur upon photon interaction with a molecule.®

A Raman spectrum is constructed using the change in frequency between the intensity of the
radiation that was scattered and the incident radiation.®® This difference is also referred to as a
Raman shift and a spectrum would be a plot of the intensities and the Stokes-shifted
frequencies, reported in wavenumber with Raman active modes present on the spectrum (Fig
2.21).5364 The position of the peaks can be used as a chemical fingerprint which is unique to a

particular material, and can thus be used as either an identification or comparative tool.®*

Raman spectroscopy can be used to investigate intramolecular and crystal lattice vibrations.
The vibrational energy of the molecules or crystals can be related to the frequency shifts.®® This
relationship makes Raman spectroscopy a very useful tool as the vibrational energy can be
influenced by the different atomic environments, the bond order, disorder, crystal symmetry
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and the local environment. Molecular vibrations can be classified as either stretching, bending,

out-of-plane, rocking, wagging and twisting (Table 2.5).

Virtual States

Vibrational levels

Ground State

o

igh scattering

y

HL{\ IC

Stokes

Anti-Stokes /\
VAN — > frequency

Vo + vy Vo Vo = Vyip
Figure 2.21: The energy level diagrams for Rayleigh and Raman scattering and the scattering at a

frequency vo as well as i, representing the molecular vibrations. 5

Table 2.5:Different molecular vibrations and the changes that are linked to the different
vibrations.5

Molecular vibration: Changes that occur:
Stretching Bond length
Bending Bond angle between atoms. Changes in the bond length
N le.
Atoms moving in and out of and angle
Out-of-plane

the plane.
Angle between the molecule

Rocking and a group of atoms in the
molecule.
A change in the plane - the No change in the bond
plane that runs through the lengths or the angle.

Wagging molecule and the plane that

runs through a group of

atoms.
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Twisti A change in planes between
wisting
two groups of atoms.

2.3.3.1 Concentration and crystallinity:

The peak intensity can be used to make conclusions about both the concentration and the

crystallinity. There exists a direct relationship between the peak intensity and the concentration.

Peaks that are sharp and intense usually indicate crystalline and peaks that broader and less

intense usually denoted amorphous substances.®*
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Chapter 3

Characterization of LiFePO4and the use of commercial LiFePOas as a reference
material.

LiFePO4 has been used commercially as a cathode material in lithium-ion batteries (LIBS)
mostly to power various electronic devices and certain electrical vehicles.!? One of the aims
of this project was to investigate how the synthesis process affects the average and local
structure of LiFePO4. Commercially available LiFePO4 (Sigma Aldrich, >97% pure) was used
as a reference material for the XANES region of the XAS data. To fully understand the
characteristics of this material, the structure was also further analysed by other techniques used
in this study. This chapter is divided into two different sections: 1) a literature review of the
LiFePO4 structure and 2) a study of the structural differences between the commercial LiFePO4
(C-LiFePOs) and that reported in literature.

3.1. Literature review of LiFePOas structure

3.1.1. Powder X-ray diffraction (PXRD)
3.1.1.1.Lattice parameters and cell volume

LiFePOg crystallises in the Pnma space group and the orthorhombic crystal system where a +
b # c. Table 3.1 contains a summary of the lattice parameters and unit cell volume of LiFePO4
that was obtained when using a hydrothermal synthesis and will also be used as a comparison
for the parameters obtained for the synthesised material in the chapters to follow. LiFePOg is
cited to contain no antisite defects when the volume ranges from 290 — 291.4 A3, 3-°

Table 3.1: The lattice parameters and volume when using a hydrothermal synthesis.

Reference a(A) b (A) c (A Volume (A%
Yang et al.6 10.381(7) 6.013(5) 4.716(3) 294.38°
Chenetal.’ 10.3319(1) 6.0040(1) 4.6939(1) 291.18(1)
Prince et al.® 10.3095(7) 5.9993(4) 4.6932(3) 290.27(3)
Chen et al.® 10.3447(9) 6.0033(5) 4.6964(4) 291.66(4)

Kuwahara et al.1° 10.3280(5) 6.0040(3) 4.6936(2) 291.05(2)
Sun and Xu't 10.3323(7) 6.0061(8) 4.6928(8) 291.2312(0)

#Chen and Graetz® 10.303(1) 5.987(1) 4.670(1) 289.87(5)

$Chen and Graetz5 10.3658(6) 6.0037(3) 4.7124(3) 293.27(2)

“Manually calculated and not determined by the group, # After heat treatment, ®before heat treatment.
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3.1.1.2. Interatomic bond distances of LiFePOa4

The LiFePOs structure consists of different polyhedral structures (FeOs, PO4 and LiOs) with
different interatomic distances (Fig. 3.1).1? The FeOg octahedra consists of 4 equatorial and 2
axial positions and 4 different interatomic distances (Table 3.2). The Wyckoff lattice sites for
Li, Fe and P are 4a, 4c and 4c, respectively and for the three oxygen positions O1, O2 and O3
the sites are 4c, 4c and 8d, respectively.!3 The longer Fe — O(3) bonds are bonded to the two
O(3) atoms that forms the short edge of the octahedra and is edge shared with the PO4
tetrahedra.'® The POy tetrahedra have significantly shorter bond distances than both the FeOs
and LiOs octahedra (Table 3.2). The basal plane of the PO4 tetrahedra [O(3) — O(3) — O(2)]
shares oxygen atoms with both Fe [O(3) and O(3)] and Li [O(3) and O(2)] and can be used to
investigate both the geometry and orientation of the FeOs and LiOs.*2 P - O distances can also
give an indication of the distortion around the PO, tetrahedra.'® The average Li-O interatomic
bond distance (Table 3.2) can aid in determining which sample could possibly exhibit better
Li* mobility. If the average bond distance is longer it implies that the Li channels are wider.®
The Li — Li interatomic distance together with the O(1) — O(2) interatomic distance of the LiOs
octahedra can also be used to describe the geometry of the channel. Better ionic conductivity
can be achieved if the Li — Li distances are shorter and O(1) — O(2) interatomic distances are

longer.1®

3)

@ o(l) 0Q)

Figure 3.1: The olivine structure of LiFePO, Adapted from Strelstov et al.*
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Table 3.2: LiFePOy interatomic distances (A) as reported by other groups using PXRD data

Rousse et al.’
Streltsov et

a1 12 and ;:1|Slla8m et Princeetal®  Jugovié et al.’®

M2 —-0(1) 2.204(2) 2.199 2.196(9) 2.197(3)
M2 - 0(2) 2.108(2) 2.115 2.086(9) 2.084(2)
M2 — O(3) (x2) 2.251(1) 2.253 2.224(5) 2.248(2)
M2 — 0O(3) (x2) 2.064(2) 2.061 2.080(6) 2.082(2)
Average M2-0O 2.157 2.157 2.148 2.157

P-0(1) 1.524(2) 1.525 1.555(6) 1.521(4)
P-0(2) 1.538(2) 1.539 1.577(9) 1.618(2)
P—-0(3) (x2) 1.556(1) 1.558 1.554(6) 1.560(2)
Average P-0 1.544 1.545 1.560 1.565

M1 - O(1) (x2) 2.171(1) 2.174 ND* 2.172(2)
M1 - 0(2) (x2) 2.087(1) 2.086 ND* 2.066(3)
M1 - 0(@3) (x2) 2.189(1) 2.194 ND" 2.143(2)
Average M1 -0 2.149 2.151 ND* 2.127

ND* = Not determined by the group

Streltsov et al.*? determined the interatomic bond distances using single crystal X-ray
diffraction whereas Rousse et al.%’, Islam et al.'®, Prince et al.® and Jugovi¢ et al.*® used powder
X-ray diffraction (PXRD) to determine the interatomic bond distances. No other phases except
LiFePO4 were detected using PXRD. The interatomic bond distances in Table 3.2 will be

compared with those determined in this work in the chapters to follow.

3.1.2. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a very useful tool to determine the oxidation state and
local geometry around the absorbing atom; it is also important to probe the local structure. %2
XAS spectra can be divided into two parts (Fig. 3.2): X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS). To investigate the valence
state, geometry and local structure of LiFePO4 the Fe K-edge was used. Fe is the absorbing

atom whereas the K-edge refers to the absorption of the X-rays by the 1s core electrons.1%%22
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Figure 3.2: The XAS spectrum of LiFePO4can be divided into XANES and EXAFS.

3.1.2.1. XANES

XANES is an effective way of determining the valence state as well as the changes in geometry
around of Fe and can be divided into the pre-edge, absorption edge and the main edge.?*?’ The
pre-edge peaks arise due to the 1s — 3d unoccupied orbital transition.?* For a compound with
a centrosymmetric non-distorted octahedron, the transition is quadrupole allowed but dipole
forbidden and the pre-edge features would be of very low intensity and barely visible.?8-2°
When the central atom is surrounded by ligands two of the five d metal orbitals, namely, d,?
and d«%,2 are directed towards the ligand whereas the other three orbitals, namely, dxy, dy, and
dzx are directed between the ligands.®! The energy of the electron depends on the direction of
the orbital and subsequently, the energy for the d;? and d2.,? orbitals would be raised due the
repulsion field caused by the ligands and the energy for the dyy, dy; and dxx orbitals would not
be influenced as much. The energy would split into two energy levels with (i) d;? and dx*.,> and
(i) dyy, dy; and dix being degenerate (Fig. 3.3). Three orbitals are thus lower in energy and

denoted tq and two orbitals are higher in energy and represented as eq (Fig 3.3).3!
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Figure 3.3: The splitting of the energy levels for the metal d-orbitals. The 1s — 3d transition leads
two different excited states.®

In LiFePQOg4 the distortion around Fe reduces the symmetry from an On to Cs which breaks the
inversion centre of the octahedra and causes mixing of the 3d — 4p orbitals of the Fe metal and
produces a crystal-field that splits the 3d states into two energy levels® and causes the
1s — 3d transition to become partially dipole allowed and two weak peaks® are present in the
pre-edge region (Fig. 3.4).2°282%33 The pre-edge peaks of LiFePO; are at ~ 7112 eV (tzg)?>%®
and at ~7114 eV (gg).2%% A change in oxidation state from Fe?* to Fe3* is indicated by a shift
in the peaks to higher energy and a change in geometry and distortion around Fe is indicated

by an increase in intensity.?%:25:32.3435

Main aIsorption edge

Pre-edge

Rising absorption
— edge

Normalized absorption

Ll —

7110 7115 7120 7125 7130 7135 7140
Energy {eV)

Figure 3.4: The XANES spectrum of LiFePO, can be divided into pre-edge, rising absorption edge
and main absorption edge.

The rising absorption edge and the main edge corresponds to the to the 1s — 4p and the 1s —
continuum transition 2* which occurs at ~7125 - 7127 eV for LiFePO. (Fig. 3.4).3%3¢ The
extreme increase in intensity of the absorption edge follows after the electrons are excited to
unoccupied p-orbitals.®” The rising absorption edge as well as the main absorption edge can be
used to determine the oxidation state of Fe. As with the pre-edge region a change in oxidation

state from Fe?* to Fe®" would show a peak shift to a higher energy.203438
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3.1.2.2.EXAFS

EXAFS follows the main absorption edge and can be identified by small oscillations. These
oscillations can provide information of the local structure in LiFePO4 (Fig. 3.5a).2°%° by
determining the interatomic distances, coordination numbers and the Debye-Waller factor
around the Fe absorbing atom with the nearest neighbour coordination shells.2025273041 The

Debye-Waller factor is a good indication of the disorder in the local structure around
Fe.27'39'4°'42

Fe-O Fe-P

Normalized absorption
X(RA™)

7150 7200 7250 7300 7350 7400 7450 7500 1

2 3 4 5 6
Energy (eV})

Radial distance (A)
Figure 3.5: (a) The EXAFS oscillations for LiFePO, can be used for local structure determination. (b)
The different coordination shells around the Fe absorbing atom in R-space for LiFePOa.

The different coordination shells around Fe can also be determined (Fig. 3.5b). The first strong
peak around 1.8 A corresponds to the scattering process of the oxygen coordination shell (Fe-
0). The second major peak around 2.8 A corresponds to the phosphorous coordination shell
(Fe-P) and the third peak around 3.6 A corresponds to the iron coordination shell
(Fe-Fe).202530:4043 Taple 3.3 contains the average interatomic distances and average disorder

as determined by other research groups and will be used to compared the EXAFS models
determined in the chapters to follow.
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Table 3.3: The average interatomic distance and average Debye-Waller factor as determined

in literature for LiFePOa.

Reference Coordination Coordination Interatomic Debye-Waller
shell number distance (A) factor (A?)
Haas et al.?® Fe-O 6 2.13 0.0037
Fe-P 5 3.15 0.0046
Fe-Fe 4 4 0.0055
Hsu et al.* Fe-O 6 2.15 0.0082
Fe-P 5 3.25 0.0049
Fe-Fe 4 3.94 0.0096
Deb et al.? Fe-O 6 2.13 0.0028
Fe-P 5 3.15 0.0045
Fe-Fe 4 4 0.0054
#Zhao et al.*? Fe-O 6 2.09 0.0083

# Research group only did EXAFS modelling on the first coordination shell.

3.1.3. Madssbauer spectroscopy

Maossbauer spectroscopy is a very sensitive technique for determining the Fe phases with
different valence states and local environments and involves the observation of the electronic
states of the different Fe environments.** To evaluate the different environments, it is important
to quantify/consider three different parameters: isomer shift (IS = §), quadrupole splitting (QS
= AE,)* and full width at half maximum line width (I').234" The isomer shift evaluates the
change in electron density of the chemical environment** whereas the quadrupole splitting
evaluates the charge distribution around the Fe nucleus and is sensitive to distortion in the
oxygen environment in this work.* full width at half maximum line width is a useful indicator
to probe the local structural disorder as well as the quadrupolar effects.***#" In LiFePO4 the
major doublet is that of Fe?* in a slightly distorted octahedral (M2 site) environment. The
hyperfine parameters of this doublet is § = 1.20 — 1.22 mm/s, 4E,, = 2.95 —2.98 mm/s* and I’
= 0.2 — 0.3 mm/s.**7 Fe?* in a slightly distorted octahedral environment exhibits a very high

AE, due to the high 3d® configuration and the asymmetric (distorted) environment of the
octahedra* compared to that of the Fe** (5 = 0.44 mm/s, AE, = 0.7 — 0.9 mm/s),*” where Fe®*

has a d® electron configuration.*® Table 3.4 lists the hyperfine parameters for Fe?* in LiFePO4

that are commonly found in literature.
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Table 3.4: Hyperfine parameters (IS and QS) commonly found in literature for Fe?* in LiFePO4

Reference Papers 6 (mm/s) AE, (mm/s)
Amisse et al.>° 1.22 2.95
Yamada et al.** 1.22 2.95

Kuwahara et al.*° 1.22 2.96

Prince et al.® 1.20 2.96
Porcher et al.>! 1.23 2.94
Martin et al.>? 1.24 2.96

Cuisinier et al.»® 1.22 2.97
Sanchez et al.* 1.21 2.98
Hamelet et al.%’ 1.22 2.95
Maccario et al.*3 1.22 2.95

Xia et al.> 1.22 2.97

Andersson et al.>® 1.22 2.96

3.1.4. Raman Spectroscopy

LiFePO4 has 36 Raman active optical modes. The vibrational modes of LiFePO4 can be divided
into internal and external optic modes.**® The internal modes of LiFePO4 corresponds to the
intramolecular vibrations of PO3~ anions (tetrahedra) and exists between 400 — 1100 cm™
(Table 3.5). The vibrational motion of the internal modes can be described in terms of the
symmetry of P-O: the P-O symmetric stretching (v;), symmetric O-P-O bending (v,),
antisymmetric P-O stretching (v3) and antisymmetric O-P-O bending (v,).>"*® The external
modes refers to the translational motion of Fe?* and the PO}~ rotational motion and occurs
below 400 cm™ (Table 3.5). These modes can also be referred to as lattice vibrations.>’>° Any
Li* motion is only IR active and is Raman inactive.®® The region below 400cm™ is also
expected to contain the lithium cage modes. The cage mode refers to the motion that lithium
ions undergo due to the potential energy environment caused by the oxygen and phosphate
neighbouring atoms.®” No specific band can be assigned to the lithium cage mode and the
lithium motion contributes very little to (v,) and (v3;) whereas (v,) and (v,) involve some

lithium motion.%®
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Table 3.5: Raman wavenumbers and the different assignments for LiFePO4found in literature.

Wavenumbers (/cm) Assignment
Burba & Frech®  Paraguassu et Wou et al.*
al.®
107 106 112
151 147
161 157 153
199 195 175 P03~ rotational and Fe?* translational
226 228 motion
245 249 245
292 297
410 402
447 442 445
499 v, (PO3~ symmetric bending)
513
572 571
595 586 593
612 628 v, (PO3~ asymmetric bending)
631 637
657
953 949 949 vy (PO3~ symmetric stretching)
999 995 995
1071 1067 1067 v3 (P03~ asymmetric stretching)
1079
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3.2. Results and Discussion for C-LiFePQOa4
3.2.1. Powder X-ray diffraction

The sample was measured using both a laboratory diffractometer and synchrotron PXRD. The
results shown in this section are only those from the synchrotron. The X-ray wavelength was
determined to be 0.166316(1) A using LaBs (NIST 660c) to calibrate the instrument. The
structure of C-LFP was refined by starting with a structure resolved by Streltsov et al.*? and
the refined parameters were the scale, lattice parameters, thermal displacement parameters and
Lorentzian microstrain. The Rietveld error indices, lattice parameters and the volume are
presented in Table 3.6. However, not all the peaks in the measured diffraction pattern were
accounted for in this refinement indicating that LiFePO4 was not the only phase present
(Fig. 3.6 — indicated with red), but higher resolution data would be necessary to determine if
the peak at ~ 3.3 A is actually two overlapped peaks, one being the impurity and the other
LiFePO4. The same impurity peak was observed in the preliminary laboratory PXRD data.
Common LiFePO4 impurities such as Fe;O3, FesO4 and LisPO4 did not match the impurity
present. Other than the impurity peak, the sample shows crystalline features and the synthetic
method is most probably a solid state route or one where the sample was heat-treated. The error
indices in Table 3.6 could be improved if the impurity was matched to a phase. The lattice
parameters and the volume (Table 3.6) were comparable to those determined by other groups
(Table 3.1)38 possibly indicating that the impurity present does not have a large effect on the
lattice parameters or volume. LiFePOys is thought to be defect-free (including antisite defects)
when the volume ranges from 290 — 291.4 A3 35 indicating that the structure is possibly free

of most defects.

Table 3.6: Rietveld error indices, lattice parameters and the volume for C-LFP

Rup 15.17

Ry 13.42

Rexp 9.20

GOF 1.13
a(A) 10.329(9)
b (A) 6.0086(5)
c(A) 4.6916(4)
Volume (A%) 291.19(4)

Rup 15.17

Ry 13.42
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Figure 3.6: Synchrotron diffractogram of C-LFP showing the observed (purple), calculated (green) and
difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections for LiFePO,
are indicated by grey markers. The unmatched phase present is indicated in red.

3.2.2. X-ray absorption spectroscopy

3.2.2.1. XANES
XAS Fe K-edge was collected for C-LiFePO4and two other standards with Fe** present namely

FePO4+4H>0 and a-Fe203 (Fig. 3.7). Synchrotron PXRD investigated the average structure and
XAS, with both XANES and EXAFS, was used to look at the local Fe environment of
C-LiFePOs. This is important as C-LiFePOs is used as a standard to compare the XANES of
the synthesised samples in the chapters that follow. The pre-processing of the XANES data is
described in section 2.2.3. of chapter 2. The tzg (7112.2 eV) and eq (7114.1 eV) peaks are both
present in the sample (Fig. 3.8 inset). These two peaks can be used to identify LiFePO4 due to
the distortion present in the Fe?*Og octahedra.?>?® The main absorption edge (Fig. 3.8) is at
~7126.97 eV and this position is commonly associated with Fe2* 3° Using the peak position of
the pre-edge and main absorption edge showed that very little Fe?* has been oxidised Fe®*. The
peak positions for the standards containing Fe** (FePO4+4H,0 and a-Fe,03) were determined
to be 7114.3 eV and 7114.4 eV, respectively for the pre-edge region (Fig. 3.7) and 7131.9 eV
and 7133.8 eV for the main absorption edge (Fig. 3.7), respectively.
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Figure 3.7: Normalized Fe K-edge spectrum of C-LFP, FePO.*4H,O and Fe,Os that were used as
standards.
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Figure 3.8: Normalized Fe K-edge spectrum of C-LFP. The pre-edge region (inset) and the main edge
are indicated on the spectrum of C-LFP.

3.2.2.2. EXAFS

The fitting parameters used for the modelling of C-LiFePOa is described in section 2.2.3.2. and

all Fourier Transformed (FT) EXAFS spectra were phase corrected. C-LFP showed the
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presence of all three the peaks relating to the different coordination shells present in LiFePO4
(Fig. 3.9). The first coordination shell was identified as oxygen, the second coordination shell
was phosphorous and the third coordination shell was iron.2>?4! Three different Fe-O
scattering paths (Fe-O1, Fe-O2 and Fe-O3) were used for the modelling. The combination
between these paths that gave the lowest y2- value for the first coordination shell was Fe-O1
and Fe-O2.After each combination the reduced y?- value as well as the error were assessed. A
good R-factor is generally less than 0.05 (5%)°% and AE, should ideally be -10 eV < AEo < 10
eV.%2 For this sample the R-factor was 0.0086, the value of S? was 0.91(8) and the AE, was
0.22(1.07).

Fe-O L Fe-P | Fe-Fe

1 2 3 4 5 6
Radial distance (A)

Figure 3.9: The FT magnitude of EXAFS k3 (k) data for C-LFP showing the first, second and third
coordination shells.

o

To describe the fit and the experimental data the k3 y (k) plot, the magnitude of the Fourier
Transform (FT magnitude) and the real space of the Fourier Transform (FT real) is provided
(Fig. 3.10). The Fe-O coordination shell had a coordination number of six?%%#! and had two
different interatomic bond distances which differed by 0.09 A (Table 3.7). Using a coordination
of six matched the intensity of the first peak in Figure 3.10a. This was consistent with the
synchrotron PXRD results (Table 3.2) and XAS studies performed by other research groups
(Table 3.3). Three interatomic bond distances were longer and the other three were shorter
which gives a distorted octahedra as seen from the signal produced in the pre-edge region. The
degree of disorder (as indicated by the Debye-Waller factor) was slightly larger for the longer

interatomic bond distances (Table 3.7). The average Fe-O interatomic bond distance (2.11 A)
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was similar to those determined for other local structures and the average disorder (0.010 A?)
was slightly larger (Table 3.3).20254! The Fe-P coordination shell had a coordination number
of five.2%%41 This shell consisted of one shorter and four longer interatomic bond distances,
differing by 0.42 A. The disorder in both the Fe-O and Fe-P shells were similar. The average
interatomic distance (3.17 A) was only slightly longer and the average disorder (0.007 A?) was
larger than the reported values (Table 3.3).22° The Fe-Fe coordination shell had a coordination
number of four?®24! and consisted of two longer and two shorter interatomic distances. The
disorder in the Fe-Fe coordination shell is also similar for both interatomic distances which,
differed by 0.62 A. The average interatomic distance (4.24 A) and average disorder (0.007 A?)
for the Fe-Fe coordination shell was both slightly longer and larger, respectively than the values
reported by other groups (Table 3.3).2%% The misfits that can be observed between the
experimental data and the fit indicates that there are some deviations between the C-LiFePO4

and the model used.

k3x(k)(A3)

6 1 b - O  magnitude

real

X(R)A%)
o

0 1 2 3 4 5 6 7
Radial distance (A)

Figure 3.10: (a) The experimental Fe k3-weighted [k3x(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (green) and the theoretical FEFF fit
(maroon) of C-LFP. The fitting window here for (a) was 3 — 12.828 A and for (b) 1.3 -5 A.
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Table 3.7: Structural parameters determined using FEFF for the first, second and third
coordination shells of C-LFP.

Sample Shell Coordination Average interatomic Debye-Waller factor
P number distance (A) (A?
Fe-O1 ; 215(2) 0.011(4)
Fe-02 3 2.06(2) 0.008(2)
Fe-Pl 1 2.83(1) 0.008(3)
o Fe-p2 4 3.25(1) 0.007(1)
Fe-Fel 2 3.83(1) 0.007(2)
Fe-Fe2 2 4.65(1) 0.008(3)

3.2.3. Maossbauer spectroscopy

Massbauer spectroscopy was used to investigate the Fe?* environment in C-LFP and to
Massbauer spectroscopy was used to investigate the Fe?* environment in C-LFP and to
determine if any other iron environments are present but because of the nature of the sample it
is expected that Fe?* characteristic of LiFePO4 would be present in this sample. Fe?* in the
LiFePOg structure produces an isomer shift (§) of 1.20 — 1.23 mm/s and a quadrupole splitting
(AE,) of 2.94 — 2.98 mm/s (Table 3.4).13444647:50 |n this work, using a Pseudo Voigt doublet
to fit Fe?* in the spectra from C-LFP showed a § = 1.22(1) mm/s and AE, = 2.94(1) mm/s
(Fig. 3.11) and accounted for 66(6)% of the total Fe. To improve the fit two other doublets was
added — one Fe?* and one Fe®** environment. The Fe?* is Fe on the M2 site but because of the
smaller AE,this environment is more distorted™ (5§ = 1.21(1) mm/s and AE, = 2.49(1) mm/s)
and accounts for 26(4)% of the Fe in the sample. The Fe3* is Fe on the M147° site (§ = 1.48(1)
mm/s and AE, = 0.69(1) mm/s) where Fe3* replaced Li* and accounted for 2(1)% of the total
Fe. Two Lorentzian sextets were also added to the fit but did not account for all the smaller
peaks on either side of the doublet. The first sextet had Bnf = 48.3(1) T, § = 0.27(1) mm/s and
AE, =-0.01(1) mm/s and accounted for 2(1)% of the total Fe and the second sextet had Bnt =
45.2(5) T, 6 = 0.62(1) mm/s and AE, = 0.08(1) mm/s accounted for 4(1)% of the total Fe.
These parameters did not match to those of a-Fe,03.4” Fe?* on the M1 site was also added
during analysis but the hyperfine parameters®® could not be matched and did not improve the
fit. The final y? was 9.61 indicating that there were other environments that were not accounted

for.
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Figure 3.11: The Mdssbauer spectrum of C-LFP when including three doublets and two sextet models
to model the experimental data.

3.2.4. Raman spectroscopy

Two different coloured particulates (white and black) were identified in C-LFP under the
optical microscope used on the Raman spectrograph (Fig. 3.12 and Fig. 3.13 insets). Both the
white (Fig. 3.12 and Table 3.8) and black (Fig. 3.13 and Table 3.8) particulates were analysed
by Raman spectroscopy and the vibrational modes for LiFePO4 were identified in both (Table
3.8 — coloured in grey).5%%"% These modes were also identified by Burba and Frech,
Paraguassu et al.,®® and Wu et al.>” summarised in Table 3.5. The impurity peaks that were
detected are also indicated in Table 3.8. The peaks indicated in orange could be associated with
some of the peaks found for hematite (0-Fe203).%4 The peaks indicated in green could be
associated with two peaks found for magnetite (Fes04)% and the most intense of these peaks
also showed an increase in concentration for the black particulate compared to the white
particulate (indicated with the green arrow on Figs. 3.12 and 3.13). The impurity denoted with
(*) in Table 3.8 has not been identified.
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Figure 3.12: Raman spectra for the white particulates in C-LFP (W1/W2). The green arrow indicates
the intense peak that could be associated with Fe3Oa.
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Figure 3.13: Raman spectra for the black phase in C-LFP (B1/B2). The green arrow indicates the intense
peak that could be associated with Fe3Oa.
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Table 3.8: Raman modes for the white and black particulates present in C-LFP. LiFePO4
modes are shaded in grey, a-Fe2Oz in orange, FezO4 in green and the unidentified phases are
not shaded.

Wavenumbers(/cm)

C-LFP (W1) C-LFP (W2) C-LFP (B1) C-LFP (B1)

Assignment

134* 134*
P03 rotational
and Fe?*
translational
motion
290 289 291 299
* o
_ "
719* 720*
1045* 1045* v; (PO3")

1082* 1080*
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3.3. Conclusion

Different average and local structure techniques were used to characterise a commercially
available LiFePO4 material. From PXRD (with Rietveld refinement) some unidentified peaks
that were not accounted for by the LiFePO4 structure were observed. The pre-edge and main
edge peaks observed from XAS showed no major peak shifts, compared to literature, signifying
that the Fe?* was the main oxidation state present and the local structure was as predicted from
previous work and could not be used to identify the impurity. The interatomic distances and
disorder did show some deviation to the previously reported values but this could simply be
due to the difference in the synthetic method or it may be due to the impurity. Mdssbauer
spectroscopy also clearly showed Fe?* as the main oxidation state, but also that LiFePO4 was
not the only Fe environment present in C-LFP. There was another Fe?* environment that was
more distorted than the Fe?* M2 site in LiFePOs as well as two other Lorentzian sextets that
could account for the Fe** present in the sample. Unfortunately, not all the peaks on either side
of the doublet could be accounted for, indicating another possible environment present in the
sample. Raman spectroscopy showed that LiFePO4 was present together with an unidentified
phase as well certain peaks that could be allocated to a-Fe;O3 and FesOs with the other peaks
possibly overlapping with that of LiFePOs. It was interesting to note that the commercial
sample clearly contained impurities (said to be >97% pure) showing that it is not straight-
forward to synthesise the pure material. The fact that impurities were noted by PXRD, the least
sensitive of these technique, shows that the quantity was at a percentage level on average. The
impurity phase(s) could clearly affect the electrochemical performance to some extent,
although this aspect was not investigated in this work.
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Chapter 4

The chronicles of synthesising LiFePO4
4.1 Introduction

LiFePQ4 can be synthesised using either solid state or solution based syntheses. The solid state
synthesis produces well-ordered and crystalline materials with the main disadvantages being
the very high energy and time consuming process that produces large particles and low purity
products.! The most common solid state-based syntheses include solid state, mechano-

chemical activation and carbo-thermal treatment.!

The solid state synthetic route involves the thorough mixing of stoichiometric amounts of the
iron precursors (FeC20422H20, Fe(CH3COO,), FePO4(H20)2), the lithium precursors
(LiOH*2H:0, Li>COs3, LiF, CH3COOLI, LiOH) and the phosphorus precursors (NHsH2POg,
(NH4):HPO4).1° Mixing can occur using either ball-milling or a mortar and pestle with or
without the addition of a solvent.>® Heat treatment of the mixed samples can occur either
through a one step or two step process in a reducing atmosphere. The first heat treatment
generally occurs between 320 — 800°C for 3 — 10 hours and the second step occurs between
400 — 800°C for 6 — 24 hours and the sample is reground between heating steps.>® The
temperature is an important parameter during synthesis and affects the crystallinity and the

particle size.!

Mechano-chemical activation involves the chemical activation of stoichiometric amounts of
the precursors such as FeC,Os, dried Fe3(PO4).¢5H>O (FeSO4+7H20 + NazPOs) and
FeC2042H20 as the iron precursors, Li2COs and LisPOs as the lithium precursor and
(NH4)2HPO4 and NH4H2PO4 as the phosphorous source with the use of high energy ball-
milling.»1%* The ball-milling time varies between 10 min — 24 hours'?® and the resulting
mixed product is then heat-treated for any time between 15 min — 10 hours at temperatures
between 400— 800°C.121¢ Heat treatment usually occurs under an atmosphere of N2 or Haz/Ar
mixture. The heat treatment conditions are important to limit the formation of impurities.*
This synthetic procedure produces well crystallised materials, small and uniform particles and
utilises lower heat treatment temperatures due to the initial chemical activation. The
temperature needed for crystallization was reduced to 432°C rather than the original 502°C.%
The disadvantage of this route is the possible contamination of LiFePO4 for the ball-milling

medium? and the energy intensive and time consuming process.*°
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Carbothermal treatment uses an iron(lll)-precursor with the required addition of a carbon
source for the reduction of iron(111).11° The iron (Fe;0s, FePOas, FePOs*4H20), lithium
(Li2CO3, LiOH*H20, LiH2PO4) and phosphorous (NH4H2POa, FePOs, FePO4+4H>0, LiH2PO4)
precursors together with a carbon source (carbon black, glucose) is mixed thoroughly and
ground together using either high energy ball-milling or a mortar and pestle.*’~?* The mixture
is then placed in a temperature controlled furnace for 8 — 12 hours at 560— 750°C in either a N>
or Ar atmosphere.!’”-2 This synthetic route is considered more cost efficient when using the
slightly cheaper iron(l11) rather than iron(11) precursor'® and produces fine, uniform particles.t
The important parameters to control during synthesis is the temperature, reducing agents and

precursors and to ensure that all the precursors remain in contact.*

Solution based syntheses are usually performed at lower temperatures and thereby utilising less
energy to produce LiFePO4. Small and uniform particles are formed as well more uniform
carbon coating when added to improve the electronic conductivity of the material.> The most

common solution-based syntheses include sol-gel, co-precipitation and hydrothermal.t

For a sol-gel synthesis, the precursors such as iron powder, FeC204¢2H0 as the Fe precursor,
LiNOs as the lithium precursor and (NHs)H2PO4 as the phosphorous precursor are mixed
together with citric acid or a citrate precursor aqueous solution (chelating agent) to form a
homogenous mixture.>?>?3 The mixed solution is then heated on a hotplate under continuous
stirring until a gel is formed. The gel is then dried at 60 — 140°C for 12 hours — 1 week to form
a powder.?2% The dried powder is then ground in a mortar and pestle followed by heat
treatment under an inert atmosphere for 15 min — 20 hours at 400 — 850°C.?22° The important
parameters to control during the sol-gel synthesis is temperature, reaction time and the pH of
the solution. No mention is made of the actual pH of the solution.! These parameters affect the

particle morphology. Sol-gel syntheses produce high purity products and small particles.*

For a co-precipitation synthesis stoichiometric amounts of the aqueous lithium precursor
(LiOH) is added to a solution containing stoichiometric amounts of the aqueous iron
((NH4)2Fe(S04)226H20) and phosphorous (HsPOas, NHiH2PO4) precursors while under
continuous stirring.243%3! The precursors co-precipitate under the right pH conditions and form
a slurry. The slurry is then washed and dried to form amorphous LiFeP04.2430-32 The above
process can be performed under an N2 atmosphere. To produce crystalline LiFePO4 the powder
is heat-treated for 12 — 18 hours at 550 — 800°C under a N2 or Ar atmosphere. 1432 |t s
important to control the pH (no mention of the pH value) during a co-precipitation synthetic
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route. Co-precipitation produces well crystallised powders with small particles of high purity,

but it can also produce a wide variety of particle sizes depending on the conditions.*

All the precursors (FeSO4+7H20, LiOH*H20, LiOH, H3PO4, (NH4)3POs, (NH4)3sPO4+3H20)
have to be in solution when using a hydrothermal synthesis by dissolving the precursors in
distilled water. After mixing of the precursors, the homogenous solution is then added to a
stainless steel autoclave*34 and a reaction temperature of 120 — 220°C is applied for
2 — 24 hours.?3>* The precipitate that forms during the reaction has to be washed either with
water or with solvents such as ethanol and acetone. The precipitate is dried for 1 — 24 hours at
40 — 100°C and can be performed in air or under vacuum. >*** An additional heat treatment
under an argon or nitrogen atmosphere can be added and should be performed if carbon was
added. The important parameters to control during a hydrothermal synthesis is the reaction rate,
temperature and the concentration of the precursors.! This synthetic route produces small
particles, 135364943 \which is a very low energy consuming®3+3%444% and inexpensive3*44 process

but inherent defects in the structure are common, 34414446

This chapter focuses on the developmental stages of the hydrothermal approach used
(described in section 2.1.2.) to optimise the reaction time, reaction temperature as well as
applying different strategies to improve the reproducibility of the product. PXRD was used to
determine the average structure as well as identify the different phases. Rietveld refinement
was only performed on selected samples. The refinements were used to determine phase
percentages, structural defects as well as interatomic bond distances. XAS was used to
determine the oxidation state, distortion around the iron atom and EXAFS analysis to determine
the local structure and the disorder around the iron atom. Mdssbauer spectroscopy was utilised
to determine the different type of iron environments as well as the total percentage of Fe?*
present in the LiFePO4 environment and Raman spectroscopy was used to identify LiFePO4 as
well any other possible amorphous impure phases present. This synthesis is low cost and low
energy because of the use of teflon bombs rather than the commercially used autoclave and the
reaction temperature which is a much lower than the temperatures normally used for other
syntheses as described above. For each modification applied to the synthesis the changes in the
experimental procedure, results, discussion and a conclusion is given before continuing with
the next modification. Preliminary PXRD data was obtained using a laboratory diffractometer,
as shown with the 12hours-25 and 48hours-25 sample, before collecting synchrotron PXRD

data described in this chapter.
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4.2 Experimental Procedure, Results, Discussion and Section Conclusions
4.2.1. Synthesis time

To determine the optimum reaction time two different samples were prepared at two different
reaction times. The same synthesis as outlined in section 2.1.2. was used with the only
modification applied was the synthesis time. The Teflon bombs were filled to 25% of their total
volume for both the samples. After adding the solution to the Teflon bombs the bombs were

placed in the oven at 120°C for 12 hours and 48 hours, respectively.

