Synthesis, Electrochemistry and Solid-Solution Behaviour of Energy

Storage Materials Based on Natural Minerals

by

Brian Ellis

A thesis
presented to the University of Waterloo
in fulfillment of the

thesis requirement for the degree of

Doctor of Philosophy
in

Chemistry

Waterloo, Ontario, Canada, 2013
© Brian Ellis 2013



| hereby declare that | am the sole author of this thesis. This is a true copy of the
thesis, including any required final revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.

Brian Ellis



Abstract

Polyanionic compounds have been heavily investigated as possible electrode
materials in lithium- and sodium-ion batteries. Chief among these is lithium iron phosphate
(LiFePO,) which adopts the olivine structure and has a potential of 3.5 V vs. Li/Li*. Many
aspects of ion transport, solid-solution behaviour and their relation to particle size in olivine
systems are not entirely understood. Morphology, unit cell parameters, purity and
electrochemical performance of prepared LiFePO, powders were greatly affected by the
synthetic conditions. Partially delithiated olivines were heated and studied by Md&ssbauer
spectroscopy and solid-solution behaviour by electron delocalization was observed. The
onset of this phenomenon was around 470-500 K in bulk material but in nanocrystalline
powders, the onset of a solid solution was observed around 420 K. The isostructural
manganese member of this family (LiMnPO,) was also prepared hydrothermally. Owing to
the thermal instability of MnPO,, partially delithiated LiMnPO, did not display any solid-
solution behaviour.

Phosphates based on the tavorite (LiFePO4,OH) structure include LiVPO4F and
LiFePO4(OH)1.xFx which may be prepared hydrothermally or by solid state routes. LiVPO4F
is a high capacity (2 electrons/transition metal) electrode material and the structures of the
fully reduced Li,VPO4F and fully oxidized VPO4F were ascertained. Owing to structural
nuances, the potential of the iron tavorites are much lower than that of the olivines. The
structure of Li,FePO4F was determined by a combined X-ray and neutron diffraction
analysis.

The electrochemical properties of very few phosphates based on sodium are known.

A novel fluorophosphate, Na,FePO4F, was prepared by both solid state and hydrothermal



methods. This material exhibited two two-phase plateau regions on cycling in a half cell
versus sodium but displayed solid-solution behaviour when cycled versus lithium, where the
average potential was 3.3 V. On successive cycling versus Li a decrease in the sodium
content of the active material was observed, which implied an ion-exchange reaction
occurred between the material and the lithium electrolyte.

Studies of polyanionic materials as positive electrode materials in alkali metal-ion
batteries show that some of these materials, namely those which contain iron, hold the most

promise in replacing battery technologies currently available.
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1 Introduction to Lithium Ion Batteries

1.1 Overview

Energy storage has become a growing global concern over the past decade as a result
of increased energy demand globally, combined with drastic increases in the price of refined
fossil fuels and the environmental consequences of their use. This has increased demand for
environmentally responsible alternative energy sources for both energy generation and
storage. Although wind and solar generated electricity (see Figure 1.1) is becoming
increasingly popular in several industrialized countries, these sources provide intermittent
energy, thus energy storage systems are required for load-leveling, storage of energy until
needed by the electrical grid. Furthermore, portable energy solutions which would realize
the practical use of hybrid electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV)
and purely electric vehicles (EV) would reduce dependence on fossil fuels.

Lithium-ion batteries, the most common type of secondary (rechargeable) cells found
in everything from MP3 players to laptop computers, are a possible solution to these larger
global concerns.® Typically, these batteries feature high energy density, owing primarily to
their high electrochemical potential, which is stable over the course of several hundred
cycles. Lithium-ion batteries also exhibit low self-discharge, especially when compared to
other secondary battery systems such as nickel-cadmium or nickel-metal hydride, although

each of these systems has its own advantages as discussed below.



Figure 1.1: Large-scale energy production from windmills at a wind farm in Port Burwell, ON (left) and
solar energy farms such as the one operated by the local utility commission in Peterborough ON, are
becoming common landscape features in developed countries.

1.2 Rechargeable Energy Storage Systems

There are many types of secondary batteries available in the marketplace today, each
with its own specific characteristics. Nickel-cadmium (NiCd) rechargeable batteries have
been available since the mid-1970s.> They provide a relatively low energy density of about
30 Wh/kg, thus limiting their applications to small electronic devices such as video cameras
and radios.® The reactions at each electrode during discharge of the cells are shown below:

Positive electrode: 2 NiO(OH) + 2 H,O +2 e - 2 Ni(OH), + 2 OH"

Negative electrode: Cd +2 OH - Cd(OH), +2¢
The above reactions generate a potential of 1.2 V. NiCd cells provide long cycling life as the
batteries can typically be recharged up to about 700 cycles.

Nickel-metal hydride (NiMH) batteries are related to NiCd cells as they employ the

same positive electrode composition. NiMH cells have higher energy density of about 50



Wh/kg ® and, compared to NiCd batteries are less toxic, due to the absence of cadmium.
NiMH cells produce a voltage of about 1.2 V and the discharge reactions at each electrode
are shown below:

Positive electrode: NiO(OH) + H,O + e - Ni(OH), + OH"

Negative electrode: MH+ OH > M + H,O + ¢
where M is an alloy of a rare earth metal with nickel, cobalt or manganese.* These cells have
a shorter cycling life: they are typically limited to 500 charges and are prone to slow
discharging when not in use.®> They can be found in some cell phones and laptop computers,
as well many hybrid electric vehicles (HEV’s) currently in production.

The advent of lithium batteries came in the 1970’s, with intensive work done in the
field of intercalation chemistry. The lithium battery was first demonstrated in a patent from
M. S. Whittingham.> These rechargeable lithium cells were configured with metallic lithium
or a lithium-aluminum alloy as the negative electrode and a variety of chalcogenides
including TiS,%" were used the positive electrode in several prototypes. These chalcogenides
are layered and are isostructural with Cdl, and lithium were found to intercalate between the
layers. The use of lithium as the negative electrode in these systems allowed for high energy
density since lithium is the most electropositive (-3.04 V versus the standard hydrogen
electrode) and lightest metal (atomic mass of 6.941 g/mol).

In the early 1980’s, various oxides of vanadium and molybdenum were also found to
intercalate lithium, including MoOs,2 VO3, LiV30s'%** and V,0s.” These compounds may
be described as also having layered structures and owing to the nature of the transition metals
present, these compounds were found to intercalate >1 Li per transition metal. For example,

the intercalation of lithium into V,0s is very complex and involves several structural



rearrangements, but up to three moles of lithium were found to reversibly intercalate into one
mole of V,0s. These electrodes were paired with either elemental lithium or metals which
alloy with lithium such as aluminum or tin, which were later found to be problematic as
electrode materials:  lithium metal was eventually rejected as an anode material in
rechargeable batteries due to safety concerns, owing to dendrite growth on the surface of the
lithium metal which could cause internal short circuits and lead to overheating or fire."?
Lithium metal alloys were also rejected as a result of their large expansion upon Li
intercalation, which results in fragmentation of the electrode particles and loss of contact

with the electrode, thus resulting in poor reversibility.**

1.3 Lithium-lon Batteries

Further studies of layered oxides led to the study of lithium-containing layered metal
oxides of the form LiMO,. The first of these researched was LiCoO, by Goodenough and
co-workers in 1980.* They discovered that the lithium could be removed from the structure
electrochemically and that this reaction was reversible, thus making LiCoO; suitable as a
positive electrode material in a secondary (rechargeable) battery. Further, Sony combined
the LiCoO, electrode with graphite,®> a material shown to intercalate lithium at a very low
potential (about 0.3 V vs. Li)™ to create the first successful Li-ion battery, so called because
of its lack of elemental lithium.

Insertion materials serve as electrodes for many ambient temperature rechargeable
battery systems. Electroinsertion refers to a host/guest redox reaction where charge transfer
occurs during the insertion of mobile guest ions into a solid host. These electrode types are
common, due to their reversibility and mechanistic simplicity. In lithium ion batteries,
lithium ions are the mobile species and are typically present in the positive electrode material

4



(e.g LiCo0,). A cell such as this is in the discharged state, as the positive electrode is in its
thermodynamically stable form. Thus, an external electromotive force must be applied to

charge the cell; a representation of this process is shown in Figure 1.2.
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Figure 1.2: Schematic diagram of the electrochemical processes inside a lithium-ion battery.

On charging, an external voltage applied to the cell drives electrons through an
external circuit while lithium ions shuttle out of the positive electrode, through the
electrolyte, to the negative electrode (one Li* ion per electron). The electrolyte allows the
diffusion of ions, but is electronically insulating. The positive electrode compensates charge
for the removal of lithium via oxidation of the transition metal present in the lattice. Upon
reaching the negative electrode (usually graphite), the lithium ions intercalate into the
electrode and recombine with the electrons, resulting in the reduction at the negative

electrode.



During discharge in a lithium ion cell, the process is reversed, as depicted in Figure
1.2. Lithium ions shuttle from the negative electrode, through the electrolyte, back to the
positive electrode while electrons spontaneously flow from the negative electrode to the
positive electrode through the external system. The lithium ions re-intercalate into the lattice
of the positive electrode and recombine with the electrons. The electrode compensates
charge by reducing the transition metal ion present to its original oxidation state. In
summary for a LiCoO,/graphite cell:

Positive electrode (charge): LiCoO, = Li;xC00, + x Li* + xe

Negative electrode (charge): Cg+ X Li* + xe - LiCs

Positive electrode (discharge): Li;xCoO, + x Li* + xe = LiCoO;

Negative electrode (discharge): LiCs > Cg+ x Li* + x €
LiCoO, balances lithium insertion/deinsertion from the lattice with the Co**/Co ** redox
reaction which provides a high potential above 4 V (versus Li) and a practical reversible
capacity of about 130 mAh/g.*” Since lithium ions are “rocked” back and forth between the
insertion materials present in the two electrodes, this system is referred to as “rocking-chair
technology”.  As both electrons and lithium ions are transported into and out of the
electrodes, the electrodes in the system must be comprised of compounds which allow for the
conductivity of both lithium ions and electrons. This requires careful selection of electrode
pairs to maintain a useful voltage (at least 2 V) over the discharge.

A typical electrochemical charge and discharge curve for LiCoO, cycled versus
lithium metal is shown later in this chapter in Figure 1.6. As one electron and one Li ion are
concerned with the oxidation and reduction of each cobalt in the LiCoO; structure, the state

of charge for a cell may be represented by the total electrochemical capacity, but most often



it is represented by the quantity of lithium (per mole of transition metal) present in the
structure of the positive electrode. As a result, the stoichiometry of the phase(s) at the
positive electrode denotes a particular state of charge of the battery: LiCoO, indicates the
electrode is in its fully discharged state, while LipsC00O, implies half a charge cycle has
occurred, as half of the cobalt ions have oxidized and half of the lithium has been
deintercalated from the structure.

The rate of lithium transfer between electrodes depends mainly on the dimensional
stability of the host material during insertion and deinsertion of Li* and on the kinetics of the
lithium ion and electron transport in the host. Mechanical stresses occur in electrode
particles of active material, owing to the expansion and contraction of the structure based on
intercalation and deintercalation of lithium during charge and discharge cycles. This may
result in cracks in the particles, which can eventually crumble, as in the case of lithium alloys
for negative electrodes which were previously discussed where expansion of up to 200% was
found to occur.’® This lack of structural integrity reduces, and can eliminate the electronic
connectivity of the system, thus limiting the cycle life of the cell. It is preferable to discover
and employ electrode materials stable upon lithium insertion and removal which have unit
cell volume changes < 10% between the fully lithiated and delithiated forms. Key
requirements for an intercalation material to be suitable for use as an electrode in a lithium
battery include:

. Contains a readily reducible/oxidizable ion, usually a transition metal
. Framework of structure does not change when lithium is intercalated or removed; and
when it is over-charged or discharged

. High capacity for lithium



. Structure can intercalate lithium quickly
. Good electronic conductor (easy addition/removal of electrons during cycling which
minimizes the need for conductive additives)

In terms of commercialization, the electrode materials should also be cost-efficient to
produce and environmentally friendly. Carbon and various transition metal oxide/oxoanion

systems fit several of these criteria.

1.4 Positive Electrode Materials for Lithium-lon Batteries

The realization of LiCoO, as a positive electrode material was key in that the
electrode material itself was a source of lithium, thus eliminating the need to use metallic
lithium in cells and improving safety. This discovery triggered a mass of new research on
lithium and transition metal-containing compounds for Li-ion batteries. LiCoO, has been
used in extensive commercial applications for lithium batteries; it was commercialized in
1991 and it is currently the standard positive electrode material in the lithium ion battery
market. This compound has many features that make it suitable for use in this application.
The structure of LiCoO; is ideally a superstructure of the rock-salt type in which the lithium
and cobalt ions alternate layers (as shown in Figure 1.3a).*® The layered structure allows two
dimensional lithium diffusion through the solid. Furthermore, electronic conductivity in this
compound is also high (5 x 10 S/cm).*®  The cell, with lithium as a positive electrode,
operates at a high voltage (4 V versus Li).2>%

Although the majority of lithium ion batteries produced since 1991 have been
LiCoO,/C cells, there are limitations to current lithium ion battery technology. Although
almost all of the Li can be extracted from LiCoO, to give theoretical capacity of over 270
mANh/g, only a little over half of the capacity is reversible in a practical sense. Capacity

8



fading is severe upon extraction of > 0.7 Li from the lattice as oxygen is also removed from
the lattice lost from the lattice at such high states of charge, which is a major safely
concern.?® Capacity fading may also result from electrolyte decomposition and from cobalt
dissolution in typical electrolytes.** As such, alternatives to LiCoO, are necessary because of
its high cost, toxicity, and poor safety that make it unsuitable for large-scale energy-storage

applications.
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Figure 1.3: Structures of oxide materials for lithium-ion batteries. a) The layered structure of LiCoO,
and b) the spinel structure of LiMn,0O,. For each structure, the transition metal polyhedra are shown in
blue and lithium ions in green.

In addition, cobalt is toxic, making disposal of these batteries hazardous to the
environment and cobalt has a limited natural abundance compared to many other transition
metals: as a result, cobalt-based precursors tend to be expensive. Combined, these factors
limit the use of these batteries to small devices such as cameras, cell phones and computers.
Replacement of rare metals (namely cobalt in the positive electrode material) and improving
manufacturing techniques will make these batteries more economical. As a result, new

positive electrode materials must be found if lithium batteries are to have an impact with



larger devices, namely electric vehicles, the realization of which has led to feverish research
in the battery community in the past decade.

Among the compounds which have been the focus of intense research as potential
replacements for LiCoO; are other lithium transition metal oxides which are isostructural
with LiCoO,, where the cobalt is substituted either partially or entirely with manganese and
nickel. The first of these reported was LiMngsNigsO2 in 1992, but it was not until later that
substantial improvements in electrochemistry were found.”* One of the drawbacks with
this material is cation disorder. Unlike the strict ordering of cations found in LiCoO,, on
average, 10% of the nickel in LiMngsNips02 is found in the lithium sites, which in turn
implies that 10% of the lithium resides in the transition metal layer, leading to reduced
capability of cell made from this material.>"?®® The disorder arises from the similarity in
cation size between nickel, determined to be Ni** (with manganese as Mn*"), and lithium.?®
Following a study by Ohzuku et al. where a capacity of 150 mAh/g was obtained, substantial
work on this compound as well as cobalt substituted compounds LiNiyMnyC01.,,0, 0.5 <y <
0.33 ensued.®*=2 The most studied of these is the y = 0.33 composition, for which capacities
between 150-220 mAh/g have been reported, however some reduction of this capacity occurs
after several charges. When cobalt is present in most LiNiyMnyCo1.,yO, compositions, the
lithium/nickel site mixing is < 5%, which typically results in higher reported rate capacity
compared to LiMngsNig50,.%%%*

Besides the layered oxides, LiMn,O,4 with the spinel structure has also been studied as
a positive electrode material, an appealing candidate as the chemically stable Mn**/Mn**
redox couple operates at 4.1 V vs. Li.*" A graphical view of the structure of the structure

of LiMn,O, is shown in Figure 1.3b. Although this material is inexpensive and
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environmentally benign, problems with capacity fading are also prominent for this
compound, especially at high temperatures (> 50 °C). Dissolution of LiMn,O4 is considered
to be the predominant cause,® although aliovalent lattice substitutions have been found
which mitigate the dissolution of manganese into the electrolyte.*

In order to overcome problems of safety and electrode decomposition, several series
of compounds have been explored as possible alternatives, including those obtained by
introducing large polyanions of the form (XO4)* (X =S, P, As, Mo, W; y = 2 or 3) into the
lattice. Goodenough’s group determined that the (PO4)* and (SO.)* ions stabilize the
structure and raise the redox energy of the transition metal compared to potentials of the
respective oxides.** The presence of the polyanion (X04)® with strong X-O covalent bonds
increases the potential as a result of the strong polarization of oxygen ions toward the X
cation which lowers the covalency of the M-O bond. This is referred to as the M-O-X
inductive effect which has been thoroughly studied for many transition metal phosphates
including vanadium and iron. o~LiVOPO, was found to intercalate lithium through a two-
phase process at a potential of 3.95 V.** Ball-milling the material with conductive carbon
reduces the particle size and produces reversibility of over 100 mAh/g. B-LiVOPO, has
been shown to have a reversible capacity of 110 mAh/g at a potential also close to 4 V.*
Phosphates such as Li3V2(PO4); which are based on the NaSICON structure are intriguing
due to their high ionic conductivity. It is possible to extract two moles of lithium from this
compound, however upon discharge, only 1.3 lithium are reinserted (corresponding to a
capacity of 90 mAh/g) which may be due to structural changes incurred during charge.”* The
fluorophosphate LiVPO4F enhances the inductive effect by the introduction of

electronegative fluorine into the lattice. This structural modification raises the V**/V** redox
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potential to a higher voltage compared to the vanadium phosphates: LiVPO4F has a potential

of 4.19 V versus Li and can reversibly accommodate 114 mAh/g at a C/5 rate.**

1.5 Use of Iron and Manganese Compounds as Positive Electrode

Materials

Research has moved toward finding iron compounds which could be used as
materials for positive electrodes. The advantage in using iron-based compounds is that, in
addition to being naturally abundant and inexpensive, they are typically less toxic than
vanadium, cobalt, manganese and nickel compounds. A logical initial strategy was to
prepare LiFeO,, the oxide which is isostructural with LiCoO,, although materials related to
LiFeO, have shown little ability for lithium extraction due to the instability of the redox
couple (Fe™/Fe*?).%

Research on polyanion compounds of iron revealed most iron phosphate and sulfate
compounds containing FeOs octahedra had potentials in the range of 2.8-3.6 V versus Li".
One such compound is rhombohedral LisFe,(PO4)s, a NaSICON-related iron phosphate.*®*
Ball-milling of the material with carbon produced a reversible capacity of 95 mAh/g when
cycled at a rate of C/2.*® Other iron(I11) phosphates including several crystalline and
amorphous phases of FePO,exH,0; x < 2 have also been studied.*®*

The focus of the lithium battery community changed radically in 1997 with the
discovery of the electrochemical properties of LiFePO4 by Padhi et al.”® This was the first
iron-phosphate based positive electrode material which exhibited a high potential for the

Fe?*/Fe®" redox couple (3.5 V) versus Li with a high theoretical capacity of 170 mAh/g. In

addition, the compound is found in nature as the mineral triphylite (see Figure 1.4),

12



confirming the compound may be classified as environmentally friendly and it is made from
plentiful elements, so as to reduce the potential cost of production of this compound.
LiFePO, adopts the olivine structure, shown in Figure 1.5a and discussed in more detail in

Chapter 3.

Triphylite
LIFe“"PO;
Germany,Bavaria
Hagendorf

Figure 1.4: Sample of natural triphylite (LiFePO,4) from the Cornelia Mine in Hagendorf, Germany.
From the author’s collection.

Figure 1.5: a) the olivine structure of LiFePO,; b) the tetrahedrally-coordinated structure of Li,FeSiOy;
¢) the tavorite (LiFePO,OH) structure; d) the layered fluorophosphate structure of Na,FePO,4F. In each,
polyanion tetrahedra are shown in yellow, transition metal polyhedra are shown in blue and alkali metal
ions in green.
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Replacing the Fe with Mn and Co in the olivine structure raises the potential:
LiMnPO, (4.1 V)™ and LiCoPO. (4.8 V)***® have also been studied in great detail,
although the reversibility of LiCoPO, is quite poor, likely as a result of the poor stability of
the delithiated cobalt phase (CoP0O4).*® LiMnPO, suffers from very low electronic
conductivity, necessitating the synthesis of nanosized particles in order to attain reasonable
performance in a lithium ion cell.

Lithium transition metal silicates of the form Li,MSiO4 (M = Mn, Fe, Co) have also
emerged as positive electrode materials.>”® As silicon is one of the most abundant elements
in the Earth’s crust, silicates offer enormous potential for cost-effective positive electrode
materials for Li-ion batteries. These compounds are all related to the various forms of
LisPO,4: all the transition metal and lithium sites are tetrahedrally coordinated; a graphical
representation is shown in Figure 1.5b. As with most silicates, these compounds exhibit very
low electronic conductivity: 2x10™*? S/cm for Li,FeSiO, and 3x10™* S/cm for Li,MnSiO,.%
As such, one of the primary challenges with these materials is effective carbon coating to
increase conductivity. Silicates have lower potentials compared to the corresponding
transition metal olivines: the electrochemistry of Li,FeSiO, prepared at 750 °C shows a
plateau on the initial charge of 3.10 V vs. Li/Li*, while on subsequent cycles this plateau
shifts to 2.80 V.°"%® This change in potential is indicative of a structural change during the
first cycle. The capacity of Li,FeSiO,4 is 166 mAh/g (extraction of only 1 Li), although a
recent report from Manthiram and co-workers has shown that the Fe®**/Fe*" plateau,
calculated to be at 4.8 V,*® may be reached electrochemically in cells cycled at 55 °C,%

which would double the theoretical capacity of Li,FeSiO,4 to 332 mAh/g.
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Although it has a lower conductivity, LioMnSiO,4 has been studied intently as a high
capacity material with the expectation that the Mn**/Mn*" plateau would be at a lower
potential that that for the iron silicate.®® Upon deintercalaction of Li, Li,MnSiO4 has been
found to be amorphous®® and in this state, quick fading of the electrochemical capacity was
observed.”®®% |n spite of these drawbacks, the field of silicates is growing in popularity
due chiefly to the large theoretical capacity of these materials.

Fluorophosphates are another class of electrode materials which have been
investigated as positive electrode materials for lithium-ion batteries. Depending on the
connectivity of the ionic framework, these compounds may be expected to exhibit a high cell
potential as a result of both the inductive effect of PO,> group and the electron-withdrawing
character of the F ion. One of the first successful fluorophosphate materials was LiVPO4F,
reported by Barker et al. in 2003,* isostructural with the natural minerals tavorite
(LiFePO4OH)®" and amblygonite (LiAIPO,F).®® The tavorite structure is shown in Figure

1.5c.

1.6 Sodium and Hybrid Sodium-Lithium-lon Cells

The demand for lithium-ion batteries as a major power source in portable electronic
devices and vehicles is rapidly increasing: lithium-ion batteries are regarded as the battery of
choice for powering future generations of hybrid and plug-in hybrid electric vehicles (HEVs
and PHEVs).2 With the potential of enormous demands on available global lithium
resources, concerns over lithium supply have arisen. Many global lithium reserves are
located in remote or in politically sensitive areas.”*’® Even if extensive battery recycling

programs were established, it is possible recycling could not prevent this resource depletion
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over time. Furthermore, the increasing lithium scarcity could increase the price of lithium
compounds, thereby making devices or vehicles with large cells prohibitively expensive.
With its abundant resources and low cost, along with its low redox potential
(E°Na'ma) = —2.71 V vs. standard hydrogen electrode), rechargeable electrochemical cells
based on sodium also hold promise for energy storage applications. The report of a high-
temperature solid-state sodium ion conductor sodium p”-alumina (NaAl;;047) almost 50
years ago spawned interest in the field of sodium electrochemistry.” Two commercial cells
currently available are sodium/sulfur (Na/S)’>™* and ZEBRA (Zero-Emission Battery
Research Activities) cells based on Na/NiCl,.”"® Both technologies operate at high
temperature (near 300°C) where sodium and the positive electrodes are molten (thus
removing concerns over internal short circuits as a result of dendrite formation) and the
sodium B”-alumina exhibits high ionic conductivity. More recently, room temperature
sodium-ion cells based on intercalation materials with non-aqueous electrolytes, akin to
lithium-ion batteries, have been explored.”” 2
In 2007, a new sodium-based iron fluorphosphate was introduced: Na,FePO4F which
had a layered structure (see Figure 1.5d).2* This new material functions very well as a
positive electrode material in a coin cell using a lithium salt electrolyte and lithium as the
negative electrode where the electrochemical profile displayed a voltage of about 3.5 V, as
outlined in Chapter 5 of this thesis. In a lithium-ion cell, mobile Na contained within the
structure of the positive electrode material was rapidly exchanged for Li.?* Na,FePO,F may
be a low-cost alternative to lithium-containing iron phosphates with a theoretical capacity of

135 mAh/g in the form (Na,Li)FePO,4F.
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1.7 Solid Solutions and Li batteries

The shape of the voltage profile for a lithium battery may be rationalized in part by
employment of the Gibbs Phase Rule:

F=C-P+2
where C is the number of chemical components present, P is the number of phases present in
the system and F is the number of degrees of freedom or thermodynamic parameters which
define the state of the system such as temperature, pressure and electrochemical potential.
Though unsuitable for practical use in large-scale applications, lithium metal is often used as
a negative electrode for electrochemical testing for research purposes. Lithium is a single
phase of constant composition, thus P =1 and C = 1. So according to the Gibbs Phase Rule,
when lithium metal is used as a negative electrode, F would equal 2. This implies that is two
thermodynamic parameters (such as temperature and pressure) are specified, there are no
degrees of freedom remaining. As a result, the intensive properties of the lithium metal
electrode, such chemical potential, have fixed values. This makes the lithium metal electrode
ideal for electrochemical testing of batteries: under ambient conditions where temperature
and pressure are relatively constant, the electrochemical potential of the lithium electrode
will not change, regardless of the state of charge of the battery. This allows the lithium
electrode to not only function as the working negative electrode but also as a reference
electrode.

Most positive electrode materials cycled versus lithium may be separated into one of
two categories: those which do not change composition over the course of cycling and those
which display solid-solution behaviour. Schematic representations of the phase diagrams for

both systems are shown in Figure 1.6. Many polyanionic materials (including LiFePO,) have
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been found to exhibit two-phase behaviour.® For these compounds, the positive electrode
contains one electrochemically active composition: in the case of LiFePO,, intermediate
compositions between the two end-member phases FePO, and LiFePO, are simply mixtures
of those end-member compositions, so in the Gibbs Phase Rule, C = 2 and P = 2, therefore
F=2. Again, if temperature and pressure are fixed, the electrical potential of LiFePO, can be
determined and will not vary with state of charge. A typical charge/discharge profile for

LiFePO, is shown in Figure 1.6, where it can be seen that the electrochemical charge and

discharge of the cell both occur at constant voltages, both around 3.5 V versus Li.

Solid Solutions

Single phase between two end-
member compositions

AB
Tl
A B
Li,CoO,

>
:4-0 | T————
>
= R
€30}
g
@]
o

x in Li,CoO,
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The slight difference of potential on charge and discharge, known as polarity, is the result of
internal resistance inside the cell. On a charge cycle, the removal of lithium from LiFePO,
nucleates a lithium-poor phase (FePO,4). The two phases are separated by an interface (phase
boundary) which moves through the particle, depending on the state of charge; a schematic
of this phenomenon is shown in Figure 1.6.

Several oxide-based positive electrode materials, Li;«MO;, display solid-solution
character, wherein subtle changes in lithium stoichiometry at the surface of the active
particles are mitigated over the entire crystal, when the cell is allowed to reach equilibrium.
A schematic is shown in Figure 1.6. In this case, phases between the two end-member
compositions CoO, and LiCoO; are single phases.!” C =2, P =1and F = 3. If temperature
and pressure are fixed, this leaves a residual value of F equal to one, thus the electrochemical
potential of these compounds is not fixed and varies depending on the state of charge of the
cell. This is seen for layered oxides such as LiCoO,, among others. A typical example of the
electrochemical curve for LiCoO, is shown in Figure 1.6, where the voltage varies between
3.8-4.2 V. Cathode materials for lithium ion batteries which exhibit solid solution
properties over a wide lithium compositional range have been sought after for decades. Solid
solution behavior is exhibited in where it is typically attributed to delocalized and/or weakly
correlated ion and electron transport, coupled with a small volume difference between the
redox end members. Its existence implies an absence of any phase boundary impediment
during redox cycling, and is associated with good carrier mobility.

Apart from observation of the electrochemical profile, the presence of solid solutions
in electrode materials may be ascertained by collection of X-ray powder diffraction patterns

of electrode materials cell after partial charge or discharge has occurred, either by removal of
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the material from the cell or by examination of the electrode material while still inside the
cell (in situ). As the quantity of material contained in an electrochemical cell is typically
small (5-10 mg), chemical methods of lithium removal and insertion also exist to treat large-
scale quantities of powders: common oxidizing agents include NOBF4, NO,BF, and K;S,0s;
common lithium-containing reducing agents include LiAIH, and C4HoL.i.

In addition to signifying good ionic transport through the lattice, the existence of a
single phase extraction/insertion mechanism allows for additional practical benefits. Chiefly,
the resultant sloping voltage curve permits facile monitoring of the state of charge of the
battery, as compared with two- phase materials which display a constant voltage over a range

of compositions.

1.8 Scope of Thesis

Positive electrode (or cathode) materials containing iron and/or manganese with high
potential, high capacity for lithium insertion and solid-solution character are desirable for
practical applications of lithium-ion batteries. The most popular of these compounds are
those based on the olivine structure: LiFePO, and LiMnPO,. Room-temperature Fe**/Fe®*
solid solutions of LiFePO, derived from aliovalent doping with high-valent transition metals
such as Zr*" and Nb>* were reported in 2002, although some of the characteristics of these
compounds, chiefly increased electronic conductivity,®® were later explained shortly
thereafter by the Nazar group who discovered the presence of reduced metal
phosphide/pholsphocarbide phases at the particle grain boundaries.®” Later, in 2005,
Masquelier et al. found diffraction evidence of high temperature coalescence of
LiFePO,/FePO, two-phase mixtures.®® These phases could be quenched and the metastable
compounds that result could be stabilized for several weeks.®*° In 2005, Yamada et al.
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observed deviations from the stoichiometic end-members: they reported the presence of Li;.-
«FePO4 and LiyFePO4 compositions at room temperature.”* 1t was later found that the solid-
solution regimes were particle-size dependent.”? These findings raised questions about the
origin of solid-solution behaviour, electron dynamics and thermal stability in LiFePO4 and
other olivines.

In this thesis, high-temperature solid solutions in the LiFePO, system were probed
with Méssbauer spectroscopy® and 2-point DC conductivity measurements for both bulk
materials produced by a novel hydrothermal method® and nanoparticles synthesized by a
low-temperature precipitation route® to determine the onset temperature of solid-solution
behaviour in delithiated LiFePO,. In the case of LIMNPO,, ex-situ X-ray diffraction, thermal
gravimetric analysis and electrochemical measurements were used to probe the existence of
solid-solutions. The results of these studies are presented in Chapter 3.

The other focus of this work involved the preparation of other iron, manganese-based
phosphate materials of the general formula (Li,Na)xMPQO4(OH,F) where M — Fe, Mn, whose
electrochemical properties were not known and ascertain their suitability as positive
electrodes in lithium-ion batteries. Few reports of the synthesis of some of these materials
could be found in the literature. As such, a primary focus was to find a suitable preparation
method to synthesize pure crystalline powders, typically either by solid-state or hydrothermal
routes. One group of compounds targeted were those with the tavorite structure, which have
been known as good ionic conductors at high temperatures.*®” We also synthesized a series
of isostructural iron compounds: LiFePO4(OH)xFi1x (0 < x < 1). Although polycrystalline

98,99

LiFePO,OH had been synthesized previously, we found a new hydrothermal method for

its synthesis as well as methods for preparing mixed hydroxy/fluorophosphates*® and the
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pure fluorophosphate.'™

Electrochemical measurements and X-ray diffraction studies on
chemically reduced powders confirmed the mechanism for lithium intercalation in these
compounds is different for each of LiFePO,OH, LiFePO4(OH)o4Fo6 and LiFePO4F and the
structure of Li,FePO4F was solved by combined X-ray and neutron refinement.*®* With an
electrochemical potential of 4.1 V vs. Li, LIVPO4F has been the best studied material in this
category of compounds.**'%? We explored the electrochemistry of this compound as well as
ex-situ chemical oxidation and reduction to verify the mechanism of lithium (de)insertion.'*
The results of our synthetic, structural and electrochemical studies on the various tavorite
systems are detailed in Chapter 4.

Other fluorophosphates we studied as positive electrode materials in Li-ion batteries
include those based on sodium, namely a previously unreported compound, Na,FePO,F.
Structural and electrochemical characterization of this compound was carried out.
Na,FePO,F was found to crystallize in a layered structure® and the unit cell was subject to a
small (4%) volume contraction on extraction of 1 Na and was shown to demonstrate solid-
solution behaviour when cycled versus Li. The products of partial Na/Li ion-exchange were
examined by X-ray and neutron diffraction to ascertain the presence of each ion on the two
crystallographically unique alkali metal sites and the Kkinetics of ion-exchange on
electrochemical cycling were probed.** The structure of Na,FePO4F differs from that of
previously reported lithium and sodium compounds with similar stoichiometries (such as
LioNiPOJF*® or Na,MnPO,F).*®  Other previously unknown compounds of similar
stiochiometry, namely Li,FePO,F and Li,MnPO4F were not synthesized successfully. A
summary of the synthesis conditions for A,MPO4F (A = Li, Na; M = Mn, Fe, Co, Ni), along

with structural and electrochemical characterization is presented in Chapter 5.
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2 Instruments and Techniques

2.1 Overview

Upon the completion of a chemical reaction, the challenge therein is to characterize
the product (or products) of the reaction. In most cases this involves the identification of the
products formed including any impurities, determination of the structure and lattice
parameters of the principle phase, and the determination of the particle morphology. In our
work, this was principally accomplished using diffraction, microscopy and spectroscopic
techniques. Powder X-ray diffraction (XRD) and neutron diffraction (PND) were used in
conjunction with Rietveld refinement to identify phases and obtain information about crystal
structure and composition. Microscopy methods such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were used to generate images in order
to probe information on particle size and morphology of a material as well as determine
atomic composition on small regions of the sample. Infrared and Raman spectra were
collected to identify functional groups within a compound. Madssbauer spectroscopy was
used to probe the valence state and co-ordination environment of iron in the lattice of Fe-
containing compounds. This was useful when studying compounds where iron could be
present in multiple valence states.

In addition to characterization of the structure, physical properties of these
compounds were also surveyed.  Electrochemical properties were determined by
galvanostatic cycling and the potentiostatic intermittent titration technique (PITT). Thermal
gravimetric analysis (TGA) was used to determine thermal stability of various materials and

to determine the amount of carbon present in various nanoparticle/carbon composites.
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2.2 Powder X-ray Diffraction and Bragg’s Law

The atoms and ions which occur in regular repeating intervals in a crystalline
compound can be regarded as planes that act as semi-transparent mirrors when compounds
(powders or single crystals) interact with X-rays. When the angle of incidence equals the
angle of reflection for a given plane, X-ray beams can be diffracted from adjacent planes.
This is seen in Figure 2.1a. Two X-ray beams with a wavelength A strike adjacent planes in a
crystal with an angle of incidence 6. Using relations of right triangles, the path length
between the two beams is related to the angle of incidence and the distance between the two
planes (d) by two equal distances of dsinf (between points A and B and between points B

and C in Figure 2-1).

a) b) Diffracted
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Figure 2.1: a) Representation of Bragg's law for a given set of crystal planes. b) Schematic diagram of a
powder X-ray diffraction experiment.

In order to have constructive overlap of the X-ray radiation, this distance must be an integer
multiple of the X-ray wavelength. This relation is known as Bragg’s law:

nA = 2dsin6 (2.1)
When Bragg’s law is satisfied, the reflected beams interfere constructively and give rise to a
diffraction peak. When the sample angle does not correspond to crystal plane spacing, there

is destructive interference of the X-rays. The peaks in a diffraction pattern are not a set of
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lines however; slight broadening occurs as a result of crystallite sizes and micro-stress within
the crystallites.

Figure 2-1b depicts a typical powder diffraction experiment with the Bragg-Bretano
setup. A monochromatic beam of X-rays strikes a finely ground sample. The powder is a
conglomeration of many randomly oriented tiny crystals. Thus, for each set of crystal planes,
there will be a number of crystals oriented correctly for Bragg diffraction to take place. The
diffracted beams are collected with a moving detector. Plotting the angular positions and
intensities of the resultant diffracted peaks of radiation produces a pattern which is
characteristic of the sample. Where a mixture of different phases is present, the resultant
diffractogram is a combination of the individual patterns.

Unless otherwise stated, all X-ray diffraction patterns presented here were obtained
from a Bruker D8 Advance powder X-ray diffractometer equipped with a Sol-X or a Vantec-

1 detector operating at 40 kV and 30 mA.

2.3 Rietveld Refinement

In the Rietveld method, successive least-squared refinements are carried out to obtain
a fit between a calculated powder X-ray diffraction pattern and a measured pattern.
Characteristics such as crystal structure, lattice parameters, atomic positions, occupancy and
thermal parameters are refined to achieve a model for a measured powder diffractogram.

The calculation of a theoretical diffraction pattern relies on more than just Bragg’s
law, which simply determines the position of the peak: the intensity of these peaks must also
be calculated. Atoms diffract X-rays (electromagnetic waves) as a result of an incident X-ray
which causes each electron of an atom to vibrate. In order for the atom to return to the
ground energy state, the atom emits radiation of the same wavelength and coherent to the
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absorbed X-ray, making the atom a secondary point source of X-rays. Each atom in a crystal
scatters X-rays in an amount related to the number of electrons in the atom; this quantity is
known as the atomic scattering factor (f). However, since each electron in the atom scatters
X-rays, the phase difference between the beams emitted from the individual electrons will
cause a destructive interference effect. The net effect of interference from the beams
scattered by all the electrons in an atom causes a decrease in intensity with increasing
diffraction angle (20), meaning powder patterns have weak lines at higher angles (26 >70°).
As a result, f for an atom at 20 = 0° is the proportional to the number of electrons possessed
by the atom, thus lighter atoms may be difficult to locate. The structure factor (F) of a
reflection from a given Miller plane (hkl) is dependent upon the atomic scattering factors for
all the individual atoms within the lattice and their position relative to the origin of the unit
cell (xyz):

Fria = Zfj[cos 2n(hx + ky + 1z)] + i[sin 2n(hx + ky + 1z)] (2.2)
The intensity of the diffracted beam is proportional to FF*:

I 02 [f; cos 2m(hx + ky + 1z)]* +  [f; sin 2m(hx + ky + 12)]? (2.3)
Other factors such as temperature also affect the intensity of diffraction peaks. Using the
lattice parameters and Bragg’s law to determine the angle of the allowed reflections, the
structure factors to determine intensity, and profile coefficients to model the peak shape, a
diffraction pattern can be calculated by the program.

The first step is to collect a powder X-ray diffraction pattern with minimal baseline
noise. This is done by limiting the step size of the detector on the diffractometer to 0.01 to
0.02° in 28 for constant wavelength data. This usually gives thousands of data points Y; (26,

intensity). The space group, lattice parameters and atom positions are input into the Rietveld
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program. In this study, the program EXPGUI'® was utilized as an interface to GSAS,

Generalized Structure Analysis Software.*”’

The background function, peak shape and
symmetry and crystal parameters are then refined using an iterative least-squares routine until
the differences between the calculated and observed patterns are minimized.

Rietveld is a method of structural refinement, rather than outright structural
determination. As such, before commencing the process of refinement, a structural model
containing information regarding the space group, lattice parameters and atomic positions
similar to the compound being refined is needed. These data may be obtained from known
compounds of similar structure or composition, where available. Modeling typically begins
with the fitting of a background function: a long polynomial to fit the any sloping features of
the background. The peak shape is then modified. Although many factors contribute to the
peak shape, most powder X-ray patterns have Gaussian shapes but may have other features
such as long tails or asymmetry which must also be taken into account when modeling an
experimental pattern. At this point, the lattice parameters, atom positions, site occupancy
and thermal parameters can be refined from the original inputted parameters to give a more
precise model of the lattice.

Least-squared refinements proceed to reduce the residual (Sy) over all the data points:

Sy =i 1lyi (i — Yai)’ (2.4)
where y; is the observed intensity at the ith step and y.; is the calculated intensity at the ith
step. However, the model must contain parameters to adequately match the structure and

diffraction conditions. There must also be indications at each step of the refinement to judge

whether the refinement is proceeding properly. There are several estimates of uncertainty
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which are used in the Rietveld method. The most mathematically meaningful of these is Ru
where the residual being minimized is in the numerator of the fraction:

Rup = {[Z 1/yi (yi = Yai) VIZ 1yi (v)7]" (2.5)
Another useful measure of the model is the goodness of fit (y). It is calculated by the
following expression:

%= [Sy/(N-P)]*? (2.6)

where N-P is the sum of the squared residuals. The final fit is the best least-squares fit to all
of the experimental points (y;) simultaneously which corresponds to the best description of
the lattice parameters and atomic information for that sample.

Rietveld refinement can also be used for quantification when two or more phases are
present in the diffraction pattern. Once refined, the scale factors (Spn) for each phase are
proportional to the stoichiometry of the sample.

A refinement may be considered to be satisfactory when the residual difference
between the model and the experimental diffraction patterns reaches a minimum value (there
are many statistics which measure the discrepancy but there is no one statistic which can be
used as an unconditional gauge of refinement quality) and the model makes sense in terms of

atomic co-ordination, bond lengths and bond angles.*®

2.4 Scanning and Transmission Electron Microscopy

A scanning electron microscope (SEM) is a valuable tool for surveying materials at
high magnifications and providing structural information such as texture, morphology and
particle size. The SEM microscope is an instrument that produces a magnified image by
using electrons instead of light to form the image. A beam of electrons is produced at the top
of the microscope by an electron gun. The electron beam follows a vertical path through the
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microscope, which is held under vacuum. The beam travels through electromagnetic fields
and lenses, which focus the beam down toward the sample. The beam is scanned over the
specimen in a series of lines and frames. The raster movement is accomplished by means of
small coils of wire carrying the controlling current (the scan coils).

At any given moment, the sample is bombarded with electrons over a very small area.
Several things may happen to these electrons: they may be elastically reflected from the
specimen, with no loss of energy (elastically scattered electrons), or reflected with a slightly
reduced energy (backscattered electrons). They may also be absorbed by the specimen and
give rise to secondary electrons of very low energy. They may be absorbed and give rise to
the emission of visible light (cathodoluminescence) or the emission of X-rays. All these
effects can be used to produce an image, though the most common techniques are imaging by
detectors which collect signals from backscattered electrons and secondary electrons.

SEM instruments typically have detectors which also provide elemental analysis for a
given sample. Bombarding a specimen with electrons causes X-rays, specific to the elements
present, to be emitted from the spot where the beam strikes the specimen. By scanning the
energy of these X-rays, it is possible to identify and, if the instrument is calibrated, quantify
the elements present in the sample. This method is referred to as elemental dispersive X-ray
analysis (EDX). However, lighter elements such as lithium do not produce suitable X-ray
spectra for this technique.

A transmission electron microscope (TEM) uses electrons to view a very small slice
of a sample. As with the SEM, electrons are generated by an electron gun located at the top
of the microscope. These electrons are then accelerated towards an anode, which is

positively charged, causing the negatively charged electrons to accelerate toward it. As the
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electrons are accelerated towards the anode, the stream of electrons are confined and focused
by using a series of electromagnets and two condenser lenses. The first condenser lens
focuses the general size range of the electron stream, and the second lens changes the size of
the actual spot where the electrons hit the specimen. The electrons reach and pass through
the sample. After they have passed through the sample, they are focussed by an objective
lens, and then pass through a column of lenses, each enlarging the image further. Once the
beam of electrons has passed through the column of enlarging lenses, it hits a phosphor
image screen, where light is generated. Since electrons have little penetrating power, the
sample must be very thin to allow electrons to pass through, and thus dense sections of the
specimen which transmit fewer electrons produce darker sections of the image. A camera is
placed beneath this screen, and takes the images and displays them on a screen for the user to
view.

Similar to the SEM, the specimen produces X-rays specific to the elements present to
be emitted from the area where the beam strikes the specimen. Scanning the energy of these

X-rays allows for the quantification and location of the elements present in the sample.

2.5 Mdossbauer Spectroscopy

Mossbauer spectroscopy is a technique which probes the nuclei of certain elements.
The radiation that is used is a highly monochromatic beam of y-rays, the energy of which can
be varied by use of the Doppler effect. This radiation may then be absorbed by a sample
containing similar atoms as those responsible for emission. The most widely used y-radiation
sources for Mdssbauer spectroscopy are *'Fe and *°Sn; as a result, this technique is used

primarily on compounds containing iron or tin. The absorption of y-rays by the sample is
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monitored with respect to the energy of the incident radiation, which gives information about
the local environment of these atoms.

The y-radiation is associated with a change in population of energy levels in the
nuclei of the source. Under conditions of recoilless emission, monochromatic y-rays are
emitted as the nucleus goes from an excited state to the ground state. The energy of the
radiation can be varied by use of the Doppler effect; the sample remains in a fixed position
and the y-source is moved at a constant velocity, either toward or away from the sample
(Figure 2.2a). When a y-ray is emitted from a nucleus with a velocity (v) along a straight line
toward the sample, the energy of the y-rays (E,) is shifted to a new value (Ep) as a result of
the Doppler effect:

Ep = (V/C) E, (2.7

Thus a spectrum of absorbance as a function of energy may be determined for a given sample
and this spectrum contains information regarding the local environment (such as co-
ordination number and oxidation state) which can be determined by the isomer shift and
quadrupole shift in the spectrum.

The isomer shift, IS (or center shift, CS) arises from the fact that atomic nuclei occupy a
finite volume and that s-electrons have the ability to penetrate the nucleus (unlike p, d or f
electrons). As a result, the nuclear charge interacts electrostatically with the s-electron cloud
inside the nuclear region. This causes a shift in the level of the energy in the nucleus (3E).
Since the nuclear volume will typically be different in each excitation state, the shift will be
different in each nuclear state. Therefore, in a transition from ground state (g) to excited
state (e), the energy change of the ray due to this effect (with respect to a point-charge

nucleus) can be described as:
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AE = (3E)e-(3E), (2.8)
In a Mdossbauer experiment, where an appropriate Doppler velocity is applied to either the
source (S) or the absorber (A), the difference in electrostatic shift (8) is observed:

8= Es-En (2.9)
Thus when the emitter and absorber are the same, the isomer shift is zero; if the materials are
physically or chemically different, the electron density at the nucleus of the source and
absorber will also differ, thus the absorption peak will be shifted. Isomer shifts are
principally determined by oxidation state, co-ordination number and type of bonding. Figure
2.2b shows a summary of approximate chemical shifts in various iron-containing ionic

compounds.

a) Sample
Source
Detector
y-rays
v +V
Co-ordination
Number
8 Fe?*
6 Fe¥ Fe2*
b)
4 Fe¥* Fe2*
1 1 | |
0.0 0.5 1.0 1.5
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Figure 2.2: a) Schematic representation of Mdssbauer experimental setup. b) Approximate Mdssbauer
isomer shifts for Fe compounds in various co-ordinations.
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For nuclei that have a nuclear spin quantum number | > 1/2, the allocation of positive
charge inside the nucleus is non-spherical, resulting in a non-zero quadrupole moment. This
causes a splitting of the peaks at a given isomer shift in the Mdssbauer spectrum. For >’Fe
and S, this results in the presence of doublets in the spectrum; the distance separating the
two peaks referred to as the quadrupole splitting which is also sensitive to oxidation state and
local co-ordination.

In a typical Mdssbauer experiment, the y-source is moved at a constant velocity either
toward (+V) or away (-V) from the sample. The absorption of y-rays by the sample is plotted

as a function of the velocity (and thus energy) of the source.

2.6 Thermal Analysis

Thermal analysis is often performed to determine physical properties and thermal
stability of compounds. Thermal gravimetric analysis (TGA) measures weight changes as a
function of temperature, allowing for the quantification of volatile or combustible
constituents in a sample. The differential thermal analysis instrument (DTA) measures
energy absorbed (endothermic reaction) or released (exothermic) by the sample as it is heated
to induce transformations in the material. These transformations can involve the gain or loss
of mass (detected by the TGA), or they can be mass-less events involving structural
transitions (not observable by TGA). TGA/DTA measurements were performed using a SDT
6000 instrument. Typical experiments involve loading about 15mg of sample into an

alumina crucible and subsequent heating in oxygen to oxidize carbon.
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2.7 Electronic Conductivty

Conductivity (o) can be expressed as:
o = nep (2.10)
Where n is the number of carrier species (electrons or ions), p is their mobility and e is the
charge on the carrier. The electronic conductivity of various classes of materials varies
greatly with temperature: as temperature decreases, metallic compounds show an increase in
conductivity (as a result of reduced electron collisions within the lattice) while semi-
conducting and insulating compounds experience a decrease in electronic conductivity
(resulting from less thermal energy to promote electrons into empty energy bands).
Conductivity and temperature for a semiconductor are related by an Arrhenius expression:
6 = A exp(-E4/RT) (2.11)

where A is the pre-exponential factor, E, is the activation energy for conductivity, R is the
ideal gas constant and T is temperature in degrees Kelvin. Thus after a graph of In ¢ versus
1/T has been plotted, the graph has a slope of -E./R.

Although there are many ways to measure conductivity, the two probe method was
used in this study. For this technique, a finely ground powders were pressed into pellets 12
mm in diameter using a die press. The faces of the pellets were coated with silver paint and
dried. The pellets were affixed between two flat steel plates (also 12 mm in diameter) which
acted as electrical contacts. An external voltage was applied to the sample through the
contacts, which created a circuit where the pellet acted as the only resistor. The current
passed through the sample was measured while the voltage was applied and using Ohm’s

law, the sheet resistance could be calculated. Errors due to contact resistance of attaching
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leads on to the sample can not easily be eliminated. Once the resistance has been calculated,
the specific conductivity (os) is found by the following expression:

os = IIRA (2.13)
where A is the cross-sectional area of the length and | is the thickness of the pelletized
sample (measured in centimeters) and R is the sheet resistance. Thus, the final unit for

conductivity is: Q™ cm™ (S/ecm).

2.8 Electrochemical Cycling Techniques

Galvanostatic charge and discharge of a battery by applying a constant current is the
standard method in determining the electrochemical characteristics of a battery, such as
specific capacity, rate capability and cycling stability. As the number of electrons is equal to
the number of lithium intercalated or de-intercalated from a compound, the overall
composition changes linearly as a function of time and typically, the cell voltage is plotted as
a function of composition.

The specific capacity (Q) of the material at a specified current flow is related to the
molar mass (Mw) of the compound and calculated by:

Q =nF/3.6Mw (mAh/qg) (2.14)
where F is Faraday’s constant (96485 C/mol) and the constant arises as a result of unit
conversions. Rate capability refers to the ability to maintain the specific capacity as the
current is varied; minimizing the loss of capacity as current increases is critical for battery
applications requiring high power (such as electric or hybrid vehicles). Galvanostatic cycling
rates are often quoted as fractions of C: the insertion or extraction of one mole of lithium in
one hour. A common cycling rate for positive electrode materials is C/5 (one lithium
removed/inserted per mole of active material every 5 hours). Cycling stability is presented
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by graphing the specific capacity after several cycles. Practical electrode materials will
exhibit minimal or no capacity decrease after several hundred cycles, indicating that a battery
may be charged and discharged several times while maintaining the original capacity.

When the cell is cycled at a very slow rate (C/50 for example), it is assumed that the
cell is operating under equilibrium conditions. Under these conditions, electrode materials
experience the maximum lithium removal and insertion, and most achieve a reversible
capacity close to the theoretical value. The shape of the curve yields information about the
mechanism of insertion. A single-phase reaction (one that sustains a lithium solid solution)
exhibits a smooth continuous S-shaped voltage curve. A two-phase reaction involves the
formation of a phase boundary upon removal of lithium, rather than mixing. As a result, the
voltage curve has zero slope as a function of composition. Increasing the rate of cycling in
these systems to rates greather than 1C changes the shape of the curve. The increase in
charge increases the polarization of individual grains, resulting in a higher voltage upon
extraction compared to equilibrium which causes the cell to reach the maximum potential
faster, leaving large particles partially lithiated and reducing the reversible capacity. The
increased polarity causes the voltage curve to display a more sloped profile.

In potentiodynamic mode, a voltage is applied to the system and the current response
is measured. The voltage is applied in small steps (usually 0.01 V), after which the system
relaxes for a given amount of time or until the current decays to a specific amount. This slow
cycling usually corresponds to a cycling rate of C/500 or lower, so again, equilibrium
conditions are assumed.

As in galvanostatic cycling, the difference between single-phase and two-phase

cycling processes are distinguishable. For a single-phase transition, the current decays
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exponentially after a step in voltage and follows simple diffusion behaviour. In two-phase
materials, a constant current is observed, which depends linearly on the difference between
the applied voltage and the potential at the phase boundary. The constant current is a result
of the inability of lithium to diffuse across the phase boundary. PITT measurements may be
used to study potential dependent cell kinetics as well as provide information on the nature of
the phase diagrams with regard to lithium content of the electrode materials.

Electrochemical tests in this thesis were performed using a VMP3 electrochemical
cycler, an instrument which supplies either constant current with high accuracy
(galvanostatic mode) or constant potential which is swept over a voltage range (potentiostatic
mode). The measurements made for testing the electrodes in this study were carried out in
galvanostatic mode. All parameters, such as voltage window, mass of active material and
reaction cycling rate, are input into the system. Battery cycling involves two steps: charge,
where Li is removed from the lattice of the positive electrode material and compensated by
oxidation of a transition metal, and discharge, which involves reinsertion of lithium into the
structure and reduction of the positive electrode.

The positive electrode of the cell consists of a powder mixture of the active positive
electrode material, carbon black and poly-vinylidene fluoride (PVDF) as a binder in a
80:10:10 mass ratio. This mixture is mixed in N-methylpyrrolidinone (NMP), and the
suspension is spread on aluminum foil. After evapouration of the NMP solvent, circular
electrodes are punched out of the foil and approximately five milligrams of dry material

(active material, carbon and PVDF) remains on the disc.
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Figure 2.3: View of Swagelok cell and the internal components.

The carbon is added to increase the conductivity of the mixture. PVDF is added to improve
the cohesion between particles and the surface of the aluminum disc. This allows the active
materials to be housed in an electronically conductive environment. A schematic diagram for
the assembly of a cell is shown in Figure 2-9. The aluminum disc with the dried test material
is place in the bottom of a Swagelok cell assembly, followed by two electronically insulating
glass fibre separators which are then saturated with an electrolyte solution (1M LiPFgina 1:1
solvent mix of ethylene carbonate and dimethyl carbonate for lithium cells).

Lithium or sodium metal was used as a negative electrode, as described in the text.
Since the alkali metals are air, water (and in the case of lithium, nitrogen) sensitive, the cell
must be assembled in an argon-filled glove box or dry room. The alkali metal anode is then
placed on the separators followed by a stainless steel disc. A spring is placed in the cell to
ensure all components have good contact and the cell is locked in place. A polyamide sleeve

was used inside the cell to electrically insulate the reaction from the stainless steel housing.
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3 Hydrothermal Synthesis and Thermally Driven Solid

Solutions in the Olivine LiFePO4 and LiMnPO4 Systems

3.1 Introduction to Olivines

The focus of the lithium battery community intensified on polyanionic materials with
Pahdi et. al. report on the electrochemical properties of LiFePO,.***° LiFePO, satisfies many
of the criteria for an electrode material in a Li-ion battery: it can reversibly intercalate Li at a
high voltage (3.5 V) and has a gravimetric capacity (170 mAh/g) which gives a cell made of
the material a high energy density. The material is stable against overcharge or discharge

° The structure of LiFePO, is shown in

and compatible with most electrolyte systems.™
Figure 3.1 and falls into the category of olivines, consisting of a distorted hexagonal close-
packed (hcp) oxygen framework with 1/8 of the tetrahedral holes occupied by P, and % of the
octahedral holes occupied by various metal atoms (in this case Li and Fe). The two
octahedral sites are crystallographically unique and have been designated M1 and M2 for Li
and Fe respectively in LiFePO,4. Although some mixing of cations between the two sites has
been found to occur in olivine silicates such as (Mg,Fe)SiO., ™ in the case of the phosphates,
cations are ordered in the sites: in LiFePO,, Li* reside in the M1 site and Fe" ions reside in
the M2 site owing to size and charge considerations, though this is not strictly the case, as
discussed later. LiFePO, crystallizes in space group #62 (Pnma). Layers of FeOg octahedra
are corner-shared in the bc plane and linear chains of LiOg octahedra are edge-shared in a
direction parallel to the b-axis. These chains are bridged by edge and corner shared

phosphate tetrahedra, creating a stable three-dimensional structure. The promise of LiFePO,

as an electrode material has prompted many reports and debates on physical properties of the
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Figure 3.1: Polyhedral representation of the structure of LiFePO, (space group Pnma) viewed a) along
the b-axis and b) along the c-axis. The iron octahedra are shown in blue, the phosphate tetrahedral in
yellow and the lithium ions in green.
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doping, solid solution behavior, particle size effects and surface

coatings.?> 3

Initial reports on LiFePO, focused on carbon coating to both increase the poor
electronic conductivity and to produce small particles in order to decrease the path length of
lithium transport through the electrode particles. In 2002, a report from Chung et al. on
aliovalent doping further concentrated research efforts on LiFePO,.2® This study brought the
study of vacancies, lithium mobility, conductivity and the possibility of solid solutions to
forefront. Compounds of the type Liy.xM**xFePQOy (z > 2), sintered at 800 °C, were found to

have exceptional electronic conductivity, more than 10° times higher than in pure LiFePO,.

While this stoichiometry strictly implied the iron valence would be less than Fe*? charge
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compensation by Fe™ was postulated as the basis of the dramatic conductivity increase.
Although the dopant was thought to reside on the lithium (M1) site and create additional
lithium vacancies, no crystallographic evidence of the presence of dopants in the lattice was
presented. This sparked debates over the source of the increased conductivity, the presence

of dopants in the lattice and the sustainability of lithium vacancies in the structure.
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Figure 3.2: a) TEM image and b) carbon map from a sample of LiggZr 0 FePO,, along with TEM-EELS
data from two points on the sample. Point A (LiFePO, particle) exhibited a 1:1 Fe:P ratio, corresponding
to LiFePO,. Point B (grain boundary) exhibited a 2:1 Fe:P ratio, corresponding to the formation of
metallic Fe,P. Regions of Fe,P are connected by the carbon, creating a conductive “nano-network”.
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A subsequent study revealed poor conductivity of Zr** and Nb>* doped LiFePO,.”’
The conductivity was increased only when additional carbon was added. Carbon-containing
precursors, as carbon or which decomposed to produce metallic species, were thus deemed to
be the source of high conductivity in the Chung material. Other studies of high-temperature
lithium-deficient doped and undoped LiFePO, that followed found highly conductive
compounds, similar to Chung et. al. Electron energy loss spectroscopy revealed a high Fe:P
ratio in the grain boundaries in addition to carbon (see Figure 3.2), indicative of metallic iron
phosphides or iron phosphocarbides. The phosphides were produced by carbothermal
reduction of Fe,P,0; or LiFePO,. Carbon made a percolating conductive network through
the sample with the phosphides which accounted for the increase in conductivity. X-ray
diffraction analysis probing the presence of small dopant quantities in the LiFePQO, lattice
was inconclusive. In the presence of small quantities of carbon, pure LiFePO, could also be
made conductive; carbon-free doped and undoped materials exhibited no increase in
conductivity. A further study by Delacourt et. al. on Nb-doped LiFePO, revealed only
samples prepared with high carbon content were found to be highly conductive.*®*
Furthermore, crystalline B-NbOPO, was detected on the surface of the olivine particles,
further questioning the validity of doping claims. Calculations by Islam et. al. also
demonstrated the accommodation of an aliovalent dopant on either the M1 or M2 site is
highly unfavorable.'*®

In contrast, X-ray diffraction studies on doped olivines with lithium substoichiometry
properly charge compensated by dopant concentration, LiysFe™*MgPO; and Liy
e NiPO,, revealed that substantial doping (x < 0.15) could be sustained in the

magnesium and nickel olivines.”**** This prompted us to revisit the possibility of dopants in
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Table 3.1: Dopant concentrations resulting from simultaneous refinement of the X-ray and neutron data
for the samples with composition Lil_XyDXy+FePO4, D = Zr and Cr, and the Fe valence derived from the
refined atomic occupancies.