The diffraction patterns of the samples heated for 12 hours (12hours-25, where 25 represents
the % filling of the bombs) (Fig. 4.1) and 48 hours (48hours-25) (Fig. 4.2) were refined to
compare the average structure. The X-ray wavelength used in the refinement was
0.166316(4) A. The reliability factors for the refinement are given in Table 4.1. There is slight
variation between the two samples indicating that the refineable parameters accounted for
similar features in both samples. The other two samples, 48hours-50 and 48hours-75, given
in Tables 4.1 — 4.4 will be discussed in the section to follow. Both samples indexed as LiFePOa.
The 48hours-25 sample (Fig. 4.2) showed sharper peaks than that of 12hours-25 (Fig. 4.1) and
also a higher degree of purity as shown with the multiphase refinement. The 12hours-25 sample
had slightly more intensity mismatches indicating that there were other structural defects that
were not accounted for. The lattice parameters for LiFePO4 were refined throughout the
refinement whereas the lattice parameters and the thermal parameters for the impure phase
were only refined once (not shown here). The refined lattice parameters and volume for both
samples are given in Table 4.2 and is smaller for the 12hours-25. These parameters are similar
to those determined by other groups that used a hydrothermal synthesis.®" %4 A summary of
these parameters can also be found in Table 3.1.
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Figure 4.1: Powder diffractogram of the 12hours-25 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections
for LiFePOq, LisPOs, the Fe-impurity and LiFePO4(OH) are indicated with the grey, blue, yellow and
red markers, respectively. (*) indicates an unidentified impurity.
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Figure 4.2: Powder diffractogram of 48hours-25 showing the observed (purple), calculated (green) and
difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections for LiFePO4
and the Fe- impurity are indicated with the grey and yellow markers, respectively. (*) indicates an

unidentified impurity.
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Table 4.1: Reliability factors for each Rietveld refinement.

Rwp Rp Rexp GOF
12hours-25 7.81 5.60 16.01 0.49
48hours-25 6.73 5.21 18.18 0.37
48hours-50 6.89 5.22 16.68 0.41
48hours-75 6.99 5.36 15.64 0.45

Table 4.2: Selected structural parameters of the refined LiFePOs structures for the different
samples.

Sample a (A) b (A) c(A) Volume (A%)
12hours-25 10.30(2) 5.9613(9) 4.7030(8) 288.64(8)
48hours-25 10.335(8) 5.9907(5) 4.7043(4) 201.25(4)
48hours-50 10.331(8) 5.9838(5) 4.7029(4) 201.73(4)
48hours-75 10.338(8) 5.9859(4) 4.7048(4) 201.15(3)

A multiphase Rietveld analysis showed that LiFePO4 was the major phase in both the 12hours-
25 sample and the 48hours-25 sample (Table 4.3). Four different impurity phases were
identified in 12hours-25 (Table 4.3) — tavorite (LiFePO4(OH)), lithiophosphate (LisPO4), an
Fe-impurity (s.g. 141/a, #88) and an unidentified phase (indicated with * on Figs. 4.1 and 4.2.).
The Fe-impurity that was matched to these peaks had a chemical formula of Fes.44(PO4)1.9802.08
as studied by Schmid-Beurmann*’ as part of a solid solution series of § — Fe,(P0,)0 and
Fe,(P0O,);(OH)5. The phase identified is closer to the Fe,(P0,);(0OH); endmember as no
hydrogen was present in the chemical formula. This phase is part of the tetragonal space group
and the octahedra present contains both Fe?* and Fe3* on the 8f site. These cations are distorted
over the octahedra sites.*” This phase will be referred to as the Fe-impurity throughout. Two
different impurity phases were identified in 48hours-25 (Table 4.3) — the Fe-impurity (s.g.
141/a, #88) and the same unidentified phase (indicated with * on Fig 2) as shown in Figure 1.
Comparing the intensity of the peak (*) in Figure 4.1 and Figure 4.2, the peak is more defined
in Figure 4.2 indicating that the impurity is present in a higher percentage in 48hours-25. The
Fe-impurity, which is the lowest phase present in both 12hours-25 and 48hours-25, was not
detected in both samples using laboratory instrumentation (Figs. 4.3 and 4.4) but was detected

using with the synchrotron (Figs. 4.1. and 4.2) No other phases except LiFePO4 was detected
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in the laboratory PXRD. The unidentified phase was not evident possibly due to the limited
2theta range of the instrument as seen in Figure 4.3 and Figure 4.4. This highlights the

advantages of using synchrotron data.

Table 4.3: Multiphase analysis (%) of the undoped LiFePOs

LiFePO4 Fe-impurity LisPO4 LiFePO4(OH)
12hours-25 89.65 1.05 2.95 6.36
48hours-25 99.18 0.82 - -
48hours-50 96.73 0.58 2.68 -
48hours-75 86.60 6.39 4.63 2.38

Intensity fa.u.
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2 Theta /° (A = 0.70921 A)

Figure 4.3: Laboratory powder diffractogram of the 12hours-25 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. The inset
is indicated by the brown rectangle. Bragg reflections for LiFePO, are indicated with the grey.

Intensity /a.u.
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Figure 4.4: Laboratory powder diffractogram of the 48hours-25 showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. The inset
is indicated by the brown rectangle. Bragg reflections for LiFePO4are indicated with the grey markers.
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Refining the occupancies of the M2 and the M1 site showed that neither site was fully occupied
with Fe?* or Li*, respectively (Table 4.4). No Li* was found on the M2 site although this site
showed the presence of vacancies in both samples. The 48hours-25 had the highest percentage
of Fe?* or Fe3* (referred to as Fe) occupying this M2 site as well as a higher percentage of Li*
occupying the M1 site.

Table 4.4: The percentage Fe?* occupying the M2 site (Fe?*), vacancies on the M2 site and
Li* and Fe?* occupying the M1 site (Li*) in the refined LiFePO4 structures.

Sample 12hours-25 48hours-25 48hours-50  48hours-75
M2 (Fe) occupancy 96(2) 98(1) 98(1) 98(2)
M2 (Fe) vacancy 4 2 2 2
M1 (Li*) occupancy 88(1) 92.7(8) 92.2(8) 92(1)
M1 (Fe) occupancy 12(1) 7.3(7) 7.8(8) 8(1)

Maossbauer spectroscopy was used to determine the oxidation state of the Fe atom as well as
the different Fe environments presents in the sample. It was also used to indicate how much
Fe?* was present in the LiFePO4 samples. Three different Fe environments were identified
using Voigt doublets (Fig. 4.5a and Fig. 4.5b). Two different Fe?* environments and one Fe®*
environment was identified in the both 12hours-25 and 48hours-25 samples. The first site is
Fe?" in LiFePOa4 (Table 4.5)>%%4852 in a distorted octahedral environment and is already
distorted due to the sharing of oxygen by both the iron and the phosphorous. The second site
is assigned to Fe?* in a more distorted LiFePO4environment (Table 4.5)*¢52 which is even more
distorted than the environment commonly found in LiFePO4. The deviation in quadrupole
splitting (4E,) indicates an increase in distortion.*®5? The third environment is that of Fe3*
present on the M2 site present as defects in the structure?®4%°1>2 (Table 4.5). The AE,, is slightly

larger than that of Fe®* present on the M1 site, 95052

118



Relative transmisson /a.u.
Relative transmisson /a.u.

Simulation Simulation

* Experimental e Experimental

Fe(ll)-M2 Fe(l1)-M2
Fe(l1)-M2 distorted Fe(ll)-M2 distorted
— Fe(lll) —— Fe(lll)
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

Velocity (mm/s) Velocity (mm/s)

Figure 4.5: Mosshauer spectra for (a) the 12hours-25 and (b) the 48hours-25 samples showing the
different environments present.

Table 4.5: Different isomer shifts (5 — mm/s) and quadrupole splitting (4E, — mm/s) for the
12 and 48 hour samples.

Fe(ll) — M2 Fe(Il) -M2 distorted Fe(l11)

5 AE, 5 AE, 5 AE,

12hours-25  1.21(1)  2.91(1) 117(1)  246(2)  041(1)  0.92()
48hours-25  1.21(1)  2.90(1) 124(1)  2.30(1)  039(1)  0.87(1)

The total Fe?* (Table 4.6) is most abundant in the 48hours-25 sample. The Fe?* in the less
distorted LiFePOs is the major phase in the 48hours-25 sample but not for the 12hours-25
sample. Fe?* in LiFePO4 and Fe* were identified as the major phases in 12hours-25. The
increase of Fe3* in the 12hours-25 was also seen by PXRD where there were more Fe** impurity
phases present (Table 4.3).

Table 4.6: Percentage contribution from each form of Fe and the total Fe in the 12 and 48 hour
samples.

Fe(ll) = M2 ng(;t'gr_tggz Fe(l11) Total Fe
Fe>  Fe>
12hours-25 37(5) 25(3) 38(5) 62 38
48hours-25 47(9) 28(6) 25(5) 75 25
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The disorder around the Fe?*and Fe** atoms (Table 4.7) were probed using the full width at
half maximum line width Lorentzian contribution (I'). Fe**and Fe* in an ordered environment
has a T of 0.2 —0.3 mm/s as determined by other studies.*>*% The disorder for Fe?* in the less
distorted environment is similar for both samples. The more distorted Fe?* and the Fe*
environments show a higher disorder around the Fe?*and Fe®* atom. The increase in disorder
for Fe?* in a more distorted LiFePO4 environment and Fe3* can be caused by the distribution
of Fe** on the Li and Fe?* site.**>° The larger ' can usually be observed for Fe3* and can be
associated with Fe®* distributed on the M2 site, the presence of amorphous Fe** phases and
surface defects that contain Fe3*.%° The larger I" observed for Fe(l) — M2 distorted could be an
effect of the more distorted environment and possibly Fe3* on this site as well.

Table 4.7: The full width half maximum line width (I" — mm/s) value for the 12 and 48 hour
samples.

Fe(ll) — M2 Fe(ll) -M2 distorted Fe(l11)
12hours-25 0.33(1) 1.24(2) 0.61(1)
48hours-25 0.35(1) 0.89(1) 0.60(1)

PXRD and Madgssbauer spectroscopy was used to determine the optimum synthesis time
between the 12 and 48 hour samples. The 48 hour sample was determined to be the most
promising. Rietveld refinements showed that the 48hours-25 sample had the least amount of
impurities, the highest percentage of Fe on the M2 site and Li occupying the M1 site.
Massbauer spectroscopy also showed that the 48hours-25 had the highest percentage of Fe?

and the lowest percentage of Fe3*.

4.2.2. Percentage volume of the solution in the Teflon bombs

The extent to which the bomb is filled should influence the pressure in the bomb when heated
at 120 °C. To determine the percentage to which the bombs should be filled, to produce the
desired product, they were filled to - 25% (the previous synthesis was used), 50% and 75% and
the general outlined synthesis described section 2.1.2. was used. All the samples were placed
in the oven at 120 °C for 48 hours. The longer time was sufficient for the larger sample volumes

to heat up.
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Based on the antisite defect analysis as well as the total Fe?* in both samples determined using
Maossbauer spectroscopy as shown in the previous section the more optimal synthesis time was
determined to be 48 hours. To determine what the optimum filling percentage of the Teflon
bombs (as this could affect the pressure in the bomb), samples were prepared by also filling
these to 50% and 75% of the total volume. XRD and Rietveld analysis were performed on the
50% filled: 48hours-50 (Fig. 4.6) and 75% filled: 48hours-75 (Fig. 4.7) samples. The same
refinement method and X-ray wavelength was used for these samples as described in section
4.2.1.2.1. Rietveld error indices can be found in Table 4.1 for ease of comparison to that of the
48hour-25 sample discussed in the previous section. All the peaks in the different samples were
accounted for except for the same unidentified impure phase found in the 48hours-25 sample
(Fig. 4.1). A few minor intensity mismatches were present indicating that not all the structural

features were accounted for in the refinement.
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Figure 4.6: Powder diffractogram of the 48hours-50 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQO,, LisPO4 and the Fe-impurity are indicated with the grey, blue and yellow markers,
respectively. (*) indicates the unidentified impurity.
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Figure 4.7: Powder diffractogram of the 48hours-75 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePOa, LisPOy, the Fe-impurity and LiFePO4(OH) are indicated with the grey, blue, yellow and
red markers, respectively. (*) indicates the unidentified impurity.

There was no significant difference between the lattice parameters (Table 4.2) for the 48hours-
25, 48hours-50 and 48hours-75 samples, which compares well to those reported by other
groups (Table 3.1).37404_ LiFePO, was present as the major phase in all three samples, but
with the 48hours-75 sample having almost 10% less LiFePO4 than the other two samples (Table
4.3). LisPO4 and the same Fe-impurity were present in both the 48hours-50 and 48hours-75
samples, with LiFePO4(OH) also being present in the 48hours-75 sample. The same
unidentified phase (indicated with *) is present in all the samples with a possible variation in

the percentage of this phase present.

Refining the M2 (Fe?*) and M1 (Li*) sites of the LiFePO4 component in the samples showed
that for all three 48hours samples the M2 (Fe?*) site was not fully occupied with 2% vacancies
present (Table 4.4). The 48hours-50 and 48hours-75 samples show similar percentages of Li*
occupying the M1 site (~92.2 and ~92%, respectively), whereas the 48hours-25 sample
(92.7%) had a slightly higher percentage of Li* occupying the M1 site.
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The 48hours-25 sample contained the least presence of defects and impurities (0.82%), and
hence further syntheses were done using a 25% filling of the Teflon bombs and at a 48 hour

heating time.

4.2 3. Determination of the Molar Ratio - xLi:Fe:POa4

Determining the optimum lithium molar ratio is important as a lithium deficient system can
lead to poor electrochemical performance and a lithium excess system could lead to the
formation of impurity phases.>** More detailed information on these studies can be found in
section 5.1. To determine the optimum lithium molar ratio xLi:Fe:POa, different ratios (x = 2,
2.5, 3) were used to potentially eliminate the formation of impurity phases. The synthesis was
conducted largely under a nitrogen atmosphere (Image 4.1), to eliminate phases cause by air
exposure, by purging the solutions but still using the general synthesis outline as described in
section 2.1.2. The flow rate N> was slow enough, 47kPa, to allow for the slow bubbling so that
no solution splashed on the sides of the vessel. The deionised water used for the dissolution of
FeSO4+7H>0 and LiOH was not purged but the water used to rinse the sample vessel with was
purged. Water was added to the LiOH first since LiOH dissolved relatively slow and then also
added to the FeSO4+7H20/H3PO4 mixture while the LIOH solution was under continuous
purging and stirring. After the dissolution of both the Fe?*-salt and LiOH the solutions were
left to purge further under continuous stirring for another 5 minutes. The Teflon bombs were
purged for 10 minutes. The empty Teflon bomb had N2 flowing through so that minimal air
entered the cell when the solution mixture was added. The LiOH solution was added dropwise
to the FeSO4/H3PO4 solution using a syringe. After the addition, the mixture was thoroughly
mixed and purged for another 5 minutes producing a thick blueish-grey mixture. The solution
was added to the Teflon bomb after which purged water was then used to rinse the vessel and
subsequently also added to the bomb. The bomb was then tightly sealed and placed in the oven
at 120°C for 48hours.
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Image 4.1: Synthetic setup to allow for the purging of the LiOH and FeSO4-H>O/H3PO4 solution.

Samples prepared using varying ratios of added Li*, namely xLi:Fe:POs where x=2, 2.5 and 3.
The samples were named LFP-2, LFP-2.5 and LFP-3, respectively; a and b indicate duplicate
samples. These samples were analysed by XRD (X-ray wavelength of 0.166316(4) A) and
Mdssbauer spectroscopy. It is expected that the Fe3* content should decrease due to the effect
of purging the solutions to remove the effect of air exposure. Rietveld analysis was not
performed on LFP-2a/b (Fig. 4.8) and LFP-2.5a/b (Fig. 4.9) samples since phase identification
showed that there were multiple other phases present together with the LiFePO4 phase. The
broad underlying peak seen at ~2° is most likely amorphous phases present. The impurity
phases in LFP-2a and b were similar, and those in LFP-2.5a and b were comparable, although

discrepancies between the sets of LFP-2 and LFP-2.5 samples were noted.
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Figure 4.8: (a) Powder diffractogram of the LFP-2a (pink) and LFP-2b (green) samples showing the
observed plots. Bragg reflections for LiFePO, are indicated with the black markers.
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Figure 4.9: Powder diffractogram of the LFP-2.5a (pink) and LFP-2.5b (green) sample showing the
observed plots. Bragg reflections for LiFePO, are indicated with the black markers.

Rietveld analysis was used to investigate LFP-3a (Fig. 4.10) and LFP-3b (Fig. 4.11). All peaks
were accounted for during this refinement taking into account both LiFePO4 and the
Fe-impurity phase described in section 4.2.1. The Fe-impurity phase was not present in the
laboratory data for LFP-3b. The Rietveld error indices can be found in Table 4.8. The error
indices for both samples are very similar. There are some peak intensities mismatches and

could be due to some defects not being accounted for during the refinement.
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Figure 4.10: Powder diffractogram of the LFP-3a sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePOs and the Fe-impurity phase are indicated with the grey and yellow markers, respectively.
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Figure 4.11: Powder diffractogram of the LFP-3b sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePOs and the Fe-impurity phase are indicated with the grey and yellow markers, respectively.

Table 4.8: Rietveld error indices for LFP-3a and LFP-3b.

Rwp Rp Rexp GOF
LFP-3a 5.42 4.17 20.89 0.26
LFP-3b 5.38 4.20 18.47 0.29
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The lattice parameters and volume (Table 4.9) were refined for both samples. The lattice
parameters showed no significant difference but the volume for the LFP-3a sample revealed a
larger volume. The lattice parameters were similar to the values reported in literature for
hydrothermal syntheses. 3739404456 The |attice parameters range are a=10.30—-10.38 A, b
=598-6.01 A, c =4.67—4.72 A with a volume of 289 — 293 A3 3739404456 A summary of
the lattice parameters and volume can be found in Table 3.1. A multiphase Rietveld analysis
showed that LiFePO4 was the major phase in both the LFP-3a and LFP-3b samples. The minor
phase was identified as the Fe-impurity in both the LFP-3a (6.71%) and LFP-3b (0.56%)

samples and adding this phase to the refinement improved the fit for both samples.

Table 4.9: Selected structural parameters of the refined structures for the different samples

Sample a (A) b (A) c(A) Volume (A3)
LFP-3a 10.359(5) 5.9978(3) 4.7117(2) 292.8(3)
LFP-3b 10.347(4) 5.9941(2) 4.7064(2) 291.9(2)

For the LiFePO4 phase, the occupancy of the M2 (Fe) site and the M1 (Li*) site was also refined
(Table 4.10). The M2 site was fully occupied for LFP-3a but not for LFP-3b. No Li* was
present on the LFP-3b M2 site indicating the presence of vacancies. Vacancies form when Fe?*
is replaced by Fe3*.5” The M1 (Li*) site was also not fully occupied for both samples but LFP-
3b had a lower percentage of Fe?* and/or Fe** occupying this site possibly indicating fewer
blockages of the Li* diffusion channel.

Table 4.10: The percentage Fe?* occupying the M2 (Fe?*) site, vacancies on the M2 site and
Li* and Fe?* occupying the M1 (Li") site in the refined LiFePOyq structures.

LFP-3a LFP-3b
M2 (Fe) occupancy 100 98.7(7)
M2 (Fe) vacancy - 1.3
M1 (Li*) occupancy 91.6(6) 94.3(4)
M1 (Fe) occupancy 8.4(5) 5.4(4)

Maossbauer spectroscopy was performed on the LiFePO4 sample with the lowest percentage of

the impurity phase present — LFP-3b (Fig. 4.12). Four different VVoigt doublets were used to
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model the spectrum indicating that there were four different environments present - two

different Fe?* and two different Fe®* environments.

The two different Fe?* sites are present on the M2 site of LiFePO4 with a different degree of
octahedron distortion (Table 4.11), as before. The site with a larger quadrupole splitting, AE,
value indicates that the Fe?* is in the normal slightly distorted M2 site in LiFePQg.%%41:48-52
The Fe?* with the smaller AE,, value indicates a higher degree of distortion around the Fe atom
in LiFePO4.**°2 The Fe** with the smaller AE,, (Table 4.11) is characteristic of Fe** present on
the M1 (Li*) site*®*%2 and the Fe®*" with the larger AE,value is characteristic of Fe** present
on the M2 site that can present itself as defects (Table 4.11).48495152 These defects can also be
present as superparamagnetic hematite.>® Raman spectroscopy will be used to determine this
possibility. The Fe** located on the M1 site is expected to have the lower AE, due to the
increase in distortion. In the LiFePOa structure the M1 Li" site is already more distorted than
the M2 Fe site®*® indicating that if the Li* (ionic radius of 0.76 pm) is replaced with the Fe3*

atom (ionic radius of 0.65 pm)®! that is much smaller than the Li* it could be expected to have
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Figure 4.12: Mdssbauer spectrum of LFP-3b.

Table 4.11: Different isomer shifts (56 — mm/s) and quadrupole splitting (AE, — mm/s) for
LFP-3b.

Fe(ll) -M2 Fe(lll) - M2/
Fe(Il) - M2 di(stczrted Fe(lll) -M1 (De1)‘ects
5 AE, 5 AE, 5 AE, 5 AE,

LFP-3b  1.21(1) 295(1) 1.24(1) 252(1) 0.29(1) 0.74(1) 0.39(1) 0.99(1)
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Fe?* found in LiFePOys in the less distorted octahedron was identified as the major Fe phase in
the sample (Table 4.12), but a significant amount of the distorted phase was also present. Only
2.1(2)% of the 5.4(4)% as shown with PXRD (Table 4.10) Fe on the M1 site was determined
to be Fe** indicating that the rest of the Fe present on this site is Fe?*. The Fe®*" on the M2 site

(9.9(1)%) is the major source of Fe3* in the sample.

Table 4.12: Percentage contribution from each form of Fe and the total Fe in LFP-3b.

Fe(11) =M2 Fe(111) -
Fe(ll) - M2 distorted Fe(lll) -M1 M2/Defects Total Fe
Fe?* | Fed*
LFP-3b 56(6) 33(4) 2(1) 9(1) 89 | 11

The disorder (full width half maximum line width) reported for Fe?* and Fe3* in an ordered
environment is 0.2 — 0.3 mm/s.**-1°3 The lowest degree of disorder is present on the Fe?* in
LiFePO4 environment and Fe** on the M1 site (Table 4.13). As expected, Fe?* in a more
distorted LiFePOg site has a very high degree of disorder and could be caused by an already
distorted environment. Fe3* on the M2 site / defect site also shows a higher degree of disorder
and is caused by the distribution of both Fe** and Fe?* on the M2 position (Table 4.13).4°°

Table 4.13: The full width half maximum line width (I" — mm/s) value for LFP-3b.

Fe(11) —M2 Fe(l11) -
Fe(ll) - M2 distorted Fe(lll) -M1 M2/Defects
LFP-3b 0.35(1) 0.88(1) 0.33(2) 0.52(1)

Raman spectroscopy on the LFP-3b sample was also performed and all the external and internal
modes of LiFePO. were identified (Fig. 4.13 and Table 4.14).52%4 The PO}~ tetrahedra remain
undistorted and evident by the clearly defined 950 cm™ (v, (PO4)), 998 cm™ and 1068 cm™ (v,
(POa4)) peaks and could indicate a stable LiFePOq structure (Fig. 4.11).%* It is important that the
PO4 remains undistorted as it stabilizes the structure by reducing the Fe-O covalent character
through the indicative effect.®>®® These peaks exist due to the symmetric (v,) and asymmetric
(v3) stretching respectively. Three different coloured phases (white, reddish and black) were
present in the microscopic image (Fig. 4.13 inset). The white phase was identified as LiFePO4

whereas the other two phases could not be identified due to poorly defined peaks.
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Figure 4.13: Raman spectrum and microscopic image (inset) of LFP-3b.
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Table 4.14: Raman modes of LFP-3b with the assigned vibrational modes.

Wavenumbers(/cm) Assignment
104
150
P03 rotational and Fe?* translational motion
198
245
445 v, (PO37)
576
600 vy (POZ7)
630
950 v, (PO3")
998 (PO)
vz (PO~
1069 A

In conclusion, the first objective was to determine the optimum lithium ratio (xLi:Fe:POs) and

the second objective was to limit the effect that air exposure has during synthesis by purging
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the solutions with N2. The different Li* ratios were x = 2, 2.5 and 3. The ratios where x = 2 and
2.5 produced a highly mixed phase sample although LiFePO4 was present in both samples. The
ratio x = 3 gave a product where LiFePO4 was the major phase present together with a small
percentage of the Fe-impurity phase making this ratio the optimum ratio to use. Purging the
solutions was also very beneficial. PXRD analysis of the LFP-3b (Table 4.10) showed that the
defects on the Li* M1 site decreased compared to that of the 48hours-25 sample (Table 4.4).
Massbauer spectroscopy also showed that purging improved the percentage Fe?* in the LFP-
3b sample compared to the 48hour-25 sample. The percentage Fe?" in the less distorted
octahedra increased from 47.19% to 55.38% and the total Fe?* percentage in the sample
increased from 73.34% to 88.63%. The samples synthesised from this point on were all

synthesised with a Li* ratio of x = 3 and by purging the solutions during synthesis.

4.2.4. Individually purged samples

To investigate the reproducibility the methodology as described in sections 2.1.2. and 4.2.3.
was applied with a synthesis time of 48 hours, a Teflon bomb percentage filled to 25%, a Li*
ratio of x = 3 and purging the solutions during synthesis. Two samples that were synthesised
on two different occasions were used to investigate the reproducibility of this modified
synthesis. These samples were labelled as LFP-P1 and LFP-P2 where P1 and P2 refers to the
purged sample from the first and second synthesis, respectively.

XRD was performed on both LFP-P1 and LFP-P2. Rietveld refinement was performed on both
LFP-P1 (Fig. 4.14) and LFP-P2 (Fig. 4.15). LFP-P1 was measured using an X-ray wavelength
0f 0.166316(1) A and LFP-P2 with an X-ray wavelength of 0.167057(4) A. All the peaks were
accounted for and it was found that LiFePO4 was the only phase present in both samples. This
phase purity indicated that the purging was beneficial for this synthesis as well. The Rietveld
error indices for both the refinements can be found in (Table 4.15). There were slight intensity
mismatches on different peaks for both LFP-P1 and LFP-P2 samples and suggested that there
were some structural features or defects that were not fully accounted for. The intensity

mismatches were similar to the intensity mismatches in section 4.2.3.
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Figure 4.14: Powder diffractogram of the LFP-P1 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections

for LiFePO;, are indicated with the grey markers.
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Figure 4.15: Powder diffractogram of the LFP-P2 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections

for LiFePO, are indicated with the grey markers.
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Table 4.15: Rietveld error indices for the different purged samples.

RWP Rp Rexp GOF
LFP-P1 5.96 4.72 16.94 0.35
LFP-P2 7.92 6.21 75.55 0.10

The lattice parameters (Table 4.16) were comparable to that other hydrothermal synthesis
studies. 339404456 A summary of these values can be found in Table 3.1. The refined lattice
parameters and volume was almost the same for both samples. The volume of LFP-P1 and
LFP-P2 is slightly larger than that of the 48hours-25 (Table 4.2) and LFP-3b (Table 4.9)
samples which could be an indication of the presence of more defects in the LFP-P1 and LFP-
P2 samples.*46

Table 4.16: Selected structural parameters of the refined structures for the different purged
samples.

Sample a (A) b (A) c(A) Volume (A3)
LFP-P1  10.352(5) 5.9953(3) 4.7080(2) 292.1(2)
LFP-P2  10.357(3) 5.9963(2) 4.7094(2) 292.5(2)

The M2 (Fe?*) and M1 (Li") sites were refined to determine the occupancy, defects as well as
the formation of vacancies (Table 4.17). The M2 (Fe?*) site was not fully occupied and
vacancies were present to a small extent for both samples. The M1 site was also not fully
occupied and some of the Li* was replaced with either Fe?* or Fe®*. LFP-P1 and LFP-P2 have
similar M2 and M1 occupancy percentages and vacancies. This show improved reproducibility
compared to the LFP-3a and LFP-3b samples (Table 4.10) that had more variation.

Table 4.17: The percentage Li occupying the M2 site (Fe), vacancies on the M2 site and Fe
occupying the M1 (Li) site in the refined LiFePO4 structures.

LFP —P1 LFP — P2
M2 (Fe) occupancy 98.7(8) 98.5(6)
M2 (Fe) vacancy 1.3 1.5
M1 (Li*) occupancy 91.8 (5) 91.2(3)
M1 (Fe) occupancy 8.2(4) 8.8(3)

133



The M2-0, P-O and M1-O interatomic bond distances for both samples were also refined using
the PXRD data (Table 4.18). A summary of the different M2-O, P-O and M1-O interatomic
bond distances can be found in Table 3.2. The average M2-O interatomic bond distance is
shorter*>%7%8 than the reported Fe-O interatomic bond distance indicating the presence of
Fe3*-O bonds in the synthesised structures.®® A study by Gibot et al.®® showed that the Fe?*-O
distance was 2.157 A and Fe®*-O distance was 2.147 A. LFP-P1 shows a shorter M2-O distance
than that for LFP-P2 indicating that there is possibly more Fe3* present in LFP-P1.%° The
average P-O interatomic bond distance was longer for the synthesised samples than those
reported for P-O in the LiFePOys structure.*>®768 | FP-P2 had a shorter interatomic P-O bond
distance and suggests that the LFP-P2 structure is slightly more stable than that of LFP-P1 due
to the stabilization of the PO, tetrahedra.”®’* LFP-P1 had a slightly longer average M1-O
interatomic bond distance respectively.®”®8, The longer average interatomic M1-O bond
distance indicates a volume expansion of the LiOe octahedra which is a consequence of the

volume contraction of the FeOs octahedron due to the presence of the Fe3*-O bonds.

Table 4.18: Interatomic bond distances of the refined structures

LFP -P1 LFP - P2
M2 —-0(1) 2.170 2.202
M2- 0(2) 2.053 2.068
M2- O(3) (x2) 2.037 2.048
M2 — O(3) (x2) 2.224 2.219
Average M2-O 2.124 2.134
P-0(1) 1.552 1.544
P-0(2) 1.634 1.611
P - 0O(3) (x2) 1.608 1.598
Average P-0O 1.600 1.588
M1 - O(1) (x2) 2.178 2.172
M1 - 0(2) (x2) 2.102 2.095
M1-0(3) (x2) 2.203 2.206
Average M1 -0 2.161 2.158
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X-ray absorption spectroscopy (XAS) was used to investigate these samples further. The pre-
edge, rising absorption edge and the main edge was used to investigate any changes in oxidation
state and distortion around the Fe?* and/or Fe3* atom. Both LFP-P1 and LFP-P2 have the
presence of the tog and ey peaks (Fig. 4.16) that are also present in LiFePO4 standard sample,
with similar peak positions and intensities (Table 4.19).>%2247374 The intensities of the second
peak (the eg peak) are slightly higher than for the LiFePO4 standard. This increase in intensity
can possibly be a result of an increase in the Fe** content or a slight increase in distortion.”®
Linear combination fitting (LCF) and Mdssbauer spectroscopy was used to further investigate
the changes in Fe®* content. This increase in intensity is slightly higher for LFP-P1 than LFP-

P2 and could be accompanied by peak broadening.

—e— LFP-P1
—»— LFP-P2
—— LiFePO4

FePO4
— Fe203

Normalized absorption

7108 7110 7112 7114 7116 7118 7120
Energy (eV)

Figure 4.16: Comparison Fe K-edge XANES pre-edge region of the different standards purged
samples.

Table 4.19: The different pre-edge peak intensities and peak positions for the standards and
purged samples

Peak position 1 Peak intensity  Peak position  Peak intensity

Sample (eV) 1 (au) 2 (V) 2 (au)
LiFePO; 7112.95 0.0480 7115.20 0.0457
FePO, i i 7115.72 0.0469
Fez0s i i 7115.22 0.0642
LFP-P1 7112.98 0.0455 7114.91 0.0476
LFP-P2 7113.08 0.0462 7115.07 0.0464
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The rising absorption edge (Fig. 4.17) showed a slight shift to higher energy compared to that
of the LiFePO4 standard for both samples. The shift to slightly higher energy values indicates
that both the samples do not only have Fe?* present but also a small percentage of Fe®* is also

present. 24747

== | FP-P1
Main edge —w— |FP-P2

— | iFePO4

Rising absorption edge

»
>

Normalized absorption

7120 7122 7124 7126 7128 7130 7132 7134
Energy (eV)

Figure 4.17: Comparison of the XANES Fe K-edge rising absorption and main absorption edge for the
LiFePO, standard and the purged samples.

There is no peak shift of the main absorption edge (Fig. 4.17 and Table 4.20) compared to that
of the LiFePO4 standard indicating that there is no major difference in oxidation state.?4™*"
The main absorption edge does show a similar drop in intensity for both LFP-P1 and LFP-P2.
This drop in intensity indicates that there is a possible increase in disorder around the Fe atoms.?
EXAFS has to be used to investigate the possible increase in disorder and also to determine if

there are any changes in the local structure.
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Table 4.20: The different main edge peak intensities and peak positions for the standards and

the purged samples.

Sample Peak position (eV) Peak intensity (au)
LiFePO, 7127.8 1.59

FePO. 7133.0 1.46
a-Fe;03 7134.3 144
LFP-P1 7127.9 1.53
LFP-P2 7127.8 1.55

Linear combination fitting was performed on the XANES region of both LFP-P1 (Fig. 4.18a)

and LFP-P2 (Fig. 4.18b). A complete discussion of the standards used can be found in section

2.2.3.1. The fitting range for the purged samples were between 7103 — 7154 eV. The R-factor

and chi-square values are relatively small and both the LFP-P1 and LFP-P2 show good fits

(Table 4.21).”” The LFP-P1 sample showed a higher degree of mismatch between the fitted

data and the experimental data than the LFP-P2 sample which only shows a very small

mismatch. There is possibly another Fe** or Fe3* phase present in LFP-P1 with different

bonding characteristics that were not accounted for using this set of standards. Adding different

standards, standards that are more phase pure (discussed in section 3.2) and a bigger library of

standards could possibly improve the accuracy of both fits.
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Figure 4.18: LCF best fit (blue) of (a) LFP-P1 for the Fe K-edge XANES spectrum (pink) and (b) for
LFP-P2 of the Fe K-edge XANES spectrum (olive green) along with the residual spectrum (grey).
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Table 4.21: LCF goodness of fit parameters for the purged samples.

Sample R-factor Chi-square
LFP-P1 0.0001644 0.00674
LFP-P2 0.0001062 0.00436

From these fits it was determined that both samples are mixed phase having both Fe?* and Fe®*

sources. The major phase in both samples was identified as LiFePO4 with only a difference of
0.6% between LFP-P2 and LFP-P1 (Table 4.17). LFP-P1 had Fe** in the slightly distorted
(FePO.) octahedra and Fe®* in the more distorted (a-Fe2O3) octahedra environment present.
The LFP-P2 sample only had one source of Fe3* in a more distorted octahedra environment
(0-Fe203). These results for LFP-P1 and LFP-P2 are consistent with the presence of shorter
Fe®*-O interatomic bond distances determined from the refinements of the PXRD data (Table
4.18).

Table 4.22: LCF Percentage of the different components present in the purged samples.

Sample Fe’*Oe ( LiFePO4) Fe3*Os (FePO4) Fe3*Os ( Fe203)
LFP-P1 92.3(3) 4(1) 4(1)
LFP-P2 92.9(1) - 7.1(1)

Looking at the EXAFS region the k-space plots for LFP-P1 and LFP-P2 (Fig. 4.19) had the
same peaks present with similar features indicating that the local structure was the same for
LFP-P1 and LFP-P2.2

8
—— LFP-P1

64 —— LFP-P2

k3x(k)(A=3)

U
TV
= LTI
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Figure 4.19: Comparison of the Fe k3-weighted [k3y(k)] spectrum of the LFP-P1 and LFP-P2
synthesised samples.
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Figure 4.20: The magnitude of the Fourier transform of EXAFS k3y(k) data comparing the radial
distance of the different coordination shells of the two purged samples.

EXAFS fitting was performed by calculating theoretical scattering paths generated by FEFF6
code’® using the structure resolved by Streltsov®’ as a starting model. The coordination number,
interatomic distance between the absorbing atom and neighbouring atoms (Xa — Xp) and the
Debye Waller factor (6%) were determined using these different scattering paths. The magnitude
of the Fourier Transform (FT magnitude) was used to identify the different coordination shells
(Fig. 4.20). The FT EXAFS were phase corrected for both LFP-P1 and LFP-P2 using the
strongest scattering path. The first peak (~2.1A) corresponds to the scattering process of the
closest oxygen (Fe-O) coordination shell, the second peak (~3.2A) to the phosphorous (Fe-P)
coordination shell and the third and fourth peaks (~3.9A) to the iron (Fe-Fe) coordination
shell 22247374 Both LFP-P1 and LFP-P2 showed the presence of all three coordination shells
(Fig. 4.20) of LiFePO4. The drop in intensity in the FT magnitude (Fig. 4.20) can be linked to
achange in the increase in disorder around the Fe atom.? The shape of the plot of the magnitude
of the Fourier transform of both LFP-P1 and LFP-P2 are similar to that of the LiFePO4 standard

and thus indicates that there is no change in local structure.?2?

The local structure as described above were determined for the Fe-O, Fe-P and Fe-Fe
coordination shells for the LFP-P1 and LFP-P2 samples (Figs. 4.21 — 4.22). The fitting
procedure used can be found in section 2.2.3.2. The same scattering paths were used for both
samples — mostly single and one multiple scattering paths. The R-factor (Table 4.23) for all the

samples were less than 5% indicating that this was an acceptable fit.”® The selected E starting
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values determined using ATHENA'® also serve as an indication of the reliability of the data
processing. This can be assessed by determining the value of AEg (Table 4.23). This parameter
is correlated to the path length and is considered to be reliable if it is in the range -10 eV <
AEq < 10 eV,®° which is the case here. The amplitude reduction factor (S3) for LFP-P1 and
LFP-P2 is 0.93(8) and 0.84(9), respectively.

Table 4.23: The reliability factor and energy shift of the purged samples.