Dopant M1  Dopant M2 Fe M2

sample Refined stoichiometry Occupancy  Occupancy  Valence
L|0962r001FePO4 [Li0.9762r0.008][Li0.004Fe0.996]PO4 0008 OOOO 1996
Li0,91Cr0,03FePO4 [Li0_924Cr0_021] [CrO.OOBFeO.QQZ]PO4 0.021 0.008 2.004

the LiFePOy lattice in collaboration with M. Wagemaker et. al.*® Combined refinement of
X-ray and neutron diffraction data was carried out on compounds with various dopant
stoichiometries and the results are summarized in Table 3.1. Refinements of target
compounds similar to those reported by Chung et. al. (ie. LiyxM**xFePQ4) show a preference
of the dopant to occupy the M1 site, although the quantity of dopant in the lattice is much
less than targeted. In contrast, target compounds with charge-compensated stoichiometries
(ie. LiixM**xFePO,, x < 0.03) were found to incorporate roughly all of the dopant, again
with a preference for doping on the M1 site. At higher dopant concentrations, impurities are
clearly detected by diffraction. Most importantly, the refinements showed the incorporation
of the aliovalent dopant was balanced by lithium vacancies, which resulted in the charge of
the iron ion in the lattice to remain at +2.00, ruling out the presence of Fe** holes. The
resultant vacancies (9% for LiggsZroosFePO,) were determined to be entirely localized on the
M1 sites. Compositions which stabilized a high concentration of vacancies exhibited a larger
unit cell volume as a result of oxygen-oxygen repulsion at the vacant M1 sites.

Although initial reports of LiFePO, described the electrochemical behavior as strictly
two-phase in nature, solid solution behavior has been observed at room temperature in the

Fe*? /Fe** region of Li,(MnyFe;,)PO4 , y < x.”*"**® The presence of manganese was thought
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to disrupt a weak transition metal association which stabilizes the LiFePO4/FePO, phase
boundary.

An early model predicted the existence of two single compositional regimes, Li.
,FePO, and Li,FePOy, close in composition to the end-members LiFePO, and FePQ,.'*
This was first confirmed experimentally by Yamada et. al.”* X-ray diffraction studies on
bulk particles of various compositions of the chemically oxidized olivine confirmed the
presence of two phases: a Li-rich phase with a unit cell volume less than that of pure
LiFePO, and a Li-deficient phase with a unit cell volume greater than that of pure FePO,.
Using Vegard’s law, the limits of the solid solution were determined to be Li;yFePOy4, y =
0.038 and LixFePO,4, x = 0.032. A further study using neutron diffraction to determine
lithium content showed the miscibility gap to be narrower, where y = 0.11 and x = 0.05.**°
These monophasic regions of the electrochemical curve were also found to stray from the
constant value of 3.42 V seen for the two-phase transition. This miscibility gap was found to
be reduced upon decreasing particle size: values of y = 0.12 and x = 0.06 were obtained for
40 nm particles while values of y = 0.17 and x = 0.12 were obtained for 34 nm particles.*
Oxidation of LiFePO,4 upon exposure to air also results in the formation of Li;.,FePO, solid
solutions. 142

The discovery of thermally activated solid solution behavior over the entire
compositional range of LixFePO, was made by Delacourt et. al., based on temperature-
dependant X-ray diffraction studies.®*'** Peaks from the LiyyFePO, and LixFePO, phases
present at room temperature begin to broaden near 210 °C and completely coalesce near 300

°C for most compositions, giving rise to a set of sharp reflections characteristic of new

LixFePO, phases. Upon cooling, these newly formed high-temperature phases demix into
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FePO,, LiFePO, and other metastable LixFePO, phases, later determined to include
LiosFePO,.% Examination of the X-ray diffraction data at 350 °C revealed the presence of a
single olivine phase for all compositions. The unit cell parameters at this temperature for
each stoichiometry roughly followed Vegard’s law.

This prompted us to study the dynamics of electron transport in these high
temperature solid solutions using Mdssbauer spectroscopy, using partially oxidized powders
of bulk LiFePQO, prepared by hydrothermal, sol-gel routes and nano-LiFePQO, synthesized by
a low-temperature precipitation route. We also studied the high-temperature characteristics
of partially oxidized LiMnPQO,. Control of the morphology of the hydrothermally produced
LiFePO, and LiMnPO4 may be achieved through precise manipulation of the synthetic
conditions as discussed below. The electrochemical performance of these compounds was

also evaluated.

3.2 Synthesis of Olivine Compounds

Hydrothermal LiFePO,: Carbon-free triphylite samples were prepared from
(NH4)2Fe(SO4)226H,0, H3PO4 and LiOHeH,O in a 1:1:3 molar ratio. Carbon-containing
samples were prepared from the same quantities and reagents as carbon-free materials with
the addition of various organic additives (as described in the text), in the ratio of 1:1:3:0.25.
For all syntheses, the reactants were stirred in a sealed 45 ml Parr autoclave at 140-220 °C for
0.5-24 hours. Subsequent sintering of the products took place at 600-800 °C under flowing
argon.

Polyol LiFePO,: prepared by a method similar to that reported by Kim et al. in 2006.'*
2.175 g anhydrous iron acetate [Fe(CH3COO),], 1.430 g ammonium dihydrogen phosphate
(NH4H2,PO,4) and 0.825 g anhydrous lithium acetate (LiCH3;COQO) were added to 50 mi
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tetraethylene glycol (TEG). The solution was slowly heated to 320 °C in a round-bottomed
flask equipped with a reflux condenser and maintained at this temperature for 20 hours. The
product was filtered, washed with acetone to remove TEG and dried in a vacuum oven at 150
°C for 24 hours.

Solid state LiFePO,: prepared by ball milling stoichiometric amounts of FeC,04¢2H,0,
Li,CO3 and NH4H,PO, for 6-18 hours in a planetary ball mill. The powder was heated to
350 °C under argon to decompose the precursors. The mixture was then milled again for one
hour, followed by a final heat treatment at 600-700 °C where LiFePO, formed.

Sol-gel LiFePO,: prepared by dissolving stoichiometric quantities of Fe(NO3)3*9H,0 and
LiH,PO, in water. The solution was stirred and evapourated to dryness. The gel was fired at
500 °C under a reducing atmosphere (7% H,, bulk N>) to produce LiFePO,.

Solid state LIMnPO,: stoichiometric quantities of Mn(CH3COO),, Li(CH;COQO) and
NH4HPO,4 were ground for 6-18 hours in a planetary ball mill. The mixture was heated to
350 °C under argon. The mixture was then milled again for one hour, followed by a final
heat treatment at 600-700 °C.

Hydrothermal LiMnPO,: prepared by a method similar to that stated for the synthesis of
LiFePO,. In short, a 1:1:0.25:3 molar ratio of MnSO4¢H,0, H3PO,, carbon-containing
organic additive and LiOHeH,O was used to produce 5-20 mmol of LiMnPO,. The first
three precursors were dissolved in 15 ml H,O in a 45 ml Parr reactor, while the LiOHeH,0
was dissolved in 15 ml H,O in a separate beaker. The solution of LiOH was added to the
solution in the reactor with vigorous stirring. Some of the carbon-containing additives used

included ascorbic acid, citric acid and polyacrylic acid.

46



3.3 Hydrothermal Synthesis of LiFePO,: Synthetic Mechanism and

Effect of Synthetic Conditions

Powders of lithium metal phosphates and silicates can be easily prepared by a variety
of synthetic routes. The most common are solid state methods in which precursors are
ground or ball milled together and the resultant mixture is treated in a furnace.**>**° With
iron compounds, inert gas or slightly reducing conditions are used to achieve an iron valence
of Fe*2. Carbon-coated particles result from the use of carbon-containing precursors or the
addition of organic compounds which decompose to carbon during thermalisation. Sol-gel
and solution deposition routes involve the mixing of appropriate precursors in solution,
followed by drying and subsequent furnace treatment under inert or reducing atmosphere.
When organic chelating agents are used to prepare the gel, a carbon coating is produced.

Low-temperature precipitation methods to prepare phosphates involve solution reflux.

120,151 144,152,153

Crystalline olivine compounds can be precipitated from water, polyols and

ionic liquids.®**>  Typically nanoparticles result as the solvent acts as a stabilizer and
growth inhibitor for the particles. Hydrothermal and solvothermal methods have been
reported for the preparation of LiFePO, at temperatures as low as 120 °C.%991%0157 Thege
low-temperature synthesis routes may be preferred as they are not energy intensive.
Hydrothermal chemistry is one of the principal synthetic methods for the preparation
of new inorganic materials. It is used to produce various nanomaterials such as zeolites,
oxides and phosphates which are functional in catalysis, electrochemistry and separation
science. These compounds may have intriguing morphologies such as nanospheres,

nanowires and nanotubes. Morphology control of the products comes as a result of careful

manipulation of concentration, pH and temperature.
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The hydrothermal synthesis of LiFePO, was first published in 2001 by Yang et al.”
In the reaction, a mixture of FeSO., H3PO,4 and LiOH were combined in a 1:1:3 molar ratio.
It was also reported that any water-soluble iron (11) salt, such as FeCl, and (NH,)2Fe(SO,).
could also be used to produce LiFePO,. Polycrystalline powders produced by these
hydrothermal methods were carbon-free and thus did not exhibit good electrochemical
capabilities. Furthermore, if the reaction temperature was kept relatively low (120-140 °C),
site mixing, ie. Li on the M2 site and Fe on the M1 site, was found to occur which also
adversely affected electrochemical performance.

Our study of the preparation of hydrothermal LiFePO,4 began with an investigation of
the mechanism of its formation inside a hydrothermal container. The addition of lithium
hydroxide to the mixture of ferrous ammonium sulfate and phosphoric acid resulted in the
formation of a basic solution (pH = 8.3) and precipitation of an amorphous green solid which
turned yellow when dried, which clearly indicated the product oxidized on drying. Lithium
sulfate was detected in the filtrate after the water was evapourated. Ascorbic acid, a well-
known reducing agent, was added to the mixture of ferrous ammonium sulfate and
phosphoric acid to prevent iron oxidation. Addition of lithium hydroxide to this solution also
produced a crystalline green precipitate: vivianite, (Fe3(PO,)2*8H,0). Lithium sulfate was
again detected in the remaining solution. In general, we conclude the initial reaction in the
hydrothermal vessel (before heating) is:

3 (NHa)2Fe(S04)2#6 H,0 + 3 H3PO4 + 9 LIOH >
3 Li;SO4 + Feg(PO4)2#8 H,0 + Li,HPO, + 3 (NH4)2(SO4), + LiOH + 6 H,0

3.1)
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Pure LiFePO4 may be produced when the reagents are heated to 190 °C for as little as 5
hours; the bombs were exposed to shorter heating periods to try to isolate intermediates. A
summary of the resultant X-ray diffraction patterns and SEM micrographs is shown in Figure
3.3. Hydrothermal treatment of the basic mixture at 190 °C for 30 minutes produced an
intermediate phase, formed as crystalline “nanoleaflets” detectable by X-ray diffraction
(Figure 3.3a). It exhibited a relatively weak and disordered XRD pattern, albeit with one
very strong, characteristic reflection at 260 = 9.8°. Elemental analysis of material extracted
from the autoclave and filtered at this stage confirmed a Li:Fe ratio of approximately 1:5,
indicative of partial reaction of the initial vivianite formed with the compounds present in the
autoclave. Sintering of this intermediate at 600 °C under Ar produced a mixture of triphylite
and graftonite (Fe3(PO,).), again indicating partial reaction of the vivianite.

When the hydrothermal reaction was stopped after 90 minutes at the same
temperature, a new morphology was evident in the SEM. The appearance of larger
crystallites coincided with the detection of triphylite in the XRD pattern (Fig 3.3b). The
reaction had not gone to completion at this point, as some leaflets remained in the
hydrothermal product, and the pronounced intermediate peak remained in the diffraction
pattern. After 5 hours, the leaflets fully reacted to produce larger crystallites (Figure 3.3f)
which were determined to be LiFePOy, as seen by the pure olivine phase in the X-ray

diffraction pattern (Figure 3.3c).
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Figure 3.3: Powder X-ray diffraction patterns and corresponding SEM micrographs of hydrothermal
LiFePO, after various reaction times, depicting the presence of an intermediate that reacts to form
LiFePO,: 30 minutes (a, d), 90 minutes (b, e) and 5 hours (c, f). Reproduced from reference * with
permission from the Royal Society of Chemistry.

The XRD pattern of the intermediate, and its morphology (Figure 3.3d) suggested it may be
related to NH4FePO4eH,0, whose XRD pattern is also dominated by a very prominent high-
intensity reflection at 260 = 9.8° (JCPDS #45-0424), as shown in Figure 3.4. This peak
corresponds to the (010) reflection in the Pmn2; space group, and the intensity is due to a
high degree of preferred orientation arising from the thin plate morphology exhibited by this
material. Comparison of the structures of LiFePO, (Figure 3.4a) and NH4FePO4H,0
(Figure 3.4b) indicates how they could be related by a simple transformation. The
connectivity of the iron and phosphate polyhedra in the (100) plane of LiFePOy is identical to

that in the corresponding (101) plane of NH4FePO4+H,O (note the difference in the space

50



groups switches the a and b axes); similarly, the d-spacing corresponding to the (020)
reflection in LiFePQ, is almost the same as the (200) reflection for NH;FePO4¢H,0 since the
repeating polyhedral motif is the same, as illustrated in Figure 3.4. We surmised the
precursors which initially precipitated in the autoclave (ie. Fe3(PO,4),¢8H,O and other
amorphous solids) reacted with excess NH," in solution when the vessel was first exposed to
heat and pressure to first form the ammonium intercalated solid NH4FePO4*H,O (Figure

3.4b). The next step in the reaction was the rapid subsequent exchange of NH4" for Li* in the
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Figure 3.4: a) The olivine structure, adopted by several minerals including LiFePQy,, in the space group
Pnma; b) structure of NH4FePO,*H,0 in the space group Pmn2; showing the comparison to the olivine
structure. For each, iron octahedra are shown in blue, phosphate tetrahedra in yellow and Li*/NH4" ions
in green. Reproduced from reference * with permission from the Royal Society of Chemistry.
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autoclave solution: the reaction intermediate seen after 30 minutes of reaction in the
autoclave was not pure NH;FePO4sH,0, but a material that already underwent partial Li*
exchange to give rise to a disordered material, evident from the X-ray diffraction pattern of
the sintered intermediate. The mechanism of final step, the crystallization of olivine
LiFePOy, is not precisely known. The lithium-substituted intermediate may have undergone
a pressure-induced transformation to form the final product or a dissolution-reprecipitation
step may have been involved.

An X-ray diffraction pattern and Rietveld refinement of a sample of hydrothermal
LiFePO, prepared at 190 °C is shown in Figure 3.5. The full summary of the refinement
result may be found in Table 3.2. The theoretical peaks of LiFePO, match very well with the
pattern, although the intensities are slightly off. To ascertain any Fe-Li site mixing, as
previously speculated, an additional Fe atom was placed on the lithium site and the total
occupancy of the iron atoms was constrained to be one (a lithium atom was also placed on
the iron site to account for valence compensation). This produced a much better fit: a
minimum residual error value was reached when the value of iron on the M1 site was about

2.3%.
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Figure 3.5: Rietveld refinement of hydrothermally-prepared LiFePO, at 190°C. The calculated pattern is
shown in red, experimental data in black, phase lines for LiFePO, in magenta and difference map in blue.
Details of the refinement are given in Table 3.2.

Table 3.2: Lattice constants and atomic parameters for hydrothermal LiFePO, refined from X-ray
diffraction powder data. X-ray diffraction agreement factors: Ry, = 9.88%, R, = 7.59%, ¥ =1.953.

LiFePO,

Space group: Pnma (#62), Orthorhombic
M,, = 157.76 g/mol

a=10.3361(1) A
b =5.9902(1) A
¢ =4.6993(1) A
V =290.96(1) A®

Atom x/a y/b zlc Occ. Uiso
Li(1) 0 0 0 0.977(1) 0.015
Fe(1) 0 0 0 0.023(1) 0.015
Li(2) | 0.2816(2) 1/4 0.9753(3) | 0.023(1) | 0.006(1)
Fe(2) | 0.2816(2) 1/4 0.9753(3) | 0.977(1) | 0.006(1)
P(1) | 0.0956(1) 1/4 0.4169(4) 1.0 0.011(2)
O(1) | 0.0931(4) 1/4 0.7516(5) 1.0 0.012(2)
O(2) | 0.4521(4) 1/4 0.2207(5) 1.0 0.011(2)
O(3) | 0.1613(4) | 0.0423(5) | 0.2775(6) 1.0 0.011(2)
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Figure 3.6: Raman spectra of LiFePO, collected straight after filtration (blue) and after being fired under
Ar at 600 °C (black). Peaks of Fe,0O; are marked. Reproduced from reference * with permission from
the Royal Society of Chemistry.

The purity of the products depended predominantly on the oxygen content of the gaseous
headspace in the autoclave, and the oxidizing power of the medium. Trace impurity phases
containing Fe** such as tavorite (LiFePO,OH), formed along with LiFePO, if the atmosphere
was oxidizing. Tavorite is known to form under mild hydrothermal conditions and upon
subsequent heat treatment in excess of (550 °C), tavorite decomposes to LizFe,(PO4); and
Fe,03.%° Although these ferric compounds were formed in trace quantities in the reactor and
were not readily detectable by X-ray diffraction, they could be detected by Raman
spectroscopy.  Figure 3.6 shows the Raman spectrum of LiFePO, directly after collection
from the hydrothermal reactor which was loaded in ambient conditions. The spectrum looks
much like that reported previously for LiFePO4,*®** highlighted by three prominent P-O
stretching bands between 900 and 1100 cm™. Although not seen clearly in the diffraction
pattern, Fe,O3 was clearly visible in a Raman spectrum of a sample fired at 600 °C under
argon, as the surface Fe** impurities had crystallized. These impurities were detrimental to

the electrochemical performance of LiFePO,4, and could be eliminated by purging oxygen
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from the solution and the headspace by bubbling nitrogen into the solution. When
hydrothermal LiFePO, prepared in this fashion was filtered, dried, and subjected to further

heating at 600 °C in argon, it was found to be free of Fe,O3 and any other Fe** impurities.
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Figure 3.7: SEM micrographs of carbon-free LiFePO, crystallized at different concentrations and
temperatures: a) 0.25M (Fe), 190°C; b) 0.25M (Fe), 140°C; c) 0.75M (Fe), 190°C. Figure 3d shows the
XRD patterns of the compounds synthesized at 190°C (0.25M (Fe) in black, 0.75M (Fe) in red). Preferred
orientation in the (020) direction is seen in the 0.25M sample.

The size of the crystallites in the absence of organic additives was controlled
predominantly by the reaction temperature and concentration of the precursors in the
autoclave. At 190 °C, typical low concentrations of precursors (7 mmol of
(NH4)2Fe(SO4)226H,0 in 28 ml of water (0.25 M in Fe) along with stoichiometric amounts of
H3PO, LiOHeH,0) produced diamond-shaped platelets that were about 250 nm thick which

had large basal dimensions in the range of 1-5 pum as seen in Figure 3.7a. Increasing the
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reactant concentration by threefold created more nucleation sites and therefore produced
much smaller particles whose basal size distribution peaks around 250 nm, as seen in Figure
3.7b. The corresponding X-ray diffraction patterns are shown in Figure 3.7d. The two
patterns are normalized to the intensity of the most intense peak for triphylite, the (211) peak
at 35.6°. While most of the peaks are of similar intensity, it was evident that the peak at
29.8° was much more intense for the materials prepared using the lower concentration. As
shown by Chen, the large diamond-shaped surfaces of hydrothermally prepared LiFePO,
correspond to the ac plane, which is perpendicular to the (020) direction.*®® Accordingly, the
increased intensity of the peak at 29.8° we observed was the result of preferred orientation in
the (020) direction. This is significant since this direction is the most facile pathway for
lithium mobility in the material, as predicted by consideration of the structure, and as
calculated previously.*****? The large exposure of the electrochemically active crystal face
represents approximately 80% of the surface area of each individual particle, and thus the
thin profile of these particles reduces the lithium diffusion path length.

Although this prevailing morphology may show potential for improved
electrochemistry, reducing the overall particle size of the electrode material is also important.
As is the case with solid state or sol-gel techniques, this was accomplished with our
hydrothermal route by synthesis at lower temperatures. Material synthesized at 140 °C using
an autoclave concentration of 0.25 M (Fe) produced substantially smaller particles than
crystallites synthesized at 190 °C, as clearly seen in the SEM micrograph (Figure 3.7c). The
former temperature was found to be the minimum temperature the autoclave must reach in
order to produce pure LiFePO,. The heating period has little effect on the morphology of the

hydrothermal product once the minimum reaction time (3 hours) was surpassed.
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Figure 3.8: Typical electrochemical profile of hydrothermal LiFePO,.

Despite the relatively small average particle size of the LiFePO, as well as the lack of
Fe** impurities present in these samples, the electrochemical properties of these carbon-free
samples was found to be poor. Figure 3.8 shows the electrochemical profile of a 0.25 M
batch of hydrothermal LiFePO, prepared at 190 °C and cycled at a rate of C/10. The profile
did not exhibit the usual plateau at 3.5 V but instead charged quickly to the upper voltage
limit with only 15% of the lithium deintercalated from the structure. The electronically-
insulating nature of the LiFePO, particles prevented any significant electrochemical
performance and prompted us to explore hydrothermal synthesis of carbon-coated LiFePO,

as discussed below.

3.4 Modified Hydrothermal Synthesis: Use of Carbonaceous Additives
While the headspace of the autoclave is critical to producing single phase materials,

organic compounds were added to the bombs to act as internal reducing agents. Carbon-

containing molecular compounds such as ascorbic acid, sucrose and citric acid have been

utilized previously as carbon sources and reducing agents in various sol-gel and solid state
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methods for making LiFePQ,.}#>14816

Furthermore, subsequent heating of these organic
compounds in inert atmospheres decomposed these compounds into carbonaceous films,
depositing a thin conductive layer of carbon on the triphylite particles.

We prepared LiFePO,/C composites by adding organic compounds into the
hydrothermal reactor in a 0.25:1 mole ratio with iron. Products recovered from samples
prepared at low concentration of precursors (0.25 M in Fe), containing ascorbic acid or citric
acid heated at 190 °C and subsequently fired at 600 °C in flowing Ar, were all identified as

pure LiFePO, by X-ray diffraction. SEM micrographs of the products are presented in

Figures 3.9a and 3.9b. Comparing the morphologies of these two samples with that in Figure
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Figure 3.9: SEM images of hydrothermal LiFePO, treated with citric acid (a, red) and ascorbic acid (b,
blue) in the reactor. The ascorbic acid decomposed, depositing carbon (Raman spectrum, 3c) and
produces material with better electrochemical character at a rate of C/10 (3d). Reproduced from
reference * with permission from the Royal Society of Chemistry.
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3.7a confirmed that the presence of a decomposable reducing agent strongly affected the
morphology: ascorbic acid decomposes near 200 °C when heated. The decomposed ascorbic
acid was found to both affect morphology and deposit a carbonaceous coating on the
particles. The particle size of the ascorbic acid sample was substantially smaller (250 - 1.5
pm) than that of LiFePO, prepared without any reducing agent.

Raman spectroscopy was used to study the carbon microstructure. The Raman
spectra show two important frequencies for carbon: 1350 cm™ corresponding to disorder in
sp>-hybridized carbon (D-band) and 1590 cm™ corresponding to tangential stretching in

graphitic materials (G-band).*%%1%3

The Raman spectra (Figure 3.9¢) clearly show the
presence of significant quantities of carbon, approximately 5% by mass as determined by
TGA measurements in oxygen.

Conversely, LiFePO, prepared with citric acid, a more thermodynamically stable
organic additive than ascorbic acid, resulted in a wide distribution of particle sizes (500 nm -
3 um). Furthermore, the morphology of these samples did not exhibit the monolithic sponge

appearance of samples made with citrates in the solid state.*®*

Owing to the increased
stability of citric acid, a minimal amount of carbon was detected on the surface of these
particles, as seen by the very low intensity of the carbon peaks in the Raman spectrum.

These discrepancies in particle size and carbon content were clearly evident in a
comparison of the electrochemistry of the two materials (Figure 3.9d). With substantially
more carbon and smaller average particle size, almost 100% of the lithium could be extracted
from and 70% of the lithium reinserted into LiFePO, prepared with ascorbic acid on the first

cycle at a rate of C/10. In contrast, only 50% of the lithium could be extracted from the

sample prepared with citric acid and 35% could be reintercalated when cycled at the same
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rate of C/10. Clearly, the presence of carbon greatly affects the electrochemical performance
of LiFePO,4 powders, however the presence of substantial amounts of carbon reduces the
energy density of cells prepared with these materials as the carbon is not electrochemically
active.

Nanoparticles of LiFePO, could be synthesized hydrothermally in the presence of
water-soluble polymers, such as polyacrylic acid. Hydrothermal treatment with this additive
produced 300 - 500 nm diameter agglomerated clusters which consisted of very small
particles that were 75-100 nm in size (Figure 3.10). A diffraction pattern, together with a

LeBail fit of the data is shown in Figure 3.10. The unit cell volume and the a lattice
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Figure 3.10: XRD pattern and LeBail (full pattern matching) refinement (a) and SEM micrograph (b) of
LiFePO, synthesized hydrothermally in the presence of a water-soluble polymer, polyacrylic acid. The
experimental (x) and calculated (-) diffraction patterns are shown, along with the difference curve (blue).
Lattice parameters and the agreement factor are given in Table 3.3.
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parameter are noticeably smaller than those for typical hydrothermal or solid state LiFePO,,
as summarized in Table 3.3. Decreased unit cell volumes for particles < 100 nm in size has
been reported earlier.*** The likely cause is surface oxidation of iron to Fe** and subsequent
removal of trace amounts of lithium (up to 7%) from the lattice as a result of air exposure of
as little as a few hours.*** This surface oxidation was not prevalent for bulk particles of
LiFePO, which were found to be stable in air for weeks. The increase or decrease of lattice
parameters of nano-powders, as compared to bulk phases, is a phenomenon reported for other
transition metal compounds: the decrease in the lattice parameters of triphylite particles <
100 nm is similar to that seen in other oxides of iron (y-Fe;03)*® and cobalt (C0304).*® In
these cases, the decrease in lattice parameter was attributed to strain on the particles as a
result of high surface tension. In contrast, cerium oxide, known to commonly undergo point

defects in the bulk phase, undergoes an increase in lattice parameters.*®’

Table 3.3: Typical lattice parameters for olivines prepared by different synthetic routes with varying
particle size. Reproduced from reference * with permission from the Royal Society of Chemistry.

LiFePO, Average a(A) b (A) c (A) V (A% | wRp (%)
Synthetic Route | Crystallite

Size (nm)
Solid State 280 10.3222(2) | 6.00566(8) | 4.6941(1) | 290.99 5.25
Hydrothermal 700 10.3328(2) | 6.00296(5) | 4.6950(1) | 291.22 7.94
Nanocrystalline 100 10.3089(1) | 5.9849(1) | 4.6970(1) 289.79 6.65
Hydrothermal
LiMnPO, Average a(A) b (A) c (A) V (A% | wRp (%)
Synthetic Route Crystallite

Size (nm)
Solid State 300 10.4430(2) | 6.1014(1) | 4.7430(1) | 302.22 6.12
Hydrothermal 550 10.4456(1) | 6.09815(6) | 4.7456(1) | 302.29 5.61
Nanocrystalline 80 10.4476(1) | 6.10225(7) | 4.7485(1) 302.74 5.20
Hydrothermal
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3.5 High Temperature Mdssbauer Studies on LiFePO,

When lithium is partially extracted from the structure of LiFePO,, formation of a
LiFePO4/FePO, mixture is in part driven by the 6.6% volume change between the phases.™
The solubility of the two phases at room temperature is not accurately known: some reports
suggest a pure two-phase coexistence with no mutual solubility, whereas others give
evidence for very narrow single-phase regimes Li,FePOs and Li;gFePOs at room
temperature, with o and 1-B reported with values up to 0.05 and 0.89 respectively.'*
However, at elevated temperatures, the solubility increases to 100%: it was previously shown
that a transition to a Li,FePO4 (0 < x <1) solid solution phase occurs at about 485 K43

which could be quenched on rapid cooling.®**®® This was a solid solution with respect to

lithium concentration, where lithium occupation was found to be random within the lattice.
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Figure 3.11: X-ray diffraction patterns of Li,.,FePO, prepared from oxidation of LiFePO,. A two-phase
transition to FePQ, is evident.
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We endeavoured to determine the onset temperature of electron delocalization and
determine if there was a correlation to the state of lithium disorder. Three samples were
prepared: Lip7sFePO, and LipssFePO, made by a carbon-free sol-gel method, and
Lig2sFePO4 made by the solid state method. The stiochiometries were achieved by partial
oxidation of LiFePO,4 with NOBF, as per the following reaction:

LiFePO4 + x NOBF4 2 x FePO, + 1-x LiFePO,4 + X LiBF4 + X NO (5.3)
Partial oxidation resulted in intimate two-phase mixtures of LiFePO, and FePO,. X-ray
diffraction patterns of the three samples collected at room temperature are shown in Figure
3.11, along with that of pure lithiated end-member LiFePO, and the delithiated end-member
FePQO,. Clearly, each intermediate stoichiometry was comprised of a mixture of LiFePQO,
and FePO, relative to the target stoichiometry.

The room temperature Mdssbauer spectra of the two parent compositions, LiFePO,
and FePQ,, along with those of the two-phase mixtures of Lig7sFePQOy, LigssFePO4 and
Lio2sFePOs, are displayed in Figure 3.12. The contributions of the localized, static Fe®* and
Fe** components in the two phase mixtures were readily apparent and characterized by two
doublets with Mdssbauer parameters of IS = 1.2 mm/s, QS = 3.0 mm/s and IS = 0.42 mm/s,
QS = 1.5 mm/s, typical of Fe** and Fe®" in these materials, respectively.**® The relative areas
of the two components confirmed that the target stoichiometries were achieved through
chemical oxidation. The samples typically contained about 5% of impurity phases, which
were apparent in the spectra shown in Figure 3.12 as additional lines: trace amounts of
unreduced precursor were found in the spectrum of LiFePO, and unoxidized triphylite was

found in the spectrum of FePO,, though these were not detectable by X-ray diffraction.
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Figure 3.12: Room temperature Méssbauer spectra of Li,FePO, compositions showing localized Fe*" and
Fe** components. Reprinted with permission from reference ®, copyright 2006, American Chemical

Society.
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Figure 3.13: Mdgssbauer spectra at elevated temperatures illustrating the evolution from two-phase
compositions to solid-solution Li,Fe****PO, as a function of temperature. Additional lines show the
contributions of Fe?" (green) Fe** (red) and solid solution (blue). Reprinted with permission from
reference %, copyright 2006, American Chemical Society.
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Mossbauer spectra recorded at temperatures above 400 and up to 700 K illustrate the

2+/3+PO4 as a

evolution from the initial two phase composition to the solid solutions LixFe
function of temperature (Figure 3.13). For each temperature point, the sample was
maintained at said temperature for three hours, followed by a counting time of 20 h, which
resulted in an overall time of 1 day per temperature. The time period was chosen on the basis
of the XRD studies of solid solution behavior in this system that utilized a 12 h heating
period to achieve “quasi-equilibrium” at any selected temperature.?® At 650 K, it was
reported that equilibrium was reached rapidly within 30 min, but below 500 K, the kinetics
were more sluggish. Even in this regime, however, very little change was observed between
12 hours and 3-4 days.

As shown in Figure 3.13, the changes in the Mdssbauer spectra as a function of
temperature are clearly evident for each stoichiometry. On heating the samples to 425 K,
each spectrum was dominated by the contributions of the parent phases, LiFePO, and FePO,.
By 500 K, a new phase was visible that increases in fraction along with diminution of the
parent phases on further heating. By 670 K, transformation to a single phase regime was
essentially complete and the corresponding spectra were dominated by one doublet.

The quantitative changes in the spectra on heating are more clearly seen by
examining the temperature dependence of the fitted parameters. Figure 3.14 shows the
variation in the isomer shift of the Fe®* and Fe** components along with that of the solid
solutions for Lig7sFePQy, LigssFePO4 and Lig2sFePO,4. Two important findings were evident

from the plot. First, as mentioned above, a new phase signal in the Mdssbauer spectra was

evident for each stoichiometry around 495 + 15 K. This is in good accord with the
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temperature of Li disorder found by XRD measurements that place it about 473-493 K.
Second, the value of the isomer shift of the new solid-solution phase (I1Sss) was between that
of the parent Fe”* and Fe** phases, which implied the iron valence of this phase was
intermediate between Fe?* and Fe*. Furthermore, the average oxidation state of the starting
two-phase mixture dictated the precise value of the solid solution isomer shift: with
increased Fe®', the average valence of the solid solution phase increased, and this was
reflected in the lower 1Sss. Similar valence averaging has been reported in CoO and NiO at

high temperatures.*®
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Figure 3.14: Change in isomer shift of the Fe®*, Fe** and solid-solution phases as a function of
temperature. The dotted lines denote the range of transition temperature. Reprinted with permission
from reference ®, copyright 2006, American Chemical Society.
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Figure 3.15: Relative areas of Fe?*, Fe** and solid solution regime as a function of temperature.
Reprinted with permission from reference %, copyright 2006, American Chemical Society.

The temperature at which the parent phases are replaced by the solid solution phase is
clearly seen in a plot of the relative phase fractions as a function of temperature, shown in
Figure 3.15. The areas represent the close-to-equilibrium state of the samples as described
above. The average onset temperature for appearance of the solid solution (495 K) was
essentially the same as reported in XRD studies (475-495 K), as mentioned above. The latter
reported the onset of the transformation of two-phase mixtures of LiFePO4/FePO, into a solid
solution LixFePO, as composition independent, however. Our Mdssbauer studies showed

that the temperature varied slightly with Li composition and, hence, Fe?*/Fe** content. At the
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highest Fe®* stoichiometry (Lig.7sFePO,), the onset of the signal was at 470 K, whereas at the
highest Fe** content (Lio2sFePO,), it was delayed until 510 K. This may reflect the
difference in mobility between electron carriers that would predominate in the former case,
as opposed to hole carriers that would predominate in the latter. These plots also indicated
that the solubility of the Fe®" phase within the mixture was less than that of the Fe** phase.
Except for the sample Lig ;sFePO, where the Fe** component is the initial majority phase, the
Fe?* component was consumed first as the temperature increased. The Fe** phase persisted to
high temperature in LipssFePO,4 and Lig2sFePO4 even in the presence of substantial fractions
of the solid solution phase. This suggests that there is a bias in solubility of the two phases in
favour of Fe?" dissolution. The persistence of some unconsumed majority phases in
Lig7sFePOy4 and Lip2sFePOy4 probably indicated the presence of isolated regions of LiFePO,
and FePQO, that were unable to react. Alternatively, during preparation of the samples,
oxidation of LiFePO, may have proceeded to completion in some very small crystallites to
give particles composed entirely of FePO,4, which were then unable to form a solid solution
phase.

That the materials showed an average onset of rapid electron hopping behavior in the
Mdossbauer at effectively the same temperature as that reported from diffraction studies is
highly significant. XRD studies showed that for compositions LixFePO,4 (0.04 < x < 0.85),
the patterns for the two parent phases merged into one single phase that displayed
intermediate lattice parameters. Neutron diffraction studies subsequently revealed that the
lithium ions were fully disordered in the solid solution, which characterized it as a single
phase from a structural perspective.**® The Méssbauer data allow us to go further in

interpretation of the nature of the solid solution. If the randomizing of the lithium on the M1
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sites in the olivine structure simply led to a static random distribution of the Fe’* and Fe*
within the lattice, then the Mdssbauer spectra would not have changed on entering the solid
solution phase. However, the electrons were clearly dynamically delocalized on the
Mdssbauer time scale, and this correlated with the random lithium population within the solid
solution lattice.

Analysis of the Mdssbauer spectral evolution in the solid solution phases as a
function of temperature can yield even more important information on the electron hopping
rate owing to the time scale over which the dynamic process can be observed. The isomer
shift of the solid solution phase at any specific temperature increased linearly with increasing
Li content, as shown in Figure 3.16, in accord with the decrease in the mean valence. This
revealed the development of rapid electron hopping in the solid solution phase that averaged

the valence states on the time scale of the M&dssbauer window.
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Figure 3.16: Plot of isomer shift versus x in Li,FePO,. Reprinted with permission from reference %,
copyright 2006, American Chemical Society.
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Figure 3.17: Mdssbauer spectra of the solid-solution component of LigssFePO,4 phase from 500-673 K
showing growth of the solid-solution phase and motional narrowing. Reprinted with permission from
reference %, copyright 2006, American Chemical Society.

For very slow fluctuations (events occurring on a time scale slower than the
Méssbauer window of 10°-107° s), a static pattern with sharp spectral features would be
obtained which would provide no information on the dynamics. As initial electron hopping
in the solid solution phase commenced, complex spectra developed with both the original
static patterns coexist with a severely broadened solid-solution component as seen in Figure
3.13. As the temperature was increased, the rate of electron hopping averaged out over the
entire particle and eventually a sharp, dynamically averaged pattern was regained. Figure
3.17 shows the motional narrowing of the solid solution contribution to the spectra on
heating the LigssFePO,4 phase. Two changes were readily apparent. Firstly, the area of the

solid solution phase grows rapidly on heating, and secondly, the spectral lines become
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progressively sharper as motional narrowing occurred. This latter change indicated that the
small polaron transport became more rapid over the temperature window in which the
Maossbauer experiment could detect the electron mobility. At temperatures lower than 500 K,
the onset of electron mobility had barely commenced, whereas above 673 K, the mobility
was too fast for the Mdssbauer experiment to probe (ie. faster than 10™° s). Detailed analysis
of the line width yielded an electron hopping rate, and the temperature dependence of the line
width allowed the calculation of an intrinsic activation energy (E;) for the small polaron
hopping of 775 = 108 meV.

Several other measurements and calculations of activation energy in the olivne LiFePO,
lattice have been reported. The most reliable value may be from ac impedance spectroscopy,
of about 630 meV.™! In principle, this technique could allow grain boundary and inherent
bulk contributions to be distinguished. Our dc conductivity measurements provided
estimates of between 390 and 500 meV (see discussion below), but are not a true estimate of
carrier activation energy in the lattice as measurements performed on pressed powders of
LiFePO, would be subject to grain boundary effects. In contrast, Mdssbauer should give a
microscopic measure of the intrinsic barrier to transport within the lattice. The lower bound
of the activation energy (670 meV) determined by Mdssbauer was close to the ac
conductivity result. All of the measured values of Ea were higher than that estimated by
first-principle pseudopotential calculations of the “free” small polaron activation energy in
LiFePO, (215 meV) or FePO, (175 meV)." It is important to note that strong binding of the
polaron to the lithium-ion (calculated to be 370-500 meV by the same authors) would be
expected to raise the activation energy substantially. Inclusion of this contribution to the free

polaron Ea for LiFePO, raised the overall activation energy to a value of 585-715 meV,
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similar to that measured experimentally, and fully consistent with the Maossbauer result.
Thus, the activation energy for free polaron mobility is raised by strong interaction with the
lithium ion, and the converse is also true: the activation energy for lithium ion transport is
higher than predicted in the absence of coupling to the localized electrons. The high E,
calculated from the Mossbauer data compared to that predicted for unconstrained polaron
migration implies strong interaction between hopping of the ion and electron carriers, by

their concerted diffusion through the lattice.

- - - - » @ -

Figure 3.18: Schematic illustration of small polaron hopping within the bc plane of the olivine lattice.

The small polaron carrier mobility is expected to be two dimensional. This is
depicted in Figure 3.18, which shows the connectivity within the (100) plane of the LiFePO4
(Pnma) lattice. Transport perpendicular to the plane would have a very high activation energy
because the FeOg octahedra are not directly connected along this direction, but are spanned
by intervening PO4> groups. The above considerations allow the explanation of temperature
driven phase transition. For an electron to move to an adjacent Fe** site from an Fe?" site,
the Franck-Condon principle dictates that the iron nuclei must first assume a configuration
that brings their two electronic energy levels into coincidence: a process accompanied by
thermal fluctuations in the lattice. In this excited state, the Fe-O bond lengths in the Fe*Og
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and Fe**Os sites become transiently equivalent, permitting the electron hops to occur in a
concerted manner that spans a large lattice domain. This can also be described by Marcus
theory, which establishes that electron transfer between two redox sites takes place only after
metal-ligand bond lengths have been altered enough to allow the transfer to occur

adiabatically (i.e., without further change in energy).'"
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Figure 3.19: Two-point probe dc conductivty measurement for LiysFePO,.

The Mdssbauer experiments are supported by two-probe variable temperature dc
conductivity measurements of two phase mixtures, carried out between 300 K and 520 K for
bulk crystalline LipsFePO,4. The densified pellets of material were sealed in a Swagelok
housing under inert atmosphere and remained at a given temperature for 24 hours, at which
point the measurement for that temperature was collected. The results are shown in Figure
3.19. The log o vs 1/T plot for the bulk LigsFePO4 material showed the expected linear
relationship in the temperature range from 300 K-473 K with an average activation energy of
510 + 15 meV. Multiple data sets were collected from separate experiments on different
pressed pellets and were remarkably consistent. Near 473 K, a distinct change in slope

demarcates the transition to the solid solution regime with a significantly lower activation
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energy of 275 + 15 meV. Thus, the onset of the solid solution regime could be determined
by temperature-dependent conductivity measurements.

The Mdossbauer experiments pinpoint the temperature of formation of the solid solution
on heating LiFePO./FePO, above 500 K and clearly showed that small polaron transport is

2*13* anvironment is

responsible for electron transport. The isomer shift of the averaged Fe
directly related to the averaged oxidation state in LixFePO,. Ma0ssbauer spectroscopy
permits a precise measure of the phase transition temperature by the appearance of the solid
solution signal in the spectra: the initial onset is present in small domains with short

coherence lengths within the crystal, invisible to diffraction but detectable by Mdssbauer

because it is a local atomic probe.

3.6 Synthesis and High Temperature Madossbauer Studies on Nano-

LiFePO,

Solution precipitation is a common synthesis method for the production of both
metallic and metal oxide nanoparticles and a similar approach was taken to produce
nanoparticles of LiFePOy, precipitated from tetraethylene glycol in a method similar to that
reported by Kim et al.** A TEM micrograph of the nanodimensional LiFePOy is displayed
in Figure 3.20 which revealed crystallites with an average size distribution from 35-90 nm in
length. Unlike the results of the structural refinements of hydrothermally-prepared LiFePO,,
refinement of the nanomaterial prepared from the glycol led to the exact site occupancies
predicted by stoichiometry: no M1/M2 site mixing was found.*> This was likely a result of
the higher synthesis temperature of the glycol synthesis (320 °C) where cation site

preferences based on thermodynamics are prevalent, compared to that of the hydrothermal
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method (140-200 °C). A sample of the nanoscale material was oxidized to a stoichiometry

corresponding to LiosFePO, with NOBF,.

Figure 3.20: TEM micrograph of nano-LiFePO, prepared by the polyol route.

A comparison of the bulk and nano LixFePO, samples was undertaken to observe any
effects of particle size on the high temperature solid solution regime found for bulk LixFePO4
(as discussed in the previous section of this thesis). A summary of the isomer shifts and
relative peak areas for the components found in nano LigsFePO,4 and bulk LigsFePOy is
shown in Figure 3.21. Room temperature Mdssbauer spectra for each sample displayed two
doublets with Mdssbauer parameters: 1S = 1.2 mm/s, QS = 3.0 mm/s and IS = 0.42 mm/s,
QS = 1.5 mm/s, typical of Fe** and Fe** respectively in these materials. In addition, the
relative areas of the two components confirmed the stoichiometry. Madssbauer spectra
recorded at temperatures above 300 K up to 700 K tracked the evolution of the fitted
parameters from the initial two-phase composition to the nano and bulk phase solid solutions
LiosFe?**PO, as a function of temperature: Figure 3.21 shows the variation in the isomer
shift (IS) of the Fe** and Fe** components, along with that of the solid solutions for the nano
and bulk phases as the transition to the solid solution regime takes place. Formation of the
solid solution was signaled by the appearance of a new spectral component with an isomer

shift (ISss) that lies between that of the parent Fe®* and Fe®* phases, as discussed previously.
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Figure 3.21: The relative areas and the change in isomer shift of the Fe?*, Fe** and the solid solution
phases as a function of temperature from the Mdéssbauer spectra for (a,c) nanophased LiysFePQO,; (b,d)
bulk LiosFePO,. Note that the isomer shift of the solid solution phase lies between those of the Fe?* and
Fe® phases in all cases and the dotted lines denotes the transition temperature of the nanomaterial.

This intermediate valence state was characterized by rapid polaron hopping on the
Mdossbauer time scale and allows us to pinpoint the exact temperature of the phase transition.
As stated previously, the transition temperature for the bulk phase was determined to be 490
K. Most striking was that the onset transition temperature to the solid solution regime
occurred about 80 K lower for the nano-phase material (at 410 K) as illustrated in Fig. 3.21.
Transition to the solid solution regime was clearly facilitated by the restricted crystallite
dimensions. The curves also indicated that the solubility of the Fe** phase within the mixture
was less than that of the Fe?* phase since the Fe?* component was consumed first as the
temperature increased, although the persistence of the Fe** component for both the bulk and

nano LigsFePO,4 samples could be due to the full oxidation of some particles.
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Since the electron hopping rate between Fe?* €-> Fe®* increased upon heating, the
activation energy of electron hopping could again be determined by analysis of the solid-
solution phase line shapes in the spectra as a function of temperature. Within error, the
activation energy for the nanocrystalline material, 420 + 60 meV, was found to be much
lower than that of the bulk material (775 = 108 meV). The fitted activation energies, which
provide a microscopic measure of the intrinsic barrier to transport within the lattice, compare
well with values derived from ac and dc conductivity measurements of LiFePO, as
previously discussed.

The onset temperature of the disordered phase and the activation energy for small
polaron hopping are both clearly dependent upon the dimensions of the material. A greatly
reduced crystallite size leads to a significant decrease of both parameters, possibly the result
of the two end members having smaller differences in unit cell volume. Our data revealed a
volume contraction of 6.4% upon going from LiFePO, to FePO, in the bulk material,

compared to 5.6% in the nanocrystalline material.”

As well, the overall energetic benefits of
phase separation decrease for smaller particles. This arises from a change in the energy
terms: contributions from the interface initially separating the two phases, the increased
surface energy resulting from particle strain and the decreased volume of the particle. These
combine to increase the Gibbs free energy of mixing two phases, as reported for titania
nanoparticles.!”? Another way of describing this is that when grain sizes approach the scale
of the Debye length, the volume-averaged defect concentration increases which raises the
entropy contribution to the Gibbs free energy. This in turn lowers the temperature at which

the two phases mix and leads to the possibility of removal of the miscibility gap entirely at

room temperature, but only if the crystallites were of extremely small, and probably
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impractical dimensions. Owing to the inter-relationship of these nanoscale effects (shorter
ion/electron transport lengths, increased surface energy, reduced unit cell volume strain,
slightly lower activation energy in the solid-solution regime) it is difficult to determine which
of these effects would have the greatest contribution to improving the electrochemical
properties of nano-LiFePO,.

The Maossbauer experiments pinpoint the temperature of formation of the solid
solution on heating LiFePO4/FePO, above 400 K, and showed that transition to the solid
solution occurs at a much lower temperature for nanocrystallites, by about 80 K compared to
the bulk phase. Moreover, the average activation energy for small polaron hopping was
found to decrease. The nature of this effect is likely related to reduced strain between the

LiFePO4 and FePO, phases.

3.7 Hydrothermal Synthesis and High Temperature Studies of LiIMnPO,

Other lithium phospho-olivines including LiMgPO, and LiMnPO, could also be
synthesized hydrothermally, by using MgSO, and MnSQO,4H,0 respectively as a substitute
for ferrous ammonium sulfate. An X-ray diffraction pattern and subsequent Rietveld
refinement of LiMnPO, prepared at 190 °C is shown in Figure 3.22 and a summary of the fit
parameters is presented in Table 3.4. As with hydrothermally prepared LiFePOy, the fit was
found to be best when a small quantity of Mn (3%) was placed on the Li site. The lattice
parameters for LiIMnPQO, are similar to those from earlier reports of materials made by other
synthetic methods. These compounds can be also be synthesized with carbon, using the same
additives described previously. As with hydrothermal LiFePO,, the use of polyacrylic acid

also produces nanocrystalline LiMnPQ,, with particles in the 40-80 nm range.
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Figure 3.22: Rietveld refinement of hydrothermally-prepared LiMnPO, at 190 °C. Experimental pattern
shown in black, calculated in red, difference map in blue and phase lines for LiMnPO, are shown in
magenta. Refinement parameters are shown in Table 3.4.

Table 3.4: Lattice constants and atomic parameters for hydrothermal LiFePO, refined from X-ray
diffraction powder data. X-ray diffraction agreement factors: Ry, = 6.73%, R, = 4.79%, ¥ = 6.49.

LiMnPOQO4

Space group: Pnma (#62), Orthorhombic
M,, = 156.86 g/mol

a=10.4430(2) A
b = 6.09815(6) A
c =4.7456(1) A

V =302.29(1) A®

Atom x/a y/b zlc Occ. Uiso
Li(1) 0 0 0 0.976(1) 0.015
Mn(1) 0 0 0 0.024(1) 0.015
Li(2) | 0.2817(2) 1/4 0.9706(2) | 0.024(1) | 0.007(1)
Mn(2) | 0.2817(2) 1/4 0.9706(2) | 0.976(1) | 0.007(1)
P(1) | 0.0932(1) 1/4 0.4096(4) 1.0 0.011(2)
O(1) | 0.0944(3) 1/4 0.7385(6) 1.0 0.012(2)
O(2) | 0.4535(4) 1/4 0.2169(5) 1.0 0.013(2)
O(3) | 0.1605(4) | 0.0423(5) | 0.2740(6) 1.0 0.015(2)
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Note that although nano-triphylite experienced a decrease in unit cell volume, a
similar lattice strain on the nano-crystalline LiMnPO,4 seemed to have virtually no effect on
the lattice parameters. Although line broadening in the diffraction pattern characteristic of
microstrain and small coherence lengths was observed for nano-LiMnPQ,, little effect on the
unit cell volume was noted, unlike that seen for nanoparticles of LiFePO,, as outlined in

Table 3.3. This is likely due to the oxidative stability of Mn?* relative to that of Fe?*,
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Figure 3.23: Electrochemistry of nano-LiMnPQO,.

The electrochemistry of hydrothermally prepared LiMnPO, powder with polyacrylic
acid as a synthetic additive is shown in Figure 3.23. LiMnPO,4 was reported to undergo a
two-phase transition on delithiation, similar to that of LiFePQ,, although the potential for
LiMnPO, is 0.6 V higher: about 4.1 V versus lithium.>*® Although the LiMnPO, particles
prepared with polyacrylic acid were nanosized, the high polarization of 0.5 V and poor
capacity (only 15% reversible) indicated that there may be poor electrical connection
between the insulating particles of active material and the electronically conductive carbon

inside the cell.
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The intriguing discovery of a high-temperature solid-solution regime in the LiFePO,
system led us to study the high-temperature properties of partially delithiated LiMnPO,.
LigsMnPQO,4 was prepared by the reaction of LiMnPO,4 with 0.5 eq. NO,BF4. The resultant
X-ray diffraction pattern is shown in Figure 3.24. The peaks of LiMnPO, (JCPDS #33-0803)
are present along with those of purpurite MnPO, (JCPDS #37-0478), the manganese-rich
oxidized olivine phase. Without the ability to monitor any solid-solution behaviour in the
LiosMnPO, system spectroscopically, we endeavoured to isolate quenched high-temperature
solid-solutions of the manganese olivine. LigsMnPO,4 was heated to 200 °C for 18 hours in
both air and argon atmospheres in ceramic crucibles and the samples were quenched by
placing the crucibles in cold water. The X-ray diffraction patterns of the quenched samples
are shown in Figure 3.24. In both samples, LiMnPO, was found to be present, along with
Mn,P,07; the peaks corresponding to MnPQO, were absent, thus we concluded decomposition

of the MnPQ, phase occurred prior to reaching 200 °C.

LiMnPO,
MnPO,
*Mn,P,0,

|

il ‘ Li, sMnPO,, 200°C,
] air, 18h, quenched
|
s ‘ Li, sMnPO,, 200°C,
|

Ar, 18h, quenched

Li, sMnPO,

10 20 30 40 50

2-theta

Figure 3.24: X-ray diffraction patterns of Li,sMnPO4 prepared by chemical oxidation of LiIMnPO,4. The
LipsMnPO, was heated to 200 °C where it decomposed into Mn,P,0;.
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Figure 3.25: a) TGA of LiMnPO, and b) LiysMnPQ,, both heated in air.

This was confirmed by TGA analysis of both the LiMnPO,4 and LiosMnPO,4 samples heated

in air; the data are shown in Figure 3.25. Although LiMnPO, exhibited nominal mass loss up

to its 1000 °C melting point, LipsMnPO,4 experienced a mass loss between 75-100 °C of

about 4%. This corresponds with the decomposition of MnPQO, by the following mechanism:
MnPO4 = Mn,P,07 +%2 0O, (3.5

This result is particularly interesting as it highlights the instability of the MnPO, which

underwent reduction in the presence of both air and argon. The poor temperature stability of

MnPQO, limits the practical application of LiMnPO, as a high-temperature battery material.

3.8 Conclusions

LiFePO, and LiMnPO, cyrstallize under autogeneous pressure in hydrothermal
reactors at temperatures above 120 °C. These reactions could be tailored to produce
nanoparticles by the modulation of reaction temperature, concentration of precursors and the
addition of organic compounds to act as particle growth inhibitors. Ascorbic acid was found
to be a particularly useful organic additive: on top of limiting particle growth, it acted as a

reducing agent for iron and decomposed at a low enough temperature to deposit a carbon
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coating on the surface of the particles. All of these factors were critical to electrochemical
performance of LiFePO,4. Synthesis of olivines at temperatures below 200 °C resulted in the
formation of antisite defects in the order of about 2-3% which may adversely affect the
electrochemical performance. Care must be taken to protect nano-LiFePO, from air
exposure which resulted in surface oxidation; such precautions are not necessary for
LiMnPOQ,, owing to the oxidative stability of Mn?*.

Although LiFePO, was found to reversibly intercalate lithium by a two-phase
mechanism at room temperature, when heated to temperatures over 220 °C, a solid solution
formed as the result of electron delocalization in the lattice, as probed by Madssbauer
spectroscopy on partially delithiated LiFePO,4. The onset of rapid small polaron hopping on
the time scale was precisely correlated with the temperature that the lithium ions begin to
disorder in the lattice. Furthermore, this onset of this phenomenon was found to be
dependent on the particle size: nanoparticles were found to reach this solid-state regime at a
temperature 80 K lower than found for bulk particles. This implies that with sufficiently
small particles, LiFePO, free of disorder and defects may display solid-solution character at
room temperature. Solid solutions were not found to be stable at high temperature in the case

of partially delithiated LiMnPQO,4 as MnPO, was found to decompose near 200 °C.
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4 Preparation, Electrochemistry and Anion-Induced Solid
Solutions in Hydroxyphosphates and Fluorophosphates

based on the Tavorite Structure

4.1 Overview of Tavorite-type Compounds

Fluorophosphates are another class of electrode materials under scrutiny as potential
lithium battery electrodes. As with the olivines, the iron and manganese compounds of this
family were the focus of our work owing to the relative abundance and low environment of
iron and manganese compounds. Depending on the framework connectivity, these
compounds may be expected to exhibit a high cell potential as a result of both the inductive
effect of PO,> group and the electron-withdrawing character of the F” ion. Similar to the
olivines, the environmentally benign character of these compounds is confirmed by their
presence as natural minerals. Among these are montebrasite (LiAIPO,OH), amblygonite
(LiAIPO,F) and compositional solid solutions thereof (LIAIPO4(OH)yF1.),58% 1 all of
which are isostructural with another iron-containing natural mineral, tavorite
(LiFePO4OH).*"® 1t is commonly found lithium-rich pegmitic deposits in the presence of
other iron-containing phosphates such as triphylite (LiFePO,), heterosite ((Fe,Mn)PO,),
vivianite  (Fe3(PO,),*8H,0),  barbosalite  (Fe3(PO4)2(OH);) and  ferrisicklerite
(Lix(Fe,Mn)PO,).1®"" 1t is not clear whether tavorite is formed hydrothermally or formed
by weathering of triphylite.

Compounds of this type have the general formula AMTO,X where A = H, Li; M =
Mg, Al, V, Cr, Mn, Fe; T =P, S, As; X = OH or F. Unlike the olivines or the other

fluorophosphates in this thesis, compounds of this class tend to crystallize in lower symmetry
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(monoclinic or triclinic) space groups. The structure of these compounds can be generalized
as consisting of parallel chains of MOg octahedra (or in the case of fluorine-containing
compounds, MOy4F, octahedra) which are interconnected by corner-shared TO, tetrahedra.
The resulting framework is very cavernous and as a result, tavorite compounds which contain
lithium have been found to be good Li-ion conductors at high temperatures. For example,
the ionic conductivity of lithium was measured to be 1.5 x 10° S/cm at 520°C in
LiMgSO4F® and 3 x 10” S/cm at 200°C in LiMnPO4(OH).%’

lonic conductivity is an important property for intercalation electrodes. Up to this
point, only one fluorophosphate from this family has been explored as a potential Li-ion
battery cathode. LiVPO4F was first reported in 2003 as a 4.1 V positive electrode material
with a theoretical capacity of 155 mAh/g, corresponding to the extraction of one Li.*!0%17®
Interestingly, it was later shown that LiVPO4F could also intercalate Li at a potential of about
1.8 V. Since LiVPO4F was shown to function as both a positive and negative electrode, this
led to the report of a LiVPO4F/LiVPO4F symmetric cell with one electrode working on the
V¥ > V* redox couple and the other working on the V** = V# redox couple.’”® We
commenced our fluorophosphate study with the synthesis as well as electrochemical and
structural study of LiVPO4F. Electrochemical cycling and ex-situ diffraction studies were
used to determine the mechanism of Li insertion and extraction for the two electron reaction.
The fully lithiated (Li;VPO4F) and fully oxidized (VPO4F) structures were characterized by
X-ray diffraction and in the case of the former, neutron diffraction was also employed.

Our focus then turned to the synthesis of iron and manganese phosphates based on the

F’18O

tavorite structure. After our first report of LiFePO, the synthesis and electrochemical

properties of LiFePO,F prepared by ionothermal methods was also reported.'®! LiFePO,F is
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a promising positive electrode material with a potential of 2.8 V. LiFePO4F was synthesized
by solid-state and solvothermal methods while hydrothermal methods were used to
synthesize LiFePO4(OH) and mixed hydroxy/fluorophosphates with the general formula
LiFePO4(OH)1.xFx.  Characterization of the structures was performed by refinement of
powder X-ray diffraction data. Further characterization was carried out by infrared
spectroscopy, thermal gravimetric analysis and various electrochemical techniques.

As with the olivines, the manganese compounds would have higher potential than the
iron compounds of this class. LiMnPO,4(OH) and the structurally similar MnPO4H,0 have
both been reported,'®® however, LiMnPO,F has not. We tested the electrochemical
properties of both LiIMNnPO4(OH) and MnPO4H,O and endeavoured to synthesize

LiMnPO4F.

4.2 Synthesis of Tavorite Compounds

LiFePO4F (solid state): FePO, was synthesized by reaction of stoichiometric quantities of
Fe,O3 and (NH,4),HPOQOy in silicon nitride milling media at 300 rpm for 4 hours. The powder
was then calcined in air at 870 °C for 6-10 h. The FePO,4 was then ball milled with LiF and
heated at 600 °C for 75 minutes in an argon flow.

LiFePO4F (solvothermal): In a typical synthesis, 0.500 g FeF3*3H,0 and 0.315 g LiH,PO,4
were added to 15 ml of ethanol in a polymer-lined hydrothermal bomb. The bomb was
stirred at room temperature for 1 hr before the bomb was placed in an oven at 230 °C, where
it remained for 3-5 days. The attained product was filtered and washed with a small amount

of water and ethanol before being dried under vacuum at 80 °C.
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Lij«xFePO4F:  LiFePO4sF was stirred with a stoichiometric amount of LiAlIHs in
tetrahydrofuran in an argon-filled glove box for 44 hours. The product was washed with
tetrahydrofuran and dried under ambient conditions.

LiFePO,4(OH): FePOg42 H,0, LIOH*H,0 and Li(CH3;COQ)e2 H,0O (1:0.6:0.6 mole ratio)
were stirred in 15 ml distilled water for 15 minutes. The solution was transferred to a 23 ml
Parr Teflon-lined Parr acid digestion bomb and heated to 160 °C for 16 hours. A bright
yellow solid formed under autogeneous pressure and was collected by filtration or
centrifugation, washed several times with distilled water and dried overnight in an oven at
100 °C.

LiFePO4(OH)o4Fos: 1.87 g FePO42 H,0 and 0.26 g LiF were stirred in 15 ml distilled
water for 15 minutes and the suspension was transferred to a 23 ml Parr reactor. The reactor
was heated to 160 °C for 16 hours and cooled naturally to room temperature. The product
was filtered and washed with distilled water and acetone. The product was dried overnight in
an oven at 100 °C.

LiVPOLF: As reported by Barker et. al.,* stoichiometric amounts of V,0s and NH4H,PO4
were ground with carbon and fired at 800 °C to produce VPO,/C. Stoichiometric amounts of
VPO,/C and LiF were ground in zirconia milling media and subsequently fired at 700 °C for
2 hours under an Ar atmosphere.