Sample R-factor (%) AEo (eV)
LFP-P1 0.47 -0.04(8)
LFP-P2 0.58 -2.4(9)
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Figure 4.21: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT

magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (green) and the theoretical FEFF fit

(black) of LFP-P2. The fitting window is indicated with the vertical lines.
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Figure 4.22: (a) The experimental Fe k3-weighted [k3x(k)] spectrum and (b) the experimental FT

magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (pink) and the theoretical FEFF fit

(black) of LFP-P1. The fitting window is indicated with the vertical lines.
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Table 4.24 contains information regarding the different shells, coordination number and
individual interatomic bond distances and the individual Debye-Waller factor whereas Table
4.25 contains a summary of the average interatomic distances and the average Debye-Waller
factor for the different coordination shells. A similar summary of the average interatomic
distances and disorder as determined by other research groups can be found in
Table 3.3.222737 The first coordination shell was oxygen with a coordination number of six.
To obtain the best fit, data for LFP-P1 was fitted using a three-shell model that had three
different interatomic distances. Data for LFP-P2 was fitted using a two-shell model with two
different interatomic distances — four longer and two shorter (Table 4.24). The interatomic
distances for LPF-P1 and LFP-2 are similar and within the error associated (Table 4.25). The
average interatomic distance as determined by other groups have slight variation but are also
within the experimental error. In general there was a slightly higher degree of disorder around
the longer interatomic distance than the shorter distances (Table 4.24). The average disorder is
very similar for the two samples and within the errors associated with them but the disorder is
larger than the disorder reported by other groups, these are in the range of 0.0028 — 0.0083
A2_22,73,74

The second coordination shell was phosphorous with coordination number of five (Table 4.24).
This shell was fitted using a two-shell model. LFP-P1 had two shorter and three longer
interatomic distances whereas the LFP-P2 had one shorter and four longer interatomic
distances. LFP-P1 had a shorter average interatomic distance than LFP-P2 (Table 4.25). The
average interatomic distance for LFP-P2 was also more similar to the average interatomic
distance determined by other research groups.?>73’# There is a higher degree of disorder present
around the longer interatomic distances (Table 4.24). Both samples exhibited a higher degree
of disorder than the reported values (Table 4.25) for this coordination shell. This average
disorder was also double the disorder reported (0.0045 — 0.0046 A?).227374 Compared to the
reported studies both samples probably have more defects present in the structure in the first

and second coordination shell leading to the higher degree of disorder.

The third coordination shell was iron with a coordination number of four and was fit using a
two-shell model. Both LFP-P1 and LFP-P2 showed two longer and two shorter interatomic
distances (Table 4.24). The individual interatomic Fe-Fe distances for the two samples are
almost the same. The average interatomic Fe-Fe distances are longer than the reported values
for the iron shell.?>737* The average disorder was the same for both samples (Table 4.25) but
the reported disorder in other works (0.0054 — 0.0096 A?)?27374 was lower.
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Table 4.24: Structural parameters determined using FEFF for the first, second and third
coordination shell of the purged samples.

Interatomic distance  Debye-Waller factor

Sample Shell

Coordination number A) (A2)
Fe-O1 2 2.20(2) 0.014(8)
Fe-02 2 2.11(2) 0.017(9)
Fe-03 2 2.06(2) 0.007(3)
LFP-P1  Fe-P 2 2.834(8) 0.014(2)
Fe- P 3 3.258(8) 0.007(1)
Fe-Fe 2 3.84(1) 0.011(2)
Fe-Fe 2 4.66(1) 0.014(4)
Fe-O1 4 2.13(1) 0.012(3)
Fe-O2 2 2.03(1) 0.009(2)
Fe-P 1 2.821(8) 0.008(2)
LFP-P2
Fe- P 4 3.245(8) 0.008(1)
Fe-Fe 2 3.82(2) 0.011(3)
Fe-Fe 2 4.64(2) 0.012(4)

Table 4.25: The average interatomic distance and average Debye-Waller factor of the different
coordination shells.

Average interatomic

Average Debye-Waller

Shell Sample distance (A) factor (A?
LFP-P1 2.12 0.012
Fe-O
LFP-P2 2.10 0.011
LFP-P1 3.088 0.0098
Fe-P
LFP-P2 3.160 0.0080
LFP-P1 4.25 0.013
Fe-Fe
LFP-P2 4.23 0.012
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Disorder in the samples could either be caused by defects such as some of the Fe?* occupying
both M2 and M1 octahedral sites in the sample or by a decrease in crystallinity.? All the samples
showed some degree of disorder in all the coordination shells (Table 4.24). Rietveld analysis
showed that some Fe?*and/or Fe®* (Table 4.17) occupied the M1 site in both samples (around
8-9% site occupancy) and Figure 4.14 and Figure 4.15 displayed sharp well-defined peaks
indicating good crystallinity. It was determined that LFP-P1 had a higher degree of disorder
and this corroborates what was shown in the main edge (Fig. 4.17) and the FT magnitude
(Fig. 4.20) where both showed a decrease in intensity. The oxygen and phosphorous
coordination shells had different interatomic distance coordination for LFP-P1 and LFP-P2.
LFP-P1 had a higher intensity and possible larger energy for the eq peak (Fig. 4.16). This could
be due to the different bonding distribution attributed to the difference in the interatomic
distance coordination number present in the two samples. The LFP-P1 sample had 3 different
interatomic distances whereas the LFP-P2 sample only had two different interatomic distances.
This could have an effect on the interaction between the orbitals (eq orbitals) that are in the
direction of the ligand and experiences the repulsive field of the oxygen ligands®! causing a
change in the peak for the two different samples in the pre-edge region (Fig. 4.16).

The Mdssbauer spectra for these two purged samples were analysed as before with five
different Voigt doublets to determine the different Fe environments present — two different Fe?*
and two different Fe3* sites (Fig 4.23) in both samples. The two Fe?* sites are present in
LiFePO4 but the one site is less distorted (higher AE, value) than the other site (Table 4.26).
The Fe** environments were that of Fe** on the M1 site and Fe3* on the M2 site that can be
present as defects in the structure (Table 4.26). A full description of these four sites was given
in section 4.2.3. Another Fe environment were determined to be present in these samples. This
site corresponds to Fe?* on the M1 site that possibly replaced some of the Li* on the site.®? The
S of the environment is similar to that of the previously described Fe?* environments but the
AE, is much smaller (Table 4.26). The AE, = 0.93 mm/s recorded for LFP-P2 where Fed*is

on the M2 site is larger than the same site for other synthesised samples and could indicate a
less distorted environment due to the increase in AEQ.52 No Fe3* containing impurity phases
were identified using PXRD but Fe®* impure phases were identified using linear combination
fitting implying that amorphous or poorly crystalline Fe* was present in both samples. Defects

could correspond to that of superparamagnetic hematite.®
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Figure 4.23: Mdssbauer spectra for the (a) LFP-P1 and (b) LFP-P2 sample.

Table 4.26: Different isomer shifts (6 — mm/s) and quadrupole splitting (AEq — mm/s) for the
purged samples.

Fe(Il) -M2 Fe(Il) -

Fe(ll) - M2 distorted Fe(ll) -M1 Fe(lll) -M1 M2/Defects

5 AE, 5 AE, 5 AE, 3 AE, 8 Ak,

'-F'flp' 122(1) 296(1) 121(1) 2.60(1) 1.20(2) 1.604) 0.24(1) 073(2) 050(1) 0.82(2)
Do 122() 291(1) 119(1) 242() 123(7) 150(1) 045@) 075(1) 0.40(3) 0.93()

LFP-P2 had the highest percentage of overall Fe?* (Table 4.27). Fe?" in LiFePO4 was identified
as the major phase in both samples and LFP-P2 had a higher percentage of this Fe?* than LFP-
P1. LFP-P1 had a higher percentage of Fe?* in a more distorted M2 environment whereas LFP-
P2 had a smaller percentage of Fe?* on the M1 site. Both samples had similar percentages of
Fe3* on the M1 site whereas LFP-P1 had the highest percentage of Fe®** on the M2 site. This
aids in supporting the presence of Fe®**-O interatomic distances present in both samples.
According to the XRD results, LFP-P1 had a shorter average interatomic M2-O distance (Table
4.18) and the results in Table 4.27 show a higher percentage of Fe3* on the M2 site. Rietveld
analysis determined that there was 8.2(4)% Fe on the M1 site in LFP-P1 and Md&ssbauer
spectroscopy indicated that 6(1)% of this was Fe?* and 3(1)% was Fe®*. Similarly, for LFP-P2,
3(1)% and 3(1)% of the 8.8(3)% Fe on the M1 site was Fe?* and Fe®*, respectively.
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Table 4.27: Percentage contribution from each form of Fe and the total Fe in the purged
samples.

Fe(ll) — M2 ng(s't'gr‘tzgz FeIE/'I'l) T Fe(lll) =M1 'E)ee(]!ggs Total Fe
T Ee
LFP-P1 59(8) 23(5) 6(1) 3(1) 9(2) 88 | 12
LFP-P2 76(8) 14(3) 3(1) 3(1) 4(1) 93 | 7

Comparing the total Fe?* and Fe3* as determined using the LCF results (Table 4.22) and the
Maossbauer spectroscopy results (Table 4.27), it is seen that LCF gives higher results for the
total Fe?* for LFP-P1. The results determined using these two techniques for LFP-P2 were
similar for the total Fe?* and Fe®* present (with a difference of 0.1% for Fe?*) whereas LFP-P1
deviated by 4.3% for the total Fe** and 4% for the total Fe**. This deviation can be explained
by the mismatch seen for the LCF analysis for LFP-P1 and not for LFP-P2.

The disorder around the Fe atom in the different environments (Table 4.28) were probed using
the full width at half maximum line width (I") and that for an ordered Fe environment the T is
typically between 0.2 — 0.3 mm/s.**>15% | FP-P1 had a lower degree of disorder for all the
environments when compared to LFP-P2. Fe?* and Fe®* on the M1 site and Fe** present on the

M2 site showed the highest degree of disorder.

Table 4.28: The full width half maximum line width (I — mm/s) value for the purged samples.

Fe(Il) — M2 ng(sltlgr_t';f'jz Fe(Il) -M1 Fe(I11) -M1 Mer/gL'fL;ts
LFP-P1 0.300(1) 0.381(5) 0.60(3) 0.28(3) 0.35(1)
LFP-P2 0.356(2) 0.45(2) 0.6(2) 0.6(2) 0.53(9)

The internal and external Raman modes for LiFePO, %25 (Table 4.29) were identified and
assigned for both LFP-P1 (Fig. 4.24) and LFP-P2 (Fig. 4.25) and these are effectively the same
as was seen for the LFP-3a sample in Table 4.14. The peak positions for LFP-P1 are slightly
shifted toward higher wavenumbers. The well defined v; (P037) (~950 cm™) and v; (PO3™)
(~998 cm™* and 1068 cm™) peaks indicate that the PO3~ tetrahedron remains undistorted for
both samples.®* The microscopic images (Fig 4.22 inset and Fig 4.23 inset) showed two

coloured phases. The major phase is the shiny-white phase as has been identified as LiFePOa.
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The reddish/brown phase could possibly be hematite.®® This phase was very poorly crystallised
and not all the peaks were defined, except for two peaks at ~227 cm™ and 246 cm™ (inset
spectra of Fig. 4.24) and a very small, broad hump at ~1350 cm™ (inset spectra of Fig. 4.24 and
4.25) which is present in hematite indicating an amorphous phase. Hematite was also identified
in both LFP-P1 and LFP-P2 using Mdssbauer spectroscopy.
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Figure 4.24: Raman spectrum and microscopic image (inset) of LFP-P1. The bottom inset is that of the
poorly crystalline hematite.

Intensity (a.u.)

¥

0 250 500 750 1000 1250 1500 1750 2000
Wavenumber (/cm)

Figure 4.25: Raman spectrum and microscopic image (inset) of LFP-P2. The bottom inset is that of the
poorly crystalline hematite.
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Table 4.29: Raman modes of the purged samples with the assigned vibrational modes.

Wavenumbers(/cm)
Assignment
LFP-P1 LFP-P2

100 100
149 146 P03~ rotational and Fe?*
196 198 translational motion
244 243
441 440 v, (POF)
572 570
591 589 v, (PO3")
628 627
950 949 vy (PO3")
997 996

3 (POF")
1068 1067

In conclusion for this section, the average and local structure was used to thoroughly investigate
the reproducibility of the modified synthetic route. XRD showed that LFP-P1 and LFP-P2 had
very similar lattice parameters, volume and percentage occupancies for both the M2 site and
the M1 site. The interatomic distances had some variability but was also very similar for both
samples. The XANES region showed similar pre-edge and main edge peak shifts for both LFP-
P1 and LFP-P2. Linear combination fitting was performed on both samples and it was
determined that the total Fe?* and Fe3* was basically the same for these samples but that there
was possibly another Fe3* bonding environment present in LFP-P1. From the EXAFS fit that
was performed on both LFP-P1 and LFP-P2 it was shown that both samples had similar
interatomic distances and disorder present. The variation between these samples were within
the experimental error. Mdssbauer spectroscopy identified the same four Fe environments in

both samples. The major difference between LFP-P1 and LFP-P2 was for Fe?* and Fe** content
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for these environments in the samples. LFP-P2 had 5.15% more Fe?* than LFP-P1. Raman
spectroscopy also showed that these structures were the same. The same modes could be
identified for both samples indicating similar crystallinity. Taking all the techniques into
consideration, LFP-P1 and LFP-P2 showed great reproducibility.

4.2.5. Controlling the exact volume to improve reproducibility

The variation in Fe?* content between samples as seen from the Mdssbauer spectroscopy results
in section 4.2.4 showed the need to further improve the reproducibility between samples. The
same synthesis was used as for the Li" ratio (section 4.2.3) and the individually purged samples
(section 4.2.4). A ratio of 3:1:1 (Li:Fe:PO4), 25% volume filled Teflon bomb and a reaction
time of 48 hours was used. The following changes were made to this synthesis: the water used
for the dissolution of the precursors was purged before (x 70min) and throughout the
experiment and a micro-pipette rather than a plastic syringe was used to add the exact volume
needed to dissolve the precursors. The preparation method after the samples were removed for

the oven is the same as stated in section 2.1.2.

Three replicate samples were prepared in exactly the same way and the diffraction patterns
determined for each: LFP-1 (Fig. 4.26), LFP-2 (Fig.4.27) and LFP-3 (Fig.4.28). An X-ray
wavelength of 0.166316(1) A was used. LFP-3 had a poor-quality fit compared to that of LFP-
1 and LFP-2. This can also be seen graphically (Figs. 4.26 — 4.28).84 The decrease in the quality
of the fit indicated that LFP-3 had more structural defects that cannot be accounted for. The
Rietveld error indices can be found in Table 4.30. LiFePO4 was identified as the phase in all
the samples, but there were also impurity phases present in all the samples. Unexpectedly the
impurity was LisPO4 for LFP-1 and LFP-3, but the Fe-impurity that was discussed in section
4.2.1 was present in LFP-2 (Table 4.31). The LisPO4 content present in LFP1 and LFP-3 are
very similar. The fact that inconsistencies in the product was found where the reproducibility
was the main focus shows that the hydrothermal synthesis route is more complicated that

initially realised and that there are other factors at play.
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Figure 4.26: Powder diffractogram of the LFP-1 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePO, and LisPO, are indicated with the grey markers and blue markers, respectively
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Figure 4.27: Powder diffractogram of the LFP-2 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePO, and the Fe-impurity are indicated with the grey and yellow markers, respectively
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Figure 4.28: Powder diffractogram of the LFP-3 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePO, and LisPO, are indicated with the grey markers and blue markers, respectively

Table 4.30: Rietveld error indices for LFP-1, LFP-2 and LFP-3.

Sample Rwp Rp Rexp GOF
LFP-1 6.41 5.17 16.0 0.40
LFP -2 5.40 4.26 17.86 0.30
LFP -3 7.09 5.46 15.94 0.44

Table 4.31: Multiphase analysis (%) of LFP-1, LFP-2 and LFP-3.

Sample LiFePOu4 LisPO4 Fe-impurity
LFP -1 95.73 4.27 -

LFP -2 99.42 - 0.58
LFP -3 96.06 3.94 -

For the LiFePO4 phase, there is very slight to no variation between the lattice parameters and
volume of the three samples (Table 4.32). The refined lattice parameters and volume were
similar to those reported in literature for LiFePOs synthesised using a hydrothermal
synthesis.373%404456 A symmary of these results can be found in Table 3.1. The similarity in

results indicate that the impurities have little effect on the lattice parameters and volume.
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Table 4.32: Selected structural parameters of the refined structures for the different purged
samples.

Sample a(A) b (A) ¢ (A) Volume (A3)
LFP _1 10.354(7) 6.0021(4) 4.7091(3) 292.6(3)
LFP —2 10.353(4) 5.9995(2) 4.7061(2) 292.3(2)
LFP -3 10.34(1) 5.9980(7) 4.7059(6) 291.9(6)

Neither the M2 (Fe?") site nor the M1 (Li*) site was fully occupied with Fe** and Li*,
respectively (Table 4.33). No Li* was present on the M2 site although vacancies were present
site. There was some variation in the occupancy of Fe between the samples with LFP-3 having
a lower percentage of Fe?* occupying the M2 site and the higher percentage vacancies then
denotes a higher percentage of Fe®* on this site.>” Fe?*and/or Fe** was present on the M1 site
with the amount varying between the samples. LFP-3 had the lowest percentage of Li*
occupying the M1 site and the highest percentage of Fe* and/or Fe?* on this site whereas LFP-
2 had the highest percentage of Li* on the M1 site. Overall, there were minor differences
between LFP-1 and LFP-2.

Table 4.33: The percentage Li occupying the M2 (Fe) site, vacancies on the M2 site and Fe
occupying the M1( Li) site in the refined LiFePOs structures.

LFP -1 LFP -2 LFP -3
M2 (Fe) occupancy 98(1) 98.5(6) 96(2)
M2 (Fe) vacancy 2 1.5 4
M1 (Li) occupancy 90.1(8) 94.2(4) 89(2)
Fe on the M1 site 9.9(7) 5.8(3) 11(1)

The average interatomic bond distances were determined for all three samples for M2-O, M1-
O and P-O (Table 4.34). There were only slight variations between these interatomic distances
for the different samples. These distances were then compared to that of LiFePOj4 structures
reported in literature.*>%"%8 A summary of these results can be found in Table 3.2. The
synthesised M2-O interatomic bond distance were smaller than those found in literature.*567.68
This indicates that all the samples have some degree of Fe3*-O causing an overall contraction
of the FeOs octahedron.®® LFP-1 and LFP-2 had the longest interatomic bond distance and it
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could be concluded that these samples would have a lower degree of Fe**-O bonds compared
to that of LFP-3. This is consistent with the percentage of vacancies and the presence of Fe3*
(Table 4.32) where LFP-3 was predicted to have a higher degree of Fe** present. Mdsshauer
spectroscopy was used to determine the percentage of Fe** present on both the M2 and M1
sites for these samples and the results will be compared shortly. LFP-3 also had the largest M1-
O interatomic bond distance since the contraction of the FeOg octahedron would cause the
expansion of the LiOg octahedron.”> Compared to literature LFP-1 and LFP-3 have longer
average interatomic M1-O bond distances*®"®8 than LFP-2. The average P-O interatomic bond
distance is longer for the synthesised samples than the bond distances reported for other
LiFePO; structures.*>%7% | FP-3 had the longest interatomic bond distance and LFP-2 the
shortest.

Table 4.34: Interatomic distances of the refined structures.

LFP -1 LFP -2 LFP -3
M2 - O(1) 2.160 2.175 2.113
M2 - 0O(2) 2.038 2.058 1.984
M2 — O(3) (x2) 2.026 2.052 2.010
M2 — O(3) (x2) 2.231 2.225 2.239
Average M2-O 2.119 2.131 2.099
P-0(1) 1.545 1.547 1.580
P-0(2) 1.660 1.624 1.702
P - 0O(3) (x2) 1.623 1.589 1.643
Average P-0O 1.613 1.587 1.642
M1 - 0O(1) (x2) 2.189 2.182 2.180
M1 - 0(2) (x2) 2.107 2.100 2.133
M1 - 0(3) (x2) 2.207 2.198 2.200
Average M1-0 2.168 2.160 2.171
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Mdssbauer spectroscopy was performed on all three samples to compare the Fe?* and Fe*

content. The five different Voigt doublets were used to identify the same four different Fe

environments as described on section 4.2.3 and 4.2.4 (Figs 4.29 — 4.31) and the results are given

in Table 4.35.
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Figure 4.29: Mdssbauer spectrum of the LFP-1 sample.
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Figure 4.30: Mdssbauer spectrum of the LFP-2 sample.
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Figure 4.31: Mdssbauer spectrum of the LFP-3 sample.
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Table 4.35: Different isomer shifts (6 — mm/s) and quadrupole splitting (AEq — mm/s) for the
purged samples.

Fe(ll) — M2 Fe(Ill) —
Fe(l) - M2 distorted Fe(ll) -M1 Fe(ll) -M1 M2/Defects
5 5 8 AE, 3 AE, 8 AE, 3 Ak,

LFP-1 1.22(1) 2.94(1) 1.23(1) 240(1) 1.19(1) 156(3) 0.30(1) 0.69(2) 0.39(1) 1.02(1)

LFP-2 1.23(1) 2.96(1) 1.21(1) 2.38(1) 1.23(2) 1.65(4) 0.30(1) 0.75(2) 0.42(1) 0.81(2)

LFP-3 1.23(1) 2.97(1) 121(1) 240(1) 1.20(2) 150(4) 0.35(1) 0.50(7) 0.43(1) 0.92(1)

Considering the total Fe?*and Fe** (Table 4.36) LFP-2 had the highest percentage of total Fe?*
and LFP-3 had the lowest percentage of Fe?*. LFP-2 also had the lowest percentage of Fe?* in
the more distorted LiFePO4 environment. Comparing the Mdssbauer spectroscopy results for
Fe?* and Fe** on the M1 site to that of the Fe occupying the M1 site determined using PXRD
(Table 4.33) it can be seen that not all the Fe has been accounted for indicating that another
phase/environment might be present. Comparing the percentage of Fe** on the M2 site, LFP-
3> LFP-1> LFP-2 and this is order is consistent with the PXRD results in terms of percentage
vacancies on the M2 site. Determining the percentage of Fe3* on the M2 site also supports the
statement that LFP-3 has a higher degree of Fe**-O bonds as indicated by the shortest Fe-O
interatomic bond distance. LFP-2 had the longest average Fe-O interatomic bond distance as
well as the lowest percentage of Fe3* on the M2 site.

Table 4.36: Percentage contribution from each form of Fe and the total Fe in the purged
samples.

Fe(ll) - M2 ng(s't'gr‘t:'jz Fe&'l) T Fe(lll)-M1 ';eéflggs Total Fe
e T Ee
LFP-1 60(8) 24(3) 3(1) 2(1) 11(2) 87 | 13
LFP-2 78(8) 10(1) 3(1) 1(1) 8(1) o | 9
LFP-3 58(8) 17 (5) 3(1) 1(1) 21(6) 78 | 22
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The disorder around the Fe atom in the different environments were also determined (Table
4.37). Fe?* in the less distorted site for LiFePO4 and Fe** on the M1 site for LFP-1 had the
lowest degree of disorder, although it was still slightly higher than that reported for an ordered
Fe environment.**°%%3 There is a slight variation in the extent of disorder between the different

samples in each environment.

Table 4.37: The full width half maximum line width (I" — mm/s) value for the purged samples.

Fe(ll) — M2 Fji(sltlgr_tmz Fe(I1) -M1 Fe(I11) -M1 MFZ‘ng'f)e;tS
LFP-1  0.32(1) 0.53(1) 0.37(2) 0.232) 0.44(1)
LFP-2  0.35(1) 0.48(1) 0.53(5) 0.60(1) 0.57(2)
LFP-3  0.38(1) 0.47(1) 0.38(4) 0.60(2) 0.63(2)

Raman spectroscopy found that the LiFePO. internal and external modes®? % were identified
for LFP-1 (Fig. 4.32) and LFP-2 (Fig. 4.33). The peaks at lower wavenumbers could not be
identified for LFP-3 (Fig. 4.34) and only v, (PO3~), v; (PO3~) and v; (PO3™) could be detected
(Table 4.38). The drop in the intensity for these peaks and the disappearance of the internal
mode for LFP-3 suggested that there was a decrease in crystallinity and ordering as suspected
with PXRD.% The difference in peak shape and intensity, in the region 0 — 750 cm™, between
LFP-1 (Fig. 4.32) and LFP-2 (Fig. 4.33) could be due to differences in the crystallinity as well
as overlapping amorphous phases. The PXRD diffractograms of LFP-1 (Fig. 4.26) and LFP-2
(Fig.4.27) show very slight differences in peak sharpness and broadness, also revealing
possible changes in the crystallinity. Mdssbauer spectroscopy (Figs 4.29 and 4.30) indicated
that LFP-1 had a higher Fe3* content which could indicate the presence of amorphous phases
causing overlapping peaks in the Raman spectra. LFP-3 (Fig. 4.34, inset) contained less of the
white phase identified as LiFePO4 than for the other samples. LisPO4 (not shown here) and a
poorly crystalline phase that has a broad peak at ~1350 cm™ (Fig. 4.34) was identified in the
LFP-3 sample. LisPO4 was also identified in the sample using XRD and the poorly crystalline
phase could be the source of Fe® identified using Mossbauer spectroscopy as
superparamagnetic hematite with hyperfine parameters similar to that of Fe(ll1)- M2 Defects
(Table 4.35).58 There were other phases also present in LFP-1 and LFP-2 but they could not be
identified due to low crystallinity and no distinct peaks. The Raman modes can be found in
Table 4.37.
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Figure 4.32: Raman spectrum and microscopic image (inset) of LFP-1.
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Figure 4.33: Raman spectrum and microscopic image (inset) of LFP-2.
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Figure 4.34: Raman spectrum and microscopic image (inset) of LFP-3. A broad peak at ~1350 cm™ is
circled in orange.

Table 4.38: Raman modes of the purged samples with the assigned vibrational modes.

Wavenumbers(/cm) )
Assignment
LFP-1 LFP-2 LFP-3
96 100
149 147 145 P03~ rotational
and Fe?*
195 197 translational motion
240 245
439 440 v, (PO37)
569 571 575
590 589 v, (PO37)
627 627 629
948 948 948 v; (PO37)
995 995 993
3 (PO3")
1068 1067 1062
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In conclusion, XRD showed that impurities were present in all three samples. In LFP-1 and
LFP-3, only LiFePO4 and LisPOs were present and no Fe-containing impurities whereas
LFP-2 had the Fe-impurity together with LiFePO4. The lattice parameters and volume were
similar for all three samples. LFP-1 and LFP-2 had similar M2 occupancies but there were
variations between the M1 occupancies for all three samples. Mdssbauer spectroscopy
identified the same four Fe environments. The Fe?* and Fe3* content showed a significant
variation between the three samples especially compared to the samples discussed in section
4.2.4. The difference between the highest and lowest Fe?* content was 10.6%. This was not an
improvement on the difference between the samples as discussed in section 4.2.4. Raman
spectroscopy determined that the structure for LFP-1 and LFP-2 were similar and all the
internal and external modes could be identified but for LFP-3 the crystallinity decreased and
some modes could not be identified. In general, LFP-1 and LFP-2 were more similar in
structure whereas LFP-3 had both a higher percentage of defects and a lower percentage of
Fe2*. Overall, the reproducibility was not improved using this synthetic modification and the

reproducibility within a sample set was poor and LisPOgs is now present in the sample.

4.3. Conclusion

This chapter looked at the synthesis time, percentage volume to which the bombs were filled
as well as the ratio of the Li* added for synthesising LiFePOa. This chapter also looked at the
reproducibility between samples as well as how to improve reproducibility. The sample
produced by filling the bomb to 25% of the total volume and heated at 120°C for 48 hours had
the lowest amount of defects and Fe** present and these parameters were therefore used for the
subsequent syntheses. The optimum Li™ ratio was also found to be 3:1:1 (Li:Fe:PO4). To reduce
the impurities and defects, especially due to the oxidation of Fe?* to Fe**, solutions were purged
throughout the synthesis. Purging did increase the total percentage of Fe?" but a small
percentage of Fe®" was still present in all the purged samples. The total percentage of Fe®* was
still lower for the purged than unpurged samples. There were slight differences between the
samples when investigating reproducibility. The local structure, disorder, interatomic distances
(different interatomic distance coordination) were very similar for the purged samples but the
total Fe?*and/or Fe** content did vary somewhat. Attempting to improve the reproducibility
showed that there was still variability and that there could be additional factors playing a role

in the hydrothermal synthesis of these samples.
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Chapter 5

Effects of Li* addition rate during the synthesis of LiFePO4: Combining X-ray
diffraction and spectroscopy techniques to determine average and local structure

5.1 Introduction

LiFePO4 exhibits poor lithium ion diffusion, and hence conductivity, due to the diffusion only
occurring through the 1-dimensional channel.’* Due to this disadvantage, the formation of side
phases and the lithium content plays a critical role during synthesis. A study conducted by
Axmann® showed that a lithium deficient system negatively affects the electrochemical
properties and that the side phase LisPO4 readily forms in a lithium excess system as the lithium
combines with the phosphate group. LisPO4 has been shown to be an excellent ion conductor
but has been determined to be electrochemically inert as a side phase in LiFePO4.>® Another
research group’ determined that although an excess of lithium could readily form LisPO4 there
was a small balance where the right lithium excess can suppress the formation of impurities.
The method development stage for this hydrothermal synthesis indicated that an excess lithium
ratio of 3:1:1 (Li*:Fe?*:P03™) was the optimum synthesis condition (section 4.2.3) where the
high lithium content produced a favourable basic solution.” It was therefore important to
determine how the addition rate of the excess lithium affects the formation of the final product.
In this chapter the effect of lithium (Li*) addition was investigated during synthesis. The
different Li+ addition rates showed the presence of different impurities, different percentage
occupancies on the M2 and M1 site as well as Fe?* content. The local structure remained the

same but showed variation in the interatomic distances and Debye-Waller factors.

5.2. Experimental

The synthesis described in section 4.2.4 and section 4.2.5 was used with some modifications
to investigate the effect of the Li* addition on the final product. Deionised water was purged
for 1 hour and 30 min (~75 mL) before the synthesis and for the duration of the synthesis. All
materials were dissolved using the purged water. After the dissolution of both the LiOH and
the FeSO4/H3POy4, a Li* drop was added every 1, 2, 3, 4 and 5 seconds to the FeSO4/H3PO4
solution using a Pasteur pipette. After the addition of LiOH to the FeSO4/H3POs solution the
mixture was thoroughly mixed and purged for another 5 minutes. The rest of the synthesis was

described in section 2.1.2.
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5.3. Results and Discussion
5.3.1. Synchrotron radiation powder X-ray diffraction

Diffraction patterns were collected on the 1, 2, 3, 4 and 5 second Li* addition rate samples.
These samples will be referred to as 1sec, 2sec, 3sec, 4sec and 5sec. The 3sec sample showed
the best preliminary XRD results when the data was collected on the lab diffractometer and
therefore another 3sec sample was added to investigate the reproducibility of this addition rate.
These samples will be referred to as 3sec_1 and 3sec_2 (duplicate). Rietveld refinement was
conducted on all the above-mentioned addition rate (Figs. 5.1 — 5.6) using an X-ray wavelength
of 0.167057(4) A. Graphically it can be seen that the 2sec and 5sec samples have a poorer fit
than the other samples. The Rietveld error indices (Table 5.1) also showed this except for the
3sec_1 sample where the main mismatches that affected the error indices was a cause of the
intensity dropping below the baseline (39, 3.5° and 4.9° where ° is given in 2theta). This was
not sample related as it was not seen in the laboratory data. It could possibly be due to dead

pixels and incorrect masking done at the synchrotron facility.

Intensity /a.u.
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2 Theta /° (A = 0.16707)

Figure 5.1: Synchrotron diffractogram of the 1sec LiFePO,4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFePO, are indicated with the grey markers.
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Figure 5.2: Synchrotron diffractogram of the 2sec LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFePO, and LisPO, are indicated with the grey and the yellow markers respectively. (*)
indicates unidentified peaks from impurity phase/s.
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Figure 5.3: Synchrotron diffractogram of the 3sec_1 LiFePO. sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg

reflections for LiFePO, are indicated with the grey markers.
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Figure 5.4: Synchrotron diffractogram of the 3sec_2 LiFePO, sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFePO4 and LisPO4 are indicated with the grey and the yellow markers respectively.
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Figure 5.5: Synchrotron diffractogram of the 4sec LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg

reflections for LiFePO, are indicated with the grey markers.
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Figure 5.6: Synchrotron diffractogram of the 5sec LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFePO, and LisPO, are indicated with the grey and the yellow markers respectively. (*)
indicates unidentified peaks from impurity phase/s.

Table 5.1: Rietveld error indices for the varied Li* addition rate samples.

Sample Rwp Rp Rexp GOF
1sec 7.23 5.72 55.64 0.13
2sec 9.17 6.63 51.63 0.18

3sec_1 15.42 7.75 59.89 0.26

3sec_2 6.90 5.47 57.09 0.12
4sec 8.11 6.23 64.41 0.13
5sec 9.50 6.72 52.14 0.18

The lattice parameters and the volume for each structure were also refined (Table 5.2). The
refined lattice parameters as well as the volume are similar to those determined from previous
studies (Table 3.1).8%* The lattice parameters were the same within the error with a slight
variation in the volume especially for the 2sec and 5sec sample. A multiphase refinement was
performed on all the samples. The identified phases present in the samples were LiFePO4 and
LisPO4 (Table 5.3). LiFePO4 was identified as the main phase in all the samples. No LisPOs
was found in the 1sec, 3sec_1 and 4sec samples and only a very small amount of LisPOg in the

3sec_b sample although no LisPO4 in the 3sec_b sample was detected in the laboratory data.
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The 5sec and the 2sec samples had the highest percentage of LizPO4 present. These two samples
also showed the presence of an additional unidentified phase present. In the 2sec sample the
peaks can be seen at 1.94° and 2.13° (indicated with *) and for the 5sec sample the peaks are
present at 1.68°, 1.94° and 2.13° (indicated with *). The position of the peaks indicate that it
could be the same impurity phase. The slightly higher, more defined and additional peak at
1.68° indicates that there could be a higher percentage of this phase present in the 5sec sample.

Table 5.2: Selected structural parameters of the refined LiFePO4 phases for the varied Li*
addition rate samples.

Sample a (A) b (A) c(A) Volume (A3)
1sec 10.349(3) 5.9940(2) 4.7066(1) 291.97(2)
2sec 10.35(6) 5.9992(6) 4.7031(5) 291.91(5)

3sec_1 10.349(6) 5.9938(3) 4.7056(3) 291.88(3)

3sec_2 10.349(3) 5.9947(2) 4.7064(1) 291.99(2)
4sec 10.329(8) 5.9899(5) 4.7022(4) 290.92(4)
5sec 10.34(2) 5.989(1) 4.6995(9) 291.13(9)

Table 5.3: The percentage LiFePOs and LisPOs obtained from a multiphase Rietveld
refinement of the XRD of the Li* addition rate samples.

Sample LiFePOq4 LisPO4
1sec 100 -
2sec* 92.02 7.98

3sec_1 100 -

3sec_2 98.15 1.85
4sec 100 -
5sec* 80.83 19.17

* Percentages exclude the additional impurity phase

To investigate the presence of structural defects, the data for all the samples were refined for
both site exchange defects and antisite defects.** All samples comprise of a small percentage
of Fe on the M1 (Li*) site and no Li* on the M2 (Fe?*) site and (Table 5.4). This corresponds
to antisite defects rather than site exchange defects.’* The M2 site was not fully occupied and
as no Li*was found on this site which it indicates that vacancies were formed (Table 5.4). The

replacement of some Fe?* with Fe3* could be responsible for the formation of the vacancies in
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order to retain charge neutrality.'® The M1 site was also refined to determine the amount of Li*
that occupies this site and it was found that it was partially occupied by either Fe?* or Fe®* ions.
The oxidation state of Fe on the M1 and M2 sites was determined using Madossbauer
spectroscopy and will be discussed shortly. The 3sec_1 sample has the highest percentage of
Li* occupying the M1 site, and hence the lowest percentage of Fe on the M1 site and the 5sec
and the 2sec samples have the highest percentage of Fe occupying the M1 site. These samples
could possibly exhibit poor electrochemical performance due to the blocking of the 1-
dimensional Li* diffusion channels.#!31® From these results, the 5sec sample was the least
desirable- it had the lowest percentage of Fe on the M2 site and, since it had the highest
percentage of Fe vacancies, it would also suggest that it had a higher amount of Fe3* occupying
the M2 site. This sample also showed the highest percentage of Fe occupying the M1 site.

Table 5.4: The percentage Li occupying the M2 (Fe) site, vacancies on the M2 site and Fe
occupying the M1 (Li) site in the refined LiFePOg structures.