MnPO,*H,0: prepared in a similar way to the method previously outlined by Boonchom et
al.’® 5.0 g Mn(NO3),*4H,0 was dissolved in 5 ml of 85% HsPO,, after which time 20 ml of
ethanol was added. The resulting solution was vigorously stirred for 3 h at 70 °C. The green

precipitate was collected by filtration.
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LiMnPO4(OH): LiMnPO4(OH) was prepared similarly to a method previously described by
Aranda et. al."®® Briefly, the precursor MnPO,*H,O was ground in a 1:4 molar ratio with

LiNO3 and heated to 200 °C for approximately 2 weeks.

4.3 Diffraction and Electrochemical Studies of LiVPO,F

Carbon-coated LiVPO4F was successfully prepared by a solid-state route similar to a
previous report. A high-resolution X-ray diffraction pattern, collected at the Advanced
Photon Source at Argonne National Labs in Chicago IL, and Rietveld refinement of the data
is shown in Figure 4.1 and the refinement results are listed in Table 4.1. LiVPO4F adopts the
tavorite structure and is isostructural with several known fluorophosphate compounds such as
LiAIPO4F®® and very similar to the structure of LiFePO,OH,?” which was used for the basis
for the refinement, with the H atoms removed. These compounds crystallize in the triclinic
space group P-1. Figure 4.2 depicts a graphical representation of the crystal structure derived
from the refinement. [V**F,0,] octahedra form corner-sharing chains in the (010) direction,
where alternate octahedra are tilted. The F-ligands act as the bridging ligands. These chains
are connected by corner-sharing phosphate tetrahedra to make a cavernous 3D framework:
wide tunnels (>3 A in diameter) are present along all of the (100), (010) and (001) directions.
The refined unit cell volume of 174.31 A® is very similar to that reported by Barker and co-
workers of 174.35 A3, even though the choice of the two triclinic cells differed, as evidenced

by the difference in angles between the two reported cells.
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Figure 4.1: Synchrotron X-ray diffraction pattern (A = 0.4122A) and Rietveld refinement of LiVPO,F
synthesized by a solid state method. The experimental points are black, the fit is shown in red, the
calculated reflections are shown in blue and the difference map is shown in grey. Reprinted with
permission from reference ', copyright 2011, American Chemical Society.

Table 4.1: Lattice constants and atomic parameters of LiVPO,F refined from powder XRD data.
Agreement factors: Ry, = 10.30%, R, = 7.88%, Rg, = 3.45%.

LiVPO,F
Space group: P -1 (#2), Triclinic
a=5.30941(1) A a =112.933(0)°
b =7.49936(2) A B =81.664(0)°
¢ =5.16888(1) A y = 113.125(0)°
V = 174.306(0) A®
Atom Wych. x/a y/b zlc Occ. Uiso
Li (1) 2i 0.389(2) 0.334(1) | 0.659(2) 0.18(1) | 0.015
Li (2) 2i 0.373(2) 0.236(1) |0.517(2) 0.82(1) | 0.015
V(1) la 0 0 0 1.0 ]0.0043(3)
V (2) 1b 0 172 1/2 1.0 ]0.0059(3)
P (1) 2i -0.6476(2) | -0.2515(2) | 0.0719(2) 1.0 |0.0070(3)
0 () 2i 0.2109(4) | -0.0936(3) | 0.1701(4) 1.0 ]0.015(2)
0 (2) 2i -0.3420(4) | -0.1375(3) | 0.1705(4) 1.0 ]0.016(2)
0 (3) 2i -0.7627(4) [ -0.4100(3) | 0.2163(4) 1.0 1]0.013(2)
0 (4) 2i -0.6695(4) | -0.3597(3) | -0.2503(4) 1.0 ]0.014(2)
F (1) 2i 0.0875(3) | 0.2450(2) | 0.3585(3) 1.0 |0.015(2)
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Figure 4.2: Pictorial representation of the structure of LiVPO,F with a close-up view of the split lithium
position. The vanadium octahedra are shown in blue, phosphate tetrahedra are shown in yellow, and the
Li atoms are shown in white. Reprinted with permission from reference %, copyright 2011, American
Chemical Society.

It has been previously reported that lithium fluorophosphates with the tavorite
structure tended to have a low-symmetry octahedral lithium site which results in a split
lithium position.”® The distribution of lithium over these sites varied based on the method of
preparation and the nature of the anion (OH" vs. F") as these factors influenced the geometry
of the site itself. The lithium co-ordination in LiVPO4F is shown in Figure 4.2 and bond
distances are summarized in Table 4.2. In LiVPO4F, the centers of the two Li sites Lil and
Li2 are approximately 0.79 A apart. The Lil site has one Li-F bond and two Li-O bonds
which are 1.92-2.12 A in length, all of which are consistent for bond distances with Li in a 4-
coordinate environment. Two additional oxygen ligands are 2.29 and 2.43 A from the Lil
site, thus the Lil environment may be described as 5-co-ordinate geometry. The final
oxygen ligand is greater than 3 A from Lil. In contrast, the Li2 site may be described as
having [5+1] geometry. Li2 has one close F ligand and 4 oxygen ligands at distances varying
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Table 4.2: Summary of bond distances for Li environment in LiVPO,F.

Atom | Ligand | Distance (A)

Lil Li2 0.795

02 1.919
03 1.970
F1 2.117
o4’ 2.293
04 2.428
01 3.092
Li2 Lil 0.795
F1 1.861
02 1.983
04 2.112
03 2.275
01 2.323
o4’ 2.881

between 1.98-2.32 A. A fifth oxygen ligand (O3) is 2.88 A from Li2. With the difference in
co-ordination and bond lengths, it was not surprising to find that the two Li sites were not
equally occupied. In our refinement, the occupancy of the Lil and Li2 sites was found to be
18% and 82% respectively. The higher thermodynamic stability which results from the
larger number of ligands in the Li2 site renders it the slightly preferred Li environment. This
is not the case in LiFePO,4(OH), where the relative occupancy of the Lil and Li2 sites in that
structure was reported to be 1:1.%’

Figure 4.3 depicts the full electrochemical curve of LiVPO4F, starting with discharge
(red arrow). At a rate of C/10, 0.85 Li could be intercalated into the material at a potential of
1.8 V (vs. Li/Li*). The observed flat plateau of the electrochemical profile in this region

implied the reduction of LiVPO4F to Li,VPO4F proceeded via a two-phase process.
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Figure 4.3: Electrochemical curve of LiVPO,F/C composite cycled vs. Li/Li* starting in discharge (as
shown by the red arrow). The active material loading was 5 mg/cm? and the cell was cycled at a rate of
C/10. Reprinted with permission from reference ', copyright 2011, American Chemical Society.

This is in contrast to the reduction of LiFePO4F and LiFePO4(OH) where
approximately half of the electrochemical curve exhibited sloping behavior, as discussed in a
later section. Charging the cell back to LiVPO4F showed the same two-phase behavior. As
the re-oxidation of VV** to \V** neared completion, we observed a rise in the voltage up to 4.25
V which occurs between Li; 25VPO4F and LiVPO4F unlike the more gradual voltage rise to
4.25 V between Li; »5VPO4F and Liog;VPO4F observed in Barker’s study.*”® The oxidation
process continued (from V** to V**) on two new plateaus (4.25 V vs. Li/Li* for Li;xVPO4F,
0 < x<0.35and 4.3 V vs. Li/Li" for Li;xVPO4F, 0.35 < x < 1.0) until complete oxidation
was achieved. Re-intercalation of the VPO,F occurred at 4.20 V vs. Li/Li* and once 1.0 Li
had been intercalated, the potential dropped sharply to 1.8 V where intercalation to

Li>,VPO4F continued.

92



= = = = —
AJEC) Y t= iy Li,VPO,F
== —= + LiVPO,F
LiVPO,F Sl 8 ++
+
—~~ i - +
= | LisssVPOF ﬂ A JF* o+ +
©
S~ +
=) Li; sVPO,F Hy fﬁ; ¥
‘n 1) 5 T *, o+
> M
)
-
< . T * 4
Lll_75‘PO4F ﬂ " jﬂ *+ +
() —_
T R N
= ~ O
Li,VPO,F M . Ao [\ , -
IIIIIIIII[IIII|IIII‘lIlIIlIIIlIlII[IlIl
10 20 30 40 50

20 (°)

Figure 4.4: X-ray powder diffraction patterns of Li.VPO,F, synthesized by the chemical reduction of

LiVPO,F with LiAIH,. Two-phase behavior was observed as the quantity of LiVPO,F decreases and the
quantity of Li,VPO,F increases with increasing x. Reprinted with permission from reference %,

copyright 2011, American Chemical Society.

Compositions of Li;xVPOsF (< x < 1) by ¢ hemical oxidation (with NOBF,) and
Liz+xVPO4F (0< x < 1) by chemical reduction (with LiAlH 4) of LiVPO4F were prepared to
verify the two-phase nature of each vanadium redox step observed in the electrochemistry.
Indeed, X-ray diffraction also showed this to be the case. Figure 4.4 depicts the evolution of
Liz+xVPO4F from x = 0 to x = 1 formed upon chemical reduction of LiVPO4F with LiAIH,4
under Ar atmosphere. Due to the instability of V(I1) compounds, the diffraction patterns

were collected in a sealed sample holder filled with Ar.
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Figure 4.5: X-ray diffraction pattern (top) and neutron diffraction pattern (bottom) combined Rietveld
refinement of Li,VPO,F synthesized by chemical reduction of LiVPO4F with LiAlH,. For each pattern,
the experimental points are black, the fit is shown in red, the calculated reflections of Li,VPO,F are
shown in blue, calculated reflections of Al are shown in green and the difference map is shown in grey.
The lattice parameters and atomic positions are listed in Table 3. Reprinted with permission from
reference ', copyright 2011, American Chemical Society.

04



Table 4.3: Lattice constants and atomic parameters for Li,VPO4F refined from combined X-ray and
neutron diffraction powder data. X-ray diffraction agreement factors: R, = 11.08%, R, = 8.40%, Re2 =
6.79%; neutron diffraction agreement factors: Ry, = 4.28%, R, = 7.93%, Re2 = 4.92%; combined

statistics: Ryp = 9.24%, R, = 8.40%.

Li,VPO4F

Space group: C 2/c (#15), Monoclinic
M, = 178.79 g/mol
D=3.171gcm?

a=7.2255(1) A
b =7.9450(1) A
c=7.3075(1) A
B =116.771(1)°
V = 374.537(1) A®

Atom | Wych. x/a y/b zlc Occ. Uiso
V(1) 4b 0 1/2 0 1.0 0.0058(1)
P(1) 4e 1/2 0.3563(1) 0.25 1.0 0.0068(1)
0(1) 8f 0.3266(2) | 0.4700(1) | 0.1069(2) 1.0 0.0095(1)
0(2) 8f 0.0813(3) | 0.7447(1) | 0.1266(2) 1.0 0.0095(1)
F(1) 4e 0 0.3640(1) 0.25 1.0 0.0088(1)
Li(1) 8f 0.1174(2) | 0.1613(1) | 0.1597(2) | 0.5 0.014(1)
Li(2) 8f 0.1791(2) | 0.2177(1) | 0.4394(2) 0.5 0.014(1)

Once LiVPO4F was reduced to Li;»sVPO4F, a new phase could be observed along
with some of the starting LiVPO4F material in the resultant diffraction pattern. Additional
reduction to Li;sVPO4F showed further reduction of the signal intensity of LiVPO4F and
increased intensity of the new reduced phase. Subsequent reduction steps showed the same
trend: growth of reduced phase at the expense of LiVPO4F until almost complete
intercalation of one equivalent of Li, where the reduced phase was the only vanadium

fluorophosphate phase present. Elemental analysis that confirmed a Li:V:P ratio very close

to 2:1:1 in the new Li,VPO4F phase.
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Li,VPO,F LiVPO,F

Figure 4.6: Pictorial representation of the structures of VPO,4F, LiVPO4F and Li,VPO,F depicting the
chains of corner-shared vanadium octahedra and phosphate tetrahedra common to each structure. The
vanadium octahedra are shown in blue, phosphate tetrahedra are shown in yellow and lithium ions are
shown in grey. Reprinted with permission from reference '®, copyright 2011, American Chemical
Society.

Li,VPO4F was prepared ex-situ by stirring LiVPO4F with the chemical reducing
agent LiAlH, in an inert atmosphere. Its X-ray diffraction and neutron diffraction patterns
are shown in Figure 4.5, along with the results of the combined Rietveld refinement. The fits
and resultant lattice parameters/atomic positions are listed in Table 4.3. A comparison of the
structures of LiVPO4F and Li,VPO4F (Figure 4.6) makes it clear that although Li,VPO4F
(C2/c) crystallizes in a different space group than LiVPO4F (P-1), Li,VPO4F is closely
related to the parent phase. The exact same structural motif is present in Li,VPO4F, namely
one-dimensional chains of VO4F, octahedra which propagate (in the C2/c cell) along the c-
axis and which are connected by phosphate tetrahedra to form a fully corner-shared
framework. Li ions partially occupy two general sites: Lil ions reside in octahedral sites

along the edges of the (110) tunnels (see Figure 4.6). These sites are nested between pairs of
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V octahedra and the Lil site shares edges with both vanadium sites. This site is quite similar
in location to the original split Li position in LiVPO4F. Although the change in symmetry of
the lattice in lithiation makes this difficult to determine from the fractional coordinates,
visual comparison of the frameworks shows it clearly (Figure 4.6). The Li ions which reside
in the Li2 sites are located at the centre of the (110) tunnels and also sit between pairs of
vanadium octahedra. The Li2 ions are face-shared with both vanadium octahedra of the pair,
and correspond to the lithium that is inserted on reduction (ie, the new site). The structure of
Li,VVPO4F differs considerably from other Li,MPO4F compounds such as Li,FePO4F** and
Li,NiPO4F,* both of which crystallize in orthorhombic space groups, Pbcn and Pnma
respectively. The volume change for the transition from LiVPO4F to Li;VPO4F (7.4%) is
fairly typical for phosphates, and the lattice mismatch between the two phases is one of the

main reasons the electrochemical potential is flat in this region.
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Figure 4.7: X-ray powder diffraction patterns of Li,.4VPO,F, synthesized by the chemical oxidation of
LiVPO,F with NOBF,. Two-phase behavior was observed up to the formation of VPO4F. Reprinted
with permission from reference ', copyright 2011, American Chemical Society.
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Figure 4.8: X-ray diffraction pattern and Rietveld refinement of VPO,F synthesized by chemical
oxidation of LiVPO,F. The experimental points are black, the fit is shown in red, the calculated
reflections are shown in blue and the difference map is shown in grey. Reprinted with permission from
, copyright 2011, American Chemical Society.

reference 1

Table 4.4: Lattice constants and atomic parameters of VPO,F refined from powder XRD data.

Agreement factors: Ry, = 8.88%, R, = 6.80%, R, = 4.76%.

VPO4F

Space group: C 2/c (#15), Monaoclinic

a=7.1553(2) A
b=7.1014(1) A
c=7.1160(2) A
V = 319.001(8) A3

B = 118.089(1)°

Atom Wych. x/a y/b zlc Occ. Uiso
\Y 4d 0.25 -0.25 0 1.0 0.015(1)
P 4e 0.5 0.1245(3) 0.25 1.0 0.012(1)
F 4e 0 -0.1684(5) -0.25 1.0 0.014(1)
o) 8f 0.3309(3) | 0.0037(4) | 0.0749(4) 1.0 0.012(1)
0 (2 8f 0.3951(3) | 0.2479(4) | 0.3456(2) 1.0 0.014(1)
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Figure 4.7 shows the evolution in the XRD patterns of Li;xVPO4F fromx=0tox =1
formed upon chemical oxidation of LiVPOsF with NOBF, under an argon atmosphere. On
partial oxidation of LiVPO4F to LipsVPO4F, a mixture of LiVPO4F and a new phase is
apparent in the diffraction pattern. Complete oxidation shows only the presence of this new
phase, namely VPO4F. An X-ray diffraction pattern and subsequent Rietveld refinement on
the pure VPO4F powder sample is shown in Figure 4.8 and the refinement results are
summarized in Table 4.4. The structure (Figure 4.6) is also strongly related to LiVPO,4F, and
is also isostructural with FeSO4F which crystallizes in the same C2/c lattice as discussed
later. VPO4F consists of corner-shared chains of VO4F, octahedra interconnected by
phosphate groups via corner-sharing where the tunnels are obviously free of lithium ions.
The volume change for the transition from LiVPO4F <> VPO4F is 8.5%, substantially larger
than in LiFePO, <> FePO, olivine, for example (6.7%).1* The large unit cell volume
difference is one of the reasons two-phase behavior is observed in this region of the
electrochemical curve, yet the two phase electrochemical transition takes place with very low

polarization suggestive of high Li-ion mobility and relatively rapid kinetics.

4.4 Synthesis & Electrochemical and Ex-Situ X-ray Studies of the Novel

Lithium Iron Fluorophosphate LiFePO4F

LiFePO4F was prepared by a solid-state method under inert atmosphere which
produced a pure single phase material, as opposed to other reports where the sintering
environment was reported to be air.*® Our attempts to crystallize LiFePO4F in the presence
of oxygen at high temperature produced mixtures of LisFe,(PO4); and Fe,O3. Our novel

solvothermal technique reported here also produces pure LiFePO4F at a much lower
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temperature than the solid state or other solution-based methods and without the need to
recover expensive ionic liquids. The precursors were dried in an oven at 100 °C and the
ethanol was dried over molecular sieves prior to starting the reaction to minimize water and
suppress OH™ formation in solution. X-ray diffraction patterns and FESEM images of

material produced from both synthetic methods are shown in Figure 4.9.

a) * Fe,(PO,),0
+ Li;Fe,(PO,),

Solvothermal

Lji WMU){MAMM,MAJ\MMW
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Solid State

+

20 0 0 0 6
10 30 59 ) 4 5 0

Figure 4.9: a) X-ray diffraction patterns and SEM micrographs of b) LiFePO,F prepared by our
solvothermal method and c) LiFePO4F prepared by our solid-state method.

We note that pH control in the solvothermal route is critical in order to ensure LiFePO4F is
the main product. The addition of NH4HF, which acts as both a fluorinating agent and a
weak acid favored the formation of giniite, Fes(PO4)4(OH)3e2H,0O, which precipitates in
acidic media.'’" Trace impurities of Fe4(PO,),0 were present in the solvothermally prepared
material while most solid-state prepared materials were contaminated with traces of
LisFe,(PO4)s. The solid-state prepared material formed aglomerates of large (300-1000 nm)
particles typical of carbon-free high-temperature synthesis routes. The solvothermal
LiFePO4F material had a matchstick-like morphology: crystallites exhibited very small

dimensions (< 100 nm) in two directions with lengths up to 1 pm.
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Table 4.5: Lattice parameters for solid-state and solvothermally prepared iron tavorite phosphates.

Compound ad | bA | cA o (°) B (°) v [ VA
LiFePO,(OH)* 5.3523(1) | 7.2851(2) | 5.1163(2) | 109.287(2) | 97.827(2) | 106.336(4) | 174.83
LiFePO4(OH)o4Fo6* | 5.3227(1) | 7.2881(1) | 5.1326(1) | 108.997(1) | 97.818(1) | 106.798(1) | 174.31
SS-LiFePO,F* 5.3002(2) | 7.2601(2) | 5.1516(2) | 107.880(3) | 98.559(3) | 107.343(3) | 173.67
ST-LiFePO,F' 5.301 7.262 5.153 107.95 98.62 107.41 173.58

SS: Solid state; ST: Solvothermal

" Lattice parameters obtained by indexing; *: Lattice parameters Rietveld refinement

Figure 4.10: Graphical comparison of the KFePO4F and tavorite (LiFePO,F) structures; phophate
tetrahedra are depicted in yellow, iron octahedra in blue and alkali metal ions in grey.

The lattice parameters for materials prepared by both methods are given in Table 4.5.

The triclinic (P-1) structure of LiFePO4F is similar to that of other LiM**PO,(OH,F)

compounds reported previously, such as LIAIPO4(OH) and LiAIPO4F, but it differs from the

structure of KFePO,F.'® A polyhedral representation of the two structures is shown in
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Figure 4.10. KFePO4F crystallizes in an orthorhombic space group (P2:nb) and is
isostructural with NH;FePO4F.*®¥® The structure of KFePO,F is comprised of corner-sharing
of alternating cis- and trans-FeO4F, octahedra which form a zig-zag pattern. These chains
are linked by corner-shared phosphate tetrahedra to make a 3-D framework with large
tunnels down the b-axis and the c-axis; potassium ions reside in these channels. LiFePO4F is
comprised of one-dimensional chains of corner-sharing [FeO4F;] octahedra, with alternate
octahedra in the chain slightly tilted. These chains are interconnected by corner-sharing
phosphate tetrahedra which effectively limit electron transport to one dimension. The

resulting cavities house the Li* but afford open pathways for 3-D ion transport.
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Figure 4.11: Thermal gravimetric analysis of iron phosphate tavorites heated under a nitrogen
atmosphere at a rate of 5 °C/min.

The thermal stability of LiFePO4F in a nitrogen atmosphere was tested and the results

are shown in Figure 4.11. LiFePO4F remained stable in a nitrogen atmosphere up to 600 °C,
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at which point it decomposed. In the presence of trace quantities of O,, the decomposition
reaction proceeded as follows:

3 LiFePO,F + 0.75 O, > LisFey(PO4)3 + 0.5 Fe,03+ 1.5 F; ) (4.1)
Not surprisingly, these similar to the products found after thermal decomposition of olivine
LiFePO, performed under oxidizing conditions.*® A mass loss of 6.0 % was measured for

this process, in good agreement with the calculated value of 6.2 %.
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Voltage vs. Li/Li* (V)

Figure 4.12: Electrochemical data for LiFePO,F vs. Li/Li* collected in coin cells at a rate of C/50 for a)
as-synthesized solid-state LiFePO,F and b) LiFePO4F ground in a ball mill for 3 hours. SEM images of
prepared electrodes for each material are shown in the insets.

Electrochemical profiles of as-prepared and pulverized samples of LiFePO4F cycled
at a slow rate (C/50) are shown in Figure 4.12. The initial discharge of the as-prepared
sample featured a short plateau at 2.75 V followed by a long sloping overcharge (Figure
4.12a). Since the electrode was comprised of rather large particles of LiFePO4F which were
not carbon-coated, the as-prepared material had a low capacity for Li intercalation (0.55 Li)
as well as a high polarization (0.25 V). These shortcomings were eradicated by pulverizing
the as-synthesized material for 3 hours in a planetary ball mill at a low speed (< 200 rpm).

An SEM micrograph of the active material after milling is shown in the inset of Figure 4.12b.
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The particle morphology changed significantly from the as-prepared material (see Figure
4.9). After milling, the particles had a spherical shape and ranged in size from 200-400 nm,
and the carbon was better dispersed. For this material, the electrochemical profile exhibited a
sloping curve up to the insertion of 0.4 Li into the structure, at which point the profile was
flat. The plateau was also at 2.75 V vs. Li. The cell reached full capacity (1.0 Li) and the
polarization of this cell was much lower (0.10 V) than that of the as-prepared electrode
material. Although grinding the carbon-free sample after preparation clearly reduced the
primary particle size of the electrode, it is not clear whether the change in profile shape was
strictly the result of particle size reduction or whether other factors, such as the change in
particle shape or formation of an amorphous iron fluorophosphate phase, were responsible.
Regardless of the method of sample preparation, LiFePO4F has some degree of a flat
voltage plateau at 2.75 V, indicative of a two-phase transition. To verify this, we prepared
variable compositions of Liy.xFePO4F (0 < x < 1) by chemical reduction of as-synthesized
LiFePO4F with LiAIH,. Powder XRD patterns of these compositions are shown in Figure
4.13; for clarity, the region of 2@ from 10-40° is highlighted and peaks of interest are
indexed. On reduction to Li; 2sFePO4F (x = 0.25 Li) a new second phase is barely evident in
the diffraction pattern, signaled by the appearance of a very weak reflection at 20 = 27.8°.
This peak becomes clearly evident at the composition LiysFePO4F. Subsequent reduction
indicates continued growth of the new Li,FePO4F phase at the expense of LiFePO4F until
complete intercalation of one equivalent of Li results, in accord with the electrochemical
data. The stoichiometry of this phase was verified by elemental analysis which confirmed a

Li:Fe:P ratio of approximately 2:1:1, and EDX measurements which confirmed a Fe:P:F ratio
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of very close to 1:1:1. In short, the existence of a solid solution between 0 < x < 0.3 is

unclear, but for x > 0.4, the existence of a two phase regime is unequivocal.
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Figure 4.13: XRD patterns of Li.,FePO4F compositions prepared by chemical reduction with
stoichiometric amounts of LiAlIH,, showing the two-phase behavior upon LiFePO,4F reduction. Selected
peaks of LiFePO,4F are shown with blue crosses and selected peaks of Li,FePO,F are shown with red
asterisks. Reproduced from reference *** with permission from the Royal Society of Chemistry.

Mossbauer spectroscopy revealed important clues about the lattice symmetry of
LiFePO4F, and especially Li,FePOsF.  The Maossbauer spectrum for as-synthesized
LiFePO4F is shown in Figure 4.14a. The major signal (>90 % of the total measured
intensity) was fitted with a single isomer shift (IS) of 0.42(1) mm/s and quadrupole splitting

(QS) of 1.15(1) mm/s, consistent with Fe** in the presence of an octahedral field. Although
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there are two crystallographically unique Fe** sites in LiFePO,F, the two sites are very
similar, with two fluoride and four oxygen ligands of similar bond lengths co-ordinated to
both unique Fe atoms, and thus it is difficult to resolve the two sites. The Mdossbauer
spectrum and fit for the reduced material, Li,FePO4F are shown in Figure 4.14b. Two
distinct signals are clearly seen in the spectrum: the most prominent has parameters of IS =
1.24 mm/s and QS = 2.79 mm/s and the second signal has Mdssbauer parameters of IS = 1.22
mm/s and QS = 2.18 mm/s. Together, these two signals make up about 90% of the total
signal, which confirms the nearly full reduction of Fe®** to Fe?* in this sample. These two
signals are in a ratio of 3:1. This is significant as LiFePO4F has only two unique Fe sites in

the structure.
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Figure 4.14: Room temperature Mdssbauer spectra and fit (solid line) of a) LiFePO4F and b) Li,FePO,F,
prepared from chemical reduction of LiFePO4F with LiAIH,.

The structure of Li,FePO4F was elucidated by a combined Rietveld refinement of
powder X-ray diffraction and neutron diffraction patterns. The fitted patterns are shown in

Figure 4.15 and the refinement results are presented in Table 4.6. Indexing software

indicated the space group for Li,FePO4F was P-1, the same as that of LiFePO4F. The final
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refined lattice parameters are similar to those reported previously from a LeBail fit
whereupon an 8.0% volume expansion of the LiFePO4F lattice upon Li intercalation was

d.®®® Owing to the expected similarities in the iron fluorophosphates framework

reporte
between the pristine and reduced materials, the crystal structure of LiFePO,(OH) was used as
the basis for the refinement of Li,FePO4F. The positions of the Fe, P, O and F atoms, along
with the lattice parameters, background and line-shape parameters were optimized before Li
was introduced into the structure.

Lithium was first introduced into the structure as a split position with two separate
sites equally occupied, as in LiFePO4(OH).*®" Refinement of these atomic positions resulted
in their convergence to one central site (Lil) in Li,FePO4F. A comparison of the Lil
environments in LiFePO4F and Li,FePO4F is shown in Figure 4.15. The oxygen and fluorine
ions which co-ordinate both Li and Fe shift slightly on reduction, owing to the significantly
larger radius of the Fe*" ions (78 pm) compared to Fe** (64 pm).®® The slight shift in the
oxygen and fluorine positions, specifically O1 and O2’ in Figure 4.16 results in a new co-
ordination environment for Lil, even though Lil is in Li,FePO4F is positioned close to the
centroid of the split Li position in the parent LiFePO4F. Furthermore, the new environment

for the Lil ion is smaller than that in LiFePO4F; as a consequence, the new Li position is not

split.
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Figure 4.15: Combined Rietveld refinement of X-ray and neutron powder diffraction data from a sample
of Li,FePO,F. The statistical agreement factors for the combined refinement are: Ry, = 9.45%, R, =
7.29%, ¥* = 45.79. a) Refined X-ray diffraction pattern with agreement factors of Rup = 9.48%, Ry =
7.32%, Re? = 6.87%. b) Refined neutron diffraction pattern with agreement factors of Rup = 6.40%, R, =
4.95%, Rf? = 6.83%. For each pattern, the collected data are in red, the fit is shown in black, the
calculated reflections of Li,FePO,F are shown in blue, calculated reflections of Al are shown in green and
the difference map is shown in grey. A summary of the refined data is given in Table 4.6. Reproduced
from reference ' with permission from the Royal Society of Chemistry.
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Table 4.6: Lattice constants and atomic parameters of Li,FePO,F determined by a combined refinement
of X-ray and neutron powder diffraction data. Agreement factors for neutron diffractrion data: R, =
6.40%, R, = 4.95%, R¢* = 6.83%. Agreement factors for X-ray diffraction data: Ry, = 9.48%, R, =
7.32%, Re% = 6.87%. Agreement factors for combined refinement: Ruwp = 9.45%, R,=7.29%, XZ =45.79

Li,FePO,F
Space group: P -1 (#2), Triclinic
M,, = 183.70 g/mol
D=3.225gcm?
a=5.3736(2) A
b=7.4791(2) A
¢ =5.3276(2) A
o = 108.398(4)°
B = 94.615(4)°
y =108.217(4)°
V = 189.142(8) A3
Atom Wych. x/a y/b zlc Occ. Uiso
Fe (1) la 0 0 0 1.0 0.011(2)
Fe (2) 1b 0 1/2 0 1.0 0.008(1)
P 2i 0.6389(9) | 0.750(1) | 0.348(1) 1.0 0.011(1)
0 (1) 2i 0.657(2) | 0.866(2) | 0.147(2) 1.0 0.015(3)
0(2 2i 0.335(2) [ 0.635(1) [ 0.309(2) 1.0 0.018(3)
0 (3) 2i 0.790(2) | 0.620(2) | 0.304(2) 1.0 0.012(3)
0 (4) 2i 0.278(2) | 0.097(2) | 0.365(2) 1.0 0.017(3)
F 2i 0.888(1) | 0.262(2) | 0.171(2) 1.0 0.013(2)
Li (1) 2i 0.465(5) | 0.679(4) | 0.743(5) 1.0 0.015
Li (2) 1g 0 1/2 1/2 1.0 0.015
Li (3) 2i 0.112(5) | 0.824(7) | 0.521(8) 0.5 0.015
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Figure 4.16: Comparison of the Lil environments in LiFePO,F (left) and Li,FePO4F (right).