1sec 2sec 3sec_1 3sec_2 4sec 5sec
ocl:\c/:lﬁp(gr?():y 99.13(7) 96.6(2) 98.93(9) 99.035 96.3(2) 95.3(2)
Dgi;:;)/ 0.87 3.4 1.07 0.965 3.7 4.7
O(I:\(/:Il}p(ell_r?cy 91.14(3) 86.5(1) 92.49(6) 91.18(3) 89.89(9) 83.1(2)
e Onsittze M se) 135(1)  7.51(5)  881(7)  10.11(9)  16.9(1)

The refined M2-O, P-O and M1-O interatomic bond distances (Table 5.5) deviate slightly from
the interatomic bond distances reported in literature (Table 3.2).3%1718 XRD did not detect any
impurities in the samples from literature. For well crystallized LiFePO4 with very little Fe3*
present the Fe-O interatomic bond distance ranges between 2.157 — 2.172 A®?0 whereas the
average Fe3*-O interatomic bond distance for FePO, is 2.045A%° The average M2-O
interatomic bond distances are shorter than the reported values (2.148 —2.157 A). The shorter
bonds are indicative of the presence of Fe(I11)-O bonds in the structure.'®?° The 3sec_1 sample
has the largest M2-O interatomic bond distance and indicates that the 3sec_1 sample has the
lowest percentage of Fe(ll1)-O bonds. The 5sec sample has the shortest average M2-O
interatomic bond distance almost closer to that of FePO4 indicating that there are possibly more

Fe®"-O bonds present than in the other samples. This ties in with the parameters presented for
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this sample in Table 5.4. The average P-O interatomic bond distance for the synthesised
samples are larger than the reported values (1.544 — 1.565 A).39171821 The P-O interatomic
bond distance can be used to investigate any changes in the stability of the LiFePO4 structure.
A shorter interatomic bond distance suggests a more stable structure.??2* The 3sec_1 sample
had an interatomic bond distance closest to that of the reported values. The 5 sec sample
exhibited the longest interatomic bond distance that deviated quite significantly from the
reported value, as would be expected. The average M1-O interatomic bond distance for these
synthesised samples is larger than the values reported in literature (2.127 —2.151 A).3171821 5
larger M1-O interatomic bond distance correlates to the shorter Fe-O interatomic bond distance
for the metal on the M2 site.?° This explains the large Li-Og interatomic distance for the 5sec

sample that contains the higher degree of Fe3*-O bonds.

Table 5.5: Interatomic bond distances (A) of the varied Li* addition rate samples.

1sec 2sec 3sec 1 3sec 2 4sec 5sec

M2 —-0(1) 2.187 2.107 2.211 2.194 2.131 2.068
M2 —0O(2) 2.057 1.998 2.059 2.056 2.009 1.994
M2-0@3) (x2)  2.041 2.002 2.048 2.042 2.004 1.967
M2-0(@3) (x2)  2.238 2.267 2.232 2.240 2.266 2.280
Average M2-0O 2.134 2.107 2.138 2.136 2.113 2.093
P-0(1) 1.540 1.580 1.546 1.543 1.573 1.599
P-0(2) 1.633 1.700 1.614 1.629 1.668 1.714

P —0(3) (x2) 1.600 1.649 1.592 1.599 1.628 1.686
Average P-0O 1.593 1.645 1.586 1.593 1.624 1.671
M1 — O(1) (x2) 2.177 2.183 2.162 2.174 2.175 2.181
M1 -0(2) (x2) 2.093 2.121 2.094 2.092 2.119 2.117
M1 — O(3) (x2) 2.185 2.172 2.193 2.184 2.169 2.181
Average M1-0 2.152 2.159 2.150 2.150 2.154 2.160

The interatomic bond distance analysis confirmed what was given in Table 5.4. The presence
of the vacancies confirms that there is Fe3* present in all the samples and the 5sec sample has

the highest percentage of vacancies exhibited the most Fe®*.
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5.3.2. X-ray absorption spectroscopy

The general shape of the normalized spectra (Fig. 5.7) for the varied Li* addition rate samples
are the same and similar to that of LiFePO4 — standard. XANES and EXAFS were investigated

separately.

1.6 4

1.4 A

1.2

1.0 4

0.8 A

0.6

Normalized abscrption

0.4

0.2

0.0 -——J

7000 7200 7400 7600 7800
Energy (eV)

Figure 5.7: Normalized Fe K-edge spectra for all the varied Li* addition samples compared to that of
the LiFePQ, standard (black). These spectra are largely overlapped.

5.3.2.1. XANES
(i) Pre-edge
The pre-edge region exists due to the 1s — 3d dipole transition.?® Three different standards

(LiFePO4 — Fe?*, FePO4+4H,0 — Fe*" and a-Fe,03 — Fe®" with an increase in the octahedron
distortion) were used for the XANES pre-edge analysis (Fig. 5.8). A full discussion of the
structural differences of these standards are in section 2.2.3.1.
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Figure 5.8: Comparison Fe K-edge XANES pre-edge region of the different standards and varied Li*
addition rate samples.

The standards were used to assess the oxidation states and the geometry around the Fe?*/Fe®*
atom in the synthesised samples. Comparing the synthesised samples with that of the LiFePO4
standard, it showed that all samples exhibit the tag (7112 eV) and eg (7115 eV) peak energies
(Fig. 5.8 and Table 5.6),2627 although the energy position for the synthesised samples was at
~7113 eV and not at 7112 eV as reported in literature.®?%282° This could be an indication of
possible mixed phases present as the exact position which depends on the ligands present in
the sample as well as the amount of mixing in the samples between the two different oxidation
states.?”* The peak positions for the LiFePO4 standard could also be slightly different than the
reported values due to the impurity phase present. The standard was discussed in section
3.2.2.1. The 4sec and 5 sec samples showed changes in the peak shape. The 4sec sample
showed a less pronounce tog peak compared to the other samples and 5sec sample also showed
a less pronounced tog peak to the point where it almost disappears and a more pronounced eq
peak compared to the other samples. The 4sec and 5sec samples could possibly have higher
amounts of Fe**. The peaks ~7115 eV can either represent the eq LiFePO4 peak or the presence
of (Fe3*).%%8 All samples show an increase of this peak intensity as well as some broadening as
compared to the LiFePO4 standard, this could indicate (1) an increase in distortion around the
Fe atom 273132 (Table 5.6), or (2) that there is a possible change in coordination number around

the Fe®* atom that further removes the inversion symmetry around the Fe atom,*°% or (3) a
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change in bonding distribution affecting the ey orbitals that experience the repulsion field of
the ligands.>* The change in bonding distribution is for example the shorter distances occupying
the axial position in some samples whereas in other the longer distances occupy the axial
position or a mixture thereof. The pre-edge region corroborates the information in Table 5.4
that was determined using XRD. Although the 4sec sample was phase pure (Fig. 5.5) there
were quite a few defects or amorphous phases present in this sample that was not detected using
PXRD (Table 5.4) and that could have an effect on the distortion around the Fe atom. A similar
link can be seen between the 2sec and the 5sec samples and the 1sec and 3sec_1 sample. The
samples with similar defects have similar intensities in the pre-edge region.

Table 5.6: The different pre-edge peak intensities and peak positions for the standards and the
varied Li* addition rate samples.

Peak position 1  Peak intensity 1 Peak position 2  Peak intensity 2
Sample

(eV) (au) (eV) (au)

LiFePOq4 7112.95 0.0480 7115.20 0.0457
FePOq4 - - 7115.22 0.0469
Fe203 - - 7115.72 0.0642
1sec 7113.17 0.0452 7115.57 0.0477
2sec 7113.08 0.0447 7115.93 0.0506
3sec_1 7113.08 0.0450 7115.64 0.0466
3sec_2 7113.03 0.0469 7115.58 0.0488
4sec 7113.77 0.0423 7115.52 0.0494
osec 7113.22 0.0427 7115.49 0.0537

(i) Rising absorption edge and main absorption edge:
The rising absorption and the main absorption edge can be used to determine if there is a change

in oxidation state (Fig. 5.9 and Table 5.7).2"3! A change in oxidation state from Fe?* to Fe**
will cause a shift to higher energy due to the electrons being more strongly bound to the nucleus
and more energy is needed to excite the electrons in a Fe3* state.?”-?3! The peak position of the
main absorption edge (Table 5.7) for the LiFePO4 standard is at 7127.8 eV. This value is similar
to those reported by other research groups as discussed in section 3.1.2.1.28% The Fe®*
standards (FePO4+4H-0 and a-Fe>O3) have higher peak positions between positions between
7133 -7134 eV (Table 5.7). The comparison of the main edge for all three standards are shown
in Figure 3.7. The rising absorption edge of the samples synthesised shows that there is a slight

shift to higher energy as compared to that of the LiFePO4 standard (Fig 5.9). This indicates that
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the majority of Fe is Fe?* as the Fe®" standards have a rising absorption edge that is higher in
energy. The synthesised samples could be a mixture of Fe?* and Fe®*" where the ratio of Fe*
increases with an increase in the energy of the absorption edge and the increasing Fe®* content
is according to: 1sec, both 3sec samples < 2sec < 4sec < 5sec samples. The 1sec and both 3sec
samples are all located at 7127.9 eV indicating the presence of Fe?* similar to LiFePOa-
standard. Changes in oxidation state and the different ratios of oxidation states can be further

investigated using linear combination fitting (LCF).

1sec
2sec
3sec_a

—_—
—
—— 3sec_b
——
—_—
—

Main absorption edge

4sec
5sec
LiFePO4

Rising absorption
edge

Normalized absorption

7120 7122 7124 7126 7128 7130 7132 7134
Energy (eV)

Figure 5.9: Comparison of the LiFePO, standard with the different Li* addition samples of the XANES
Fe K-edge rising absorption and main absorption edge.

The change in intensity of the main absorption edge can also be a way of predicating if there
is disorder in the local structure of the synthesised samples.*® All samples show a slight drop
in intensity compared to that of the LiFePO4 standard and it can therefore be predicted that all
the samples will exhibit some degree of disorder in the local structure (Fig 5.9 and Table 5.7).
This suggests that the 1sec and both 3sec samples could exhibit the least amount of disorder as
their intensity is slightly lower than the LiFePO4 standard. The 5sec sample had the most
extreme drop in peak intensity and therefore exhibits the highest degree of disorder in the local

structure. A possible source of the disorder is the Fe on the Li* (M1) site and Fe** on the Fe?*
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(M2) site.®® Both the presences of Fe on the M1 site and of Fe3* was confirmed by XRD as
shown in Table 5.4 and Table 5.5. The same trend seen for the drop in intensity was observed
seen in the previously mentioned Tables. EXAFS analysis was used to further investigate the
change in local structure and disorder as the XANES region only gives possible indications.

Table 5.7: The different main edge peak intensities and peak positions for the standards and
the Li* addition rate samples.

Sample Peak position (eV) Peak intensity (au)
LiFePO4 7127.8 1.59
FePO4 7133.0 1.46
Fe20s 7134.3 1.44
1sec 7127.9 1.52
2sec 7128.2 1.47
3sec 1 7127.9 1.53
3sec 2 7127.9 1.50
4sec 7128.3 1.47
5sec 7128.5 1.39

(iii) Linear Combination Fitting
Linear Combination Fitting (LCF) is a very useful tool to analyse XANES data to determine

the major and minor components present in unknown samples®’~° and all three standards were
used to perform the fitting to determine the quantity of the bonding characteristics rather than
the standard as a phase. The three different bonding environments and characteristics that are
considered here are Fe**Og in a slightly distorted environment, Fe3*Os also in a slightly
distorted environment (similar to that of Fe?* in LiFePOa) and Fe**Og in an environment with
a higher degree of distortion. These standards are discussed in section 2.2.3.1. LCF was
performed on all the samples (Figs 5.10 — 5.15). The 1sec, 3sec_1 and 4sec sample show good
LCF fits using the proposed bonding environments (Fig 5.10, 5.12 and 5.14). The 2sec sample
showed a slight mismatch of over fitted data at the peak whereas the 3sec_2 and the 5sec
samples showed a higher degree of mismatch (Fig 5.11, 5.13 and 5.15). Even with the slight
mismatches, the goodness of fit parameters (Table 5.8) are reasonably small® for all the
samples. The goodness of fit can also be seen visually by comparing the experimental and fitted
data, and looking at the difference curves of the LCF. The accuracy of the fits can be improved

if a more representative or wider set of standards were used, for example FezO4 that have both
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Fe* and Fe®" present. There are some changes in bonding properties between the 3sec_1 and

3sec_2 samples as indicated by the slight fitting mismatch present in 3sec_2.

Table 5.8: LCF goodness of fit parameters for the Li* addition rate samples.

Sample R-factor Chi-square
1sec 0.0000848 0.0034
2sec 0.0001194 0.0047
3sec_1 0.0000975 0.0039
3sec_2 0.0002758 0.0117
4sec 0.0001521 0.0061
5sec 0.0003650 0.0142
—— lsec — 2§ec
: ;Z,dum : ::sidual
71110 71'20 71I30 71‘40 71‘50 71I10 7].'20 71‘30 71|40 71l50

Energy (eV)
Figure 5.10: LCF best fit (blue) of the 1sec of
the Fe K-edge XANES spectrum (purple) along
with the residual spectrum (grey).

—— 3sec_1
— Fit
—— residual

Normalized absorption

7110 7120 7130 7140 7150
Energy (eV)

Figure 5.12: LCF best fit (blue) of the 3sec_1 of the
Fe K-edge XANES spectrum (pink) along with the

residual spectrum (grey).

Energy (eV)
Figure 5.11: LCF best fit (blue) of the 2sec of the Fe
K-edge XANES spectrum (green) along with the
residual spectrum (grey).

—— 3sec_2
— Fit
—— residual

Normalized absorption

7110 7120 7130 7140 7150
Energy (eV)

Figure 5.13: LCF best fit (blue) of the 3sec_2 of the
Fe K-edge XANES spectrum (black) along with the
residual spectrum (grey).
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Normalized absorption
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Figure 5.14: LCF best fit (blue) of the 4sec of the  Figure 5.15: LCF best fit (blue) of the 5sec of the
Fe K-edge XANES spectrum (pink) along with  Fe K-edge XANES spectrum (black) along with
the residual spectrum (grey). the residual spectrum (grey).

All samples exhibit a mixture of Fe?* and Fe®* components as predicted by evaluating the pre-
edge features (Fig. 5.8 Table 5.9). The 3sec_1, 3sec_2 and 1sec samples have the highest
percentage of Fe?* in an environment similar to that of LiFePO4-standard. The 5sec sample has
the lowest percentage of Fe?* present. The 3sec_2 has no Fe**Og (FePOa) present in the sample.
The inclusion of the Fe3*Os (FePO4) bonding sequence led to a high error on the percentage
and a different bonding sequence might need to be included or the bonding sequence of this
sample has small differences compared to the given standards. The presence of Fe?* and Fe®*
given in Table 5.9 confirms the trend as seen in Table 5.4. The 2sec, 4sec and 5sec samples has
the highest percentage of Fe3* presence as was predicted by the percentage vacancies present
on the M2 site.

Table 5.9: Percentage of the different components present in the varied Li* addition rate
samples as determined from LCF.

Sample Fe**Os (LiFePOs) Fe3*Os (Fe203) Fe**Os (FePOa)
1sec 88.6(2) 8.6(9) 2.8(8)
2sec 83.7(2) 10.5(1) 5.8(1)

3sec_1 90.8(1) 7.6(1) 1.6(9)

3sec_2 89.7(2) 10.3(2) -
4sec 81.6(3) 9.1(1) 9.3(1)
5sec 75.6(3) 11.1(2) 13.4(2)
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5.3.2.2. EXAFS

EXAFS was utilised to determine if and to what extent the local structure around Fe changes

with the changes in the lithium addition rate. The k-weight, window, k-ranges and r-ranges are

the same as those discussed in section 2.2.3.2. A comparison of the k-space (Fig. 5.16) showed

that there is a slight decrease in the intensity and the disappearance of some features of the

oscillations between the different Li* addition rate samples. The peak shapes are similar

indicating similar local structures with only slight variations possibly in disorder.

Wavenumber (471)

— 1lsec
— 2sec
— 3sec_1
—— 3sec 2
—— 4sec
—— bsec
A
1
<
S
vy
0 2 4 6 8 10 12

Figure 5.16: Comparison of the Fe k3-weighted [k3y(k)] spectrum of the different Li* addition rate

samples.

Performing a Fourier Transform on the k3-range produces the real parts of the Fourier transform
(FT real) and the magnitude of Fourier transform (FT magnitude) and the of EXAFS k3 y (k)

data as explained in section 2.3.3.5 (vii). This indicates the different scattering processes (due

the coordination shells) of the neighbouring atoms around the Fe atom (Fig. 5.17).
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Figure 5.17: The magnitude of the Fourier transform of EXAFS k3 y(k) data comparing radial distance
of the different coordination shells of the different Li* addition rate samples.

Analyses were performed on the first three coordination shells. The same shells as seen in
Chapter 3 and 4 were seen here. The first, second and third scattering process corresponded to
the Fe-O coordination shell, Fe-P coordination shell Fe-Fe coordination shell. All the
synthesised samples show the presence of these coordination shells (Fig. 5.17). The shape of
the magnitude of the Fourier transform of the 1 — 5sec samples are similar indicating that there

IS no major change in the local structure but possibly a change in disorder.

Local structure determination:

Due to the general shape of the spectra in Figure 5.7, with a good comparison to the LiFePO4
standard, the starting model for all the Li* addition rate samples were LiFePOs. Refined
parameters used for the determination of the local structure was the change in interatomic bond
distance (AR — the adjustment in interatomic bond distance), the interatomic bond distances
(Xa — Xb), the Debye-Waller factor (c?), the energy shift (AEo) and the amplitude reduction
factor (So?). These parameters were determined using the fitting procedure described in section
2.2.3.1. The R-factors (Table 5.10) determined for the EXAFS results were less than 2%
indicating a good fit.*! The AE, parameters (Table 5.10) as determined from the EXAFS fits
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were also within the acceptable range (-10 eV < AEq < 10 eV)*? and So? was between 0.76 —

0.90. The fitted k-space, FT magnitude and FT real for the 1sec — 5sec samples are shown in

Figures 5.18 — 5.23.

Table 5.10: The reliability factor and energy shift of the varied Li* addition rate samples.

Sample R-factor (%) AEo (V)
1sec 0.44 -0.8(8)
2sec 0.44 -0.4(9)

3sec_1 0.52 -1.2(8)

3sec_2 0.45 0.9(8)
4sec 0.35 -0.3(8)
5sec 0.58 -2.8(8)
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Figure 5.18: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3 y(k) data (blue) and the theoretical FEFF fit
(black) of the 1sec LiFePO.. The fitting window is indicated with the vertical lines.
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Figure 5.19: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (red) and the theoretical FEFF fit
(black) of the 2sec LiFePO.. The fitting window is indicated with the vertical lines.
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Figure 5.20: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT

magnitude (top) and FT real (bottom) of the EXAFS k3y (k) data (purple) and the theoretical FEFF fit

(black) of the 3sec_1 LiFePQ,. The fitting window is indicated with the vertical lines.
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Figure 5.21: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT

magnitude (top) and FT real (bottom) of the EXAFS k3y (k) data (olive) and the theoretical FEFF fit

(black) of the 3sec_2 LiFePQ,. The fitting window is indicated with the vertical lines.
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Figure 5.22: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (pink) and the theoretical FEFF fit
(black) of the 4sec LiFePOa.. The fitting window is indicated with the vertical lines.
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Figure 5.23: (a) The experimental Fe k3-weighted [k3x(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (green) and the theoretical FEFF fit
(black) of the 4sec LiFePO.. The fitting window is indicated with the vertical lines.

Table 5.11 contains the individual coordination shells, coordination numbers (CN), interatomic
bond distance and the Debye-Waller factors (disorder) determined for each sample and Table
5.12 contains the average interatomic distances and the average Debye-Waller factors. The
interatomic bond distances for the Fe-O coordination shell (Table 5.11) in the 1sec, 2sec,
3sec_1 and 4sec samples had the same bonding distribution (two longer and four shorter
interatomic distances). The 3sec_2 sample had four longer and two shorter interatomic
distances and the longer distance (~2.12 A) is shorter than longer distance (~2.21 A)
determined for the other samples. The 5sec sample has one longer and five shorter interatomic
bond distances. Both interatomic distances of the 5sec sample were shorter than the individual
distances determined for the other samples. These small variations in the distances and the
combination of the different axial or equatorial positions could cause changes in the distortion
of the octahedron around the Fe-orbitals (tog and eg).>* This could possibly explain the features
seen in the pre-edge region (Fig. 5.8). There is slight variation between the individual disorder
(Table 5.11) for the Fe-O coordination shell for the different samples except for the 3sec_2 and
the 5sec sample. The individual disorder for the longer and the shorter distance for the 3sec_2

and 5sec, respectively is larger than the disorder of the other samples.

All samples except the 5sec sample had two shorter and three longer interatomic distances for
the Fe-P coordination shell (Table 5.11). The 5sec sample had one shorter and four longer
interatomic distances. The distance for the 1sec — 4sec samples is very similar but shorter for
the 5sec sample. The 1sec — 4sec samples had more disorder around the longer interatomic
distance but the 5sec sample had similar disorder around both the longer and shorter
interatomic distances (Table 5.11). For the Fe-Fe coordination shell, the 1sec — 4sec samples
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had two shorter and two longer interatomic distances (Table 5.11) and the 5sec sample had one
longer and three shorter interatomic distances. The distances for the longer and shorter
interatomic distances show little variation. The individual disorder was similar around all the
interatomic distances (Table 5.11).

Table 5.11: Structural parameters determined using FEFF for the first, second and third
coordination shell of the Li* addition rate samples.

Coordination

C i )
Sample Shell number Interatomic distance (A) Debye-Waller factor (A )
Fe-O1 2 2.21(1) 0.013(5)
Fe-O3 4 2.07(2) 0.010(2)
Fe-P 2 2.835(7) 0.012(2)
1sec
Fe-P 3 3.259(7) 0.007(2)
Fe-Fe 2 3.84(1) 0.011(2)
Fe-Fe 2 4.66(1) 0.013(4)
Fe-O1 2 2.21(1) 0.015(6)
Fe-O3 4 2.07(2) 0.011(2)
Fe-P 2 2.837(7) 0.013(2)
2sec
Fe-P 3 3.261(7) 0.008(1)
Fe-Fe 2 3.83(1) 0.012(2)
Fe-Fe 2 4.65(1) 0.017(6)
Fe-O1 2 2.21(2) 0.013(6)
Fe-O3 4 2.07(2) 0.009(1)
Fe-P 2 2.835(7) 0.012(2)
3sec 1
Fe-P 3 3.260(7) 0.006(1)
Fe-Fe 2 3.84(1) 0.011(2)
Fe-Fe 2 4.66(1) 0.012(4)
Fe-O2 4 2.12(2) 0.020(5)
Fe-O3 2 2.08(2) 0.009(2)
3sec_2
Fe-P 2 2.836(7) 0.014(2)
Fe-P 3 3.261(7) 0.007(2)
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Fe-Fe 2 3.83(1) 0.011(2)

Fe-Fe 2 4.65(1) 0.015(6)
Fe-O1 2 2.20(2) 0.015(6)
Fe-O3 4 2.06(1) 0.011(2)
Fe-P 2 2.835(7) 0.013(2)
4sec
Fe-P 3 3.260(7) 0.007(2)
Fe-Fe 2 3.83(2) 0.011(2)
Fe-Fe 2 4.65(1) 0.015(4)
Fe-O2 1 2.092(9) 0.008(4)
Fe-O1 5 2.048(9) 0.017(3)
Fe-P 1 2.817(6) 0.009(2)
5sec
Fe-P 4 3.241(6) 0.0089(9)
Fe-Fe 1 3.81(2) 0.011(4)
Fe-Fe 3 4.64(2) 0.017(3)

The average Fe-O interatomic bond distance (Table 5.12) for the 1sec — 4sec samples are within
the range reported by other research groups (2.09 — 2.15 A).2627:29.36 The average interatomic
bond distance for the 5sec sample was shorter than both the other samples and the reported
range. This shortening could be caused by the higher percentage of Fe** present as determined
using XRD (Table 5.4). The average disorder in the Fe-O coordination shell was larger than
the reported disorder (0.0028 — 0.0083 A?).26:27:2936 The 3sec_2 and 5sec samples had the
highest degree of disorder present. The average Fe-P interatomic distance (Table 5.12) was
shorter than the distance reported in literature (3.15 — 3.25 A)?6272° for the 1sec — 4sec sample
whereas the distance for the 5sec sample that falls within the reported range. The average
disorder for the Fe-P coordination shell was larger than the reported average disorder
(0.0045 — 0.0049 A?).2627:2% The average Fe-Fe interatomic distance (Table 5.12) was the same
for all the samples except for the 5sec sample. The distance reported in literature
(3.94 — 4.00 A)?%:27:29 js shorter than for the synthesised samples. The average disorder in the
Fe-Fe coordination shell (Table 5.12) is larger than disorder reported for this coordination shell
(0.0054 — 0.0096 A?).26:27:29 The 5sec sample had the highest degree of average disorder.
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Table 5.12: The average interatomic distance and average Debye-Waller factor of the different
coordination shells.

Shell Sample  Average interatomic distance (A)  Average Debye-Waller factor (A?)
1sec 2.11 0.011
2sec 2.09 0.011
3sec_1 2.10 0.010
Fe-O
3sec_2 2.11 0.016
4sec 2.09 0.011
5sec 2.055 0.016
1sec 3.084 0.009
2sec 3.085 0.010
3sec_1 3.087 0.009
Fe-P
3sec_2 3.086 0.010
4sec 3.084 0.009
5sec 3.156 0.009
1sec 4.25 0.012
2sec 4.25 0.014
3sec 1 4.25 0.012
Fe-Fe
3sec 2 4.25 0.013
4sec 4.25 0.013
5sec 4.43 0.016

All the coordination shells exhibit some degree of disorder. The Fe-O and Fe-Fe coordination
shells have a higher degree of disorder than the Fe-P coordination shell. The presence of the
disorder can be caused by either defects such as antisite defects or a decrease in crystallinity.3®
This was noticed with XRD for the 2sec (Fig. 5.2), 4sec (Fig. 5.5) and 5sec (Fig. 5.6) samples
as seen with the noisier difference curve and the increase in the peak width. Rietveld analysis
determined that there was Fe?*and Fe3* present on the Li* site in all the samples. This could be
the major cause of the disorder present in the samples. The high degree of disorder present in
3sec_2 could be caused by the different interatomic distance ordering. The 2sec, 4sec and 5sec
samples had a higher degree of disorder in the Fe-O and could be caused by the Fe?*/Fe3*
replacing more Li* (Table 5.4).
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5.3.3. Pair distribution function

Structure analysis of the 3sec_1 LiFePO4sample:

The pair distribution function, G(r) for the 3sec_1 LiFePO4 sample can be seen in Figure 5.24.
LiFePO4 was the only phase used in the refinement and the fitting range was from 1 — 30 A.
Other known phases such as LisPO4, Fe3O4, a-Fe203 and the Fe-impurity (as discussed in
Chapter 4) was added to the fit. The addition of these phases to the refinement made no change
to the fit. Regions at low r-ranges (<5 A) as well as between 5 A — 15 A show more peak
mismatch compared to the r-range above 15A. This mismatch between the observed and
calculated curve could be caused by the replacement of iron by lithium*® — it can be assumed
to be an amorphous species as no replacement on the M2 site was observed using Bragg
Rietveld. Thus the peak mismatches could be due to additional amorphous phases present.*3
The r-range between 15 — 30 A does not exhibit the same amount of mismatch and it can

therefore be assumed that the same bulk features and increased cation ordering was observed.

G(r)/A 2

Cation disorder Cation order

5 10 15 20 25 30
r/A

Figure 5.24: The experimental PDF of the 3sec_1 LiFePO, sample using a fitting range of 1 — 30A. The
observed G(r) is indicated with the green circles, the calculated G(r) is indicated with the black solid
line and the difference curve is indicated in red.
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The PDF refinement together with the calculated bonding distributions the first P-O, Fe-O, Fe-
P and Fe-Fe interatomic bond distances could be identified and this can be seen in Figure 5.25
focusing on the r-range between 1 — 6.5A. The assignment of the peaks to different bonding
contributions becomes increasingly more difficult for a r-range beyond 6.5 A due to the
increase in overlapping bonding contributions.**%¢ Not much can be discerned about the
lithium in the sample due to the weak X-ray scattering factor of lithium.*” The P-O, Fe-O and
Fe-P interatomic bond distances was identified at similar distances by Jensen et al.** using PDF
but no mention was made of the first Fe-Fe interatomic bond distance. The first P-O interatomic
bond distance was identified at 1.46 A and the first Fe-O distance was identified at a distance
of 2.19 A. The third peak at 3.46 A contains major contributions from both the first Fe-P as
well as the first Fe-Fe interatomic bond distance. Calculated PDF’s for the Fe-P and the Fe-Fe
contributions show that the first Fe-P peak is at 3.22 A and the first Fe-Fe peak is at 3.81 A.
The shouldering at 4.26 A originates from a Fe-P interatomic bond distance and the peak at
5.53 A originates from a combination of Fe-P (5.48 A) and Fe-Fe (5.64 A) contributions. The
average interatomic bond distances obtained using EXAFS were shorter for the first Fe-O (2.10
A - first coordination shell) and the first Fe-P (3.087 A - second coordination shell) were shorter
and longer first Fe-Fe (4.25 A - third coordination shell) as compared to the distances obtained
with PDF. Comparing some of the individual bond distances determined using EXAFS (Table
5.11) to those determined using PDF showed similar distances. The Fe-O interatomic bond
distance with a coordination number of two was 2.19 A, the Fe-P interatomic distance with a
coordination number of three was 3.260 A and the Fe-Fe interatomic distance with a
coordination number of two was 3.84 A. The difference between the interatomic distances for
the different techniques could due (1) additional amorphous phases present in the PDF leading
to a non-ideal structure that was not picked up with EXAFS due to the element specific nature
of EXAFS® or (2) the mixed oxidation state of Fe (Fe?*/Fe®*) in the different samples cause
the interatomic bond distances to appear shorter when using EXAFS analysis.*® Overall, the

EXAFS and PDF fits were not ideal fits and some variation is expected between the fits.
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Figure 5.25: The experimental PDF of the 3sec_1 LiFePO4 sample showing a fitting range of 1 — 6.5A
with the major interatomic bond distance contributions in real space. The observed G(r) is indicated

with the green circles.

Model-independent analysis of the lithium addition rate samples:
To investigate the changes in the structure caused by changing the Li* addition rate during
synthesis a model independent analysis of the observed G(r) of the different samples was used.
In general, four different features are considered when investigating changes in the real
structure without a model: (1) the peak positions, (2) the peak integral intensities, (3) the peak
width and (4) the maximum distance at which a peak is observed.*+* The features under
discussion for this particular dataset are the peak positions (Table 5.13), the peak widths full,
width at half maximum — FWHM (Table 5.14) and the relative peak integral intensities (Table

5.15) for the different sections of the PDF’s (A — E) indicated on Figure 5.26. The different
sections on Figure 5.26 also corresponds to the different bonding contributions shown in Figure

5.25.
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The peaks labelled Section A in Figure 5.26 corresponds to the interatomic bond distance of
P-O for the different samples.*45495152 There is a systematic disappearance of this peak for
the 1sec, 2sec and 5sec samples. The disappearance of this peak indicate an increase in defect
concentration for these samples.>® A similar feature can be seen for the Fe-P interatomic
distance - section D in Figure 5.26. The disappearance for this shoulder is less pronounced
than that of Section A but this is also an indication of an increase in defect concentration for
the 2sec and 5sec samples.>

The peak positions can give possible information on the interatomic distances regarding the
different sections indicated on Figure 5.26. 4445495152 A symmary of the changes in the peak
positions and distances was given in Table 5.13. The peak positions were compared to that of
the 3sec_1 sample but the 2sec and 5sec samples showed the smallest distance for Fe-O

interatomic bond distances which was also observed using XRD as shown in Table 5.5.
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Table 5.13: The peak positions for selected peaks to determine any changes in the interatomic
bond distances for the Li* addition rate samples as compared to the fully analysed 3sec_1
sample. Blue indicates the shorter distances and orange indicates longer distances.

A B (Fe-O) C (Fe-P/Fe-Fe) D E (Fe-P/Fe-Fe)
3sec_1 - 2.0460(4) 3.0922(1) - 5.0717(7)
1sec - 2.0160(5) 3.1009(2) - 5.109(1)
2sec - 1.9880(4) 3.0982(1) - 5.077(5)
3sec_2 - 2.0678(5) 3.0922(2) - 5.108(2)
4sec - 2.0828(4) 3.0958(1) - 5.110(4)
5sec - 1.9429(9) 3.0803(2) - 5.141(3)

The peak width can be used as a way to estimate any changes in the disorder between
samples.*4654 These changes were summarised in Table 5.14 as a comparison to that of the
3sec_1 sample. Increasing values indicates a possible increase in the disorder and decreasing
values indicate a possible decrease. There was slight variation between the values for Section
C and Section E. Section B which relates to the Fe-O interatomic bond distance showed more

variation between the different samples.

Table 5.14: The peak width (FWHM) for selected peaks to determine any changes in disorder
for the Li* addition rate samples as compared to the fully analysed 3sec_1 sample. Blue
possibly indicates a lower degree of disorder and orange possibly indicates a higher degree in
disorder.

A B (Fe-O) C (Fe-P/Fe-Fe) D E (Fe-P/Fe-Fe)
3sec_1 - 0.284(5) 0.401(5) - 0.81(1)
1sec - 0.65(1) 0.410(6) - 0.83(1)
2sec - 0.303(6) 0.38(2) - 0.85(1)
3sec_2 - 0.240(6) 0.400(6) - 0.79(2)
4sec - 0.230(7) 0.393(5) - 0.86(1)
5sec - 0.375(8) 0.417(7) - 0.88(1)

The peak integral intensity was used as an indication of any changes in the coordination number
around the central atom.*53% Larger peak intensities could be an indication of the

coordination number increasing and smaller peak intensities could be an indication of the
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coordination number decreasing. A summary of the changes observed for the different sections
are provided in Table 5.15. This method shows changes in the coordination number between
samples that was not observed with the EXAFS modelling of these samples.

Table 5.15: The peak integral intensity for selected peaks to determine any changes in
coordination number for the Li* addition rate samples as compared to the fully analysed 3sec_1

sample. Blue possibly indicates a lower coordination and orange possibly indicates a higher
coordination.

A B (Fe-O) C (Fe-P/Fe-Fe) D E (Fe-P/Fe-Fe)
3sec_1 - 0.147(2) 0.588(6) - 0.791(9)
1sec - 0.564(3) 0.647(7) - 0.87(1)
2sec - 0.176(3) 0.75(4) - 0.93(1)
3sec_2 - 0.139(3) 0.570(6) - 0.77(2)
4sec - 0.114(2) 0.546(6) - 0.719(9)
5sec - 0.263(4) 0.730(9) - 0.93(1)

Referring back to the eq peak in the pre-edge region for XANES (Fig. 5.8), possible
explanations were given for the increase in the Fe?*/Fe®* peak (~7115 eV) intensity. Firstly, the
change in addition rate causes an increase in distortion?”***2 around the Fe atom resulting in a
similar environment to that of a-Fe2Os. Secondly, the varied addition rate causes a change in
the coordination number which causes the increase in intensity due to the break in the inversion
symmetry around the Fe atom.%%32 Thirdly, the different bonding distributions could affect the
intensity and possibly the distortion. Changes in PDF peaks can also be used to distinguish
between distortion and a possible change in coordination number. A study conducted by
Willinger et al,>* suggested that the distortion in an octahedral environment can be identified
by both the decrease in integral intensity accompanied by an increase in peak width. That trend
was not observed for these samples using model-independent analysis. The PDF peaks showed
an increase in both the integral intensity (increase in the amount of atomic pairs contributing
to that distances®**®) and the peak width (increase in the distribution of the interatomic bond
distance*®°4) for the same peak. This could indicate that the change in the peak is caused by
the two different effects rather than only distortion. It is proposed that a change in coordination
number occurs due to the presence of Fe* on the M2 site, where the Fe* atom has a smaller
ionic radius than the of Fe?* atom.%” This increase in oxidation state is accompanied by an

increase in electronegativity®® as well as a further increase in the distortion around the FeOs
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octahedra. The increase in electronegativity and this distortion could cause the oxygen from
the neighbouring atoms to be pulled toward the Fe** atom and form an interatomic interaction
that is seen as a change in coordination number (Figure 5.27). The distortion of the local
structure would also then cause other atomic pairs (Fe-P and Fe-Fe) to have a similar increase
in the coordination number. The decrease in coordination would therefore be an indication of
a less distorted structure than the 3sec_1 sample. Additional modelling, such as big-box reverse
Monte Carlo (RMC) modelling, is necessary to determine the change in coordination number
as well as the probability of this change occurring and to assess the changes in disorder.

a

Figure 5.27: The proposed model for the increase in coordination number around the Fe atoms. Possible
interatomic interactions are indicated with the dashed lines. Iron is represented by brown, lithium by
green, phosphorous by purple and oxygen by red.

5.3.4. Mossbauer spectroscopy

Since the 1sec, 3sec_1, 3sec_2 and the 4sec samples showed the best XRD and XAS results,
Maossbauer Spectroscopy was used to investigate further the valence state of the iron phases in

these samples.
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Figure 5.28: Mossbauer spectra of (from the bottom to the top) the 1sec, 3sec_1, 3sec_2 and 4sec Li*

addition rate LiFePO4samples showing the different Fe environments present.

The same five doublets as seen in chapter 4 were used to fit the experimental data in all four
samples (Fig. 5.28). Three of the Fe environments have a valence state of 2+ and the other two
environments have a valence state of 3+. The one Fe?* in all the samples have an isomer shift
(9) in the range 1.22 — 1.23 mm/s and a quadrupole splitting (4E,) = 2.89 — 2.96 mm/s (Table
5.16). This phase corresponds to Fe?* occupying the M2 site in a slightly distorted octahedron
and is present in LiFePO4 and is referred to as Fe(ll)-M2 29125962 The 4sec sample has a
slightly lower AE,, than the other samples and could indicate a more distorted environment.>62
The 3sec_1 sample has the highest percentage of Fe?* in the M2 slightly distorted (LiFePOu)
environment and the 4sec the lowest (Table 5.17). The second Fe?* phase have similar § values
and lower AE,, values compared to those in the first Fe?* environment. This environment has 5
=1.23-1.28 mm/s and 4E, =2.29 —2.47mm/s (Table 5.16) and is referred to as Fe(ll)-M2
distorted. The AE,, values of the samples have slightly lower values than the reported value

(2.64 mm/s).® This environment corresponds to Fe?* occupying the M2 site in LiFePO4 but in
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a more distorted environment.*® The 1sec sample has the highest percentage and 3sec_2 sample
has the lowest percentage of Fe?* in this environment (Table 5.17). The third Fe?* environment
had a 6 = 1.21 — 1.25 mm/s and AE, = 1.64 — 1.74 mm/s (Table 5.16). This corresponds to
Fe2+ occupying the M1 site and replacing lithium.%® The isomer shift is characteristic of Fe?*
in an octahedral arrangement but the quadrupole splitting is smaller. The 1sec sample had the
highest percentage of this environment and the 4sec sample the lowest percentage (Table 5.17).
Both these Fe** environments have similar § values but different A values depending on the
distortion and the environment (Table 5.16). The AE, values are lower than that of the Fe2
environments. The one Fe** environment has a § = 0.26 — 0.39 mm/s and 4E, = 0.72 — 0.79
mm/s (Table 5.16). The & for the 1sec, 3sec_1 and 3sec_2 samples are slightly lower than those
recorded (0.40 — 0.50 mm/s).>*6162 This environment corresponds to Fe3* occupying in the M1
site in a LiOg octahedron and is referred to as Fe(I11)-M1.5%%162 The 1sec sample has the lowest
and the 4sec sample has the highest percentage (Table 5.17). The total Fe percentage (Table
5.17) on the M1 site is higher for the 1sec (2.1%) and 3sec_2 (2.18%) than the occupancy
determined using PXRD. This could possibly indicate amorphous Fe that PXRD could not
detect. PXRD also showed that the 3sec_1 sample (0.51%) and the 4sec sample (8.9%) had a
higher percentage of Fe present than the amount determined with Mdssbauer spectroscopy.

This could indicate an additional phase or environment that was not accounted for.

Table 5.16: Different isomer shifts (5 — mm/s) and quadrupole splitting (4E, —mm/s) for the
varied Li* addition rate samples.

Fe(ll) - M2 Fe(l) -
Fe(Il) - M2 distorted Fe(ll) -M1 Fe(lll) -M1 M2/Defects
5 5 5 AE, 8 AE, 3 AE, 8 AE,

1sec  1.22(1) 2.93(1) 1.23(1) 247(1) 1.25(2) 1.64(4) 0.26(1) 0.76(2) 0.38(1) 1.02(1)

3sec_ 1 1.23(1) 2.96(1) 1.24(1) 245(1) 1.21(3) 1.67(5) 0.27(1) 0.72(2) 0.41(1) 0.99(2)

3sec 2 123(1) 296(1) 1.26(1) 246(1) 1.22(2) 1.74(5) 0.28(1) 0.77(1) 0.42(1) 1.04(1)

4sec 121(1) 2.89(1) 1.28(1) 229(1) 1.23(3) 1.74(4) 0.39(1) 0.79(1) 0.37(1) 1.28(1)

The second Fe®* environment has a § = 0.37 — 0.42 mm/s and 4E,, = 0.99 — 1.28 mm/s (Table
5.16). This environment corresponds to structural defects in the form of Fe3* on the M2 site

and is referred to as Fe(I11)-M2 Defects.%%626485 The 3sec_1 sample has the lowest and the 4sec
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sample have the highest percentage (Table 5.17). The larger AE, between the two Fed*
environments is most likely due to a less distorted environment around Fe3*. The 3sec_1
sample had the highest percentage of total Fe?* and the 4sec sample the lowest. These results
followed a similar trend as determined with XRD. The XRD results showed that the 4sec
sample should have the highest percentage of Fe** present on both the M1 and the M2 site, as
well as overall in the sample.

Table 5.17: Percentage contribution from each form of Fe and the total Fe in the varied Li*
addition rate samples.

Fe(Il) — M2 ng(s't'gr‘t';f'f FeIE/'I'l) T Fe(lll) =M1 ':Deéf'ggs Total Fe
Fr T Eev
1sec 68(8) 15(3) 6(1) 5(1) 6(1) g9 | 11
3sec_1 71(8) 16(3) 4(1) 3(1) 6(1) 91 9
3sec_2 67(8) 17(2) 5(1) 6(1) 5(1) 89 | 11
4sec 56(8) 21(4) 1(1) 7(1) 15(3) 78 | 22

The full width at half maximum line width (T') is a great tool to determine if there is any disorder
present around the different Fe ions (Table 5.18). In these samples, all environments exhibited
some degree of disorder around the Fe?*/Fe3* atom. The disorder around Fe(ll) — M2, Fe(llI) —
M1 and Fe(lll) — M2 is slightly larger than those reported for a ordered iron environment
(0.2 — 0.3 mm/s).51-6286 The Fe(I1) — M1 had a higher disorder for all the samples. This could
be caused by the difference in the radii between Fe?* and Li*. The disorder for the Fe(I1)-M2
distorted and Fe(l111)-M2/Defects environment for the 4sec sample has a much higher degree
of disorder than the same environment for the other samples.

Table 5.18: The full width half maximum line width (I" — mm/s) value for the varied Li"
addition rate samples.

Fe(Il) — M2 Fji(sltlgr_t:'jz Fe(Il) -M1 Fe(I1) -M1 MFZe/g:elf)e(:ts
Tsec 0.32(1) 0.28(1) 0.60(4) 0.56(4) 0.32(1)
3sec 1 0.31(1) 0.41(2) 0.65(6) 0.31(2) 0.35(2)
3sec 2 0.30() 0.34(1) 0.56(2) 0.31(1) 0.28(1)
4sec 0.33(1) 0.60(1) 0.60(1) 0.28(1) 0.59(1)
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The total Fe?* in the LiFePO, M2 environment determined using Mdssbauer spectroscopy to
the percentage determined by LCF (Table 5.9) shows good correlation. The 1sec, 3sec 1,
3sec_2 and 4sec sample show 0.40%, 0.20%, -0.70% and -3.60% difference between the

Madssbauer spectroscopy results and those determined by LCF.

5.3.5. Raman spectroscopy

The Raman spectra with the corresponding microscopic images (Fig 5.29 — 5.32 and insets)
were obtained for the 1sec, 2sec, 3sec_1 and 3sec_2 samples. All the peaks (Table 5.19) were
matched to the different internal and external modes of LiFePO4.5"% A summary of these
modes as described in literature was given in Table 3.5. The peak at ~950 cm™ that corresponds
to the symmetric stretching and the peaks at ~996 cm™ and ~1064 cm™ that correspond to the
asymmetric stretching are well defined and indicate that the PO3~ tetrahedra remain undistorted

in all the samples.®®
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Figure 5.29: Raman spectrum and microscopic image (inset) of the 1sec LiFePO,4 sample
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Figure 5.30: Raman spectrum and microscopic image (inset) of the 2sec LiFePO, sample.
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Figure 5.31: Raman spectrum and microscopic image (inset) of the 3sec_1 LiFePO, sample.
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Figure 5.32: Raman spectrum and microscopic image (inset) of the 3sec_2 LiFePO, sample.
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Figure 5.33: Raman spectrum of a-Fe,Os in the 2sec LiFePO4 sample.

Table 5.19: Raman modes of the different Li* addition rate samples with the assigned
vibrational modes. Intensities for the v, (P03~) and v (P0O3~) modes are given in brackets.

Wavenumbers (/cm) Assignment
1sec 2sec 3sec 1 3sec 2
100 104 98 104
PO3~ rotational
148 147 146 147 and Fe2*
155 157 156 157 translational
motion
194 197 199 198
242 244 239 238
439 443 442 443 v, (PO37)
569 571 571 571
589 590 589 590 v, (PO3")
627 629 629 629
948 (1568.7) 949 (1677.4) 949 (1862.8) 949 (3897.6) v; (PO3Y)
996 (160.3) 996 (182.1) 997 (185.1) 994 (453.7) (PO)
v; (POy~
1067 (83.23) 1068(106.1) 1064 (94.9) 1067 (257.4) 3 *
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The microscopic images (Insets Fig 5.29 — 5.32) show that there are three different phases in
all the samples, indicated by, a shiny-white, red-brown and a black phase. The LiFePO4 phase
has been identified by the white colour. The phases indicated by red and black could not be
identified due to the lack of defined peaks except for the red phase in the 2sec sample which
was identified as hematite (a-Fe203)*%' (Fig. 5.33) and had well defined peaks.
Superparamagnetic hematite was present in the 1sec, 3sec_1, 3sec_2 and 4 sec samples (Table
5.16). It is therefore possible that the same phase is present in all the samples but possibly to a
lesser extent thus giving less defined peaks. Since there was no a-Fe2O3 identified in the
samples using XRD it can be concluded that this phase is either amorphous or present in very
small little amounts. The 2sec (Fig. 5.30) and 3sec_2 (Fig. 5.32) samples showed small peaks
at 1019 cm™and 1020 cm™ (circled in black) which could be due to the formation of LisPO4."

LisPO4 was identified in both the 2sec and the 3sec_2 samples using XRD.

5.4. Conclusion

To determine if the Li* addition rate has any effect on the local and average structure of the
final product — Rietveld analysis of the XRD data, XAS, PDF and Md&ssbauer and Raman
spectroscopy were conducted. All samples had defects present and some of these defects could
be inherent to the hydrothermal synthetic method, such as Fe on the M1 (Li*) site. The Li*
addition rate does have an effect on the antisite defects such as Fe on the M1 site as well as the
vacancies on the M2 site. LCF and Mdssbauer spectroscopy also determined that the addition
rate had an effect on the Fe?" content. Some amorphous a-Fe203 and LisPO4 was identified
using Raman spectroscopy. The local structure as determined using XAS showed that there are
some interatomic distance changes resulting in the increased distortion of the Fe-O octahedra
as there are different combinations of the bond distances and possibly different axial and
equatorial positions. There was no change in the coordination shells or coordination numbers
of the local structure. PDF independent model analysis showed more structural changes than
XAS but additional modelling (big-box RMC) is needed to fully understand these changes. The
3sec_1 and 3sec_2 samples were used to also investigate the reproducibility. The 3sec_2
sample had a small percentage of LisPOs present as determined with both XRD and Raman
spectroscopy that was not detected in the 3sec_1 sample. Similar occupancies on the M2 and
M1 site as well as interatomic distances were determined using XRD. Different pre-edge
intensities were seen for the 3sec_1 and 3sec_2 samples. This could be a cause of the different

interatomic distance combination as seen with EXAFS. LCF and Mdssbauer spectroscopy

201



showed that a similar Fe?* content was present in the sample although 3sec_1 had a slightly

higher content. Based on the discrepancies noted it is difficult to distinguish which addition

rate is optimal, where in this case the 1sec and 3sec samples gave the best results compared to

the 2sec and especially the 5sec sample which was the least desirable sample.
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Chapter 6

The effect of air exposure during the synthesis of LiFePO4
6.1. Introduction

It is important to understand the impact of air/moisture on LiFePO4 during synthesis and during
storage to avoid the formation of impurities that could affect the performance of the cathode
material in a battery. The effect of air/moisture exposure after synthesis and during storage has
been extensively studied by numerous research groups. Porcher et al.l? investigated the
stability of LiFePO4 in water by varying time, pH and LiFePO4 concentration. These studies
showed the formation of LisPO4 at the grain boundary as well as an increase in the Fe®* content.
It was concluded that LiFePO4 should be stored in a dry atmosphere. The formation of the side
phase (tavorite - LiFePO4(OH)) that formed in storage in 120°C hot air for 30 days were
investigated by Cuisinier et al.® This study concluded that severe oxidation is due to long term
exposure but following heat treatment of LiFePO4 can be restored. Martin et al.* investigated
the intrinsic properties of LiFePO4 by avoiding air exposure during synthesis as well as during
characterization. The effect of air exposure during synthesis has not been investigated as
extensively, although Amisse et al.®> probed the structural and electrochemical changes when
an aqueous solution of FeSO4 was exposed to air for 20 hours before synthesis. The resulting
defective LiFePO4 exhibited a volume reduction and a cationic distribution between the M2
and M1 sites (antisite defects). Impurities can be classified as either intrinsic or extrinsic
impurities.® Intrinsic impurities are formed during synthesis which is dependent on the
synthetic route. Extrinsic impurities are usually formed after synthesis during the storage or
aging processes.’ Previous publications were searching mainly for the effect and formation of
extrinsic impurities. The presence of inactive impurities have an effect on the electrochemical
properties by blocking the 1D Li* diffusion channel, as well as being responsible for the
extraction of lithium from the active material and causing a decrease in the specific capacity
and energy density.238 Iron dissolution of LiFePOy4 in the electrolyte is an additional problem
and can be caused by impurities containing Fe3* that can form a cluster on the anode. The
formation of the cluster on the anode can affect the battery safety and lifetime.?’” Aging of the
active material usually leads to the formation of a-Fe2Oz which is the most common Fe3*
impurity.® This chapter explores the effect of air exposure during synthesis by exposing the

samples to air for different times.
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6.2. Sample preparation

The FeSO47H20 and H3PO4 was dissolved in water separately from the LiOH while under
continuous stirring. The LiOH was then added drop wise to the iron solution using a syringe,
ensuring a molar ratio of 3:1:1 (Li:Fe:POg), as described in section 2.1.2. For all the samples
the Teflon bombs were filled to 25% of the total volume and placed in the oven at 120°C for
48 hours. To demonstrate the effect of air exposure during synthesis, one sample was purged
and 4 other samples were exposed to air for different time periods. The purged sample was

synthesised as described in section 4.2.3.

Waiting Period — No purging was done on the samples during this period. After the addition of
LiOH to the FeSO4/H3PO4 solution the sample was exposed to air for 3 min, 30 min, 1 hour or

4 hours, while continuously stirring, before being added to the Teflon bombs.

6.3. Results and Discussion
6.3.1. Powder X-ray diffraction

Diffractograms were collected for the five purged (Air0) and exposed to air for: 3 min
(Air3min), 30 min (Air30min), 1 hour (Airlhr) and the 4 hours (Airdhr) samples. It was
expected that Air0 sample would show very small percentages of impurities due to the purging
of the solutions whereas as the air exposed samples would contain higher percentages and more
impurities as the exposure time increases. Rietveld analysis was conducted for all samples
(Figs. 6.1 —6.5). The Airdhr sample (Fig. 6.5) was poorly crystalline and not all the peaks could
be identified. Phases common to all samples were used for the refinement. An X-ray
wavelength of 0.167057(4) A was used for all the refinements. The Rietveld error indices can
be found in Table 6.1. Graphically, the difference curve worsen for the air exposed samples
and it can be seen that the fit quality decreases with air exposure time.® Due to the poorly
defined peaks of the Airdhr sample (Fig 6.5) information such as the lattice parameters,

occupancies and interatomic distances could not be reliably determined.
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Figure 6.1: Synchrotron diffractogram of the Air0 LiFePO, sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePO, are indicated with the blue makers.
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Figure 6.2: Synchrotron diffractogram of the Air3min LiFePO. sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePQOs, LisPO4 and the Fe impurity are indicated with the blue, orange and red markers,

respectively.
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Figure 6.3: Synchrotron diffractogram of the Air30min LiFePO, sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePQ,, LisPO4, Fe impurity and tavorite are indicated with the blue, orange, red and
green markers, respectively. (*) indicates an unidentified impurity phase.
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Figure 6.4: Synchrotron diffractogram of the Airlhr LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePQOs,, LisPO4, Fe impurity and tavorite are indicated with the blue, orange, red and
green markers, respectively. (*) indicates an unidentified impurity phase.
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Figure 6.5: Synchrotron diffractogram of the Airdhr LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePOs, LisPO4, Fe impurity and Tavorite are indicated with the blue, orange, red and
green markers, respectively.

Table 6.1: Rietveld error indices and selected structural parameters of LiFePOa.

Air0 Air3min Air30min Airlhr Airdhr
Rwp 7.63 9.21 8.57 9.73 8.11
Rp 5.99 7.24 6.75 7.54 6.58
Rexp 69.21 52.97 55.44 56.17 69.70
GOF 0.11 0.17 0.15 0.17 0.11
a (A) 10.356(3) 10.31(1) 10.315(8) 10.345(9) -
b (A) 5.9961(2) 5.9929(6) 5.9874(4) 5.9849(5) -
c(A) 4.7093(2) 4.6996(5) 4.6975(4) 4.7069(4) -
V (A3) 292.4(3) 290.6(5) 290.1(4) 291.4(5) -

The impurity phases detected and identified can be found in Table 6.2. As expected, no
impurities were found in the Air0 sample due to purging however the amount of impurity
phases in the air exposed samples increased with exposure time. As the initial air exposure time
increases, the percentage of LiFePOs decreases and the percentage of impurity phases
increases. The impurity phases present are LisPOa, a Fe impurity (Fes42010P1.98 —141/a, #88)
and LiFePO4(OH) (Table 6.2) and an identified phase. LizPOs and LiFePO4(OH) are known
side phases where the air/moisture effects have been investigated.’ The Fe-impurity has been
seen in other samples and was discussed in section 4.1.2 and the unidentified phase was also

present in samples where the solutions were not purged as discussed in sections 4.1.2 and 4.1.3
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(Figs. 4.1-4.5). In the Air3min air exposed sample, the Fe-impurity phase was added which
improved the fit although it is present in a very small amount. LiFePO4(OH) improved the fit
of both the Air30min and 1lhour samples. In the Air30min and Airlhr samples an unidentified
impurity phase is present (* peak at about 1.12° on Figs. 6.3 and 6.4). This peak becomes more
prominent in the 1hour sample indicating that the amount of this phase present in the sample
increases over time. The Airdhr sample contained the least amount LiFePO4 and the highest

percentage of Fe3*-containing impurity phases. LisPO4 was also identified in the sample.

The lattice parameters and volume obtained for the LiFePOs4 phase (Table 6.1) were
comparable to the values reported in literature.®*> A complete summary of these values can be
found in Table 3.1. The reported a-lattice constant ranges from 10.303 — 10.381 A, the b- lattice
constant from 5.987 — 6.013 A and the c-lattice constant from 4.6928 — 4.716 A. There is a
slight decrease in the cell volume for the Air3min and Air30min samples compared to the
purged sample with the Air30min sample exhibiting the highest degree of volume contraction.
This could serve as an indication of an increase in structural defects and disorder.>!® These
structural defects are most likely caused by the presence of Fe®" in the structure®, Li and Fe
vacancies or due to Fe** occupying the M1 (Li) site.®

Table 6.2: The percentage of LiFePOs and impurity phases obtained from a multiphase
Rietveld refinement of the samples.

Sample LiFePO4 LisPO4 Fe Impurity LiFePO4OH
Air0 100 - - -
Air3min 91.15 8.08 0.76 -
Air30min* 89.86 5.67 2.38 2.09
Airlhr* 62.93 11.43 19.20 6.44
Airdhr 12.09 26.85 23.13 37.92

*not including the unidentified impurity phase

The best fits were achieved when using the Feri antisite defect for the synthesised samples
(Table 6.3). The M2 (Fe) site and the M1 (Li*) site were refined to determine the percentage
occupancy on each site and whether any vacancies were present. The M2 (Fe) site was not fully
occupied for the Air0, Air3min and Air30min samples but was fully occupied for the Airlhr
sample. The Air30min and Air3min samples had the highest percentage of vacancies present
on the M2 site. Vacancies form when Fe?* is replaced with Fe**.}” The higher percentage of

Fe®* present in the Air3min and Air 30min samples could explain why this sample has the
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smallest cell volume and why the Air0 and Airlhr samples showed a bigger cell volume
because samples with a smaller cell volume have a higher percentage of defects present.* The
M1 site was not fully occupied with Li* for any of the synthesised samples (Table 6.3). The
Air30min sample had the lowest percentage of Fe?* and/or Fe** present on the M1 site. The
Air3min and Airlhr samples had the lowest percentage of Li* and hence the highest percentage
Fe2* and/or Fe*" on the M1 site. This would lead to poor electrochemical performance due to
the Fe?* and/or Fe** blocking the Li* channel.}*!81% Massbauer spectroscopy will aid in
determining the oxidation states of Fe on the different sites as well as percentage of Fe* on the
Li* site.

Table 6.3: The percentage Li* occupying the M2 (Fe) site and Fe occupying the M1 (Li") site
in the refined LiFePOg structures.

Air0 Air3min Air30min Airlhr
M2 site 99.0(6) 98(2) 98(1) 100
Vacancies on M2 site 1 2 2 -
M1 site 90.9(3) 89(2) 92.3(9) 89(1)
Fe on the M1 site 9.1(3) 11(1) 7.7(8) 11(1)

The calculated interatomic bond distances of FeOs, LiOs and PO4 were also determined from
the Rietveld analysis (Table 6.4). The average interatomic M2-O bond distance is slightly
shorter than those of Fe-O recorded in literature (Table 3.2).1120-22 This slight deviation is
likely caused by the presence of Fe3*—O bonds (which have a shorter interatomic bond distance
than the Fe?*-O bonds) in the synthesised samples.?® The Air0 sample had the longest
interatomic bond distance whereas the Air3min and Air30min samples had the shortest
interatomic bond distance, an indication that there are less Fe**-O bonds and Fe** ions on the
M2 site as confirmed by the M2 vacancies in the Air0 sample (Table 6.3). The contraction of
the FeOg octahedra will cause the expansion of the LiOg octahedra as noted. The synthesised
samples exhibit longer M1-O interatomic bond distances (Table 6.4) compared to those
reported in literature.?>?2 The average P-O interatomic bond (Table 6.4) distance for the
synthesised samples were longer than those reported in literature*2%-22 and can be used to make
assumptions about the stability of the LiFePO4 structure. A shorter interatomic bond distance,

as observed for the Air0 sample, indicated a more stable structure.?+-2®
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Table 6.4: Interatomic bond distances of the refined structures.

Air0 Air3min Air30min Airlhr
M2 - 0(1) 2.205 2.137 2.156 2.146
M2 —0O(2) 2.060 2.006 2.011 2.076
M2 —0(3) (x2) 2.050 1.989 2.012 1.999
M2 —O(3) (x2) 2.231 2.263 2.245 2.286
Average M2 — O bond length 2.138 2.108 2.114 2.132
P-0(1) 1.543 1.551 1.543 1.527
P-0(2) 1.627 1.686 1.666 1.683
P—0(3) (x2) 1.592 1.645 1.622 1.607
Average P — O bond length 1.589 1.632 1.613 1.606
M1 -0(1) (x2) 2.171 2.189 2.184 2.231
M1 - 0(2) (x2) 2.094 2.117 2.116 2.058
M1-0(3) (x2) 2.191 2.190 2.184 2.159
Average M1 — O bond length 2.152 2.165 2.161 2.149

6.3.2. Mdssbauer spectroscopy

Maossbauer spectroscopy was used to determine the possible Fe environments present in the
five samples and the effect of air exposure on the Fe?* content. It is expected that the Air0
sample will have the highest total percentage of Fe?* present whereas this percentage would
decrease as the exposure time increased. Using the isomer shift (§) to indicate the oxidation
state and the quadrupole splitting (AEQ) to indicate the extent of the distortion,'® a maximum
of five different iron environments were identified. All five environments are present in the
Air0 (Fig. 6.6), Air3min (Fig. 6.6), Air30min (Fig. 6.6) samples, but only three environments
are present in the Airlhr sample (Fig. 6.6) and two in the Airdhr (Fig. 6.6) air exposed sample.

These environments have been identified and discussed in other chapters.
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Figure 6.6: Mdssbauer spectra of (from the bottom to the top) the Air0, Air3min, Air30min, Airlhr and
Airdhr LiFePO,4samples showing the different Fe environments present.

The different § and AE, values can be found in Table 6.5. The main contribution of Fe in all
the samples except the Airdhr sample is Fe?* with & ranging 1.20 — 1.22 mm/s and AE, between
2.88 — 2.94 mm/s. This is characteristic of Fe?* in a slightly distorted FeOg environment (M2
site) in LiFePO4.23>11131827.28 The high AE,, value is due to the local asymmetric environment
and the high spin configuration of the 3d® electrons.!>?” The other Fe environments found in
the structure are possibly due to distortions and other structural defects. Fe with § between
1.20 — 1.24 mm/s and AE,, between 2.34 — 2.51 mm/s is characteristic of Fe?* on the M2 site
but in a more distorted environment.> The AE, value of the samples are lower than those
reported in literature and could be due to an increase in distortions.>!® The § and AE,, for the
Airlhr sample is a bit lower than the reported values for Fe in this environment. This could be
a result of impurity phases present with LiFePO4. Another Fe?* environment with an § = 1.18
—1.23 mm/s and AE,, = 1.49 — 1.80 mm/s can be characterised as Fe?* on the M1 site.” The

215



quadrupole splitting indicates changes in the distortion around the octahedra caused by the
replacement of Li* with Fe?*. Two Fe environments were also present with similar § values
but different AE,, values. The one Fe** environment has & values between 0.35 — 0.38 mm/s
and AE,, between 0.60 — 0.78 mm/s. These parameters are characteristic of Fe** present on the
M1 (anti) site octahedra.>!%?8 The second Fe** environment exhibits a § value between 0.33 —
0.40 mm/s and a AE, between 1.08 — 1.26 mm/s. These parameters corresponds to Fe3*
occupying the M2 site the octahedral environment in the form of structural defects.®>1630 This
environment can also be characteristic of superparamagnetic hematite.3 No Fe®*" occupying
the M2 site was identified in the Airlhour sample. This was also seen with PXRD. Air4hr
showed no Fe?* phases. LiFePO4(OH), hematite and the Fe-impurity are all Fe*-containing
phases and it also then implies that all the Fe in the LiFePO4 phase is fully oxidised. These
phases, excluding hematite, were all identified using PXRD. Figure 6.6 clearly showed that
there is not a doublet with a quadrupole splitting as large as the one characteristic of Fe?* in
LiFePOa.

Table 6.5: Different isomer shifts (5 — mm/s) and quadrupole splitting (AEq — mm/s) for the
different samples.

Fe(ll) - M2 Fe(l) -
Fe(Il) - M2 distorted Fe(ll) -M1 Fe(lll) -M1 M2/Defects
5 5 5 AE, S AE, S AE, 3 4E,

AIr0  1.22(1) 291(1) 1.20(1) 242(2) 1.22(3) 1.80(5) 0.35(4) 0.75(6) 0.40(4) 1.13(8)

AIS12101) 280(1) 122(1) 229(1) 123@2) 160(4) 034(1) 070() 0.38(1) 116(1)
A0y 220) 294(1) 131(1) 2511) 118(2) 1494) 033(1) 076(1) 033(1) 12601
At 12101) 288() 10001) 234(2) - - 040(1) 0.73(1)

Aird - - - - - 038(1) 062(1) 037(1) 1.12(1)

The percentage contribution from the Fe?* and Fe®* as well as the total percentage present in
the samples are given in Table 6.6. XRD detected no other phases except LiFePOg in the Air0

sample. The Fe3* defects must therefore be amorphous in this sample.
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Table 6.6: Percentage contribution from each form of Fe to the total Fe in the different samples.

Fe(I)-M2  Fe(ll) - Fe(11) -

Fe(I)-M2 oo M1 Fe(ll1) -M1 Defects Total Fe
Fe?* | Fe¥*

Air0 73(8) 16(3) 5(1) 3(1) 3(1) 94 6
Air3min 53(7) 26(4) 4(2) 5(1) 12(2) 83 | 17
Air30min 35(4) 37(3) 3(1) 11(1) 24(2) 75 | 35
Airlhr 35(4) 23(3) 0 42(5) 0 58 | 42
Airdhr 0 0 0 49(3) 51(3) 0 | 100

The amount of Fe?* that is oxidised to Fe®" during air exposure increased with air exposure
time (Table 6.6). The initial oxidation of Fe?* to Fe3* for the Air0 to Air3min samples seem to
be more rapid than the oxidation that occurs for the Air30min — Air4hr samples (Fig. 6.7). The
latter show an almost linear trend until all the Fe?* has been converted to Fe**. The rapid
oxidation at the initial stages of the synthesis indicates the difficulty of producing LiFePO4
with only Fe?* present. To overcome this problem a reductant can be added to the samples
during synthesis but this addition has to be accompanied by heat treatment steps under reducing
atmospheres. The total Fe?* percentage in LiFePO4 follows a similar trend as determined with
the XRD phase analysis (Table 6.2) but not as determined when refining the occupancies. The
Fe on the M2 or the M1 site is somewhat expected as Mdssbauer spectroscopy is more sensitive
to the different oxidation states and the specific local environments, whereas XRD only refines

for Fe.
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Figure 6.7: The Fe® content increases with air exposure time.
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Disorder around the different Fe?* and/or Fe** environments can also be investigated using the
full width half maximum line width (I' — mm/s) where T between 0.20 — 0.30 mm/s indicates a
discrete (ordered) iron environment.628:32 All the synthesised samples show at least some
slight disorder around the Fe atom in all the environments (Table 6.7). As expected, the
I" values are much higher for the Fe?* in the M2 site that is more distorted and with an increase
in disorder around the Fe octahedral as air exposure time increases. The disorder of Fe** in the
samples are similar to the disorder recorded in literature for a Fe®* environment.>628 The Fe3*
environment is sensitive to the neighbouring atoms as well as the cation distribution and could

explain why the disorder is higher for this site.16:2

Table 6.7: The full width half maximum line width (I — mm/s) value for the different samples.

Fe(ll) - M2 Fgl(s't'gr‘t';gz Fe(ll) -M1 Fe(I11) -M1 MFZe/glelf)e;ts
Air0 0.36(1) 0.57(2) 0.39(4) 0.45(8) 0.50(9)
Air3min  0.28(1) 0.43(1) 0.60(3) 0.30(1) 0.41(1)
Air30min 0.29(1) 0.60(1) 0.60(3) 0.28(1) 0.60(1)
Airlhr 0.32(1) 0.60(2) - 0.60(1) -
Airdhr ; - - 0.30(1) 0.54(1)

6.3.3. Raman Spectroscopy

It is expected that Raman spectroscopy will show the presence of any amorphous phases
especially in the air exposed samples as well as the possible decrease in crystallinity. Multiple
spots were sampled to be able to obtain a good representation of the entire sample. The spectra
shown here were of the spot that showed the most crystalline LiFePO4. The quality of the
Raman spectra decreases with air exposure time (Figs. 6.8 — 6.12) indicating a decrease in
crystallinity. The Raman spectrum of the Air0 sample could be identified as LiFePO4
(Table 6.8) with the peaks corresponding to the translational and rotational motion of Fe?* and
P03~ , respectively (internal modes) as well as the PO3~ (vy), (vs), (v;) and (v3) modes
(external modes). The internal modes could not be identified in the air exposed samples. This
disappearance or decrease in the intensity of some of the peaks could indicate a decrease in
crystallinity as well as the amount of LiFePO4 present in these samples. In the Air3min,
Air30min and Airdhr air exposed samples show the presence of PO3~ (v;) and (v3) modes

(Table 6.8). These peaks do not necessarily correspond to that of LiFePO4 and could overlap
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with other phases. In the Air3min and Air4hr samples the peak at 944 cm™ that are indicated in
green in Table 6.8 correspond to a peak in LisPO4.3* This peak is at wavenumbers that are too
low to be LiFePO4. PXRD also detected LisPOys in the Air3min sample and in the Airdhr sample
(Figs. 6.2, Fig. 6.5 and Table 6.3). The peaks at 1019 cm™ and 1049 cm™ in the Air3min and
1021 cm*in the Air4hr samples indicated in yellow in Table 6.8 correspond to peaks seen in
LiFePO4(OH).*® No LiFePO4(OH) was detected using XRD in the Air3min sample indicating
that this phase is amorphous but this phase was identified in Airdhr (Table 6.2). The Air3min
sample also shows a broad peak at around 1376 cm™ shown in orange in Table 6.8, which can
indicate the presence of a-Fe203*® although no other peaks corresponding to a-Fe;Os were
identified.'*%" Superparamagnetic hematite (Table 6.5) was identified with Mdossbauer
spectroscopy in all the samples except for in the Airlhr sample. There is a possibility that
amorphous LiFePOy is present in the 4hour sample which could not be identified using PXRD.
The 1hour sample only possesses the peak at 951cm™ (PO3~ (v;) mode). The microscopic
images (Figs. 6.8 — 6.12, inset) show the variation in phases that occur due to the exposure to

air during synthesis.
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Figure 6.8: Raman spectrum of the Air0 LiFePO, E;?#;fee-g- Raman spectrum of the Air3min LiFePO,

sample.
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Table 6.8: Raman modes of the different air exposed samples with the assigned vibrational
modes.

AirQ Air3min  Air30min  Airlhr Airdhr Assignment
102
149 Translations of Fe?*, PO;~
195 and rotations
245
444 v, (PO3™ symmetric
bending)
572
539 v, (PO3~ asymmetric
bending)
629
950 944 951 951 944 v, (PO3™ symmetric
stretching)
996 1001 990
3_ -
1019 1021 v3 (PO as;_/mmetrlc
stretching)
1068 1049 1067 1065
1376 Fe203

6.4. Conclusion

The effect of air exposure during synthesis was investigated by examining the average and
local environments. From Rietveld analysis it was concluded that there is a decrease in the
percentage of LiFePO4 with air exposure. The percentage of the Fe-containing impurities also
increased with time and this could be an effect of oxidation occurring in the sample. Even by
purging the sample (Air0) and trying to eliminate oxygen it was seen that the hydrothermal
synthetic route has inherent flaws even when synthesising under an inert N2 environment. From
Mossbauer spectroscopy it was determined that the amount of defects in the structure also
increased with air exposure and that all the Fe?* was oxidised in the 4hours due to air exposure.
It is possible that complete oxidation occurs sooner than 4 hours. Raman spectroscopy
indicated that the internal modes could not be identified in the air exposed samples and that
crystallinity decreases with an increase in air exposure time. Peaks corresponding to LizPOg,
LiFePO4(OH) and a-Fe203 were identified in the 3min sample and LizPO4 and LiFePO4(OH)
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in the Airdhr sample. In conclusion, exposing the samples to air during synthesis has a

detrimental effect on the purity and the integrity of the LiFePO4 structure since an increase in

defects and a decrease in crystallinity was observed.
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Chapter 7

Doping with Zn?* using a low cost and low energy synthetic route
7.1. Introduction

Doping has been shown to improve drawbacks like poor ionic and electronic conductivity as
well as stabilizing the LiFePO4 structure.’ Stabilization is an important feature that prevents
the lattice from collapsing during and de-intercalation process.?® The orthorhombic structure
of LiFePQ4 consists of the two energetically distinguishable M1 (Li*) and M2 (Fe?*) octahedra
and one phosphorous tetrahedra.®” Doping can occur either on the M1, M2 for cationic dopants
or the oxygen site in PO3~ for anionic dopants. A summary of the different dopants used in the
different LiFePO; sites can be found Table 1.1. Doping on the M1 site could cause a blockage
in the diffusion channel® but doping on the M2 site could stabilize the structure as well as
enhance the electrochemical performance.? >° Isovalent cations (M?*) would easily replace and
occupy the M2 site.°

Doping with zinc (Zn?*) on this site using different concentrations has been investigated by
several groups. Yiming et al.!! investigated the doping effect over the range 0 < x < 0.26 on
LiFe1xZnxPO4. The samples were synthesised using a wet chemistry method followed by
thermal treatment in a reducing atmosphere. Samples that showed increased capacity and
reduced electrode polarization when x = 0.01, 0.03 and 0.1. Zhao et al.'?> used a solid state
synthetic route to synthesise LiFe1-xZnxPO4 over the range (x < 1.0). The lower Zn?* (x = 0.1,
0.2, 0.3) concentration gave a single-phased LiFePO4 product and the LiFeo.7Zno3PO4 sample
showed improved conductivity. The doping concentration range of LiFei1xZnxPOs where
x =0.02, 0.05 and 0.07 was synthesised using a microwave-assisted liquid phase route and was
investigated by Bilecka et al.™® These authors found that the LiFeoesZno.02PO4 sample showed
improved rate capability. Shenouda et al.®> doped in the range x = 0.015, 0.025 and 0.05 using
ZnO as the Zn?* precursor. The samples were ball-milled under an argon atmosphere. It was
determined that the LiFeo.975Zn0.025PO4 sample was the optimum concentration that enhanced

the conductivity and improved the structure stability.

This chapter focuses on the possibility of doping with Zn?* using a low energy, low cost
hydrothermal synthesis in Teflon bombs and to study the effect this has on the structure of
LiFePOs. The average and local structure of LiFePO4 and LiFe1xZnxPO4 (x = 0.01, 0.025 and

0.03) was thus fully investigated using synchrotron powder X-ray diffraction with Rietveld
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analysis, Raman spectroscopy (average structure) and X-ray absorption spectroscopy using
both XANES and EXAFS (local structure).

7.2. Sample preparation

A molar ratio of 3,;: 1 — xp: xz,: 1pp,Was used for the doped samples. The methodology
described in section 5.2 was used to synthesise these samples. The precursor used as the dopant
was Zn(NO3)2+6H20 (98%, Sigma Aldrich). The dopant was dissolved in unpurged deionised
water before the commencement of the experiment but the other precursors (LiOH,
FeSO4+7H20 and H3POs) were dissolved with purged water. The Zn?*-solution was added to
the purged FeSO4/H3PO4 solution and the LiOH was then added dropwise (one Li* drop every
3 seconds). The bombs were filled to 25% and placed in the oven at 120 °C for 48 hours.