Although the iron fluorophosphate framework of Li,FePO4F is very similar to that in
LiFePO4F: 1-D chains of corner-shared FeO4F, octahedra connected by PO, tetrahedra,
three crystallographically unique Li sites were found in Li,FePO4F. A graphical
representation of the structure is shown in Figure 4.17a. The two sites where the intercalated
Li reside are Li2 and Li3, each of which is occupied by 0.5 Li. Li2 resides between the
chains of Fe octahedra on a special position, the 1g site and is coordinated by two fluorine
and four oxygen ligands. A previous study of a natural slightly reduced sample of
LiFePO4(OH) showed this site is partially occupied by Fe** ions.*®” The Li3 site is a general
position which is half occupied and octahedrally coordinated by one fluorine and five oxygen

ligands.
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Figure 4.17: a) Graphical representation of the Li,FePO,F structure with iron octahedra in blue,
phosphate tetrahedra in yellow and lithium ions Lil in white, Li2 in green and Li3 in orange. Graphical
representations of the Fe environments in Li,FePO4F are shown for b) Fel, c) Fe2A and d) Fe2B.

Reproduced from reference

191 \vith permission from the Royal Society of Chemistry.

Table 4.7: Summary of Bond Distances for Each Iron Environment in Li,FePO,F

Atom Ligand Multiplicity Distance (A)
Fel O2 2X 2.074
03 2X 2.137
F1 2X 2.192
Li2 2X 2.664
Fe2A 04 2X 2.125
01 2X 2.141
F1 2X 2.172
Li3 2X 2.687
Fe2B 04 2X 2.125
01 2X 2.141
F1 2X 2.172
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With the intercalated Li ions occupying these two sites, the Mdssbauer results can be
put into structural context. Figure 4.17b is a graphical representation of the bonding
environment of the Fel ion. The Fe-O and Fe-F bond distances range from 2.07 to 2.19 A
(see Table 4.7). Li2 resides between adjacent chains of Fe octahedra and each Fel shares
triangular faces with two Li2 ions which are 2.66 A from Fel. These Li* ions are close
enough to the Fel site that the Li can be considered part of the Fe bonding environment.
Representations of the Fe2 site are shown in Figure 4.17c-d. The Fe-O and Fe-F bonds range
from 2.12 to 2.17 A in length and the Li3 ion is also in close proximity to Fe2 (2.68 A). If
the Li3 site were fully occupied, each Fe2 ion would be face-shared with two Li octahedra,
just as the case of the Fel site. As the Li3 site is only half occupied, only half of the Fe ions
on the Fe2 site will face-share with two Li3 ions (denoted as the Fe2A site, see Figure 4.17c).
The remaining Fe2 sites (denoted as Fe2B sites, Figure 4.17d) will not have any cations in
the local environment. The similar environments of the Fel and Fe2A atoms could not be
resolved by Mdssbauer spectroscopy and therefore, the ratio of [Fel+Fe2A] sites to the Fe2B
sites in Li,FePO4F is 3:1, which is in accord with the Mdssbauer data.

Finally, we note that the tavorite-type structure of Li,FePO,F prepared by reduction
of LiFePO,4F differs greatly from Li,FePO4F prepared by ion-exchange of two-dimensional
NaFePOsF. The latter contains dimers of face-shared FeO4F, octahedra which are
connected by corner sharing in two dimensions to form 2D sheets. The Li ions reside
between the layers.

In conclusion, LiFePO4F demonstrated two-phase behavior in Li cells, although
particle size has a significant effect on the capacity. The two-phase nature of LiFePO,F

intercalation was confirmed by chemical reduction of LiFePO4F where Liy.xFePO4F
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compositions clearly show a mixture of LiFePO4F and Li,FePO4F; the overall 8.0% volume
expansion of the lattice upon insertion of one Li is a likely origin of the two-phase nature of
this compound. The resolved structure of Li,FePO4F shows that the corner-shared
framework of the “FePO4F” lattice remains intact upon reduction to Li,FePO4F. The good
fits of both the X-ray and neutron powder diffraction patterns produced a robust structural
solution for Li,FePO4F, which was found to have many structural similarities to LiFePO4F.
The structure solution also justified the Mdssbauer data. As a result, the structural model of
LioFePO4F generated here was a reasonable one. Lithium insertion in the lattice is complex,
and occurs in two sites. Occupation of the first appears to occur via a solid solution process
(with respect to lithium concentration), whereas occupation of the last site triggers two-phase
behavior. The mechanism of lithium intercalation for LiFePO4F is different than those of the

other iron-based iron phosphate tavorites, as will be discussed in the upcoming sections.

4.5 The Mechanism of Lithium Insertion into LiFePO,OH: Preparation

of Amorphous Li,FePO,OH

Three hydrothermal methods of preparation of LiFePO,OH have been reported in the
literature: the first necessitated temperatures above 400°C as well as excessive pressure and

long periods of time to crystallize the material;®’

the second involved the preparation of
Fe(OH), in-situ which then reacted with LiCl and P,Os at 170 °C under autogeneous pressure
for 3 days;® the third involved a reaction between FePO,+2H,0 and lithium acetate at 150
°C, also for 3 days.* During the course of our study, another report on LiFePO,OH was

|.189

published by Marx et a They noted significant impurities in the previous route and

needed to raise the relative quantity of lithium acetate to acquire pure tavorite as the product,
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after a significantly shorter time (24 hours). In our hydrothermal method, a mixture of
lithium hydroxide and lithium acetate reacted with hydrated iron phosphate at 160 °C and the
product formed in as little as 16 hours. The hydrothermally prepared yellow powder was
collected by filtration. An X-ray powder diffraction pattern of the material and the
subsequent Rietveld refinement are shown in Figure 4.18. The crystallographic data obtained

from the refinement is summarized in Table 4.8.
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Figure 4.18: Rietveld refinement of X-ray diffraction data from a polycrystalline sample of LiFePO,OH.
The statistical agreement factors for the refinement are: R, = 10.93%, R, = 8.34%, Re? = 9.92%, y° =
64.10. The collected data are in black, the fit is shown in red, the calculated reflections of LiFePO,OH
are shown in magenta, and the difference map is shown in blue. A summary of the refined data is given
in Table 4.7. Inset: Scanning electron microscope image of the LiFePO,OH powder.
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Table 4.8: Results from the refinement of LiFePO,OH.

LiFePO,OH

Space group: P -1 (#2), Triclinic

a=>5.3523(1) A
b=7.2851(2) A
c=5.1163(2) A
V = 174.825(6) A3

o = 109.287(2)°

B = 97.827(2)°

v = 106.336(4)°

Atom Wych. x/a y/b zlc Occ. Uiso
Fe (1) la 0 0 0 1.0 0.009(2)
Fe (2) 1b 0 1/2 0 1.0 0.008(1)
P 2i 0.6316(5) | 0.7634(4) | 0.3242(5) 1.0 0.009(1)
0 (1) 2i 0.6559(8) | 0.882(1) | 0.102(1) 1.0 0.011(2)
0 (2 2i 0.336(1) | 0.669(1) | 0.327(1) 1.0 0.010(2)
0 (3) 2i 0.951(1) [ 0.281(1) [ 0.148(1) 1.0 0.010(2)
0 (4 2i 0.766(1) [ 0.609(1) [ 0.271(1) 1.0 0.012(2)
O (5) 2i 0.259(1) | 0.047(1) | 0.365(1) 1.0 0.013(2)
Li (1) 2i 0.604(8) [ 0.184(6) [ 0.256(8) 0.5 0.015
Li (2) 2i 0.627(8) | 0.296(6) | 0.276(8) 0.5 0.015

LiFePO,OH™" was used as the basis for the refinement and the two lithium sites were
fixed at half occupancy. The refined lattice parameters were a = 5.3523(1) A, b = 7.2851(2)
A, ¢ =5.1163(2) A, o = 109.287(2)°, B = 97.827(2)°, y = 106.336(4)° and the unit cell
volume was 174.825(6) A2, in good agreement with the other reports of this compound. No
other phases were identified in the pattern, thus the material collected was pure LiFePO,OH.

A representative scanning electron microscope image of the resultant material is
shown in the inset of Figure 4.18. This hydrothermal technique yields micron-sized platelets
of pure LiFePO4(OH), similar to other hydrothermal synthesis methods of similar

temperature but longer duration, although reaction time is not a major factor in determination
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of particle morphology in the low-temperature hydrothermal preparation of phosphate
materials.

LiFePO4F is essentially isostructural with LiFePO4,OH as the except the hydroxide
ions act as bridging ligands. Replacement of F* with OH" results in numerous subtle changes
to the lattice. By virtue of the fact that the fluoride ion is a single atom anion, its effective
radius (133 pm) is slightly smaller than that of the hydroxide ion (137 pm). This narrows the
angle between Fel-B-Fe2 (B = bridging OH or F ligand) from 131.8° in LiFePO4(OH) to
131.1° in LiFePO4F (see Figure 4.10b), which causes the Fe-Fe distance to decrease slightly
(from 3.64 A to 3.63 A). As a result, OH substitution gives rise to a slight increase in the ¢
lattice parameter but contraction of the other lattice parameters, leading to a small reduction

of the overall unit cell volume from 174.8 A3 for LiFePO4(OH) to 173.6 A® for LiFePO,F.
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Figure 4.19: Infrared spectroscopy data for LiFePO,4F, LiFePO4(OH)q4F¢¢ and LiFePO,OH.

Infrared spectroscopy was used to verify the presence of hydroxide in the mixed
LiFePO4(OH,F) compositions. The spectra are shown in Figure 4.19. In the case of

LiFePO4(OH), the v(O-H) stretch is evident as a very strong peak at 3280 cm-1, and a strong
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peak at 790 cm™ corresponds to an O-H bending mode.®® For LiFePO4F, there are no peaks
in the 3000-3600 cm™ or 750-800 cm™ regions of the IR spectrum which indicates that the
compound is free of hydroxide and thus fully fluorinated.

Data from the thermal gravimetric analysis of LiFePO,OH heated under inert
atmosphere is shown in Figure 4.11. The sample was stable up to 500 °C at which point a
5.7% weight loss occurred. X-ray diffraction of the product confirmed the presence of
LisFe,(PO,)s at the end of the run, indicating the reaction mechanism for the decomposition
of LiFePO,OH may be similar to that of LiFePO4F. The lower temperature of decomposition
results from the presence of hydroxide in the structure, easily released as water.

Electrochemical results for Li-ion cells based on the other anion end member,
LiFePO4(OH), are presented in Figure 4.20. As with LiFePO4F, the LiFePO4(OH) cells were
prepared by ball-milling the as-prepared material for various lengths of time. The first
discharge profiles of cells comprised of as-synthesized LiFePO4(OH), as well as material
milled for 1-3 hours are shown in Figure 4.20a. Each LiFePO4(OH) cell has a flat plateau
near 2.3 V, roughly 0.4 V less than that of LiFePO4F. This difference is the result of the
weaker electronegativity of the OH™ ion in LiFePO4(OH) which decreases the inductive
effect.

Of particular interest is how the electrochemical profiles of LiFePO4(OH) differ with
milling times: the voltage of the as-prepared sample (2.30 V) is significantly lower than that
of the sample milled for 1 hour (2.34 V) or milled for 3 hours (2.35 V). This subtle increase
in potential as a result of particle size reduction has also been reported for the olivine
LiFePO, system.® The discharge capacity is also improved by decreasing the LiFePO,(OH)

particle size. Full cycling curves and SEM micrographs of the electrode material for the cells
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prior to cycling are shown in Figure 4.20b,c. By decreasing the particle size of the as-
synthesized material from 1-2 um to 250-350 nm in dimension after milling for 3 hours, the
discharge capacity increased from 0.7 to 0.95 Li, both capacities being greater than those
reported recently. Furthermore, subsequent discharge cycles for cells comprised of either as-

prepared material or material milled for 3 hours exhibit a plateau at 2.42 V vs. Li.
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Figure 4.20: Electrochemical data for LiFePO,(OH) vs. Li/Li* (rate of C/50). a) Initial discharge curves
for as-synthesized hydrothermal LiFePO4(OH) (blue), LiFePO4(OH) ground in a ball mill for 1 hour
(black) and LiFePO4OH) ground in a ball mill for 3 hours (red). The first two full cycles and SEM
micrographs of cells of the as-prepared and 3 hour milled samples are shown in b) and c) respectively.
Reproduced from reference '™ with permission from the Royal Society of Chemistry.
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Figure 4.21: X-ray diffraction patterns of a) as-prepared LiFePO,OH; b) LiFePO,OH reduced with n-
butyl lithium to make Li,FePO,OH; c) the chemical oxidation of Li,FePO,OH with NO,BF, to make
LiFePO4,OH; d) the material in c) exposed to air for 10 minutes at ambient conditions. Reproduced from
reference ' with permission from the Royal Society of Chemistry.

The origin of this increase in discharge voltage of 0.12 V, seen on the second cycle
(see above) was examined by chemical lithiation of LiFePO4(OH) with n-butyl lithium to
produce Li,FePO4(OH). The Li,FePO4(OH) material was black in colour. Powder X-ray
diffraction, performed in an air-sensitive holder sealed under argon, revealed no crystalline
diffraction peaks, as shown in Figure 4.21.

The amorphous Li,FePO,(OH) was chemically oxidized with NO,BF, in an attempt to
regenerate LiFePO4(OH). Again, an X-ray diffraction pattern was collected in a sealed
holder under argon, and the pattern is shown in Figure 4.21c. Interestingly, no crystalline
diffraction peaks are observed at this stage, although the material partially recrystallizes after

exposure to air (figure 4.21d). Based on these results, the electrochemical profile of
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LiFePO4(OH) may be explained: upon initial discharge, crystalline LiFePO4(OH) undergoes
a transformation to an amorphous phase. Once the crystalline to amorphous transition is
complete (the end of the first charge cycle), the second (and subsequent) charge and
discharge cycles involve the (de)intercalation of lithium from this amorphous phase. Other
positive electrode materials have been found to also undergo structural rearrangements to
amorphous phases on the first electrochemical cycle, most notably the high-capacity silicate

Li,MnSi04.%°

46 Anion Disorder Induced Solid Solution Behaviour in

LiFEPO4(OH)0.4Fo.6

It has been shown previously that anionic solid solutions LiAIPO4(OH)xF1.x which
span the entire compositional range between montebrasite (LIAIPO,OH) and amblygonite
(LIAIPO4F), can be found both in nature and as synthesized materials.®®*"® This led us to
question whether anion compositional disorder could drive lithium compositional solid
solution behavior in analogous redox active compounds. A new composition,
LiFePO4(OH)o4Fos, Was synthesized by introducing a fluoride-containing precursor (LiF)
into the hydrothermal reaction used to prepare LiFePO,OH. The stoichiometry was
determined by EDX measurements which revealed a Fe:P:F ratio of approximately 1:1:0.6
which indicates the compound is not fully fluorinated. A Rietveld refinement of the powder
XRD pattern is shown in Figure 4.22, and Table 4.9 summarizes the refinement results.

Based on a previous study in which a relationship between the relative occupancies of
the sites of the split Li position and the OH/F content of the tavorite compound was

established, the Li site was retained as a split site with both Li occupancies fixed at 0.5 for
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the purposes of the refinement.*®’

The lattice parameters and unit cell volume are
intermediate between those of LiFePO,OH and LiFePO4F (see Table 4.5). The lack of
coherent regions of either end-member in the diffraction pattern confirms the random
distribution of OH™ and F ions as the bridging ligands between the iron sites and thus an

anionic solid solution was formed.
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Figure 4.22: Rietveld refinement of XRD data from a sample of hydrothermally prepared
LiFePO4Fo6(OH)o4. The statistical agreement factors for the refinement are: R, = 8.51%, R, = 6.37%,
R = 7.25%. The collected data are in red, the fit is shown in black, the calculated reflections are shown
in blue and the difference map is shown in grey. A summary of the refined data is given in Table 4.9.
SEM image of the polycrystalline powder shown in inset. Reprinted with permission from reference %,

copyright 2012, American Chemical Society.
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Table 4.9: Lattice constants and atomic parameters of LiFePO4(OH)y4Fqs refined from powder XRD

data.

LIFePO4(O H)o_4F0,6

Space group: P -1 (#2), Triclinic
My = 175.96 g/mol
D=3.330gcm?

a=5.3227(1) A
b=7.2881(1) A
c=5.1326(1) A

o = 108.997(1)°

B =97.818(1)°

y =106.798(1)°

V = 174.308(4) A3

Atom Wych. x/a y/b zlc Occ. Uiso
Li (1) 2i 0.609(8) [0.180(6) [ 0.254(8) 0.5 0.015

Li (2) 2i 0.631(8) [0.292(6) | 0.276(7) 0.5 0.015

Fe (1) la 0 0 0 1.0 0.0068(3)
Fe (2) 1b 0 1/2 0 1.0 0.0091(3)
P 2i 0.6377(6) | 0.7621(4) | 0.3236(5) 1.0 0.014(1)
0 (1) 2i 0.661(1) [0.8767(8) |[0.116(1) 1.0 0.015(2)
0 (2 2i 0.337(1) |[0.6567(7) | 0.314(1) 1.0 0.012(2)
0 (3) 2i 0.789(1) [0.6074(8) [ 0.263(1) 1.0 0.013(2)
O (4) 2i 0.245(1) |[0.0711(7) | 0.365(1) 1.0 0.014(2)
O/F 2i 0.940(1) [0.2700(8) | 0.146(1) 1.0 0.011(2)

Infrared spectroscopy was used to verify the presence of hydroxide in the mixed

LiFePO4(OH,F) composition. The spectrum is shown in Figure 4.19. For
LiFePO4(OH)o4Fos, the intensity of the O-H stretching vibration at 3280 cm™ decreases as a
result of partial replacement of hydroxide with fluoride. Also notable is the increased

breadth of the O-H stretch as well as a shift to slightly lower wavenumber (to 3230 cm™).
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The intensity of the O-H bend peak at 790 cm™ is also diminished. These phenomena have
been observed previously in LIAIPO4(OH),F compounds and were attributed to local disorder
in the structure and variations in bond sum as a result of partial loss of hydrogen moieties
available for hydrogen bonding.?® The varied O-H environments which result cause a broad
and poorly defined peak shape.

Data from the thermal gravimetric analysis of LiFePO4(OH)o4Fo6 heated under inert
atmosphere is shown in Figure 4.11. Although the F:OH ratio is greater than 1, the thermal
stability of substantial of LiFePO4(OH)o4Fos and LiFePO4(OH) are similar, owing to a
significant quantity of hydroxide present in former. Both were found to decompose around
500 °C. As with the other iron phosphate tavorites, X-ray diffraction of the TGA product

confirmed the presence of LisFe,(PO,); at the end of the run.
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Figure 4.23: a) Voltage profile on first discharge of LiFePO,F, LiFePO,OH and LiFePO4F;¢(OH)o4 b)
Electrochemical cycling of cells comprised of LiFePO,Fy¢(OH)o4 cycled at a rate of C/10. Inset:
discharge capacity at a C/10 rate for the first 20 cycles. . Reprinted with permission from reference '*
copyright 2012, American Chemical Society.
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Electrochemical data for as-prepared LiFePO4Fo6(OH)o4, cycled vs. Li at a rate of
C/10 are presented in Figure 4.23; the profiles of the first discharge cycle for LiFePO4F,
LiFePO4Fo6(OH)o4 and LiFePO40OH are shown for comparison in 4.23 a and the full cycling
profile of LiFePO4Fos(OH)o.4 is shown in Figure 4.23b. Unlike the two end-members of the
(OH,F) tavorite family that exhibit two-phase plateaus at 2.42 V and 2.75 V respectively,
LiFePO4Fo(OH)o.4 exhibits a sloping profile over the entire lithium stoichiometry range on
both charge and discharge. This is indicative of solid-solution behavior. On initial
discharge, the full capacity (153 mAh/g) is obtained at an average potential of 2.6 V.
Successive charge and discharge cycles of the cell result in a sustainable, reversible capacity

of 140 mAh/g (see Figure 4.23b inset). The potential and the capacity are stable over long-

term cycling, despite the presence of OH" in the lattice.

3.2 - -10 2.70 - -10
:>- 3.0 2
- = + -1 o -
,:.“ 2.8 \‘ “wmuJM”"“\m\||I‘\”\HI"\\“||I1\H‘H\“\m\h 15 9 E 2.65 15 9
7 26 il “MM 203 |4 3
g 2. ‘ 208 |4 260 il 200
) I -+ m Be® -+
824 m —~| & - =
S - 25| 8 255 - 255
S 2.2 25 =
> >

2.0 T T T T T '30 2.50 T T T '30

0 02 04 06 08 1 04 045 05 055 0.6

a) X in Ly, FePO,F, (OH), 4 b) x in Li,, FePO,F, (OH), 4

Figure 4.24: a) PITT measurement of the first discharge of LiFePO,Fys(OH)q4 b) Closeup of the PITT
data in the region Liy.xFePO4Fq6(OH)p4, 0.4< x < 0.6. The electrochemical potential is shown in black
and the current response in red. Reprinted with permission from reference **°, copyright 2012, American
Chemical Society.

Potentiostatic intermittment titration (PITT) measurements were also performed on a
LiFePO4Fo6(OH)o4 electrochemical cell starting from the fully charged Fe®" state. The
voltage was decreased in 6 mV increments and the current at each constant voltage step
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measured until it dropped to a C/50 rate, hence the capacity available at finely resolved
voltage steps was measured. The resultant electrochemical curve is displayed in Figure 4.24a
and a closeup of the central region is shown in Figure 4.24b. As with the constant-current
data, the electrochemical potential (shown in black) is in constant decline during discharge.
The current response (shown in red) is a rapid exponential decay at each voltage step,
confirming the presence of a lithium compositional solid solution. This is in contrast to
known two-phase materials such as LiFePO,4, where PITT measurements reveal characteristic
features of a flat voltage curve and a bell-shaped current response.*? The observed behavior
is the result of two important factors. The first is the substitutional solid solution of the OH
[/F site in the lattice such that there is a statistical distribution of each throughout the lattice.
In principle, the presence of extended F rich or OH" rich regions in the crystals would lead to
a profile comprised of two plateaus, one for each end-member of the substitutional solid
solution. The other important factor is the thermodynamics of the tavorite lattice which may
favor disorder on the lithium sites: for example, partial solid-solution behavior is apparently
exhibited by Li;.«xFePO4F for 0 < x < 0.4. These two factors operate in concert in
LiFePO4Fos(OH)o4. It is the first polyanion-based positive electrode material to employ
anion substitution to yield electrochemically active materials which display solid-solution
character.

The solid-solution behavior of LiFePO4Fq6(OH)o.4 by chemical reduction was studied
by X-ray diffraction: the patterns of Li;sFePO4Fos(OH)os and the fully reduced
Li,FePO4F(6(OH)o.4 compound are compared to the as-prepared sample in Figure 4.25. In
the diffraction pattern of Li;sFePO4Fos(OH)o4, the peaks are shifted (compared to the as-

prepared sample) by various degrees to higher d-spacings, which indicates this single phase
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is an intercalated tavorite. This differs from partially reduced LiFePO4F where the two end-
members (LiFePO4F and Li,FePO4F) are present. It also differs from LiFePO,OH where the
fully reduced phase (Li,FePO,OH) was found to be amorphous. Clearly, tavorite
Li; sFePO4Fo5(OH)o4 is single phase owing to the OH/F anionic disorder. Full reduction to
LioFePO4Fo6(OH)o4 shows further shift of the peaks to higher d-spacings. While clearly
single-phase, the poor crystallinity of these reduced samples prohibited the indexing of these

XRD patterns.

Li,FePO,F, ¢ (OH),,

) Li; sFePO,F, ¢(OH), 4

A W
.Wl}\«"f\/\,ﬁ'/w'r\'\,% Nﬁ \ \’\\A_ NJI \ A '\ f
YA AN g N h Nap e St .A__mp/ "Woonr/ P

LiFePO,F, ; (OH), 4

15 20

5 30
20 (°)

Figure 4.25: X-ray diffraction patterns of LiFePO4(OH),¢Fo4 chemically reduced with LiAIH, to produce
Li1.5F8P04(OH)0.6F0_4, and LizFePO4(OH)0_6F0.4.

The mixed hydroxy-fluorophosphate, LiFePO4Fos(OH)o.4 demonstrated solid-solution
behavior in an electrochemical cell over the entire lithium compositional range
Lii+xFePO4Fo6(OH)o 4, at an average potential of 2.6 V vs. Li. This phenomenon is driven by

a combination of the anion disorder between OH and F in the lattice and the
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thermodynamics of the tavorite framework. These findings should lead to new ways of
inducing solid solution behavior in a variety of electrochemically active polyanion
compositions, and a better understanding of the forces that drive phase transformations in the

materials.

4.7 Synthesis and Electrochemistry of Manganese Phosphate Tavorites

Among many reports of materials with interesting magnetic properties, manganese
compounds related to the tavorite structure, AMnXO,OH (A = H, Li; X = P, As) were

d.9182191  The Mn*" hydrates were prepared by simple solution reactions and the

prepare
lithium analogues were prepared by a solid state ion exchange around 200 °C with molten
lithium nitrate. MnPO4*H,O bears a close resemblance to the tavorite structure while
LiMnPO,4OH is isostructural with tavorite. Given that the replacement of iron by manganese
results in an increase the electrochemical potential, as is the case with the olivines,"* we
these two compounds were synthesized and electrochemical properties were measured. The
structure of LiMnPO,OH was solved in the P-1 space group. We also endeavoured to
synthesize the fluorophosphate member of this family, LIMnPO,4F.

Figure 4.26a shows the X-ray diffraction patterns for a sample of as-prepared
MnPO4H,0. As can be seen, the experimental pattern matches very closely with the pattern
for MnPO4*H,0 from the JCPDS database (JCPDS 44-0071). As this compound contains
Mn®" octahedrally co-ordinated with oxygen ligands, it exhibits a notable Jahn-Teller
distortion: four of the Mn-O bonds at each co-ordination site are short (1.88-1.91 A) and two
are longer (2.28 A) associated with the d,? orbital of the Mn. In MnPO4sH,0, the long Mn-O
bonds are those to the water molecules that bridge the octahedra along the 1-D chains of
corner-shared octahedra.
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A scanning electron micrograph is shown in the inset of Figure 4.26a which shows
MnPO,4+H,0 crystallizes in small platelets roughly 100 x 200 nm. These particles aggregate
in solution to form large agglomerates up to 1 pum in dimension. The high-temperature
stability of MnPO4*H,0 in air was analyzed by TGA and the resultant plot is shown in
Figure 4.26b. MnPQ4eH,0 is stable up to about 400 °C where it undergoes decomposition to

Mn,P,0- by the following reaction:

MnPQO4*H,0 = 0.5 Mn,P,0;+ H,0+ 050, (42)
105 3
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Figure 4.26: a) X-ray diffraction pattern and SEM micrograph (inset) of MnPO4H,O precipitated from
solution. Lines of MnPO,*H,O (JCPDS 44-0071) are shown in blue. b) TGA data for MnPO4H,O
heated under nitrogen.

The theoretical mass loss for the above reaction is 15.5% which is in good accord with the
14.0% mass loss observed in the TGA plot. That MnPO4¢H,0 releases oxygen and reduces
to a Mn?* phosphate in the presence of oxygen underscores the instability of Mn** phosphate
compounds.

The electrochemical performance of MnPO4*H,0 in a cell charged and discharged at
a rate of C/50 vs. Li/Li" is shown in Figure 4.27. On the first discharge, there is a plateau at

3 V however only 0.1 mol Li are intercalated into the MnPO4*H,O structure. Although
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roughly the same quantity of lithium was extracted on the first charge cycle, the tiny capacity
renders this compound impractical for use in a lithium-ion cell. MnPO4*H,0 was also found
not to react with the reducing agent Lil, further evidence of the inability of this compound to

intercalate lithium ions.
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Figure 4.27: Electrochemical data for MnPO,+H,0 cycled at a rate of C/50.

LiMnPO,OH was first synthesized by Aranda and coworkers in 1992 using
MnPO4eH,0 as a precursor.’®* The MnPO,+H,0 was ground with lithium nitrate and heated
in an oven at 200 °C for 2 weeks, over which time an ion-exchange reaction (Li* for H") took
place. The crystal structure of the final product, LiMnPO,OH, was determined to be
isostructural with LIAIPO,OH and LiFePO,OH but the structure was solved in C-1, a non-
standard setting of P-1. We synthesized LiMnPO,OH using the same method as Aranda and
the resultant X-ray diffraction pattern is shown in Figure 4.28. The pattern was then refined
in GSAS, where the background, profile coefficients, lattice parameters, atomic positions and
atomic displacement parameters were refined. Instead refining the structure in C-1 as

previously reported, the structure was refined using LiFePO,OH (P-1) as the starting point
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for the refinement. A graphical representation of the final refinement is also shown in Figure
4.28 and a list of refined structural parameters and statistics is shown in Table 4.10. The
compound can be satisfactorily refined by this method and the resultant compound is, as
expected, isostructural with LiFePO,OH. One key distinction in the manganese compound is
the presence of a notable Jahn-Teller in the one-dimensional chains of corner-shared MnOg
octahedra. Four of the Mn-O bonds at each co-ordination site are shorter (1.94-1.99 A) and
two are longer (2.14 A), the latter associated with unequal energetics of the gq orbitals which
results in an elongation of the d,, orbital. In LiMnPO,OH, the orientation of the Jahn-Teller
distortion differs from that found in MnPO4H,0O such that the long bonds are to oxygens
associated with the phosphate groups rather than the Mn- O(H)-Mn bridging direction. This

subtle structural feature has a large effect on the electrochemistry of these two compounds.
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Figure 4.28: Rietveld refinement of XRD data from a sample of LiMnPO,OH. The statistical agreement
factors for the refinement are: Ry, = 6.35%, R, = 4.62%, Rg, = 4.85%, xz =11.87. The collected data are
in black, the fit is shown in red, the calculated reflections of LiMnPO,OH are shown in magenta, those of
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MnPQO4+H,0 in cyan and the difference map is shown in blue. A summary of the refined data is given in
Table 4.10. An SEM image of the polycrystalline powder shown in inset.

Table 4.10: Lattice constants and atomic parameters of LiMnPO,OH refined from powder XRD data.