7.3. Results and discussion
7.3.1. Powder X-ray diffraction

Rietveld refinement analysis was performed on the XRD data obtained to determine the
average structure of LiFePO4 and the Zn-doped LiFePO4 samples. Zn-doped (LiFe1-xZnxPOa)
samples were abbreviated according to the doping concentration: 1Zn, 2.5Zn and 3Zn for
x = 0.01, 0.025 and 0.03, respectively. X-ray wavelength of 0.166316(1) A was used for all the
refinements with the results shown in Figures 7.1 — 7.4 and the Rietveld error indices in Table
7.1. LiFePOg4was identified as the main phase in all samples and indexed as the orthorhombic
crystal system Pnma (#62). Two other minor impurity phases (~6 %) were identified in the
samples, namely, lithiophosphate (LisPO4) and the Fe-impurity (I141/a, #88) (Table 7.2). This
impurity was also identified in sections 4.2.1 — 4.2.5. None of the impure phases contain the
dopant and it can be assumed that Zn?* was incorporated into the LiFePO4 structure. It was also
assumed that the Zn?* prefers the M2 site in LiFePO4 and that the Zn?* was successfully
incorporated into the structure during the refinement process by keeping the occupancy of the
M2 site fixed. The assumption was made based on three reasons: 1) M?* cations such as Zn?*
prefer the M2 site,* (2) due to the similar scattering factors for Fe?* and Zn?* these atoms and
not distinguishable by PXRD?!! and (3) because of the extremely low doping percentages
refining the doping site lead to high occupancy errors. The high errors and occupancy values

were also seen for Fe on the M2 site.
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Figure 7.1: Synchrotron diffractogram of LiFePO4 showing the observed (purple), calculated (green)

and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections for
LiFePO, and the Fe-impurity are indicated with the grey and yellow markers.
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Figure 7.2: Synchrotron diffractogram of the 1Zn LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePOsand LisPOs are indicated with the grey markers and blue markers.
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Figure 7.3: Synchrotron diffractogram of the 2.5Zn LiFePO. sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePO4and the Fe-impurity are indicated with the grey markers and blue markers.
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Figure 7.4: Synchrotron diffractogram of the 3Zn LiFePO4 sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePO,, LisPOs and the Fe-impurity are indicated with the grey, blue and yellow

markers respectively.
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Table 7.1: Reliability factors for each Rietveld refinement.

Rwp Rp Rexp GOF

LiFePO4 5.06 3.94 16.92 0.30
1Zn 6.50 5.27 15.56 0.42
2.5Zn 5.29 4.14 16.14 0.33
3Zn 6.76 5.39 15.19 0.44

Table 7.2: Multiphase analysis (%) of the undoped LiFePO4 and doped samples.

LiFePOq4 Fe-impurity LisPO4
LiFePOq4 98.65 1.35 -
1Zn 95.90 - 4.10
2.5Zn 99.32 0.68 -
3Zn 93.99 0.82 5.19

There is a disagreement in literature as to the effect that Zn?* doping has on the lattice
parameters and volume of the unit cell for LiFePO4. Shenouda et al.®> and Liu et al.? showed
that the lattice parameters increase with Zn?* concentration, whereas Yiming et al.'!, Baster et
al.’® and Zhao et al.'? showed that the lattice parameters decrease with Zn?* concentration, as
was found in this study. In the study conducted by Yiming et al.}!, the a-lattice and b-lattice
constants showed a decrease of 10.329 — 10.313 A and 6.007 — 6.005 A, respectively and the
c-lattice constant remained constant at ~ 4.695A over the concentration range of 0 — 5%. The
doping study conducted by Zhao et al.*? over the same concentration range found that the a-
lattice and b-lattice parameters also decreased from 10.321 — 10.272 A and 6.002 — 5.983 A,
respectively but in this case the c-lattice constant increased slightly (4.688 — 4.694 A) with
doping concentrations. The refined lattice parameters and the volume for the undoped and Zn-
doped samples can be found in Table 7.3. The lattice parameters for the doped samples are
only slightly smaller than of the undoped LiFePOa, except for the 1Zn b-lattice constant. This
can suggest successful incorporation of Zn?* into the LiFePO4 lattice. Zn?* has a slightly
smaller ionic radius (0.74A) compared to that of high spin Fe?* (0.78A) in an octahedral
environment!® and explains this decrease. The c-lattice constant shows a slight decrease which
can possibly be an effect of the impurities present as seen in section 6.3.1 where the lattice

parameters decreased.
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Table 7.3: Lattice parameters and volume of the LiFePO4 phase for the undoped and Zn-doped
LiFePO4 samples.

X a (A) b (A) c(A) Volume (A3)
LiFePOq4 0 10.367(5) 6.0029(3) 4.7132(2) 293.31(2)
1Zn 0.01 10.347(9) 6.0035(5) 4.7067(4) 292.37(4)
2.5Zn 0.025 10.345(4) 5.9964(3) 4.7063(2) 291.96(2)
3Zn 0.03 10.331(2) 5.9979(6) 4.7024(5) 291.37(6)

The a-lattice constant for 3Zn is not as constant as that for the 1Zn and 3Zn sample as would
be expected when doping (Table 7.3).1! This deviation could be an effect of the impurities
present as the 3Zn sample had the highest percentage of impurities present. The shortening of
the b-lattice constant showed a shortening of the Li* diffusion pathway and could lead to
improved Li* mobility.®'” The 2.5Zn sample exhibited the smallest b-lattice constant and
could possibly exhibit the best electrochemical performance based purely in the results of the
lattice constants. The unit cell volume for the undoped LiFePOys is larger than the volume in
previous sections. This sample could contain more defects or additional amorphous phases that
were not detected using XRD. The unit cell volume for the doped samples are smaller than that
determined for the undoped LiFePO. and decreases linearly with Zn?* concentration (Fig. 7.5),
thus obeying Vergard’s law similar to the findings in the doping study conducted by Yiming

et al.lt
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Figure 7.5: Variation in the volume as a function of Zn?* concentration in terms of x:LiFe1.<ZnxPO4.

One of the problems that could arise during de-intercalation is the possibility that the LiFePO4

structure could collapse. The collapse is caused by the change in ionic radii when changing
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from Fe?" (0.78A) to Fe** (0.65A).2 This would clearly affect the Li* diffusion and effect the
reproducibility of the battery as re-intercalation of Li* into the structure would become more
difficult.? Inserting Zn?* (0.74 A), with a radius closer to that of Fe?*, that remains unchanged
during de-intercalation into the structure should stabilize the structure to some extent?® and is

larger than Fe®*.

The occupancy on the M2 site was kept fixed throughout the refinement but the synthesised
samples showed the presence of antisite defects on the M1 site (Table 7.4). The high Fe content
on the M1 site could possibly be due an excess of Fe in the structure from amorphous impurities
or the Fe-impurity. The 1Zn and 3Zn sample had the highest percentage of Fe?*and or Fe** on
the M1 site. The 2.5Zn samples had the lowest percentage of defects present on the M1 site.

This sample also had the lowest percentage impurities present (Table 7.2).

Table 7.4: Occupancy of Fe?* on the M2 and Li and Fe?*/Fe®" on the M1 sites.

M2 site M1 (Li*) site M1 (Fe?*/Fe®) site
LiFePO4 99.14(7) 92.07(4) 7.93(34)
1Zn 99 89.97(9) 10.07(8)
2.5Zn 97.5 94.64(4) 5.36(36)
3Zn 97 90.11(11) 9.89(1)

The average interatomic bond distances of M2-O (Fe/zZn-0), P-O and M1-O also gave
information regarding the effect of doping on the structure. The refined interatomic bond
distances for Fe-O and Zn-O were the same. The individual and average bond distances can be
found in Table 7.5. The incorporation of Zn?* into the structure caused widening of the Li*
diffusion channels by lengthening the average M1-O interatomic bond distances. Widening of
the diffusion channels allow for easier intercalation and de-intercalation.l%-1° The
lengthening of the M1-O interatomic bond distances compared to that of the undoped LiFePO4
(2.132 A) can be seen for all the doped samples (2.157 — 2.167 A). The interatomic distances
for a similar study, where the Zn?*-doping for concentrations between 1 — 30%, was 2.136 —
2.147 A 1! The shortening of the M2-O and P-O average interatomic bond distances could be
used to predict the structure stabilization due to doping.1®%2 17n and 3Zn shows the highest
degree of shortening of the M2-O interatomic bond distance. The 2.5Zn sample shows
shortening of the average P-O interatomic bond distances. The P-O interatomic bond distances

were similar to the reported values (1.500 — 1.530 A) but the M2-O interatomic bond distances

231



were shorter (2.168 — 2.170 A). This difference could be an effect of Fe®* occupying the M2
site causing a shortening in the interatomic bond distances.?? The shrinking of the FeOs
octahedra leads to the expansion of the LiOe and this could also explain why the M1-O
interatomic bond distances is longer than the reported ones.?® To determine whether diffusion
was improved a cell has to be assembled and tested.

Table 7.5: The individual and average interatomic bond distances (A) of M2-O, P-O and
M1-0.

LiFePOu4 1Zn 2.5Zn 3Zn

M2 —O(1) 2.177 2.159 2.179 2.148
M2 - 0O(2) 2.069 2.043 2.068 2.024
M2 — 0(3) (x2) 2.044 2.038 2.044 2.025
M2—0(3) (x2) 2.228 2.231 2.231 2.233
Average M2-O 2.132 2.124 2.133 2.115
P-0(1) 1.550 1.547 1.540 1.540
P-0(2) 1.629 1.649 1.617 1.660
P —0(3) (x2) 1.602 1.609 1.595 1.620
Average P-0O 1.600 1.604 1.587 1.610
M1 —-0(1) (x2) 2.184 2.181 2.180 2.182
M1 —0(2) (x2) 2.010 2.106 2.093 2.113
M1 —0(3) (x2) 2.202 2.204 2.197 2.205
Average M1- 0O 2.132 2.164 2.157 2.167

7.3.2. Raman Spectroscopy

Raman analysis was performed on the undoped, 1Zn, 2.5Zn and 3Zn LiFePO4samples (Fig.
7.6). The LiFePO, vibrational modes?%® were identified and assigned for all the samples
(Table 7.6). A summary of these modes, used for comparison, can be found in Table 3.5. The
lower wavenumber or fingerprint region is slightly more challenging to assign as these peaks
are not well defined and can disappear if data consists of an excess of noise, and as such not
much information could be extracted from this region.?” The peak due to symmetric stretching

of P-O (Fig. 7.6, inset) at around ~950 cm™ can be used to determine if there is an increase or
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decrease in the degree of ordering in the structure due to doping.2”?® This can be investigated
by determining the full width at half maximum (FWHM) of this peak. The FWHM was 7.92,
7.89, 7.53 and 7.09 cm for the undoped, 1Zn, 2.5Zn and 3Zn samples, respectively. This
indicates that there was in increase in ordering for the doped samples compared to that of the

undoped sample.

Intensity (a.u.)

W 37Zn
w 2.5Zn
Mw\j\\, 17n
'J\N\W/V\.—/ Undoped LiFePO,

0 250 500 750 1000 1250 1500 1750 2000
Wavenumber (/cm)

Figure 7.6: Raman spectra for the undoped and Zn-doped LiFePO4 samples. The peaks due to symmetric
stretching of PO~ vibrational mode at ~950 cm™ (910 — 976 cm™) is given in the inset.

The shift in peak position of the symmetric stretching of the P03~ tetrahedra can be used to
assess any changes in the P-O interatomic bond distance (Table 7.6). A blue shift in
wavenumber (higher wavenumber) indicates a shortening of this bond distance?*® whereas the
red shift in wavenumber (lower wavenumber) indicates an increase in this bond distance.?%%
The undoped and the 3Zn sample showed an increase in the stability of the structure caused by
the shortening of the P-O bond distance.'%1%?° This was different than the distances determined
using PXRD (Table 7.5)
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Table 7.6: Raman modes of the undoped and Zn?* doped LiFePO, samples showing the
assigned vibrational modes.

Wavenumbers (/cm) Assignment
Undoped LiFePO, 1Zn 2.5Zn 3Zn
103 95 95 106 P03~ rotational
2+
150 147 149 153 and Fe
translational
197 192 197 197 motion
243 244 244 253
446 453 441 443 v, (PO3")
572 569 569 572
591 586 589 592 v, (PO3")
630 627 628 631
950 948 948 951 v, (PO37)
998 995 995 998
v (PO37)
1068 1066 1067 1070

Raman spectroscopy can also be used to determine if any impurities are present that were
undetectable using XRD. The Raman microscopic images (Image 7.1) showed that three
different distinguishable phases, were present in the samples. The majority of the shiny white
coloured phase was identified as LiFePOa. The phase tavorite, LiFePO4(OH)3! (black phase),
was present in the undoped sample whereas the 1Zn sample had o-Fe,0s% (reddish/brown
phase) as well as LisPOs* (shiny white phase) present. No LiFePO4(OH) and a-Fe;O3 was
identified using XRD. The 2.5Zn had poorly crystalline LiFePO4(OH) (black phase) present
and the 3Zn sample contained traces of possibly a-Fe>O3 (reddish/brown phase) and a poorly
crystalline or low concentration unidentified impurity (reddish/white phase) with sharp peaks
at 951 cm™* and 971 cm™,
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Image 7.1: Raman microscopic images of the undped and Zn-doped LiFePO,4 samples

7.3.3. X-ray absorption spectroscopy (XAS)

The normalized Fe K-edge spectra (Fig. 7.7) for all the Zn-doped samples have the same general
shape to that of the LiFePO, standard.
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Figure 7.7: Normalized Fe K-edge spectra for the different Zn-doped samples (pink — undoped, black
—1Zn, green — 2.5Zn and blue — 3Zn) compared to that of the LiFePO, standard (purple).

(i)  XANES:
The pre-edge region can be used to assess any changes in the Fe oxidation state upon doping

as well as the changes around the Fe environment by comparing peak positions and intensities.
The same three standards were used to visually compare the pre-edge region. As a reminder,
the LiFePO4 standard has Fe?* in a slightly distorted octahedral environment and shows two
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small peaks around 7112 eV (tzg) and 7115 eV (gg).3*%® FePO4+4H,0 contains Fe3* in an
octahedral environment with similar distortion as seen by similar intensities on Figure 7.8.3438
o-Fe;03 has Fe*" in a more distorted octahedral environment indicated by the increase in
intensity (Fig. 7.8).3>%" A more detailed description of the pre-edge features and the different

features of the standards can be found in section 2.2.3.1.
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Figure 7.8: Comparison Fe K-edge XANES pre-edge region of the different standards, and the undoped
and Zn-doped LiFePO,4 samples.

Table 7.7: The different pre-edge peak intensities and peak positions for the undoped and Zn-
doped LiFePO4 samples.

P_egk . Pea_k Peak position  Peak intensity Peak 2
Sample position1 intensity 1 2 (V) 2 (au) broadness
(eV) (au) (eV)
LiFePO4  7112.19 0.050 7114.09 0.048 0.880
FePOq4 - - 7114.27 0.050 -
Fe203 - - 7114.43 0.067 -
Undoped  7112.21 0.048 7114.07 0.050 0.909
1Zn 7112.13 0.048 7113.92 0.052 1.08
2.5Zn 7113.08 0.049 7114.10 0.048 0.930
3Zn 7112.07 0.045 7114.03 0.055 1.28
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All the undoped and Zn-doped samples showed both the peaks present in the LiFePO4 samples
with similar peak positions for the synthesised samples but a difference in peak intensities for
both peaks (Fig. 7.8 and Table 7.7). The peak at ~7112 eV (tog peak) for all the synthesised
samples shows a decrease in intensity compared to that of the LiFePO4 standard (Fig. 7.8). This
decrease in intensity could indicate a decrease in Fe?* concentration.® This corroborates the
XRD results that showed that the 2.5Zn had the lowest percentage of impurities (Table 7.2) as
well as the least amount of M1 site defects (Table 7.4). The 3Zn would have the least amount
of Fe?* looking at the largest drop in intensity. This was also seen by the shortest Fe-O
interatomic distance (Table 7.5) determined by XRD possibly indicating the presence of more
Fe®" in the sample. The second peak at ~7114 eV, that corresponds to the eq peak, shows the
slightly lower intensity peak of LiFePO4 as well as the Fe3* peaks of FePO4+4H-0 and a-Fe;0s,
This peak shows an increase in intensity as well as peak broadening (Table 7.7) for all the
samples compared to the LiFePO4 standard. The 2.5Zn sample shows very similar intensities
to that of the LiFePO4 peak. The undoped, 1Zn and 3Zn samples show an increase in the peak
intensities, respectively. This increase in intensity could indicate an increase in Fe3*
concentration or possibly an increase in distortion around the Fe3* environment present in the
samples. The distortion could be similar to that of Fe** in a-Fe2O3 but not as extreme. The
peak broadening indicates larger energies for the synthesised samples* and because this peak
is related to the interaction of the orbitals in the direction of the oxygen atoms and their
repulsive field®® — this could indicate changes in the bonding environments. The linear
combination fitting analysis can be used to further determine the amount of Fe?* and Fe3* in

the samples, as will be discussed below.

The rising and main absorption edges can also be used to assess any changes in the oxidation
state®>4142 and the possible increase in disorder*? (Fig. 7.9 and Table 7.8). The shift slightly to
higher energies for the rising absorption edge indicates that some of the Fe?* has been oxidised
in the synthesised samples compared to that of the LiFePO4 standard. The 2.5Zn sample would
have the highest percentage of Fe* present as indicated by the pre-edge region and the XRD
analysis. The undoped LiFePO4and the 1Zn sample overlap and would have similar amounts
of Fe**, whereas the 3Zn would have the most Fe** present. There is only a slight shift to higher
energies for the main absorption edge suggesting that some of the Fe?" has been oxidised to
Fe3*. The shift is not as severe compared to the Fe3* standards (Table 7.8) indicating that not
all the Fe?* has been oxidised to Fe3*. The drop in intensity could indicate an increase in

disorder.*? Using this method of prediction it can be seen on Figure 7.9 that all the synthesised
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samples would possibly exhibit an increase in the disorder of the Fe-environment. The 2.5Zn

sample would have the least disorder and the 3Zn the highest degree of disorder. The undoped

LiFePO4and the 1Zn still overlap in Figure 7.9 and should have a similar degree of disorder.

The amount of Fe?* and/or Fe** present in the sample can be quantitatively looked at using

LCF and the degree of disorder can only be quantified when looking at the local structure using

EXAFS.
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Figure 7.9: Comparison of the LiFePO, standard with the different undoped and Zn-doped LiFePO,

samples.

Table 7.8: The different main edge peak intensities and peak positions for the undoped and

Zn-doped LiFePO4 samples.

Sample Peak position (eV) Peak intensity (au)
LiFePOu4 7126.97 1.68
FePOu4 (not indicated) 7131.92 1.54
Fe20s3 (not indicated) 7133.75 1.53
Undoped 7127.26 1.56
1Zn 7127.28 1.56
2.5Zn 7127.08 1.64
3Zn 7217.48 1.50
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Linear combination fitting (LCF):

The same three standards were used for LCF and the results are shown in Figures. 7.10 — 7.13.
All three standards have slightly different octahedral bonding characteristics. The differences
in oxidation state and the degree of distortion would be able to give more information about
the different environments in the synthesised samples, although this phase might not be present
in the sample. LCF was performed over the energy range of 7102 — 7152 eV, the weights of
the components were summed to 1 and no overall E, shift was allowed. All the combinations
of the different standards were fitted and the combinations that gave positive weights for each
standard as well as small errors for each component were used. The goodness-of-fit parameters
that were used to assess the fit was the R-factor and the reduced chi-square value. Both are
relatively low** except for the reduced chi-square of the 2.5Zn sample indicating a greater

mismatch between the model using the standards and the experimental results (Table 7.9).

Table 7.9: LCF goodness of fit parameters for the undoped and Zn-doped LiFePO4 samples.

Sample LiFePO4 (Fe?*Os) Fe203 (Fe**Os) FePO4 (Fe3*Oe)
Undoped 85(2) 8(1) 7(1)
1Zn 85(2) 8(1) 7(2)
2.5Zn 94(2) - 6(1)
3Zn 77(1) 11(2) 12(1)
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Figure 7.10: LCF best fit (coral) of the undoped Figure 7.11: LCF best fit (coral) of the 1Zn LiFePO,
LiFePO4 sample of the Fe K-edge XANES spectrum sample of the Fe K-edge XANES spectrum (black)
(pink) along with the residual spectrum (grey). along with the residual spectrum (grey).
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Figure 7.13: LCF best fit (coral) of the 3Zn
LiFePO, sample of the Fe K-edge XANES
spectrum (blue) along with the residual spectrum

(grey).
Table 7.10: LCF weight percentage of the different components present in the undoped and

Sample R-factor Chi-square
Undoped 0.0001182 0.000033
1Zn 0.0000892 0.000025
2.5Zn 0.0004130 0.000128
3Zn 0.0000823 0.000023

The calculated standard weights for each component present in each sample can be found in
Table 7.10. The LCF calculated that the 2.5Zn had the highest Fe?* weight. The 3Zn sample
had the lowest Fe?* weight of all the synthesised samples. The undoped and the 1Zn had very
similar Fe?* weights. The Fe?* weights calculated with LCF followed a similar trend as
determined by the pre-edge peak at ~7112 eV (Fig. 7.8) and the rising absorption edge
(Fig.7. 9). All the synthesised samples had Fe®" present. The trend predicted by the pre-edge
peak at ~7114 eV can also someway be linked to the calculated Fe** weights (Fig. 7.8). The
3Zn sample was seen to have the highest intensity (Fig. 7.8) and can be correlated to having
the highest Fe3* (Fe,03) weight present. The same was observed for 1Zn as well. The 2.5Zn
sample had the lowest percentage of Fe®* and it can be seen that the peak at 7114 eV (Fig. 7.8)
is similar to that of LiFePO4. The 2.5Zn sample had only one form of Fe3* present, Fe3* in the
less distorted FePO4+4H>0 environment, and could explain the low intensity of this peak that
is similar to that of the FePO4+4H-0O peak intensity. The undoped LiFePO4 sample had both
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forms of Fe3* present and this could explain why this sample had a higher intensity than 2.5Zn.
All the synthesised samples showed a mismatch between the measured data and the fit and can
be seen from the insets in Figure 7.10 — 7.13 inset and the residual spectra, where the larger
mismatch for the 2.5Zn sample is evident. The mismatch present in all the samples indicate
that there was a bonding environment or species that was not included in the set of standards
or that the samples had slight differences to that of the standards. The accuracy of the fit can
be improved by having a larger and more diverse set of standards to identify all the

constituents.*

(i) EXAFS

EXAFS was used to probe the local structure and the disorder around the Fe-atoms and to
determine if doping has any effect on the local Fe environment. The FT-EXAFS were all phase
corrected. To account for the addition of a dopant a method outlined in the Artemis user
guide®®*” was used. In LiFePQ4 there are four nearest iron neighbours and when including the
dopant, thus one needs to determine the number of (if any) iron atoms that would need to be
replaced with zinc atoms (using equation 1). Table 7.11 contains the replacement values for

each doping percentage.
Amount of iron atoms to be replaced = (dopant percentage) X (nr of nearest neighbour iron atoms) (1)

Table 7.11: Amount of Fe that should be replaced for each doping percentage.

Doping percentage Replacement
1 0.04
2.5 0.1
3 0.12

If this value is not a whole number, then one either need to underestimate or overestimate the
value. Both approaches were considered. In this case, overestimating the value would lead to
replacing one whole iron site (25%) with zinc and underestimating the site would approximate
the replacement of no sites. The dopant was added to the feff.inp file and given its own identity
under the potential list. This would then add a single scattering zinc path. The modification of
the feff.inp is given in Appendix A8.1. Including this scattering path when accounting for the
overestimation led to high errors for the Debye-Waller factors for the metal atoms even with

the correction of the amplitude reduction factor to account for the actual doping percentage of
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the nearest zinc scattering path. The first nearest neighbour scattering path also had a low
ranking indicating that the path is not important to the fit and the inclusion of this scattering
path did not improve the fit. This leads to the possible conclusion that the doping concentration
is below the detection limit of the software. The results presented in the next section is for the

underestimation of zinc to zero.

Comparing the different k3 y(k) spectra (Fig. 7.14) could indicate any changes in the local
structure and local disorder. There are no major changes between the undoped and doped
samples but minor changes in the intensity indicates that there could be changes in the local

disorder for the synthesised samples.*?
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Figure 7.14: Comparison of the Fe k3-weighted [k3 y(k)] spectrum of the different synthesised samples
(undoped and Zn-doped samples).

Comparing the FT magnitude of the undoped sample with that of the doped samples (Fig. 7.15)
was also used to predict any changes in the local structure. The three coordination shells
indicated were present in all the synthesised samples and no major changes in the shape of the
peaks of the FT magnitude is present indicating no major change in the local structure for the
undoped and doped samples. The shouldering of the first peak is more pronounced for the
doped than for the undoped samples. This could possibly indicate changes in the bond distance
distribution. The shift in the peak positions (Fig. 7.15) could indicate changes in the interatomic
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bond distances. There also seems to be a correlation between the peak shifts observed in Fig
7.14/15 and the doping concentration where an increase in concentration leads to an increase

in the radial distance.
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Figure 7.15: The FT magnitude of EXAFS k3y(k) data comparing radial distance of the different
coordination shells of the undoped and Zn-doped samples.

Local Structure Determination:

The local structure was determined for all samples (Figs 7.16 — 7.19). Due to the similarity of
the normalized spectra (Fig. 7.7) between the standard and the synthesised samples, the same
starting model (LiFePO4) was used for the local structure determination. The parameters
determined for each sample was the amplitude reduction factor (S2), the energy shift (AE,),
the adjustment of the half path length of the path (AR) and the Debye-Waller factor (62 —
mean square variation in the path length). The same fitting procedure described in section
2.2.3.2 was used to model the EXAFS data for this set of samples. The R-factor for all the fits
was less than 29%.%38 The AE, parameter was -10 eV < AE, < 10 eV for all the fits (Table

7.12)* and the value of S2 for the samples was between 0.72 — 0.85.
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Table 7.12: The reliability factor and energy shift of the undoped and Zn-doped samples.

Sample R-factor (%) Ey (eV) AE, (eV)
Undoped 0.58 7122.83 -2.4(9)
1Zn 0.65 7122.83 -2.4(9)
2.5Zn 0.67 7122.00 -2(2)
3Zn 0.54 7122.83 -1.4(9)
6
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Figure 7.16: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (pink) and the theoretical FEFF fit
(maroon) of the undoped sample. The fitting range for (a) is 3 — 12.828 A and for (b) 1.3 -5 A.
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Figure 7.17: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y (k) data (black) and the theoretical FEFF fit
(maroon) of the 1Zn sample. The fitting range for (a) is 3 — 12.828 A1and for (b) 1.3 -5 A.
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Figure 7.18: (a) The experimental Fe k3-weighted [k3x(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (green) and the theoretical FEFF fit
(maroon) of the 2.5Zn sample. The fitting range for (a) is 3 — 12.828 Atand for (b) 1.3—-5A
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Figure 7.19: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3 y(k) data (blue) and the theoretical FEFF fit
(maroon) of the 3Zn sample. The fitting range for (a) is 3 — 12.828 A-and for (b) 1.3 -5 A.

As none of the coordination shells exhibited any peak flattening or splitting for the FT

magnitude (Fig. 7.15) that the local structure remained the same for the undoped and doped

samples.*® This was also shown with the EXAFS analysis. The first coordination shell was

oxygen and had a coordination number of six for all the samples.3*3>4° This coordination shell

was fitted using a two shell model for all the samples and there was some variation in the

distance distribution. The undoped, 1Zn and 2.5Zn samples had four longer and two shorter

interatomic distances and the 3Zn sample had three shorter and three longer interatomic

distances (Table 7.13). The second coordination shell was phosphorous and had a coordination

number of five3#*>4® for all the samples and consisted of one shorter and four longer

interatomic distances. The third and last coordination shell was iron and had a coordination

number of four®*34° for all the samples. The shell consisted of two longer and two shorter
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interatomic distances (Table 7.13). Table 7.14 contains the average interatomic distance for
each coordination shell. The changes in radial distances as seen in Figure 7.15 were not
reflected in the actual interatomic distances determined using EXAFS modelling (Table 7.13
and Table 7.14). Other factors might be affecting the Fourier Transform and the FT magnitude
that was not accounted for in the modelling such as the presence of Fe3* in the structure or the
dopants that were not added to the actual model due to the low concentrations. These dopants
were not included in the model (as discussed earlier as well as in Appendix A8) as including
Zn in the scattering paths produced unrealistic values and errors.

Table 7.13: Structural parameters determined using FEFF for the first, second and third
coordination shells of the undoped and Zn-doped samples.

. Average
Sample Shell Coordlrt;atlon interatomic D?b%e-wlz\lzler

number distance (A) actor (A%

Undoped Fe-02 4 2.09(1) 0.013(5)
Fe-03 2 2.05(1) 0.011(6)

Fe-P1 1 2.823(8) 0.007(2)

Fe-P2 4 3.248(8) 0.007(1)

Fe-Fel 2 3.82(1) 0.009(1)

Fe-Fe2 2 4.64(1) 0.012(4)

1Zn Fe-01 4 2.12(1) 0.011(2)
Fe-02 2 2.02(1) 0.009(3)

Fe-P1 1 2.819(8) 0.007(2)

Fe-P2 4 3.244(8) 0.007(1)

Fe-Fel 2 3.82(1) 0.009(2)

Fe-Fe2 2 4.64(1) 0.012(4)

2.57n Fe-01 4 2.12(1) 0.011(2)
Fe-02 2 2.03(1) 0.008(3)

Fe-P1 1 2.82(1) 0.007(2)

Fe-P2 4 3.24(1) 0.007(1)

Fe-Fel 2 3.814(9) 0.008(2)

Fe-Fe2 2 4.635(9) 0.010(4)

3Zn Fe-01 3 2.12(1) 0.011(2)
Fe-02 3 2.03(1) 0.010(2)

Fe-P1 1 2.820(8) 0.007(2)

Fe-P2 4 3.245(8) 0.0074(9)

Fe-Fel 2 3.82(1) 0.009(1)

Fe-Fe2 2 4.64(1) 0.012(4)
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Table 7.14: The average interatomic distance and average Debye-Waller factor of the different
coordination shells.

Average interatomic Average Debye-

Shell Sample digtance (A) Waller?‘actor {Az)
Fe-O Undoped 2.08 0.012
1Zn 2.09 0.010
2.5Zn 2.09 0.010
3Zn 2.08 0.011
Fe-P Undoped 3.160 0.007
1Zn 3.159 0.007
2.5Zn 3.16 0.007
3Zn 3.160 0.007
Fe-Fe Undoped 4.23 0.011
1Zn 4.23 0.011
2.5Zn 4.23 0.009
3Zn 4.23 0.011

No EXAFS studies where the Zn?*-doping on the LiFePQj4 structure using the Fe K-edge was
found and therefor another study by Tabassam et al.® and Minicucci et al.>* was used as a
comparison. In these studies replacement of Fe?* with Ni®* was investigated. The Ni?*
(0.69 A) radius is smaller than that of Fe?* (0.78 A) similar to this study of Zn?* (0.74 A).1®
Tabassam et al.® investigated the effect of Ni%*-doping (LiFe1xNixPO4 where, 0 < x <
0.15, 0.9, 1.0) on the FeOs octahedron and it was determined that the doping concentration did
not have an effect on the average interatomic distance using the Fe K-edge. The Fe-O
interatomic distances were between 2.11 — 2.12 A for the shorter distances and between
2.17 — 2.19 A for the longer distances over the doping concentration. It was also determined
that the structural disorder (0.0075 — 0.011 A?) for the shorter interatomic bond distance did
not change much with the change in Ni?* content.*® To determine the size of the Ni-O octahedra
and the interatomic distances, the Ni K-edge was used. Minicucci et al.>! also investigated
LiFe1xNixPO4 (where x = 0.03,0.05,0.01,0.015) using both the Fe and Ni K-edges for the
first (Fe/Ni-O) and second (Fe/Ni-P) coordination shells only. It was determined that the
average interatomic distance for the nearest neighbour was constant with different doping
concentration for both the FeOg (2.23 A) and NiOg (0.02 — 0.03 shorter than Fe-O) octahedra
for the shorter interatomic distances but that the doping had an effect on the longer interatomic
distances. The shorter Fe-O and Ni-O distances are ~2.10 A and longer Fe-O and Ni-O
distances ranges between 2.30 — 2.33 A and 2.24 — 2.45 A, respectively over the doping range.
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These changes caused more distortion in the octahedra (for x < 0.15) for both FeOg and NiOsg
where the latter was more affected. For the Fe-P/Ni-P coordination shell it was determined that
doping has a larger effect on the shorter interatomic distances that on the longer interatomic
distances. Further the effect was larger for Ni-P than for Fe-P. The longer interatomic distances
ranged between 3.26 —3.31 A and 3.26 — 3.28 A and the shorter interatomic distances ranged
between 2.80 — 2.86 A and 2.80 — 2.89 A for Ni-P and Fe-P, respectively. Minicucci et al.>
also showed that the disorder of the Fe-P coordination had little variation between doping
concentrations. The disorder was between 0.0035 — 0.005 A? and 0.010 — 0.0125 A? for the
longer and the shorter interatomic distances, respectively.

The results from this EXAFS experiment showed that the FeOs octahedra are distorted in the
undoped and Zn-doped samples due to the two different interatomic distances and that the
doping concentration did not have a notable effect on the average interatomic distance and is
practically constant (Table 7.14). Minicucci et al.®! also determined that the FeOs octahedra
were naturally distorted and this was also consistent with the results found by Tabassam et al.>°
This study determined that the longer Fe-O interatomic distances were longer for the doped
samples than for the undoped samples and the shorter Fe-O interatomic distances were shorter
for the doped samples than for the undoped samples (Table 7.13 and Fig. 7.20). These changes
in the octahedra show an increase the distortion due to doping. The structural disorder for the
doped samples showed that the shorter interatomic distances had more variation between the
doped samples than the disorder between the longer interatomic distances (Fig. 7.20). This
disorder decreases slightly for the doped samples. The Fe-P coordination shell showed very
little changes in the longer and the shorter Fe-P interatomic distances and had no variation in
the disorder present in this shell (Table 7.13 and Fig. 7.21). The Fe-Fe coordination shell
showed little to no variation in the shorter or longer interatomic distance (Table 7.13 and Fig.
7.22). The disorder decreased upon doping for both the shorter and longer interatomic distances
but the shorter interatomic distance had more variation in the disorder between doping

concentrations than the longer interatomic distances.
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coordination shell.
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7.4. Conclusion

Doping with Zn?* using a hydrothermal synthesis employed in this work was investigated. The
defects present in the undoped sample, as shown with the presence of Fe on the M1 site and
the 14.6% Fe®', indicates that the synthetic route has inherent problems. There was also ~2%
of the Fe-impurity present in this sample as well as only 85.4% Fe?* whereas the rest is Fe3*.
The same defects are probably present in the doped samples as well. The 1Zn sample showed
that no Fe-containing impurities were detected with XRD but the b-lattice constant did not
decrease as with the other doping percentages. The 1Zn sample had the highest percentage of
Fe on the M1 site. XAS showed that there was an increase in the intensity of the eg peak and
possibly an increase in the distortion around the octahedron. Fe®*" was identified in these
samples and only 85.4% was Fe?*. These phases are possibly amorphous as only Fe* was
identified using XRD. No change in the bonding distributions were observed for for the
undoped, 1Zn and 2.5Zn samples and showed four longer and two shorter interatomic
distances. The lattice parameters and volume are smaller than the undoped sample. The 2.5Zn
sample had the lowest percentage of impurities present and was identified as the Fe-impurity
that contains both Fe®* and Fe?*, the lowest percentage of Fe on the M1 site and the highest
percentage of Fe?* (93.6%). Amorphous LiFePO4(OH) was identified in this sample. The
intensity of the eq peak was similar to that of the LiFePO4 standard. In the 3Zn sample LisPO4
was the only impurity identified but had the highest percentage impurity present. The lattice
parameters and volume were smaller than that of the undoped sample and the Fe-O interatomic
bond distance was the shortest for this sample indicating the presence of more Fe**. LCF
determined that the 3Zn sample had the lowest percentage of Fe?* (77%) present confirming
the XRD trend. The eg peak for 3Zn in the pre-edge region showed the greatest increase in
intensity and had the broadest peak indicating a change in bonding distribution. EXAFS
analysis showed that 3Zn had three longer and three shorter Fe-O interatomic distances rather
than the four longer and two shorter interatomic distances as in the case for the undoped, 1Zn
and 2.5Zn samples. This change in the bonding distribution could increase the distortion around

the eg orbitals for the metal and the oxygen ligands.

On hindsight, the filtrate should be analysed using an element specific technique to ensure that
all the added dopant was incorporated successfully into the structure, but from the data analysed
the doped samples clearly reflected some changes as compared to that for the undoped samples.

The impurities could be due to the unpurged Zn?*-solution and purging the solution might
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eliminate the impurities. EXAFS analysis using Fe K-edge showed that doping with zinc does
not change or effect the local structure to a large extent which was expected for the low
concentrations used and was similar to the comparative study used. Minor difference in the
interatomic distance and disorder was observed between samples. To determine what extent
Zn?* doping would affect the Zn-O, Zn-P and Zn-Zn interatomic distances and disorder, an
experiment using Zn K-edge would be useful as well as provide to more information on the
local and medium range structure and effects of doping. Determining these effects would also
be able to provide information on the structure and transport properties. Investigating the de-
intercalated material could give more information on whether the Zn?* stabilizes the structure.
This chapter has illustrated that doping is possible using this synthetic method although there
are defects that are inherent to this low cost, low energy synthesis.
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Chapter 8

Co-doping with Zn?*and Co?* using a low cost and low energy synthetic route
8.1. Introduction

Co-doping the LiFePOs structure is another way in which the poor electronic and ionic
conductivity can be improved.t Co-doping can either occur on the M1 and M2 site, only the
M2 site or on both the M2 and the oxygen in PO3sites. Co-doping on the M1 site increases
the possibility of causing blockage in the Li* diffusion channel® that can lead to poor
electrochemical performance. Co-doping on the M2 site has yielded positive improvements to
not only the electrochemical performance of LiFePO4 but also to the stability of the
structure.>*"° Table 1.2 contains a summary of the different co-dopants on the different sites

and how it improved the stability of the structure and electrochemical performance.

Zinc (Zn?*) as a single dopant has been shown to improve conductivity, rate capability and
capacity, reduce electrode polarization and to stabilize the structure by acting as a pillar during
intercalation and de-intercalation.’%*2 Cobalt (Co?*) as a single dopant has also been studied
by several groups. Wang et al.**, Yang et al.’® and Chantrasuwan et al.'® investigated the
electrochemical performance and changes in the structure of LiFeo.99C00.01POs. The samples
were synthesised using either a solid state or hydrothermal synthetic route. LiFeo.99C00.01PO4
showed improved electrochemical performance, improved electrode reaction kinetics as well
as higher energy density. Gao et al.,!” investigated LiFe;<CoxPO4 with x = 0.005, 0.010 and
0.020 using a oxalic acid assisted sol-gel synthetic route. LiFeo.99C00.0:PO4 exhibited the best
electrochemical performance with improved rate capability as well as improved structure
stability. Song et al.'® used a hydrothermal synthetic route to synthesise LiFe1-xCoxPOs
(x=10.005, 0.01, 0.015, 0.02 and 0.025). LiFeo.99C00.0:PO4 showed improved cycle retention as
well as the lowest energy barrier for Li* diffusion.

Zn?* has not been used as a co-dopant in LiFePO4 whereas Co?" has been used as a co-dopant
with zirconium (Zr**), nickel (Ni?*) and magnesium (Mg?*). Gao et al.%® investigated co-doping
with Zr** on the M1 site and Co?* on the M2 site. The concentration of Zr** was kept constant
whereas the Co?* concentration was varied. First-principle calculations were used to study the
electrochemical properties of Lio.99Zro.0025F€1-xC0oxPO4 (X = 0.005, 0.01, 0.015, 0.02). Co-doped
samples showed enhanced electrochemical properties as well as improved structure stability.

Co-doping with Co*" and Mg?* on the M2 site was investigated by Ding et al.®
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LiFeo.99Mgo0.00sC00.00sPO4 was synthesised using a solid state synthetic route. This sample
showed improved ionic mobility, improved initial discharge capacity and discharge efficiency
as well as improved cycling performance and rate capability. This chapter focuses on the
possibility of co-doping LiFePO4 with Zn?* and Co?*. LiFePOs and LiFe1xyZnxCoyPOs (X =
0.025, 0.03, 0.04; y = 0.035, 0.03, 0.02, respectively) was synthesised. The doping range was
based on the individual doping percentages that other research groups investigated.%% 15
171820 The effects of these co-dopants had on the LiFePO4 structure was fully explored using
synchrotron powder X-ray diffraction with Rietveld analysis, Raman spectroscopy and X-ray

absorption spectroscopy.

8.2. Sample preparation

The co-dopants were prepared in a similar manner as the samples discussed in sections 5.2 and
7.2 with a molar ratio of 3,;: 1 —x — Yge: Xz5: Vco: 1po,. The co-dopant precursors were
Zn(NO3)226H20 (98%, Sigma Aldrich) and Co(NO3z)2:6H20 (puriss, Riedel-de Haén) and both
dopants were dissolved in unpurged deionised water before the start of the experiment. The
Zn?*/Co?*-solution was then added separately to the purged FeSO4/HsPO4 solution followed
by LiOH which was added dropwise (one Li* drop every 3 seconds). The Teflon bombs were
filled to 25% of the total volume and placed in the oven. The oven temperature was 120°C and
the synthesis time was 48 hours.

8.3. Results and discussion
8.3.1. Powder X-ray powder diffraction

The PXRD diffractograms were collected for LiFePO4 and the co-doped LiFe1.xyZnxCoyPO4
(x =0.025, 0.03, 0.04; y = 0.035, 0.03, 0.02, respectively) samples. The LiFePO4 sample will
be referred to as the undoped sample whereas the co-doped samples will be coded 2.5Zn-3.5Co
(x = 0.025 and y = 0.035), 3Zn-3Co (x = 0.03 and y = 0.03) and 4Zn-2Co (x = 0.04 and
y =0.02). The LiFePO4 sample was the same sample used in the Chapter 7 for the single dopant
study. Rietveld refinements were performed on all samples (Fig. 8.1 — 8.2) using an X-ray
wavelength determined to be 0.166316(1) A and the reliability factors for the refinements are
in Table 8.1. It was assumed that Zn?®* and Co?* prefer the M2 site and was successfully
incorporated into the structure during the refinement process by keeping the occupancy of the

M2 site fixed to the co-doping concentration. This assumption was based on the occupancy
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errors the small doping percentages produced during the refinement and the preference of Co?*
and Zn?* to occupy the M2 site.* LiFePO4 was identified as the major phase in all co-doped
samples. Minor phases present in the samples are lithiophosphate (LisPOa), the Fe- impurity?°
(141/a, #88), as discussed in section 4.1.2 and tavorite (LiFePO4(OH)). The total impurity
phases in each sample constitutes less than 13% with 3Zn — 3Co having the highest total
percentage (Table 8.2). The total percentage of impurities in co-doped samples are twice as
high as the total percentage impurities in Zn?* single doped samples (Table 7.3). A possible
explanation for this observation is that the two different solutions were added separately to the
FeSO4/H3PO4 solution allowing for more oxygen to enter the purged solution. An unidentified
phase was present in small percentages (indicated by *) as visible in the peak intensity. This
phase was present in the 2.5Zn — 3.5Co sample. The unidentified impurity phase has been
previously observed in other undoped samples (sections 4.2.1, 4.2.2 and 6.3.1) using this
synthetic route. None of the impurity phases contained any of the dopants and it is possible that

both metal ions were incorporated into the structure.
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Figure 8.1: Synchrotron diffractogram of the undoped LiFePO, showing the observed (purple),

calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFePO4 and the Fe-impurity are indicated with the grey and yellow markers.
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Figure 8.2: Synchrotron diffractogram of 2.5Zn — 3.5Co showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections
for LiFePQ,, LisPO4 and the Fe-impurity are indicated with the grey, blue and yellow markers

respectively. (*) indicates the unidentified impurity.
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Figure 8.3: Synchrotron diffractogram of 3Zn — 3Co showing the observed (purple), calculated (green)
and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections for
LiFePO, and the Fe-impurity are indicated with the grey and yellow markers.
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Figure 8.4: Synchrotron diffractogram of 4Zn — 2Co showing the observed (purple), calculated (green)
and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections for
LiFePOs, LisPO4, the Fe-impurity and LiFePO4(OH) are indicated with the grey, blue, yellow and red
markers respectively. (*) indicates the unidentified impurity.

Table 8.1: Reliability factors for each Rietveld refinement.

Rwp Rp Rexp GOF

Undoped 5.06 3.94 16.92 0.30
47Zn-2Co 5.63 4.20 15.84 0.36
3Zn-3Co 5.12 3.96 16.44 0.31
2.5Zn -3.5Co 6.54 4.93 15.39 0.43

Table 8.2: Multiphase analysis (%) for the undoped LiFePOs as well as the doped
LiFel-x-yznxCOyPO4.

LiFePOq4 Fe-impurity LisPO4 LiFePO4(OH)

Undoped 98.65 1.35 - -

4Zn -2Co 90.72 5.26 1.27 2.75

3Zn-3Co 87.83 12.17 - -
2.5Zn-3.5Co 93.450 1.25 5.31 -
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As mentioned in the introduction, Yang et al.®® Chantrasuwan et al.*® and Gao et al.!” all
determined the change in lattice parameters when doping with Co?*. All three studies showed
a decrease in these parameters. The a-lattice constant decreased from 10.321 to 10.295 A,®
10.3328 t0 10.3184 A and 10.3229 to 10.3002 A1 The b-lattice constant decreased 5.984 to
5.960 A, 6.0093 to 6.0013 A and 6.0014 to 5.9893 A.X" Unlike the c-lattice parameters for
the Zn?* that either remained constant or increased the Co?* dopant parameter showed a
decrease from 4.692 to 4.685 A, 4.6949 to 4.6924 A6 and 4.6893 to 4.6791 A1 The lattice
parameters and the cell volume were extracted from the refinements for the LiFePO4 phase and
can be found in Table 8.3. The lattice parameters for the co-doped samples showed a slight
decrease compared to that of the undoped sample. This is could be an indication that both Zn?*
and Co?* successfully replaced some of the Fe?* in the structure. The decrease in lattice
parameters was due to the replacement of Fe?* (0.78A) in a high spin octahedral environment
with Zn?* (0.74A) and Co?* (0.75A).8 101720 Both dopant metal ions have smaller ionic radii
(as indicated in brackets) than that of the Fe?* ion and this decrease in the lattice parameters
was also observed for the individual dopants in other studies.10% 147

Table 8.3: Lattice parameters and volume for the LiFePO4 phase of the undoped and
Zn?* - Co?* co-doped LiFePO4 samples.

a(A) b (A) c(A) Volume (A3)
Undoped LiFePO4 10.367(45) 6.0029(3) 4.7132(2) 293.31(2)
2.5Zn - 3.5Co 10.354(7) 6.0002(4) 4.7114(3) 292.70(3)
3Zn-3Co 10.351(4) 6.0019(2) 4.7078(2) 292.47(2)
4Zn —2Co 10.362(5) 6.0019(3) 4.7125(2) 293.08(3)

The decrease in the b-lattice indicates a shortening in the Li* diffusion pathway.'®2! The 2.5Zn-
3.5Co and 3Zn-3Co samples showed a decrease in the b-lattice parameter. A shorter pathway
is electrochemically more favourable. The cell volume (Table 8.3) for the co-doped samples is
smaller compared to that of the undoped sample. The shrinking cell volume also indicated that
the Fe?* atom was replaced with smaller ionic radii metals.* 1011 1417 The cell volume for
4Zn —2Co only decreases by 0.23A3. This is anomalous to the almost linear decrease in volume
for 2.5Zn — 3.5Co and 3Zn — 3Co. The unit cell volume for the co-dopants is larger than the
cell volume determined for the single dopant. This could be an effect of the higher percentage

of impurity phases present.
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The M2 site was only refined for the undoped LiFePO4 sample but was kept fixed for the co-
doped samples (Table 8.4). The M1 site showed the presence of antisite defects for all the
synthesised samples. Fe on this site could possibly be the cause of amorphous Fe-containing
impurities or the Fe-impurity detected with XRD. The 3Zn — 3Co sample had the highest
percentage of Li* on the M1 site and therefore also the lowest degree of antisite defects present.
The 4Zn — 2Co had the highest degree of antisite defects present on this site of all the samples.
The occupancy on the M1 for the Zn?* (Table 7.4) ranged between 89.97 — 94.64 %. There is
a slight increase in the M1 site occupancies for the co-doped samples (90.90 — 94.74 %).

Table 8.4: Occupancy of Fe?* on the M2 and Li and Fe?* and/or Fe3* on the M1 sites.

M2 site M1 (Li*) site M1 (Fe?*/Fe®") site
Undoped LiFePO; 99.14(7) 92.07(4) 7.93(34)
2.5Zn —3.5Co 94 91.23(9) 8.77(78)
3Zn-3Co 94 94.74(6) 5.26(56)
4Zn - 2Co 94 90.90(5) 9.10(43)

Individual and average interatomic bond distances can be found in Table 8.5 .Shortening of the
average M2-O (Fe-O) and P-O interatomic bond distances stabilizes the LiFePO4 structure and
allows for better cyclic performance.* 1?2 The 2.5Zn — 3.5Co sample exhibited shortening of
both the M2-O and P-O interatomic bond distance. All the co-doped samples showed
shortening of the average P-O interatomic bond distance and not for M2-O. Shortening of these
interatomic bond distances can provide information on the structural and thermal stability. A
shorter distance indicates an increase in stability.* 1 The shortening of the M2-O bonds can
also be an indication of the presence of Fe3*-O bonds. Better electrochemical performance can
be predicted by the widening of the Li* diffusion channel which allows for easier diffusion.*
17,2224 The widening of the diffusion channel is caused by the lengthening of the average
M1-0O interatomic bond distance. The 3Zn - 3Coand 4Zn — 2Co samples exhibited an increase
in M1-O interatomic bond distance and could therefore exhibit better electrochemical
performance. The M2-O interatomic bond distances for the co-doped samples were slightly
longer than those determined for the Zn?* single doped samples (Table 7.5). This could indicate
that the co-doped samples have more Fe?*-O bonds than the single doped samples. The average
P-O and Li-O interatomic bond distances are shorter than those for the for the Zn?* single doped

samples.
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Table 8.5: The individual and average interatomic bond distances (A) of M2-O, P-O and

M1-O.
Undoped 2.5Zn-3.5Co 3Zn-3Co 4Zn -2Co

M2-0(1) 2.177 2.171 2.158 2.178
M2-0(2) 2.069 2.057 2.092 2.083
M2-0(3) (x2) 2.044 2.038 2.043 2.043
M2-0(3) (x2) 2.228 2.218 2.240 2.239
Average M2-0O 2.132 2.123 2.136 2.138
P-0O(1) 1.550 1.523 1.554 1.544
P-0(2) 1.629 1.637 1.606 1.620

P —-0(3) (x2) 1.602 1.608 1.596 1.594
Average P-0O 1.600 1.594 1.588 1.588
M1-0 (1) (x2) 2.184 2.110 2.184 2.188
M1-O (2) (x2) 2.010 2.102 2.080 2.083
M1-0(3) (x2) 2.202 2.171 2.158 2.178
Average M1-O 2.132 2.128 2.141 2.150

8.3.2. Raman Spectroscopy

Raman spectroscopy was used to ascertain if co-doping causes any structural changes to

LiFePO4. Raman analysis was performed on the undoped, 2.5Zn — 3.5Co, 3Zn — 3Co and

47Zn — 2Co LiFePO;4 (Fig. 8.5) samples. The characteristics of the most intense peak caused by

the symmetric stretching of the PO3~ vibrational mode (Fig 8.5 inset) was used to determine

these changes as it is difficult to identify any changes in the fingerprint region.?® Raman

spectroscopy was also used to determine if any other amorphous or low concentration
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impurities were present in the samples. All the vibrational modes for LiFePOs could be

assigned for the undoped and co-doped samples?®22 (Table 8.6).
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Figure 8.5: Raman spectra for the undoped and Zn?* - Co?* co-doped LiFePO, samples. The peaks due
to symmetric stretching of PO~ (950 — 951 cm™) are given in the inset (879 — 1118 cm™).

Table 8.6: Raman modes of the undoped and Zn?*- Co?* co-doped LiFePO4 samples showing
the assigned vibrational modes.

Wavenumbers (/cm) Assignment
Undoped 2.5Zn —3.5C0o 3Zn-3Co 47Zn—-2Co
LiFePO, PO3" rotational
103 103 102 104 4 goFaz'P”a
150 149 152 153 t a“I t.e |
197 198 200 200 rans ? 1ona
243 249 249 245 motion
446 446 445 443 v, (PO37)
572 570 572 571
591 591 592 589 v, (PO3Y)
630 630 630 629
950 951 951 951 v; (PO3Y)
998 997 998 998 5
1068 1071 1069 1070 vs (POZ7)

The peak position for the most intense peak at ~950 cm™ is caused by the symmetric stretching
of the P-O vibration and it showed a minor blue shift (to higher wavenumbers) for the co-doped
samples (Table 8.6). This shift suggests that the P-O bond distances of the tetrahedra are

shorter?®3% which improves the structure stability.* 1?3 All three co-doped samples also have
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shorter average P-O interatomic bond distances (Table 8.6) as determined by XRD (Table 8.5),
supporting what was found with Raman spectroscopy. Using the FWHM of the same peak any
changes in the degree of ordering could be probed.?>3! The FWHM for the undoped, 2.5Zn —
3.5Co, 3Zn — 3Co and 4Zn — 2Co LiFePO4 samples were 7.91, 9.62, 8.60 and 9.82 cm™,
respectively. The FWHM is larger for the co-doped samples than for the undoped sample. This
increase for the co-doped samples suggests that co-doping decreases the degree of order of the
structure caused by the perturbation of the PO3~ vibrations.>3233 Previous studies showed that
this decrease in the degree of order is accompanied by a decrease in crystallinity (decrease in
peak intensity).?> 313 The 2.5Zn — 3.5Co and 3Zn — 3Co samples showed an increase in
intensity whereas 4Zn — 2Co showed a decrease in the intensity indicating a possible slight
decrease in crystallinity although this was not really observed with XRD (Figs. 8.2 — 8.4). The
Zn?* single doped samples showed a shift to slightly lower wavenumbers for all the peaks

including the intense peak at ~950 cm™* indicating slightly less structure stabilization.

Image 8.1: Raman microscopic images of the undoped and Zn and Co co-doped LiFePO,4 samples.

The microscopic images (Image 8.1) again pointed to three different phases being present —
shown as white, reddish brown and black. LiFePO4 was identified as the white phase. The
2.5Zn —3.5Co and 4Zn — 2Co images showed the pronounced red phase more than the undoped
and 3Zn — 3Co samples. The undoped sample showed small reddish-brown crystals whereas
the 3Zn — 3Co sample exhibited predominately the white and black phase. The impurity phases
shown as black, light white and reddish brown in the samples were identified as
LiFePO4(OH)*®, LisPOs* and a poorly crystalline phase that could possibly be o-Fe,Os
respectively. For a-Fe;O3 only a broad peak between 1250 cm™ — 1400 cm™ could be
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identified®” and no other sharp peaks were visible. LiFePO4(OH) was present in the undoped,
4Zn — 2Co samples and possibly in the 3Zn — 3Co samples. LiFePO4(OH) was also detected
in the 4Zn-2Co sample using XRD. In the 3Zn — 3Co sample the black particles produced
poorly crystalline Raman spectra with only a few low intense peaks and the rest of the peaks
were very broad making it difficult to fully identify the phase as LiFePO4(OH). LizsPOs was
present in the 2.5Zn — 3.5Co sample and was also detected using PXRD in the 2.5Zn — 3.5Co
and 4Zn — 2Co. The possible Fe,O3 phase was present in all the samples except for the 3Zn —
3Co samples. Similar phases were identified in the Zn?* single doped samples (section 7.3.1.2).

8.3.3. X-ray absorption spectroscopy

XAS for the Fe K-edge were collected for the undoped and co-doped samples. Before aligning
and merging the data the spectra were truncated at 7708 eV to remove a peak caused by the Co
K-edge and to ensure that the edge was not included in any further analyses. The normalized

spectra (Fig. 8.6) were used for further analysis.
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Figure 8.6: Normalized Fe K-edge spectra for the different Zn-doped samples compared to that of the
LiFePO, — standard (purple). The spectra for undoped, 2.5Zn — 3.5Co, 3 Zn — 3Co and 4Zn — 2Co
LiFePO, samples are indicated in pink, black, green and blue, respectively.

0] XANES:
The same three standards (LiFePOs, FePO4+4H>0 and a-Fe203) used in section 7.3.2.1 were

utilised in this section to compare the peak positions and peak intensities. A more detailed

268



description of the standards used can be found in section 2.2.3.1. All samples display both the
tog (<7112 eV) and eq (~7114 eV) peaks present in the LiFePO, standard (Fig. 8.7).383° Only
minor peak shifts occurred, indicating that some Fe?* has been oxidised to Fe** causing the
shift to slightly higher energy values (Table 8.7). The tog peak of the samples generally showed
slight a decrease in peak intensity whereas the ey peaks of the samples showed an increase in
the intensity (Fig. 8.7 and Table 8.7). This could indicate that the orbitals situated between the
axes experience a decrease in distortion*®® and the ey orbitals that are along the axes might
experience more distortion due to the repulsion present.*® The 3Zn-3Co could experience
similar distortion to that of the LiFePO, standard based on the similarity in the intensity
whereas the lower doping percentage showed an increase in the distortion. The extent to which
the eq peak increased in intensity is higher for the Zn?*-doped samples (Table 7.8) than was
observed for the co-doped samples (Table 8.7). The changes in the intensity can also be

indicative of changes in Fe?* and Fe3* concentrations.
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Figure 8.7: Comparison normalized Fe K-edge XANES pre-edge region of the different undoped and
Zn**- Co** co-doped LiFePO, samples.
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Table 8.7: The different pre-edge peak intensities and peak positions for the undoped and Zn?*-
Co?* co-doped LiFePO4 samples.

sample Peak position 1  Peak intensity Peak position Peak intensity

(eV) 1 (au) 2 (eV) 2 (au)

LiFePOu4 7112.19 0.050 7114.09 0.047
FePOa4 - - 7114.27 0.050
Fe20s - - 7114.43 0.067
Undoped 7112.21 0.045 7114.07 0.048
2.5Zn -3.5Co 7112.45 0.047 7114.28 0.050
3Zn -3Co 7112.37 0.046 7114.08 0.045
47Zn -2Co 7112.39 0.045 7114.31 0.048

The rising absorption edge (Fig. 8.8) showed a shift to higher energies for the undoped and co-
doped samples compared to the standard. This slight shift indicates that some of the Fe?* was
oxidised to Fe* 394! This shift gives the trend of LiFePO4 > 3Zn-3Co > 2.5Zn-3.5Co > undoped
> 4Zn-2Co ranging from the highest Fe?* content to the lowest. The main edge (Fig. 8.8 and
Table 8.8) showed no major peak shift to higher energies but the slight shift did suggest that
some of the Fe?" was oxidised to Fe3* 34243 glthough this was minute because the peak
positions are not close to that of the Fe** standards. The shift in peak positions for the main
edge follow the same trend as described above which is expected. This trend is from the highest

Fe?* content to the lowest.
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Figure 8.8: Comparison of the LiFePO, standard with the different undoped and Zn?*- Co?* co-doped
LiFePO4 samples.
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Table 8.8: The different main edge peak intensities and peak positions for undoped and Zn?*-
Co?* co-doped LiFePO4 samples.

Sample Peak position (eV) Peak intensity (au)
LiFePOu4 7126.97 1.68
FePO4 (not shown) 7131.92 1.54
Fe203 (not shown) 7133.75 1.53
Undoped 7127.26 1.56
2.5Zn -3.5Co 7127.18 1.55
3Zn -3Co 7127.12 161
47Zn -2Co 7127.38 1.50

Linear combination fitting (LCF)

All three standards with the different bonding environments were used to perform LCF analysis
on all the samples (Figs. 8.9 — 8.12). The fitting range used was between 7100 — 7153 eV. The

LCF fitting procedure described in section 2.2.3.1 was also applied here. The R-factors and

reduced chi-square factors are given in Table 8.9.
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Table 8.9: LCF goodness of fit parameters for the undoped and Zn?*- Co?* co-doped LiFePO4
samples.

Sample R-factor Reduced chi-square
Undoped 0.00012 0.000033
2.5Zn-3.5Co 0.00073 0.00020
3Zn-3Co 0.00052 0.00016
47Zn-2Co 0.00111 0.00031

All the samples showed mismatch between the fit and the experimental data. This mismatch
can be described as under fitting compared to the fitted curve. Under fitting indicated that a
bonding environment or different environment was missing from the set of standards used for
the analysis. The results for the fit could be improve if other standards with different bonding
environments were added and included as possible constituents present in the sample.** The
undoped and 3Zn-3Co samples showed the least amount of mismatch indicating that the
standards were suitable in describing the environments present in those samples. The different
standard weightings for each sample were determined through LCF analysis (Table 8.10). The
undoped sample had displayed similar environments to all three standards, whereas the co-
doped samples only had environments similar to LiFePO4 and Fe>Os. The 3Zn-3Co sample had
the highest amount of Fe?" present and the 4Zn-2Co sample had the lowest amount of Fe?*
present. This is somewhat surprising as the 3Zn-3Co sample had the highest percentage of

impurities present as detected by XRD although the Fe-impurity phase contains both Fe?* and
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Fe3*. The trend predicated using the rising absorption edge and the main absorption edge was
confirmed with the quantitative analysis. The highest Zn?* single doped sample (0.77) and co-
doped samples (0.803) shows an increase in the Fe?* weighting. This can also be seen with the
increase in the Fe-O interatomic bond distances for the 4Zn-2Co sample.

Table 8.10: LCF weight percentage of the different components present in the undoped and
Zn?*- Co?* co-doped LiFePO4 samples.

Sample LiFePO4 (Fe?*Os) Fe203 (Fe*Oe) FePO4 (Fe®*Oe)
Undoped 85(1) 8(1) 7(1)
2.5Zn-3.5Co 86(1) 14(3) -
3Zn-3Co 90(1) 10(1) -
4Zn-2Co 80(1) 20(1) -
(i) EXAFS

The same procedure that was used for the doped samples (section 8.3.2.1 (i)) and outlined in
the Artemis User Guide® for the co-doped sample set. For the co-doped sample set each atom
was individually considered to determine how many Fe atoms had to be replaced. Using
equation 1, the replacement of the amount of Fe atoms was determined (Table 8.11). The total
doping percentage of 6% gave a Fe?* replacement of 0.24 atoms. This value is much lower than

the value of 1 and would lead to a high overestimation.
Amount of iron atoms to be replaced = (dopant percentage) X (nr of nearest neighbour iron atoms) (1)

Table 8.11: The amount of Fe to be replaced by the co-dopants in the feff.inp file.

Doping percentage Replacement (Zn?*) Replacement (Co?Y)
2.5Zn - 3.5Co 0.1 0.14
3Zn - 3Co 0.12 0.12
4Zn —-2Co 0.16 0.08
Total doping percentage of 6% 0.24

The individual replacement values (Table 8.11) are also still very low and because of the co-
doping, two Fe?* sites will have to be replaced, one for each dopant and 50% of the available

sites. The modified feff.inp file can be found in Appendix A8.2. Including these atoms were
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attempted and two Fe?* sites were replaced with Zn?* and Co?* with the overestimation of each
dopant to 1. This inclusion led to very high (disorder + error) values and showed no
improvement to the fit. The dopants were not included in the refinements when using an
underestimation to zero dopants in the structure. All the FT-EXAFS are phase corrected.
EXAFS analysis was used to determine if any changes in the local structure occurred upon co-
doping LiFePO4 with Zn?* and Co?*. As a comparison tool between the undoped and different
co-doped samples, the Fe k3-weighted [k3 y (k)] spectra (Fig. 8.13) as well as the magnitude of
the Fourier Transform (Fig. 8.14) was examined. The k-range used for fitting was 3 — 12.350

AL, The k-range had to be shortened due to the truncation of the data.
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Figure 8.13: Comparison of the Fe k3-weighted [k3y (k)] spectrum of the different synthesised
samples (undoped and Zn?*-Co?**co-doped samples).
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Figure 8.14: Phase corrected FT magnitude EXAFS k3 y(k) data comparing radial distance of the
different coordination shells of the undoped and Zn?*-Co?* co-doped samples.
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There were no major changes in the local structure for either the Fe k3-weighted [k3y (k)]
spectra or the FT magnitude spectra. The Fe k3-weighted [k3 y (k)] spectra show slight changes
in the intensity of some features but no major changes indicating no changes in local structure
between samples. The small difference in features could be due to the addition of the co-
dopants. The FT magnitude showed the presence of all three coordination shells previously
noted. The peak positions show that there are possible changes in the interatomic distances or
the changes in the bonding distribution for the first coordination shell due to the shouldering
present for the undoped and 3Zn-3Co samples. There also seems to be a possible correlation
between the co-doping concentration and the peak positions observed in Figure 8.14. All the
co-doped samples show a shorter radial distance compared to the undoped sample. As co-
doping concentration increases for zinc and decreases for cobalt the radial distance increases.
These changes can only be properly investigated by performing EXAFS analysis and
determining the local structure.

Local structure determination

The local structure was determined for the undoped and three co-doped LiFePO4 samples (Figs.
8.15 — 8.18). The fitting method as described in section 2.2.3.2 was used for the undoped and
co-doped samples. This method allowed for the use of a distorted Fe-O octahedra as shown by
a pre-edge region of Figure 8.7. Only scattering paths that improved the fit were added. To
determine if the fit improved, the reduced y?- value was monitored— a decrease in this value
indicated that the fit was improved. To determine the quality of the fit the R-factor, AE, (Table
8.12) and the size of the calculated errors were used. The R-factors were all less than 2%
indicating a good fit.** These R-factors although acceptably low are higher than the R-factors
determined for the fitted data in section (section 4.2.4) and (section 8.3.2.1 (ii)). The AEo as
determined from the fits (Table 8.12) are within the acceptable range of -10 < AEo < 10. The
S2 for the samples were between 0.76 — 0.83 and 14 variables were refined using 22
independent points for each fit. The experimental data together with the fits were presented in
k-space, FT magnitude and real space of the Fourier Transform (FT real) as shown in Figures
8.15-8.18.
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Table 8.12: The reliability factor and energy shift of the undoped and Zn?*- Co?* co-doped

LiFePO4 samples.

Sample R-factor (%) Eo (eV) AEo (eV)
Undoped 0.59 7122.83 -2.4(9)
2.5Zn-3.5Co 0.78 7122.00 -1.8(8)
3Zn-3Co 0.82 7120.90 -1.3(9)
47Zn-2Co 0.73 7121.93 -1.4(8)
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Figure 8.15: (a) The experimental Fe k3-weighted [k3y (k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (pink) and the theoretical FEFF fit
(maroon) of the undoped sample. The fitting range for (a) was 3 —12.350 A * and for (b) 1.3 -5 A.

Kx(k)(A—3)

©  2.5Zn-3.5Co
— fit

Wavenumber (471)

10 12

HRIA™)

O 2.5Zn-3.5Co_magnitude
o 2.5Zn-3.5Co_real
— fit

3 4 5 6 7
Radial distance (A)

Figure 8.16: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (black) and the theoretical FEFF fit
(maroon) of the 2.5Zn-3.5Co sample. The fitting range for (a) was 3 — 12.350 A * and for (b) 1.3 -5
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Figure 8.17: (a) The experimental Fe k®-weighted [k3y(k)] spectrum and (b) the experimental FT

magnitude (top) and FT real (bottom) of the EXAFS k3y(k) data (green) and the theoretical FEFF fit

(maroon) of the 3Zn-3Co sample. The fitting range for (a) was 3 —12.350 A * and for (b) 1.3 -5 A.

0 4Zn-2Co O  4Zn-2Co_magnitude
— fit | R O 4Zn-2Co_real
— fit

K3x(k}A—3)

Wavenumber (A1) Radial distance (&)

Figure 8.18: (a) The experimental Fe k3-weighted [k3y(k)] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXAFS k3y (k) data (blue) and the theoretical FEFF fit
(maroon) of the 4Zn-2Co sample. The fitting range for (a) was 3 —12.350 A *and for (b) 1.3 -5 A

Description of the coordination shells:

All three coordination shells were present in the undoped and co-doped samples. The individual
peaks showed no splitting or flattening indicating the local structure remained the same (Fig.
8.14).6 The coordination shells were once again Fe-O, Fe-P and Fe-Fe. The different shells,
coordination numbers, interatomic distances and Debye-Waller factors describing the disorder
is given in Table 8.13. The average interatomic distances and Debye-Waller factors are in Table
8.14. As seen with the Zn?* single doped EXAFS FT magnitude (Fig. 7.15) and structural
parameters obtained from the fits (Table 7.15 and Table 7.16) the FT magnitude (Table 8.14)
showed more peak feature changes and changes in the radial distance for all three coordination
shells. These changes were again not reflected in the structural parameters (Table 8.13 and
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Table 8.14) that showed almost no deviation with doping percentage. This can be an effect of
the dopants that was not taken into account when doing the EXAFS modelling. As already
mentioned, including such low doping percentages especially replacing two atoms with low
percentages, led to a decrease in the quality in the fit and large disorder errors.

Table 8.13: Structural parameters determined using FEFF for the first, second and third
coordination shells of the undoped and Zn?*- Co?* co-doped samples.

N Average
Sample Shell COEL?T']E‘Ztrlon interatomic D?:é%_r\/\(/ z\lzl)er
distance (A)
Fe-02 4 2.09(1) 0.013(5)
Fe-03 2 2.05(1) 0.011(6)
Fe-P1 1 2.823(8) 0.007(2)
Undoped Fo-p2 4 3.248(8) 0.007(1)
Fe-Fel 2 3.82(1) 0.009(1)
Fe-Fe2 2 4.64(1) 0.012(4)
Fe-01 4 2.13(1) 0.008(2)
Fe-03 2 1.99(1) 0.005(2)
] Fe-P1 1 2.820(9) 0.007(2)
2.5Zn-3.5Co Fe-P? 4 3.244(9) 0.008(1)
Fe-Fel 2 3.82(2) 0.009(2)
Fe-Fe2 2 4.64(2) 0.012(5)
Fe-01 4 2.12(1) 0.007(1)
Fe-03 2 1.98(1) 0.005(2)
] Fe-P1 1 2.825(9) 0.009(3)
3Zn-3Co Fe-p2 4 3.249(9) 0.008(1)
Fe-Fel 2 3.82(2) 0.011(3)
Fe-Fe2 2 4.64(2) 0.010(4)
Fe-01 4 2.12(1) 0.008(1)
Fe-03 2 1.98(1) 0.005(1)
] Fe-P1 1 2.828(8) 0.008(2)
47Zn-2Co Fe-p2 4 3.253(8) 0.008(1)
Fe-Fel 2 3.82(2) 0.009(2)
Fe-Fe2 2 4.64(2) 0.012(5)

The two reported studies by Tabassam et al.*” and Minicucci et al.®8, as described in section
7.3.2.1 (ii), where LiFePO4 was doped with Ni?* (0.69 A)?° was used here as the comparative
study as well. In both studies the effect of doping was investigated using the Fe K-edge and the
Ni K-edge and the focus was on the Fe-O and Fe-P shells. Both co-dopant radii (Zn?*- 0.74 A
and Co%*- 0.75 A)? used in this work and Ni?* are smaller than Fe?* (0.78 A).2° No EXAFS
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modelling for these co-dopants using the Fe K-edge was found and this above mentioned study

will be used.

In this work only the Fe K-edge was used to investigate the effect of co-dopants on the LiFePO4
structure. The average size of the octahedra were not really affected by the addition of co-
dopants or by the concentration range of the co-dopants and the average interatomic distance
remained almost constant (Table 8.14). The longer interatomic distances are longer for the
co-doped samples than for the undoped samples and the shorter distances are slightly shorter
for the co-doped samples than for the undoped samples (Fig. 8.19). The actual position (axial
or equatorial) of the different distances cannot be determined from this work and would be
speculation. For the longer interatomic distances Minicucci et al.*® determined that the longer
interatomic distance is affected by the Ni%* dopant. Co-doping with Zn?* and Co?* in this data
set affected both the shorter and longer interatomic distances to some extent. The shorter and
longer interatomic distances are more or less constant for the 3Zn-3Co and 4Zn-2Co samples
(Table 8.13 and Fig. 8.19). Minicucci et al.*® determined that the degree of disorder increases
over a doping concentration range of LiFe:1xNixPOs where x = 0.03,0.05,0.01,0.015. There
is no change in disorder between the co-doped samples around the shorter interatomic distance
(Fig. 8.20) whereas the disorder around the longer interatomic distance show slightly more
variation (Fig. 8.20). There is less disorder for the co-doped than for the undoped samples.
Tabassam et al.*’ observed the same trend regarding constant disorder around the shorter
interatomic distances. Comparing the Fe-O shells for the Zn?* single doped and co-doped
studies showed that interatomic distances (2.08 — 2.09 A) are similar but that the disorder
(0.010 — 0.011 A?) has decreased quite a bit for the co-doped samples (0.006 — 0.007 A?).
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Table 8.14: The average interatomic distance and average Debye-Waller factor of the first

coordination shell.

Average interatomic

Average Debye-

Shell Sample distance (A) Waller factor (A?)
Undoped 2.08 0.012
Fe-O 2.5Zn-3.5Co 2.08 0.007
3Zn-3Co 2.07 0.006
47Zn-2Co 2.07 0.007
Undoped 3.160 0.007
Fe-p 2.5Zn-3.5Co 3.159 0.008
3Zn-3Co 3.164 0.008
4Zn-2Co 3.168 0.008
Undoped 4.23 0.011
2.5Zn-3.5Co 4.23 0.011
Fe-Fe 3Zn-3Co 4.23 0.011
4Zn-2Co 4.23 0.011
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Figure 8.19: The changes in the interatomic distance of the first (Fe-O) coordination shell.
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Figure 8.20: The changes in the disorder of the first (Fe-O) coordination shell.