LiMnPO,OH

Space group: P -1 (#2), Triclinic
a=5.4505(3) A

b=7.1142(3) A

c=5.1287(3) A

V =172.45(1) A®

o = 108.177(4)°
B = 101.252(4)°
y = 106.274(5)°

Atom Wych. x/a y/b zlc Occ. Uiso
Li (1) 2i 0.601(6) 0.172(5) 0.230(5) 0.5 0.015

Li (2) 2i 0.622(5) 0.273(5) 0.253(5) 0.5 0.015

Mn (1) la 0 0 0 1.0 ]0.011(1)
Mn (2) 1b 0 Yo 0 1.0 0.008(1)
P(1) 2i 0.627(1) 0.7583(8) | 0.326(1) 1.0 0.012(1)
O (1) 2i 0.635(1) 0.868(1) 0.108(1) 1.0 0.022(2)
0 (2) 2i 0.349(1) 0.659(1) 0.300(1) 1.0 0.022(2)
0 (3) 2i 0.959(1) 0.870(1) 0.111(1) 1.0 0.018(2)
O (4) 2i 0.772(1) 0.611(1) 0.300(1) 1.0 0.018(2)
O (5) 2i 0.240(1) 0.0660(7) | 0.362(1) 1.0 0.020(2)

Electrochemical data for LiMnPO4OH cycled vs. Li at a rate of C/50 is shown in
Figure 4.29. On the initial discharge cycle, 0.25 Li are inserted into the structure of
LiMnPO,OH. There is an initial voltage plateau at 3.1 VV which is higher than the initial
plateau of LiFePO,OH by 0.9 V, followed by a gradual decrease in the voltage, possibly
indicative of solid-solution behaviour. Upon charging, there is an initial plateau voltage of
3.4 V vs. Li, followed by a gradual increase of the voltage to 4.2 V. Particularly interesting

is the capacity on charge: 0.40 Li, 0.15 Li higher than the capacity of the initial discharge

which suggests that not only were the initial 0.25 Li de-intercalated but some of the Li in the
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as-prepared LIMnPO,OH were also de-intercalated. This further implies the oxidation of
Mn* > Mn*" was achieved, which is the first report of a Mn** phosphate in a lithium-ion
cell. Furthermore, this oxidation from Mn®* to Mn®** to Mn* is reversible: on the
subsequent discharge cycle, 0.15 Li were extracted at a potential between 4.2 and 3.2 V,
along with an additional 0.20 Li at a potential ranging from 3.2 down to 2.0 V. As electron
transport in these materials propagates down the length of the 1-D chains of MnOg octahedra,
the longer Mn-O-Mn distances of 4.56 A in MnPO4*H,0 hinder electron transport compared

to the shorter Mn-O-Mn distances in LiMnPO,OH of 3.98 A.
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Figure 4.29: Electrochemical results for cycling of LiMnPO,OH versus Li at a rate of C/50.

The intriguing results for LiMnPO,OH led us to research the synthesis of LiMnPO4F
which was claimed to have been made by a high-temperature solid-state route with Mn,O3
used as the Mn** precursor. In our trials, the reproduction of this procedure instead produced
Mn,P,0; at 800 °C. This result is not surprising, given the temperatures at which the iron
tavorites were found to decompose (400-600 °C). As such, we attempted to synthesize

LiMnPO4F using a similar method used to produce LiMnPO4(OH): low-temperature heating
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of MnPO4*H,0, which was ground with LiF. After heating the mixture for two weeks at 200
°C, the same conditions used to produce LiMnPO4(OH), no reaction had occurred. The same
precursors were heated in a hydrothermal reactor at 190 °C for 2 days and the main product
formed was olivine LiMnPO,. Unreacted LiF and MnPO4*H,O were also found in the
diffraction pattern.

In a separate experiment, the same precursor mixture was heated in ambient
conditions to 275 °C for two weeks. There were three products found: unreacted
MnPO,4*H,0, Li3PO, and a phase whose lines matched those of LiMnPO4(OH). Analysis of
the sample inside a scanning electron microscope equipped with an EDX probe revealed that
the total sample was comprised of a Mn:P:F ratio if approximately 1:1:0.05. This
insignificant quantity of F indicated the tavorite phase formed was in fact LiMnPO4(OH) and
that fluorine volatilized during the reaction, possibly as HF gas according to the reaction:

MnPQO4eH,0 + LiF > LiMnPO,(OH) + HF (4.3)

We concluded that the hydroxide tavorite was formed due to the water present in the lattice
of the manganese phosphate precursor. As such, we prepared anhydrous MnPO, from the
chemical oxidation of LiMnPQO,. As previously noted, the poor thermal stability of olivine
MnPO, resulted in a reduction to Mn?* phosphates. In part, this proved to be the case as the
compounds which were produced at 200 °C included Mn,P,07 but also the hydration product
MnPQ4eH,0O and unreacted LiF. In an attempt to enhance the fluorine content of the
products, MnF3; was used as a precursor, in a reaction with LiH,PO,4 in an oven at 200 °C
over 7 days. This reaction produced MnF; as the only crystalline product.

The prospect of manganese tavorites as high potential and high capacity electrodes is

very intriguing. These two factors drive the study of Li,MnSiO,4, another manganese
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compound in which the possibility of two lithium ions may be reversibly extracted exists.
The preparation of LiMnPO4OH is slow, although simple and accomplished at low
temperature. Under carefully controlled conditions, the synthesis of the high voltage material

LiMnPO4F may be accomplished, however those conditions have not yet been ascertained.

4.8 Conclusions

Compounds which crystallize in the tavorite structure hold great promise as positive
electrode materials for lithium-ion batteries. Evironmentally friendly solid state as well as
hydro- and solvothermal methods readily produced in vanadium, iron or manganese tavorite-
type phosphate phases. Most of these compounds are electrochemically active and reversibly
intercalate and deintercalate lithium with a two-phase mechanism as a result of large
differences (7-14%) between the unit cell dimensions of the lithiated and delithiated phases.
LiFePO4OH undergoes a crystalline to amorphous transformation on lithium intercalation but
the amorphous phase generated after the first charge cycle exhibited reversibility albeit at a
different potential.

The most interesting member of this group we synthesized may be the mixed
hydroxy-fluorophosphate, LiFePO4Fos(OH)o4, Which demonstrated solid-solution behavior
in an electrochemical cell over the entire lithium compositional range Liy+xFePO4Fo6(OH)o 4,
at an average potential of 2.6 V vs. Li. This was driven by a combination of the anion
disorder between OH  and F in the lattice and the thermodynamics of the tavorite
framework. These findings should lead to new ways of inducing solid solution behavior in a
variety of electrochemically active polyanion compositions, and a better understanding of the

forces that drive phase transformations in the materials.
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5 Fluorophosphates of the Composition A2MPO4F (A = Li, Na;

M = Mg, Mn, Fe, Co, Ni)

5.1 Background

Continuing from the research on tavorite fluorophosphates of the stoichiometry
LiMPO4F, we endeavoured to prepare other fluorophosphate compounds of a similar
stoichiometry, Li,MPO,F (M = Mn, Fe). Like the lithium metal silicates
(Li,MSi0,), 000266192719 thase compounds contain two lithium ions per transition metal
which offers the possibility of high capacity for lithium extraction provided the transition
metal could accommodate the M** = M*" transition when all of the lithium is extracted from
the lattice. The first report of a compound from this group was a report on the synthesis and
structure of Li,NiPO,F which was found to crystallize in the space group Pnma (#62)."** A
schematic depiction of the structure is shown in Figure 5-1. The framework of the structure
can be described as linear chains of edge-shared NiO4F, octahedra which propagate down the
b-axis. These chains are linked by corner-sharing phosphate tetrahedra. Lithium ions reside
in three different interstitial sites, two of which are square-pyramidal while the other is
octahedral. A second study on the structure and electrochemical properties of Li,CoPO4F
was published in 2005 by Okada et al.'® This study showed that Li,CoPO4F was
isostructural with Li,NiPO4F and that the potential for Li* extraction from Li,CoPO4F had an
average value of 4.8 V, slightly higher than that of LiCoPO, of 4.7 V and out of the stability
window for most organic carbonate based electrolytes.

Additional reports of Li,MPO4F compounds, most notably Li,FePO,4F, may be found

in patent literature although no structural or electrochemical data was shown. We
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endeavored to synthesize both Li,FePO4F and Li,MnPO4F. These two compounds might be
expected to exhibit similar potentials to those in the corresponding transition metal olivines,

based on the finding that the potential of Li,CoPOLF is similar to that of LiCoPO,.'*

a,1—>c i y i ¥
b
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Figure 5.1: The crystal structure of Na,FePO4F a) view down b-axis and down a-axis. lon transport
Pathways (I, Il and Il11) are marked. b) The crystal structure of Li,CoPO,4F and c) the structure of
Na,MnPO,F. The transition metal octahedra are shown in blue, phosphate tetrahedra in yellow and
alkali ions in green.
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5.2 Synthesis of Li,MPO,F Materials

Solid-state Li,MPO4F: Following the method of Avignant et al.,"** equimolar amounts of
transition metal olivine (LIMnPO,, LiFePO,, LiCoPO,4 or LiNiPO4) synthesized by solid-
state routes and lithium fluoride were ground in a mortar and pestle and the powder was
pressed into a circular pellet which was heated to 740-900 °C under flowing argon for 1-8
hours.

Solid-state Li,FePO,F (alternative route): A mixture of FeC,04¢2H,0, H,PO3sF, LiNO;
and Ketjen Black carbon in a 1:1:2:0.2 ratio was ground in a mortar and pestle and pressed
into a pellet which was heated to 600 °C for 8 hours under flowing argon.

Solvothermal Li,FePO4F: FeF,, LiH,PO,4 and Li(CH3COO)*2H,0 were sealed in a 45 ml
Teflon-lined Parr reactor with 30 ml tetraethylene glycol and heated to 220 °C for 48 hours.
The solid that formed under the autogeneous pressure of the reactor was filtered, washed

three times with acetone and dried at 50 °C unver vacuum overnight.

5.3 Li;MPO,F Results

We prepared the two previously reported fluorophosphates, Li,NiPO4F and
Li,CoPO,4F by a solid-state route and the resultant diffraction patterns are shown in Figure
5.2. These patterns match those in the previous reports, indicating that the syntheses were
successful. The peaks of Li,CoPO4F are slightly shifted to the left of those in Li,NiPO4F
owing to the slightly larger ionic radius of Co** (0.745 A) compared to Ni** (0.69 A).*

Owing to the popularity of iron and manganese phosphates as electrode materials in
Li-ion batteries, we endeavored to synthesize the iron and manganese fluorophosphates with

this structure using the same solid-state method. Figure 5.3 shows the diffraction pattern of
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the resultant powder from the reaction between LiMnPO,4 and LiF at 800°C. The diffraction

pattern showed that LiMnPO, and LiF remain and thus, no reaction occurred.
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Figure 5.2: Powder X-ray diffraction patterns of a) Li,NiPO,F and b) Li,CoPO4F prepared by heating
the respective transition metal olivine and LiF.
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Figure 5.3: X-ray diffraction pattern after treatment of LiIMnPO, and LiF at 800 °C. Peaks of LIMnPO,
are marked in red, those of LiF in green. Peaks from the Al sample holder marked by (*).
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Figure 5.4: X-ray diffraction pattern after treatment of LiFePO, and LiF at 750 °C. Peaks of LiFePO,
are marked in red, LiF in green and LisPO, in blue.

In the same fashion, carbon-coated LiFePO, and LiF were ground and heated to
750°C and the diffraction pattern of the final product is shown in Figure 5.4. Analysis of the
product showed the only Fe-containing phase in the final products was the starting material
LiFePO,. Lithium phosphate and unreacted LiF were also found. In order to promote
reactivity of the starting reagents, LiFePO,4 and LiF were ground and heated to 900°C for two
hours. After this reaction was complete, the products from this synthesis were again found to
be LiFePQ,, LisPO,4 and LiF. As the iron-containing olivine was found to be an unreactive
reagent, an alternative solid-state method was tried based on the following reaction:
FeC,042H,0 + H,PO3F + 2 LiINO3; = LiFePO4F + 3 H,0 + 2 NO, + 2 CO;, (5.1)

This reaction is similar to another reaction reported to make Li,FePO,F.'%

Again, this
reaction produced LiFePO, as the main product and failed to produce any trace of
LizFePO4F.
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Figure 5.5: X-ray diffraction pattern of the solvothermal reaction of FeF,, LiH,PO, and LiOAc. Red
lines are LiFePQy,, green are LiF and blue are unreacted FeF,.

Based on the success of the synthesis of Fe?* compounds in glycol media, a
solvothermal synthesis route was employed using tetraethylene glycol as the solvent.
Glycols are known to act as reducing agents and their use in solvothermal syntheses at
temperatures much lower than those typically used for solid-state syntheses provide an ideal
environment for the production of products with low thermodynamic stability.”®” Typically,
these reactions are done without the addition of strong acids or bases which would
decompose the glycol at high temperatures. FeF, was chosen as a precursor in order to
promote Fe-F bonds in the final product as the transition metal environment in Li,MPO4F has
two M-F bonds. FeF, was mixed with LiH,PO,4 and Li(CH3COO)*2H,0 and sealed in a Parr
reactor at 200°C for 48 hours. The X-ray diffraction pattern of the final product is shown in

Figure 5.5. The main phase produced was LiFePQ,, along with some LiF. The temperature
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of the reaction was low enough that not all of the FeF; reacted, as evidenced that some FeF;
was also present in the diffraction pattern at the end of the reaction period.

Clearly, the transition metal olivines can be divided into two classes: those which
react with LiF to produce Li,MPO,4F (LiNiPO,4 and LiCoPO,) and those which do not react to
produce a fluorophosphate (LiFePO4 and LiMnPQO,). Interestingly, the stability of each
olivine does not account for such differences in reactivity: all lithium-containing olivine
phosphates have similar Madelung energies (6600-6800 kCal/mol) and when prepared at
high temperature, all are perfectly ordered with the Li residing on the M1 site of the
olivine.'®® Instead the inability to produce Li,MnPO4F and Li,FePO,F is related to the
symmetry of the Pnma Li,MPO4F structure. Pairs of edge-shared octahedra are capped with
a phosphate tetrahedron as shown in Figure 5.6a for the M1 site. As can be seen, P2 lies on
the mirror plane perpendicular to the b-axis in Pnma and two of the phosphorus ligands (O1)

are symmetry related by the same symmetry element.

b)

Figure 5.6: Schematic representation of a) the M1-M1 edge-sharing sites and b) the M2-M2 edge-sharing
sites in Li,MPO4F (M = Co, Ni).
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Table 5.1: Bond lengths for transition metal sites in Li,MPO,F, M = Co, Ni.

Transition Ligand Bond Length in Bond Length in

Metal Site Li,CoPO4F (A)  LizNiPO4F (A)
M1 01 1.996 2.011

05 2.087 2.070

F2 2.164 2.081
M2 06 2.009 2.013

04 2.061 2.036

F1 2.155 2.082

Table 5.2: Lattice parameters for Li,CoPO,4F and Li,NiPO,4F.

Li,MPO,F ad) bl c@A

Li,CoPO4F 10.444 6.381 10.864
Li;NiPO4F 10473 6.289 10.846

The geometry of the phosphate group (tetrahedral, P-O bond distances 1.5-1.6 A) essentially
fixes the distance between oxygen ligands at roughly 2.5 A, which in turn limits the size of
the metal ion which can reside on the M1 site. The M-O and M-F bond distances for the M1
site are listed in Table 5.1. According to Shannon, a standard Ni?*-O* bond is approximately
2.09 A and a Ni**-F bond is close to 2.01 A. As can be seen from Table 5.1, the Ni1-O5
bonds are standard bond lengths whereas the Nil1-O1 bond is substantially shorter, due to the
nature of the fixed position of the Ol ions. To compensate, the Nil-F2 bond is slightly
longer than a typical Ni-F bond. The geometry of the M1 site in Li,CoPO4F has the same
geometry. A standard high-spin state Co**-O% bond is 2.14 A and a Co**-F bond is close to
2.05 A. In the case of Li,CoPO4F, the Co1-O5 bond is slightly compressed while the Col-
O1 bond is substantially shorter than a typical Co-O bond, and even slightly shorter than that

found in Li,NiPO4F, even though Co?* is a larger ion than Ni?*. In order to compensate, the
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Co1-F2 bond is substantially larger than the expected 2.05 A. It is not clear why the M1-O1
bond is shorter in the case of Li,CoPO4F compared with Li,NiPO4F. Furthermore, the
consequence of this fixed-length M1-O1 bond is seen in a comparison of the a-axis lattice
parameters of these two compounds (see Table 5.2) as the M1-O1 bond is almost parallel
with the a-axis: the slightly shorter M1-O1 bond in Li,CoPO4F leads to a slightly shorter a-
axis unit cell parameter.

A similar geometry exists for the M2 site in these compounds: pairs of edge-sharing
metal octahedra are capped by a phosphate group which sits on a mirror plane. A schematic
of the M2 site is shown in Figure 5.6b. In this case, it is the O6 ligand of the metal

octahedron which is fixed in place by the phosphate tetrahedraon.

5.4 Sodium-ion and Hybrid Na/Li-ion Cells for Energy Storage

It has been shown that cycling of sodium-containing electrode materials may be
performed in a lithium cell, where the negative electrode is lithium and the electrolyte

199

contains a lithium salt,”™ or a “hybrid-ion” with a graphite negative electrode and a lithium

salt electrolyte.”® In these systems, lithium was found to be the ion which was intercalated
at the negative electrode, not sodium, as sodium does not intercalate into graphite.?2°2%2
This is not surprising as lithium, present in the electrolyte at concentrations near 1 M, is
present at much higher concentrations than the sodium, which is present in mg quantities in
the positive electrode. This preliminary study demonstrated the insertion stability of this
novel battery configuration where a sodium-containing positive electrode material may be

paired with a Li electrolyte and graphite to achieve the high potential electrochemical

reactivity of lithium.
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The possibility of preparing Na-containing electrodes for Na/Li-ion cells also allows
us to tap into the additional structural diversity of sodium compounds: many sodium-
containing structure types exist in the literature which are not known to have equivalent
lithium analogues. With this in mind, we set about preparation of sodium analogues of the
lithium compounds described above. Sodium compounds with similar compositions such as
Na,FePO,OH,?® Na,MgPO.F,*** Na,CoPO,F*® and Na,MnPO,F'® have been reported as
single crystal structures, but not as polycrystalline materials. We found solid-state and
hydrothermal methods to prepare powders of Na,FePO4F, Na,CoPO4F and Na,MnPO4F for
the first time. These materials were characterized structurally and cycled them both in
lithium cells, with a lithium negative electrode and lithium salt electrolyte and full sodium-

ion cells.

5.5 Synthesis of Na,MPO4F Compounds

Sol-gel NaFePOy4F: Stoichiometric amounts of Fe(CH3COO),, NaCH3;COO, NaF and solid
HsPO, were stirred in a solution of dimethoxyethane and the solvent was then evaporated.
The homogeneous gel was fired at 300°C under flowing Ar for 2 hours. The powder was
subjected to further heating at 525-625°C for 6 hours.

Solid-State Nay(Fe,Co,Ni)PO4F:  Stoichiometric amounts of Na(CH;COO), NaF and
NH4H,PO,4 (or Na,POsF for carbon-free methods) were ground in ceramic media in a
planetary ball mill for 4-6 hours with Fe(C,04)2H,0, CoCOs; or NiCO3; to make
compositions of Nay(FexCoyNi,)PO4F, (X +y + z =1). The samples were then treated at 350
°C for 4-6 hours under flowing Ar to decompose the precursors. The powders were then
subjected to further milling for 4-6 hours, followed by a final heat treatment at 500-625 °C

for 4-6 hours.
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Hydrothermal Na,FePO4F: Ten milliliters of a 0.30 M solution of H3PO, was added to
10.0 ml of a 0.30 M solution of (NH,4)2Fe(SO,)2, CoCl,, or MgCl,. The solution was basified
with 0.9 g NaF and 1.2 g NaOH. The mixture was sealed in a 43 ml Teflon-lined Parr reactor
and heated to 170-220 °C, where the product formed under autogeneous pressure. The
powders were then heated to 500-625 °C for 4-6 hours under an Ar atmosphere.

Solid-State Na,MnPO4F: A stoichiometric amount of Mn(CH3COO),*4H,0 and Na,PO3F
were ball-milled for 6 hours followed by heat treatments at 350 °C and 600 °C under inert
atmosphere.

Chemical Oxidation: Microcrystalline pure Na,FePO4F was oxidized with stoichiometric
amounts of NO,BF; in acetonitrile for 1 h to obtain the desired sodium content.
Microcrystalline pure Na,MnPO4F was stirred with stoichiometric amounts of NO,BF, in
acetonitrile for 15 h.

lon Exchange: Samples of Na,FePO4F were refluxed in acetonitrile with LiBr under a
nitrogen atmosphere for 1-24 hours. Samples of Na,CoPO,F were mixed with LiBr and
placed in a 23 ml Teflon-lined Parr reactor, using ethanol as the solvent. The reactor was

heated to 225 °C for 7 h.

5.6 Synthesis and Structure of Na,FePO4F

Polycrystalline powders of Na,FePO4F could be prepared by solid-state or sol-gel
synthesis at high temperatures (500-625 °C) and by a low-temperature hydrothermal route.
In the hydrothermal reaction, the reagents were sealed inside a Teflon-lined Parr reactor in
alkaline agueous media and heated to temperatures up to 220 °C under autogenous pressure,
similar to the synthesis procedure for LiFePO,. The X-ray diffraction pattern is shown in
Figure 5.7a. The lattice parameters are virtually identical to those of the single crystal. The
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Na/P/Fe/F ratio was confirmed to be 2:1:1:1 by elemental dispersive X-ray analysis in the
scanning electron microscope. The morphology of the product is shown in the SEM image in
Figure 5.7b. The resultant particles are rodlike, typically 75-100 nm in the two thin
dimensions and 300-700 nm in the longest dimension. This anisotropic particle shape is not

unexpected for a compound which has two long crystallographic axes (b and c) and one short
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Figure 5.7: Powder diffraction patterns and corresponding SEM micrographs of Na,FePO,F a) & b)
prepared hydrothermally (lattice parameters: a=5.231 A, b =13.887 A, ¢ =11.806 A); ¢) & d) prepared
by a solid-state route (lattice parameters: a = 5.218 A, b = 13.854 A, ¢ = 11.779 A). Reprinted with
permission from reference ®, copyright 2010, American Chemical Society.

axis (a). It was also a consequence of the specific nucleation and crystal growth conditions
in the hydrothermal bomb, since the sol-gel and solid state routes (see below) provided much
more isotropic crystallites. The solid-state route involved the mechanical grinding of solid
precursors followed by heat treatment in a furnace under inert atmosphere. The resulting X-

ray diffraction pattern is shown in Figure 5.7c. The morphology of Na,FePO4F prepared by
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the solid-state route using a carbon containing precursor (Fe oxalate) is shown in Figure 5.7d.
The sample was comprised of large agglomerates (up to 800 nm) made up of smaller

particles about 50-200 nm in size.
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Figure 5.8: TGA curve showing the decomposition point of Na,FePO,F. Reprinted with permission from
reference ®, copyright 2010, American Chemical Society.

Approximately 2% carbon was contained within the material based on TGA analysis
(performed under flowing air). Thermal gravimetric analysis of a solid-state sample was
performed in an inert (nitrogen) atmosphere up to 700 °C, which revealed an endothermic
event at 646 °C (Figure 5.8). At this temperature, the compound decomposed and the
decomposition products were NaF, NazPO,4, Fe and Fe3O4. In contrast, LiFePO, is more
thermally robust: carbothermal reduction occurs at a much higher temperature for LiFePO,
(near 800 °C),*® and hence formation of conductive sp? carbon and/or conductive
phosphides at high temperature is much more difficult for Na,FePO4F than for the olivine.

We note that since Na,FePO4F decomposes near 650 °C, it would be virtually impossible to
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synthesize this compound directly at a temperatures of 700 °C and above, as suggested in

196

patent literature,” although high-temperature synthesis methods are possible for LiFePQO4, as

a result of the greater thermal stability of the olivine.

Table 5.3: Atomic paramters and unit cell constants for Na,FePO,F.

Na,FePO4F

Pbcn (Orthorhombic), Z =8
M,, = 215.80 g/mol
D=3.365gcm>
a=5.2200(2) A
b = 13.8540(6) A
c=11.7792(5) A
V = 851.85(6) A°

Atom X y yA
Fe 0.2275(1) | 0.0101(1) [ 0.3261(1)
P 0.2035(1) | 0.3810(1) | 0.0871(1)
Na (1) | 0.2633(1) | 0.2446(1) | 0.3281(1)
Na (2) | 0.2395(1) | 0.1249(1) | 0.0836(1)
F (1) 0 0.1238(1) 0.25
F (2) 0.5 0.1009(1) 0.25
O (1) | 0.2663(2) | 0.3882(1) | -0.0396(1)
O (2) | 0.2846(2) | 0.2837(1) | 0.1330(1)
O (3) |-0.0905(2) [ 0.3948(1) | 0.1027(1)
O (4) | 0.3398(2) | 0.4636(1) | 0.1515(1)

Na,FePO4F crystallizes in the orthorhombic space group Pbcn. An X-ray diffraction
pattern of the material prepared by the solid-state route is shown in Figure 5.7c and the
crystal data for Na,FePO4F are summarized in Table 5.3. Two different views of the
structure are depicted in Figure 5.1a. Each iron center is 6-coordinate, with four oxygen
ligands and two fluorine ligands per metal ion. What makes this structure distinct is the
connectivity of the 6-coordinate metal centers: Na,FePO4F consists of pairs of face-sharing
These Fe;OgF3

Fe octahedra, each coordinated to four oxygen and two fluorine ions.

bioctahedral units are connected by corner-sharing (via F2) to other pairs of Fe face-shared
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octrahedra along the a direction, as shown in Figure 5.1a. These chains of Fe octahedra are

connected through corner-sharing of PO, tetrahedra along the c direction.

Table 5.4: Selected bond distances in Na,FePO,F.

Atoms | Distance (A) [ Atoms | Distance (A)
Fel-03 2.038 Nal-F1 2.352
Fel-F2 2.100 Nal-O2 2.364
Fel-O1 2.120 Nal-O3 2411
Fel-O4 2.140 Nal-O1 2.415
Fel-F1 2.167 Nal-O2 2.464
Fel-O4 2.183 Nal-F2 2.517
Nal-O2 2.947
Fe-Fe 2.976
Na2-02 2.288
P1-02 1.513 Na2-F1 2.325
P1-01 1.531 Na2-03 2.383
P1-O4 1.546 Na2-F2 2.408
P1-03 1.558 Na2-0O4 2.409
Na2-01 2.531
Na2-01 2.804

Bond lengths are given in Table 5.4. The phosphate tetrahedra are very regular with
P-O bond distances ranging between 1.51 and 1.56 A. There are two crystallographically
unique sodium sites, Nal and Na2, as indicated in Figure 5.1a. The Nal site is surrounded
by four oxygen ion (Na-O distances between 2.36 and 2.46 A) and two fluorine ions. The
Na-F bond lengths are 2.35 and 2.52 A. Note there is an extra neighboring oxygen ion
located 2.93 A from Nal, which makes a small contribution to the valence bond sum of Nal.
This [6+1] coordination of the Nal ion is similar to that seen for sodium in Na,BeB,0s.%’
Pairs of face-shared Nal polyhedra corner-share via bridging fluorine ions (F1) in the a
direction. The Na2 environment is slightly smaller than that of Nal. The Na2 site has four

oxygen ligands with Na-O bonds varying from 2.28 to 2.53 A and two fluorine ligands, 2.32

and 2.41 A from Na2. There is also an additional oxygen atom 2.80 A from Na2. As a
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result, Na2 may be classified as having [6+1] coordination, much like Nal. The refined
single crystal unit cell parameters for Na,FePO,F (a = 5.2200(2) A, b = 13.8540(6) A, and ¢
= 11.7792(5) A) result in a unit cell volume of 851.85 A®. That the Na,FePO,F unit cell is
slightly larger than that of Na,CoPO4F (a = 5.2475(9) A, b = 13.795(2) A, ¢ = 11.689(2) A,
V = 846.2 A%?® is expected based on the larger ionic radius of Fe** (78 pm) compared to
that of Co®* (74 pm).'®® Although the cobalt coordination site is smaller than that of the iron
site, the Nal and Na2 environments are similar for both compounds.

It is noteworthy that the materials of the same stoichiometry, namely A;,MPO4F (A =
Li, Na; M = Co, Ni, Fe, Mn) crystallize in three different structures as a result of the subtle
effects of ion size mediated interactions and magnetic interactions. The structures of the
layered Nay(Fe,Co,Mg)PO4F, the “stacked” Li,(Co,Ni)PO4F, and the 3-D Na,MnPO4F are
shown in Figure 5.1 respectively. Although location of the transition metal in octahedral
sites is common to all three, the connectivity of the octahedra runs the entire gamut from
mixed face-shared and corner-shared in Na,FePO,F to edge-shared in Li,CoPO4F and
corner-shared in Na,MnPO4F. Considering the structures in which the alkali metals are the
same, namely, Na,;FePO,F versus Na,MnPO,F, the similar radii of Fe** (78 pm) compared to
Mn** (83 pm)*®® suggest that the two structures might be more closely related. However,
although Fe?*, Mg?* and Co®* are clearly stable in a face sharing arrangement, the high spin
state of Mn** (d° high spin), and the slightly larger size appears to result in unfavorable
thermodynamics. Thus a different framework is adopted. In the case where the transition
metal is the same and alkalis differ, namely, Na,CoPO4F versus Li,CoPO4F, the effects of
the alkali prevail. The radius of a Na* ion is 1.3 times than of a Li* ion, and thus we would

not expect these two structures (prepared at high temperatures under thermodynamic control)
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to be the same. However, as was well established by chimie douce concepts long ago, ion
exchange of one alkali for another at low temperatures can produce metastable compounds
while maintaining the parent structure, such as Li,FePOsF or Li,CoPO4F with the
NayFePO4F structure, as long as the ion interactions are not highly destabilized within the
resulting lattice. Full understanding of these considerations could be used to predict

framework dimensionality and connectivity of polyanion-based lattices.

5.7 Sodium Electrochemistry and Ex-situ Diffraction Study

Na,FePO4F prepared by the sol-gel method was cycled in an electrochemical cell
against sodium with 1 M NaClO, in propylene carbonate as the electrolyte. The solvent was
dried over molecular sieves prior to use. The resultant electrochemical curve for cycling at a
rate of C/20 is shown in Figure 5.9. On the initial charge, there is a flat plateau at 2.95 V
until Na; 7FePO,4F at which point a transition to a second plateau at 3.10 V occurred. This is
indicative of 2 two-phase regimes: one from Na,FePO,F to an intermediate phase and
another two-phase regime between the intermediate and NaFePO4F. One mole of sodium
per formula unit was extracted on the first charge. The first discharge was similar to the first
charge: two different flat voltage plateaus were observed, although only 80% of the sodium
were reintercalated. On the second charge, the profile exhibited different characteristics.
The profile shape was sloped. No flat two-phase regions were observed, nor was the
transition at the intermediate composition seen. The second discharge mirrored the first, as

two plateaus were observed.
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Figure 5.9: The first two cycles of a Na,FePO,F composite electrode cycled versus sodium at a rate of
C/20.