For the Fe-P coordination shell Minicucci et al.*® determined that this shell showed no
significant change for either the interatomic distance or the disorder present in this shell. Co-
doping with Zn?* and Co?* had some effect on the shorter interatomic distance but had very
little effect on the longer interatomic distance (Table 8.13 and Table 8.14). The shorter
interatomic distance showed that the disorder was not constant over the co-doping
concentration range whereas the disorder around the longer interatomic distance was the same
for all the co-doped samples (Fig. 8.21). The disorder was either the same or larger for the co-
doped samples compared to the undoped samples (Fig. 8.22). Comparing the Zn?* single doped
samples to that of the co-doped showed that there were similar trends for the interatomic
distances but the disorder had slightly more variation. The average interatomic distances (3.159
—3.160 A) and disorder (0.007 A?) were similar. The Fe-Fe coordination shell showed no
changes in the interatomic distance over the co-doping concentration range. The interatomic
distance was the same for the undoped and co-doped samples (Table 13 and Fig. 8.23). The
disorder was constant for the undoped and co-doped samples but for the 3Zn-3Co sample the
disorder around the shorter interatomic distance increased and the disorder around the longer
interatomic distance decreased (Fig. 8.24). The interatomic distances (4.23 A) and disorder
(0.009 — 0.011 A?) for Fe-Fe coordination shell was the same for the single Zn?* doped and the
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co-doped samples. Figure 8.20a: The changes in the interatomic distance for the second (Fe-P)

coordination shell.
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Figure 8.21: The changes in the interatomic distance of the second (Fe-P) coordination shell.
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Figure 8.22: The changes in the disorder of the second (Fe-P) coordination shell
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Figure 8.23: The changes in the interatomic distance of the third (Fe-Fe) coordination shell.
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Figure 8.24: The changes in the disorder of the third (Fe-Fe) coordination shell
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8.4. Conclusion

Co-doping with Zn?* and Co?* on the M2 site of LiFe1xyZn«Co,PO4 (where, x = 0.025, 0.03,
0.04; y = 0.035, 0.03, 0.02, respectively) using a low cost, low energy hydrothermal synthesis
in Teflon bombs was investigated. No impurity phases containing the dopants were identified
in any of the doped samples but it is possible that the some of the dopants was lost in the filtrate
that was not analysed. The impurities could possibly be reduced or eliminated with additional
purging of the doping solutions. The same undoped sample was used in both the Zn?* single
doped (Chapter 7) and this study and the same defects were observed and the sample was not
without defects. In the 2.5Zn-3.5Co sample two impurities in small percentages were detected
and this sample had the highest percentage of LiFePO4 present. LCF determined that 85.9%
Fe2* was present but this was not the highest Fe?* content as was indicated with XRD. Both
Raman spectroscopy and XRD detected the present of LisPOas in the sample. The pre-edge
region only showed a small increase in the intensity of the eg peak. The 3Zn-3Co sample had
the lowest percentage of LiFePO4 present as detected with XRD although LCF determined that
this sample had the highest Fe?* (90.3%) content. The Fe-impurity detected in the sample has
both Fe?* and Fe®" present and there is a possibility that Fe?* is in a similar environment in
LiFePO4 and therefore shows a higher Fe content. The 3Zn-3Co sample also had the least
amount of defects on the M1 site. The 4Zn-2Co sample had the highest amount of impurity
phases present, the highest impurity content as well as LiFePO4(OH) which is a source of Fe3*.
This additional Fe3* phase could be reason for this sample having the lowest Fe?* content. The
4Zn-2Co sample had the highest percentage of defects on the M1 site as well as an increase in
both the lattice parameters and volume compared to the other co-doped samples. EXAFS
modelling of the Fe K-edge for the co-doped samples showed only slight variations in the
interatomic bond distances and disorder. The effect of doping was more noticeable for the
disorder of the Fe-O coordination shell and showed a decrease in the disorder. To fully
understand the effect that co-doping has on the M-O, M-P and M-M/M-Fe interatomic
distances and disorder, the Zn K-edge and Co K-edge will have to be examined. Compared to
the Zn?* single doped samples, the co-doped samples had a higher percentage of impurities that
is possibly an effect of the addition two unpurged solutions to the FeSO4/H3PO4 solution,
compared to one unpurged solution, introducing more oxygen. The co-doped samples had a
smaller percentage of defects on the M1 sites. The Fe?* content for the Zn?*-doped samples
ranged between 77.0 — 93.6% and for the co-doped samples between 80.3 — 90.3%. The co-
doped samples exhibited improved structure stability based on the P-O bond distances and less
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distortion as shown by the decreased eg peak intensity of the pre-edge. Again, the Fe-O

coordination shell showed almost no change in the interatomic distances but the co-doped

samples had a lower disorder than the Zn?* doped samples. This study thus showed that co-

doping is possible using this synthetic route although there are still defects that need to be

reduced/eliminated.
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Chapter 9

General conclusions

The main aim of this thesis was to develop a method using homemade Teflon bombs which
require the use of moderate temperatures in order to synthesize LiFePO4and with the goal to
produce a pure product with few defects and with very little cation distribution between the
M2 and M1 site. Different synthetic modifications were applied in an attempt to reduce the
defects that were formed at the moderate reaction temperatures and to minimize the Fe*
content. It was important to determine how each modification affected the product, so they
were thoroughly characterized. In this process it was attempted to exclude the additional heat-
treatment step under an inert atmosphere at temperatures ranging between 450 - 800°C. Using
homemade Teflon bombs as the reaction vessel it was shown that it was possible to produce
phase pure samples without a further heat-treatment step or by including a reductant, although

reproducibility was problematic.

Although the Teflon bombs were able to produce phase pure LiFePOa it was not defect free as
seen with the presence of antisite defects, Fe** content and possible amorphous phases. The
optimal pressure was reached when the Teflon bombs were filled to 25% and not to higher
percentages such as 50% or 75%. The 3:1:1 ratio of the precursors (Li:Fe:PO4) was the highest
ratio that was considered and was also the optimum ratio here as well as that used in literature.
One of the major synthetic challenges was preventing the oxidation of Fe?* to Fe3*. In an
attempt to prevent this from occurring all the solutions were purged with nitrogen throughout
the synthesis. This seem to be the main issue resulting in the variability between samples. The
Fe3* appears to be incorporated into the structure and could affect the performance of the
battery. Thus, although the LiFePO4 was phase pure, incorporated Fe** would also act as an

impurity.

Many methods in literature stated that the Li* must be added dropwise to the Fe-PO4 solution,
particularly when using a solution-based synthesis. It was found that the rate at which the
addition occurs does have an effect of the LiFePO4 product, especially when looking at a
system with Li* in excess. It was also seen that it possibly affects the formation of LisPOa as
an impurity phase. For the system investigated here it was suggested to use an addition rate of
on drop every 3 seconds. It appeared that longer addition times should be avoided as it increases
the Fe3* content possibly due to the increasing probability of exposure to air. This factor could
be mitigated by working in a glovebox. Another aspect that could be important but was not
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investigated here is the drop size. The drop size could have an effect on the addition rate and

the formation of certain impurity phases.

To further investigate the effect of air on the samples, once all the precursors were mixed but
before placing them in the sealed bombs and into the oven, samples were left in air under
continuous stirring for between 3 minutes and 4 hours. By 4 hours all the Fe?" had been
oxidized to Fe*". This clearly showed that the impurities, defects and Fe3* content increases
with exposure time. A comparison between the purged sample and the sample exposed to air
for 3 minutes showed that even at short exposure times there was about a 10% difference in

Fe?* content indicating the oxidation occurs rapidly in air.

The commercial LiFePO4 (C-LFP) sample was fully characterize since it was used as a standard
to analyze the XANES region. C-LFP was quoted to be >97% pure as determined using X-ray
fluorescence, a technique not applied in this thesis. Both Fe.O3 and FesO4 were found to be
present in the sample as amorphous phases together with an unidentified phase. The local
structure was similar to the results reported in literature indicating that the presence of the
impurity phases did not affect the local structure of LiFePO4. The XANES region of the C-LFP
sample showed that the intensity was lower for all the synthesized samples for the tog peak but
for the eq peak the intensities were either similar or higher for the synthesized samples. The
EXAFS region of the more promising synthesized samples compared to that of C-LFP showed
similarities in the average interatomic distances as well as the disorder for the Fe-O
coordination shell. The disorder for the Fe-P and Fe-Fe coordination shells tend to be smaller
than the determined values for the synthesized samples.

Since doping is often to for improve the ionic conductivity and structure stability in LiFePOa,
it was of interest to investigate whether doping could be successfully achieved on the M2 site
using this synthetic procedure and if this had any effect on the Fe** content. Both single doped
(with 1 — 3% Zn?*) and co-doped (with a total Zn?* and Co?* doping percentage of 6% with
varying ratios) samples were considered. A slight decrease in the lattice parameters were
observed and the Raman spectra showed slight peak shifting for some of the samples, to higher
wavenumbers for the PO3~ vibrational modes, indicating that the metals ions were most likely
incorporated into the structure. This was expected due to the smaller radii of both Zn?* (0.74
A) and Co?* (0.75 A) compared to that of Fe>* (0.78 A). There was no real indication that either
doping or co-doping had any effect on the Fe?* content. The mid-range of the co-doping

concentrations had a higher percentage of the Fe-impurity phase (Fes44(PO4)1.9802.08) present
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that the other synthesized samples. The XANES region showed that the distortion around the
Fe atom was more pronounced for the doped than the co-doped samples, but from the EXAFS
data no changes in the local structure was observed even for a co-doping percentage as high as
6%.

Different characterization techniques were used and considered to get a full picture of both the
average and local structure. This was deemed necessary since different techniques highlight
different aspects within the structure and are therefore complementary. PXRD is a reliable
technique for determining the average structure and for phase identification but cannot be used
to determine amorphous phases or accurately determine the percentage of defects present or
the Fe?* content. Raman spectroscopy compliments PXRD really well and was useful for
identifying similar impurity phases detected using PXRD, amorphous phases and any changes
in the crystallinity. The weakness of this technique is that it can be difficult to identify and
assign the fingerprint region together with different phases due to the overlap of some peaks
with that of LiFePOa. Another possible limitation with this technique is that different spots will
have to be sampled to get the full picture of the sample and the impurity phases, however, this

does highlight the inhomogeneity within the sample.

As the oxidation of Fe?* to Fe** due to exposure of the precursors to air played an important
role in this thesis, the Fe K-edge and Mdssbauer spectroscopy was both used to assess the
different Fe environments. These techniques provide complimentary information, especially
when determining the Fe?* content, and they are able to detect both crystalline and amorphous
phases. The pre-edge region using XAS is sensitive to changes in the oxidation state as well as
the distortion, but references are generally needed especially when gauging the changes in the
distortion. To obtain quantitative data on changes in the Fe?* content LCF can be used, but to
effectively use LCF a large library of standards is needed consisting of the different
components present in the sample. Mdssbauer spectroscopy in this regard could be considered
a superior technique as no library of standards is needed to evaluate the Fe?* content.
Massbauer spectroscopy is also very beneficial when it comes to identifying different Fe?* and
Fe3* environments as seen in this thesis. In this case a proper understanding of the possible
environments is required to adequately identify these different types of environments. Even
though the techniques have their strengths and weaknesses, it was really important to use the
information gained from all of them to get an overall picture of the structural changes that occur

with each synthetic modification.
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Future improvements, problems and additional work into the investigation of this methodology

and work would be:

One of the most important observations was that air has to be excluded completely during
the synthesis especially when not using a reductant or a heat-treatment step. Purging did
not appear to be completely sufficient in doing so. A solution to this would be to conduct
the synthesis entirely in a glovebox which could also improve the reproducibility.
Unfortunately, one was not available for this work.

Using homemade Teflon bombs posed certain challenges such as determining the exact
temperature at which the reaction occurs inside the bombs. Incorporating a thermocouple
to determine this would be difficult especially with the design of the Teflon bombs.

As this is a hydrothermal synthesis which requires filtration to separate the product from
the solvent, there is a possibility that either some of the Li*-ions, dopants or the co-dopants
remained in the filtrate and was not incorporated into the structure. Thus, it would be
beneficial to analyze the filtrate as well. This would provide additional insights into the
plausibility of the synthesis and the incorporation of the ions into the structure.

The electrochemical performance of cells incorporating the synthesised materials would be
very beneficial in determining how successful the synthetic modifications were and
especially to see the effect of the incorporated dopants. In order to fully understand how
these changes affect the electrochemical performance, however, the reproducibility of the

method still needs to be refined.
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Appendix A

Al. Synchrotron PXRD calibration using LaBs

AR

nnnnnnnnn

with a wavelength of 0.167057(4) A.

Table Al: Rietveld error indices for the calibration of 28-1D-1 at BNL of NIST 660c from the
refinement of Figure Al.

Rwp 4.06

Rp 2.99
Rexp 12.99
GOF 0.31
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Figure A2: The Rietveld refinement plot for the calibration of 28-ID-1 at BNL of NIST 660c (LaBs)
with a wavelength of 0.166316(1) A.

Table A2: Rietveld error indices for the calibration of 28-1D-1 at BNL of NIST 660c from the
refinement of Figure A2.

Rup 5.63

Rp 3.75
Rexp 9.38
GOF 0.60
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Figure A3: The Rietveld refinement plot for the caiiBE'rE;tion of the Bruker D8 Advance of NIST 660c
(LaBe) with a wavelength of 0.709313(4) A.

Table A3: Rietveld error indices for the calibration of the Bruker D8 Advance of NIST 660c
(LaBe) from the refinement of Figure A3.

Rup 11.29

Rp 6.82
Rexp 3.51
GOF 3.22

A2. Experimental components for XAS

XAS beamlines typically have a setup that contains slit, collimating mirrors, double toroidal
mirrors, a monochromator, harmonic rejection mirrors and ionization chambers.}? The slits
block unwanted X-rays and also defines the profile of the X-rays. Primary and secondary slits
were present for this experiment. The Si collimating mirrors coated in Pt? were used to filter
the X-rays and the double toroidal mirrors, also coated in Pt?, was used to focus the horizontal
and vertical branched beams onto the sample. A monochromator is used to select the energy of
the X-ray and the monochromator used in this experiment was a Si double crystal (crystals that
are placed parallel to each other) monochromator with the atomic plane (111).}? Harmonic
rejection mirrors are needed to reduce the harmonic content in the X-rays. The measurement
can be influenced by the harmonic X-ray intensity and it therefor has to be reduced. The mirrors
are placed such that the harmonic X-rays are reflected away from the sample and only the
fundamental energy X-rays are directed towards the sample.l? lonization chambers are used
for X-ray absorption measurements. These detectors are spaces filled with gas with a plate on
each side parallel to each other where the gas particles are ionized by some of the X-rays. A
current is created by applying a voltage that separates the gas. A change in the X-rays of

incident produces a linear detector response.*
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A3. >Co decay scheme and the description of a Mossbauer spectrometer.
A3.1. Decay of °’Co to ®>'Fe

The parent isotope of °'Fe is >’Co and mostly decays to the 136.3 keV excited energy level of
S"Fe. The excited nucleus of >’Fe can now decay in one of two ways to the ground state (Fig.
A4). The first deexcitation is from the excited state directly to the ground state the second
occurs via the 14.4 keV energy level where the release of a y — ray of the same energy occurs.

The 14.4 keV y — ray is in turn absorbed by the sample of the same energy. 3

"'Co

Ee

""Fe 136.3 keV

14.4 keV

’—\_/_\._/_\_/'\_r
E, ,

Figure A4: The decay scheme of °’Co to *'Fe producing a y — ray with energy 14.4 keV.?

A3.2 Experimental setup

A Mdssbauer spectrometer set up for transmission experiments consist of four major parts: (1)
the Mdssbauer source and absorber, (2) the drive system, (3) the y — ray detector and (4) the

data acquisition system.*> A schematic of the setup is shown in Figure A5.
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Figure A5: A schematic of the experimental setup for transmission measurements.*°

A3.2.1 The Mdssbauer source and absorber

The source consists of the radioactive parent isotope such as °’Co embedded in an Rh matrix
and the decay of the isotope should include the Mdossbauer isotope that is present in the
absorber. The absorber contains the same Mdssbauer isotope, as found in the source, but is

stable and not radioactive.

A3.2.2 The drive system
Most Mdssbauer spectrometers with a transmission setup are operated in constant-acceleration

mode.® This mode allows for the drive velocity to linearly sweep up-and-down (the mode being
either triangular or saw-tooth). The source is attached to the one end of the drive and with the
up-and-down sweeping the source is moved relative to the absorber and is responsible for the
modulation of the y — ray emission and is powered by the drive control unit.> The function
generator connected to the drive control unit provides the reference voltage. The sweeping at
constant acceleration creates a waveform as the voltage increases with time and the source and
the drive would be at the same velocity increment for the same amount of time. The drive is

also synchronized with the multi-channel analyzer (discussed in the data acquisition section)
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such that the velocity, when moving from —v to +v, changes linearly and increases with the

channel number.*

A3.2.3 The y — ray detector
The detector is responsible for converting the transmitted photons into electric pulses and is

sensitive to the photon from the Mdssbauer atom. Common detectors are proportional counters
that are filled with gas such as Ar, Kr or Xe.® These gases can detect the transmitted y — rays,
where the electric pulses are proportional to the incident y — ray energy. The voltage also
changes with that of the electric pulses.* The pre-amplifier and amplifier are connected to the
detector and are responsible for amplifying and shaping the pulses from the detector. After
amplifying the pulses, they pass through a discriminator that is responsible for rejecting

background radiation that did not undergo resonant absorption.*

A3.2.4 Data acquisition
The single-channel analyser (SCA) is responsible for the discrimination between pulses. The

pulses with the correct radiation will go to the MCA where the rest of the pulses will be
rejected. The multi-channel analyser (MCA) receives pulses from the SCA and is the central
for storing the pulses and data acquisition.’> The data acquisition module that was used was
CMCA-550. The data is acquired in Pulse-Height mode (PHA)® and spectrum containing the
pulse height stochastic frequency is collected. The pulse height is proportional to the incident
photon energy.® The height of the input pulses can be determined digitally and is then allocated
to a channel number based on the pulse height. The channel number and voltage have a linear
relation, i.e. pulses with a higher voltage (amplitude) would be stored in higher channel
numbers. Upper levels (UL) and lower levels (LL) of the voltage can be set, thus all the input
pulses outside the set range would be discarded. The software Wissoft2003 can discriminate
between pulses inside and outside the set window.® For °’Co, the pulse height spectrum shows
three peaks: 6 keV, 14.4 keV and 21 keV as shown in Figure AG.
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Figure A6: PHA spectrum for %’Co showing the different energy lines.

For Mdssbauer spectroscopy the 14.4 keV is selected (Figure A7). Switching the mode to
Multi-Channel Scaling (MCS), the digital values of the analog pulses are obtained by feeding
these pulses into the analogue digital converter (ADC) from the main amplifier. In this mode

only the pulses within the selected range (Figure A7) are counted.®

mumlum )

Figure A7: PHA spectrum for 5’Co showing the selected 14.4 keV.
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Each channel corresponds to a velocity range increment and the counts stored in these channels
produces the Mdssbauer spectrum given as the counts vs. the Doppler velocity. The produced
spectrum is doubled relating to the up and down motion of the velocity sweep (triangular mode)
where the velocity values appeared twice and was folded around the point of symmetry to give

the final spectrum.>®

A.4. Mdssbauer spectroscopy calibration

The Massbauer spectra calibration for °’Fe was performed using a-Fe foil. The thickness of the
standard was 12um with a purity of 99.99%. After a few hours of running the measurement a
reasonable Mdssbauer spectrum was obtained. The number of channels used to record the
spectrum was 512. The resulting spectrum consisted of mirror images of the same spectrum
but opposite velocity scales (as described above). The spectrum has to be folded around the
point of symmetry to obtain the average structure. Folding reduces the length of the data to the
use of 216 channels (half the amount of channels) and leads to an increase in the signal-to-
noise ratio.’> The spectrum obtained for the a-Fe foil consists of six lines with positions (Fig.
A8) at (-5.3, -3.1, -0.8, 0.8, 3.1 and 5.2) mm/s’ with hyperfine splitting of D1 = 1.677 mm/s, D

=6.167 mm/s and D3 = 10.657 mm/s and with the zero velocity in the center.’

defined. v=0!
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Figure A8: The Mdssbauer spectrum of a-Fe foil showing the six line positions and the hyperfine
splittings.®

The spectrum of a-Fe foil in transmission mode is shown in Figure A9. The spectrum was fit
using Vinda®, a Microsoft excel Add-In. A summary of the fitting process used for the samples
can be found in section A5. The spectrum shows six different line positions with intensities of
3:2:1:1:2:3. A theoretical spectrum was used to compare the a-Fe foil and the determined

hyperfine parameters were the magnetic field, Bht = 32.9T, AE;, = 0 mm/sand § = 0 mm/s.
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These values were in good agreement with cited values (Bhs = ~33T, AE;, = 0 mm/s and § =

0mm/s).°
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Figure A9: The calibration spectrum of the a-Fe foil recorded in transmission mode.

A5. Mossbauer data analyses using VindaD and y?- values for fits
A5.1 Data analysis using Vinda

Individual Mdssbauer spectra fitting were performed using Vinda® which allows for analysis
of the data using an Excel Add-In called VindaD (Fig. A10). To load the Mdssbauer spectrum
a ‘Spec-sheet’ has to be opened (Fig. A10 — 1). The ‘Spec-sheet’ contains the measurement
information, the plotting window as well as data columns. Next the spectrum from the chosen
measurement can be added (Fig. A10 — 2). By loading the spectrum the measurement
information and the data columns are replaced with the spectrum data (Fig. A11) and it allows
you to choose the calibration file that was used to determine calibration spectrum (Fig. A9).
The desired model for the analysis can then be chosen from the model list built into the
program. A model can be added for every environment present in the spectrum (Fig A11). The
model used for the samples was a Voigt doublet. By solving the background, hyperfine

parameters (AE, and &) line widths and the areas the chi-squared (Fig Al1) value can be

minimised. This can be done by using the Solver Add-In in Excel.
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Figure All: After loading of the spectrum the spectrum information as well as the plot is added to the
different fields. Different models can be selected to account for the different environments. The

objective is to minimize the chi-square by solving different parameters.

Ab5.2 Error Analysis

To perform error analysis on the parameters (Figure A12) such as the isomer shift, quadrupole splitting

and, line width and area of the doublet it is based in the chi-square value in F30 and normalized by the

number of points (256 points). Three iterations would provide a good
three made no difference in error values.

Error Analysis

Cells Options
Chi~2 $F$30 - Number of 256
Variables

Tteration 3

~ Use coupling (not
implemented yet)

| =l

OK | Cancell Help |

Figure A12: Error analysis box in Vinda.

analysis and using more than

et
Qutput options

" Message box

" New sheet

@ Rig

(" Copy-sheet

The chi-square value determined from the minimisation is used to assess the difference between

the calculated (simulated) and the measured (data) spectrum for each channel (i) and can be

mathematically expressed as:®

N (data;— simulation;)?
i=1

X=X

data;

(Al)
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Ideally y? should be close to 1 as 1 represents the perfect fit. The y? determined for all the

samples used in this thesis can be found in Table A4.

Table A4: The determined y?2 value along with the sample name and the chapter the data was

used in.
Chapter Sample x?

12hours-25 151
48hours-25 1.11
LFP-3b 1.34
LFP-P1 1.83

Chapter 4
LFP-P2 1.11
LFP-1 1.40
LFP-2 1.21
LFP-3 1.22
1sec 1.43
3sec-1 1.25

Chapter 5
3sec-2 1.36
4sec 1.04
Purged 1.68
3min 1.29
Chapter 6 30min 1.92
1hour 1.28
4hours 1.02
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AG. Scripts used for PDF Gaussian fitting

The command shell iPython (v7.19.0) was used to run the scripts written in Notepad++ (saved

as a python file) as shown in Figure A12. The directory name and the python file changes for

different scripts.

Bl Python: C:IPhD work/gaussian fit using python - O ®

Figure A13: An example of the prythdn window.
PDF Gaussian fitting

To determine the peak position, the peak integral intensity and the full width at half maximum
that was used for the model independent analysis, an in-house python script was developed.
The script uses NumPy*® which is allows for the use of mathematical functions. Figure A14,
Figure A15 and Figure Al6 is an example of the script in notepad++, the fitted peak and the
information output, respectively.
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from numpy import loadtxt
1s

lot as plt

ptimize import curve fit
from scipy import asarray as ar,exp
import pandas as pd

x=1]

y=11

o ). ) as csvfile: #Oper
.reader (csvfile, delimiter=','}

y .5) #change normalization value for row[1]##
zip (x,y)
with open( *, 'w') as f: {#Writing normalized data to a temp txt file for further fitting#$
writer = csv.writer(f, delimiter= )
writer.writerows (zip(x,y))

int (out . fit_report (min_correl=0.25), file-open( -, )) ¥Export txt file

c.plot(x,y, marker— h=0.0, markersize-3, color= , mfe= , markeredgewidth=0.3, label=- )
t.best £i ', labsl= B
, framecn=False)
)
, dpi=300, bbox_inches= )

ig(
t.show()

Figure Al4: The script used for fitting a Gaussian model to a PDF peak.

£ nons, Observed data
0.18 1 a N —— Gaussian fit

G (A-2) normalized

52 5.4 56 5.8
r{A)
Figure A15: The individual PDF peak and the Gaussian fit.

| Gaussian output ynorm - Notepad
File Edit Format View Help
[[Medel]]
Model(gaussian)
[[Fit statistics]]
# fitting method = leastsq

# function evals = 21
# data points =84
# variables =3
chi-square = 9.909206529
reduced chi-square = 2.5497e-85
Akaike info crit = -885.517514

Bayesian info crit = -878.225063

[[Variables]]
amplitude: ©.11761954 +/- 6.6799e-84 (0.57%) (init = 8.1212524)
center: 5.48481736 +/- ©.00149100 (2.83%) (init = 5.485)
sigma: @.2463678@ +/- ©.80177498 (8.72%) (init = @.265)
Fuihm: ©.58015181 +/- ©.88417975 (@.72%) == '2.354820@*sigma’
height: 8.19046081 +/- 9.8438e-84 (©.52%) == '@.3989423*amplitude/max(2.220446049250@313e-16, sigma)’

[[Correlations]] (unreported correlations are < ©.25@)
C(amplitude, sigma) = @.7@2

Figure A16: The information output after executing the script shown in Figure Al4.

AT Integrating the 2-dimensional PXRD data to a 1-dimensional diffractogram

Data had to be integrated for both the calibrant (Fig. A17) and the samples (Fig. A18) using
Fit2D.!! The beam stop has to be masked properly in both cases. The next step was to determine

and define the geometric and instrumental parameters for the calibrant. The starting values for
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the sample to detector distance and the wavelength was chosen as 405 mm and 0.166350 A.
The refineable parameters were the XY beam centre and the sample to detector distance. The
wavelength was not set to refine as this was refined when refining the LaBe structure in
TOPAS. Next the coordinates were chosen for the inner ring and this allows the coordinates
on the outer rings to be chosen automatically. The image can now be integrated and the
parameters refined. The refined values for the sample to detector distance was 409.4343 mm,
for the X-pixel coordinate of the direct beam was 1009.038 and for the Y-pixel coordinate of
the direct beam was 1030.653.

300 400 600 sonl 1000 1300 W00 1600 1500 3000
1 L 1

20003 F- 2000 w00

18003 F- 1800
16003 E- 1600
14003

Integrate

E- 1200

E- 1000 - e E

F- 800 50

12003

owsz
1000

5003

600 E- 600

4003 E- 400

200 E 200

T ALY B e s s L b ] 1 1 1 1 1
o 200 400 600 800 1000 1300 1400 1600 1800 2000 o 5

0 15 20

Columaz @-Thets Sngle (Degrecs)

Figure Al7: Integrating the 2-Dimensional data to produce a 1-Dimensional powder pattern for the
calibrant LaBs. The masked beam stop is shown in red.

Integrating the 2-Dimensional data to produce the 1-Dimensional diffractogram for the samples
(Fig. A18) only needed the beam stop to be masked and then to use the geometric and

instrumental parameters that was refined for the calibrant and use it as the sample parameters.

T TT T T T T T T T T T T TT
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Figure A18: Integrating the 2-Dimensional data to produce a 1-Dimensional powder pattern for the
LiFePO, sample. The masked beam stop is shown in red.
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A8. Modifying the FEFF.inp to account for doping and co-doping by adding a single
scattering path for the dopant

To calculate the scattering paths used for the EXAFS signal fitting an undoped LiFePO4 CIF*?
is used (Fig. A19 and A20). To account for the dopants or co-dopants the FEFF.inp has to be
modified to include the dopants (Fig. A21) and co-dopants (Fig. A23) and to allow for the
scattering path for the dopant (Fig. A22) and co-dopants (Fig. A24) to be calculated. Using
the calculation shown in Chapter 7 and Chapter 8 the amount of neighbouring Fe atoms that
have be replaced by the dopants was calculated. All replacements shown here was an

overestimation of the dopant amount.

X Astemis [Feff] Atoms and Feff - ] X % Artemis [Feff] Atoms and Feff - ] X
@ Rename g Discard & FeffinDemeter  ff Feft doc 0 Rename R Discord 5 FeffinDemeter f§ Feff doc
% terve &
50 aoms o8 el M Paths 2@ Path-like ‘@ Console .’z‘ Atoms % Feff Fadl paths 2@ Path-like ‘@ Console
3} e =
r & 0O % & P & 0O % 2
Openfile Savefile Clearall Template Run Feff Openfile Savefile Clearall Template Run Feff
Name: | Artemis Margin: | 0.03 Beta: |3 nlegs: @4 O6 Name: | Artemis Margin: | 0.03 Beta: |3 nlegs: @4 O6
Feff input file Feff input file
TITLE X-ray diffraction data ~ ~
HOLE 1 1.0 * FYI: (Fe K edge @ 7112 eV, 2nd number is 50-2)
* mphase, mpath, mfeff, mchi
CONTROL 1 1 1 1
PRINT 1 o
RMAX 5.0

* POLARIZATION 0.0 0.0

POTENTIALS
*ipot Z tag
0 28 Fe
1 3 Li
2 26 Fe
3 1s P
4 ]

* this list contains 133 atoms
z distance

> <

Figure A19: The FEFF.inp of the undoped LiFePQO, resulting in four different nearest neighbour Fe
atoms (indicated in red).
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.ﬁ Artemis [Feff] Atoms and Feff

I Rename g Discard §Feﬁin0em¢ter ' Feff doc

{
é Atoms o8y Feff g Paths & Path-like Q Console

& @ kR Re im

Rank

Save Plotpaths x(k) [x(R)| Relx(R)] Im[x(R)]

Name of this Feff calculation: J Artemis

Description

TITLE Triphylite

R R

TITLE Lithium iron phosphate (V)

The central atom is denoted by this token: @
Cluster size = 5.00 A, containing 132 atoms
154 paths were found within 5.000 A

Forward scattering cutoff 20.00

Scattering Paths

Degen Reff Scattering path

3.€€0 @ Lil.3

3.€€5 @ 03.3

single scatte

single scatte

@ Fel.l

Figure A20: The undoped LiFePO, produces one Fe scattering path (indicated in red) with a high

ranking.

A8.1 Modification of the FEFF.inp to determine the Zn scattering path

[ Artemis [Feff] Atoms and Feff = ] X E Artemis [Feff] Atoms and Feff = [m] X
I Rename w Discard § Feff in Demeter ' Feff doc ) Rename ﬁ Discard g Feff in Demeter ' Feff doc
é Atoms % Feff ‘g Paths & Path-like Q Console é Atoms % Feff Lg Paths & Path-like e Console
“ 8§ 0 % & v a0 % &
Openfile Savefile Clearall Template Run Feff Openfile Savefile Clearall Template Run Feff
Name: | Artemis | Margin: [0.03 | Beta: [3 | nlegs: @4 O6  Name: [Artemis | Margin: [003 | Beta: [3 | nlegs: @4 O6
Feff input file Feff input file
- 1.93580 0.00000 -2.61119 3 Pl.2 3.25049 ~
TITLE Triphylite -3.23020 0.00000 0.50242 3 Pl1.3 3.26904
TITLE Lithium iron phosphate (V) -1.27001 3.00500 -0.26519 3 Pl.4 3.27311
TITLE Li Fe (P 04) -1.27001 -3.00500 -0.26519 3 Pl.4 3.27311
TITLE Strel'tsov, V.A. (Streltsov, V.A.) 2.9159%0 1.50250 0.11861 1 Lil.l 3.28238
TITLE Multipole analysis of the electron density in triphylite, Li Fe P 04, 1 2.915%0 -1.50250 0.11861 1 Lil.l 3.28238
TITLE X-ray diffraction data -3.25003 0.00000 -1.02056 4 O01.2 3.40650
-1.25017 3.00500 1.25778 4 O1.3 3.48927
HOLE 1 1.0 * FYI: (Fe K edge @ 7112 eV, 2nd number is S0+2) -1.25017 -3.00500 1.25778 4 01.3 3.48927
* mphase, mpath, mfeff, mchi -2.25010 1.50250 -2.22739 1 Lil.2 3.50453
CONTROL 1 1 1 1 -2.25010 -1.50250 -2.2273% 1 Lil.2 3.50453
PRINT 1 0 0 0 -2.25010 1.50250 2.46461 1 Lil.3 3.65989
-2.25010 -1.50250 2.46461 1 Lil.3 3.65989
RMAX . 1.20512 1.22328 -3.23720 4 03.3 3.€6445
* POLARIZATION 0.0 0.0 0.0 1.20512 -1.22328 -3.23720 4 03.3 3.66445
3.35914 0.00000 1.49797 ol 20
POTENTIALS 0.66579  3.00500  2.346068 znl.l __ 3.87002>
* ipot z tag 0.66579 -3.00500 2.34¢€0 o
0 26 Fe 0.6€6579 3.00500 -2.3460
1 3 Li 0.66579 -3.00500 -2.34600 -
2 26 Fe -1.80686 0.00000 -3.60674 4 02.3 4.03402
3 15 P 1.91597 0.00000 3.60378 4 Ol.4 4.08144
4 8 [0} 2.47265 3.00s500 -1.26074 4 02.4 4.090¢€¢€
2.47265 -3.00500 -1.26074 4 02.4 4.09066
% -2.69335 3.00500 -0.84803 4 02.5 4.12350 v
< > < >

Figure A21: Adding Zn to the atom list (indicated in green) produces one Zn nearest neighbour
(indicated in green) and three Fe nearest neighbours (indicated in red).
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E Artemis [Feff] Atoms and Feff - O X

@) Rename ﬁ Discard gFeffinDemner ' Feff doc

é Atoms ey Feff (iﬂ Paths & Path-like e Console
H K IRl Re [m

Save Plotpaths (k) [x(R)| Re[x(R)] Im[x(R)] Rank

Name of this Feff calculation: l Artemis

Description

TITLE Triphylite ~
TITLE Lithium iron phosphate (V)

The central atom is denoted by this token: @

Cluster size = 5.00 A, containing 132 atoms

160 paths were found within 5.000 A

Forward scattering cutoff 20.00 v

-

Scattering Paths

Reff

Degen

Scattering path

Figure A22: The Zn doped LiFePO, produces one Zn scattering path (indicated in green) with a very
low ranking and one Fe scattering path (indicated in red) with a higher ranking.

A8.2 Modification of the FEFF.inp to determine the Zn and Co scattering path

(¥ Artemis [Feff] Atoms and Feff — O X Bl Atemis [Feff] Atoms and Feff - o x

) Rename ﬁ Discard gFﬂlnDemdev ' Feff doc

% Atoms % Feff ‘Z’g Paths & Path-like Q Console
v 80 % 8

@) Rename ﬁ Discard g&ffm[)emﬂer ' Feff doc
¢
é& Atoms % Feff Paths & Path-like Q Console
v a0 % &

Openfile Savefile Clearall Template Run Feff Openfile Savefile Clearall Template Run Feff
Name: [A"tem's ‘ Margin: ‘0-03 | Beta: ‘3 | nlegs: @4 O6 Name: | Artemis ‘ Margin: ID.OS | Beta: |3 ] nlegs: @4 O6
Feff input file Feff input file
TITLE X-ray diffraction data ol 2.915%0 -1.50250  0.11861 1 Lil.l 3.28238 ~
-3.25003  0.00000 -1.02056 4 Ol.2 3.40650
HOLE 1 1.0 * FYI: (Fe K edge @ 7112 eV, 2nd number is S0~2) -1.25017 3.00500 1.25778 4 01.3 3.42927
b mphase, mpath, mfeff, mchi -1.25017  -3.00500 1.25778 4 0l1.3 3.48927
CONTROL 1 1 -2.25010 1.50250 -2.2273%9 1 Lil.2 3.50453
PRINT 1 o o ] -2.25010 -1.50250 -2.22739 1 Lil.2 3.50453
-2.25010  1.50250  2.46461 1 Lil.3 3.65999
RMAX 5.0 -2.25010 -1.50250 2.46461 1 Lil.3 3.65989
* POLARIZATION 0.0 0.0 0.0 1.20512  1.22328 -3.23720 4 03.3 3.66445
1.20512 -1.22328 -3.23720 4 03.3 3.66445
POTENTIALS 3.35914  0.00000  1.49797 4 02.2 .67801
*ipot Z tag 0.66579  3.00500 2
0 26 Fe 0.66579  -3.00500
1 3 Li 0.66579  3.00500 X
2 26 Fe 0.66579  -3.00500
3 15 P -1.80686  0.00000 4 ~0340
4 8 0 1.91597  0.00000  3.60378 4 Ol.4 4.08144
< 30 _—n—> 2.47265  3.00500 -1.26074 4 02.4 4.09066
<E___ 27 Co —> 2.47265 -3.00500 -1.26074 4 02.4 4.0906¢€
-2.69335  3.00500 -0.84803 4 02.5 4.12350
-2.69335 -3.00500 -0.84803 4 02.5 4.12350
ATOMS * this list contains 133 atoms -0.53933  1.78172  3.80080 4 03.4 4.23220
* x Yy z ipot tag distance -0.53933 -1.78172 3.80080 4 03.4 4.23220
0.00000 0.00000 0.00000 0 Fel 0.00000 -3.96088 1.22328 1.12843 4 03.5 4.29631
-0.53933 1.78172 -0.89120 4 03.1 2.06389 g -3.96088  -1.22323 1.12843 4 03.5 4.29€31 ¥
< > < >

Figure A23: Adding Zn (indicated in green) and Co (indicated in blue) to the atom list leads to one Zn
nearest neighbour (indicated in green) one Co nearest neighbour (indicated in blue) and two Fe nearest

neighbours (indicated in red).
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& Artemis [Feff] Atoms and Feff — O X

I Rename ﬁ Discard %Fefflnl)emetev B Feff doc

é—:-” Atoms ey Feff Z;.é Paths go Path-like @ Console
8 @ K R R [m

Save  Plot paths x(k) [x(R)| Relx(R)] Im[x(R)] Rank

Name of this Feff calculation: | Atemis

Description

# TITLE Triphylite
# TITLE Lic ron phosphate (V)
¢ The c denote: y this token: @

# Cluste e con ning 132 atoms

# 163 paths we nd within 5.000 A

# Forward scattering cutoff 20.00 v

Scattering Paths

<T_7 0 3.870 @ Fel.l @ 23.23 : single scatie—>

v
< >

Figure A24: The Zn doped and Co co-doped LiFePQO, produces one Zn scattering path (indicated in
green) and one Co scattering path (indicated in blue) both with a very low ranking and one Fe scattering
path (indicated in red) with a higher ranking.
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