To gain better insight into the reactions happening inside the electrochemical cells,
we prepared various compositions of Na,.xFePO4F by chemical oxidation using NO,BF, in a
1:1 molar ratio, according to the reaction:

NazFePO4F + x NO,BF4 > Na,.xFePO,F + x NaBF,; + x NO; (5.2)
The resulting diffraction patterns are shown in Figure 5.10, and lattice parameters are
summarized in Table 5.5. The broadened features of some intermediate compositions
prevented successful Rietveld refinement of their structures, however, none of the patterns
appeared to display a mixture of the two end-members as all could be indexed as single
phases. These Na,xFePO4F compounds prepared by chemical oxidation appear to have a
wide range of nonstoichiometry and share similar structural features and lattice parameters
with the parent compound. In the initial steps of oxidation (Nay.xFePO4F, x < 0.25), the
orthorhombic Pbcn structure was maintained; the a and c lattice parameters contracted while

the b lattice parameter increased.
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Figure 5.10: X-ray diffraction patterns of NasFePO,F illustrating the solid-solution behavior of the
system in the range from x = 2 > 1. Reprinted with permission from reference %, copyright 2010,
American Chemical Society.

Table 5.5: Lattice parameters for sol-gel Na, \FePO4F prepared by chemical oxidation of Na,FePO,F

Compound | Space Group | a(A) b (A) c (A) BC) | VA
NazFePO,F Pbcn 5.2372(5) | 13.8587(7) | 11.779(1) 90 854.93
Nay 75sFePO4F Pbcn 5.219 13.893 11.602 90 841.23
Nay sFePO,F P2lc 13.929(6) | 5.20009) | 11.514(7) | 91.22(2) | 834.03
Nay 25sFePO4F Pbcn 5.204 13.910 11.478 90 830.87
NaFePO,F Pben 5.1018(7) | 14.1224(6) | 11.360(1) 90 818.48
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Further oxidation resulted in Na; sFePO4F, which could also be indexed as a single

phase with lattice parameters intermediate between the two end members. The diffraction

pattern and full pattern refinement is shown in Figure 5.11. Extraction of half of the alkali

resulted in a very small distortion in symmetry from the end member orthorhombic Pbcn

cells, adopted by both Na,FePO4F and NaFePO4F, to a P2/c monoclinic unit cell with lattice

parameters intermediate between the two end-members. Because of the increase of f from

90° to 91.22°, Vegard’s law is not precisely obeyed. The distortion in this single phase

composition probably results from ordering of the Fe?* and Fe** ions in the lattice (and/or the

Na® ions) which would likely occur via the formation of mixed oxidation state pairs within

the Nay,FePO4F structure (see Figure 5.1a).

electrochemical curve on initial charge and each discharge cycle.

The distortion may explain the step in the
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Figure 5.11: LeBail XRD refinement of Na;sFePO4F in P2/c, wRp = 9.07%:

70 80

lattice parameters a =

13.929(6) A, b = 5.200(9) A, ¢ = 11.514(7) A; B = 91.22°. Reprinted with permission from reference %,

copyright 2010, American Chemical Society.
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Further oxidation results in the structure reverting back to the orthorhombic Pbcn
space group. The lattice parameters of NaFePO4F show that the unit cell volume of 818.48
A% is only 4% smaller than that of the parent compound Na,FePO4F. Overall, there is a clear
trend in the lattice parameters: the a and c lattice parameters contract while the b lattice
parameter increases. Transition between these two closely related phases results in “solid-
solution-like” electrochemical behavior after the first cycle over the redox range that is
spanned by Na,xFePO,4F, but it is not well understood.

Oxidation of NayFePO,4F to form NaFePO4F resulted in removal of all of the sodium
from the Na2 site, while the Nal site remains fully occupied. NaFePO4F may be reduced
chemically using alkali metal iodides since the potential of NaFePO4F is greater than 2.7 V.

Reduction with Nal reproduced the parent compound Na,FePO4F as expected.

5.8 Electrochemistry and lon Exchange of Na,FePO,F with Lithium

Electrodes comprised of carbon-free hydrothermally prepared Na,FePO4F were
charged and discharged in a lithium cell with metallic Li as the negative electrode, at a rate of
1 Li in 10 hours (C/10). The first electrochemical cycle is shown in Figure 5.12. The
discharge capacity of the first cycle is only 65 mAh/g, roughly half of the theoretical capacity
of 135 mAh/g. Similar results were obtained for the material prepared by the solid state
route. Nonetheless, the capacity can be dramatically improved by coating the surface with
carbon. In the case of LiFePQy, this can also result in partial carbothermal reduction at
elevated temperatures to form conductive iron phosphocarbides or phosphides such as
metallic FeP. In tiny quantities (< 1-3%), these, combined with carbon, may facilitate surface
electron transport in LiFePO4. However, this is problematic for Na,FePO4F owing to the
similar temperature of carburization, carbothermal reduction and compound decomposition

155



as described above. Hydrothermally prepared carbon coated materials were produced by

adding organic reagents directly to the hydrothermal reactor that readily decompose
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Figure 5.12: Electrochemical curve of Na,FePO4F cycled versus Li at a rate of C/10 prepared by a
carbon-free hydrothermal technique (grey curve) and by a hydrothermal route containing 2% C (black
curve). Reprinted with permission from reference ®, copyright 2010, American Chemical Society.
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Figure 5.13: Rate performance of carbon-containing hydrothermally prepared Na,FePO,F at various
discharge rates after charging at a rate of C/10. Inset: Capacity retention data for cycling at C/10.
Reprinted with permission from reference 3, copyright 2010, American Chemical Society.
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and leave a carbonaceous coating on the surface such as sucrose or ascorbic acid. The
material was then heat-treated between 550 and 650 °C to carburize the surface coating
without inducing carbothermal decomposition. The resultant Na,FePO4F contained about 2
wt % carbon.

The first cycle of a cell is shown in Figure 5.12 and initial results of a cell cycled at a
C/10 rate at room temperature are shown in the inset of Figure 5.13. The material exhibits a
sloping potential in a Li-ion electrolyte with an average potential of 3.3 V (versus Li metal).
The voltage is slightly higher than that calculated for this material in a Na-ion cell, but
similar to that for Li,FePO4F. The reversible capacity of 115 mAh/g is about 85% of the
theoretical capacity, and it displays the same stability as the sol-gel derived Na,FePO4F
(reported previously, for 50 cycles). It shows better rate capability (cells charged at C/10 and
discharged at faster rates, Figure 5.13), that is, a capacity of about 80 mAh/g at 5C (discharge
in 12 min) was achieved. This is indicative of the benefits a thin carbon coating provides this
material. We anticipate substantial improvements in electrochemical properties for smaller
particles and improved coatings, which is work in progress.

Transition between these two closely related end-member phases results in “solid-
solution-like” electrochemical behavior (when cycled versus lithium) over the redox range
that is spanned by (LiNa),.xFePO4F, and the phase transition from the orthorhombic phase to
the monoclinic phase at x = 0.5 is not readily observable in the electrochemical profile of the
hydrothermal material in Figure 5.12. Likely, the electrochemical profile is complicated by
the Li/Na ion exchange that takes place in the cell at room temperature (see below).

Electrochemical cycling of Na,FePO4F versus a Li negative electrode using LiPFg

electrolyte has been shown to be a method of Na/Li ion exchange. Elemental analysis of the
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positive electrode material scraped from multiple cells after cycling at a slow rate (C/10) was
performed using EDX, the results of which are shown in Figure 5.14a. Analysis conducted
on the positive electrode after the first discharge (Li insertion) revealed that the Na:P ratio is
close to 1:1, indicating a chemical formula of (Li,Na)FePO4F. This indicates that ~1 mol of
Na was extracted on the initial charge, followed by the insertion of ~1 mol of Li during the
initial discharge. Since Nal sites are isolated from each other, any deviation from a 1:1 Na:P

ratio would imply exchange between the Nal and Na2 sites. Indeed, this is the case on
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Figure 5.14: Na:P ratios determined by EDX analysis of crystallites in the FESEM. a) Na,FePO4F
material taken from electrochemical cells cycled versus Li as a function of cycle number; b) Na,FePO4F
after ion exchange with LiBr in acetonitrile as a function of exchange time. Reprinted with permission
from reference ®, copyright 2010, American Chemical Society.
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prolonged cycling. In a cell halted after five cycles, the Na/Li ratio continued to decline and
Li; sNag sFePO4F was formed. Although ion exchange between the Nal and Naz2 site occurs,
not all of the sodium in the Nal site exchanged during the course of slow electrochemical
cycling: the electrode in a cell after 50 cycles still contained 20% of the original sodium
content. Moreover, ion exchange was also observed when a cell based on Na,FePO,4F versus
Li was equilibrated at open circuit voltage (OCV) in LiPFs-EC/DMC. At the outset, the cell
had an open circuit potential of 2.960 V, but this dropped slowly to 2.905 V after 72 h. The
potential remained constant at 2.905 V for another 48 h, at which point the cell was
dismantled. The material was scraped from the positive electrode and thoroughly washed.
Analysis showed the Na/P ratio was 1:1; thus half of the Na was exchanged for lithium even
without cycling the cell.

More forceful conditions of ion exchange, such as solvent reflux with a lithium salt,
were necessary to fully convert Na,FePO4F into the metastable Li,FePO4F phase. lon
exchange of Na,FePO4F with Li was performed by refluxing Na,FePO4F with LiBr in
acetonitrile. Using EDX analysis, the sodium content with respect to reflux time was
measured (Figure 5.14b). The exchange proceeds very quickly in the initial stages and after
only 1 hour, only 30% of the initial sodium remains. After 24 hours of reflux, the sodium
signal is no longer present in the EDX spectrum indicating that the exchange has gone to
completion.

A closer look at the sodium layers of the NaFePO4F structure revealed important
details about ion exchange vis a vis sodium (or lithium) ion mobility. As the oxidized
compound NaFePO4F contains sodium only in the Nal site, it suggests that Na2 is the more

mobile ion. Inspection of the two virtually identical frameworks reveals at least three
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potential paths for ion transport (see Figure 5.1a). Pathway | involves displacement
primarily in the b-direction with small displacements in the a and c directions. The two Na2
sites are 4.7 A apart and separated by a large irregularly shaped interstitial site. Pathway Il is
similar to pathway | in that the primary displacement is also in the b direction with small
displacements in the a and c directions. The distance between the two Na2 sites along
Pathway 1l is approximately 4.7 A, and the two sites are separated by an irregular interstitial
site. Pathway 11 is simply displacement along the a axis by one unit cell length (5.22 A).
Pathway 11l is not a straight pathway however: an iron atom and an oxygen atom (O1)
partially obstruct transport (see Figure 5-1a). As a result, ion migration along this pathway
may be less probable relative to pathways | and Il. The shortest Na2-Na2 distance in the
structure is 4.65 A, but this pathway is obstructed by the two face-sharing Fe atoms. Each
Na2 polyhedron shares a face with three Nal polyhedra, each of which is between 3.25 and
3.32 A from Na2. This allows exchange of alkali ions between Nal and Na2. In the case of
ion exchange with LiBr in refluxed acetonitrile, the exchange is sufficiently facile to replace
all of the Na in the structure with Li.

Although chemical reduction of NaFePO4F with a sodium-containing reducing agent
produced Na,FePO4F as expected, reduction with excess Lil results in a composition
Li; 2sNag 7sFePO4F, as shown by the 0.6:1 Na:Li ratio obtained from elemental analysis using
ICP. A Rietveld refinement of the X-ray diffraction pattern of this sample is shown in Figure
5.15. The atomic positions of sodium and lithium were constrained to be identical while the
total occupancy of each alkali cation site was constrained to one. The isotropic thermal

parameters for Li and Na were fixed using typical literature values. A summary of the
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refinement results is shown in Table 5.6. The stoichiometry attained from the refinement

was Lij 22Nag 7sFePO4F, in excellent accord with the chemical analysis.
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Figure 5.15: Rietveld refinement of Lij,3Nag7,FePO,4F, synthesized from NaFePO,F reduced with excess
Lil in Pbcn, wRp = 7.69 %: lattice parameters a = 5.0327(3) A, b = 13.8590(7) A, ¢ = 11.2081(5) A. For
each, the fit is shown in red, the calculated reflections are shown in magenta, the background fit is shown
in green and the difference map is shown in blue.

The lattice parameters were refined to be a = 5.0407(3) A, b = 13.8069(9) A, ¢ =
11.2215(5) A. As expected, the unit cell volume of this compound (780.98 A3 is
significantly less than that of Na,FePO,F (854.93 A®), and the sodium occupancy shows that
ion scrambling has occurred: approximately 0.2 Na are situated on the Na2 site and only 0.6
Na remain on the Nal site. Clearly, there is transport of sodium in the lattice from the Nal
site to the previously unoccupied Na2 site. We conclude that not only has Lil reduced
NaFePO4F to LiNaFePO,4F, but some of the remaining Na has ion exchanged with the excess

Lil. This is in accordance with the room-temperature ion-exchange observed for a cell at
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OCV (see above). Disordered Na/Li occupation likely contributes to the sloping voltage
profile of Na,FePO4F cycled versus lithium.

Table 5.6: Rietveld refinement results and atomic positions for Li;,3Nay77,FePO,F synthesized from
NaFePO,F reduced with excess Lil.

Li1,23Na0,77FePO4F
Wavelength (A) 1.5405, 1.5443
Space Group (No.)  Pbcn (60)
a (A) 5.0327(3)
b (A) 13.8590(7)
¢ (A) 11.2081(5)
V (A% 781.74(4)
Z 8
Fitted Rwp (%) 7.69
Fitted Rp (%) 5.77
e 8.022
Rt (%) 3.76
Atom | x/a y/b zlc Uiso Occ.
Fel 0.247(1) | 0.0024(4) | 0.3295(3) | 0.0048(6) | 1.0
P1 0.238(2) | 0.3747(5) | 0.0809(6) | 0.012(1) | 1.0
Nal |0.325(1) |0.2422(8) | 0.3280(6) | 0.012(2) | 0.530(5)
Li1 0.325(1) | 0.2422(8) | 0.3280(6) | 0.015 0.470(5)
Na2 |0.205(2) |0.1375(9) | 0.0708(5) | 0.012(2) | 0.243(6)
Li2 0.205(2) | 0.1375(9) | 0.0708(5) | 0.015 0.737(6)
F1 0 0.133(1) |0.25 0.011(2) |1.0
F2 0.5 0.0683(7) | 0.25 0.009(2) |[1.0
01 0.339(3) |0.387(1) |-0.052(1) | 0.016(3) |1.0
02 0.290(3) |0.267(1) |0.110(1) |0.012(2) |1.0
03 -0.055(2) | 0.404(1) |0.073(1) |0.015(3) |1.0
04 0.370(3) |0.430(1) |0.150(1) |0.018(4) |1.0

5.9 Madssbauer studies of small polaron hopping in Na; sFePO4F

Room temperature Méssbauer measurements (Figure 5.16) on materials prepared by a
sol-gel route confirm the oxidation state of the iron in the material prepared through this
process. In NayFePO4F, there is one dominant signal with an isomer shift (1S) of 1.16 mm/s

and a quadrupole splitting (QS) of 2.20 mm/s. These values are typical of Fe** in an
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octahedral environment. A small amount, roughly 4 mol % of Fe** (IS = 0.44 mm/s, QS =
0.48 mm/s, consistent with Fe™ in an octahedral site) was detected in the sample. It is
possible that some surface oxidation occurred, or there is a small amount of an amorphous
Fe*® impurity. Chemical oxidation results in a decrease in the Fe* signal intensity that
exactly correlates with the increase in the Fe** signal as expected, up to the formation of

NaFe**PO4F Further oxidation is made difficult by the inaccessibly high redox couple

3+/4+

anticipated for the Fe couple.
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Figure 5.16: Room temperature Mdssbauer data of Na,FePO4F, Na;sFePO4F, Na;sFePO,F,
Na; ,sFePO,F and NaFePO,F, prepared by chemical oxidation of Na,FePO,F. Reprinted with permission
from reference ®, copyright 2010, American Chemical Society.
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Figure 5.17: Variable temperature Mdssbauer data of Na; sFePO4F summarizing a) area fraction of each
Fe valence in the spectrum and b) isomer shifts at various temperatures.

Temperature-dependent Mdssbauer studies were performed on the target compound
Na; sFePO4F to investigate whether thermally activated small polaron hopping occurs in this
mixed Fe**/Fe** single phase on the Mdsshauer time scale (about 10® s). Analysis of the
room-temperature data shows the expected 50:50 ratio of the Fe**/Fe** components for
NaysFePOF. The Fe** component (IS = 0.43 mm/s, QS = 0.4 mm/s) is identical to that of
NaFePO,F as expected. The Fe®" signal was split into two components: the majority (45%)
exhibits typical Fe?* parameters (IS = 1.23 mm/s, QS = 2.31 mm/s). The remaining Fe*
signal (5%; IS = 1.01 mm/s and QS = 2.32 mm/s) was ascribe to surface or defect Fe?* sites
that lack full octahedral coordination. The Mdssbauer parameters derived from the fitting the
Na; sFePO4F spectra at the different temperatures up to 373 °C are summarized in Figure
5.17. The standard thermal dependence of the isomer shifts of each of the three components
is observed over the entire range of temperatures probed. Furthermore, the relative area of
each signal did not change as the sample was heated. Upon cooling the sample back to room

temperature the original spectrum was fully recovered.
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These are the only components that exist over this temperature range: no new spectral
features that would correspond to rapid electron hopping on the Mdssbauer time scale
emerged at any temperature, unlike the case of the partially olivine LiFePQ,, as discussed
previously. At room temperature, Li* ion and electron hopping are a coupled activated
process that occurs across the grain boundary between the two phases (LiFePO,4 and FePOy)
which adopt the same space group). At 220 °C, entropy drives the collapse of the phase
boundary, and both lithium and electrons disorder within the solid solution lattice. However,
Na; sFePO4F is a single phase that exhibits a structural distortion to a monoclinic space group
compared to its orthorhombic end-members (Na,FePO4F and NaFePO4F). This is likely the
result of electron localization in the system to form Fe®*/Fe* sites. Additional energy would
be required to remove the distortion and hence average the two sites to Fe?>", although the
effects of the structural distortion and iron valence ordering do not preclude electron hopping
between neighboring Fe®*/Fe** sites which may occur at a slower rate (< 10® s) than the

Maossbauer time scale can measure.

5.10 Synthesis and Electrochemistry of Other Na,MPO4F Phases (M = Fe,
Co, Ni, Mg, Mn)

In similar fashion to Na,FePO4F, polycrystalline samples of Na,CoPO,F can also be
prepared by solid state or hydrothermal routes. According to the Ellingham diagrams
detailing carbothermal reduction, Co*? may be reduced to metallic Co at temperatures near
300°C, which is well below that of our solid-state firing temperature. We have observed that
Na,CoPO4F is very susceptible to carbothermal reduction. All attempts to use carbon-

containing precursors for the synthesis, such as cobalt acetate, produced elemental cobalt
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which was clearly evident in the diffraction pattern. As such, a carbon-free solid-state
method was employed. The diffraction pattern is shown in Figure 5.18a and the

corresponding lattice parameters are in Figure 5.19.
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Figure 5.18: Powder diffraction patterns and corresponding SEM micrographs of Na,CoPO,F a) & b)
prepared by a carbon-free solid-state route ¢) & d) ion-exchanged for 7 hours. Inset: First

electrochemical profile of Na,CoPO,F cycled at a rate of C/10. Reprinted with permission from reference
8 copyright 2010, American Chemical Society.

Comparison of refined powder X-ray data for Na,CoPO4F and Na,FePO,4F shows that
the two Na sites (Nal and Na2) in both compounds are almost identical. The unit cell
volume of 843.1 A® differs from the original report by Sanz’® by 0.3% and EDX
measurements confirms a Na:Co:P:F ratio of 2:1:1:1. The product consists of agglomerated
particles which range up to 750 nm in dimension, as seen in the SEM micrograph in Figure

5.18b. A solvent-reflux method of ion exchange of Na,CoPO4F was not sufficiently forcing
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to produce a complete exchange of Na for Li in the material. Thus a pressurized ion
exchange was performed using a solution of LiBr and ethanol which yielded Li,CoPO4F.
The resultant diffraction pattern is shown in Figure 5.18c. The broad diffraction peaks and

weak signal to noise ratio clearly indicate the crystallinity of the material has decreased.
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Figure 5.19: Lattice parameters for single-phase solid solution compounds Nay(Fe;«Co,)PO4F. Reprinted
with permission from reference 3, copyright 2010, American Chemical Society.
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This was confirmed by an SEM image of the particle surface (Figure 5.18d) where
distinct cracking of the particles was observed. The difficulty in ion-exchange indicated a
reduced ability for sodium ion transport through the lattice. However, Na,CoPO,4F has a unit
cell volume almost 2% less than that of Na,FePO4F: this increased crystallographic density
may inhibit facile motion of ions.

Comparison of the diffraction patterns from Na,CoPO4F and Li,CoPO4F produced
from ion-exchanged Na,CoPO4F clearly show that the ion-exchanged material maintains the
structural features of the structure (Fig. 5.1a). But not surprisingly, this form of Li,CoPO4F
iIs meta-stable. Heating this compound to 580°C under an Ar flow causes the structure to
revert back to the thermodynamically stable form of Li,CoPO4F: the edge-shared structure
described earlier in this chapter. Electrochemical cycling, using Li as a counter electrode was
performed at a very slow rate (C/10), with the voltage profile of the first cycle shown in
Figure 5.18 (inset). Na,CoPO4F exhibits a long sloping first charge profile between 4.7 and
5.0 V, at which point 85% of the capacity was reached. However, the discharge capacity was
very low compared to that of the overall capacity as only 25% of the material was
discharged. The poor reversible capacity of sodium cobalt fluorophosphate is similar to that
reported for LiCoPO,.**

Although Mg, Co and Fe variants of Na,MPO4F are known, Na;NiPO4F is not. We
synthesised this material by the solid-state route and its diffraction pattern is shown in Figure
5.20. This compound is sensitive to reduction as well, since trace amounts of elemental Ni
were found in the diffraction pattern, even with the usage of carbon-free precursors.
Na;NiPOy4F is clearly has a similar structure as the aforementioned Mg, Co and Fe sodium

fluorophosphates. On indexing the pattern, Na;NiPO4F was found to have a unit cell volume
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of 823.4 A® which is 4% smaller than that for Na;FePO4F and 1.5% smaller than that for
Na,CoPO4F, owing to the smaller size of the nickel ion compared to the other transition
metal ions. An electrochemical cell which contained Na;NiPO4F as the positive electrode
material did not show any electrochemical activity below 5 V. It is expected that this
compound has a Ni*?/Ni*® redox couple above 5 V, similar to that of other nickel phosphates

such as LiNiPO4*® and Li,NiPO,F.1%

Intensity (a.u.)

N ;

10 20 30 40 50 60
20 (%)

Figure 5.20: X-ray powder diffraction pattern of Na,NiPO4F, with Ni impurity peaks noted. Reprinted
with permission from reference ®, copyright 2010, American Chemical Society.

Although electrochemical inactivity may be anticipated for Na;NiPO4F up to 5 V,
surprising was the complete lack of electrochemical activity we observed for carbon-
containing Na;MnPO4F. Although this material is not isostructural with Na,FePO4F, the
structure (Figure 5.1c) suggests that open pathways should be available for Na mobility, most
notably in the b-direction where Na ions are situated along tunnels within the structure. The
material was prepared by a solid-state method similar to that for Na,FePO4F which involved
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vigorous ball-milling of the precursors for up to 12 hours and produced agglomerates of
small particles. The final Na;MnPO4F product contained roughly 3% carbon by mass, owing
to the use of manganese acetate as a precursor. Despite these efforts, the material did not
exhibit any electrochemical activity below 5 V. Furthermore, the solid state prepared
Na,MnPO,F was also found to resist chemical oxidation: no reaction was observed upon
stirring the material with NO,BF, for 15 hours.

Substitutional solid solution compounds of the type Nax(Mgw,Fex,Coy,Ni;)PO4F, (w +
X +y + 2z =1) could also be directly synthesized hydrothermally or by a solid-state route.
Single phase compounds of the solid solution Nay(Fe1xCox)PO4F are observed by X-ray
diffraction and the lattice parameters are summarized in Figure 5.19. The individual lattice
parameters follow a clear trend upon substitution of Co for Fe: the a lattice parameter
increases while those for b and c decrease. However, these trends are not linear and do not
strictly follow Vegard’s law. Similar compounds are also known for lithium phospho-
olivines: substitutional solid solutions of M2 site ions have been synthesized as lithium-ion
battery materials by various solid-state and hydrothermal routes, and remain of particular
interest for electrochemical study.**"**® Initial electrochemical results for Na,(Fe;.xCoy)PO4F
compounds cycled up to 5 V vs. Li show two distinct regions of redox potential (near 3.3 V
and 4.7 V) but minimal reversibility was demonstrated. Preliminary results for Nay(Fe;-
xMgx)PO4F (x < 0.15) compounds show electrochemical profiles similar to those for
NayFePO4F, with only slight performance improvement upon doping with Mg. In the case of
Li(Fe1xMgyx)PO,4, Mg doping up to 15% has been shown to substantially improve the

9

performance of the olivine.®* This may be due in part to the lesser unit cell volume

difference between the end members, which reduces lattice strain. For example,
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Li(Feo.9o0Mgo.1)PO4 and Lig1(FeogMgo.10)PO4 exhibited a volume difference of only 5.15%,
close to that reported for high-rate LiFePO,4 nanocrystallites and much less than for the bulk

material, of 6.6%.%°

5.11 Conclusions

The A;MPO4F family of compounds crystallize in a diverse array of structures
depending on the identity of the alkali metal and transition metal in the structure. While the
lithium variants of the cobalt and nickel fluorophosphate may be easily prepared, the iron and
manganese variants were unable to be prepared over the course of this study. However, we
were able to prepare all sodium compounds of this group, including the previously
unreported NaFePO4F and NayNiPO4F, both of which are isostructural with NaCoPO4F
which crystallizes in the space group Pbcn. The diffraction data confirms the unique
structural features of the structure, including the [6+1] octahedral geometry of both Na sites
in the lattice and the face-sharing dimers of iron atoms. Both NayFePOsF and the
isostructural Na,CoPO4F can be synthesized a variety of methods, including sol-gel,
hydrothermal and high temperature solid-state routes. Furthermore, electrochemically active
substitutional solid solutions of the form Nax(Mgw,Fex,Coy,Ni;))POsF, (W + X +y + z = 1)
may also be prepared.

NayFePO4F is a promising energy storage material which can be reversibly cycled in an
electrochemical cell with lithium as the counter electrode at rates up to 5C. lon exchange of
Na,FePO4F and this series of compounds is accomplished by several methods including by
reflux with a Li salt, and in a Li cell by electrochemical exchange, or by simple equilibration
at OCV. The propensity of these sodium fluorophosphates to undergo ion exchange
demonstrates the high mobility of the alkali ions in the lattice.
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6 Final Conclusions and Future Directions

There have been exciting developments in new positive electrode materials for energy
storage in the last decade. Although layered, spinel, and nanostructured lithium metal oxides
still remain amongst the most viable materials, polyanionic compounds have emerged as
highly suitable candidates, including LiFePO, and its olivine analogues such as LiMnPO,
which are starting to make a practical mark. Promising electrochemical properties including
excellent cycling stability, low synthetic cost, improved safety characteristics, and low
environmental impact are factors which have driven research interest in these compounds
although polyanionic compounds brings to the forefront the importance of nanoscale
synthesis methods and particle engineering to mitigate these materials’ shortcomings, namely
poor electronic conductivity. Low-temperature synthesis routes for preparation of these
materials are desirable as they are not energy intensive and produce nanocrystalline powders.
Nanocrystalline LiFePO4 materials exhibit enhanced solid solution behavior possibly as the
result of reduced lattice strain on the lattice upon deintercalation. This resulted in superior
electrochemical properties compared to electrodes prepared from larger bulk materials, as
demonstrated in the case of hydrothermally prepared LiFePO, These developments in the
scientific community have helped lead to the commercialization of this material.

Fluorophosphates and hydroxyphosphates of iron, vanadium and manganese based on
the tavorite structure are a promising new class of materials. Although the fluorophosphates
in this group have the highest potentials, the OH-containing phosphates of this group
demonstrated diverse electrochemical characteristics. Most intriguing of these was the mixed
hydroxy-flourophosphate LiFePO4(OH)o4Fos Which demonstrated solid-solution behaviour

as a result of anion mixing, a concept to be explored for other polyanionic frameworks.
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More recently, orthosilicates of the Li,MSiO4 (M = Mn, Fe, Co) family have garnered
interest. The promise held by the Li,MSiO,4 system is that, in principle, extraction of two
lithium ions per transition metal is possible for a two electron redox process (operation of the
M?* > M* and M** &> M*" redox couples) for both M = Mn and Fe with organic electrolyte
systems. With the realization of full extraction of lithium from the silicates, high gravimetric
capacities in excess of 300 mAh/g would be obtained, well in excess of most other
intercalation systems in which one lithium at most can be extracted. While such high-
capacity materials are highly sought after, the low electronic conductivity of the silicates
combined with the large volume change of the lattice upon extraction of two Li per formula
unit and oxidation of the transition metal from M?* > M*, one might expect lithium
(de)intercalation kinetics to be hindered. Two-electron redox materials exist in the family of
tavorite compounds, namely LiVPO4F and LiMnPO,OH. These compounds are not ideal, as
the M* > M?* redox potential of LiVPO,F is very low (1.75 V vs. Li/Li*) compared to the
M** > M3 (at 4.25 V vs. Li/Li"). LiMnPO4OH exhibits poor thermal stability and is easily
reduced to LiMnPQy,, thus coating this material with conductive carbon is difficult.

Owing to concerns over lithium cost and availability, sodium and sodium-ion
batteries have begun to emerge as promising candidates for both portable and stationary
energy storage. While molten Na cells based on Na/S and Na/NiCl, are available for
commercial use, ambient-temperature sodium-ion cells are a growing field. Many positive
electrode materials reported thus far have been analogues of various Li-ion battery materials
such as the layered oxides, NaSICON compounds and olivines. Negative electrode materials
thus far have also followed this trend: carbons and titanium dioxide have also been reported

as Na-ion intercalaction compounds. Based on rate and cycling data, open and layered
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structures which are better able to accommodate the large Na* ions have proved to hold the
most promise of the intercalaction compounds. The successful development of Na,FePO4F,
both for use in lithium and sodium-ion cells demonstrates the value in the difficult task of
preparing previously unreported materials. New structures and framework types based on
sodium which were not previously known as lithium compounds are critical for advancement

of the Na-ion battery field.
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